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Modelling studies in ATLAS

Goal of modelling studies in ATLAS is the improvement in modelling uncertainties through:

� Validation of improved nominal samples
(e.g. scale uncertainty reduction through higher order accuracy in event generation)

� Improving modelling uncertainty prescription
(e.g. remove overestimation of modelling uncertainty through double-counting)

In the following slides:

An overview of the Powheg+Pythia8 [tt̄ hvq] modelling uncertainty prescription and on-going
studies within ATLAS to improve it
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Uncertainty prescription for the tt̄ process

Hard process generation
� renormalisation and factorisation 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)

� 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
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NNLO reweighting uncertainty

Improving modelling uncertainty prescription: NNLO reweighting
Validation of improved nominal model: tt̄ MiNNLO

Top pT modelled better by aMC@NLO compared to Powheg
→ now introduced NNLO reweighting uncertainty (recursively, ptt̄T ,mtt̄ , p

t
T , p

t̄
T )

Moving to tt̄ MiNNLO: studying matching options [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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tt̄/tW interference

Validation of improved nominal sample: bb4ℓ

Powheg+Pythia8 tt̄ hvq (+tW DR)

Separate simulation of tt̄ and [tW (Powheg+Pythia8)] final state at NLO+PS
→ afterwards stack simulated events

Why is this a problem?
Real emission correction to tW Born process includes gg/qq̄ → W−tb̄:

|M|2 = |MWtb̄ +Mt(t̄→Wb̄)|2

= |MWtb̄|2 + 2ReMWtb̄Mt(t̄→Wb̄) + |Mt(t̄→Wb̄)|2

→ huge NLO corrections since σLO(Wt) < σLO(tt̄)

Does it makes sense to talk about a Wt production or only about WWb and WWbb?
Yes, in phase space regions with small interference (see e.g. [arXiv:0908.0631]):

� |MWtb̄|2 NLO correction to Wt

� LO tt̄ separate process that can be removed
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tt̄/tW interference

Validation of improved nominal sample: bb4ℓ

Powheg+Pythia8 tt̄ hvq (+tW DR)

Real emission correction to tW Born process includes gg/qq̄ → W−tb̄:

|M|2 = |MWtb̄ +Mt(t̄→Wb̄)|2

= |MWtb̄|2 + 2ReMWtb̄Mt(t̄→Wb̄) + |Mt(t̄→Wb̄)|2

How can we check that applied cuts indeed reduce the sensitivity to the interference terms?
→ compare two different approximations to remove tt̄ effects in Wt NLO calculation

� Diagram Removal (DR): MDR = MWtb̄ → |MDR |2 = |MWtb̄|2

� Diagram Subtraction (DS): |MDS|2 = |MWtb̄ +Mt(t̄→Wb̄)|2 − CSUB, with

CSUB → |Mt(t̄→Wb̄)|2 for mWb → mt

|MDS|2 − |MDR|2 = interference term = 2ReMWtb̄Mt(t̄→Wb̄) (if CSUB − |Mt(t̄→Wb̄)|2 small)

→ if |MDS|2 ∼ |MDR|2 (DR/DS uncertainty small), then in phase space region with small
interference between tt̄ and tW
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tt̄/tW interference

Validation of improved nominal sample: bb4ℓ

bb4ℓ [arXiv:1607.04538] [arXiv:2307.15653]

Matrix element calculation includes double-, single- and non-resonant diagrams
→ interference terms fully included without approximation at NLO
→ no additional tW sample to describe WWbb final state
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Figure 1: Representative tree diagrams involving two (first line), only one (second line),
or no (last line) top-quark resonances.

