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Measurement of the ¢7H production cross-section
in the H — bb decay channel using 139 fb~1
of pp collision data at vs = 13 TeV
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The t7H(bb) leptonic analysis team!

A measurement of the t7H production cross section in the H — bb decay channel is presented. The
analysis uses 139 fb~! of pp collision data at /s = 13 TeV, collected with the ATLAS detector at the
LHC, corresponding to the full run-2 dataset (2015-2018). This analysis uses events with one or two
electrons or muons.
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The signal strength, defined as a ratio of the measured ¢7H signal cross section to the Standard Model
expectation is measured, assuming a Higgs boson mass of 125 GeV. The observed (expected) signal

strength is 0.35703¢ (1*9:3%), and the observed (expected) significance is 1.0 (2.7)c". In addition,

since the t7H(bb) final states allow to reconstruct the Higgs boson kinematics, the signal strength is
measured as a function of the Higgs boson transverse momentum p? , in the simplified template cross

sections (STXS) formalism. The observed signal strengths are 0.86*)% for 0 GeV< p¥ <120 GeV,

" -0.18*193 for 120 GeV< p# <200 GeV, 1.05*9% for 200 GeV< pZ <300 GeV, -0.19*07 for

7 300 GeV< pH <450 GeV, and -0.10*1-47 for pH >450 GeV.

18 © 2021 CERN for the benefit of the ATLAS Collaboration.
19 Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

1 Full list of authors with their contributions can be found on next page.



20

\ Not reviewed, for internal circulation only ‘

ATLAS DRAFT

List of contributions

Aurelio Juste Rozas @

Timothée Theveneaux-Pelzer >

Silvia Biondi ¢
Mauro Villa 4
John Keller©

Jelena Jovicevic !

Tamara Vazquez Schroeder f

Georges Aad &
Nihal Brahimi &
Yann Coadou &
Arnaud Duperrin &
Ziyu Guo &
Thomas Strebler &
Laurent Vacavant &
Lars Ferencz "
Paul Glaysher
Judith Katzy "
Thorsten Kuhl ®
Anastasiya Melnik "

Filip Nechansky "

Manuel Guth
Andrea Knue '

Albert BorbelyJ

Sarah Boutle!
Tan Connelly ¥

Tony Doyle |
Michael Fenton

James Howarth -

22nd June 2021 — 11:52

Leptonic resolved: advisory role

Leptonic resolved: analysis contact, software and production manager,
ttbar modelling, MC preparation, ttbar HF-filtered MC samples
Single-lepton boosted: analysis contact

Single-lepton boosted: advisory role

Single-lepton resolved: new ttbar modelling estimate, Data/MC
studies

Leptonic resolved: analysis contact, MC preparation, STXS studies,
Ntuple production

HTop sub-group convener

Single-lepton resolved: new ttbar modelling estimate, ttbar HF-
filtered MC samples, STXS studies, supervision of Nihal Brahimi
Single-lepton resolved: new ttbar modelling estimate, ttbar HF-
filtered MC samples, data/MC, STXS studies, fit studies

Editor or the conf-note and of the paper; single-lepton resolved: MVA
optimisation studies, supervision of Ziyu Guo

Single-lepton resolved: advisory role

Single-lepton resolved: MVA optimisation studies

Single-lepton resolved: Ntuple production

Single-lepton resolved: supervision of Nihal Brahimi

Leptonic resolved and boosted: truth-level pTbb modelling studies
on ttbb background

Leptonic resolved: former fit contact, Ntuple production, MVA
optimisation studies, ttbb modelling studies

Single-lepton resolved: supervision of Anastasiya Melnik, ttbar
modelling; HTop sub-group convener

Single-lepton resolved: supersivion of Filip Nechansky
Single-lepton resolved: MVA optimisation studies

Leptonic resolved: fit contact, Data/MC, fit studies, ttbar modelling,
Ntuple production

Single-lepton resolved: Ntuple production, STXS analysis
Single-lepton resolved and boosted: Ntuple production, MC prepara-
tion, Data/MC studies, ttbar modelling, supervision of Manuel Guth
Single-lepton boosted: DNN application

Single-lepton boosted: core analysis developer

Editor or the conf-note and of the paper; dilepton, single-lepton boos-
ted: fit contact, software and production manager, Ntuple production,
release 21 code migration, supervision of Nicolas Scharmberg and

Albert Borbely

Single-lepton boosted: supervision of Michael Fenton and Albert
Borbely

Single-lepton boosted: core analysis developer, substructure variables,
DNN application

Dilepton: supervision of Nicolas Scharmberg



\ Not reviewed, for internal circulation only ‘

ATLAS DRAFT

Mark Owen’
Jannik Geisen!

