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What does precision phenomenology need from a generator? ▷ see F. Giuli’s talk
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• Exclusive, hadron-level events
detector simulation, fiducial cuts, unfolding, ML
training

• The best available perturbative precision
fixed order for rates and hard tails; resummation
where logs are large; uncertainty variations as
event weights

• The jet multiplicities analyses use
V+jets, t̄t+jets, H+2 jets, . . .

• Large samples at acceptable cost
∼10 billion events per year, per experiment,
through full detector simulation

No single calculation provides all four: matching and merging combine them.
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Two complementary approximations

m m+1 m+2 m+3 · · ·

tree B R RR RRR · · ·

1-loop V RV RRV

2-loop VV

Red: exact at fixed order (here NLO)
Blue: filled approximately by the shower

Fixed order : exact coefficients at fixed
multiplicity; inclusive, signed weights; breaks
down where αsL2 ∼ 1.

Parton shower : iterate the singular limits,

R soft/collinear−−−−−−−→ B K , ∆ = exp
[
−
∫

K
]
.

Exclusive and unitary, at all multiplicities. Hard,
wide-angle emissions are only approximate.

[Catani–Seymour (hep-ph/9605323)] 2/24

https://arxiv.org/abs/hep-ph/9605323


Matching: NLO initial condition for shower evolution

m m+1 m+2 m+3 · · ·

tree B R RR RRR · · ·

1-loop V RV RRV

2-loop VV

Red: exact NLO {B,V , R}

With B̄ = B + V +
∫
(R − D):

POWHEG (multiplicative)

B̄
[
∆(t0) +

R
B ∆(t) dΦr

]
,

∆(t) = exp
[
−
∫

dΦr
R
B θ(tr − t)

]
MC@NLO (subtractive)

B̄MC ⊗ PS︸ ︷︷ ︸
S

+(R − DMC)⊗ PS︸ ︷︷ ︸
H, either sign

DMC: the shower’s own first-emission approximation.

Reproduce the NLO expansion without double counting or spoiling the shower.

[Frixione and Webber (hep-ph/0204244), Nason (hep-ph/0409146)] 3/24

https://arxiv.org/abs/hep-ph/0204244
https://arxiv.org/abs/hep-ph/0409146


Merging: several multiplicities in one sample

m m+1 m+2 m+3 · · ·

tree B R RR RRR · · ·

1-loop V RV RRV

2-loop VV

Red: NLO X ; violet: NLO X + j

A direct sum of X+PS and X+j+PS double
counts.

A merging scale Qcut assigns each configuration:

• above: matrix element of that multiplicity;

• below: shower, with Sudakov factors and
vetoes.

LO: CKKW(-L), MLM
NLO: MEPS@NLO, FxFx, UNLOPS

Accuracy is set per multiplicity: NNLO, NLO, LO or shower.

[Catani et al. (hep-ph/0109231), Lönnblad (hep-ph/0112284), Alwall et al. (0706.2569), Höche et al. (1207.5030),

Frederix and Frixione (1209.6215), Lönnblad and Prestel (1211.7278)]
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https://arxiv.org/abs/hep-ph/0109231
https://arxiv.org/abs/hep-ph/0112284
https://arxiv.org/abs/0706.2569
https://arxiv.org/abs/1207.5030
https://arxiv.org/abs/1209.6215
https://arxiv.org/abs/1211.7278


Three goals for matching

m m+1 m+2 m+3 · · ·

tree B R RR RRR · · ·

1-loop V RV RRV

2-loop VV1:
ac

cu
ra

cy

2: multiplicity

3: usable samples (w ≥ 0, cost/event)

1. Formal accuracy
NNLO+PS beyond colour singlets; logarithmic
accuracy that survives matching

2. High multiplicity
the jet multiplicities analyses use, at the best
available order

3. Usable large samples
positive weights and throughput for detector
simulation
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Goal 1: formal accuracy



NNLO+PS: accuracy depends on the observable ▷ see C. Signorile-Signorile’s talk

m m+1 m+2 m+3 · · ·

tree B R RR RRR · · ·

1-loop V RV RRV

2-loop VV

Born-inclusive NNLO
One resolved jet NLO
Two resolved jets LO

Established for colour singlets: GENEVA, MiNNLOPS,
UN2LOPS.

