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tt+HF measurement: motivation

 tt+Heavy Flavor main background to many SM and BSM 
searches at the LHC

 ttbb, but also ttb, ttcc, ttc

ttH(bb)

H+ → tb

VLQ

4-top
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tt+HF measurement: motivation

 In ttH(bb) analysis, tt+HF cross-section and modelling are 
dominant systematic uncertainties:

 Much more details in 

next talk on ttH(bb)

ttH(bb)

ATLAS, 1-lepton, 13 TeV
ATLAS-CONF-2016-080
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tt+HF production and QCD prediction

 Cross-sections computed at NLO with massive b-quarks

Nb of parton-level b-jets with p T > 25 GeV and | η(b) | < 2.5

 At 8 TeV, xs(ttbb) = 600 fb (for pT(b) > 25 GeV, |eta(b) < 2.5)
 NLO scale uncertainties at the level of 25% ~ 150 fb
 To be compared to ttH(bb) total cross-section:

→  130 fb * 58% = 74 fb 

SherpaOL
PLB 734 (2014) 210

http://www.sciencedirect.com/science/article/pii/S0370269314003499?via=ihub
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tt+HF production and QCD prediction

* High-mass 
gluon splitting
→ two b-jets:

* Low-mass gluon splitting
→ two b-jets each containing
two b-hadrons: only one of 
the two is NLO!

g→bb
turned off
in shower

ttbb diagrams at tree level:

Mass of first two b-jets
(not from top)

PLB 734 (2014) 210
SherpaOL

The 2nd gluon splitting
comes from parton shower

http://www.sciencedirect.com/science/article/pii/S0370269314003499?via=ihub
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tt+HF measurements: overview of current results

 Measurements of:
→ ttb and ttbb fiducial or full cross-section
→ ttbb/ttjj cross-section ratio
→ ttbb differential cross-section of kinematic variables

 13 TeV results:
→ CMS dilepton (fid. ttbb, ttbb/ttjj ratio) Phys. Lett. B (2017)

 8 TeV results:
→ ATLAS dilepton and 1-lepton (fid. ttb, ttbb, and ttbb/ttjj ratio)

Eur. Phys. J. C76 (2016) 11
→ CMS dilepton (fid. ttbb and ttbb/ttjj ratio) Phys. Lett. B 746 (2015) 132
→ CMS 1-lepton (fid. ttbb and ttbb/ttjj ratio) CMS-PAS-TOP-13-016
→ CMS dilepton (differential cross-sections) 

Eur. Phys. J. C 76 (2016) 379

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-16-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2014-10/
http://dx.doi.org/10.1016/j.physletb.2015.04.060
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-13-016/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-12-041/index.html
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ttb and ttbb fiducial and full cross-sections:
analysis techniques

 Both experiments use the same strategy:
→ Start from pure ttbar sample (1-lepton or dilepton channel) with two b-tags
→ Fit b-tagging discriminant of additional jets to extract different tt+jets 

components: ttbb, ttb, ttc, tt+light

 One exception: ATLAS measurement of ttbb using a very tight 
selection to isolate pure ttbb sample → cut-and-count

CMS, 13 TeV
Dilepton channel

Phys. Lett. B (2017)

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-16-010/index.html
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Event selection (dilepton channel)
ATLAS-CMS comparison

ATLAS 8 TeV
 Two OS leptons (e or μ)

→ pT > 25 GeV, |eta| < 2.5

 At least 3 jets anti-kt R = 0.4
→ pT > 25 GeV, |eta| < 2.5
→ at least 2 b-tags (80%)

 m(ll) > 15 GeV
 No cut on missing ET
 |m(ll) – m(Z)| > 10 GeV

(same-flavor channels only)

CMS 13 TeV
 Two OS leptons (e or μ)

→ pT > 20 GeV, |eta| < 2.4

 At least 4 jets anti-kt R = 0.4
→ pT > 30 GeV, |eta| < 2.4
→ at least 2 b-tags (60-70%)

 m(ll) > 12 GeV
 missing ET > 30 GeV and    

|m(ll) – m(Z)| > 15 GeV

(same-flavor channels only)
CMS 8 TeV

 Same except jet |eta|<2.5 
and R = 0.5
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Fiducial region definition at particle level

 Fiducial region chosen as close as possible to reconstructed 
event selection (to minimize model-dependence)

 Fiducial cuts applied to Monte Carlo at particle level
 Lepton cuts identical to event selection
 Particle jets anti-kt R = 0.4 (except CMS 8 TeV: R = 0.5)

→ pT > 20 GeV (lowered from 25 (ATLAS) or 30 (CMS) due to large jet 
energy resolution, |eta| < 2.5                             

→ Dilepton ttb: at least 3 jets and three b-jets. ttbb: at least 4 jets and 4 
b-jets

 b-jets: ghost-matching of b hadrons with particle-jets
→ ATLAS: pT(B) > 5 GeV

 ATLAS and CMS: fiducial definitions almost identical 



H. Bachacou Top2017, Braga, Sept 21st 11

ttbb dilepton CMS 13 TeV measurements

 Fit b-tag discriminant of jets with 3rd and 4th highest discr.

