
Recent progress & (some) open issues in top modelling
Peter Skands — June 2025

1. Matching in prod. & decays 
Systematics & 2nd-order effects 

2. Showers — coherence & recoils 
(effects on b jets & B hadrons) 

3. Ongoing work in PYTHIA 

The 2nd emission 

Finite  

Colour reconnections  

New Pythia tunes

Γtop

(mostly )tt̄



Matching Systematics with Powheg
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๏Mismatch between “Powheg-
box pT” and “Shower pT”  

•Solution: vetoed showers 
•Works well for simple cases 

๏Ambiguous for 
complex processes  

•(such as , single- , …) 

•  uncertainty purely 
associated with 
matching scheme 
(not physical)  
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Leading colour (LC) structure of  @ LOgg → tt̄
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dω̂0

IF dipole IF dipole

II dipole

No FF 
dipole @ LC

Complex process  
= multiple emitters  

⤳ several overlapping phase spaces

POWHEG-Box generates 1st  emission 
= the one it judges to be the “hardest” 
according to its own pT definition

Many possible pT definitions: 

 with respect to the beam 

 with respect to the IF dipoles 

 (or ) with respect to either of 
the final-state tops 

(How) is mass treated in the scale 
definition(s):  vs  ? 

(+ PYTHIA defines a problematic FF 
dipole  coherence issues) 

+ Interpolations/combinations of 
the above …
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Leading colour (LC) structure of  @ LOgg → tt̄
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Extreme Case: VBF Higgs  (colour structure ~  without the II dipole and the FF masses)← tt̄
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๏Varying the POWHEG-Box  PYTHIA hardness-scale ambiguity  
•POWHEG:pThard = 0 # Veto at  = SCALUP = scale at which POWHEG says it emitted this parton 
•POWHEG:pThard = 1 # Veto at  = smallest scale at which POWHEG could have emitted this parton 
•POWHEG:pThard = 2 # Veto at  = smallest scale at which POWHEG could have produced this event 

↔
pPOWHEG

⊥j;i

mini (pPOWHEG
⊥j;i )
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Figure 7: Pseudorapidity (left column) and relative rapidity to the tagging jets (right column)
of the third jet (top row) and fourth jet (bottom row) at NLO+PS accuracy in the POWHEG

scheme. The bands are obtained by a variation of the hard scale in the vetoed showers as
explained in the text.
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Jet #3

๏ [Höche et al, 2021]

 Powheg + Pythia Default  
Big variation with pThard choice ☹ 
Tends to fill in the rapidity gap even 
for the 3rd jet (which should be 
under control in POWHEG VBF)
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Figure 7: Pseudorapidity (left column) and relative rapidity to the tagging jets (right column)
of the third jet (top row) and fourth jet (bottom row) at NLO+PS accuracy in the POWHEG

scheme. The bands are obtained by a variation of the hard scale in the vetoed showers as
explained in the text.

17

Powheg + Pythia Dipole  
 Powheg + Vincia 

Very little dependence on pThard 😊 
Born-Level NLO accuracy preserved ✅
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๏[Nason, Oleari 2013]

“NAIVE”, DEF  8.310≤

DEF  8.311≥

https://arxiv.org/abs/2106.10987


A recent study of top processes
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Not well modelled by baseline Powheg+PYTHIA 

Improved @ NNLO QCD  

 take difference between nominal and 
reweighting to NNLO+NNLL as uncertainty 
Could be improved upon by MC reaching that 
accuracy natively 

First steps exploring MiNNLOPS for  
 Improvement (but still has pThard ambiguity) 

Important target for MC community.

⇒

tt̄
→

Production: Top quark (and ) pTtt̄
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Figure 22: Normalised di!erential cross-section for 𝐿𝐿 production as a function of (a) the leading top-quark 𝑀T, (b)
the 𝑀T of the 𝐿𝐿 system, and (c) the number of additional jets measured with the analysis TTBAR3. The bottom pad
shows the ratios of the nominal NLO P!"#$%B!&+P’(#)* 8 prediction, the NNLO reweighted sample, and the
three di!erent MiNNLO setups with respect to the data. MiNNLO (s1) corresponds to matching settings pTdef = 1,
pTHard = 0, (s2) corresponds to pTdef = 2, pTHard = 0, and (s3) corresponds to pTdef = 1, pTHard = 1. The yellow
band represents the uncertainty on the measured data, the statistical uncertainty on the MC samples is represented as
vertical bars.
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5.3 Higher order predictions including parton shower

