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3 key aspects:

challenging to model due to massive b quark and difference in 
energy scales of top and b quark

important test of perturbative QCD calculations 

leading background for searches such as ttH with H→bb and tttt
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Why ttbb?
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Differences in ttbb modelling

§ ttbb described by tt matrix elements at NLO 
(𝑚! = 0) and g→bb shower splittings

§ Residual uncertainties difficult to quantify

§ ttbb described by ttbb matrix elements at 
NLO (𝑚! > 0) 

§ Theoretically preferred option for ttbb modelling

tt at ME at NLO (5FS) ttbb at ME at NLO (4FS)

Additional b-jets from matrix elements
→ expect larger scale variations

Additional b-jets from parton shower
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NNLO) are used in the calculation. In that sample, events with one additional b quark are mod-137

elled by the ME at leading order (LO) in QCD, while any further b quarks are generated by the138

PS. In particular, in g ! bb splittings only the emission of the gluon off initial-state partons139

or the top quarks is described at the ME-level. Hence, for a description of ttbb, the modelling140

of the splitting itself is necessarily handled by the PS. Since it has been shown that g ! bb141

splittings are the dominant mechanism for the production of additional b jets with top quark142

pairs, both in ttb and ttbb events [2], this results in large uncertainties from the choice of the143

µR scale used for the strong coupling constant in the final-state PS. Conversely, in ttbb samples144

generated in the 4FS, the dominant uncertainty comes from the choice of µR scale in the MEs,145

while uncertainties from the PS scale are smaller. The µF and µR scales in the POWHEG+P8 tt146

5FS sample were set to µF = µR = mT,t .147

In addition to the above, we consider several alternative predictions of ttbb cross sections, to be148

compared with the measurements. The generator settings used for the POWHEG+OL+P8 ttbb149

4FS and inclusive tt simulation, as well as a number of alternative generator setups described150

below, which are used for comparison of results.151

Table 1: Generator settings for different modeling approaches of ttbb production. The top
quark mass value is set to mt = 172.5 GeV for all generator setups, and for the generator setups
using massive b quarks, the b quark mass value is set to mb = 4.75 GeV. In the scale settings, HT
corresponds to the scalar mT sum, HT = Âi=t,t ,b,b ,g mT,i, and mT,i =

p
m2

i + p2
T,i is the transverse

mass. For generators setups using POWHEG the hdamp value is specified. Other generator setups
do not use this parameter and are marked with (—).

Generator setup Process/ME order Generator/Shower Tune PDF set hdamp Scales

POWHEG+P8 tt 5FS
tt/ POWHEG v2/

CP5
5FS NNPDF3.1

1.379mt µF = µR = mT,tNLO PYTHIA 8.240 NNLO

POWHEG+H7 tt 5FS
tt/ POWHEG v2/

CH3
5FS NNPDF3.1

1.379mt µF = µR = mT,tNLO HERWIG 7.13 NNLO

POWHEG+OL+P8 ttbb 4FS
ttbb/ POWHEG-BOX-RES/

CP5
4FS NNPDF3.1

1.379mt
µR = 1

2 ’i=t,t ,b,b m1/4
T,i ,

NLO PYTHIA 8.240 NNLO as 0118 µF = HT/4

SHERPA+OL ttbb 4FS
ttbb/

SHERPA 2.2.4 SHERPA
4FS NNPDF3.0

—
µR = ’i=t,t ,b,b m1/4

T,i ,
NLO NNLO as 0118 µF = HT/2

MG5 aMC+P8 ttbb 4FS
ttbb/ MADGRAPH5 aMC@NLO v2.4.2/

CP5
4FS NNPDF3.1

— µF = µR = Â mTNLO PYTHIA 8.230 NNLO as 0118

MG5 aMC+P8 tt+jets FXFX 5FS
tt+jets FxFx/ MADGRAPH5 aMC@NLO v2.6.1/

CP5
5FS NNPDF3.1

—
µF = µR = Â mT,

NLO [2 jets] PYTHIA 8.240 NNLO
qCut = 40 GeV,
qCutME = 20 GeV

The POWHEG inclusive tt generator is also interfaced with HERWIG (v7.13) for parton show-152

ering and hadronization [55, 56], using the CH3 underlying event tune [57] (referred to153

as POWHEG+H7 tt 5FS). Two other sets of simulated ttbb events in the 4FS at NLO in154