CMS, 13 TeV
Dilepton channel

Phys. Lett. B (2017)

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-16-010/index.html
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ttbb dilepton CMS 13 TeV measurements:
Systematics

Syst. for visible xs (pT > 20 GeV)

Jet energy scale and res.

b-tag calibrations
do not cancel in ratio

ttbar modelling
(other than tt+HF)

cancel (mostly) in the ratio

Total: 34% for ttbb
28% for ratio 
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ttbb dilepton CMS 13 TeV measurements:
Results 

ttbb ttjjttbb ttbb/ttjj

Phys. Lett. B (2017)

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-16-010/index.html
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ttb and ttbb ATLAS 8 TeV measurements:
fit-based analysis

 Separate measurements of ttb and ttbb:
→ For ttb, fit only 3rd highest b-tag discriminant

 ATLAS uses only 5 bins corresponding to 4 calibrated working 
points: 80%, 70%, 60%, 50% 

1-lepton channel
ttb measurement

2-lepton channel (eμ)
ttb measurement

2-lepton channel (ee, eμ, μμ)
ttbb measurement

post-fit post-fit post-fit

ATLAS, 8 TeV
Eur. Phys. J. C76 (2016) 11

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2014-10/
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ttb and ttbb ATLAS 8 TeV measurements:
Results

 Total unc. ~ 35%, dominated by b-tag, JES/JER, ttbar mod.

ttbb dilepton ttb dilepton ttb lepton+jets
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CMS 13TeV 
(dilepton)

(2.4 +- 0.8)%

ttbb/ttjj visible cross-section ratio:
ATLAS-CMS, 8-13 TeV comparisons

ATLAS 8TeV 
(dilepton fit-based)

(1.2 +- 0.4)%

CMS 8TeV 
(1-lepton)

(1.5 +- 0.5)%

CMS 8TeV 
(dilepton)

(2.2 +- 0.6)%

PowhegP6 8TeV
(ATLAS)

1.2%

MadgraphP6 8TeV
(ATLAS)

(1.3 +- 0.2)%

PowhegP6 8TeV 
(CMS)

(1.6 +- 0.2)%

MadgraphP6 8TeV 
(CMS)

(1.6 +- 0.2)%

PowhegP8 13TeV 
(dilepton)

(1.4 +- 0.1)%

 ttbb/ttjj ratio of fiducial cross-sections (pT(bjet) > 20 GeV)

Measurements Predictions

 Overall reasonable agreement between experiments and with 
LO predictions
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CMS 13TeV 
(dilepton)

(2.4 +- 0.8)%

ttbb/ttjj visible cross-section ratio:
ATLAS-CMS, 8-13 TeV comparisons

ATLAS 8TeV 
(dilepton fit-based)

(1.2 +- 0.4)%

CMS 8TeV 
(1-lepton)

(1.5 +- 0.5)%

CMS 8TeV 
(dilepton)

(2.2 +- 0.6)%

PowhegP6 8TeV
(ATLAS)

1.2%

MadgraphP6 8TeV
(ATLAS)

(1.3 +- 0.2)%

PowhegP6 8TeV 
(CMS)

(1.6 +- 0.2)%

MadgraphP6 8TeV 
(CMS)

(1.6 +- 0.2)%

PowhegP8 13TeV 
(dilepton)

(1.4 +- 0.1)%

 ttbb/ttjj ratio of fiducial cross-sections (pT(bjet) > 20 GeV)

difference in true b-jet definition?
PredictionsMeasurements

 Overall reasonable agreement between experiments and with 
LO predictions



H. Bachacou Top2017, Braga, Sept 21st 18

ttbb differential cross-section
8 TeV, CMS, dilepton channel

 Dilepton channel
 BDT to select pair of b-jets most likely 

to come from top decay
→ Use variables insensitive to kinematic of 

additional jets, and train on ttH to avoid 
biasing ttbb kinematic variables

→ Ex: b-jet charge, b-jet pT, b-lepton mass
→ reach 40% purity  (16% with random 

choice) in ttbb

 Template fit to b-tagged jet multiplicity 
to extract components

CMS, 8 TeV

dilepton channel

Eur. Phys. J. C 76 (2016) 379

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-12-041/index.html


H. Bachacou Top2017, Braga, Sept 21st 19

ttbb differential cross-section
8 TeV, CMS, dilepton channel

 Unfold several kinematic distributions to visible, and full cross-
section.

 Good agreement with prediction but much more statistics 
required

Mass of two add. b-jets

dilepton

Eur. Phys. J. C 76 (2016) 379

ttH !