The uncertainty discussed in the previous session is mainly the result of missing higher order e!ects in
the ME+PS prediction. This deficit could be overcome by the introduction of a consistent NNLO+PS
prediction, which obviously would make the reweighting unnecessary. However it is expected that the
matching to the PS is much more involved as for NLO+PS configurations. Studies are currently ongoing to
deploy as nominal prediction a sample generated interfacing MiNNLO with P!"#$% 8 [75]. This sample
should reach the full NNLO precision in QCD in the hard-scatter. The matching settings between the
parton shower and MiNNLO are being tested, as shown in Figure 22. Here the higher-order MiNNLO
prediction using 3 di!erent settings of the 𝐿hard

T and 𝐿def
T parameters are compared to the nominal NLO+PS

and NNLO reweighted P&’#()+P!"#$% 8 samples. The settings in the three samples are:

• (s1) 𝐿def
T = 1, 𝐿hard

T = 0

• (s2) 𝐿def
T = 2, 𝐿hard

T = 0

• (s3) 𝐿def
T = 1, 𝐿hard

T = 1

Figure 22 show that the MiNNLO sample is generally able to improve the agreement with the data,
especially on observables such as top-quark 𝐿T (Figure 22(a)), which is poorly modelled by the nominal
prescription, and the 𝐿T of the 𝑀𝑀 system (Figure 22(b)), for which the modelling of a NLO generator
is e!ectively at LO since an extra jet is required to produce non-zero values. The 𝑁extrajets distribution
show the importance of the parton shower setting in properly describing the data; here the (s3) setup is
providing a much better description of the data. Figures 22 also illustrate the di!erence between a full
NNLO generator and the NLO+PS prediction reweighted at NNLO.
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[Mazitelli et al., 2112.12135]



Top decay (and line shape): the 2nd emission
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๏Second emission: big differences 
•Not controlled by POWHEG, nor by PYTHIA’s MECs.  

•Not as important as 1st. Still highly significant if goal is per-mille precision on mt

VINCIA RF

 RF antenna: 
Phase space & recoils set by: 

 

Collective recoil

tg

t − g = b + W

 dipole treated as 

: 

Phase space & recoils set by  

Affects  fragmentation

g − t
g − b

b
b

PYTHIA 
recoilToColoured = on 

(Default in  8.313)≤



Pythia  8.309≤

8

๏PYTHIA  8.309 allowed two different coherence/recoil options 
•+ a dedicated UserHook “recoilToTop” for use with recoilToColoured = off 
•Theoretically the least bad option (in absence of RF)? Needs validations & feedback.

≤

PYTHIA 
recoilToColoured = on

PYTHIA 
recoilToColoured = off

 dipole treated as 

: 

Phase space & recoils set by  

b fragmentation more “normal"?

g − t
g − W

W

Coherence in Top Decay

PE T E R  SK A N D S !12MO N A S H U.

VINCIA

Coherent Showers In Resonance Decays Using VINCIA

Validation

Coherence In tt̄ Decay
Plot antenna function in top centre of mass frame (b along z):
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Antenna function is consistent with Altarelli-Parisi splitting
function in (quasi-)collinear direction, coherence results in a
suppression in the backwards direction.

21

Ratio to AP kernelLog of antenna function

Antenna function ➔ b-quark DGLAP splitting function in forwards 
(collienar) direction; coherence results in a suppression in the 

backwards (wide-angle) direction ➤ narrower b-jets

Slide from H. Brooks
Brooks, Skands, Phys.Rev. D100 (2019) no.7, 076006 ARXIV:1907.08980 

recoilToTop 
UserHook

Correction factor⊗

 dipole treated as 

: 

Phase space & recoils set by  

Affects  fragmentation

g − t
g − b

b
b

Suppresses radiation 
in W hemisphere

~



Pythia ≥ 8.314
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๏PYTHIA  8.314 
•Old recoilToColoured flag replace by new mode recoilStrategyRF 
•New default = apply the RF-eikonal suppression factor (at full strength) 

๏ (I.e., new default is what used to be obtained with the recoilToTop userhook) 
•+ new option to interpolate smoothly between applying and not applying the RF 
reweighting factor      (thanks to D. Hisrchbuehl and E. Schmidt for this suggestion)

≥

PYTHIA 8.314 default 
recoilStragetyRF = 0

Coherence in Top Decay

PE T E R  SK A N D S !12MO N A S H U.