Johannes Mellenthin !
Clara Nellist’

Arnulf Quadt!
Elizaveta Shabalina

Nedaa Asbah™
Ricardo Gongalo ™°

Emanuel Gouveia ™P

Antonio Manuel

Mendes Jacques Da Costa ™P

Ana Luisa

Moreira De Carvalho ™4
Antonio Onofre ™P
Peter Berta”

Julian Fischer®
Lucia Masetti*
Eftychia Tzovara”®

Brian Le®
Reinhild Yvonne Peters *
Nicolas Scharmberg *

Alexander Held "

Callum Dale Booth ¥
Glen Cowan Y
Pedro Teixeira-Dias ¥

Dave Thomas "

Henri Bachacou ™
Daniel Mori *

Bernd Stelzer *

Lily Asquith Y

Emma Winkels Y

Yuji Enari *

Ryunosuke Iguchi *
Oliver Stelzer-Chilton 22

22nd June 2021 — 11:52

Single-lepton boosted: Michael Fenton and Albert Borbely, analysis
developer

Single-lepton resolved: MC preparation, ttH and ttbb modelling
studies

Single-lepton resolved: fakes estimate

Single-lepton resolved: Ntuple production, supervision of Jannik
Geisen and Johannes Mellenthin

Single-lepton resolved: supervision of Jannik Geisen and Johannes
Mellenthin

Single-lepton resolved: supervision of Jannik Geisen and Johannes
Mellenthin

Sherpa 2.2.8 studies

Single-lepton resolved: supervision of Ana Luisa Mor-
eira De Carvalho and Emanuel Gouveia

Single-lepton resolved: Ntuple production, Data/MC studies, fit
studies

Single-lepton boosted: HL-LHC studies

Single-lepton resolved: fit studies, W+jets estimation

Single-lepton resolved: supervision of Emanuel Gouveia
Single-lepton boosted: fit contact, b-tagging TRF implementation,
selection and BDT optimization, STXS analysis

Single-lepton boosted: truth studies

Single-lepton boosted: supervision of Eftychia Tzovara
Single-lepton boosted: selection optimisation, fit studies, STXS
analysis

Dilepton: fit studies

Dilepton: supervision of Nicolas Scharmberg

Dilepton: Ntuple production, neutrino reconstruction technique,
Data/MC comparisons, fit studies

Single-lepton resolved: Data/MC, fit studies, former fit contact,
TRexFitter support

Dilepton: fakes estimation

Dilepton: supervision of Callum Dale Booth and Dave Thomas
Dilepton: Z+jets and fakes estimation, supervision of Callum Dale
Booth and Dave Thomas

Dilepton: Data/MC studies, Z+jets estimation, other Higgs processes
estimation

Single-lepton resolved: supervision of Manuel Guth

Single-lepton resolved: MVA studies

Single-lepton resolved: supervision of Daniel Mori

Single-lepton boosted: supervision of Emma Winkels

Single-lepton boosted: former fit contact

Single-lepton resolved: supervision of Ryunosuke Iguchi
Single-lepton resolved: fit studies, MVA studies, Data/MC
Single-lepton resolved: supervision of Alexander Held



for internal circulation onl

M

n NN NN

N

2

N

w

Not reviewed,

w

w

@

w

w

36

37

38

39

40

41

42

43

44

45

46

47

48

49

ATLAS DRAFT

Claire David ¢ Single-lepton resolved: fakes studies, Data/MC, MVA optimisation
studies

@ Institut de Fisica d’Altes Energies (IFAE), Barcelona Institute of Science and Technology, Barcelona; Spain.
b Institut fiir Physik, Humboldt Universitdt zu Berlin, Berlin; Germany.

