
Katharina Voß

on behalf of the ATLAS collaboration

Studies on the improvement of the matching
uncertainty definition in top-quark processes
simulated with Powheg+Pythia 8 in ATLAS

Open LHC Top WG Meeting

30th November 2023



ATLAS matching uncertainty in top quark processes ATLAS uncertainty prescription in tt̄ process

Outline

New ATLAS matching uncertainty prescription for Powheg+Pythia 8 (Pwg+Py8) top
processes based on Pythia 8 phardT parameter
[ATL-PHYS-PUB-2023-029]
→ made public on the 21.09.2023
→ summarises studies of matching uncertainty in tt̄, t-channel single top and tW processes
In these slides:

� comparison of previous and new prescription in tt̄ process

� comparison with pdefT and hdamp variation

� introduction of NNLO reweighting and top line shape uncertainty

Uncertainty prescription in Pwg+Py8 tt̄ process in ATLAS

� Status and ongoing studies: nominal samples

� top pair production
� single-top associated production: tW

� Examples of analyses strongly influenced by modelling systematics

� mtop measurement (recoil-to-top)
� entanglement measurement (parton shower uncertainty)
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Matching uncertainty [ATL-PHYS-PUB-2023-029]

Previous matching uncertainty definition for top processes in ATLAS:
compare nominal Pwg+Py8 to MG aMC@NLO+Py8 sample
→ convolutes multiple modelling differences, not only matching uncertainty!
→ matching uncertainty now updated to use variation of Py8 parameter phardT
→[SciPost Phys. 12 (2022) 010]

What is phardT ?

Showering of Pwg LHE files with Py8:
vetoed shower = generate emissions with Py8 in full, unrestricted phase space, but then veto
emissions which have hardness scale > Pwg scale

How is the Pwg scale determined?

� Born-like events: SCALUP value of LHE information

� real emission events:

� phardT = 0 (default): SCALUP value of LHE information

� phardT = 1: min( pT of Pwg emission w.r.t. all other final-state particles, pT of Pwg
emission w.r.t. the beam axis )

� phardT = 2: min( pT of all final-state particles w.r.t. each-other, pT of all final state
particles w.r.t. the beam axis )
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Matching uncertainty in tt̄ distributions

Distributions sensitive to matching uncertainty = observables which are sensitive to the
available radiation phase space

→ ptt̄T , pjT not from top decay, Njets
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→ difference through phardT variation, as well as clear difference between MG aMC@NLO+Py8
and Pwg+Py8 sample
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Matching uncertainty in tt̄ distributions

Distributions sensitive to matching uncertainty = observables which are sensitive to the
available radiation phase space

→ ptt̄T , pjT not from top decay, Njets
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→ again clear difference through phardT variation, both on particle and reconstructed level
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Matching uncertainty in tt̄ distributions

Distributions not sensitive to matching uncertainty = observables which are not strongly
sensitive available radiation phase space
→ mtt̄ , pT of the top-quark, pT of top-quark decay products

b

b
b b

b
b

b

b

b

b

b

b

b

b

b

b

ATLAS Preliminary √
s = 13TeV, 36.1fb−1

1ℓ

ATLAS Preliminary √
s = 13TeV, 36.1fb−1

1ℓ bData [EPJC 80 (2020) 11, 1092]

Pwg+Py8

pThard=1

pThard=2

MG5 aMC@NLO+Py8

10−5

10−4

10−3

10−2

1
/

σ
·d

σ
/

d
m

t
t̄

[1
/

G
eV

]

400 600 800 1000 1200 1400 1600 1800 2000

0.8

0.9

1

1.1

1.2

m
tt̄ [GeV]

M
C

/
D

a
ta

b

b

b
b
b b b b

b
b
b
b
b
b
b

b

b

b

b

ATLAS Preliminary √
s = 13TeV, 36.1fb−1

1ℓ

ATLAS Preliminary √
s = 13TeV, 36.1fb−1

1ℓ bData [EPJC 80 (2020) 11, 1092]

Pwg+Py8

pThard=1

pThard=2

MG5 aMC@NLO+Py8

10−5

10−4

10−3

10−2

10−1

1
/

σ
·d

σ
/

d
p

t,
h

ad
T

[1
/

G
eV

]

0 200 400 600 800 1000

0.8

0.9

1

1.1

1.2

pt,had
T [GeV]

M
C

/
D

a
ta

→ not sensitive to phardT variation, but difference between MG MC@NLO+Py8 and Pwg+Py8!