QCD were obtained using MADGRAPH5 aMC@NLO (referred to as MG5 aMC+P8 ttbb 4FS),155

and SHERPA (v2.2.4) [35, 58] with OPENLOOPS (referred to as SHERPA+OL ttbb 4FS). The156

MG5 aMC+P8 ttbb 4FS simulation is matched with PYTHIA and uses MADSPIN to decay the157

top quarks; the µF and µR scales are set to the sums of the transverse masses mT of all partons158

in the final state (Â mT). In the SHERPA+OL ttbb 4FS sample, the ME and PS are matched in159

the MC@NLO scheme, the PDF set used is NNPDF3.0 NNLO in the 4FS, and the scales are set160

to µF = HT/2 and µR = ’i=t,t ,b,b m1/4
T,i . Finally, MADGRAPH5 aMC@NLO is used to gener-161

ate a sample of tt+jets events with up to two additional jets described at NLO QCD in the162

ME calculations, merged in the FxFx scheme [33] and using massless b quarks (referred to as163

MG5 aMC+P8 tt+jets FXFX 5FS). The µF and µR scales are set to µF = µR = Â mT, while the jet164

cutoff in the ME calculations is set to 20 GeV and the merging scale to 40 GeV.165
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Modelling approaches

Different ME calculations
 

Note
different

 pre-factors!

Different scale choices 
in simulations
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Phase space regions for XS measurement

≥6 jets: ≥4 b jets → probing fully resolved ttbb events

≥6 jets: ≥3 b jets, ≥3 light jets → probing additional light jet radiation

≥5 jets: ≥3 b jets → probing tt events with at least 1 additional b jet

≥7 jets: ≥4 b jets, ≥3 light jets → probing additional light jet radiation

tt+b jet phase space region definitions

ttb

ttbb

ttbj

ttbbj

Partially
overlapping

+ exactly one electron or muon in each region.

Regions targeting distinct aspects of ttbb!
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Observables

11

Table 3: Description of all measured observables for each of the four fiducial phase space re-
gions. Observables marked as (X⇤) rely on the definition of additional b jets, and do not fully
correspond to the 6j4b fiducial phase space defined at the particle level, but also require the
presence of b jets without top (anti)quarks in their simulated history.

Observable 5j3b 6j4b 6j3b3l 7j4b3l
sfid Inclusive cross section X X X X

Global observables
Njets Jet multiplicity X X
Nb b jet multiplicity X
H

j

T Scalar pT sum of all jets X X
H

b
T Scalar pT sum of all b jets X X

H
light
T Scalar pT sum of all light jets X X

Observables related to b jets
pT(b3) pT of third hardest b jet X X
|h(b3)| |h| of third hardest b jet X X
pT(b4) pT of fourth hardest b jet X
|h(b4)| |h| of fourth hardest b jet X

Observables considering all pairs of b jets (bb)
DR

avg
bb Average DR of all bb pairs X

m
max
bb Highest invariant mass among all bb pairs X

Observables related to the pair of b jets closest in DR (bbextra)
pT(b

extra
1 ) pT of leading extra b jet X

|h(bextra
1 )| |h| of leading extra b jet X

pT(b
extra
2 ) pT of subleading extra b jet X

|h(bextra
2 )| |h| of subleading extra b jet X

DR(bbextra) DR of bbextra pair X
|h(bbextra)| |h| of bbextra pair X
m(bbextra) invariant mass of bbextra pair X
pT(bbextra) pT of bbextra pair X

