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What is bb4ℓ? Using bb4ℓ resonance histories allrad radiation scheme Open Questions

What is the bb4ℓ simulation?

→ process implemented in the POWHEG-BOX-RES, which describes WWbb in dileptonic
decay1 which can be interfaced with a parton shower

Includes double-, single- and non-resonant diagrams:
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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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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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+ corresponding NLO corrections

1different flavour, local code modification in athena to allow same flavours
→ ATLAS also requested to merge change in official [bb4ℓ-dl/-sl beta git-repo]
Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 1 / 17

https://gitlab.cern.ch/tjezo/powheg-box-res-bb4l-sl-beta/-/merge_requests/12


What is bb4ℓ? Using bb4ℓ resonance histories allrad radiation scheme Open Questions

Resonance history projectors

Output from bb4ℓ ME calculation: initial state + bb̄ℓ+νℓℓ
−ν̄ℓ final state

→ no information about intermediate resonances
→ technical issues in POWHEG generation
+ recoil distorts invariant mass of resonances in PS
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Planned study: Alternative resonance projectors

Explicitly, different tt̄ projector: |MLO
tt̄

|2 → |MLO
WWbb|2 − |MLO

tW b̄
|2 − |MLO

t̄Wb
|2
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What is bb4ℓ? Using bb4ℓ resonance histories allrad radiation scheme Open Questions

Outline

� Improvements in bbℓℓνν modelling with bb4ℓ

� Usage of resonance histories in bb4ℓ events

� The allrad multiple radiation scheme

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 3 / 17



What is bb4ℓ? Using bb4ℓ resonance histories allrad radiation scheme Open Questions

Modelling improvements through bb4ℓ

Improvements through bb4ℓ compared to tt̄ + tW

� correct treatment of tt̄/tW interference at NLO

+ 2Re +

instead of + (tt̄ + tW DR)

� off-shell effects accurate at NLO

� top decay description at NLO
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What is bb4ℓ? Using bb4ℓ resonance histories allrad radiation scheme Open Questions

Modelling improvements through bb4ℓ

Improvements through bb4ℓ compared to tt̄ + tW

� correct treatment of tt̄/tW interference at NLO → DR/DS uncertainty removed

� off-shell effects accurate at NLO

instead of ×

︸ ︷︷ ︸
Breit-Wignerfull top quark propagator

� top decay description at NLO
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What is bb4ℓ? Using bb4ℓ resonance histories allrad radiation scheme Open Questions

Modelling improvements through bb4ℓ

Improvements through bb4ℓ compared to tt̄ + tW

� correct treatment of tt̄/tW interference at NLO → DR/DS uncertainty removed

� off-shell effects accurate at NLO → line shape uncertainty removed

� top decay description at NLO
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What is bb4ℓ? Using bb4ℓ resonance histories allrad radiation scheme Open Questions

Modelling improvements through bb4ℓ

Improvements through bb4ℓ compared to tt̄ + tW

� correct treatment of tt̄/tW interference at NLO → DR/DS uncertainty removed

� off-shell effects accurate at NLO → line shape uncertainty removed

� top decay description at NLO

& instead of LO top decay
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What is bb4ℓ? Using bb4ℓ resonance histories allrad radiation scheme Open Questions

Modelling improvements through bb4ℓ

Improvements through bb4ℓ compared to tt̄ + tW

� correct treatment of tt̄/tW interference at NLO → DR/DS uncertainty removed

� off-shell effects accurate at NLO → line shape uncertainty removed

� top decay description at NLO
→ discussed in [bb4ℓ-dl/sl paper]