→ phardT variation offers targeted matching uncertainty definition

→ phardT = 1 variation in uncertainty definition due to better agreement with unfolded data
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Comparison with hdamp variation

Question: How does the hdamp variation compare with the phardT variation, since hdamp influences
the generation of the hardest emission?
Comparison of

� nominal tt̄ Pwg+Py8 (hdamp = 1.5mtop, phardT = 0)

� phardT varied tt̄ Pwg+Py8 (hdamp = 1.5mtop, phardT = 1)

� hdamp varied tt̄ Pwg+Py8 (hdamp = 3mtop, phardT = 0)
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→ no strong connection between the hdamp and phardT variations found, some distributions only
influenced by one of the two, some influenced in different ways
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Comparison with pdefT variation

What is pdefT ?

Which pT definition is used when calculating the hardness in the matching?

� pdefT = 0: Pwg ISR pT definition for ISR and FSR

� pdefT = 1 (Pythia 8 default): Pwg ISR pT and FSR dij definition

� pdefT = 2 (ATLAS default): Pythia 8 pT definition

→ ATLAS default pdefT = 2 chosen due to better data-MC agreement
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→ pdefT variation has large effect on presented variables, mostly worsening data-MC agreement
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New uncertainty definition: top line shape

Previous Pwg+Py8 and MG aMC@NLO+Py8 comparison also covered difference in the top
quark decay modelling and in the approximation of off-shell effects

→ introduce new Pwg+MadSpin+Py8 sample, which follows closely the top quark line shape
from MG aMC@NLO+Py8 sample at parton level
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Caveat: mis-match between treatment of
MadSpin and Pythia 8 of b-quarks leads to
non-conservation of invariant mass after the
top decay m(t) ̸= m(Wb) and increase of the
top line shape uncertainty at particle level

Solution: special MadGraph model with
massive and massless b-quarks and relabelling
of particle IDs in LHE files
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New uncertainty definition: top line shape

ATLAS Generator Level Preliminary
tt̄, dilepton

√
s = 13TeVATLAS Generator Level Preliminary

tt̄, dilepton

√
s = 13TeV

Pwg+Py8

pThard=1

Pwg+MadSpin+Py8

MG5 aMC@NLO+Py8

10−5

10−4

10−3

10−2

10−1

1

10 1

1
/

σ
d

σ
/

d
m

t
t̄

[1
/

G
eV

]

250 300 350 400 450 500
0

0.5

1

1.5

2

mtt̄ [GeV]

M
C

/
P

w
g

+
P

y
8

b

b
b b

b
b

b

b

b

b

b

b

b

b

b

b

ATLAS Preliminary √
s = 13TeV, 36.1fb−1

1ℓ

ATLAS Preliminary √
s = 13TeV, 36.1fb−1

1ℓ bData [EPJC 80 (2020) 11, 1092]

Pwg+Py8

pThard=1

Pwg+MadSpin+Py8

MG5 aMC@NLO+Py8

10−5

10−4

10−3

10−2

1
/

σ
d

σ
/

d
m

t
t̄

[1
/

G
eV

]

400 600 800 1000 1200 1400 1600 1800 2000

0.8

0.9

1

1.1

1.2

m
tt̄ [GeV]

M
C

/
D

a
ta

→ difference in parton level in low mtt̄ region between Pwg+Py8 and Pwg+MadSpin+Py8 also
seen in low mtt̄ reconstructed distribution
→ no large deviation of the Pwg+Py8 and MG aMC@NLO+Py8 parton level high mtt̄

distribution, but difference seen in reconstructed mtt̄ = not just top line shape effect
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New uncertainty definition: top line shape
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→ clear difference between Pwg+Py8 and MG aMC@NLO+Py8 in leading b-jet pT (influences
selection efficiency) and Njets

→ observables, which should not depend on line shape, do not show large difference between
Pwg+Py8 and Pwg+MadSpin+Py8
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New uncertainty definition: NNLO reweighting

Comparison of Pwg+Py8 and MG aMC@NLO+Py8 also covered accidentally the mismodelling
of the top pT:
tt̄ MG aMC@NLO+Py8 was found to model the top pT shape better than Pwg+Py8
→ now added a dedicated uncertainty:
→ reweighting recursively the truth ptt̄T , mtt̄ , p

t
T and pt̄T to NNLO
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Studies on nominal tt̄ sample

Nominal ATLAS tt̄ samples is modelled with Pwg+Py8 (hvq)
→ studies on alternative nominal samples on-going (recipe for systematic uncertainties is needed
→ for a new nominal sample)

Fixed order accuracy: MiNNLO
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→ studying different matching options for tt̄
MiNNLO [ATL-PHYS-PUB-2023-029]

tt̄/tW interference: bb4ℓ
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Figure 2: The unfolded normalized di�erential mminimax
b` cross-section compared with theoretical models of the

tt̄ + tWb signal with various implementations of interference e�ects. The uncertainty of each data point includes all
statistical and systematic sources, while uncertainties for each of the MC predictions correspond to variations of the
PDF set and renormalization and factorization scales. The rightmost bin of the distribution includes contributions
from events beyond the displayed axis limit.

