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Outlook — top-quark pairs + b-jets

* Motivation
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Motivation

* Challenging QCD calculation due to different scales: from m, down to soft radiation

* Important and poorly constrained background to other measurements: ttH, tttt, ...
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Analysis Description

Measure tt + >1 b jet fiducial cross sections at

particle level in ep top decays
 Compare with state of the art generators

In phase-space regions of different b-jet multiplicity
 >3b; >4b; >3b + 21 light jets; 24b+2>1 light jets

* Inclusive cross sections in each region
* Normalised differential cross sections

Backgrounds partially determined from data:

» Fake leptons (small)
* Mistagged tt+light jets and tt+charm

Aim to improve upon previous measurements:

* ATLAS 13 TeV, 36 fbt: JHEP 04 (2019) 046
 CMS 13 TeV, 36 fbt: JHEP 07 (2020) 125
« CMS 13 TeV, 138 fb1: JHEP 05 (2024) 042
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Observables

* Phase space regions:

> 2 b-jets inclusive
> 3(4) b-jets inclusive
> 3(4) b-jets + 21 light jets

* Two categories of observables:

p; ordered b-jets
b-jets from top decay vs QCD radiation

* Cross sections with respect to observables
sensitive to complementary aspects:

Matrix element and parton shower modelling
Additional QCD radiation
Kinematics of top quarks (b,, b,) and extra jets

Modelling of additional b-jet activity

In second category identify b-jets from top
decays or QCD radiation

* Observables at particle- and detector-level

19.07.24

Observable Description Phase spaces
22b | 23b | 23b | 24b | 2 4b
> 1l/e > /e
p— fid - . .
o Fiducial total cross-section v v v v
Nip.jets Number of b-jets v Vs
Nije-jets Number of light- or c-jets v v
Hhad Scalar sum of pr of all jets v v
Hé".! Scalar sum of pt of charged leptons, jet and missing ET ' v
(%) ARy Average angular distance in AR of b-jet pairs v v
4C|_,_) Anld Maximum absolute difference in 1 between any pair of jets ' v
e pT! g] ! pr of the hardest b-jet Vv v
o) pr(b2) pr of second-hardest b-jet v v
- pribs) pr of third-hardest b-jet v v
O pr(by) pr of fourth-hardest b-jet v
L_ n(by) 1 of hardest b-jet v v
Q n(b2) n of second-hardest b-jet v v
'9 n(b3) n of third-hardest b-jet Ve v
(e n of fourth-hardest b-jet v
II— pr of the hardest light- or c-jet v v
o n(l/c-jet)) n of the hardest light- or c-jet v v
m(b1b2) Invariant mass of two hardest b-jets in pr Vv v
AR(by, b2) AR between two hardest b-jets v v
pT(bl baz pr of two hardest b-jets v v
m(bhMnAR) Invariant mass of two closest b-jets in AR Vv
pr(bb™NAR) pr of the closest b-jets pair N
minAR(bb) Closest angular distance in AR among b-jets v
m(eubbr) | Invariant mass of electron, muon and two hardest b-jets v v
& pT(bLIOP) pr of the hardest b-jet assigned to top quark Vv v
Q pT(bl;p) pr of the second-hardest b-jet assigned to top quark Vv v
T pr(bi) pr of the hardest additional b-jet Ve v
o) pr(b3Y) pr of the second-hardest additional h-jet v
O (bllﬂp) n of the hardest b-jet assigned to top quark v v
b (bg"’) n of the second-hardest b-jet assigned to top quark v v
x (b3 77 of the hardest additional h-jet v v
) (b5 1 of the second-hardest additional b-jet v
(2] - m(bb'P) Invariant mass of a pair of b-jets assigned to top quarks v v
> pr(bb'P) pr of a pair of b-jets assigned to top quarks v v
> m(bb) Invariant mass of a pair of additional b-jets v
3] pr(bb*d) pr of a pair of additional b-jets v
O mleyhh'oP) Invariant mass of eu and the b-jets pair assigned to top quarks v v
U S Gt
AR(epubb'*®, bi°) AR between the direction of the system of eu v v
-C|5 and b-jet pair assigned to top and the direction of the hardest additional b-jet
o AR(epubb',[/c-jet;) |JAR between the direction of the system of eu
@) and b-jet pair assigned to top and the direction of the hardest light- or c-jet v v
+ pr(l/c-jet;) — pT(b*}dd) Difference in pr between the hardest //c-jet and the additional b-jet v v
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Event Selection

