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Heavy-quark (+colourless) production
● Huge number of very interesting signatures at the LHC involve heavy quarks

● Top quark of course… 

● … but not the only one!
Heavy flavour production relevant
in Higgs searches, BSM analyses,
constraints to PDFs, heavy-flavour
effects to other signatures (e.g. DY),
and so on…

Accurate simulations for processes with heavy quarks

are crucial to fully exploit their physics potential!

[see talks by
Kenneth and Miha]

1

Heavy quark (+colour singlet) production

bbZ production

[ATLAS 2403.15093][ATLAS '22]
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proton proton

Hard Process

no event

no shower accuracy

NXLO (high precision)
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LHC event

proton proton

Hard Process

Parton Shower (PS)
+

Hadronization

no event

no shower accuracy

realistic LHC event

shower accuracy
(low precision)

no NXLO precision

NXLO (high precision)
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proton proton

Hard Process

Parton Shower (PS)
+

Hadronization

no event

no shower accuracy

realistic LHC event

shower accuracy
(low precision)

no NXLO precision

NXLO (high precision)

Combination

realistic LHC event

shower accuracy

NXLO (high precision)

NXLO+PS

8

LHC event



Marius Wiesemann    (MPP Munich) May 21, 2024Pushing the NNLO+PS frontier towards new classes of processes with MiNNLO 9

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 / 13Giulia 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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NNLOPS: MiNLO+reweighting Geneva

UNNLOPSMiNNLOPS

✦ LL accuracy (+ simple NLL terms) from PS
✦ no new unphysical scale (i.e. physically sound)
✦ numerically very intensive
✦ applied beyond 2→1 processes

✦ LL accuracy from PS (at most! no NNLL nonesense!)
✦ 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]

✦ LL accuracy (+ simple NLL terms) from PS
✦ 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]

NNLO+PS methods

there was also some recent progress on NNLO+PS for sector showers [Campbell, Höche, Li, Preuss, Slands '21]
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2022202120202019201820172016201520142013 2023

NNLO+PS timeline

2024

H Z
W WH ZH

WW
H → bb̄NNLOPS

Geneva Z

UNNLOPS H Z

ZH
WH

H → bb̄
H → gg
γγ ZZ Wγ

HH
H

MiNNLOPS
H
Z W

Zγ
WW

ZZ

γγ
WZ

tt̄ bb̄

2025

bb̄ → H

bb̄Z
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2022202120202019201820172016201520142013 2023

NNLO+PS timeline

2024

H Z
W WH ZH

WW
H → bb̄NNLOPS

Geneva Z

UNNLOPS H Z

ZH
WH

H → bb̄
H → gg
γγ ZZ Wγ

HH
H

MiNNLOPS
H
Z W

Zγ
WW

ZZ

γγ
WZ

tt̄ bb̄

2025

tt̄H+

bb̄ → H

today’s focus:

see also Aparna’s talk yesterday

bb̄Z

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

MiNNLOPS: main idea

NX-1LO+Parton Shower (PS)

for  + jetpp → F

NXLO+Parton Shower (PS) for pp → F

all-order structure in 

jet-resolution variable  rN

r0 r1
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✦ starting equation: ℒ ∼ H (C ⊗ f ) (C ⊗ f )
(symbolically)

≡ D

✦ combine with  fixed order  :F + jet dσFJ

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

MiNNLOPS: main idea

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)⋯

}

dσres
F

dpT dΦB
=

d
dpT

{e−Sℒ} = e−S {S′￼ℒ + ℒ′￼}
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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

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

D(3) + 𝒪(α4
s )

(very symbolic/simplified)

MiNNLOPS: main idea

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)⋯

}

dσres
F

dpT dΦB
=

d
dpT

{e−Sℒ} = e−S {S′￼ℒ + ℒ′￼}

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}
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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

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

MiNNLOPS: main idea

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)⋯

}

dσres
F

dpT dΦB
=

d
dpT

{e−Sℒ} = e−S {S′￼ℒ + ℒ′￼}

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}
MiNLO
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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

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

MiNNLOPS: main idea

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)⋯

}

dσres
F

dpT dΦB
=

d
dpT

{e−Sℒ} = e−S {S′￼ℒ + ℒ′￼}

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}
MiNLO NNLO correction

beyond accuracy

17
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[Monni, Nason, Re, MW, Zanderighi '19], [Monni, Re, MW '20]

✦ apply idea to POWHEG FJ calculation

dσFJ = dΦFJ B̃FJ × {Δpwg(Λpwg) + ∫ dΦradΔpwg(pT,rad)
RFJ

BFJ }

MiNNLOPS: master formula

B̃FJ ∼ {dσ(1)
FJ+dσ(2)

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

✦ NNLO+PS by turning POWHEG weight (  function) NNLO accurate:B̃

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

RFJ

BFJ }
B̃ 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

MiNNLOPS: master formula
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MiNNLOPS: towards jet production
[Ebert, Rottoli, MW, Zanderighi, Zanoli '23]

τ0 τ1 τ2

pT → τN

B̃ MiNNLOPS ∼ e−S(τN) {dσ(1)
FJ(1 + S(1)(τN)) + dσ(2)

FJ
+ (D(τN) − D(1)(τN) − D(2)(τN)) × Fcorr}

✦ MiNNLOPS viable for any N-jet resolution variable (in principle), e.g. N-jettiness:

see also Matthew’s talk for recent developments in Geneva 
[Alioli et al. ’23]
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[from L. Rottoli’s talk at Ringberg 2024]
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[Ebert, Rottoli, MW, Zanderighi, Zanoli '23]
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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] derived to NNLO in [Catani, Devoto, Grazzini, Mazzitelli, ’23]
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MiNNLOPS: heavy quark production

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

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20 '21]
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MiNNLOPS: heavy quark production

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

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20 '21]
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MiNNLOPS: heavy quark production

✦ approximations keeping NNLO and (N)LL

❖ azimuthal average with  ➙ modifies   and   at [D]ϕ
= 1 H → H (C ⊗ f ) → (C ⊗ f ) α2

s

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)) + …]

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

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20 '21]
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MiNNLOPS: heavy quark production

✦ approximations keeping NNLO and (N)LL

❖ azimuthal average with  ➙ modifies   and   at 

❖

[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)⟩

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)) + …]

absorb mistake at NNLO in B(2)

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

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20 '21]
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MiNNLOPS: heavy quark production

✦ 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)) + …]

absorb in  coefficient B(2)

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

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20 '21]
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MiNNLOPS: heavy quark production

✦ 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

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20 '21]
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MiNNLOPS: heavy quark production

✦ 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

ci e−S̃+Si

⏟≡ eSi

use basis  where  diagonal|M(0)⟩ Γ(1)

eigenvalues of 
 exponentV†

NLLVNLL

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20 '21]

B̄(1) = B(1)+γi
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MiNNLOPS: heavy quark production

✦ approximations keeping NNLO and (N)LL

❖ azimuthal average with  ➙ modifies   and   at 

❖

❖
expand 
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dq2

q2
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2π

Γ(1)
t }
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dq2

q2

α2
s (q)

(2π)2
Γ(2)

t ) + 𝒪(N3LL)

dσF
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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

ci e−S̃+Si

⏟

≡ ℒi

≡ eSi

⇒ dσF
res ∼

d
dpT {∑

i

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)⋯

}

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi '20 '21]
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[Mazzitelli, Sotnikov, Wiesemann  ’24]

✦ same structure of singular/resummed cross section as , but need to account for recoil:

colour singlet:                                 

heavy quark pair + colour singlet:     

QQ̄

dσF
res ∼

d
dpT

{e−S H (C ⊗ f ) (C ⊗ f )}

dσF
res ∼

d
dpT

{e−S Tr(HΔ) (C ⊗ f ) (C ⊗ f )}

MiNNLOPS: heavy quark + colour singlet production

  

● We use the qT-subtraction method, originally developed for colour singlet

● Extended to heavy-quark production: additional soft divergencies from FS emissions

● Further extension needed to deal with heavy-quark + colourless

[Catani, Devoto, Grazzini, JM; 2301.11786]

[Catani, Grazzini; hep-ph/0703012]

[Devoto, JM; in preparation]
Soft function for Heavy quark production in ARbitrary Kinematics

Remove back-to-back constraint for heavy quarks

Infrared subtraction

Used for tt, bb, both at
NNLO and NNLO+PS

Already applied to ttH and bbW
[Buonocore, JM, et al.; 2212.04954][this talk]

3

[Catani, JM et al.; 1901.04005, 1906.06535, 2005.00557,
2010.11906], [JM et al.; 2012.14267, 2112.12135, 2302.01645]

[Devoto, Mazzitelli 'in preparation]
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Results:

top-quark pair production ( )tt̄
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 productiontt̄
Top pair production

5

• Top pair production at NNLO (narrow-width approximation for the double-resonant channel)

[Czakon, Mitov ‘12], [Czakon, Fiedler, Mitov ‘13] [Czakon, Fiedler, Heymes, Mitov ‘15 ‘16] 
[Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Sargsyan ‘19] [Catani, Devoto, Grazzini, Kallweit, Mazzitelli ‘19]  
 

