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• Mo;va;on for   measurements at ATLAS and CMS. 

• Measurement of  produc;on in associa;on with addi;onal b-jets in the  final state in proton-proton 

collisions at  with the ATLAS detector (arXiv:2407.13473, submi-ed to JHEP): 
Analysis strategy. 

light and c background es;mate: flavor fit. 
b-jets assignment to tops algorithm. 
Fiducial and differen;al cross-sec;on measurements results. 

• Inclusive and differen;al cross sec;on measurements of  produc;on in the lepton+jets channel at  

 [with the CMS detector] (JHEP 05 (2024) 042): 
Analysis strategy. 
Ancillary variable for the fit. 
b-jets assignment as the addi;onal pair. 
Fiducial and differen;al cross-sec;on measurements results. 

• Summary.
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https://arxiv.org/abs/2407.13473
https://link.springer.com/article/10.1007/JHEP05(2024)042
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Be-er understanding of the QCD modeling of heavy flavor jets produced with top quark pair: 

• Non-trivial predic;ons due to very different scales involved star;ng from  down to momenta of soe 

addi;onal radia;ons. 
Modeling of addi;onal b-jets available at various state-of-the-art NLO ME+PS predic;ons. 

Important background for many processes: , four tops and others.

mtop

tt̄H(bb̄)

 Cross-sec;on Measurement Mo;va;ontt̄bb̄
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Examples of Feynman diagrams of QCD processes 
leading to  final state:tt̄bb̄
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Examples of Feynman diagrams of electroweak 
processes leading to  final state:tt̄bb̄
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Measurement of  produc;on in associa;on with 
addi;onal b-jets in the  final state in proton-proton 

collisions at  with the ATLAS detector

tt̄
eμ

s = 13 TeV

arXiv:2407.13473

https://arxiv.org/abs/2407.13473
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Par4cle-level measurement in the  (OS) channel: 

• Integrated fiducial cross-sec;on in mul;ple regions:  
 + ≥3b | ≥4b | ≥3b + ≥1 l/c | ≥4b+≥1 l/c.  

• Normalized differen;al cross-sec;ons as a func;on of 
various variables in the 4 phase spaces. 

Some observables are defined aeer assigning b-jets 
to the top quarks or the addi;onal jets using 
kinema;c informa;on (full list of observables is in 
backup). 

The data are unfolded to the par4cle level a@er 
subtrac4ng the es4mated background and correc4ng  
for the detector effects. IBU, 4 itera;ons. Compared to 
various MC predic;ons. 

Background correc;ons using semi-data-driven method: 
• Fake leptons (small background, in backup).  

• Miss-tagged +light jets and +c jets es;ma;on.

eμ

eμ

tt̄ tt̄

Analysis Strategy
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arXiv:2407.13473
Event yields for the events  before any flavor composi;on  

scale factors are applied to  events are presented.tt̄

https://arxiv.org/abs/2407.13473
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Objects and Event Selec;on

6

Detector level events selec4on: 
• Single lepton triggers: 

 GeV for 2015 (2016-2018). 

• Exactly one electron and one muon 
Opposite signs, isolated leptons. 

 GeV, . 

 GeV to reject low-mass . 

• At least 2 jets: 
an;-   on par;cle flow cons;tuents. 

 GeV, . 

• At least 2 b-tagged jets: 
DL1r b-tagging algorithm (deep NN), baseline working point with 77% efficiency. 

• Similar par4cle-level sec4on criteria to define fiducial phase space.

pT > 24 (26)

pT > 28 |η | < 2.5
meμ > 15 τ

kt (R = 0.4)
pT > 25 |η | < 2.5

arXiv:2407.13473

https://arxiv.org/abs/2407.13473
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jets Flavors Fit: Setuptt̄+

7

Mistagged jets in light-jets and c-jets events (categorized depending on the number of par;cle  
b/c/light-jets) contribute as significant background to b-jets measurement. 

• 3j3b:  of events selected at the detector level have at least 3 b-jets at the par;cle level. 

• Perform template fits to data to extract scale factors  using the  (and the ) highest b-tagging 
discriminant score jet in events with ≥3 (4) b-jets.

tt̄+ tt̄+
tt̄+

∼ 50 %
αb/c/l 3rd 4th

arXiv:2407.13473

Two types of fits are performed: 
1. Global (≥3 jets: ≥2b region, inclusive in jet  > 25 GeV): 

the nominal approach to correct the normaliza;on of 
individual  components.  