2.1.1 Treatment of unstable top quarks

Our predictions for the process h1h2 → W+W−bb̄ + X → νee
+µ−ν̄µbb̄ + X provide a

complete description of hadronic top-quark pair production and decay, including doubly-
resonant contributions where the νee

+µ−ν̄µbb̄ final state results from the decay of a tt̄
pair, as well as singly-resonant and non-resonant diagrams, i.e. contributions with only
one or no top resonance. Interferences between doubly-, singly-, and non-resonant dia-
grams are consistently taken into account. A few representative LO diagrams are depicted
in Figure 1. The qq̄ and gg partonic channels involve 14 and 31 tree diagrams, respec-
tively, if only topologies involving two resonant W bosons are considered.3 Additional
contributions with less than two W-boson resonances are discussed in Section 2.1.3.

To regularize intermediate top-quark resonances in a gauge-invariant way we employ
the complex-mass scheme [51], where the top-quark width Γt is incorporated into the
definition of the (squared) top-quark mass,

µ2
t = m2

t − imtΓt. (2.3)

3Since we treat b quarks as massless partons there are no Higgs-exchange diagrams at tree level.
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or no (last line) top-quark resonances.

2.1.1 Treatment of unstable top quarks

Our predictions for the process h1h2 → W+W−bb̄ + X → νee
+µ−ν̄µbb̄ + X provide a

complete description of hadronic top-quark pair production and decay, including doubly-
resonant contributions where the νee

+µ−ν̄µbb̄ final state results from the decay of a tt̄
pair, as well as singly-resonant and non-resonant diagrams, i.e. contributions with only
one or no top resonance. Interferences between doubly-, singly-, and non-resonant dia-
grams are consistently taken into account. A few representative LO diagrams are depicted
in Figure 1. The qq̄ and gg partonic channels involve 14 and 31 tree diagrams, respec-
tively, if only topologies involving two resonant W bosons are considered.3 Additional
contributions with less than two W-boson resonances are discussed in Section 2.1.3.

To regularize intermediate top-quark resonances in a gauge-invariant way we employ
the complex-mass scheme [51], where the top-quark width Γt is incorporated into the
definition of the (squared) top-quark mass,

µ2
t = m2

t − imtΓt. (2.3)

3Since we treat b quarks as massless partons there are no Higgs-exchange diagrams at tree level.
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2.1.1 Treatment of unstable top quarks

Our predictions for the process h1h2 → W+W−bb̄ + X → νee
+µ−ν̄µbb̄ + X provide a

complete description of hadronic top-quark pair production and decay, including doubly-
resonant contributions where the νee

+µ−ν̄µbb̄ final state results from the decay of a tt̄
pair, as well as singly-resonant and non-resonant diagrams, i.e. contributions with only
one or no top resonance. Interferences between doubly-, singly-, and non-resonant dia-
grams are consistently taken into account. A few representative LO diagrams are depicted
in Figure 1. The qq̄ and gg partonic channels involve 14 and 31 tree diagrams, respec-
tively, if only topologies involving two resonant W bosons are considered.3 Additional
contributions with less than two W-boson resonances are discussed in Section 2.1.3.

To regularize intermediate top-quark resonances in a gauge-invariant way we employ
the complex-mass scheme [51], where the top-quark width Γt is incorporated into the
definition of the (squared) top-quark mass,

µ2
t = m2

t − imtΓt. (2.3)

3Since we treat b quarks as massless partons there are no Higgs-exchange diagrams at tree level.

4

Currently developing modelling uncertainty prescription for the bb4ℓ process

Strategy: Compare systematic uncertainties in Powheg+Pythia8 tt̄ and bb4ℓ using the same
prescription
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Uncertainty prescription for the tt̄ process

Improving modelling uncertainty prescription: targeted matching uncertainty

Matching uncertainty [ATL-PHYS-PUB-2023-029]

� Pythia 8 phardT variation

compare nominal phardT = 0 to phardT = 1 sample

Previous matching uncertainty definition in ATLAS: Pwg+Py8 vs. MG aMC@NLO+Py8
→ convolutes multiple modelling differences, not only matching uncertainty!
→ updated matching uncertainty: variation of Py8 parameter phardT [SciPostPhys.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 FS particles or beam axis )

� phardT = 2: min( pT of all FS particles w.r.t. each-other and w.r.t. the beam axis )
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Uncertainty prescription for the tt̄ process