10

LOOP CORRECTIONS

[adapted from B.Page]

STATUS OF TWO-LOOP QCD AMPLITUDES for 2 ->3 processes (up to 6 scales)

4

Scattering Amplitudes: NNLO in QCD

tremendous progress in the past 10 years!→

… but still far from reaching the same level of automation, efficiency and generalisation as at NLO more details in 
Chiara’s talk

double-virtual

beyond having all scattering amplitudes, it is crucial to construct an NNLO subtraction/slicing scheme

[Badger et al.] ∼(pp𝒜
W

γγ)
[Badger et al.] ∼(pp𝒜

H
bb̄)

[Badger et al.] ∼(pp𝒜
tt̄j)

[De Laurentis et al.] ∼(pp𝒜
H

jj)

[De Laurentis et al.] ∼(pp𝒜
Vjj)

‘25‘24 ‘26
…

‘23

[Badger et al.] ∼(pp𝒜
γjj)

[Abreu et al.] ∼(pp𝒜
γγγ)

[De Laurentis  et al.] ∼(pp𝒜
jjj)

[Agarwal  et al.] ∼(pp𝒜
jjj)

[Abreu et al.] 
all one-m

ass functions

Full Colour

Full Colour

QCD AT COLLIDERS

[Two-loop 2 → 3 amplitudes since 2021; C. Signorile-Signorile, QCD@LHC 2026]

Which processes are possible depends largely on which
two-loop amplitudes are known.

[Alioli et al. (1211.7049), Alioli et al. (1508.01475), Monni et al. (1908.06987), Höche et al. (1405.3607)]
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https://arxiv.org/abs/1211.7049
https://arxiv.org/abs/1508.01475
https://arxiv.org/abs/1908.06987
https://arxiv.org/abs/1405.3607


NNLO+PS: from colour singlets to coloured Borns

2012 2014 2016 2018 2020 2022 2024 2026

NNLOPS / MiNLO

UN²LOPS

GENEVA

MiNNLOPS

Sector / VINCIA

MiNLO′ route

ggH · EFT

DY: W, Z

ggH · EFT + NLO mt, b

WH

ZH; H→b ̄b at NLO

WW → 4f

H→b ̄b
Drell–Yan

ggH · EFT

DIS

Framework precursor
NNLO+PS construction

DY · 0 / NNLL′

WH, ZH

H→b ̄b; gg (EFT)

γγ

DY · qT / N³LL

ZZ → 4ℓ

Wγ

HH · EFT

ggH · EFT

WW · jet veto
b ̄b, cc̄→H

HH · FTapprox
ggH · EFT; DY

Zγ → ℓℓγ

t ̄t
WW → 4f

ZZ + gg @ NLO
Zγ → ννγ; aTGC

WH, ZH; H→b ̄b

ZH · SMEFT

γγ

WZ + NLO EW

b ̄b / B hadrons
H, DY · 0

b ̄b→H · 5FS

Zb ̄b

ggH · full mt

b ̄bH · 4FS
t ̄tH

HH

b-flavoured jets

NNLO construction Z → hadrons · LC coefficients

Framework Approximate Full NNLO+PS

Since 2020: diboson, heavy quarks (approximate two-loop MEs where necessary).

7/24



Two frontier cases: HH and tt̄H ▷ see talks by F. Garosi, C. Savoini

dσ/dpT,HH [fb/GeV] pp->HH@LHC 13.6 TeV

parton level (PYTHIA8)

MiNNLOFT-approx

GENEVAFT-approx

MiNNLOHTL

GENEVAHTL

HHJ NLOHTL
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[gg → HH: MiNNLOPS vs GENEVA]

dσ/dpT,H [fb/GeV] pp→ tt‾ H@LHC 13 TeV

MiNNLOPS (H(2)=0)

MiNLO'

MATRIX (H(2)=0)
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[t̄tH in MiNNLOPS (validation, H(2) = 0)]

• Loop-induced HH: top-mass effects included; the unknown multi-loop amplitudes are approximated.

• t̄tH: a coloured Born. The two-loop finite remainder is unknown: approximated from soft-Higgs and
high-energy limits, with its own uncertainty (set to zero in the validation plot).

[Alioli et al. (2507.08558), Garosi et al. (2606.05300), Biello et al. (2603.06143)]
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https://arxiv.org/abs/2507.08558
https://arxiv.org/abs/2606.05300
https://arxiv.org/abs/2603.06143


The NNLO handover to the shower ▷ see M. Knobbe’s talk

Resolution variable

[GENEVA bb̄ → H: qT before/after Pythia8]

MiNNLOPS: qT or T0; T1 formulated for singlet +
jet.