Observables related to the pair of b jets not from tt decay (bbadd.)
pT(b

add.
1 ) pT of leading additional b jet X⇤

|h(badd.
1 )| |h| of leading additional b jet X⇤

pT(b
add.
2 ) pT of subleading additional b jet X⇤

|h(badd.
2 )| |h| of subleading additional b jet X⇤

DR(bbadd.) DR of bbadd. pair X⇤

|h(bbadd.)| |h| of bbadd. pair X⇤

m(bbadd.) invariant mass of bbadd. pair X⇤

pT(bbadd.) pT of bbadd. pair X⇤

Observables related to extra light jets
pT(lj

extra
1 ) pT of leading extra light jet X X

|Df(ljextra
1 , bsoft)| Df of leading extra light jet and softest b jet X X

Observables based on DNN 
identification targeting b jets not 

from tt

Extra light jet radiaton 

Observables based on 
closest b jets in ΔR, 

bextra preferrably b jets not from tt

All b jets

XS inclusive

Global observables covering 
various aspects of all jets

Jet kinematics, preferably b jets not 
from tt (3rd/4th b jet)

= covered in this talk

Measurements of ttbb/ttcc 
by ATLAS and CMS

Jan van der Linden
jan.vdlinden@cern.ch 

TOP2023 Conference
26.09.2023, Traverse City

DNN-based identification 
of additional b jets for a differential 
ttbb cross section measurement 

Juhee Song 
on behalf on the ttbb analysis team
@TOP2023

Improved Efficiencies with DNN
• Only matchable events are used for training
• Matching eff. = !!"##$!%!&'()*+

/ Reconstructed eff. = !!"##$!%
!,*%!-*.+$

• This algorithm is used to define eight observables 
for which differential cross section measurement is 
performed in TOP-22-009

Pros and Cons
• Direct access to the b jets not from top quark 

decays in differential cross section results
• Large migrations between reconstruction and 

generator level definitions of observables due to 
limited accuracy of DNN

• Less bins in the differential measurement

RESULTSReco. eff. Matching
eff.

One jet 
correct

Both jets 
wrong

Non 
matchable

DNN [%] 58.4 50.6 30.2 5.8 13.4
min. ∆" [%] 46.9 40.8 34.4 11.5 13.4

Motivation
• Modeling of ! ̅!#$# process is notoriously challenging 

because of its multi-scale nature (large top quark 
mass, low bottom quark mass)

• ! ̅!#$# process is the irreducible significant background 
of ! ̅!%(#$#) and ! ̅!! ̅! process

• ! ̅!#$# measurement with Run 2 data published as  
TOP-22-009

On my poster
• Aim to identify the two b jets not from top quark 

decay to facilitate the measurement

Event Samples
• 2016, 2017 and 2018 MC simulated samples
• Many different modelling approaches with wide range 

of predictions and large uncertainties in the modelling
• 4 FS ! ̅!#$# : Where the b mass is included and additional    

b jets are calculated in the ME
• 5FS ! ̅! +&'! : Where the b is treated as massless and 

additional b jet radiation is mostly generated in the PS

Event Selections
• Exactly one isolated electron or muon
• ≥ 6 jets & ≥ 4 b-tagged jets (medium WP)
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DNN sturcture

!

"

Based on DeepJet architecture
JINST 15 (2020) 12, P12012

Jet inputs

Event inputs

Dense layers

CNN+LSTM

Dense layer

Jet
permutation

Deep Learning Structures
• Dense and [Convolutional & LSTM (Long Short-Term Memory)] 

layers are used 
• Dropout and early stopping methods are used to 

prevent overfitting

Input Variables (#=50)
• Global event variables (#=30, #!"#$, #%!"#$, %&'"(#)*…)

• Jet variables (#=20, %&, ', ∆"!"#&'"(…)

Neural network predicts which premutation is the 
pair of add. b jets

NN
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E

There are a bunch more results in the paper!

#

$

Event-by-Event Approach
• Four b-tagged jets are selected
• Sorting the selected b-tagged jets by )! to 

identify six possible permutations
• Definition of add. b jets: matched to b-jet not 

from top on generator level (∆+ matching)
• Each combination is assigned to one category
• It becomes multi-classification problem

Normalized differential cross section for ∆(,,
$

~ 10% increased identification efficiency!!Add. b jets are often 
close together, so 
selecting the closest 
two b jets often 
already finds the 
correct ones

g
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W+

g

t

W�

))̅+,+ process
(semi-leptonic)

Additional 
b-jets

M
ETHODOLOGY

Jet permutation categories

Matchable events:
with two assigned jets

Non-matchable events:
without two assigned jets

Highest pT

Talk by 
Jan van der Linden

Poster by 
Juhee Song
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Cherry-picked differential 
cross section results
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Diff. XS results: Probing two closest b jets 