ATLAS

Generator Level Internal√
s = 13 TeV

ATLAS

Generator Level Internal√
s = 13 TeV

bb4l MECoff/nominal

bb4l MEafterFirstMEextOff/nominal

ttbar MECoff/nominal

0 0.2 0.4 0.6 0.8 1
0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

Fragmentation function for B-jets

z ≡ pjet · pB/|pjet|2

1
/

σ
d

σ
/

d
z

→ plots with old bb4ℓ process version

ATLAS

Generator Level Internal√
s = 13 TeV

ATLAS

Generator Level Internal√
s = 13 TeV

bb4l nominal

bb4l MEcorrectionsOff

bb4l MEafterFirstMEextendedOff

ttbar nominal

ttbar MEcorrectionsOff

0

0.5

1

1.5

2

2.5

3

3.5

Fragmentation function for B-jets

1
/

σ
d

σ
/

d
z

0 0.2 0.4 0.6 0.8 1
0.8

0.85

0.9
0.95

1

1.05
1.1

1.15

z ≡ pjet · pB/|pjet|2

R
a

ti
o

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 6 / 17

https://arxiv.org/abs/2307.15653


What is bb4ℓ? Using bb4ℓ resonance histories allrad radiation scheme Open Questions

Modelling improvements through bb4ℓ

Improvements through bb4ℓ compared to tt̄ + tW

� correct treatment of tt̄/tW interference at NLO → DR/DS uncertainty removed

� off-shell effects accurate at NLO → line shape uncertainty removed

� top decay description at NLO

To use bb4ℓ as a nominal MC sample, we need to generate and check the associated modelling
uncertainties

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 7 / 17



What is bb4ℓ? Using bb4ℓ resonance histories allrad radiation scheme Open Questions

Overview of bb4ℓ modelling uncertainties

Uncertainties in

� Powheg hard process

� µR , µF scale variation
� PDF uncertainties
� hdamp

� bb4ℓ: αS in Powheg Sudakov
� bb4ℓ: inverse width correction

� Powheg-Pythia8 matching

� phardT variation
� bb4ℓ: scale resonance veto

� Pythia8 parton shower

� A14 Var1 tune variations
(underlying event variation)

� Colour reconnection
� Pythia8 splitting kernel variations

(µR and cNS )
� Recoil uncertainty
� Alternative parton shower:

Herwig7

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 8 / 17



What is bb4ℓ? Using bb4ℓ resonance histories allrad radiation scheme Open Questions

Resonance histories: partonic top-quark

Different resonance histories in previous bb4ℓ and new bb4ℓ-dl

→ what can we do with new tt̄, tW and t̄W resonance histories?
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[new bb4ℓ-dl]

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 9 / 17

https://arxiv.org/abs/1607.04538
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What is bb4ℓ? Using bb4ℓ resonance histories allrad radiation scheme Open Questions

Resonance histories: ME scale variations
Can we vary the ME scale independently in tt̄ and tW projected resonance histories in bb4ℓ?

� tt̄ resonance histories:
µ0 = [(m2

t + p2T ,t)(m
2
t + pT ,t̄)

2]1/4

� tW−b̄ resonance histories:
µ0 = [(m2

t + p2T ,t)(m
2
b̄
+ pT ,b̄)

2]1/4
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What is bb4ℓ? Using bb4ℓ resonance histories allrad radiation scheme Open Questions

Resonance histories: Higher-order tt̄ reweighting

Can we reweight partonic tt̄ distributions to higher order on-shell tt̄ predictions?
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Figure 19: Normalised differential cross-section for CC̄ production as a function of (a) the lepton ?T, (b) ?4`T and (c)
?4T + ?`

T measured with the analysis TTBAR2. The bottom pad shows the ratios of different P�����B��+P����� 8
predictions, M��G����5_aMC@NLO+P����� 8 and the NNLO reweighted sample with respect to the data. 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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Figure 20: Normalised differential cross-section for CC̄ production as a function of (a) �T, (b) the mass and (c)
the ?T of the CC̄ system measured with the analysis TTBAR3. The bottom pad shows the ratios of different
P�����B��+P����� 8 predictions, M��G����5_aMC@NLO+P����� 8 and the NNLO reweighted sample with
respect to the data. 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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[ATL-PHYS-PUB-2023-029]

→ reweighting partonic top-quark distributions to NNLO QCD + NLO EW tt̄ predictions
[hep-ph/1705.04105] (top pT , mtt̄) + (tt̄ pT with MATRIX software)
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What is bb4ℓ? Using bb4ℓ resonance histories allrad radiation scheme Open Questions