Or local counterterms
MC@NNLO requirements on the counterterms

Prerequisites for MC@NLO-type matching at NNLO without loss of logarithmic accuracy:

1 Coincide with the shower splitting kernels
– known 1 → 3 splittings defined only in the collinear limit
⇝ exact spin-blind radiation: scalar radiators + pure remainders

2 NLL-safe momentum mapping
⇝ Alaric recoil, applied iteratively

3 Collinear limits within one eikonal disentangled
⇝ partial fractioning in angles, no sectorisation

The scheme presented here is designed to satisfy all three.

Max Knobbe mknobbe@fnal.gov 29 September 2026 3 / 16
[M. Knobbe, QCD@LHC 2026]

Both seek to preserve the
shower’s logarithmic accuracy

[Gavardi et al. (2505.14773), Ebert et al. (2402.00596), Campbell et al. (2505.10408), Campbell et al. (2606.26247)] 9/24

https://arxiv.org/abs/2505.14773
https://arxiv.org/abs/2402.00596
https://arxiv.org/abs/2505.10408
https://arxiv.org/abs/2606.26247


Log-accurate matching: NLO+NLL now, NNLO next ▷ see talks by K. Hamilton, N. Schalch

NLO + NLL ESME, PanScales

1 0 1

Mj, = 1

Mj, = 0.5

Mj, = 0

Sj, = 1

Sj, = 0.5

Sj, = 0

Process

Shower
Matching

e + e qq
s /mZ = 1

PG PS = 0
-

1 0 1

PG PS = 0
ESME

1 0 1

PG PS = 0.5
ESME

1 0 1

PG PS = 0
dBNLO

1 0 1

PG PS = 0.5
dBNLO

1 0 1

PL PS = 0.5
dBNLO

1 0 1

H gg
s /mH = 1

PG PS = 0
ESME

1 0 1

PG PS = 0.5
ESME s =

0.1N
2 ,N

[6,7,24], (error w. N
[6,7,12,24]), NODS

NNDL extrapolation with sL2 = 1.296 

lim
s 0

PS NNDL
s DL

[NNDL tests: unmatched shower fails (red); matched pass (green)]

Two coloured Born legs: e+e−, Drell–Yan, Higgs, DIS.
Also positive weights (Goal 3).

Towards NNLO + NNLL

Nicolas Schalch, 29.09.26 – p.17/20

NNLL accuracy tests: Summary [2312.13275,PanScales]
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NNLL accuracy tests
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[NNLL tests with the matched double-real; N. Schalch]

Full O(α2
s ) double-real, γ∗ → 4 partons, leading

colour; spread over all shower histories.

Matching must agree with the shower in the unresolved limits.

[van Beekveld et al. (2504.05377), van Beekveld et al. (2406.02661), N. Schalch, QCD@LHC 2026] 10/24

https://arxiv.org/abs/2504.05377
https://arxiv.org/abs/2406.02661
https://indico.global/event/17070/contributions/162434/


Resonances and recoil ▷ see talks by D. Reichelt, J. Roper

100 120 140 160 180 200 220 240

mt = mµ− ν̄µb−jet [GeV]

10−6

10−5

10−4

10−3

10−2

dσ dm
t
[p

b/
G

eV
]

e+e− → e+νeµ−ν̄µbb̄√
s = 365 GeV

ALARIC S-MC@NLO
default
res. aware
res. + width
aware
NLO
LO

ALARIC S-MC@NLO
default
res. aware
res. + width
aware
NLO
LO

[Reconstructed mt , e+e− → W+W−bb̄ at 365 GeV: Alaric
S-MC@NLO, default vs resonance- and width-aware]

• Radiation and recoil can shift a reconstructed
resonance mass.

• Recoil must stay inside the decaying system:
resonance-aware maps in shower, subtraction and
matching.

• Width-aware evolution: the finite Γt screens soft
wide-angle radiation.

Goal 1, open: NNLO+PS for coloured and loop-induced Borns; NNLL-preserving NNLO matching;
decays.

[Höche and Reichelt (2604.13978)]
11/24

https://arxiv.org/abs/2604.13978


Goal 2: high multiplicity



Why multiplicity? Analyses select jets ▷ see talks by J. Roloff, F. Giuli

NNLOjet H + 1j NNLO
µR/F variation
Sherpa MEPS@NLO ×1.26
Sherpa MEPS@LO ×2.64
MiNNLOPS + Pythia
MiNNLOPS + Pythia (dip)
MiNNLOPS + Herwig ×0.85

10−3
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10−1

pp → Hjj (ggF),
√

s = 13.6 TeV

d
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/
d

p T
,j 1
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]
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[gg → H in the VBF fiducial H + 2j region]

• gg → H + 2j (the VBF background): inclusive
NNLO+PS samples are only LO here.