• NLO+PS (exact inclusion of off-shell and spin correlation effects)

[R. Frederix and S. Frixione ’12] [S. Hoeche, F. Krauss, P. Maierhoefer, S. Pozzorini, M. Schonherr and F. Siegert ’15] [K. 
Cormier, S. Plätzer, C. Reuschle, P. Richardson and S. Webster ’19] [T. Ježo and P. Nason ’15] [T. Ježo, J. M. Lindert, P. Nason, 
C. Oleari and S. Pozzorini ’16] [R. Frederix, S. Frixione, A. S. Papanastasiou, S. Prestel and P. Torrielli ’16] [S. Frixione, E. 
Laenen, P. Motylinski and B. R. Webber ’07]

In the last few years

• Top pair production is the main source of top quarks at LHC

• Important QCD test and for determination of top features

•  is a background of some SM processes (e.g. )

• relevant background in BSM searches (e.g. )

tt̄ tW
H±

Motivations

tt̄ → bb̄ W−W+

W+W− → lν̄l l̄νl

W+W− → lν̄l qq̄′ 

W+W− → qq̄′ q′ ̄q

Fully leptonic

Semi-leptonic

Hadronic

(where  and )q = {u, c} q′ = {d, s}

Top pair production
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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]

34

 productiontt̄
on-shell  production 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
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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,

– 25 –

with off-shell top decays*

  

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]

  

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

semi-leptonic
leptonic

*approximated through a Mad- 
  Spin-like approach using the full 
  off-shell diagram at LO, keeping
  spin correlations
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Results:

bottom-quark pair production ( )
(B-hadron and b-jet production)

bb̄
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 productionbb̄Bottom pair production

8

New NNLO+PS implementation 
with MiNNLOps in POWHEG

• Most relevant channel for inclusive B hadron production at LHC: 

• Slow convergence of perturbative series due to high values of 

• Fixed order results affected by rather big scale uncertainties (  for )

• NNLO fixed order differential results recently available [Catani, Devoto, Grazzini, Kallweit, Mazzitelli ’21]

pp → bb̄ + X → B + X
αs(mb) ∼ 0.2
∼ ± 15 % σNNLO

NLO MiNLO’ NNLO MiNNLOps

435(2)+16%
−15% μb399.7(5)+22%

−21% μb 428.7(5)+13%
−11% μb348.5(3)+27%

−24% μb

Validation against fixed order results from MATRIX

[Mazzitelli, A.R., 
Wiesemann, Zanderighi  
arXiv:2302.01645v1]

(4 flavour scheme)

Bottom pair production

8

New NNLO+PS implementation 
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• Most relevant channel for inclusive B hadron production at LHC: 

• Slow convergence of perturbative series due to high values of 
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• NNLO fixed order differential results recently available [Catani, Devoto, Grazzini, Kallweit, Mazzitelli ’21]
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435(2)+16%
−15% μb399.7(5)+22%

−21% μb 428.7(5)+13%
−11% μb348.5(3)+27%

−24% μb

Validation against fixed order results from MATRIX

[Mazzitelli, A.R., 
Wiesemann, Zanderighi  
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(4 flavour scheme)

★  use four-flavour scheme (4FS) with massive bottom quarks

★  NNLO+PS matching important:

➙ realistic simulation of B-hadrons (through Pythia8)

➙ reliable at high bottom pT through shower resummation

[Mazzitelli, MW, Zanderighi, Ratti '23]



Marius Wiesemann    (MPP Munich) May 21, 2024Pushing the NNLO+PS frontier towards new classes of processes with MiNNLO 37

[Mazzitelli, MW, Zanderighi, Ratti '23]

MiNNLOPS: B-hadron production

dσ/dy,B+ [µb] pp→bb@LHC 7 TeV
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ATLAS (2.4 fb-1)
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Figure 3: Comparison to ATLAS 7TeV data [12]. See text for details.

9
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[Gauld, Mazzitelli, MW, Zanderighi, Ratti 'in preparation]

MiNNLOPS: b-jet production

dσ/dMb-dijet [pb/GeV] pp→bb@LHC 7 TeV
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Results:

top-quark pair production in
association with a Higgs boson ( )tt̄H
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[Mazzitelli, MW 'work in progress]

MiNNLOPS:  productiontt̄H

dσ/dpT,H [fb/GeV] pp→t t−H@LHC 13 TeV

MiNNLOPS (PY8)
MiNLOPS (PY8)
NNLO (MATRIX)

10-3

10-2

10-1

100

101

dσ/dσMiNNLOPS (PY8)

pT,H [GeV]

0.6

0.8

1

1.2

1.4

0 100 200 300 400 500 600 700 800

dσ/dmt t−H [fb/GeV] pp→t t−H@LHC 13 TeV

MiNNLOPS (PY8)
MiNLOPS (PY8)
NNLO (MATRIX)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

dσ/dσMiNNLOPS (PY8)

mt t−H [GeV]

0.6

0.8

1

1.2

1.4

500 600 700 800 900 1000

dσ/dpT,t t−H [fb/GeV] pp→t t−H@LHC 13 TeV

MiNNLOPS (PY8)
MiNLOPS (PY8)
NNLO (MATRIX)

10-3

10-2

10-1

100

101

dσ/dσMiNNLOPS (PY8)

pT,t t−H [GeV]

0.6

0.8

1

1.2

1.4

0 200 400 600 800 1000

PRELIMINARY

  

● ttH production              ‘direct’ measurement of the top Yukawa coupling

● Observed 5 years ago by LHC collaborations

● Current experimental uncertainties at O(20%) level

● Experimental precision expected to go down to O(2%) at HL-LHC

● Precise theoretical predictions are needed to match it!
[Cepeda et al.; 1902.00134]

Introduction

[CMS 1804.02610, ATLAS 1806.00425]

In ggF other contributions
and NP effects can conspire

1
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Results:

bottom-quark pair production in
association with a Z boson ( )bb̄Z
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[Mazzitelli, Sotnikov, MW '24]

MiNNLOPS:  productionbb̄Z

★  MiNNLOPS method general for all heavy-quark + colour singlet processes

★  bottom mass neither a large nor small scale:  4FS (massive bottom) and 5FS (massless bottom) viable

★ complication:                                                                                                                                       
Z couples to initial-state light quarks and final-state heavy quarks & coupling depends on quark falvour

★ 2-loop amplitude: most complicated ingredient & among most complicated 2-loop computed to date
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[Mazzitelli, Sotnikov, MW '24]

MiNNLOPS:  productionbb̄Z
Two-loop amplitude
★ complete calculation (five-point functions with massive b’s) out of reach

★ we exploit small-mass expansion in  (massification procedure)mb

 poles in 5FS1/ε  in 4FSlog(mb)

2Re⟨R(0) |R(2)⟩ =
4

∑
i=1

κi logi(mb/μR)+2Re⟨R(0)
0 |R(2)

0 ⟩ + 𝒪(mb/μ)

coefficients of massification
massive amplitude massless amplitude power corrections
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[Mazzitelli, Sotnikov, MW '24]

MiNNLOPS:  productionbb̄Z
Two-loop amplitude
★ complete calculation (five-point functions with massive b’s) out of reach

★ we exploit small-mass expansion in  (massification procedure)

★ logarithmic terms exact (massless loops: [Mitov, Moch ’06], massive loops: [Wang, Xia, Yang, Ye ’23])
★ infra-red safe mapping required from massive to massless momenta
★ massless two-loop in LC approx. & dropping

Z coupling to closed quark loops (small at NLO)
  

(based on [Chicherin, Sotnikov, Zoia '2110.07541],
   [Abreu, Cordero, Ita, Klinkert, Page, Sotnikov '2110.07541])

mb

 poles in 5FS1/ε  in 4FSlog(mb)

2Re⟨R(0) |R(2)⟩ =
4

∑
i=1

κi logi(mb/μR)+2Re⟨R(0)
0 |R(2)

0 ⟩ + 𝒪(mb/μ)

coefficients of massification
massive amplitude massless amplitude power corrections

  

● Full corrections (five-point two-loop amplitudes with massive b’s) out of reach

● We rely on massless amplitudes and apply a ‘massification’ procedure

Two-loop corrections

Poles in 5FS Logs of mb in 4FS

Massification coefficients Additional contribution to

account for closed b loops

2-loop finite reminder

● Log-enhanced terms (blue) obtained without approximations

● Massless two-loop reminder (red) computed from analytic results

● Obtained in the leading colour approximation (1UN
c
 corrections)

● No contributions with Z coupling to closed quark loop (negligible at NLO)

[Mitov, Moch ‘06]
[Wang, Xia, Yang, Ye ‘23]

[Abreu, Febres Cordero, Ita, 

Klinkert, Page, Sotnikov ‘21], 

[Chicherin, Sotnikov, Zoia ‘21]

2

[more technical details in Vasily’s talk] 18
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MiNNLOPS:  productionbb̄Z
total cross section:  66 GeV ≤ mℓ+ℓ− ≤ 116 GeV

3

is well beyond current technology for two-loop 5-point
amplitudes. Realizing that there is a hierarchy in the
bottom-quark mass mb, we can perform an expansion
around small mb of the two-loop amplitude, capturing
the constant and logarithmically enhanced terms in mb,
while omitting power corrections in mb:

2Re hR
(0)
cc̄ |R

(2)
cc̄ i

hR
(0)
cc̄ |R

(0)
cc̄ i

=
2Re hR

(0)
0,cc̄|R

(2)
0,cc̄i

hR
(0)
0,cc̄|R

(0)
0,cc̄i

+ (5)

4X

i=0

cc̄,i log

✓
mb

µR

◆i

+ O

✓
mb

µh

◆
,

where R
(i)
0,cc̄ denotes the finite remainder of the mass-

less bb̄Z amplitude, i.e. setting mb = 0, µR is the renor-
malization scale, and µh is a characteristic hard scale of
the process. The process-dependent coe�cients cc̄,i are
determined in AppendixA. They are obtained through
a massification procedure that relates the 1/✏i poles of
collinear origin in the 5FS with logarithmic terms in mb

in the 4FS [53, 54], see also Ref. [55] for a recent applica-
tion to bb̄W production.