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-12-041/index.html
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ttbb differential cross-section
8 TeV, CMS, dilepton channel

dilepton

Eur. Phys. J. C 76 (2016) 379

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-12-041/index.html


H. Bachacou Top2017, Braga, Sept 21st 21

ttbb differential cross-section
8 TeV, CMS, dilepton channel

Mass of two add. b-jets

dilepton

Eur. Phys. J. C 76 (2016) 379

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-12-041/index.html
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ttbb differential cross-section
8 TeV, CMS, dilepton channel

Delta R of two add. b-jets

Eur. Phys. J. C 76 (2016) 379

dilepton

Indication of larger
DR(bb) in data

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-12-041/index.html
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Conclusion

 tt+HF measurements not yet able to improve on the QCD 
predictions
→ Precision limited by b-tagging calibration, jet energy scale and 

resolution, and ttbar modelling
→ Measurement ~ 35%
→ NLO prediction ~ 25%

 Measuring ttc/ttcc would also be helpful but is even more 
challenging

 Precise differential cross-section measurements required, 
but limited by statistics
→ New Run 2 results expected soon!
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Backup
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ttb and ttbb ATLAS 8 TeV measurement:
Event selection

 Leptons (electron or muon)
→ pT > 25 GeV, |eta| < 2.5

 Jets anti-kt R = 0.4
→ pT > 25 GeV, |eta| < 2.5                             

 No cut on missing ET

 1-lepton analysis:
→ At least 5 jets, at least two b-tags (80% working point)

 Dilepton analysis: two isolated leptons
→ m(ll) > 15 GeV and for same-flavor pairs |m(ll) – m(Z)| > 10 GeV
→ At least 3 jets, at least two b-tags (80%)
→ Cut-and-count channel (ttbb): at least 4 jets, at least 4 b-tags (70%)



H. Bachacou Top2017, Braga, Sept 21st 26

ttb and ttbb ATLAS 8 TeV measurement:
Fiducial definition at particle level

 Leptons (electron or muon)
→ pT > 25 GeV, |eta| < 2.5

 Jets anti-kt R = 0.4
→ pT > 20 GeV, |eta| < 2.5                             

 No cut on missing ET

 1-lepton analysis:
→ At least 5 jets, at least three b-jets

 Dilepton analysis: two isolated leptons
→ m(ll) > 15 GeV and for same-flavor pairs |m(ll) – m(Z)| > 10 GeV
→ At least 3 jets, at least three b-jets
→ Cut-and-count channel (ttbb): at least 4 jets, at least 4 b-jets

 b-jets: ghost-matching of b hadrons of pT > 5 GeV
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ttb and ttbb ATLAS 8 TeV measurement:
Event yields

ttb ttbb ttbb
19 /fb, 8 TeV 19 /fb, 8 TeV
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ttbb CMS 8 TeV and 13 TeV measurements:
Event selection and yields (dilepton)

2.3 /fb, 13 TeV19.7 /fb, 8 TeV

 Two isolated opposite-sign leptons (electron or muon)
→ pT > 20 GeV, |eta| < 2.4
→ m(ll) > 12 GeV and for same-flavor pairs |m(ll) – m(Z)| > 15 GeV

 At least four jets anti-kt R = 0.5 (R = 0.4 at 13 TeV)
→ pT > 30 GeV, |eta| < 2.5                             (|eta| < 2.4 at 13 TeV)
→ At least two b-tags (45% eff. working point) (60-70% eff. at 13 TeV)

 Missing ET > 30 GeV in same-flavor channels
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ttbb CMS 8 TeV and 13 TeV measurements:
Fiducial definition at particle level

 Two isolated opposite-sign leptons (electron or muon)
→ pT > 20 GeV, |eta| < 2.4
→ m(ll) > 12 GeV and for same-flavor pairs |m(ll) – m(Z)| > 15 GeV

 At least four jets anti-kt R = 0.5 (R = 0.4 at 13 TeV)
→ pT > 20 GeV, |eta| < 2.5                             (|eta| < 2.4 at 13 TeV)
→ At least four b-jets

 Missing ET > 30 GeV in same-flavor channels

 b-jets: b-hadron ghost association (13 TeV) (pT cut?) (8 TeV?)
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ttb and ttbb ATLAS 8 TeV measurement:
Systematics

 Dominant systematic uncertainties: b-tag calibration, ttbar 
modelling, JES and JER
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ttb and ttbb ATLAS 8 TeV measurement:
Systematics

1-lepton dilepton
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ttbb CMS 8 TeV and 13 TeV measurements:
Systematics

2 /fb, 13 TeV

19 /fb, 8 TeV

 Visible cross-section (pT > 20 GeV)
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ttbb fiducial and full cross-sections
8 TeV and 13 TeV, CMS, dilepton channel 

 19.7 /fb at 8 TeV:

 2.3 /fb at 13 TeV (Jet pT > 20 GeV):

 Measurement compatible with Powheg prediction
 Syst. ~ 30%
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ttbb CMS 8 TeV differential cross-section:
Event selection

 Two isolated opposite-sign leptons (electron or muon)
 Jets and leptons pT > 20 GeV, |eta|<2.4
 Jets anti-kt R = 0.5
 Jets from top quarks (after BDT selection) must fulfill pT > 30 

GeV
 3 b-tags at 70%
 Fiducial cuts at particle-level match the event selection cuts 

above (except b-tagging)
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