• The setups used by ATLAS and CMS differ by
more than 20%.

• VH → bb̄/cc̄: V+HF backgrounds from LO (≤4j)
and FxFx NLO (≤3j) samples; negative weights
dilute the NLO one.

• Cost per event grows steeply with multiplicity.

We need the right perturbative order in each jet
bin.

[Chen et al. (2509.10368), F. Giuli, QCD@LHC 2026, Bothmann et al. (2311.06198)] 12/24

https://arxiv.org/abs/2509.10368
https://indico.global/event/17070/contributions/165993/
https://arxiv.org/abs/2311.06198


Merging: how it works, and what to specify

pp → h + jets
pp → h + 0j excl. @ NLO
pp → h + 1j excl. @ NLO
pp → h + 2j excl. @ NLO
pp → h + 3j @ LO

0 50 100 150 200 250 300
10−4

10−3

10−2

10−1

1

ph
T [GeV]

d
σ

/d
ph T

[p
b/

G
eV

]

[pp → h+jets: 0,1,2 jets (exclusive) at NLO, 3 jets at LO, and
their sum]

Common structure
1. Resolve: matrix elements above Qcut

2. Cluster: shower-like branching history

3. Reweight: αs and Sudakov factors

4. Shower: veto double-counted emissions

To specify
• Per-multiplicity accuracy

• Inclusive rates: unitarised (UNLOPS) or not

• Highest multiplicity: hard tail filled by shower

• Histories and starting scales

Fixed-order accuracy and unitarisation are separate properties.

[van Beekveld et al. (2605.16036), Lönnblad and Prestel (1109.4829), Höche et al. (1207.5030), Frederix and Frixione (1209.6215),

Lönnblad and Prestel (1211.7278)]
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https://arxiv.org/abs/2605.16036
https://arxiv.org/abs/1109.4829
https://arxiv.org/abs/1207.5030
https://arxiv.org/abs/1209.6215
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Merging introduces an additional scale dependence
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e+e− →hadrons @
√

s = 91.2 GeV; MEPS@NLO 5-jet

Qcut=9 GeV
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[Alaric MEPS@NLO (5 jets), e+e− at 91.2 GeV: Durham y23 for
Qcut = 5, 9, 16 GeV; coloured: 2- to 5-jet sub-samples]

• Qcut is an unphysical parameter: sub-samples
hand over there, and the sum should not
depend on it beyond the claimed accuracy.

• Like µR,F and shower scales, it must be varied
to build the uncertainty band; it probes the
ME/shower interface.

• Here: Qcut = 5–16 GeV changes the total by
<10%.

A small Qcut dependence does not prove
logarithmic accuracy.

[Höche et al. (2507.22837)]
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https://arxiv.org/abs/2507.22837


Merging with NLL-preserving kinematics ▷ see D. Reichelt’s talk
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[ALEPH thrust at the Z pole: MEPS@NLO (5 jets) vs MEPS
(LO, 6 jets), µR bands]

Alaric, e+e− at the Z pole

• NLO through five jets; LO through six.

• Subtraction and matching adapted to the
shower’s recoil.

• NLO merging halves the scale uncertainty in the
bulk of thrust vs LO merging.

Open: is NLL preserved by merging (histories,
vetoes)?

[Höche et al. (2507.22837)]
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Combining NNLO+PS with multijet merging

m m+1 m+2 m+3 · · ·

tree B R RR RRR · · ·

1-loop V RV RRV

2-loop VV

Green: NNLO X ; violet: NLO X+j

UN2LOPS Unitary NNLO for the inclusive
Born, merged higher multiplicities

MiNNLOPS NNLO X , NLO X+j, LO X+2j in
one sample

GENEVA NNLO + resummed resolution
variable, NLO for the next
multiplicity

Beyond one extra jet at NLO, NNLO+PS and NLO multijet merging are not yet routinely
combined.

Goal 2, open: log accuracy after merging; NNLO + multijet NLO; cost at 5–6 jets.