At detector level:

* Single-lepton triggers:
* p;>24(26) GeV for 2015 (2016-2018)

tt +b-jets
* Exactly one electron and one muon: tT+>0b | ti+> 1b | T +> 2b
* Opposite sign, isolated leptons o e~ pr > 28 GeV
* m,, > 15 GeV to reject low-mass di-t Inl < 2.5
pr > 28 GeV
. Muon
e Atleast 2 jets: In| <2.5
* Anti-kt (R=0.4) on Particle flow constituents jets/b-jets pr > 25 GeV
In| < 2.5
» At least 2 b-tagged jets: Number of electron (N,) | 1
* DL1r b-tagging algorithm (deep NN) Number of muon (N,,) | 1
* Baseline working point with 77% efficiency Number of bjets (Ny) | =2 | =3 | >4
* Mis-tagging: 140 £ 12-19% (light); 5 £ 18-31% (c-jets)
charge Q. + Q, ‘ 0
e Similar particle-level selection criteria to define fiducial AR(lepton, jet) | > 0.4
phase space .
e/u from 7 lepton decay ‘ included

19.07.24
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Data & Monte Carlo Expected Yields

Selected sample quite rich in top pair

prOdUCtion Process >27,20@77% >3j,3b@77% >4j,>4b@77%
* Non-top backgrounds determined and 1t +b-jets 4100 + 790 3550 £ 650 474 + 99
subtracted _[ tic 11600 £2200 2190 £430 5715
: til 263000 +£33000 2080 + 440 25+15
Backgrounds with true prompt leptons:
ttH, ttV, single top, Z+jets, dibosons, etc g’é 9;283280 %ﬁgg 161‘3‘fé11
e Estimated from Monte Carlo H 180 422 108 < 13 372453
Background from = Non-pr.ompt lepton 340 £210 37 +£20 109+6.1
Z[y*+jets 96 + 38 34+14 0.15+0.09
Diboson 85+43 30£1.5 0.11+0.07
e Estimated from Same Sign lepton sample,
scaled using Monte Carlo derived factor | Others 41£20 164282 64+29
] . Total predicted 290000 £35000 8300 £ 1300 640+ 120
Dominant background from mis-tagged  observed 281213 10235 798

tt+light jets / tt+charm

Predicted event yields before corrections

* Normalized from template fit to data

19.07.24 ICHEP'24 - tt+heavy flavour in ATLAS



Unfolding

Detector-level distributions unfolded to particle-level with iterative
Bayesian method

Non-tt backgrounds subtracted from data distribution at detector level

— |leaves ttb

), ttc, ttl

For an observable X in particle-level bin i:

: 1
i _ -1 rk k k k
Nunfold - fi Z Mik faccept ftt'b (Ndata kag)
eff K
. k k i
Where: f ko Stfb,reco L Stfb,recoApart ; _ Stfb,part/\reco
tth — Sk + Bk faccept,tfb = Sk feff,tfb - Si
ttb,reco tth,reco tib,reco ttb,part
o SKip reco - number of detector-level events belonging to the ttb
’ category after scale factors applied
* Brpreco number of detector-level ttc and ttl events after scale factors
* Sunrecon parr: NUMber of detector-level tth events in bin k which are also in
’ particle-level bin k
* S part: number of particle-level ttb events in bin i
* Suppartieco:  NUMber of particle-level ttb events in bin i that pass the fiducial

selection in the same bin
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Inclusive Fiducial Cross Sections