VINCIA

Coherent Showers In Resonance Decays Using VINCIA

Validation

Coherence In tt̄ Decay
Plot antenna function in top centre of mass frame (b along z):
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Antenna function is consistent with Altarelli-Parisi splitting
function in (quasi-)collinear direction, coherence results in a
suppression in the backwards direction.
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Ratio to AP kernelLog of antenna function

Antenna function ➔ b-quark DGLAP splitting function in forwards 
(collienar) direction; coherence results in a suppression in the 

backwards (wide-angle) direction ➤ narrower b-jets

Slide from H. Brooks
Brooks, Skands, Phys.Rev. D100 (2019) no.7, 076006 ARXIV:1907.08980 

Correction factor⊗

Suppresses radiation 
in W hemisphere

∝ weightRF  ×

๏Note: important fragmentation bug fix in 8.315 (affects baryon spectra & correlations) 
•Thus, recommend to move directly to 8.315



3. Ongoing work in PYTHIA
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๏The 2nd emission 
•VINCIA has improved coherence & recoils through its RF antennae 
•But previously did not have MECs  

•Monash student 2025: iterated MECs for  in VINCIA (supervisor: Ludovic Scyboz) 

•  Expect ME-corrected branching rates for (at least) 1st and 2nd branchings 

•(Also working on approaches to formal NLL accuracy in VINCIA  PANSCALES) 

๏Finite   
•Interleaved resonance decays (IRD) = default in VINCIA [Brooks, PS, Verheyen, 2108.10786] 
•IRD: Unstable particles only radiate at wavelengths shorter than their widths, then 
disappear from event evolution; replaced by their decay products 

•Changes soft interference & recoils  modifications to lineshape beyond  

•In principle, can then do MECs also beyond narrow-width limit, e.g., at  
level and/or six-fermion level: have not looked into this yet due to lack of manpower

tt̄

⇒

↔

Γtop

⇒ Γtop

gg → bW+b̄W−

•See slides from 2022 LHC Top WG meeting



Colour Reconnections
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๏QCD CR Model [Christiansen & PS, 2005]  

•Proposes a physical/mathematical 
underpinning for CR 
•Stochastic colour correlations 
approximating SU(3) products:

, , …  
•Not the final word but does agree with (& 
even predicted) a number of min-bias and 
heavy-flavour observations 

๏Probably worth taking seriously in other 
hadronization-sensitive contexts 

•E.g.: JES studies & hadronic top mass 

๏Note: CR can alter baryon fractions but does not by itself generate strangeness 
enhancement or other collective effects.  

•PYTHIA collaboration actively developing extensions: SR-CR, ropes, closepacking, shoving, …

3 ⊗ 3̄ = 8 ⊕ 1 3 ⊗ 3 = 6 ⊕ 3̄

Λ+
c production in pp and p–Pb collisions at

√
sNN = 5.02 TeV ALICE Collaboration

on the Λ+
c selection e”ciency was estimated by varying the selection on the kinematical and

topological properties of the Λ+
c decays, or the selection on the BDT response (from 3% to

15%). The uncertainty on the PID e”ciency was estimated by varying the selection on the
Bayesian probability variables (from 2% to 5%). The systematic effect on the e”ciencies due to
the shape of the simulated Λ+

c pT distribution was evaluated by reweighting the generated Λ+
c

from PYTHIA 6 to match the pT distribution obtained from FONLL calculations for D mesons
(maximum 1% uncertainty). The relative statistical uncertainty on the acceptance and e”ciency
correction was considered as an additional systematic uncertainty source (from 1–2% at low pT

to 3–5% at high pT). The uncertainties on fprompt were estimated by varying the hypothesis
on the production of Λ+

c from B-hadron decays to account for the theoretical uncertainties of
b-quark production within FONLL and experimental uncertainties on B-hadron fragmentation
(around 2% at low pT, and from 4% to 7% at high pT, depending on the analysis). Global
uncertainties of the measurement include those from the luminosity and Λ+

c branching ratios.
The raw-yield extraction uncertainty source are considered to be uncorrelated across pT bins,
while all other sources are considered to be correlated.