[Höche et al. (1405.3607), Monni et al. (1908.06987), Alioli et al. (1508.01475)]
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https://arxiv.org/abs/1405.3607
https://arxiv.org/abs/1908.06987
https://arxiv.org/abs/1508.01475


Goal 3: usable large samples



The cost of negative weights ▷ see F. Giuli’s talk

“The limited size of the simulated samples that can be produced under resource constraints is a source of
major uncertainty in many analyses [. . . ] and may get significantly worse at HL-LHC, where the projected
computing needs of the experiments exceed the resources that are expected to be available.”

— HSF Physics Event Generator WG, input to the LHCC review of HL-LHC computing

Negative weights
30/09/26 Francesco Giuli - francesco.giuli@cern.ch 12

Ø Negative-weight events are a killer! 20% negative weights → 3x effective cost

Ø We have a bunch of ways to reduce negative weight events
Ø Really need a systematic approach to these different methods

Ø Some come with substantial CPU costs
Ø Need to make sure we don’t make things worse

Ø A good, generic solution to this problem could bring down our HL-LHC CPU 
requirements substantially - anyone want some everlasting glory?

2002.12716

Rikkert Frederix

SIMD vectorization and 
GPUs - 2609.23500

[F. Giuli, QCD@LHC 2026]

• ATLAS, CMS: O(1010) fully simulated
events per year each, ∼3× the data

• Negative S and H events; more with
NLO merging

Neff = N(1 − 2f−)2

Prevent (matching), reduce (generation), repair (post hoc).

[HSF Event Generator WG (2004.13687), Frederix et al. (2002.12716), Danziger et al. (2110.15211), Andersen et al. (2411.11651)]
17/24

https://arxiv.org/abs/2004.13687
https://arxiv.org/abs/2002.12716
https://arxiv.org/abs/2110.15211
https://arxiv.org/abs/2411.11651


Prevent I: change the factorisation scheme (KrkNLO)

• PDFs in the Krk scheme: no explicit
subtraction.

• Shower LO events, then multiplicative weights:

wR =
R

P B
, wV = 1 +

αs

2π

(V + I
B

+∆FS
0

)
• Colour singlets: W , Z , Zγ, WW , ZZ .

A very small fraction of negative weights remains in
the setups studied.

MC@NLO (DGLAP)
MC@NLO (default)
MC@NLO (power)
KrkNLO
KrkNLO (pos. PDFs)

-1 -0.5 0 0.5 110−1

1

10 1

10 2

10 3

10 4

Cross-section per unit (signed) weight

w

|d
σ

/
d

w
|

[|dσ/dw|, Zγ: KrkNLO vs MC@NLO]

[Sarmah et al. (2409.16417), Sarmah et al. (2511.16605)]
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https://arxiv.org/abs/2409.16417
https://arxiv.org/abs/2511.16605


Prevent II: positive weights, shower intact

R
M

C
M

0

stream 1 stream 2

ESME, R < C

veto emsn

reject evt

accept evt reject evt

veto emsn R
M

C
M

0

stream 1 stream 2

ESME, R > C

veto emsn

accept evt

veto emsn

accept evt

reject evt

ESME: exponentiated subtraction as a counting
process; integer weights nB ≥ 0. Positive and
NLL-preserving (Goal 1); two coloured Born legs.

MAcNLOPS: drop negative H events,
compensate in the S events’ first emission,

Pacc = min
(

1,
R
K

)
.

• K : shower approximation to R

• Negative S weights remain

• ZZ in MG5_aMC + Pythia8

[van Beekveld et al. (2504.05377), Nason and Salam (2111.03553), Che and Frederix (2605.22108)]
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https://arxiv.org/abs/2504.05377
https://arxiv.org/abs/2111.03553
https://arxiv.org/abs/2605.22108


Reduce and repair: after the matching

“The presence of negative densities and negative weights, pose an array of challenges to traditional neural
likelihood ratio estimation methods.”

— Drnevich, Jiggins, Katzy, Cranmer (2024)

Signed-weight losses make training possible; weight variance and negative-density regions remain hard.

Reduce during generation
• ARCANE: move weight between hidden histories; observables

unchanged.

• MC@NLO: S events from reweighted LO events, heavy folding.

• Neural control variates: a trainable signed subtraction.

Repair post hoc
• Cell resampling: average nearby weights; also merged samples.