Improving modelling uncertainty prescription: targeted matching uncertainty

Matching uncertainty [ATL-PHYS-PUB-2023-029]

� 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 µR FSR splitting kernels by factor 0.5 and 2

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

Improving modelling uncertainty prescription: factorised parton shower uncertainty

Example entanglement in tt̄ [2311.07288]:

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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→ dipole vs angular ordered shower has the
largest influence on the Py8 vs H7 difference in
the entanglement measurement

Goal: factorised parton shower uncertainty to
understand which part of the parton shower
modelling (e.g. shower ordering or
hadronisation) influences measurement the
most
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Uncertainty prescription for the tt̄ process

Specialised uncertainty definitions
� 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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Top lineshape uncertainty

Improving modelling uncertainty prescription: dedicated line shape uncertainty
Validation of improved nominal sample: bb4ℓ

Pwhg+Py8 tt̄ hvq: narrow width approximation + LO top decay
Narrow width approximation: simulate tt̄ with on-shell final state particles and subsequent top
decay at LO with Breit-Wigner smearing of the top quark invariant masses
[Frixione,Laenen,Motylinski,Webber-method arXiv:0702198]

bb4ℓ: complete offshell effects and top decay at NLO
Description of top decay at NLO:
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Figure 4: Examples of real-emission diagrams with two (first two lines), one (third line)
or no (last line) top-quark resonances. All depicted diagrams involve two W-boson reso-
nances.

2.3 Real corrections

2.3.1 Matrix-element evaluation

The real corrections receive contributions from the 2 → 7 partonic processes gg →
νee

+µ−ν̄µbb̄g, qq̄ → νee
+µ−ν̄µbb̄g, gq → νee

+µ−ν̄µbb̄q, and gq̄ → νee
+µ−ν̄µbb̄q̄. In

the NwWA the gg channel involves 208 tree diagrams, while the qq̄, gq, and gq̄ channels,
which are related by crossing symmetry, are described by 90 tree diagrams each. Examples
of doubly-W-resonant real-emission diagrams are depicted in Figure 4. When including
FwW effects, additional singly-W-resonant diagrams must be taken into account (for
examples see Figure 5) resulting in a total number of 508 and 234 diagrams for the gg
channel and the qq̄ channel, respectively. The 2 → 7 matrix elements are evaluated

20

q

q̄

g

b

νe

e+

b̄

µ−
ν̄µ

W−

W+

t

t̄

q

g

q

q̄

g

b

νe

e+

b̄

µ−
ν̄µ

W−

W+
t

t̄

g

g

g

g

g

b

νe

e+

b̄

µ−
ν̄µ

W−

W+
t

t̄

g

g

q

q̄

b̄

µ−
ν̄µ

g

b

νe

e+W+t

W−
t̄

t
g

q

q̄

b̄

µ−
ν̄µ

νe

e+

b

g

W+

b

W−
t̄

t

g

g

g

b

νe

e+

b̄

µ−
ν̄µ

g

W−

W+
t

t̄
g

g

q

q̄

g

b̄

µ−
ν̄µ

b

νe

e+

W+

W−

t
b

g

g

q

q̄

b

νe

e+

µ−
ν̄µ

b̄

g

W−

b̄

W+

t̄

b̄

g

g

g

g

µ−
ν̄µ

b

νe

e+

b̄

W+

W−

t
b

b

b

q

q̄

νe

e+

µ−
ν̄µ

g

b

b̄

W+

W−

g

q

q

Z,γ

g

q

b

b̄

q

νe

e+

µ−
ν̄µ

W+

W−

g

g

q

Z,γ

g

g

b

b̄

νe

e+

µ−
ν̄µ

g

W+

W−

Z,γ
b̄

g

g

Figure 4: Examples of real-emission diagrams with two (first two lines), one (third line)
or no (last line) top-quark resonances. All depicted diagrams involve two W-boson reso-
nances.