¢ Previously at DESY "

4 INFN Bologna and Universita’ di Bologna, Dipartimento di Fisica, and INFN Sezione di Bologna; Italy.

¢ Department of Physics, Carleton University, Ottawa ON; Canada.

f CERN, Geneva; Switzerland.

8 CPPM, Aix-Marseille Université, CNRS/IN2P3, Marseille; France.

h Deutsches Elektronen-Synchrotron DESY, Hamburg and Zeuthen; Germany.

i Physikalisches Institut, Albert-Ludwigs-Universitdt Freiburg, Freiburg; Germany.

J SUPA - School of Physics and Astronomy, University of Glasgow, Glasgow; United Kingdom.

k Previously at Manchester 5.

/A Physikalisches Institut, Georg-August-Universitdit Gottingen, Gottingen; Germany.

™ Laboratory for Particle Physics and Cosmology, Harvard University, Cambridge MA; United States of America.
" Laboratdrio de Instrumentacdo e Fisica Experimental de Particulas - LIP, Lisboa; Portugal.

¢ Departamento de Fisica, Universidade de Coimbra, Coimbra; Portugal.

P Departamento de Fisica, Universidade do Minho, Braga; Portugal.

49 Instituto Superior Técnico, Universidade de Lisboa, Lisboa; Portugal.

" Institut fiir Physik, Universitdt Mainz, Mainz.

$ School of Physics and Astronomy, University of Manchester, Manchester; United Kingdom.

! Department of Physics, New York University, New York, United States.

“ Previously at University of British Columbia “b and TRIUMF “a, Vancouver BC; Canada.

Y Department of Physics, Royal Holloway University of London, Egham; United Kingdom.

W IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette; France.

* Department of Physics, Simon Fraser University, Burnaby BC; Canada.

Y Department of Physics and Astronomy, University of Sussex, Brighton; United Kingdom.

¢ International Center for Elementary Particle Physics and Department of Physics, University of Tokyo, Tokyo; Japan.
aa TRIUMF, Vancouver BC; Canada.

ab Department of Physics, University of British Columbia, Vancouver BC; Canada.

4¢ Department of Physics and Astronomy, York University, Toronto ON; Canada.

22nd June 2021 — 11:52



	List of contributions
	Main changes with respect to the latest publication
	Updates w.r.t. previous versions of this note
	1 Introduction
	2 Data and simulated samples
	2.1 Data samples
	2.2 Common treatment of all Monte-Carlo samples
	2.3 Signal Monte-Carlo samples
	2.4 Background Monte-Carlo samples
	2.4.1 ttbar+jets
	2.4.2 tH samples
	2.4.3 Single-top production
	2.4.4 Rare top processes
	2.4.5 Other processes


	3 Objects reconstruction and identification
	3.1 Leptons
	3.1.1 Electrons
	3.1.2 Muons
	3.1.3 Hadronic taus

	3.2 Jets
	3.2.1 Small-R jets
	3.2.2 B-tagging

	3.3 Overlap removal
	3.4 Missing transverse energy
	3.5 Boosted objects
	3.5.1 Large-R jets
	3.5.2 Deep Neural Network training
	3.5.3 Reconstruction of Higgs, hadronic and leptonic top candidates


	4 Event selection
	4.1 Trigger
	4.2 Pre-selection
	4.3 Signal and control regions
	4.4 Expected event yields and signal acceptance

	5 Background modelling
	5.1 ttbar+jets
	5.1.1 tt+HF classification
	5.1.2 Nominal ttbar+jets model

	5.2 Other backgrounds

	6 Multivariate analysis strategy
	6.1 MVA strategy in the dilepton and single-lepton resolved channels
	6.1.1 Reconstruction BDT
	6.1.2 Likelihood discriminant
	6.1.3 Classification BDT

	6.2 MVA strategy in the single-lepton boosted channel

	7 Prefit modelling in the analysis regions
	7.1 Expected modelling in the total cross-section measurement - dilepton channel
	7.1.1 Pre-fit information in the dilepton channel
	7.1.2 Pre-fit Data/MC comparisons of the fitted distributions in the dilepton channel
	7.1.3 Pre-fit Data/MC comparisons of the BDT input variables in the dilepton channel