• Learned positive reweighting with uncertainties.
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[Cell resampling: weight distribution]

[Shyamsundar (2502.08052), El Farkh et al. (2602.18124), Heimel et al. (2607.23591), Andersen and Maier (2109.07851),

Andersen et al. (2411.11651), Andersen et al. (2605.13237), Palmer and Kronheim (2510.16217), Drnevich et al. (2410.10216)]
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https://arxiv.org/abs/2502.08052
https://arxiv.org/abs/2602.18124
https://arxiv.org/abs/2607.23591
https://arxiv.org/abs/2109.07851
https://arxiv.org/abs/2411.11651
https://arxiv.org/abs/2605.13237
https://arxiv.org/abs/2510.16217
https://arxiv.org/abs/2410.10216


Choosing a method: benchmark first

Preliminary
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MiNNLOPS

POWHEG (Z+j)

MC@NLO (Z+j)

LO+PS (Z+j)

filled: DY, fiducial
open: Z+jet, pT; `` > 30 GeV

[Generation + shower, one CPU core; DY and Z+jet]

• The cost that matters is CPU per effective
event in the analysis region, not f− alone.

• With detector simulation, N/Neff dominates
overall cost.

• This can be benchmarked and strategised
around.

Pending a ‘Goldilocks’ method: where
resources are constrained we should
optimise smartly.

[B. Assi, R. Poncelet, J. Whitehead, in preparation] 21/24



Throughput: matching on GPUs
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[NLO+PS pp → Z : GPU, CPU, Herwig]

GAPS: NLO-matched initial- and final-state dipole
shower.
Identical code for CPU and GPU.

O(106) NLO+PS events per minute on one GPU
(weighted, parton level)

Upcoming: GPU KrkNLO (proof-of-concept).

Also: Pepper (portable LO), MG5_aMC multi-event NLO
interface, vectorised folding (MadVfold).

Open: positive weights with merging and NNLO; throughput at high multiplicity.

[Seymour and Sule (2403.08692), Seymour and Sule (2511.19633), Bothmann et al. (2311.06198), Frederix et al. (2602.09111),

Valassi (2609.23500)]
22/24

https://arxiv.org/abs/2403.08692
https://arxiv.org/abs/2511.19633
https://arxiv.org/abs/2311.06198
https://arxiv.org/abs/2602.09111
https://arxiv.org/abs/2609.23500


Matching wish-list

Accuracy

• NNLO+PS for complicated
processes

• . . . preserving logarithmic
accuracy

Multiplicity

• NLO merging with NLL
showers

• NNLO inclusive + NLO
merging

• more jets at lower cost

Efficiency

• Matched samples with
maximal statistical power

• . . . with merging

• GPU architecture to help
with throughput

Medium-term: need to accept trade-offs for different applications.

23/24



Take-home

1. Matching and merging combine complementary approximations for exclusive events at the
best available precision.

2. Accuracy: NNLO+PS systematically expanding process coverage; NLO matching that
preserves NLL is achievable; NNLL showers emerging.

3. Multiplicity: NLO merging with modern showers works; its logarithmic accuracy is open.

4. Samples: positive-weight matching methods emerging; GPU generation being prototyped
(currently for simple processes); post-hoc being studied.

24/24



Thank you.

Questions?
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Backup: NLO+PS matching methods, 1996–2026

1996

1996

1998

1998

2000

2000

2002

2002

2004

2004

2006

2006

2008

2008

2010

2010

2012

2012

2014

2014

2016

2016

2018

2018

2020

2020

2022

2022

2024

2024

2026

2026

Early proposals /
LL subtraction

MC@NLO

POWHEG

Herwig / Matchbox

Soper /
Nagy–Soper

Antenna /
internal matching

KrkNLO

MAcNLOPS

NLL-preserving /
ESME

Baer–Reno
direct photons
[hep-ph/9603209]

Mrenna: resummation
+ NLO normalisation

[hep-ph/9902471]

Friberg–Sjöstrand
proposal

[hep-ph/9906316]

Collins: DIS
subtraction

[hep-ph/0001040]

Pötter: dynamic
slicing

[hep-ph/0007172]

Collins–Hautmann
soft subtraction
[hep-ph/0009286]

Dobbs: dibosons
(approx.)