The results in each collision system from the two Λ+
c decay channels were averaged to obtain the

final results. A weighted average of the results was calculated, with weights defined as the inverse
of the quadratic sum of the relative statistical and uncorrelated systematic uncertainties. The
sources of systematic uncertainty assumed to be uncorrelated between different decay channels
were those due to the raw-yield extraction, the statistical uncertainties on the e”ciency and
acceptance, and those related to the Λ+

c selection. The remaining uncertainties were assumed to
be correlated, except the branching ratio uncertainties, which were treated as partially correlated
among the hadronic-decay modes as defined in [37].
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Fig. 1: Left: Prompt Λ+
c and D0 pT-differential cross section in pp collisions and in p–Pb collisions

at
√

sNN = 5.02 TeV. The results in p–Pb collisions are scaled with the atomic mass number A of the Pb

nucleus. Right: the Λ+
c /D0 ratio as a function of pT measured in pp collisions at

√
s = 5.02 TeV compared

with theoretical predictions (see text for details). Statistical uncertainties are shown as vertical bars, while

systematic uncertainties are shown as boxes, and the bin widths are shown as horizontal bars.

Figure 1 (left) shows a comparison of the Λ+
c pT-differential cross sections in pp and in p–Pb

collisions at
√

sNN = 5.02 TeV. The D0 pT-differential cross sections measured in the same
collision systems and at the same centre-of-mass energy during the same data taking periods [10,
50] are also shown. In order to compare the spectral shapes in the two different collision systems

5

High pT ~ LEP

2011.06078 

Juncti
ons

 1
0

×

No Junctions ~ LEP

https://arxiv.org/abs/2011.06078


Impact of Particle Composition
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๏Variation largest for gluon jets  
•For ET = [30, 100, 200] GeV 
•Max JES variation = [3%, 2%, 1.2%] 

๏Fraction of ET carried by baryons 
(& kaons) varies significantly 

•Reweighting to force similar baryon 
and kaon fractions  
•Max variation ➜ [1.2%, 0.8%, 0.5%] 
•Significant potential for improved Jet 
Energy Scale uncertainties! 

๏➮ Careful Modelling & Constraints 
•Interplay with advanced UE models 
•In-situ constraints from LHC data 
•Revisit comparisons to LEP data w PID 

ATL-PHYS-PUB-2022-021

ATLAS PUB Note

29th April 2022

Dependence of the Jet Energy Scale on the Particle

Content of Hadronic Jets in the ATLAS Detector

Simulation

The ATLAS Collaboration

The dependence of the ATLAS jet energy measurement on the modelling in Monte Carlo
simulations of the particle types and spectra within jets is investigated. It is found that the
hadronic jet response, i.e. the ratio of the reconstructed jet energy to the true jet energy, varies
by about 1–2% depending on the hadronisation model used in the simulation. This e�ect is
mainly due to di�erences in the average energy carried by kaons and baryons in the jet. Model
di�erences observed for jets initiated by quarks or gluons produced in the hard scattering
process are dominated by the di�erences in these hadron energy fractions indicating that
measurements of the hadron content of jets and improved tuning of hadronization models can
result in an improvement in the precision of the knowledge of the ATLAS jet energy scale.

© 2022 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

Dependence of the Jet Energy Scale on the Particle 
Content of Hadronic Jets in the ATLAS Detector 

Simulation 

[…] It is found that the hadronic jet response, i.e. the 
ratio of the reconstructed jet energy to the true jet 
energy, varies by ~ 1–2% depending on the hadronisation 
model used in the simulation. This effect is mainly due to 
differences in the average energy carried by kaons and 
baryons in the jet. Model differences observed for jets 
initiated by quarks or gluons produced in the hard 
scattering process are dominated by the differences in 
these hadron energy fractions indicating that 
measurements of the hadron content of jets and improved 
tuning of hadronization models can result in an 
improvement in the precision of the knowledge of the 
ATLAS jet energy scale. 

https://cds.cern.ch/record/2808016/files/ATL-PHYS-PUB-2022-021.pdf


Fragmentation & Tuning
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๏Serious efforts have started towards a replacement of Monash 2013 
•Reproducible, with uncertainties, and using more data 

๏Updated fragmentation (LEP) tuning: 
•  fragmentation at LEP/SLD  in top decays (and at LHC more generally) 
•Fragmentation tunes optimised for 2-loop running & higher-order matching 

•New options for variations of splitting kernels  beyond scale variations 

๏Updated pp tuning: 
•New “MC-friendly” PDF sets from all main PDF providers.  

๏ Will replace NNPDF 2.3 LO used in Monash 
•Dedicated efforts optimised for 2-loop running & higher-order matching 
•Colour reconnections (and other non-perturbative aspects)

b ↔

↔

Want to get involved?