2. Kinema+c-dependent (==3 and ≥4 jets regions: ≥2b, 
sliced in  of the  b-tag discriminant ranked jet): 
improves normaliza;on and shape but can’t be applied to 
the truth par;cle level events (due to poten;al bias). 
Used to evaluate the systema;c uncertainty accoun;ng 
for the shape effects of the  and  background.

pT

tt̄j

pT 3rd

tt̄c tt̄l

The data are described much beIer by the predic4on a@er the individual  components are corrected.tt̄j

https://arxiv.org/abs/2407.13473
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Create all possible permuta;ons of b-jets in an event. 

• In events with ≥4 b-jets consider only the 4 highest  b-jets.  

The permuta;on with the minimal  is chosen, and the first two  
b-jets in the permuta;on are assigned to top quarks: 

Frac;on of events with correctly assigned b-jets: 

• By the algorithm:  in  events with at least 3 (4) b-jets. 

• Selec;ng the leading  b-jets: . 

The probabili4es of correct assignment of b-jet(s) in a given bin of the 
measured observable ranges from  to  (  to ).

pT

−ln(w)

53 % (56%) tt̄
pT 42 % (27%)

50 % 85 % 40 % 75 %

b-jets Origins Classifica;on

8

arXiv:2407.13473

https://arxiv.org/abs/2407.13473
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The unfolding procedure for an observable 𝑋 at par;cle level is summarized by the following 
expression:  

Correc;on factors: 

Results from the unfolded distribu;ons are presented in terms of a rela;ve differen;al cross 
sec;on: 

Unfolding Formula

9

reconstruction efficiency fiducial acceptance ttj flavor composition

arXiv:2407.13473

https://arxiv.org/abs/2407.13473
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Fiducial Cross-Sec;on Measurements: Results

10

Measured and predicted fiducial cross-section results

arXiv:2407.13473
 (5FS) NLO ME+PS slightly  

under predicts addi;onal  
b-jets produc;on. 

Sherpa with one parton at NLO 
(5FS) under predicts events  
with ≥3 and ≥4 b-jets. 

Powheg  predic;ons in  
4FS describe data well in the  
≥4 b-jets region. 

Sherpa  remains consistent 
with data in all four phase 
spaces.

tt̄

tt̄bb̄

tt̄bb̄

Overall, 4FS generators predic4ons agree with data beIer than 5FS. 

https://arxiv.org/abs/2407.13473
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Fiducial Cross-Sec;on Measurements: Systs
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arXiv:2407.13473

https://arxiv.org/abs/2407.13473
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Differen;al Cross-Sec;on Measurements
ar
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Right: Quan;ta;ve comparisons with predic;ons show good 
agreement for most observables within the uncertain;es, 
and the differences among various predic;ons are small. 
Lee: Example of  in events with ≥3 b-jets.pT(badd

1 )

https://arxiv.org/abs/2407.13473


TOP 2024: -bb at ATLAS and CMSSep 24, 2024

Inclusive and differen;al cross sec;on measurement of 
 produc;on in the lepton+jets channel at 

 [with the CMS detector]

tt̄bb̄
s = 13 TeV

JHEP 05 (2024) 042

https://link.springer.com/article/10.1007/JHEP05(2024)042
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Par4cle level measurement in semi-leptonic  channels with addi4onal jets: 

• Integrated fiducial cross sec;on of 5j3b (≥5 jets: ≥3b), 6j4b (≥6 jets: ≥4b), 6j3b3l (≥6 jets: ≥3b, ≥3 light), 
7j4b3l (≥7 jets: ≥4b, ≥3 light) regions. 

• Normalized differen;al cross-sec;ons as a func;on of various variables in the 4 phase spaces. 
Some observables in 6j4b are defined aeer assigning b-jets to the addi;onal jets using kinema;c 
informa;on at the detector level (and using truth info on the par;cle level).  

The data are unfolded to the par4cle level a@er subtrac4ng the es4mated background and correc4ng for 
the detector effects:

e/μ

Analysis Strategy

14

JHEP 05 (2024) 042

• Distribu;ons are unfolded to the par;cle level through 
binned maximum likelihood fit. 