[hep-ph/0103174]

DIS slicing
implementation
[hep-ph/0104261]

Dobbs: phase-space
veto

[hep-ph/0111234]

LL subtraction
GRACE: Drell–Yan

[hep-ph/0212216]

MC@NLO: WW
[hep-ph/0204244]

Heavy flavour
tt̄t̄, bb̄b̄[hep-ph/0305252]

PYTHIA matching
Drell–Yan
[1002.4293]

S-MC@NLO
Sherpa dipoles

[1111.1220]

Automated Sherpa
W + ≤3 jets
[1201.5882]

MG5_aMC@NLO
automation
[1405.0301]

MC@NLO-Δ
[2002.12716]

CASCADE 3
MC@NLO + TMD

[2101.10221]

GAPS: GPU
NLO + shower

[2511.19633]

Resonance-aware
MoCaNLO: off-shell tt̄t̄[2602.22046]

Resonance + width
ALARIC / Sherpa

[2604.13978]

Hardest-emission
proposal

[hep-ph/0409146]

First POWHEG
ZZ

[hep-ph/0606275]

e⁺e⁻ → hadrons
truncated shower

[hep-ph/0612281]

Heavy flavour
cc̄c̄, bb̄b̄ , tt̄t̄[0707.3088]

General POWHEG
CS / FKS

[0709.2092]

POWHEG BOX
[1002.2581]

POWHEG BOX RES
resonance-aware

[1509.09071]

WHIZARD / POWHEG
e⁺e⁻: tt̄t̄, tt̄t̄H[1510.02739]

Dipole matching
MC@NLO + POWHEG

[1109.6256]

Herwig 7 / Matchbox
angular + dipole

[1512.01178]

Collinear
singularities

[hep-ph/0306222]

Soft singularities
[hep-ph/0306268]

Nagy–Soper
matching formalism

[hep-ph/0503053]

NLO e⁺e⁻ jets
+ hadronisation
[hep-ph/0509127]

HELAC + DEDUCTOR
tt̄t̄ + jet

[1502.00925]

GKS / VINCIA
matching framework

[0707.3652]

VINCIA: Z → 3 jets
LC one loop
[1303.4974]

Internal DIS matching
PYTHIA + VINCIA

[2605.00502]

MC-scheme
hard matching

[1103.5015]

Simplified DY
proof of concept

[1209.4291]

KrkNLO: Z / γ*
[1503.06849]

KrkNLO: gg → H
EFT / Herwig 7

[1607.06799]

Universal KRK
factorisation scheme

[2004.04239]

General singlets
γγ implementation

[2409.16417]

W, Zγ, WW, ZZ
external amplitudes

[2511.16605]

MAcNLOPS
proposal

[2111.03553]
MAcNLOPS: ZZ

[2605.22108]

NLL-preserving
matching / NNDL

[2301.09645]

ESME / PanScales
DY, H, DIS, e⁺e⁻

[2504.05377]

NLO+PS: matching methods
Framework / precursor / ingredients Approximate (LC / other hard input) Full NLO+PS (stated setup)



Backup: NLO+PS multijet merging and resummation

2008

2008

2010

2010

2012

2012

2014

2014

2016

2016

2018

2018

2020

2020

MENLOPS

MEPS@NLO

FxFx

NL3 / UNLOPS

Unitarised Herwig

MiNLO

GenEvA / GENEVA

MENLOPS
Hamilton–Nason

[1004.1764]

MENLOPS
Sherpa / truncated

[1009.1127]

MEPS@NLO
hadron collisions

[1207.5030]

MEPS@NLO
e⁺e⁻ → hadrons

[1207.5031]

FxFx
H, W, tt̄t̄ + jets

[1209.6215]

One-loop CKKW
NL3: LEP
[0811.2912]

NL3 + UNLOPS
W / H + jets

[1211.7278]

UNLOPS-P / PC
scheme variations

[2001.10746]

Inclusive-unitarity
construction

[1211.5467]

Improved unitary
NLO merging

[1705.06700]

MiNLO
H / Z + jets
[1206.3572]

MiNLO′
H / W / Z + 0,1 jet

[1212.4504]

Extended MiNLO
H + 0,1,2 jets

[1512.02663]

MiNLO single top
+ jet

[1805.09855]

GenEvA
NLO / LO / LL

[0801.4026]

GENEVA
NNLL′ + NLO + PS

[1211.7049]

NLO+PS: multijet merging and resummation
Framework / precursor / ingredients Approximate (LC / other hard input) Full NLO+PS (stated setup)



Backup: off-shell top pairs and resonance histories

e+e− → tt̄ → semileptonic final states

• Full off-shell NLO QCD calculation from MoCaNLO.

• Matching to the Pythia8 final-state shower with resonance histories supplied event by event.

• Dedicated MC@NLO counterterms based on Catani–Seymour subtraction.

