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Plan of the talk

1. Brief recap on MiNLO and NNLO+PS with reweighting
Hamilton,Nason,Zanderighi+Oleari: 1212.4504,1206.3572

Astill,Bizon,Hamilton,Karlberg,Nason,ER,Wiesemann,Zanderighi: ’12-’18

2. The MiNNLOPS method
Monni,Nason,ER,Wiesemann,Zanderighi: 1908.06987

Monni,ER,Wiesemann: 2006.04133
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What we want to achieve

I NNLO accuracy for observables inclusive on radiation.

I NLO(LO) accuracy for F + 1(2) jet observables (in the hard region).
- appropriate scale choice for each kinematics regime

I no merging scale required.

I when combined with pT -ordered parton showers, leading-log accuracy of the
parton shower preserved.
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MiNLO

Multiscale Improved NLO: a-priori choose scales in multijet NLO computation
[Hamilton,Nason,Zanderighi ’12]
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� Sudakov FF included on F+j
Born kinematics

I MiNLO-improved FJ yields finite results also when 1st jet is unresolved (qT → 0)

I B̄
(FJ)
MiNLO allows to extend the validity of FJ-POWHEG [called “FJ-MiNLO” hereafter]
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MiNLO’ → NNLO+PS
I formal accuracy of FJ-MiNLO for inclusive observables carefully investigated.

[Hamilton et al. 1212.4504]

I possible to improve FJ-MiNLO such that inclusive NLO is recovered (NLO(F)), without
spoiling NLO accuracy of F+j (NLO(FJ)):

MiNLO’: NLO+PS merging of F and F+j, without merging scale

I accurate control of subleading small-pT logarithms is needed:

- include B2 (NNLL) coefficient in MiNLO-Sudakov.
- set scales in R, V and subtraction terms equal to qT.
- without the above requirements, spurious α3/2

S terms show up in σ(F)
NLO after

integration over qT.
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- H → bb̄ with MiNLO’ [Bizon,ER,Zanderighi, ’19]

. NNLL resummation of 3-jet resolution
parameter (CA) from 1607.03111 (δFclust.

and δFcorrel.)

- possible to explicitly verify that an error in B2

leads to spurious α3/2
S terms

δ(αS) =
1

α2
S

|ΓMiNLO − ΓNLO|
ΓLO

- plot: error = no δFclust. and δFcorrel.

F (inclusive) F+j (inclusive) F+2j (inclusive)

! F-FJ @ NLOPS NLO NLO LO
! F @ NNLOPS NNLO NLO LO

I for color-singlet production F , the above procedure is general, and (almost) process
independent.

. a generalization of the MiNLO’ approach for processes with jets at LO has also been proposed.
[Frederix,Hamilton ’15, see also Carrazza et al. ’18]

I reweighting (differential on ΦF) of “MiNLO-generated” events allows one to achieve
NNLO+PS accuracy
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MiNNLOPS

I Albeit formally correct, reweighting is a bottleneck for complex processes

- approximations needed
- discrete binning→ delicate in less populated regions
- it remains very CPU intensive
- for complicated processes, it’s not user friendly

I In 1908.06987, we developed a new method: NNLOPS accuracy without reweighting

I Through a precise connection of the MiNLO’ method and pT resummation, possible to
isolate the missing ingredients and reach NNLO accuracy

I In the follow-up paper 2006.04133 we refined some implementational aspects

[Notation: From this point, X =
∑
k

(
αS

2π

)k

[X]
(k)]
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MiNNLOPS

I from pT resummation, differential cross section for F+X production can be written as:

dσ

dpTdΦF
=

d

dpT

{
L(ΦF, pT) exp(−S̃(pT))

}
+Rf (pT)

- Rf (pT) =
dσFJ

dΦFdpT
−

dσsing

dΦFdpT

- L(ΦF, pT): keep all the terms needed to obtain NNLO(F) accuracy:
H(1), H(2), C(1), C(2) (and [G(1)⊗f ][G(1)⊗f ] for gg → H)

- µR/F = pT in L(ΦF, pT) and Rf (pT)

- hard virtual corrections are evaluated at µR = pT, while their scale should be
µR ' mF ⇒ in S̃(qT), B2 contains H(1) ≡ [V (F)/B(F)]

dσ

dΦFdpT
= exp[−S̃(pT)]

{
D(pT) +

Rf (pT)

exp[−S̃(pT)]

}

D(pT) ≡ −
dS̃(pT)

dpT
L(pT)+

dL(pT)

dpT
S̃(pT) =

∫ Q

pT

dq2

q2

[
Af(αS(q)) log

Q2

q2
+Bf(αS(q))

]
I expand the above integrand in power of αS(pT), keep the terms that are needed to get