• Simultaneous differen;al and inclusive cross sec;on 
measurements for each observable. 

• Simultaneous fit in two or three regions, signal- and 
background-enriched, to be-er constrain the background 
contribu;ons.

https://link.springer.com/article/10.1007/JHEP05(2024)042
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In the selected regions with at least three medium (  eff.) b-tagged jets, the data are highly 
enriched in jets events, which consists of about  ,  , and  light events. 
 
The “ancillary” variable - the number of )ght (  efff.) b-jets - divides the detector-level selec;ons into 
signal- and background-enriched categories, that are fi-ed simultaneously to be-er constrain the 
background contribu;on. The use of ancillary variables also constraints b-tagging uncertain;es in the fit.

75 − 80 %
tt̄+ 30 % tt̄B 20 % tt̄C 50 % tt̄+

60 %

Ancillary Variable
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https://link.springer.com/article/10.1007/JHEP05(2024)042
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8 observables in the 6j4b regions are related to physics with addi;onal b-jets. 
6 permuta;ons of the 4 leading  b-jets (candidate jets) at the detector level are considered. 
A DNN algorithm is trained with the candidate jets: 
 
 
 
 
 
 
 
 
 
 
Jet inputs features are:  ,  , “is b-)ght” flag ,  , . 

Event inputs features: 30 variables targe;ng global event informa;on. 
The pair of b-tagged jets with the highest DNN score per event is chosen as the addi4onal b-jets. 

The accuracy of the method is vs if selec;ng two closest in  b-jets.

pT

pT η ΔR(b, lep) minv(b, lep)

49 % 41 % ΔR

b-jets Origins Classifica;on, Detector Level
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JHEP 05 (2024) 042

https://link.springer.com/article/10.1007/JHEP05(2024)042
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Fiducial Cross-Sec;on Measurements: Results

17

JHEP 05 (2024) 042

Measured and predicted fiducial cross-section resultsPowheg+P8  (4FS) is the only 
predic;on which agrees well with 
the measurement in the 5j3b and 
overes;mates cross sec;ons in 
other phase spaces. 

Powheg+P8 5FS with  
predic;on agrees well in phase 
space with addi;onal light jet 
radia;on. 

Other generators systema;cally 
under predict the cross sec;ons 
compared to the measurements.

tt̄bb̄

μR/F = mT

Overall, in all phase space regions, the measured cross sec4ons are larger than the theore4cal 
predic4ons except for Powheg+P8  (4FS) which agrees with the measurement in 5j3b and 
overes4mates in other regions. 

tt̄bb̄

https://link.springer.com/article/10.1007/JHEP05(2024)042
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Fiducial Cross-Sec;on Measurements: Systs

18

JHEP 05 (2024) 042

https://link.springer.com/article/10.1007/JHEP05(2024)042
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Right: observed  score for each of the theore;cal 
predic;ons. A lower value indicates a be-er agreement 
between predic;on and measurement. The dashed line 
at  indicates value of . 

The agreement is generally be-er in the 6j4b phase 
space, at least in part due to the large uncertain;es  
in the measurements. 

Lee: Example of unfolded distribu;on 

z

z = 2 p− 5 %

ΔR(bbextra)

Differen;al Cross-Sec;on Measurements
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The ATLAS and CMS collabora;ons recently released measurements of  produc;on with addi;onal  
b-jets using full Run-2 LHC dataset. Both are the most up-to-date and most precise measurements of 
corresponding channels: 

• ATLAS:  channel with at least three and at least four b-jets at : 

The measured integrated cross-sec;ons are consistent with  predic;ons from various NLO 
ME+PS calcula;ons within the uncertain;es of the predic;ons ( ). 
None of the predic;ons simultaneously describe all observables in differen;al measurements. 

The leading uncertain;es are systema;c: b-tagging, jet energy scale and  modeling. 

• CMS: semi leptonic ( ) channel in 5j3b, 6j4b, 6j3b3l, 7j4b3l at : 

For most of the tested generators, the measured inclusive cross sec;ons with total uncertainty of 
depending on a channel exceed the predic;ons. 