	7.2 Expected modelling in the total cross-section measurement - single-lepton channel
	7.2.1 Pre-fit information in the single-lepton channel
	7.2.2 Pre-fit Data/MC comparisons of the fitted distributions in the single-lepton channel
	7.2.3 Pre-fit Data/MC comparisons of the BDT input variables in the single-lepton channel


	8 Systematic uncertainties
	8.1 Experimental uncertainties
	8.1.1 Luminosity and pile-up modelling
	8.1.2 Leptons
	8.1.3 Jets
	8.1.4 Missing transverse energy

	8.2 Signal modelling uncertainties
	8.3 Background modelling uncertainties
	8.3.1 ttbar+jets
	8.3.2 Other backgrounds


	9 Statistical analysis
	9.1 Measurement of the ttH total cross-section and STXS
	9.2 Pruning and smoothing of systematics

	10 Results
	10.1 S+B fits on the Asimov dataset
	10.1.1 S+B fits on Asimov dataset for the total cross-section measurement
	10.1.2 S+B fits on Asimov dataset for the STXS measurement

	10.2 S+B fits on unblinded data
	10.2.1 Observed results for the total cross-section measurement
	10.2.2 Observed results for the STXS measurement


	11 Conclusion
	References
	Appendices
	A List of Data and simulated samples
	A.1 List of Data samples
	A.2 List of MC samples
	A.2.1 List of ttH signal MC samples
	A.2.2 List of ttbb(4FS) background MC samples
	A.2.3 List of ttbar(5FS) background MC samples
	A.2.4 List of smaller top background MC samples
	A.2.5 List of V+jets and diboson background MC samples


	B Normalisation of MC samples for tt+>=1b modelling systematics
	C Generator comparisons for modelling of tt+>=1b subcomponents
	C.1 Comparisons in the dilepton channel
	C.2 Comparisons in the single lepton resolved channel

	D Data/simulation comparisons of ttbar(5FS) and ttbb(4FS) MC models
	D.1 Pre-fit comparisons in the single lepton resolved channel of the classification BDT and its input variables
	D.2 Comparisons in the single lepton resolved channel of a specific BDT trained to separate the two predictions

	E Fits with alternative pseudo-data sets
	E.1 Sherpa 2.2.1 ttbb(4FS) for tt>=1b as pseudo-data set
	E.2 Powheg+Pythia8 ttbar(5FS), reweighted to Powheg+Pythia8 ttbb(4FS), for tt>=1b as pseudo-data set
	E.3 Powheg-Box+Pythia8 ttbar(5FS) for tt+1b/1B as pseudo-data set

	F Studies on V+jets backgrounds
	F.1 Z+jets data-driven scale factors
	F.2 W+jets background

	G Studies on fake prompt leptons backgrounds
	G.1 Dilepton channel
	G.2 Single lepton channel
	G.2.1 Study with 2018 data
	G.2.2 Study with 2017 data


	H Impact of the limited statistics on the measurement
	H.1 Statistical impact of the tbart+b matching and parton shower systematics in the single lepton channel
	H.2 Statistical impact of the nominal ttbarbbbar sample in the single lepton channel

	I Effect of including the dilepton control regions in fits to data of the single-lepton resolved channel
	J Decorrelating ttbar+1b/1B and tt+>=1b
	J.1 Decorrelating ttbar+1b/1B and tt+>=2b in B-only fits
	J.2 Decorrelating ttbar+1b/1B and tt+>=2b in Asimov fits
	J.3 Pre-fit distributions with tt+>=1b split into tt+b, tt+B and tt+>=2b

	K Contribution of other Higgs production modes to the ttHbb signal
	K.1 Dilepton channel
	K.2 Single-lepton channel

	L Study on systematic uncertainties templates smoothing
	L.1 Smoothing techniques
	L.2 Usage and comparison of the smoothing algorithms
	L.3 Impact of different smoothing model on the result of the fit

	M Study on systematic uncertainties prunning in fits
	M.1 S+B fit on Asimov dataset and B-only fit on data for the total cross-section, with the full combination
	M.2 S+B fit on Asimov dataset and B-only fit on data for the STXS analysis, with the full combination

	N PDF sets uncertainties
	N.1 S+B fit on Asimov dataset and B-only fit on data for the total cross-section, with the full combination
	N.2 S+B fit on Asimov dataset and B-only fit on data for the STXS analysis, with the full combination