Target the b jet origin
§ Sensitive to b modelling
§ Potential preference of additional b jet 

modelling in PS (tt 5FS) or ME (ttbb 4FS)

tt (5FS) Pow+P8: prediction of too large distances ΔR   

tt (5FS) Pow+H7: prediction of too small distances ΔR   

ttbb (4FS) simulations: good description of ΔR   

Findings

Divergent behavior of tt/ttbb also seen in 
ATLAS+CMS comparison: arXiv:2301.11670

https://arxiv.org/abs/2301.11670
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Diff. XS results: Probing spatial relations

Target the average distance of b jets
→ very important input feature in ttH with

H→bb analyses for discriminator trainings

In all simulations: prediction of too large distances ΔR

Findings

Large uncertainties, mostly statistically limited!
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Diff. XS results: Probing two closest b jets

Target the closest b jets invariant mass

tt (5FS) Pow+H7: prediction of too small inv. masses

ttbb (4FS) simulations: good description of inv. masses

Findings

Similar behavior for invariant masses as for ΔR 
of the closest two b jets!
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Diff. XS results: Probing additional light jets

Target jet pT of light jets through HT 

tt (5FS) Powheg+Herwig7: very soft light jets

ttbb (4FS) Powheg+Pythia8: pT of light jets too high 
Findings

Other simulations: decent modelling of light jets 

Mis-modelling visible!
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Diff. XS results: Probing additional light jets

Nominal line of ttbb (4FS) Powheg+Pythia8 
simulation from previous slide

Renormalization scale multiplied by a factor of 2
Factorization scale multiplied by a factor of 2

How could the mis-modelling be improved?

Not necessarily a problem of the generator, 
but doubling µR and µF tend to describe light 
jet pT better!
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Summary

Measurements of cross sections of ttbb production in the lepton+jets channel 
at √s = 13 TeV with 138 fb−1:

ü Results compared to the predictions of several event generators 
and settings

ü None of them simultaneously describe all measured distributions in 
various phase space regions

ü ≥6 jets: ≥4 b jets: predictions compatible with the data within larger 
experimental uncertainties

ü Other phase spaces: mis-modelling in predictions visible

ü Rivet routine available to test generators!

Measurement helps tune and refine theoretical predictions and better assess theoretical uncertainties estimated 
from various ttbb event generators.

Measurement available at https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-009

ttbb measurement
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Backup
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7.2 Modelling uncertainties 23

Table 5: Contributions of the considered sources of uncertainty to the total uncertainty in the in-
clusive cross sections. For each group of uncertainty sources, the impacts of the corresponding
nuisance parameters on the total cross section are combined, taking into account their corre-
lation in the fit. The numbers show relative uncertainties (in %). The statistical uncertainty
is obtained as the difference, in quadrature, between the total uncertainty and the sum of all
systematic uncertainties.

Relative uncertainty (%)
Uncertainty source 5j3b 6j3b3l 6j4b 7j4b3l
Integrated luminosity 1.6 1.6 2.0 1.8
Pileup reweighting 0.2 0.8 0.4 0.5
Lepton and trigger 1.1 0.9 1.9 1.8
JES, JER 2.1 1.6 3.5 5.7
b tagging 4.5 3.9 7.0 9.1

µR and µF scales 2.8 6.8 8.2 12
Top quark pT modelling 0.3 1.0 0.6 1.3
PDF 0.2 0.7 1.0 1.9
PS scales 2.8 2.7 2.4 1.5
ME-PS matching (hdamp) 0.4 0.9 1.3 2.8
Underlying event 0.4 <0.1 0.4 0.4
Colour reconnection 1.1 1.5 1.9 4.5
b quark fragmentation 0.3 0.4 0.4 0.4
Inclusive ttC cross section 0.5 0.3 1.9 2.6

MC statistical 0.8 1.6 2.4 2.8

Total systematic uncertainty 6.0 8.7 13 17
Statistical uncertainty 0.6 1.2 2.2 3.3

Total uncertainty 6.0 8.8 13 17

26.09.2315

Sources of uncertainty
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