None of the predic;ons simultaneously describe all observables in differen;al measurements. 
The leading uncertain;es are systema;c: b-tagging, jet energy scale, choice of  scale.

tt̄bb̄

eμ − OS s = 13 TeV, 140 fb−1

tt̄bb̄
8.5 − 14.8 %

tt̄

e/μ s = 13 TeV, 138 fb−1

6 − 17 %

μr

Summary
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arXiv:2407.13473

JHEP 05 (2024) 042

https://arxiv.org/abs/2407.13473
https://link.springer.com/article/10.1007/JHEP05(2024)042
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Thank you!
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Backup
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Top quark pair  produc4on governed by the strong interac4on: 

The final state topology is driven by: 
• the W-bosons decays: 

,  

• ISR/FSR: 

•  Produc;on mode:

tt̄

(t → Wb) W → lν( ∼ 33%) or qq′ ( ∼ 67%)

 Produc;on Modes at the LHCtt̄bb̄

23

Top pair branching fractions
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Before the full Run-2 analyses (discussed down in the talk), ATLAS and CMS measured cross-sec;ons 

of  pair with addi;onal b-jets produc;ons:tt̄

ATLAS and CMS  Measurementstt̄b(b̄)

24

1 2 3 4 5 6 7 8 9
ættbb [pb]

L+jets
35.9 fb°1

JHEP07(2020)125

Dilepton
35.9 fb°1

JHEP07(2020)125

Dilepton
41.5 fb°1

arxiv:2012.09225

Fully hadronic
35.9 fb°1

PLB(803)2020 135285

CMS Preliminary June 2021

POWHEG+PYTHIA8

aMC@NLO+PYTHIA8(FXFX)

POWHEG+HERWIG++

aMC@NLO+PYTHIA8

Measurement

±stat.

±stat. © ±syst.

CMS public results
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fid [fb]

e ( 4b)

e ( 3b)

lepton+jets ( 4b)

lepton+jets ( 3b)

Data - ttX(X=H,V)
Stat. uncert.
Total uncert.

Sherpa 2.2 ttbb (4FS)
Powheg+Pythia8 ttbb (4FS)
PowHel+Pythia8 ttbb (5FS)
PowHel+Pythia8 ttbb (4FS)

0.5 1.0 1.5
Pred./(Data - ttX)

ATLAS
s =13 TeV, 36.1 fb 1

JHEP 04 (2019) 046

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures
https://link.springer.com/article/10.1007/JHEP04(2019)046
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ATLAS consists of an inner tracking detector surrounded by a thin superconduc;ng solenoid, 
electromagne;c and hadronic calorimeters, and a muon spectrometer incorpora;ng three large 
superconduc;ng air-core toroidal magnets. 

• Inner detector:  
silicon tracker (pixels + strips) ;  

transi;on radia;on tracker with ;  
also provides electrons iden;fica;on info. 

• Calorimeters: 
hadronic and electromagne;c,  . 

• Muon spectrometer:  .

|η | < 2.5
|η | < 2.0

|η | < 4.9
|η | < 2.7

The ATLAS Detector

25

ATLAS-OUTREACH-2021-052

ATLAS open data

https://cds.cern.ch/record/2770815
https://opendata.atlas.cern/docs/atlas/experiment
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The CMS Detector

26

arXiv:1706.04965

CMS experiment webpage

https://arxiv.org/abs/1706.04965
https://cmsexperiment.web.cern.ch/index.php/detector
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 Events candidates at ATLAS and CMStt̄

27

ATLAS  event candidate with three jets 
(two b-tagged), an electron and a muon

tt̄ CMS  event candidate 
with 7 jets (four b-tagged), an 

electron and a muon

tt̄bb̄/tt̄H

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://cds.cern.ch/record/2680325?ln=en
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ATLAS Signal Monte Carlo Samples

28

Nominal

Systematics

For comparison only 
(not systematics)

arXiv:2407.13473

https://arxiv.org/abs/2407.13473
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ATLAS : Observables  tt̄bb̄

29

summary of all measured observable in each fiducial phase space region arXiv:2407.13473

https://arxiv.org/abs/2407.13473
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ATLAS Objects and Event Selec;on

30

arXiv:2407.13473

https://arxiv.org/abs/2407.13473
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ATLAS jets Flavors Fit: Resul;ng Fit Valuestt̄+

31

Truth categorizations, 
defined using particle 
level information of the 
reconstructed events.