In the massless case, the calculation of the two-loop
amplitude is still very challenging, but feasible [27].
While the logarithmic terms are reproduced without

any approximations, RehR(0)
0,cc̄|R

(2)
0,cc̄i is computed in the

leading-colour approximation (LCA), with the excep-
tion of contributions of Z/�? bosons coupling to closed
fermion loops, which are omitted. We have tested the
latter to be negligible already at the one-loop level (see
also Refs. [56, 57]). The LCA is typically accurate within
10% (see e.g. Refs. [58, 59]). Since the numerical e↵ect of

hR
(0)
0,c|R

(2)
0,ci on the MiNNLOPS cross section is typically

at the few-percent level, we expect these approximations
to have a negligible impact on our results. To calculate

RehR(0)
0,cc̄|R

(2)
0,cc̄i we have implemented a numerical code

based on the analytic results of Ref. [27], employing the
PentagonFunctions++ code [60–62] to evaluate the
relevant special functions.

We note that our calculation of the logarithmically en-
hanced terms in Eq. (5) has been rendered possible for
closed massive fermion loops only by the recent results
of Ref. [54]. The numerical impact of those contributions
is at the few-percent level of the NNLO cross section.

Since our NNLO+PS generator assumes massive bot-
tom quarks, a mapping from the massive to the massless
phase space is required to evaluate the massless remain-

ders R(i)
0,cc̄. While di↵erent mappings induce only power

corrections in mb/µh, it is mandatory that the mapping
avoids the collinear singularities of the massless ampli-
tudes, which in the massive phase space are prevented
by the bottom mass.2 We have tested di↵erent map-

2
We thank Chiara Savoini and Massimilano Grazzini for bringing

this to our attention.

pings and found their results to agree at the sub-percent
level. The details are given in AppendixB.

Results.—For the phenomenological study of bb̄Z pro-
duction at NNLO+PS we focus on LHC collisions with
13TeV centre-of-mass energy and consider the leptonic
final states with ` = e, µ. The bottom and top-quark
on-shell masses are set to 4.92GeV and 173.2GeV, re-
spectively, with four massless quark flavours. We em-
ploy the corresponding NNLO set of the NNPDF31 [63]
parton densities with ↵s(mZ) = 0.118. We use the
complex-mass scheme [64, 65] and the electroweak (EW)
input parameters are set in the Gµ scheme using [66]:
GF = 1.16639⇥ 10�5 GeV�2, MW = 80.385GeV, �W =
2.0854GeV, mZ = 91.1876GeV, �Z = 2.4952GeV. Un-
less specified otherwise, our default choice for the renor-
malization scale of the two powers of the ↵s at Born-level

is µ(0)
R = mbb̄``. The scale of extra powers of ↵s in the ra-

diative corrections and the factorization scale are set fol-
lowing the MiNNLOPS prescription [31, 34]. We employ
the definition of the modified logarithm L in Ref. [34],
which smoothly turns o↵ resummation e↵ects for pT val-
ues larger than Q = mbb̄``/2. To avoid the Landau singu-
larity at small pT , the scale of the strong coupling and the
parton densities is smoothly frozen around Q0 = 2 GeV
[32]. Scale uncertainties are estimated through the usual
7-point scale variations by a factor of two around the cen-
tral scale. As a parton shower we employ Pythia8 [67]
with the Monash tune [68].

For comparison, we implemented a generator for
pp ! bb̄`

+
`
� production at NLO+PS in the 4FS within

POWHEG-BOX-RES [43]. In this case we use mbb̄``
for the central scales. We also evaluate MiNLO0 results,
which are NLO accurate for bb̄`+`� plus zero and one jet,
by turning o↵ the NNLO corrections in the MiNNLOPS

generator.
Table I shows the pp ! bb̄`

+
`
� total cross section. For

reference, NLO+PS (MiNNLOPS) results with a central

scale HT /2 (µ(0)
R = HT /2) are given as well, where HT

is the sum over the transverse masses of each bottom
quark and each lepton. Shower e↵ects are negligible for
the inclusive rate and we keep e↵ects from hadronization,

�total [pb] ratio to NLO

NLO+PS (mbb̄``) 31.86(1)+16.3%
�13.3% 1.000

MiNLO0 (mbb̄``) 22.33(1)+28.2%
�17.9% 0.701

MiNNLOPS (mbb̄``) 50.58(4)+16.8%
�12.2% 1.587

NLO+PS (HT /2) 41.42(1)+19.2%
�15.4% 1.000

MiNNLOPS (HT /2) 58.60(5)+19.0%
�13.2% 1.414

TABLE I. Total bb̄Z cross section with 66GeV  m`+`� 

116GeV. The scale in brackets indicates the di↵erent scale
setting as described in the text. The quoted errors represent
scale uncertainties, while the numbers in brackets are numer-
ical uncertainties on the last digit.
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MiNNLOPS:  productionbb̄Z

+60% NNLO
correction !

total cross section:  66 GeV ≤ mℓ+ℓ− ≤ 116 GeV

3

is well beyond current technology for two-loop 5-point
amplitudes. Realizing that there is a hierarchy in the
bottom-quark mass mb, we can perform an expansion
around small mb of the two-loop amplitude, capturing
the constant and logarithmically enhanced terms in mb,
while omitting power corrections in mb:

2Re hR
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(2)
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(0)
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,

where R
(i)
0,cc̄ denotes the finite remainder of the mass-

less bb̄Z amplitude, i.e. setting mb = 0, µR is the renor-
malization scale, and µh is a characteristic hard scale of
the process. The process-dependent coe�cients cc̄,i are
determined in AppendixA. They are obtained through
a massification procedure that relates the 1/✏i poles of
collinear origin in the 5FS with logarithmic terms in mb

in the 4FS [53, 54], see also Ref. [55] for a recent applica-
tion to bb̄W production.

In the massless case, the calculation of the two-loop
amplitude is still very challenging, but feasible [27].
While the logarithmic terms are reproduced without

any approximations, RehR(0)
0,cc̄|R

(2)
0,cc̄i is computed in the

leading-colour approximation (LCA), with the excep-
tion of contributions of Z/�? bosons coupling to closed
fermion loops, which are omitted. We have tested the
latter to be negligible already at the one-loop level (see
also Refs. [56, 57]). The LCA is typically accurate within
10% (see e.g. Refs. [58, 59]). Since the numerical e↵ect of

hR
(0)
0,c|R

(2)
0,ci on the MiNNLOPS cross section is typically

at the few-percent level, we expect these approximations
to have a negligible impact on our results. To calculate

RehR(0)
0,cc̄|R

(2)
0,cc̄i we have implemented a numerical code

based on the analytic results of Ref. [27], employing the
PentagonFunctions++ code [60–62] to evaluate the
relevant special functions.

We note that our calculation of the logarithmically en-
hanced terms in Eq. (5) has been rendered possible for
closed massive fermion loops only by the recent results
of Ref. [54]. The numerical impact of those contributions
is at the few-percent level of the NNLO cross section.

Since our NNLO+PS generator assumes massive bot-
tom quarks, a mapping from the massive to the massless
phase space is required to evaluate the massless remain-

ders R(i)
0,cc̄. While di↵erent mappings induce only power

corrections in mb/µh, it is mandatory that the mapping
avoids the collinear singularities of the massless ampli-
tudes, which in the massive phase space are prevented
by the bottom mass.2 We have tested di↵erent map-

2
We thank Chiara Savoini and Massimilano Grazzini for bringing

this to our attention.

pings and found their results to agree at the sub-percent
level. The details are given in AppendixB.