Multiple radiation scheme

Usual POWHEG radiation scheme → keep only hardest emission (usually from production)

     Resonance aware NLO+PS matching in POWHEG            Jonas M. Lindert 
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Multiple-radiation scheme
‣ In traditional approach only hardest radiation is generated by POWHEG: 
 
 
 
 
 
 
BUT: for top-pair (or single-top) production and decay, emission from production is almost 
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• keep hardest overall emission and additionally hardest emission from any of n decaying 

resonances. 
• merge emissions into a single radiation event with several radiated partons (up to n+1)
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and infrared counterterms. More specifically, given the kinematics of the real-emission

process, and having specified a particular collinear region (i.e. a pair of partons that are

becoming collinear), there is a well-defined mapping that constructs a Born-like kinematic

configuration (called the “underlying Born” configuration) as a function of the real one. The

mapping is such that, in the strict collinear limit, the Born configuration is obtained from

the real one by appropriately merging the collinear partons. In the traditional methods,

these mappings do not necessarily preserve the virtuality of possible intermediate s-channel

resonances. If we consider the collinear region of two partons arising from the decay of

the same s-channel resonance, the typical di↵erence in the resonance virtuality between

the real kinematics and the underlying-Born one is of order m2/E, where m is the mass of

the two-parton system, and E is its energy. Because of this, the cancellation between the

real contribution and the subtraction term becomes e↵ective only if m2/E < �, where � is

the width of the resonance. As long as � is above zero, the traditional NLO calculations

do eventually converge, thanks to the fact that in the strict collinear limit the cancellation

takes place. However, convergence becomes more problematic as the width of the resonance

decreases.

The presence of radiation in resonance decays causes even more severe problems in

NLO+PS frameworks. In POWHEG, radiation is generated according to the formula

d� = B̄(�B) d�B

"
�(qcut) +

X

↵

�(k↵
T )

R↵(�↵(�B,�rad))

B(�B)
d�rad

#
. (2.1)

The first term in the square bracket corresponds to the probability that no radiation is

generated with hardness above an infrared cuto↵ qcut, and its kinematics corresponds to

the Born one. Each ↵ in the sum labels a collinear singular region of the real cross section.

The full real matrix element is decomposed into a sum of terms

R =
X

↵

R↵ , (2.2)

where each R↵ is singular only in the region labelled by ↵. The real phase space �↵(�B,�rad)

depends upon the singular region ↵ and is given as a function of the Born kinematics �B

and three radiation variables �rad. The inverse of �↵ implements the previously mentioned

mapping of the real kinematics into an underlying Born one. Thus, for a given �B and �rad,

each term in the sum inside the square bracket in Eq. (2.1) is associated with a di↵erent

real phase-space point. For each ↵, k↵
T is defined as the hardness of the collinear split-

ting characterized by the kinematics �↵(�B,�rad). It usually corresponds to the relative

transverse momentum of the two collinear partons.

The Sudakov form factor, �, is such that the square bracket in Eq. (2.1), after per-

forming the integrals in d�rad, becomes exactly equal to one (a property sometimes called

unitarity of the real radiation). In general we have

�(q) =
Y

↵

�↵(q) , (2.3)
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the initial-state-radiation (ISR) regions are combined into a single one. We consider the

formula

d� = B̄(�B) d�B

Y

↵=↵b,↵b̄,↵ISR


�↵(qcut) + �↵(k↵

T )
R↵(�↵(�B,�↵

rad))

B(�B)
d�↵

rad

�
, (2.6)

where, by writing �↵
rad, we imply that the radiation variables are now independent for each

singular region. By expanding the product, we see that we get a term with no emissions at

all, as in Eq. (2.1), plus terms with multiple (up to three) emissions. It can be shown that,

as far as the hardest radiation is concerned, formula (2.6) is equivalent to formula (2.1).

To this end, one begins by rewriting Eq. (2.6) as a sum of three terms, with appropriate ✓

functions such that each term represents the case where the hardest radiation comes from

one of the three regions. It is easy then to integrate in each term all radiations but the

hardest, thus recovering the full Sudakov form factor appearing in the second term in the

square bracket of Eq. (2.1).