Best fit values of the scale 
factors determined from 
dedicated fit regions. The 
quoted uncertainties are 
statistical only.

The expected number 
of events in  bin in 
==3b (top) and  
≥4b (bottom) regions

kth

arXiv:2407.13473

https://arxiv.org/abs/2407.13473
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Comparison of data and predic;ons for the b-
tagging discriminant score distribu;ons: 

a: the inclusive 3j2b region considered for the 
Global fit. 
b, c: the exclusive 3j2b region for two slices in 
the  b-tag score ranked  considered for the 
Kinema)c-dependent fit. 

d: the inclusive 4j2b for one slice in the  b-
tag score ranked  considered for the 
Kinema)c-dependent fit.

3rd pT

3rd

pT

ATLAS jets Flavors Fit: b-tagging discriminant score distribu;onstt̄+
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arXiv:2407.13473

https://arxiv.org/abs/2407.13473
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Lee: pre-fit distribu;ons for various variables of the analysis.                            Right: post-fit. 

The data are described much beIer by the predic4on a@er the individual  components are 
corrected.

tt̄j

ATLAS jets Flavors Fit: Compare  Pre/Posttt̄+

33

arXiv:2407.13473

https://arxiv.org/abs/2407.13473
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Fake leptons background is a very small background in the analysis.  
Data-driven es;ma;on from fake dominated same-sign region: 

Fake SS→OS scaling factors R are derived as a func;on of lepton  in events with at least two 
b-jets, and evaluated inclusively in lepton  in events with ≥3 b-jets.  

The values of R range from  to  across the lepton-  bins in 2b@77% events, while 
it is  for the inclusive ≥3b@77% events, where the quoted error represents the uncertainty due 
to limited MC sta;s;cs and the MC modeling uncertainty, with the la-er being the dominant component.

pT
pT

1.98 ± 0.52 2.38 ± 0.74 pT
1.65 ± 0.45

ATLAS Fake Leptons Background Es;ma;on

34

arXiv:2407.13473

https://arxiv.org/abs/2407.13473


Sep 24, 2024 TOP 2024: -bb at ATLAS and CMS

ATLAS Fiducial Cross-Sec;on Measurements: Results

35
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Quan;ta;ve comparisons with predic;ons show good agreement for most observables within the 
measurement uncertain;es, and the differences among various predic;ons are small.

36

ATLAS Differen;al Cross-Sec;on Measurements
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ATLAS Unfolded b-jets Mul;plicity

37

arXiv:2407.13473

https://arxiv.org/abs/2407.13473
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ATLAS Diff X-Sec. with Poor Agreement in 3j3b

38

arXiv:2407.13473

https://arxiv.org/abs/2407.13473
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ATLAS Diff X-Sec. with Poor Agreement in 3j3b

39

arXiv:2407.13473

https://arxiv.org/abs/2407.13473
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ATLAS Diff X-Sec. with Poor Agreement in 3j3b

40

ATLAS TOPQ-2019-03 
arXiv:2407.13473

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2019-03/
https://arxiv.org/abs/2407.13473
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Generator se{ngs for different modeling approaches of  produc;on. The top quark mass value set to 
 for all generator setups, and for the generator setups using massive b quarks, the b 

quarks mass value is set to .

tt̄bb̄
mt = 172.5 GeV

mb = 4.75 GeV

CMS Signal Monte Carlo Samples

41

JHEP 05 (2024) 042

https://link.springer.com/article/10.1007/JHEP05(2024)042
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• Primary electrons: 

• 2016:        , 

• 2017/18:   and   , 

• PL:             with momenta of FSR photons in  proximity. 

• Primary muons: 

• 2016:        , 

• 2017/18:  , 

• PL:             with momenta of FSR photons in  proximity. 

• Veto leptons: 
• used to reject events with more than one lepton, 

• :       , 

• PL :  with momenta of FSR photons in  proximity, 

• Jets (PL):  ,  away from selected (prompt) lepton. 