Results.—For the phenomenological study of bb̄Z pro-
duction at NNLO+PS we focus on LHC collisions with
13TeV centre-of-mass energy and consider the leptonic
final states with ` = e, µ. The bottom and top-quark
on-shell masses are set to 4.92GeV and 173.2GeV, re-
spectively, with four massless quark flavours. We em-
ploy the corresponding NNLO set of the NNPDF31 [63]
parton densities with ↵s(mZ) = 0.118. We use the
complex-mass scheme [64, 65] and the electroweak (EW)
input parameters are set in the Gµ scheme using [66]:
GF = 1.16639⇥ 10�5 GeV�2, MW = 80.385GeV, �W =
2.0854GeV, mZ = 91.1876GeV, �Z = 2.4952GeV. Un-
less specified otherwise, our default choice for the renor-
malization scale of the two powers of the ↵s at Born-level

is µ(0)
R = mbb̄``. The scale of extra powers of ↵s in the ra-

diative corrections and the factorization scale are set fol-
lowing the MiNNLOPS prescription [31, 34]. We employ
the definition of the modified logarithm L in Ref. [34],
which smoothly turns o↵ resummation e↵ects for pT val-
ues larger than Q = mbb̄``/2. To avoid the Landau singu-
larity at small pT , the scale of the strong coupling and the
parton densities is smoothly frozen around Q0 = 2 GeV
[32]. Scale uncertainties are estimated through the usual
7-point scale variations by a factor of two around the cen-
tral scale. As a parton shower we employ Pythia8 [67]
with the Monash tune [68].

For comparison, we implemented a generator for
pp ! bb̄`

+
`
� production at NLO+PS in the 4FS within

POWHEG-BOX-RES [43]. In this case we use mbb̄``
for the central scales. We also evaluate MiNLO0 results,
which are NLO accurate for bb̄`+`� plus zero and one jet,
by turning o↵ the NNLO corrections in the MiNNLOPS

generator.
Table I shows the pp ! bb̄`

+
`
� total cross section. For

reference, NLO+PS (MiNNLOPS) results with a central

scale HT /2 (µ(0)
R = HT /2) are given as well, where HT

is the sum over the transverse masses of each bottom
quark and each lepton. Shower e↵ects are negligible for
the inclusive rate and we keep e↵ects from hadronization,

�total [pb] ratio to NLO

NLO+PS (mbb̄``) 31.86(1)+16.3%
�13.3% 1.000

MiNLO0 (mbb̄``) 22.33(1)+28.2%
�17.9% 0.701

MiNNLOPS (mbb̄``) 50.58(4)+16.8%
�12.2% 1.587

NLO+PS (HT /2) 41.42(1)+19.2%
�15.4% 1.000

MiNNLOPS (HT /2) 58.60(5)+19.0%
�13.2% 1.414

TABLE I. Total bb̄Z cross section with 66GeV  m`+`� 

116GeV. The scale in brackets indicates the di↵erent scale
setting as described in the text. The quoted errors represent
scale uncertainties, while the numbers in brackets are numer-
ical uncertainties on the last digit.
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MiNNLOPS:  productionbb̄Z

+60% NNLO
correction !

+41% NNLO
correction !

total cross section:  66 GeV ≤ mℓ+ℓ− ≤ 116 GeV

3

is well beyond current technology for two-loop 5-point
amplitudes. Realizing that there is a hierarchy in the
bottom-quark mass mb, we can perform an expansion
around small mb of the two-loop amplitude, capturing
the constant and logarithmically enhanced terms in mb,
while omitting power corrections in mb:
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where R
(i)
0,cc̄ denotes the finite remainder of the mass-

less bb̄Z amplitude, i.e. setting mb = 0, µR is the renor-
malization scale, and µh is a characteristic hard scale of
the process. The process-dependent coe�cients cc̄,i are
determined in AppendixA. They are obtained through
a massification procedure that relates the 1/✏i poles of
collinear origin in the 5FS with logarithmic terms in mb

in the 4FS [53, 54], see also Ref. [55] for a recent applica-
tion to bb̄W production.

In the massless case, the calculation of the two-loop
amplitude is still very challenging, but feasible [27].
While the logarithmic terms are reproduced without

any approximations, RehR(0)
0,cc̄|R

(2)
0,cc̄i is computed in the

leading-colour approximation (LCA), with the excep-
tion of contributions of Z/�? bosons coupling to closed
fermion loops, which are omitted. We have tested the
latter to be negligible already at the one-loop level (see
also Refs. [56, 57]). The LCA is typically accurate within
10% (see e.g. Refs. [58, 59]). Since the numerical e↵ect of

hR
(0)
0,c|R

(2)
0,ci on the MiNNLOPS cross section is typically

at the few-percent level, we expect these approximations
to have a negligible impact on our results. To calculate

RehR(0)
0,cc̄|R

(2)
0,cc̄i we have implemented a numerical code

based on the analytic results of Ref. [27], employing the
PentagonFunctions++ code [60–62] to evaluate the
relevant special functions.

We note that our calculation of the logarithmically en-
hanced terms in Eq. (5) has been rendered possible for
closed massive fermion loops only by the recent results
of Ref. [54]. The numerical impact of those contributions
is at the few-percent level of the NNLO cross section.

Since our NNLO+PS generator assumes massive bot-
tom quarks, a mapping from the massive to the massless
phase space is required to evaluate the massless remain-

ders R(i)
0,cc̄. While di↵erent mappings induce only power

corrections in mb/µh, it is mandatory that the mapping
avoids the collinear singularities of the massless ampli-
tudes, which in the massive phase space are prevented
by the bottom mass.2 We have tested di↵erent map-

2
We thank Chiara Savoini and Massimilano Grazzini for bringing

this to our attention.

pings and found their results to agree at the sub-percent
level. The details are given in AppendixB.

Results.—For the phenomenological study of bb̄Z pro-
duction at NNLO+PS we focus on LHC collisions with
13TeV centre-of-mass energy and consider the leptonic
final states with ` = e, µ. The bottom and top-quark
on-shell masses are set to 4.92GeV and 173.2GeV, re-
spectively, with four massless quark flavours. We em-
ploy the corresponding NNLO set of the NNPDF31 [63]
parton densities with ↵s(mZ) = 0.118. We use the
complex-mass scheme [64, 65] and the electroweak (EW)
input parameters are set in the Gµ scheme using [66]:
GF = 1.16639⇥ 10�5 GeV�2, MW = 80.385GeV, �W =
2.0854GeV, mZ = 91.1876GeV, �Z = 2.4952GeV. Un-
less specified otherwise, our default choice for the renor-
malization scale of the two powers of the ↵s at Born-level

is µ(0)
R = mbb̄``. The scale of extra powers of ↵s in the ra-

diative corrections and the factorization scale are set fol-
lowing the MiNNLOPS prescription [31, 34]. We employ
the definition of the modified logarithm L in Ref. [34],
which smoothly turns o↵ resummation e↵ects for pT val-
ues larger than Q = mbb̄``/2. To avoid the Landau singu-
larity at small pT , the scale of the strong coupling and the
parton densities is smoothly frozen around Q0 = 2 GeV
[32]. Scale uncertainties are estimated through the usual
7-point scale variations by a factor of two around the cen-
tral scale. As a parton shower we employ Pythia8 [67]
with the Monash tune [68].

For comparison, we implemented a generator for
pp ! bb̄`

+
`
� production at NLO+PS in the 4FS within

POWHEG-BOX-RES [43]. In this case we use mbb̄``
for the central scales. We also evaluate MiNLO0 results,
which are NLO accurate for bb̄`+`� plus zero and one jet,
by turning o↵ the NNLO corrections in the MiNNLOPS

generator.
Table I shows the pp ! bb̄`

+
`
� total cross section. For

reference, NLO+PS (MiNNLOPS) results with a central

scale HT /2 (µ(0)
R = HT /2) are given as well, where HT

is the sum over the transverse masses of each bottom
quark and each lepton. Shower e↵ects are negligible for
the inclusive rate and we keep e↵ects from hadronization,

�total [pb] ratio to NLO

NLO+PS (mbb̄``) 31.86(1)+16.3%
�13.3% 1.000

MiNLO0 (mbb̄``) 22.33(1)+28.2%
�17.9% 0.701

MiNNLOPS (mbb̄``) 50.58(4)+16.8%
�12.2% 1.587

NLO+PS (HT /2) 41.42(1)+19.2%
�15.4% 1.000

MiNNLOPS (HT /2) 58.60(5)+19.0%
�13.2% 1.414

TABLE I. Total bb̄Z cross section with 66GeV  m`+`� 

116GeV. The scale in brackets indicates the di↵erent scale
setting as described in the text. The quoted errors represent
scale uncertainties, while the numbers in brackets are numer-
ical uncertainties on the last digit.
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MiNNLOPS:  productionbb̄Z

➙  MiNLO/multi-jet merging not suitable due to incomplete  correction and large
         contribution in 2-loop (leading to miscancellation with  from reals)

(only a problem for bottom quarks and processes with )

α2
s

log(mb) log(mb)
Q ≫ mb

total cross section:  66 GeV ≤ mℓ+ℓ− ≤ 116 GeV

3

is well beyond current technology for two-loop 5-point
amplitudes. Realizing that there is a hierarchy in the
bottom-quark mass mb, we can perform an expansion
around small mb of the two-loop amplitude, capturing
the constant and logarithmically enhanced terms in mb,
while omitting power corrections in mb:
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where R
(i)
0,cc̄ denotes the finite remainder of the mass-

less bb̄Z amplitude, i.e. setting mb = 0, µR is the renor-
malization scale, and µh is a characteristic hard scale of
the process. The process-dependent coe�cients cc̄,i are
determined in AppendixA. They are obtained through
a massification procedure that relates the 1/✏i poles of
collinear origin in the 5FS with logarithmic terms in mb

in the 4FS [53, 54], see also Ref. [55] for a recent applica-
tion to bb̄W production.