Table 1: p-values comparing data and predictions from events simulated with various models of the interference,
all interfaced to P����� 8. Test statistics are constructed from the full mminimax

b` distribution and for the subset
mminimax

b` > 160 GeV.

Model All mminimax
b`

bins > 160 GeV

P�����-B�� tt̄ + tW (DR) 0.71 0.40
P�����-B�� tt̄ + tW (DS) 0.77 0.56
MG5_aMC tt̄ + tW (DR) 0.14 0.17
MG5_aMC tt̄ + tW (DR2) 0.02 0.08
P�����-B�� `+⌫`�⌫bb 0.92 0.95

is consistent with that seen for the corresponding DR prediction

6

[PhysRevLett.121.152002]

Preliminary studies looking also at: tt̄ Sherpa for high Emiss
T region, tt̄ POWHEG+VINCIA
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Studies on nominal tW

Studies on tt̄/tW interference presented in [ATL-PHYS-PUB-2021-042]
→ some improvement in data-MC agreement found using dynamical scale in aMC@NLO+Py8
and reduced difference between different subtraction schemes
→ tW with dynamical scales new ATLAS default for Pwg+Py8
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Uncertainty prescription for the tt̄ process

Hard process generation
� scale uncertainty

varying (KR ,KF ) ∈ {(1, 0.5), (1, 2), (0.5, 1), (2, 1)} with µR/F = KR/Fµ0

� PDF uncertainty
PDF4LHC variations added in quadrature (nominal NNPDF3.0)

� new prescription: NNLO reweighting
use NNLO reweighting based on truth ptt̄T , mtt̄ , p

t
T and pt̄T

� hdamp variation
compare nominal hdamp = 1.5mtop to hdamp = 3mtop

� top quark mass
compare nominal mtop = 172.5 GeV to mtop ∈ {172.0, 173.0} GeV samples

Matching uncertainty

� new prescription: Pythia 8 phardT variation

compare nominal phardT = 0 to phardT = 1 sample
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Uncertainty prescription for the tt̄ process
Parton shower uncertainties

� initial state radiation
Pythia 8 Var3c variations, vary ISR αS (MZ ) = {0.115, 0.140}, nominal αS (MZ ) = 0.127
[ATL-PHYS-PUB-2014-021]

� final state radiation
vary FSR αS by factor 0.5 and 2

� parton shower
comparison of nominal Pwg+Py8 with Pwg+Herwig 7 (H7)

Specialised uncertainty definitions
� new prescription: top line shape (only for analysis in off-shell region)

comparison of nominal Pwg+Py8 to Pwg+MadSpin+Py8 tt̄ sample

� recoil-to-top
compare nominal (recoil-to-colour) to alternative recoil-to-top sample

� underlying event
Py8 A14 Var1 variations (MPI and UE tuning parameters) [ATL-PHYS-PUB-2014-021]

� colour reconnection
comparison of nominal to tuned results with different CR models CR1 and CR2
[ATL-PHYS-PUB-2017-008]
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tt̄ modelling uncertainties: mtop measurement

mtop in tt̄ → dilepton with template method at
√
s = 13 TeV [ATLAS-CONF-2022-058]

8 Template method

The top-quark mass is extracted using an unbinned maximum-likelihood fit to data. The observable used is
the invariant mass of the selected `b�pair described above.

For di�erent choices of mtop, statistically independent samples are simulated for tt̄ and single-top-quark
production. A parameterisation of these distributions is performed using the sum of two Gaussian functions
and a cosine function. This has been shown to provide a good parametrisation of the distribution. This
parametrisation is chosen such that its parameters have a linear dependence on mtop. The parametrisation
describes the template histograms very well with �2/ndf = 1.01 and a probability of P(�,ndf) = 0.44.
The final template fit function only depends on mtop and is shown in Figure 3 for three di�erent mtop values.
The template fit functions are compared to the template histograms in the upper panel. The histograms are
normalised to unity.