	O B-tagging outside the calibration range
	O.1 Testing sensitivity using extrapolation uncertainty from cumulative WPs
	O.2 Removing all events with at least one jet outside the calibration range

	P Understanding the pull on ttbar+>=1b ISR
	P.1 ttb ISR pull: study in B-only fits
	P.2 Shift of the scale of tt+>=1b
	P.3 Split of the ttb ISR systematic uncertainty into its Var3c, μr and μf components

	Q Classification BDT trainings
	Q.1 Classification BDT training in the single-lepton resolved channel
	Q.1.1 Training samples
	Q.1.2 Discriminating variables
	Q.1.3 BDT parameters
	Q.1.4 Performance

	Q.2 Classification BDT training in the dilepton channel
	Q.2.1 Training samples
	Q.2.2 Discriminating variables
	Q.2.3 BDT parameters
	Q.2.4 Overtraining cross-check

	Q.3 Classification BDT training in the single-lepton boosted channel
	Q.3.1 Training samples
	Q.3.2 Discriminating variables
	Q.3.3 BDT parameters
	Q.3.4 Performance


	R DNN input variables modelling
	R.1 Pre-fit Data/MC comparisons of the DNN input variables
	R.2 Post-fit Data/MC comparisons of the DNN input variables
	R.3 Pre-fit and post-fit Data/MC comparisons of the DNN input variables in the 1-Top validation region

	S Study of the effect of removing the ttbar+>=1b NLO matching and PS &hadronisation uncertainties from the fit
	T Overlap between resolved and boosted categories: choice of the strategy
	T.1 Overlap between resolved and boosted regions
	T.2 Test of different veto strategy: boosted veto vs resolved veto

	U Pre-fit impact of modelling systematics on the fitted distributions of ttbar+>=1b and ttH
	U.1 Red/blue plots for ttH modelling systematics
	U.1.1 ttH ISR
	U.1.2 ttH FSR
	U.1.3 ttH NLO matching
	U.1.4 ttH PS and hadronisation

	U.2 Red/blue plots for ttbar+>=1b modelling systematics
	U.2.1 ttbar+>=1b ISR
	U.2.2 ttbar+>=1b FSR
	U.2.3 ttbar+>=1b NLO matching
	U.2.4 ttbar+>=1b PS and hadronisation
	U.2.5 ttbar+>=1b fractions
	U.2.6 ttbar+>=1b pTbb modelling


	V Derivation of the new modelling systematic uncertainties on ttbar+>=1b
	V.1 ttbar+>=1b subcomponents fractions uncertainty
	V.2 ttbar+>=1b pTbbarb shape uncertainty

	W Data B-only fit results with blinded bins
	X Post-unblinding cross-checks
	X.1 Fixing the 3 highest ranked nuisance parameters to 0, or removing the Gaussian constrain on them
	X.2 Fixing the signal strengths to 1
	X.3 Decorrelating the mu across regions or channels
	X.4 Using the yield only in the single-lepton resolved channel in the 300-450 GeV pT(H) range
	X.5 Decorrelating the ttb NLO matching uncertainty between the single-lepton resolved and boosted channels
	X.6 Decorrelating the ttb ISR uncertainty between the dilepton and single-lepton channels
	X.7 Replacing the ttb NLO matching uncertainty by a comparison between the PP8 ttbb 4FS sample and the PP8 ttbar 5FS samples
	X.8 Decorrelating the ttb normalisation factor between the dilepton and single-lepton channels
	X.9 Decorrelating the ttb normalisation factor between the dilepton and single-lepton channels and as a function of the reconstructed ptH

	Y Truth-level pTbb modelling studies in the ttbar+>=1b background
	Z Update of the statistical model since the CONF-note
	Z.1 Updates of the tt+>=1b modelling systematic uncertainties related to the tt+1b/1B and tt+>=2b subcomponent fractions
	Z.2 Comparison of the observed results with the previous version
	Z.3 Testing an alternative model using Sherpa 2.2.1 ttbb(4FS)
	Z.4 Investigating the largest tt+>=1b modelling systematics pull
	Z.5 Statistical significance of the largest tt+>=1b modelling systematic pull