Complementary to resonance- and width-aware evolution: compare line shapes only after
aligning the decay channel, histories and recoil settings.

[Denner et al. (2602.22046), Höche and Reichelt (2604.13978)]

https://arxiv.org/abs/2602.22046
https://arxiv.org/abs/2604.13978


Backup: Resonance-aware QCD+EW matching ▷ see J. Roper’s talk

pp −→ Z/γ∗ −→ ℓ+ℓ− + QCD and QED radiation

One interleaved shower

• NLO QCD+EW matrix elements matched
in MC@NLO.

• Resonance-aware modifications for
QCD/QED-singlet resonances.

• Radiation, recoil and matching
counterterms must be consistent.

Validation in lepton-pair production

• Compare to fixed-order QCD+EW.

• Compare to QCD MC@NLO
supplemented with YFS resummation.

• Keep photon definitions and fiducial cuts
aligned.

[Flower et al. (2607.06059)]

https://arxiv.org/abs/2607.06059


Backup: QED counterparts and recent YFS developments

QED shower matching
Sequential emissions + fixed-order EW corrections;
recent e+e− → ZH NLO EW matching.

YFS exponentiation
Exponentiate universal soft-photon factors and
improve the finite residuals.

• Automated full NLO EW.

• Process-specific complete NNLO examples.

• General two-loop providers remain a
bottleneck.
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[e+e− → µ+µ− at 161 GeV]

[Flower and Schönherr (2603.05585), Krauss et al. (2203.10948), Price and Krauss (2512.04959)]

https://arxiv.org/abs/2603.05585
https://arxiv.org/abs/2203.10948
https://arxiv.org/abs/2512.04959


Backup: Subtractive and multiplicative matching

MC@NLO: subtract the shower overlap

dσ ∼ B̄MC SB︸ ︷︷ ︸
S events

+(R − DMC)SR︸ ︷︷ ︸
H events

.

• DMC reproduces the shower’s
first-emission approximation.

• The remainder can have either sign.

POWHEG: generate the hardest emission

dσ ∼ B̄
[
∆(t0) +

R
B
∆(t) dΦr

]
.

• The shower must respect the generated
emission and its veto.

• Positivity requires a suitable B̄ and
treatment of remnants.

Common requirement: recover the NLO expansion without double counting.

[Frixione and Webber (hep-ph/0204244), Nason (hep-ph/0409146)]

https://arxiv.org/abs/hep-ph/0204244
https://arxiv.org/abs/hep-ph/0409146


Backup: MAcNLOPS: removing negative hard events

Born-like S events

first shower step −→
{

keep no emission,

Pacc emission.

Hard H events

R − K > 0 −→ keep,

R − K < 0 −→ discard.
[Branching logic adapted from the matching equations]

Remove negative H events and
compensate through the first emission of S
events:

Pacc = min

(
1,

R
K

)
.

• K : shower approximation to R.

• Negative S weights remain.

• Implemented for ZZ in MG5_aMC +
Pythia8.

[Nason and Salam (2111.03553), Che and Frederix (2605.22108)]

https://arxiv.org/abs/2111.03553
https://arxiv.org/abs/2605.22108


Backup: Higgs pairs: comparing complete generator setups

dσ/dpT,HH [fb/GeV] pp->HH@LHC 13.6 TeV

parton level (PYTHIA8)

MiNNLOFT-approx

GENEVAFT-approx

MiNNLOHTL

GENEVAHTL
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gg → HH at NNLO+PS

• GENEVA and MiNNLOPS extend process
coverage with finite-mt information.

• The full finite-mass NNLO amplitude
information is unavailable.

• The pair-pT comparison probes different
complete setups.

Mass approximations, resolution variables and
shower treatment must also be controlled.

[Alioli et al. (2507.08558), Garosi et al. (2606.05300)]

https://arxiv.org/abs/2507.08558
https://arxiv.org/abs/2606.05300


Backup: Coloured Born systems: top-pair–Higgs production

dσ/dpT,H [fb/GeV] pp→ tt‾ H@LHC 13 TeV

MiNNLOPS (H(2)=0)
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[Validation: H(2) = 0 in both NNLO calculations]

pp → tt̄H in MiNNLOPS

• A heavy coloured Born system with an
additional colour singlet.

• Two-loop finite remainder approximated by
combining soft-Higgs and high-energy
information.

• Approximation uncertainty is distinct from
scale variation.

[Biello et al. (2603.06143)]

https://arxiv.org/abs/2603.06143
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