Since the background contamination is very small, no background template is included in the fit. The
uncertainties are evaluated using pseudo-data distributions corresponding to the data integrated luminosity,
see Section 9. The consistency of the method is evaluated using 1000 sets of pseudo-data. Since each
event can enter a set of pseudo-data more than once, a correction for oversampling is applied according to
Ref. [85].

For the samples of each simulated mass point, 1000 mtop values are obtained from the fit to the sets of
pseudo-data and the pull distribution is obtained. Within statistical uncertainties, this distribution has
mean zero and width unity. Therefore, the estimator is unbiased and the statistical uncertainty is estimated
correctly.
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Figure 3: Template fit functions using simulated signal samples for three di�erent mtop values and compared to the
histograms used in the parametrisation. The lower panel shows the ratios of the template fit functions with other mtop
values to the template fit function with mtop = 172.5 GeV.
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� Recoil-to-top: large impact

� Matrix-element matching: comparison of
Pwg+Py8 and aMC@NLO+Py8
→ now new prescription to avoid
double-counting of modelling systematics
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What is recoil-to-top?

ATLAS default tt̄ Pwg+Py8 setting:
recoilToColoured = on → out of cone
radiation is supressed

Recoil-to-top: W -boson as a recoiler (more
out of cone radiation), but multiply with
correction factor → in principle the better
description!

RecoilToTop

13

๏PYTHIA allows different coherence/recoil options in top decays 
•Recently made a dedicated UserHook “recoilToTop” (for use with recToCol = off)  8.310 in code! 
•Theoretically the “least bad” option (in absence of Vincia-style RF antennae).  

๏ 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):

0�

45�

90�

135�

180�

225� 315�

0.2 0.4 0.6 0.8 1.0

gq

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

~

NEW in 8.310: TimeShower:recoilToColoured  TimeShower:recoilStrategyRF→( graphic taken from [Peter Skands] )

Uncertainty prescription: comparison of nominal tt̄ Pwg+Py8 sample to tt̄ Pwg+Py8 produced
with the [TopRecoil UserHook]
→ number of analyses including this systematic uncertainty is increasing

Katharina Voß (Universität Siegen) ATLAS matching uncertainty definition 30th November 2023 17 / 19

https://pythia.org/download/talks/SkandsTop22.pdf
https://gitlab.cern.ch/atlas/athena/-/blob/main/Generators/Pythia8_i/src/UserHooks/TopRecoilHook.cxx


ATLAS matching uncertainty in top quark processes ATLAS uncertainty prescription in tt̄ process

tt̄ modelling uncertainties: entanglement

Entanglement in top pair production (dilepton) at
√
s = 13 TeV [arXiv:2311.07288]
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Figure 1: The left panel shows the cos i observable in the signal region at detector level and the right panel shows
the entanglement marker ⇡, calculated from the detector-level distributions, from three different MC generators;
the P�����+P����� and P�����+H����� heavy-quark models, labelled “Pow+Py (hvq)” and “Pow+H7 (hvq)”,
respectively, and the P�����+P����� 114✓ model, labelled “Pow+Py (114✓)”, are shown after background processes
are subtracted. The uncertainty band shows the uncertainties from all sources added in quadrature. The ratios of
the predictions to the data are shown at the bottom of the figure. The quoted value for ⇡ for the 114✓ model also
includes a subtraction of the single-top-quark background.

the corresponding ⇡particle. The definitions of parton-level top quarks and leptons in the MC generator
follow Ref. [24] and correspond approximately to those of stable top quarks and leptons in a fixed-order
calculation. Only systematic uncertainties related to the modeling of the CC̄ production and decay process
are considered when building this calibration curve. The migration of parton level events from the signal
region into the validation regions at particle level and vice versa is very small.

1.3 Results

The calibration procedure is performed in the signal region and the two validation regions to correct the
data to a fiducial phase space at particle level, as described in Section 1.2. All systematic uncertainties are
included in the three regions. The observed (expected) results are:

⇡ = �0.547 ± 0.002 [stat.] ± 0.021 [syst.] (�0.470 ± 0.002 [stat.] ± 0.018 [syst.]) ,

in the signal region of 340 < <
C C̄
< 380 GeV and:

⇡ = �0.222 ± 0.001 [stat.] ± 0.027 [syst.] (�0.258 ± 0.001 [stat.] ± 0.026 [syst.]) ,

⇡ = �0.098 ± 0.001 [stat.] ± 0.021 [syst.] (�0.103 ± 0.001 [stat.] ± 0.021 [syst.]) ,

8

Measured observable: average angle cosϕ between
the two charged leptons in top and anti-top restframe

is observed when examining the ratio of P�����+H����� to P�����+P����� distributions. The same
behavior is observed when comparing the two different showering orders for H�����.