2.3 Real corrections

2.3.1 Matrix-element evaluation

The real corrections receive contributions from the 2 → 7 partonic processes gg →
νee

+µ−ν̄µbb̄g, qq̄ → νee
+µ−ν̄µbb̄g, gq → νee

+µ−ν̄µbb̄q, and gq̄ → νee
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the NwWA the gg channel involves 208 tree diagrams, while the qq̄, gq, and gq̄ channels,
which are related by crossing symmetry, are described by 90 tree diagrams each. Examples
of doubly-W-resonant real-emission diagrams are depicted in Figure 4. When including
FwW effects, additional singly-W-resonant diagrams must be taken into account (for
examples see Figure 5) resulting in a total number of 508 and 234 diagrams for the gg
channel and the qq̄ channel, respectively. The 2 → 7 matrix elements are evaluated
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ū

νe

e+

b

b̄

µ−

ν̄µū
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Figure 3: Examples of one-loop diagrams contributing to qq̄/gg → W+W−bb̄ →
νee

+µ−ν̄µbb̄: doubly-top-resonant diagrams with corrections to tt̄ production or decay
(first line), non-factorizable pentagons and hexagons with two top-quark resonances (sec-
ond line), pentagons and hexagons with less than two top resonances (third line).

in-house Mathematica programs, one of which relies on FormCalc [73] for preliminary
manipulations.

The employed approach strongly mitigates the complexity inherent in Feynman dia-
grams by exploiting factorization of colour matrices, reduction of helicity structures to
compact spinor chains, and recycling a multitude of common subexpressions. The re-
duced expressions are automatically converted into Fortran77 programs that evaluate
colour/helicity summed quantities with very high CPU efficiency.

The virtual corrections are obtained from the interference of the one-loop and LO ma-
trix elements summed over external-state colours and helicities on a diagram-by-diagram
basis.

2.2.2 Colour factorization

One of the key features of the diagram-by-diagram approach is that the cost related
to the large number of diagrams is compensated by the possibility to perform colour sums

13

& top off-shell effects are included without approximation since full top quark propagator is used
in NLO matrix element calculation
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Top lineshape uncertainty

Improving modelling uncertainty prescription: dedicated line shape uncertainty
Validation of improved nominal sample: bb4ℓ

Recently introduced top line shape uncertainty in the Powheg+Pythia8 hvq tt̄ uncertainty
prescription to quantify the discrepancy between hvq internal and external MadSpin
implementations of Breit-Wigner smearing of top quark mass [ATL-PHYS-PUB-2023-029]

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
[1

/
G

eV
]

100 120 140 160 180 200 220 240
0

0.5

1

1.5

2

mt [GeV]

M
C

/
P

w
g

+
P

y
8

Lineshape uncertainty on tt - Validation I 

Parton level plots
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Parton level top mass Parton level m(Wb)

→ top line shape uncertainty can be sizeable e.g. in top mass measurements → uncertainty
removed when moving to bb4ℓ
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Conclusions and Outlook

Goal of modelling studies in ATLAS is the improvement in modelling uncertainties through:

� Validation of improved nominal samples

� bb4ℓ
� tt̄ MiNNLO
� tt̄ Powheg+VINCIA

� Improving modelling uncertainty prescription

� recently finished: phardT , lineshape, NNLO reweighting
� factorised parton shower uncertainty study

Thank you for your attention!
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Back Up



Recoil uncertainty

Validation of improved nominal sample: Powheg+VINCIA

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: tt̄ Pwg+Py8 vs. tt̄ Pwg+Py8 with [TopRecoil UserHook]
→ especially top mass measurement found to be sensitive to this uncertainty
→ tt̄ Powheg+VINCIA sample would provide correct emission pattern, matching options
currently studied in ATLAS
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https://pythia.org/download/talks/SkandsTop22.pdf
https://gitlab.cern.ch/atlas/athena/-/blob/main/Generators/Pythia8_i/src/UserHooks/TopRecoilHook.cxx


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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