In the massless case, the calculation of the two-loop
amplitude is still very challenging, but feasible [27].
While the logarithmic terms are reproduced without

any approximations, RehR(0)
0,cc̄|R

(2)
0,cc̄i is computed in the

leading-colour approximation (LCA), with the excep-
tion of contributions of Z/�? bosons coupling to closed
fermion loops, which are omitted. We have tested the
latter to be negligible already at the one-loop level (see
also Refs. [56, 57]). The LCA is typically accurate within
10% (see e.g. Refs. [58, 59]). Since the numerical e↵ect of

hR
(0)
0,c|R

(2)
0,ci on the MiNNLOPS cross section is typically

at the few-percent level, we expect these approximations
to have a negligible impact on our results. To calculate

RehR(0)
0,cc̄|R

(2)
0,cc̄i we have implemented a numerical code

based on the analytic results of Ref. [27], employing the
PentagonFunctions++ code [60–62] to evaluate the
relevant special functions.

We note that our calculation of the logarithmically en-
hanced terms in Eq. (5) has been rendered possible for
closed massive fermion loops only by the recent results
of Ref. [54]. The numerical impact of those contributions
is at the few-percent level of the NNLO cross section.

Since our NNLO+PS generator assumes massive bot-
tom quarks, a mapping from the massive to the massless
phase space is required to evaluate the massless remain-

ders R(i)
0,cc̄. While di↵erent mappings induce only power

corrections in mb/µh, it is mandatory that the mapping
avoids the collinear singularities of the massless ampli-
tudes, which in the massive phase space are prevented
by the bottom mass.2 We have tested di↵erent map-

2
We thank Chiara Savoini and Massimilano Grazzini for bringing

this to our attention.

pings and found their results to agree at the sub-percent
level. The details are given in AppendixB.

Results.—For the phenomenological study of bb̄Z pro-
duction at NNLO+PS we focus on LHC collisions with
13TeV centre-of-mass energy and consider the leptonic
final states with ` = e, µ. The bottom and top-quark
on-shell masses are set to 4.92GeV and 173.2GeV, re-
spectively, with four massless quark flavours. We em-
ploy the corresponding NNLO set of the NNPDF31 [63]
parton densities with ↵s(mZ) = 0.118. We use the
complex-mass scheme [64, 65] and the electroweak (EW)
input parameters are set in the Gµ scheme using [66]:
GF = 1.16639⇥ 10�5 GeV�2, MW = 80.385GeV, �W =
2.0854GeV, mZ = 91.1876GeV, �Z = 2.4952GeV. Un-
less specified otherwise, our default choice for the renor-
malization scale of the two powers of the ↵s at Born-level

is µ(0)
R = mbb̄``. The scale of extra powers of ↵s in the ra-

diative corrections and the factorization scale are set fol-
lowing the MiNNLOPS prescription [31, 34]. We employ
the definition of the modified logarithm L in Ref. [34],
which smoothly turns o↵ resummation e↵ects for pT val-
ues larger than Q = mbb̄``/2. To avoid the Landau singu-
larity at small pT , the scale of the strong coupling and the
parton densities is smoothly frozen around Q0 = 2 GeV
[32]. Scale uncertainties are estimated through the usual
7-point scale variations by a factor of two around the cen-
tral scale. As a parton shower we employ Pythia8 [67]
with the Monash tune [68].

For comparison, we implemented a generator for
pp ! bb̄`

+
`
� production at NLO+PS in the 4FS within

POWHEG-BOX-RES [43]. In this case we use mbb̄``
for the central scales. We also evaluate MiNLO0 results,
which are NLO accurate for bb̄`+`� plus zero and one jet,
by turning o↵ the NNLO corrections in the MiNNLOPS

generator.
Table I shows the pp ! bb̄`

+
`
� total cross section. For

reference, NLO+PS (MiNNLOPS) results with a central

scale HT /2 (µ(0)
R = HT /2) are given as well, where HT

is the sum over the transverse masses of each bottom
quark and each lepton. Shower e↵ects are negligible for
the inclusive rate and we keep e↵ects from hadronization,

�total [pb] ratio to NLO

NLO+PS (mbb̄``) 31.86(1)+16.3%
�13.3% 1.000

MiNLO0 (mbb̄``) 22.33(1)+28.2%
�17.9% 0.701

MiNNLOPS (mbb̄``) 50.58(4)+16.8%
�12.2% 1.587

NLO+PS (HT /2) 41.42(1)+19.2%
�15.4% 1.000

MiNNLOPS (HT /2) 58.60(5)+19.0%
�13.2% 1.414

TABLE I. Total bb̄Z cross section with 66GeV  m`+`� 

116GeV. The scale in brackets indicates the di↵erent scale
setting as described in the text. The quoted errors represent
scale uncertainties, while the numbers in brackets are numer-
ical uncertainties on the last digit.
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multi-parton interactions (MPI) and QED radiation o↵.
The MiNLO0 prediction, which is formally NLO ac-

curate and includes additional O(↵2
s) corrections, is 43%

smaller than the other NLO+PS result and does not pro-
vide a reasonable prediction. Although this may seem
surprising, this behaviour can be explained by the sub-
stantial cancellation of logarithmic corrections in mb be-
tween the real (double-real and real-virtual) and the
double-virtual amplitudes. Those logarithmic terms orig-
inate from the massive bottom quark in the 4FS, which
regulates the real phase-space integration as well as the
loop integration. The ensuing logarithmic contributions
are bound to cancel between real and double-virtual am-
plitudes, which can be understood by considering the
5FS, where these logarithms would appear as 1/✏ poles
that cancel by the KLN theorem [69, 70].

For MiNLO0, the relative O(↵2
s) contribution is in-

complete as only the real amplitudes are included and
the corresponding logarithmic terms induce a numeri-
cally significant negative e↵ect. We have checked that it
is su�cient to include the logarithmic corrections in the
double-virtual amplitudes (obtained using the massifica-
tion procedure in AppendixA) to restore the appropri-
ate cancellation and obtain a positive O(↵2

s) correction.
Due to this unphysical e↵ect we refrain from including
MiNLO0 results in the remainder of this letter.

Considering the MiNNLOPS predictions in Table I,
NNLO corrections increase the NLO cross section by
60%, which renders them crucial for an accurate predic-
tion in the 4FS. Since the NNLO corrections are much
larger than the NLO scale uncertainties, we consider
HT /2 as a second scale choice. In this case, the NLO and
the NNLO cross sections are larger, with NNLO correc-
tions of about 41%. It is reassuring that the dependence
on the scale choice reduces at NNLO compared to NLO.

In Table II we consider the fiducial cross section mea-
surement of the most recent CMS analysis for Z-boson
production in association with bottom-flavoured jets (b-
jets) [15], which includes the complete Run-2 data set of
the LHC. The fiducial cuts are defined in AppendixC. To
warrant a realistic comparison to data we include e↵ects
from hadronization, multi-parton interactions (MPI) and
QED radiation from now on. In our 4FS calculation, we
can directly apply the experimental definition of b-jets,

�fiducial [pb] Z+� 1 b-jet Z+� 2 b-jets

NLO+PS (5FS) 7.03± 0.47 0.77± 0.07
NLO+PS (4FS) 4.08± 0.66 0.44± 0.08
MiNNLOPS (4FS) 6.59± 0.86 0.77± 0.10
CMS 6.52± 0.43 0.65± 0.08

TABLE II. Comparison of theory predictions with the fiducial
cross-section measurements by CMS [15] for (at least) one and
two tagged b-jets. Experimental uncertainties are added in
quadrature. The 5FS result is taken from Ref. [15] and scale
uncertainties have been symmetrized by taking the maximum
of the absolute value of the errors.

which is rendered infrared safe by the bottom mass, while
in the 5FS the naive definition of b-jets leads to diver-
gences [71–75]. For the Z+�1(2) b-jet rate we observe
a clear tension with the NLO+PS result in the 4FS,
whose central cross section is 40(20)% below the mea-
surement, well outside the uncertainties. By contrast,
the MiNNLOPS prediction is in full agreement with the
data within uncertainties.
In addition, we include in Table II the NLO+PS pre-

diction in the 5FS, as quoted in the CMS analysis [15]
and obtained with MadGraph5 aMC@NLO [76].3