The bb4l generator can generate radiation using the improved multiple-radiation

scheme of formula (2.6) or the conventional single-radiation approach of Eq. (2.1). In

events generated with multiple emissions included, the hardest radiation from all sources

(i.e. production, t and t̄ decays) may be present. The POWHEG generated event is then

completed by a partonic shower Monte Carlo program that attaches further radiation to

the event. The interface to the shower must be such that the shower does not generate

radiation in production, in t decay and in t̄ decay that is harder than the one generated by

POWHEG in production, t and t̄ decay, respectively.5

3 The POWHEG-BOX-RES framework

In this section we illustrate features that have been added to the POWHEG-BOX-RES package

since the publication of Ref. [52], and discuss some issues that were not fully described

there.

Automatic generation of resonance histories

In the POWHEG-BOX-RES implementation of Ref. [52], the initial subprocesses and the as-

sociated resonance structures were set up by hand. We have now added an algorithm

for the automatic generation of all relevant resonance histories for a given process at a

specified perturbative order. Thanks to this feature, the user only needs to provide a list

of subprocesses, as was the case in the POWHEG-BOX-V2 package. This is a considerable

simplification, in view of the fact that, when electroweak processes are considered, the

number of resonance histories can increase substantially. Details of this feature are given

in Appendix A.1.

5 We note that this method guarantees full NLO accuracy, including exact spin correlations, only at the

level of each individual emission, while correlation e↵ects between multiple QCD emissions are handled in

approximate form. Nevertheless it should be clear that Eq. (2.6) represents a significant improvement with

respect to pure parton showering after the first emission.
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⟺

⟺

Multiple radiation scheme (allrad) → merge emissions into single event with multiple
emissions
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and infrared counterterms. More specifically, given the kinematics of the real-emission

process, and having specified a particular collinear region (i.e. a pair of partons that are

becoming collinear), there is a well-defined mapping that constructs a Born-like kinematic

configuration (called the “underlying Born” configuration) as a function of the real one. The

mapping is such that, in the strict collinear limit, the Born configuration is obtained from

the real one by appropriately merging the collinear partons. In the traditional methods,

these mappings do not necessarily preserve the virtuality of possible intermediate s-channel

resonances. If we consider the collinear region of two partons arising from the decay of

the same s-channel resonance, the typical di↵erence in the resonance virtuality between

the real kinematics and the underlying-Born one is of order m2/E, where m is the mass of

the two-parton system, and E is its energy. Because of this, the cancellation between the

real contribution and the subtraction term becomes e↵ective only if m2/E < �, where � is

the width of the resonance. As long as � is above zero, the traditional NLO calculations

do eventually converge, thanks to the fact that in the strict collinear limit the cancellation

takes place. However, convergence becomes more problematic as the width of the resonance

decreases.

The presence of radiation in resonance decays causes even more severe problems in

NLO+PS frameworks. In POWHEG, radiation is generated according to the formula

d� = B̄(�B) d�B

"
�(qcut) +

X

↵

�(k↵
T )

R↵(�↵(�B,�rad))
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d�rad

#
. (2.1)

The first term in the square bracket corresponds to the probability that no radiation is

generated with hardness above an infrared cuto↵ qcut, and its kinematics corresponds to

the Born one. Each ↵ in the sum labels a collinear singular region of the real cross section.

The full real matrix element is decomposed into a sum of terms

R =
X

↵

R↵ , (2.2)

where each R↵ is singular only in the region labelled by ↵. The real phase space �↵(�B,�rad)

depends upon the singular region ↵ and is given as a function of the Born kinematics �B

and three radiation variables �rad. The inverse of �↵ implements the previously mentioned

mapping of the real kinematics into an underlying Born one. Thus, for a given �B and �rad,

each term in the sum inside the square bracket in Eq. (2.1) is associated with a di↵erent

real phase-space point. For each ↵, k↵
T is defined as the hardness of the collinear split-

ting characterized by the kinematics �↵(�B,�rad). It usually corresponds to the relative

transverse momentum of the two collinear partons.