NLO(F) and, then, NNLO(F) accuracy, when integrating over pT

I after expansion, all the terms with explicit logs will be of the type αmS (pT)Ln, with n = 0, 1.∫ Q dpT

pT

LnαmS (pT) exp(−S̃(pT)) ∼ (αS(Q))m−(n+1)/2 L = logQ/pT
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I expand the above integrand in power of αS(pT), keep the terms that are needed to get

NLO(F) and, then, NNLO(F) accuracy, when integrating over pT

I after expansion, all the terms with explicit logs will be of the type αmS (pT)Ln, with n = 0, 1.∫ Q dpT

pT

LnαmS (pT) exp(−S̃(pT)) ∼ (αS(Q))m−(n+1)/2 L = logQ/pT
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MiNNLOPS
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MiNNLOPS

dσ

dΦFdpT
= exp[−S̃(pT)]

{
αS(pT)

2π

[
dσFJ

dΦFdpT

](1) (
1 +

αS(pT)

2π
[S̃(pT)](1)

)
+

(
αS(pT)

2π

)2 [ dσFJ

dΦFdpT

](2)

+

(
αS(pT)

2π

)3

[D(pT)](3) + regular terms

}

I as expected, for NLO(F) accuracy, we recovered MiNLO’, exactly

I [D(pT)](3) is the α3
S(pT) expansion of D(pT) = −

dS̃(pT)

dpT
L(pT) +

dL(pT)

dpT

- higher-order terms O(α
4
S(pT)) will produce terms beyond accuracy, after integration on pT

I “regular terms”: [Rf (pT)/ exp[−S̃(pT)]](3).

- no 1/pT factor, hence after integration they are of order O(α
3
S).

I [D(pT)](3) contains many terms: symbolically rather compact, but numerically delicate

- we used HOPPET and hplog

- µR/F = KR/F pT, and we must integrate down to pT → 0

- out-of-the-box PDFs evolution from LHAPDF: cutoff ΛPDF ∼ 1 GeV
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MiNNLOPS: implementation I

dσ

dΦFdpT
= exp[−S̃(pT)]

{
αS(pT)

2π

[
dσFJ

dΦFdpT

](1) (
1 +

αS(pT)

2π
[S̃(pT)](1)

)
+

(
αS(pT)

2π

)2 [ dσFJ

dΦFdpT

](2)

+

(
αS(pT)

2π

)3

[D(pT)](3)

F corr
` (ΦFJ)

}

I [D(pT)](3): extracted from pT → 0 limit, depends on (ΦF, pT), not on ΦFJ

- to reach NNLO accuracy, singular region must be treated exactly

I in practice, we need to integrate over ΦFJ ⇒ mapping to evaluate [D(pT)](3):
a) ΦFJ → ΦF smoothly when pT → 0 [FKS ISR mapping (preserves rapidity of F)]
b) recover the above equation, when integrating over ΦFJ at fixed (ΦF, pT)

F corr(ΦFJ) =
J(ΦFJ)∫

dΦ′FJJ(Φ′FJ)δ(pT − p′T)δ(ΦF − Φ′F)

∫
dΦ′FJG(Φ′F, p

′
T)F corr(Φ′FJ) =

∫
dΦF dpTG(ΦF, pT)

I to avoid spurious effects at large yj : use rapidity of radiation
. full matrix element: J(ΦFJ) = |MFJ(ΦFJ)|2(f [a]f [b])

. compromise: J(ΦFJ) = P (Φrad)(f [a]f [b])
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MiNNLOPS: implementation II
Final master formula:

dB̄(ΦFJ)

dΦFJ

= exp[−S̃(pT)]

{
αS(pT)

2π

[
dσFJ

dΦFJ

](1) (
1 +

αS(pT)

2π
[S̃(pT)](1)

)
+

(
αS(pT)

2π

)2 [ dσFJ

dΦFJ

](2)

+

(
αS(pT)

2π

)3

[D(pT)](3)F corr
` (ΦFJ)

}

. The second radiation is generated by the usual POWHEG mechanism.

dσ = B̄(ΦFJ) dΦFJ

{
∆pwg(Λpwg) + dΦrad∆pwg(pT,rad)

R(ΦFJ,Φrad)

B(ΦFJ)

}
. if emissions are strongly ordered, same emission probabilities as in kt-ordered shower
→ LL shower accuracy preserved

Subleading terms:

I 1908.06987: D truncated to α3
S(pT).