NLO+PS results in 4FS and 5FS are not compatible with
each other, but our MiNNLOPS prediction agrees with
the 5FS result, thanks to the inclusion of NNLO QCD
corrections in the 4FS. While both predictions agree simi-
larly well with the Z+�2 b-jets data, MiNNLOPS shows
a slightly better description in the Z+�1 b-jet fiducial
region.
Next, we examine a set of di↵erential distributions

in Fig. 2 and compare NLO+PS (blue, dashed) and
MiNNLOPS (red, solid) predictions to the CMS mea-
surement (black data points) [15]. The first three fig-
ures show observables in the inclusive 1-b-jet phase space:
the transverse momentum (pb-jet1T ) and pseudo-rapidity
(⌘b-jet1) of the leading b-jet as well as the distance be-
tween the Z boson and the leading b-jet in the ⌘-�-
plane (�R

Z,b-jet1). The other three figures show distribu-
tions in the inclusive 2-b-jet phase space: the transverse
momentum of the leading (pb-jet1T ) and subleading b-jet

(pb-jet2T ), and the invariant mass of the two b-jets (mbb).
As observed for the fiducial rates, NLO+PS predic-

tions fail in describing the normalization of the measured
cross sections. Additionally, the shapes of some of the
distributions are not reproduced particularly well. The
MiNNLOPS predictions, on the other hand, are in agree-
ment with data, especially for Z+�1-b-jet observables
the central prediction is almost spot on the data points,
which is remarkable considering the relatively high pre-
cision of theory predictions and measurement. In the
inclusive 2-b-jet phase space the experimental errors are
larger due to the lower statistics. Here, MiNNLOPS pre-
dicts a normalization slightly higher than the data points,
but still fully covered by the uncertainties, while the dif-
ferential shapes are reproduced particularly well.

An exception to the previous statements about
MiNNLOPS is the di↵erence observed at high �R

Z,b-jet1

with the CMS data, which originates from large val-
ues of the rapidity separation between the Z boson and
the leading b-jet (�y

Z,b-jet1), where similar di↵erences
appear. Although less pronounced than in the 4FS,
such trend is also present the 5FS predictions at large
�y

Z,b-jet1 and �R
Z,b-jet1 , see Figs. 6 and 7 of Ref. [15].

3
We note that several NLO+PS predictions are quoted in Ref. [15].

The one quoted in Table II is the only one using the same PDF

set as in our setup.
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multi-parton interactions (MPI) and QED radiation o↵.
The MiNLO0 prediction, which is formally NLO ac-

curate and includes additional O(↵2
s) corrections, is 43%

smaller than the other NLO+PS result and does not pro-
vide a reasonable prediction. Although this may seem
surprising, this behaviour can be explained by the sub-
stantial cancellation of logarithmic corrections in mb be-
tween the real (double-real and real-virtual) and the
double-virtual amplitudes. Those logarithmic terms orig-
inate from the massive bottom quark in the 4FS, which
regulates the real phase-space integration as well as the
loop integration. The ensuing logarithmic contributions
are bound to cancel between real and double-virtual am-
plitudes, which can be understood by considering the
5FS, where these logarithms would appear as 1/✏ poles
that cancel by the KLN theorem [69, 70].

For MiNLO0, the relative O(↵2
s) contribution is in-

complete as only the real amplitudes are included and
the corresponding logarithmic terms induce a numeri-
cally significant negative e↵ect. We have checked that it
is su�cient to include the logarithmic corrections in the
double-virtual amplitudes (obtained using the massifica-
tion procedure in AppendixA) to restore the appropri-
ate cancellation and obtain a positive O(↵2

s) correction.
Due to this unphysical e↵ect we refrain from including
MiNLO0 results in the remainder of this letter.

Considering the MiNNLOPS predictions in Table I,
NNLO corrections increase the NLO cross section by
60%, which renders them crucial for an accurate predic-
tion in the 4FS. Since the NNLO corrections are much
larger than the NLO scale uncertainties, we consider
HT /2 as a second scale choice. In this case, the NLO and
the NNLO cross sections are larger, with NNLO correc-
tions of about 41%. It is reassuring that the dependence
on the scale choice reduces at NNLO compared to NLO.

In Table II we consider the fiducial cross section mea-
surement of the most recent CMS analysis for Z-boson
production in association with bottom-flavoured jets (b-
jets) [15], which includes the complete Run-2 data set of
the LHC. The fiducial cuts are defined in AppendixC. To
warrant a realistic comparison to data we include e↵ects
from hadronization, multi-parton interactions (MPI) and
QED radiation from now on. In our 4FS calculation, we
can directly apply the experimental definition of b-jets,

�fiducial [pb] Z+� 1 b-jet Z+� 2 b-jets

NLO+PS (5FS) 7.03± 0.47 0.77± 0.07
NLO+PS (4FS) 4.08± 0.66 0.44± 0.08
MiNNLOPS (4FS) 6.59± 0.86 0.77± 0.10
CMS 6.52± 0.43 0.65± 0.08

TABLE II. Comparison of theory predictions with the fiducial
cross-section measurements by CMS [15] for (at least) one and
two tagged b-jets. Experimental uncertainties are added in
quadrature. The 5FS result is taken from Ref. [15] and scale
uncertainties have been symmetrized by taking the maximum
of the absolute value of the errors.

which is rendered infrared safe by the bottom mass, while
in the 5FS the naive definition of b-jets leads to diver-
gences [71–75]. For the Z+�1(2) b-jet rate we observe
a clear tension with the NLO+PS result in the 4FS,
whose central cross section is 40(20)% below the mea-
surement, well outside the uncertainties. By contrast,
the MiNNLOPS prediction is in full agreement with the
data within uncertainties.
In addition, we include in Table II the NLO+PS pre-

diction in the 5FS, as quoted in the CMS analysis [15]
and obtained with MadGraph5 aMC@NLO [76].3

NLO+PS results in 4FS and 5FS are not compatible with
each other, but our MiNNLOPS prediction agrees with
the 5FS result, thanks to the inclusion of NNLO QCD
corrections in the 4FS. While both predictions agree simi-
larly well with the Z+�2 b-jets data, MiNNLOPS shows
a slightly better description in the Z+�1 b-jet fiducial
region.
Next, we examine a set of di↵erential distributions

in Fig. 2 and compare NLO+PS (blue, dashed) and
MiNNLOPS (red, solid) predictions to the CMS mea-
surement (black data points) [15]. The first three fig-
ures show observables in the inclusive 1-b-jet phase space:
the transverse momentum (pb-jet1T ) and pseudo-rapidity
(⌘b-jet1) of the leading b-jet as well as the distance be-
tween the Z boson and the leading b-jet in the ⌘-�-
plane (�R

Z,b-jet1). The other three figures show distribu-
tions in the inclusive 2-b-jet phase space: the transverse
momentum of the leading (pb-jet1T ) and subleading b-jet

(pb-jet2T ), and the invariant mass of the two b-jets (mbb).
As observed for the fiducial rates, NLO+PS predic-

tions fail in describing the normalization of the measured
cross sections. Additionally, the shapes of some of the
distributions are not reproduced particularly well. The
MiNNLOPS predictions, on the other hand, are in agree-
ment with data, especially for Z+�1-b-jet observables
the central prediction is almost spot on the data points,
which is remarkable considering the relatively high pre-
cision of theory predictions and measurement. In the
inclusive 2-b-jet phase space the experimental errors are
larger due to the lower statistics. Here, MiNNLOPS pre-
dicts a normalization slightly higher than the data points,
but still fully covered by the uncertainties, while the dif-
ferential shapes are reproduced particularly well.

An exception to the previous statements about
MiNNLOPS is the di↵erence observed at high �R

Z,b-jet1

with the CMS data, which originates from large val-
ues of the rapidity separation between the Z boson and
the leading b-jet (�y

Z,b-jet1), where similar di↵erences
appear. Although less pronounced than in the 4FS,
such trend is also present the 5FS predictions at large
�y

Z,b-jet1 and �R
Z,b-jet1 , see Figs. 6 and 7 of Ref. [15].

3
We note that several NLO+PS predictions are quoted in Ref. [15].

The one quoted in Table II is the only one using the same PDF

set as in our setup.
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multi-parton interactions (MPI) and QED radiation o↵.
The MiNLO0 prediction, which is formally NLO ac-

curate and includes additional O(↵2
s) corrections, is 43%

smaller than the other NLO+PS result and does not pro-
vide a reasonable prediction. Although this may seem
surprising, this behaviour can be explained by the sub-
stantial cancellation of logarithmic corrections in mb be-
tween the real (double-real and real-virtual) and the
double-virtual amplitudes. Those logarithmic terms orig-
inate from the massive bottom quark in the 4FS, which
regulates the real phase-space integration as well as the
loop integration. The ensuing logarithmic contributions
are bound to cancel between real and double-virtual am-
plitudes, which can be understood by considering the
5FS, where these logarithms would appear as 1/✏ poles
that cancel by the KLN theorem [69, 70].