The Sudakov form factor, �, is such that the square bracket in Eq. (2.1), after per-

forming the integrals in d�rad, becomes exactly equal to one (a property sometimes called

unitarity of the real radiation). In general we have

�(q) =
Y

↵

�↵(q) , (2.3)
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the initial-state-radiation (ISR) regions are combined into a single one. We consider the

formula

d� = B̄(�B) d�B
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where, by writing �↵
rad, we imply that the radiation variables are now independent for each

singular region. By expanding the product, we see that we get a term with no emissions at

all, as in Eq. (2.1), plus terms with multiple (up to three) emissions. It can be shown that,

as far as the hardest radiation is concerned, formula (2.6) is equivalent to formula (2.1).

To this end, one begins by rewriting Eq. (2.6) as a sum of three terms, with appropriate ✓

functions such that each term represents the case where the hardest radiation comes from

one of the three regions. It is easy then to integrate in each term all radiations but the

hardest, thus recovering the full Sudakov form factor appearing in the second term in the

square bracket of Eq. (2.1).

The bb4l generator can generate radiation using the improved multiple-radiation

scheme of formula (2.6) or the conventional single-radiation approach of Eq. (2.1). In

events generated with multiple emissions included, the hardest radiation from all sources

(i.e. production, t and t̄ decays) may be present. The POWHEG generated event is then

completed by a partonic shower Monte Carlo program that attaches further radiation to

the event. The interface to the shower must be such that the shower does not generate

radiation in production, in t decay and in t̄ decay that is harder than the one generated by

POWHEG in production, t and t̄ decay, respectively.5

3 The POWHEG-BOX-RES framework

In this section we illustrate features that have been added to the POWHEG-BOX-RES package

since the publication of Ref. [52], and discuss some issues that were not fully described

there.

Automatic generation of resonance histories

In the POWHEG-BOX-RES implementation of Ref. [52], the initial subprocesses and the as-

sociated resonance structures were set up by hand. We have now added an algorithm

for the automatic generation of all relevant resonance histories for a given process at a

specified perturbative order. Thanks to this feature, the user only needs to provide a list

of subprocesses, as was the case in the POWHEG-BOX-V2 package. This is a considerable

simplification, in view of the fact that, when electroweak processes are considered, the

number of resonance histories can increase substantially. Details of this feature are given

in Appendix A.1.

5 We note that this method guarantees full NLO accuracy, including exact spin correlations, only at the

level of each individual emission, while correlation e↵ects between multiple QCD emissions are handled in

approximate form. Nevertheless it should be clear that Eq. (2.6) represents a significant improvement with

respect to pure parton showering after the first emission.
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⟺

⟺
Illustration taken from [J.M. Lindert, QCD@LHC]

→ differences in NLO+PS matching in tt̄ and bb4ℓ
+ need to check that everything works technically with new LHE format (e.g. Pythia8
recoil-to-top)

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 12 / 17

https://indico.cern.ch/event/516210/contributions/2244090/attachments/1325969/1991204/JL_QCDLHC16.pdf


What is bb4ℓ? Using bb4ℓ resonance histories allrad radiation scheme Open Questions

Dedicated bb4ℓ parton shower matching

tt̄ → emission only from the production process

parton shower−−−−−−−−→

bb4ℓ → merge emissions into single event with multiple emissions

parton shower−−−−−−−−→

→ parton shower generates emissions with kT < kα
T , kα

T , α ∈ {ISR, b̄, b}
� Emissions from production process: main31 (the same for tt̄ and bb4ℓ)

� Emissions from decay process: [dedicated bb4ℓ UserHook (Py8)] or [shared library (H7)]

→ some differences in the modelling systematics between tt̄ and bb4ℓ could be due to different
generation method

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 13 / 17

https://gitlab.cern.ch/atlas/athena/-/blob/main/Generators/Pythia8_i/src/UserHooks/PowhegHooksBB4Ldlsl.cxx?ref_type=heads
https://gitlab.cern.ch/atlas/athena/-/tree/main/Generators/Herwig7_i/BB4LHerwig?ref_type=heads


What is bb4ℓ? Using bb4ℓ resonance histories allrad radiation scheme Open Questions