Formally correct, but many terms that were present in the starting formula (total derivative) are lost

I 2006.04133: avoiding the truncation minimizes the contamination from higher-order terms:(
αS(pT)

2π

)3

[D(pT)]
(3) → −

dS̃(pT)

dpT
L(pT) +

dL(pT)

dpT︸ ︷︷ ︸
D

−
αS(pT)

2π
[D(pT)]

(1)−
(
αS(pT)

2π

)2

[D(pT)]
(2)

I by keeping the full expression for D:
. inclusive observables agree better with fixed-order
. scale variation band more reliable (truncation→ throw away subleading, but log-enhanced, terms)
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MiNNLOPS: implementation III

dB̄MiNNLOPS
(ΦFJ)

dΦFJ

= exp[−S̃(pT)]

{
αS(pT)

2π

[
dσFJ

dΦFJ

](1) (
1 +

αS(pT)

2π
[S̃(pT)](1)

)
+

(
αS(pT)

2π

)2 [ dσFJ

dΦFJ

](2)

+

(
αS(pT)

2π

)3

[D(pT)](3)F corr
` (ΦFJ)

}

PDFs evolution and scale setting:

I no cutoff on physical phase space ΦFJ: pT can get arbitrarily small in phase space and Sudakov integral

I We always include µR scale variation in Sudakov integrand→ extra uncertainty wrt nominal fixed-order

- 1908.06987: freezing of µR/F = KR/F pT in PDFs, αS(µR) and dσFJ.

. stay above PDF cutoff (ΛPDF) AND make sure cross-section at freezing point is already very
suppressed by Sudakov.

. for KR/F = 1, freezing at 1.25 GeV (1 GeV) for Higgs (DY)

- 2006.04133: no freezing

. below ΛPDF we continue DGLAP evolution through HOPPET

. exactly the same running of αS everywhere (including in the Sudakov, that we evaluate
numerically, improving its numerical stability)
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MiNNLOPS: implementation IV

dB̄MiNNLOPS
(ΦFJ)

dΦFJ

= exp[−S̃(pT)]

{
αS(pT)

2π

[
dσFJ

dΦFJ

](1) (
1 +

αS(pT)

2π
[S̃(pT)](1)

)
+

(
αS(pT)

2π

)2 [ dσFJ

dΦFJ

](2)

+

(
αS(pT)

2π

)3

[D(pT)](3)F corr
` (ΦFJ)

}

Scale setting & logs far from Sudakov region:

I large pT: dσ → dσFJ

. MiNLO’ original prescription: dσFJ computed with µR/F = pT

. depending on physics goal, legitimate also to set µR/F ∼ Q in dσFJ, when pT is large

I large pT: switch off logarithms in Sudakov, [S̃(pT)](1) and [D(pT)](3)

- original MiNLO’: . Θ function
- 1908.06987: . modified logs in Sudakov, [S̃(pT)]

(1) and [D(pT)]
(3)

ln
Q

pT
→ L ≡

1

p
ln

(
1 +

(
Q

pT

)p)
µR/F = KR/FQe

−L
p = 6

- 2006.04133: . modified logs + option to use profiled scales

µR/F = KR/F

(
Qe
−L

+Q0 g(pT)
)

Q0 . 2 GeV
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MiNNLOPS: ggH
PS, no hadronization, no MPI

dσ/bin [pb] Higgs@LHC 13 TeV

MiNNLOPS     

MiNLO'
NNLO (MATRIX)

 0
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yH 
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1908.06987

dσ/bin [pb] pp→H@LHC 13 TeV

MiNNLOPS
NNLO (MATRIX)

 0

 0.5

 1

 1.5

 2

dσ/dσMiNNLOPS

yH 

 0.6
 0.7
 0.8
 0.9

 1
 1.1
 1.2
 1.3
 1.4

-4 -3 -2 -1  0  1  2  3  4

2006.04133

- σMiNNLOPS/σNNLO = 0.92

- larger scale uncertainy:
. scale dependence in Sudakov FF

- flat ratios for yH !

- different scale choice for finite terms +
D(pT) not truncated

- σMiNNLOPS/σNNLO = 0.96!
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MiNNLOPS: Drell-Yan

dσ/bin [pb] pp→ℓ+ℓ-@LHC 13 TeV

MiNNLOPS (lhe)
MiNNLOPS SpaceShower:dipoleRecoil OFF

MiNNLOPS SpaceShower:dipoleRecoil ON

 0

 10

 20

 30

 40

 50

 60

dσ/dσMiNNLOPS (lhe)

yZ 

 0.8
 0.85

 0.9
 0.95

 1
 1.05

 1.1
 1.15

 1.2

-4 -3 -2 -1  0  1  2  3  4

Impact of shower recoil scheme

- shower suppresses configuration at large |yZ |

- due to the PYTHIA8 global recoil scheme

- effect is less pronounced if local recoil for
emissions off initial-final colour dipoles

- these effects are formally subleading, but visible
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MiNNLOPS: Drell-Yan
PS, no hadronization, no MPI

dσ/bin [pb] pp→Z→ℓ+ℓ- (on-shell)@LHC 13 TeV

MiNNLOPS
MiNLO'
NNLO (MATRIX)
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2006.04133

- σMiNNLOPS/σNNLO = 0.98

- visible pattern for |yZ | > 3
. acceptable?
. reduced, but present, also with local recoil
. corner of phase-space, should we really expect
exact agreement with NNLO?