• b-jets: “medium” at  iden;fica;on efficiency ( correct iden;fica;on probability)  
and “)ght” — at  ( correct iden;fica;on probability). On the par;cle level, b-hadron 
matching is performed to iden;fy the flavor.

pT > 29 GeV in |η | < 2.5
pT > 34 GeV in 2.1 ≤ |η | < 2.5 pT > 30 GeV in |η | < 2.1
pT > 29 GeV in |η | < 2.5 ΔR < 0.1

pT > 26 GeV in |η | < 2.4
pT > 29 GeV in |η | < 2.4
pT > 24 GeV in |η | < 2.4 ΔR < 0.1

e(μ) pT > 15 GeV in |η | < 2.5 (2.4)
e(μ) pT > 15 GeV in |η | < 2.5 (2.4) ΔR < 0.1

pT > 30(25) GeV in |η | < 2.4 ΔR ≥ 0.4
75 − 80 % > 80 %

60 % > 96 %

CMS Measurement Objects Defini;ons

42

JHEP 05 (2024) 042

https://link.springer.com/article/10.1007/JHEP05(2024)042
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CMS : Observables  tt̄bb̄

43

JHEP 05 (2024) 042

https://link.springer.com/article/10.1007/JHEP05(2024)042
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Unfolding is performed through a maximum likelihood fit. 
 
The values of the par;cle-level cross sec;ons which maximize the agreement between the predicted 
detector-level distribu;ons and the observed data are determined from the fit. In these models, freely 
floa;ng parameters of interest determine the total cross sec;on of the signal process in the corresponding 
phase space, as well as the normalized differen;al cross sec;on of the signal process in discrete bins of the 
considered observable. 

The electron and muon channels as well as the four data-taking eras and the ancillary variable regions are 
combined at the likelihood level: 

where  are freely-floa;ng parameters of interest,  are profiled nuisance parameters used to model 
systema;c uncertain;es,  are the observed yield in data-taking era  and detector-level bin ,  are the 

predicted yields of background process  in era  and bin ,  are the predicted signal yields in in era  and 

bin ,  is the Poisson probability mass func;on for counts  with mean , and  is the 
Gaussian constant term (with mean of zero and width of one of the nuisance) parameters.

⃗μ ⃗α
De,i e i Np

e,i

p e i Se,i e
i Poi(d |v) d v 𝒩( ⃗α )
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The expected event yields in era  is:  , 

where  is the integrated luminosity in era ,  is the profit cross sec;on in bin  es;mated using the 

nominal  sample, and  are response matrices. 

The total expected signal yields  are computed as func;ons of the parameter of interest as: 

where  is the signal-strength modifier for the inclusive cross sec;on, and  are the 

parameters varying the frac;on of signal events in each generator-level bin . TO preserve unity, the yields in 
the last generator-level bin  are not scaled independently, but as a func;on of the other bins: 

where  is the a priory frac;onal cross sec;on in bin . The measured inclusive cross 

sec;on is directly obtained as . The measured normalized differen;al cross sec;on in bin  is 
extracted as  , where  us the width f generator-level bin .

e Me
ij = ℒeσ0

j Ke
ij

ℒe e σ0
j j

tt̄bb̄ Ke
ij

S

μfid = σfid /σ0
fid μj

j
n

Fj = σ0
j /σ0

fid = σ0
j /Σn

i=iσ
0
i j

̂σfid = ̂μfidσ0
fid j

1/ ̂σfidd ̂σj /dX = ̂μjFj /wj wj j
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CMS Fiducial Cross-Sec;on Measurements: Results
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Measured and predicted inclusive cross sections Contributions of the considered sources of 
uncertainty to the total uncertainty in the 

inclusive cross section measurement

The leading systema;c uncertain;es originate from the 
calibra;on of the b-tagging and of the JES, the choice of 
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CMS Post-fit Nuisance Parameters Values
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CMS Post-fit Nuisance Parameters Values
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An example of differen;al measurement of  
in 6j4b region is presented. 
 
The response matrix (top) is averaged across eras and lepton channels, 
and normalized to generated-level bins (i.e. columns). 

Table:  scores are es;mated, most of the generators perform well 
with Powheg+OL+P8  being the best for . 

More results (histograms and tables) are in the paper. 

ΔR(bbextra)

z
tt̄bb̄ ΔR(bbextra)

CMS Unfolded  in 6j4b RegionΔR(bbextra)
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