Influence of dedicated bb4ℓ-PS matching

→ consistent behaviour when applying or not applying dedicated bb4ℓ matching in Py8 and H7
→ no dedicted bb4ℓ matching: more PS radiation off of b-quark, less hard B-hadrons and
broader b-jets

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 14 / 17



What is bb4ℓ? Using bb4ℓ resonance histories allrad radiation scheme Open Questions

bb4ℓ systematics: FSR µR and αS in Powheg Sudakov

→ reasonable agreement of all µR splitting kernel variations
except for Q → Qg splitting kernel (Q ∈ {b, t})
Possible explanation: first emission from top-quark decay
already done by POWHEG (NLO top decay description in
bb4ℓ)

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 15 / 17



What is bb4ℓ? Using bb4ℓ resonance histories allrad radiation scheme Open Questions

bb4ℓ systematics: FSR µR and αS in Powheg Sudakov

→ same influence of all µR splitting kernel variations except
for Q → Qg splitting kernel (Q ∈ {b, t})
Possible explanation: first emission from top-quark decay
already done by POWHEG (NLO top decay description in
bb4ℓ)
→ vary αS in Powheg Sudakov (by using PDF set with
different αS (MZ ) value) [hep-ph/1801.03944]

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 16 / 17

https://arxiv.org/abs/1801.03944


What is bb4ℓ? Using bb4ℓ resonance histories allrad radiation scheme Open Questions

Open Questions

Alternative resonance history projectors

Check influence of alternative tt̄ resonance history projector, when available
|MLO

tt̄
|2 → |MLO

WWbb|2 − |MLO
tW b̄

|2 − |MLO
t̄Wb

|2

Normalisation of bb4ℓ cross section

How to normalise bb4ℓ MC sample?

� normalise the cross-section of all bb4ℓ events, which where projected onto a tt̄ resonance
history to the [NNLO QCD+NNLL on-shell tt̄ cross section] and bb4ℓ events projected
onto a tW resonance history to [NLO+NNLL cross section tW cross section]

� scale to tt̄ + tW sum of higher order cross-sections

� total cross section needs to be scaled to data in the fit by analyses (not possible for all)

NNLO reweighting of bb4ℓ events with tt̄ resonance history

Should we reweight bb4ℓ events projected onto tt̄ resonance history to on-shell tt̄ higher-order
predictions?
→ more in Diptaparnas talk

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 17 / 17

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TtbarNNLO
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SingleTopNNLORef#Single_top_quark_tW_channel_cros


Back Up



Number of b-jets

Different bb4ℓ version and matching settings

→ reasonable agreement in reco-distr. (also
reported by CMS)

What is different between new and old bb4ℓ
sample?

� bb4ℓ version

� corrected matching factor between
4FNS ME and 5FNS PDF

� inverse width corrections can be
used in new bb4ℓ (effect small)

� resonance histories: old bb4ℓ: tt̄
and Z → WW , new bb4ℓ: tt̄,
tW−b̄, t̄W+b

� matching settings:
old ATLAS bb4ℓ sample:
pmaxMatch
T = 0/1, pdefT = 1

new ATLAS bb4ℓ sample:
pmaxMatch
T = 2, pdefT = 2

� recoil settings:
old ATLAS bb4ℓ sample: recoil-to-colour
new ATLAS bb4ℓ sample: recoil-to-top

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 19 / 17



Number of b-jets

Cross sections

NLO+PS cross sections (dilepton):

� bb4ℓ: 87.1 pb

� bb4ℓ (inv. width corr.): 81.9 pb

� tt̄ hvq: 76.9 pb

� tW DR: 7.6 pb

� tW DS: 7.5 pb

� tt̄+tW DR: 84.5 pb

Higher-order cross-sections (inclusive tt̄, tt̄ dilepton branching ratio 10.5%):

� 833.9 pb [Comput.Phys.Commun. 185 (2014) 2930] [Recommendations]

� 79.3 pb [hep-ph/2102.11300] [Recommendations]