The similarities between the samples used in this analysis and the H����� samples with different showering
orders implies that the ordering of the shower is the main cause of the observed differences. It has to be
noted, however, that P����� does not pass the spin correlation information to the parton shower algorithms,
while this is done in the LO H����� setup used to study these hadronisation effects.

These findings lead to the conclusion that performing the measurement at particle level is more attractive,
since the overall uncertainties are smaller. In the validation regions, the level of agreement between either
P�����+P����� or P�����+H����� and the data is similar. Since the measurement is performed at
the stable-particle level, the parton-level prediction for the entanglement limit was folded to the particle
level as well, using a special calibration curve for this step. The prediction for the entanglement limit with
P�����+H����� is further away from the data measurement than the one for P�����+P�����. This
difference is not symmetrized. All uncertainties in the P�����+P����� prediction itself are folded to
particle level as well and are included in the grey uncertainty band in Figure 2.

The procedure used in MC event generators to combine the matrix element with a parton-shower algorithm
requires special attention in future higher-precision quantum information studies at the LHC.
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Figure 4: Comparison between cos i distributions in the signal region with <
C C̄
< 380 GeV for different MC event

generator setups at stable-particle level. Figure (a) compares events simulated with P����� B�� which are interfaced
with either P����� (red line, ?T-ordered dipole shower) or H����� (blue line, angular-ordered shower) while figure
(b) compares events simulated with H����� using either a dipole-ordered shower (red line) or an angular-ordered
shower (blue line).
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studied different hadronisation models
→ negligible effect on cosϕ

→ PS uncertainty defined by comparison of Pwg+Py8 (nominal) and Pwg+H7 can lead to large
uncertainty covering different uncertainty sources, completely factorised uncertainty definition
would be desirable
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Conclusions and Outlook

Nominal samples

� top quark pair production: working on improved description with MiNNLO and bb4ℓ
→ [bb4ℓ CMS talk in this session by Laurids Jeppe]
→ waiting for public release of bb4l-sl code

� tW DR/DS: recommendation to use dynamical scales

� in general: moving toward more recent generator versions and considering recent matrix
element correction recommendations for MG aMC@NLO+Py8 samples [arXiv:2308.06389]
→ [Talk in this session by Stefano Frixione]

Modelling uncertainties

� new prescription for matching uncertainty of varying Pythia 8 phardT parameter for tt̄ and
single top processes
→ targeted matching uncertainty, avoiding double-counting of systematic effects present
in the previous comparison of Pwg+Py8 and MG aMC@NLO+Py8 samples

� number of analyses using the recoil-to-top uncertainty prescription is increasing

� factorised parton shower uncertainty desirable to better identify and understand
uncertainty sources

Thank you for your attention!
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Matching uncertainty in tW distributions

→ phardT variation also tested in single top t-channel production and tW associated production

ATLAS Generator Level Preliminary
√

s = 13 TeV

tW

ATLAS Generator Level Preliminary
√
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→ shape variation through phardT variation in pT(j2) distribution, which is sensitive to matching

→ smaller variation through phardT variation in less matching-sensitive observable mℓb than with
MG aMC@NLO+Py8
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tt̄ modelling uncertainties: σtt̄ measurement
→ inclusive σtt̄ measurement could profit strongly from tt̄ NNLO+PS sample

Inclusive and differential tt̄ → dilepton cross section at
√
s = 13 TeV [JHEP 07 (2023) 141]

NNLO ptT rwgt. largest syst. uncertainty for
inclusive measurement due to influence on
preselection efficiency (top pT → lepton pT)

Geµ (eµ reco. eff.),

Eeµ = Aeµ · Geµ,Aeµ = Ntt̄,fiducial
eµ /Ntt̄
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Studies on nominal tt̄ sample: MiNNLO
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→ studying different matching options for tt̄ MiNNLO [ATL-PHYS-PUB-2023-029]

� (s1) pdefT = 1 (Py8 default), phardT = 0 (Py8 default)

� (s2) pdefT = 2 (ATLAS tt̄ default), phardT = 0 (Py8 default)

� (s3) pdefT = 1 (Py8 default), phardT = 1
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