For MiNLO0, the relative O(↵2
s) contribution is in-

complete as only the real amplitudes are included and
the corresponding logarithmic terms induce a numeri-
cally significant negative e↵ect. We have checked that it
is su�cient to include the logarithmic corrections in the
double-virtual amplitudes (obtained using the massifica-
tion procedure in AppendixA) to restore the appropri-
ate cancellation and obtain a positive O(↵2

s) correction.
Due to this unphysical e↵ect we refrain from including
MiNLO0 results in the remainder of this letter.

Considering the MiNNLOPS predictions in Table I,
NNLO corrections increase the NLO cross section by
60%, which renders them crucial for an accurate predic-
tion in the 4FS. Since the NNLO corrections are much
larger than the NLO scale uncertainties, we consider
HT /2 as a second scale choice. In this case, the NLO and
the NNLO cross sections are larger, with NNLO correc-
tions of about 41%. It is reassuring that the dependence
on the scale choice reduces at NNLO compared to NLO.

In Table II we consider the fiducial cross section mea-
surement of the most recent CMS analysis for Z-boson
production in association with bottom-flavoured jets (b-
jets) [15], which includes the complete Run-2 data set of
the LHC. The fiducial cuts are defined in AppendixC. To
warrant a realistic comparison to data we include e↵ects
from hadronization, multi-parton interactions (MPI) and
QED radiation from now on. In our 4FS calculation, we
can directly apply the experimental definition of b-jets,

�fiducial [pb] Z+� 1 b-jet Z+� 2 b-jets

NLO+PS (5FS) 7.03± 0.47 0.77± 0.07
NLO+PS (4FS) 4.08± 0.66 0.44± 0.08
MiNNLOPS (4FS) 6.59± 0.86 0.77± 0.10
CMS 6.52± 0.43 0.65± 0.08

TABLE II. Comparison of theory predictions with the fiducial
cross-section measurements by CMS [15] for (at least) one and
two tagged b-jets. Experimental uncertainties are added in
quadrature. The 5FS result is taken from Ref. [15] and scale
uncertainties have been symmetrized by taking the maximum
of the absolute value of the errors.

which is rendered infrared safe by the bottom mass, while
in the 5FS the naive definition of b-jets leads to diver-
gences [71–75]. For the Z+�1(2) b-jet rate we observe
a clear tension with the NLO+PS result in the 4FS,
whose central cross section is 40(20)% below the mea-
surement, well outside the uncertainties. By contrast,
the MiNNLOPS prediction is in full agreement with the
data within uncertainties.
In addition, we include in Table II the NLO+PS pre-

diction in the 5FS, as quoted in the CMS analysis [15]
and obtained with MadGraph5 aMC@NLO [76].3

NLO+PS results in 4FS and 5FS are not compatible with
each other, but our MiNNLOPS prediction agrees with
the 5FS result, thanks to the inclusion of NNLO QCD
corrections in the 4FS. While both predictions agree simi-
larly well with the Z+�2 b-jets data, MiNNLOPS shows
a slightly better description in the Z+�1 b-jet fiducial
region.
Next, we examine a set of di↵erential distributions

in Fig. 2 and compare NLO+PS (blue, dashed) and
MiNNLOPS (red, solid) predictions to the CMS mea-
surement (black data points) [15]. The first three fig-
ures show observables in the inclusive 1-b-jet phase space:
the transverse momentum (pb-jet1T ) and pseudo-rapidity
(⌘b-jet1) of the leading b-jet as well as the distance be-
tween the Z boson and the leading b-jet in the ⌘-�-
plane (�R

Z,b-jet1). The other three figures show distribu-
tions in the inclusive 2-b-jet phase space: the transverse
momentum of the leading (pb-jet1T ) and subleading b-jet

(pb-jet2T ), and the invariant mass of the two b-jets (mbb).
As observed for the fiducial rates, NLO+PS predic-

tions fail in describing the normalization of the measured
cross sections. Additionally, the shapes of some of the
distributions are not reproduced particularly well. The
MiNNLOPS predictions, on the other hand, are in agree-
ment with data, especially for Z+�1-b-jet observables
the central prediction is almost spot on the data points,
which is remarkable considering the relatively high pre-
cision of theory predictions and measurement. In the
inclusive 2-b-jet phase space the experimental errors are
larger due to the lower statistics. Here, MiNNLOPS pre-
dicts a normalization slightly higher than the data points,
but still fully covered by the uncertainties, while the dif-
ferential shapes are reproduced particularly well.

An exception to the previous statements about
MiNNLOPS is the di↵erence observed at high �R

Z,b-jet1

with the CMS data, which originates from large val-
ues of the rapidity separation between the Z boson and
the leading b-jet (�y

Z,b-jet1), where similar di↵erences
appear. Although less pronounced than in the 4FS,
such trend is also present the 5FS predictions at large
�y

Z,b-jet1 and �R
Z,b-jet1 , see Figs. 6 and 7 of Ref. [15].

3
We note that several NLO+PS predictions are quoted in Ref. [15].

The one quoted in Table II is the only one using the same PDF

set as in our setup.
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FIG. 2. Comparison of theory predictions with di↵erential distributions measured by CMS [15].

That behaviour also appears in the�y
Z,b-jet1 distribution

in an earlier ATLAS measurement [14]. A better under-
standing of this discrepancy requires additional studies
and potentially all-order resummation of logarithms in
mb through a 4FS and 5FS combination at NNLO+PS,
which is left for future work.

Summary.—In this letter, we presented a novel com-
putation for the production of a Z-boson in association
with bottom quarks in hadronic collisions. We have cal-
culated NNLO QCD corrections in the 4FS, including
the five-point two-loop amplitude in the small-mb ap-
proximation. In addition, the first NNLO+PS approach
for the production of a heavy-quark pair in association
with colour-singlet particles has been developed, which
can be readily applied to other processes, like bb̄W [55],
tt̄W [77], and tt̄H [78] production.

Our NNLO+PS calculation solves two (related)
long-standing issues for bb̄Z production: First, the
significant tension of NLO(+PS) predictions in the 4FS
with experimental data. Second, the large di↵erences
between 4FS and 5FS predictions for this process [18].
Our analysis identifies that missing higher-order correc-
tions in the 4FS cause these discrepancies and that the

perturbative accuracy of previous calculations has been
insu�cient. Including NNLO QCD corrections brings
the 4FS predictions in agreement with the experimental
data and with the 5FS results. The calculation presented
in this letter also builds the basis for a more accurate
determination of the bottom-quark mass e↵ects in
Drell-Yan production, relevant for MW measurements,
along the lines of the study in Ref. [79], which at the
time was pursued only at NLO+PS.
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FIG. 2. Comparison of theory predictions with di↵erential distributions measured by CMS [15].

That behaviour also appears in the�y
Z,b-jet1 distribution

in an earlier ATLAS measurement [14]. A better under-
standing of this discrepancy requires additional studies
and potentially all-order resummation of logarithms in
mb through a 4FS and 5FS combination at NNLO+PS,
which is left for future work.

Summary.—In this letter, we presented a novel com-
putation for the production of a Z-boson in association
with bottom quarks in hadronic collisions. We have cal-
culated NNLO QCD corrections in the 4FS, including
the five-point two-loop amplitude in the small-mb ap-
proximation. In addition, the first NNLO+PS approach
for the production of a heavy-quark pair in association
with colour-singlet particles has been developed, which
can be readily applied to other processes, like bb̄W [55],
tt̄W [77], and tt̄H [78] production.

Our NNLO+PS calculation solves two (related)
long-standing issues for bb̄Z production: First, the
significant tension of NLO(+PS) predictions in the 4FS
with experimental data. Second, the large di↵erences
between 4FS and 5FS predictions for this process [18].
Our analysis identifies that missing higher-order correc-
tions in the 4FS cause these discrepancies and that the

perturbative accuracy of previous calculations has been
insu�cient. Including NNLO QCD corrections brings
the 4FS predictions in agreement with the experimental
data and with the 5FS results. The calculation presented
in this letter also builds the basis for a more accurate
determination of the bottom-quark mass e↵ects in
Drell-Yan production, relevant for MW measurements,
along the lines of the study in Ref. [79], which at the
time was pursued only at NLO+PS.
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FIG. 2. Comparison of theory predictions with di↵erential distributions measured by CMS [15].

That behaviour also appears in the�y
Z,b-jet1 distribution

in an earlier ATLAS measurement [14]. A better under-
standing of this discrepancy requires additional studies
and potentially all-order resummation of logarithms in
mb through a 4FS and 5FS combination at NNLO+PS,
which is left for future work.

Summary.—In this letter, we presented a novel com-
putation for the production of a Z-boson in association
with bottom quarks in hadronic collisions. We have cal-
culated NNLO QCD corrections in the 4FS, including
the five-point two-loop amplitude in the small-mb ap-
proximation. In addition, the first NNLO+PS approach
for the production of a heavy-quark pair in association
with colour-singlet particles has been developed, which
can be readily applied to other processes, like bb̄W [55],
tt̄W [77], and tt̄H [78] production.