- σMiNNLOPS/σNNLO = 1.004!

- D(pT) not truncated + local recoil
→ no shape
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MiNNLOPS: ggH
PS, no hadronization, no MPI

dσ/bin [pb] Higgs@LHC 13 TeV

MiNNLOPS     

MiNLO'
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dσ/bin [pb] Higgs@LHC 13 TeV

MiNNLOPS     
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- plots from 1908.06987 [same pattern in 2006.04133]

- pT,j > 30 GeV, R = 0.4, anti-kT

- [D(pT)]
(3) ↔ ΦFJ !
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MiNNLOPS: ggH

PS, no hadronization, no MPI

dσ/bin [pb] Higgs@LHC 13 TeV
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2006.04133

- differences expected: different scale settings

- MiNLO’ original prescription: µR/F ∼ pT µR/F ∼ Q when pT is large
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Summary
[Monni,Nason,ER,Wiesemann,Zanderighi ’19] + [Monni,ER,Wiesemann ’20]

I NNLO+PS without reweighting

I better analytical understanding

I efficient event generation (factor 2 slower than MiNLO’)

I no unphysical merging scale

I leading-log accuracy of (pT-ordered) PS preserved

I subleading effects due to PS recoiling scheme

I understood origin of features initially observed at large yZ

I un-truncated D(pT) (and PDFs evolution below ΛPDF) improves agreement with NNLO

Some points for discussion

I Interplay of perturbative and non-perturbative effects

I Details of the matching to PS (especially in non strongly-ordered regions)

I Regular terms in dσFJ: which scale?

Thank you for your attention!
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Extra slides
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NNLO+PS for color-singlet production
I starting from a MiNLO’ generator, it’s possible to match a PS simulation to NNLO.

I FJ-MiNLO’ (+POWHEG) generator gives F-FJ @ NLOPS:

F (inclusive) F+j (inclusive) F+2j (inclusive)
! F-FJ @ NLOPS NLO NLO LO

!

F @ NNLOPS NNLO NLO LO

I reweighting (differential on ΦF) of “MiNLO-generated” events:

W (ΦF) =

(
dσ
dΦF

)
NNLO(

dσ
dΦF

)
FJ−MiNLO′

=
c0 + c1αS + c2α2

S

c0 + c1αS + d2α2
S

' 1 +
c2 − d2

c0
α2

S +O(α3
S)

I by construction NNLO accuracy on inclusive observables; [!]

I to reach NNLOPS accuracy, need to be sure that the reweighting doesn’t spoil the
NLO accuracy of FJ-MiNLO’ in 1-jet region; [

!

]

I notice: formally works because no spurious O(α
3/2
S ) terms in F-FJ @ NLOPS

(relative to σ(F)
LO ).

I possible to obtain pp→WW @ NNLOPS : so far, the most complex NNLOPS result
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MiNNLOPS: further details

Luminosities and D(pT) term:

L(ΦF, pT) = B
(F)

cc′ (ΦF)
{[
Cci⊗fi

]
(pT)H(pT)

[
Cc′j⊗fj

]
(pT) +

[
Gci⊗fi

]
(pT)H(pT)

[
Gc′j⊗fj

]
(pT)

}

[D(pT)]
(3)

= −
[

dS̃(pT)

dpT

](1)
[L(pT)]

(2)−
[

dS̃(pT)

dpT

](2)
[L(pT)]

(1)−
[

dS̃(pT)

dpT

](3)
[L(pT)]

(0)+

[
dL(pT)

dpT

](3)

=
2

pT

(
A

(1)
ln
Q2

p2T

+ B
(1)

)
[L(pT)]

(2)
+

2

pT

(
A

(2)
ln
Q2

p2T

+ B̃
(2)

)
[L(pT)]

(1)+
2

pT

(
A

(3)
ln
Q2

p2T

)
[L(pT)]

(0)+

[
dL(pT)

dpT

](3)

Profiled scales:
µR/F = KR/F

(
Qe
−L

+Q0 g(pT)
)

Q0 . 2 GeV

g(pT) = 1 or g(pT) =
1

1 +Q/Q0e−L
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MiNNLOPS: effects from truncation at LH level

dσ/bin [pb] pp→ℓ+ℓ-@LHC 13 TeV

MiNNLOPS (lhe) D(pT)-truncated
MiNNLOPS (lhe) D(pT)-untruncated
NNLO (MATRIX)
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