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 20 / 17

http://inspirehep.net/search?p=find+eprint+1112.5675
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TtbarNNLO
https://arxiv.org/abs/2102.11300
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SingleTopNNLORef#Single_top_quark_tW_channel_cros


Number of b-jets

bb4ℓ systematics: pThard variation

NLO+PS matching uncertainty introduced for ATLAS top-quark MC samples in
[ATL-PHYS-PUB-2023-029]
→ changing of the veto-scale of the Pythia8 parton shower via pThard variation
→ creating holes and overlaps in the phase space covered by Powheg and by Pythia8

→ now technically also working in bb4ℓ (with modified bb4ℓ UserHook)

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 21 / 17

https://cds.cern.ch/record/2872787/


Number of b-jets

bb4ℓ systematics: Herwig7

→ reasonable agreement between size of parton shower uncertainty in bb4ℓ (with dedicated
matching) and tt̄

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 22 / 17



Number of b-jets

Partonic top reweighting

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 23 / 17



Number of b-jets

ME scale variation in b-jet fragmentation function

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 24 / 17



Number of b-jets

Py8 splitting kernel variations in b-jet fragmentation
function

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 25 / 17



Number of b-jets

Number of b-jets: splitting kernel variation

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 26 / 17



Number of b-jets

bb4ℓ nominal MC sample

pdefT setting

Powheg+Pythia8 matching:

Py8 unrestricted shower + veto Py8 emissions
if kT > pvetoT

Matching settings:

� veto scale pvetoT
pThard=0: pT of Powheg emission w.r.t.
its emitter with Powheg pT defintion

� kT definition for PS emissions
pTdef=2: use Pythia8 pT defintion
pTdef=1: use Powheg pT defintion

g

g

t t

p pp + k

k

kT < pveto
T

3
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Number of b-jets

bb4ℓ nominal MC sample

pdefT setting

Powheg+Pythia8 matching:

Py8 unrestricted shower + veto Py8 emissions
if kT > pvetoT

Matching settings:

� veto scale pvetoT
pThard=0: pT of Powheg emission w.r.t.
its emitter with Powheg pT defintion

� kT definition for PS emissions
pTdef=2: use Pythia8 pT defintion
pTdef=1: use Powheg pT defintion

→ even though pTdef=1 is theoretically more
sensible, pTdef=2 results in much better
data-MC agreement in Njets distribution

+ same setting as applied in ATLAS tt̄ hvq

and tt̄ MiNNLO Powheg+Pythia8 MC sample

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 27 / 17



Number of b-jets

bb4ℓ nominal MC sample

Pythia8 recoil-to-top setting

→ new nominal bb4ℓ-dl sample has Py8 recoil-to-top setting as default!

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 from Peter Skands]

Recoil-to-top works for bb4ℓ events in [Py8 ≥ 8.313]

→ good agreement between uncertainty in bb4ℓ and tt̄ (only affects 2nd and later gluon
emission)
Recoil uncertainty definition: comparison to recoil-to-colour setting

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 28 / 17

https://pythia.org/download/talks/SkandsTop22.pdf
https://www.pythia.org/history/


Number of b-jets

Number of b-jets

[arXiv:1811.12113] tt̄ dilep, Nb ≥ 2,
pbT > 25GeV, |ηb| < 2.5

→ number of additional b-jets not well described by neither tt̄ hvq nor by bb4ℓ

Katharina Voß (Universität Siegen) bb4ℓ MC in ATLAS 24th June 2025 29 / 17

https://arxiv.org/abs/1811.12113


Number of b-jets

Number of b-jets: Herwig7 shower variations

Applying Herwig7 shower variations to bb4ℓ:

� angular shower + cluster had. (solid)

� angular shower + string had. (solid)

� dipole shower + cluster had. (dashed)

� dipole shower + string had. (dashed)

[arXiv:1811.12113] tt̄ dilep, Nb ≥ 2,
pbT > 25GeV, |ηb| < 2.5

� large difference when changing the
shower ordering in bb4ℓ+H7 predictions
(Py8 shower is also a dipole shower)

� bb4ℓ+H7 dipole predictions show much
better agreement in Nb ≥ 3
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https://arxiv.org/abs/1811.12113
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