Our NNLO+PS calculation solves two (related)
long-standing issues for bb̄Z production: First, the
significant tension of NLO(+PS) predictions in the 4FS
with experimental data. Second, the large di↵erences
between 4FS and 5FS predictions for this process [18].
Our analysis identifies that missing higher-order correc-
tions in the 4FS cause these discrepancies and that the

perturbative accuracy of previous calculations has been
insu�cient. Including NNLO QCD corrections brings
the 4FS predictions in agreement with the experimental
data and with the 5FS results. The calculation presented
in this letter also builds the basis for a more accurate
determination of the bottom-quark mass e↵ects in
Drell-Yan production, relevant for MW measurements,
along the lines of the study in Ref. [79], which at the
time was pursued only at NLO+PS.
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FIG. 2. Comparison of theory predictions with di↵erential distributions measured by CMS [15].

That behaviour also appears in the�y
Z,b-jet1 distribution

in an earlier ATLAS measurement [14]. A better under-
standing of this discrepancy requires additional studies
and potentially all-order resummation of logarithms in
mb through a 4FS and 5FS combination at NNLO+PS,
which is left for future work.

Summary.—In this letter, we presented a novel com-
putation for the production of a Z-boson in association
with bottom quarks in hadronic collisions. We have cal-
culated NNLO QCD corrections in the 4FS, including
the five-point two-loop amplitude in the small-mb ap-
proximation. In addition, the first NNLO+PS approach
for the production of a heavy-quark pair in association
with colour-singlet particles has been developed, which
can be readily applied to other processes, like bb̄W [55],
tt̄W [77], and tt̄H [78] production.

Our NNLO+PS calculation solves two (related)
long-standing issues for bb̄Z production: First, the
significant tension of NLO(+PS) predictions in the 4FS
with experimental data. Second, the large di↵erences
between 4FS and 5FS predictions for this process [18].
Our analysis identifies that missing higher-order correc-
tions in the 4FS cause these discrepancies and that the

perturbative accuracy of previous calculations has been
insu�cient. Including NNLO QCD corrections brings
the 4FS predictions in agreement with the experimental
data and with the 5FS results. The calculation presented
in this letter also builds the basis for a more accurate
determination of the bottom-quark mass e↵ects in
Drell-Yan production, relevant for MW measurements,
along the lines of the study in Ref. [79], which at the
time was pursued only at NLO+PS.
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FIG. 2. Comparison of theory predictions with di↵erential distributions measured by CMS [15].

That behaviour also appears in the�y
Z,b-jet1 distribution

in an earlier ATLAS measurement [14]. A better under-
standing of this discrepancy requires additional studies
and potentially all-order resummation of logarithms in
mb through a 4FS and 5FS combination at NNLO+PS,
which is left for future work.

Summary.—In this letter, we presented a novel com-
putation for the production of a Z-boson in association
with bottom quarks in hadronic collisions. We have cal-
culated NNLO QCD corrections in the 4FS, including
the five-point two-loop amplitude in the small-mb ap-
proximation. In addition, the first NNLO+PS approach
for the production of a heavy-quark pair in association
with colour-singlet particles has been developed, which
can be readily applied to other processes, like bb̄W [55],
tt̄W [77], and tt̄H [78] production.

Our NNLO+PS calculation solves two (related)
long-standing issues for bb̄Z production: First, the
significant tension of NLO(+PS) predictions in the 4FS
with experimental data. Second, the large di↵erences
between 4FS and 5FS predictions for this process [18].
Our analysis identifies that missing higher-order correc-
tions in the 4FS cause these discrepancies and that the

perturbative accuracy of previous calculations has been
insu�cient. Including NNLO QCD corrections brings
the 4FS predictions in agreement with the experimental
data and with the 5FS results. The calculation presented
in this letter also builds the basis for a more accurate
determination of the bottom-quark mass e↵ects in
Drell-Yan production, relevant for MW measurements,
along the lines of the study in Ref. [79], which at the
time was pursued only at NLO+PS.
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FIG. 2. Comparison of theory predictions with di↵erential distributions measured by CMS [15].

That behaviour also appears in the�y
Z,b-jet1 distribution

in an earlier ATLAS measurement [14]. A better under-
standing of this discrepancy requires additional studies
and potentially all-order resummation of logarithms in
mb through a 4FS and 5FS combination at NNLO+PS,
which is left for future work.

Summary.—In this letter, we presented a novel com-
putation for the production of a Z-boson in association
with bottom quarks in hadronic collisions. We have cal-
culated NNLO QCD corrections in the 4FS, including
the five-point two-loop amplitude in the small-mb ap-
proximation. In addition, the first NNLO+PS approach
for the production of a heavy-quark pair in association
with colour-singlet particles has been developed, which
can be readily applied to other processes, like bb̄W [55],
tt̄W [77], and tt̄H [78] production.

Our NNLO+PS calculation solves two (related)
long-standing issues for bb̄Z production: First, the
significant tension of NLO(+PS) predictions in the 4FS
with experimental data. Second, the large di↵erences
between 4FS and 5FS predictions for this process [18].
Our analysis identifies that missing higher-order correc-
tions in the 4FS cause these discrepancies and that the

perturbative accuracy of previous calculations has been
insu�cient. Including NNLO QCD corrections brings
the 4FS predictions in agreement with the experimental
data and with the 5FS results. The calculation presented
in this letter also builds the basis for a more accurate
determination of the bottom-quark mass e↵ects in
Drell-Yan production, relevant for MW measurements,
along the lines of the study in Ref. [79], which at the
time was pursued only at NLO+PS.
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Di/erential distributions: Z+1b-jet
[JM, Sotnikov, Wiesemann]

● Z-boson transverse momentum distribution well described by NNLO+PS within uncertainties

● Much improved description of shape compared to NLO+PS

● Prediction undershoots data in the last bins

● Would be good to test our results against the recent ATLAS measurement

[see tension shown in Miha’s talk]

[2403.15093]

24

Z pT spectrum compared to CMS data [CMS 2112.09659]



Summary

Outlook
★ other interesting QQ+colour singlet processes:  

★ new developments also enable off-shell  with full top quark decays at NNLO+PS

★ NNLO+PS for processes with light jets possible (but highly non-trivial)                                                        

only 1-jettiness known (but no good observable);   ? [Buonocore, Grazzini, Haag, Rottoli, Savoini ’22]

tt̄Z, tt̄W, bb̄W, cc̄X . . .

tt̄

kness
T

★ NNLO+PS for 2 ➙ 2 available for colour singlet processes

★ First coloured processes at NNLO+PS:  Heavy quark pair production (  and )

★ both NNLO corrections and matching to PS crucial, e.g. to describe B hadrons and b-jets

★ First results for QQ+colour singlet NNLO+PS (  and preliminary results for  and )

tt̄ bb̄

bb̄Z tt̄H bb̄H



Summary

Outlook
★ other interesting QQ+colour singlet processes:  

★ new developments also enable off-shell  with full top quark decays at NNLO+PS

★ NNLO+PS for processes with light jets possible (but highly non-trivial)                                                        

only 1-jettiness known (but no good observable);   ? [Buonocore, Grazzini, Haag, Rottoli, Savoini ’22]

tt̄Z, tt̄W, bb̄W, cc̄X . . .

tt̄

kness
T

★ NNLO+PS for 2 ➙ 2 available for colour singlet processes

★ First coloured processes at NNLO+PS:  Heavy quark pair production (  and )

★ both NNLO corrections and matching to PS crucial, e.g. to describe B hadrons and b-jets

★ First results for QQ+colour singlet NNLO+PS (  and preliminary results for  and )

tt̄ bb̄

bb̄Z tt̄H bb̄H

Stay tuned !
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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



Marius Wiesemann    (MPP Munich) May 21, 2024Pushing the NNLO+PS frontier towards new classes of processes with MiNNLO 62

[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



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, MW, Zanderighi, Ratti ’23]

MiNNLOPS: B-hadron production

dσ/dy,B+ [µb] pp→bb@LHC 7 TeV
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Figure 3: Comparison to ATLAS 7TeV data [12]. See text for details.
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[Mazzitelli, MW, Zanderighi, Ratti ’23]

MiNNLOPS: B-hadron production

dσ/dpT, B± [µb/GeV]
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Figure 5: Comparison to LHCb data at 7 and 13TeV [21]. See text for details.
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Setup of the calculation

● 13TeV collisions, bb� final state with l =e,μ, mb=4.92GeV, NNPDF31

● MiNNLO central scale setting: μR=μF=mbb� e-L, Q=mbb� U2

Born coupling central scale: μR = mbb�   

● Modified log L = log(QUpT) for pT<QU2, L = 0 for pT>Q, interpolation in between

● Showering with Pythia8, using Monash tune

Hadronization, multi-parton interactions and QED shower included

● OpenLoops for tree and one-loop amplitudes, including color- and spin-correlated

● Two-loop amplitudes from analytic results

(0)

● Large expressions O(1Gb)

● Evaluation of special functions through PentagonFunctions++

elaborate numerical stability checks and
rescue system through higher precision

[Chicherin, Sotnikov, Zoia ‘21]
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