* Inclusive fiducial cross sections determined for each
phase space region

* Compared to several generators and modelling options

* Dominant uncertainties are systematic:
* b-tagging, jet energy scale, and tt modelling

0
Nunfold

L

19.07.24

Fiducial cross-sections [fb]

Fiducial phase space >3b >3b2>1l/c > 4b >4b > 1l/c
143 87 22 14

Measured +1 (stat) +1 (stat) =+1 (stat) +1 (stat)
+12 (syst) +8 (syst)  £3 (syst) +2 (syst)

PowHEG+PYTHIA 8 t7hb (4FS) 132 78 23 14
PowneG+PytHiA 8 t7hb hp.q (4FS) 129 74 21 13
PowHEG+PYTHIA 8 1Thb dipole (4FS) 128 71 22 13
PownEG+PyTHIA 8 t7bb phi™ (4FS) 129 68 21 12
Pownec+HerwIG 7 t1bb (4FS) 130 77 22 14
SHERPA 1Thb (4FS) 135 90 21 15
HEeLAc-NLO (off-shell) eu + 4b - - 20 -
PowHEG+PyTHIA 8 t7 (5FS) 120 74 18 11
Pownec+HerwiG 7 tf (5FS) 128 75 18 11
MG5_aMC@NLO+PyTHIAS8 11 (5FS) 122 72 18 11
MapGrapPHS_aAMC@NLO+HEerwiG 7 17 (SFS) 110 66 13 8
SHERPA 2.2.12 17 (5FS) 124 73 16 10

ICHEP'24 - tt+heavy flavour in ATLAS

Source Fiducial cross-section phase space

= 3b >3b=ll/c > 4b >4b = 1l/c
Unc. [%]  Unc. [%]  Unc. [%]  Unc. [%]
Data statistical uncertainty 1.0 1.2 3.9 4.8
ity 0.8 0.8 0.8
Jet 34 5.2 6.6 8.5
5.1 49 6.5 6.4
epton and trigger L4 4 2 Iz
Pile-up 0.9 0.7 0.6 0.3
tic/ttl fit variation 1.7 1.7 0.8 0.8
tic/rtl shape variation 0.2 0.5 0.3 1.6
ttH [tV and non-tf background 1.1 1.1 2.2 24
Detector+background total syst. 6.7 7.6 9.7 11.2
Parton shower and hadronisation 2.9 3.5 1.5 3.6
ur and g scale variations 0.7 0.6 0.2 0.3
Matrix element matching (p4*") 1.3 1.1 4.8 7.0
Rdamp 1.8 1.5 29 3.2
ISR 0.1 0.4 0.2 0.3
FSR 3.1 3.6 33 3.1
RecoilToTop 1.8 1.9 2.4 34
PDF 0.2 0.2 0.1 0.1
NNLO reweighting 0.6 0.5 0.5 0.5
MC statistical uncertainty 0.2 0.2 0.5 0.6
t7 modelling total syst. 5.2 5.7 7.2 9.7
Total syst. 8.5 9.6 12.1 14.8
Total 8.5 9.6 12.7 15.5
9



Inclusive Fiducial Cross Sections

ttbar (5FS) NLO ME+PS
slightly under predicts
additional b-jets production

Sherpa with one parton at
NLO (5FS) under predicts
events with 23 and >4 b-jets

Powheg ttbb predictions in
4FS describe data well in the
>4 b-jets region

Sherpa ttbb remains
consistent with data in all
four phase spaces

19.07.24
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e Differential cross sections
* Determined in each phase

space region

 And each observable

* Good general agreement
with predictions

* See distribution of p-values
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Examples of Unfolded Distributions

* Fiducial region: lepton p; > 28 GeV, jet p; > 25 GeV, 2 3 b-jets
* From left to right: leading b-jet p;; invariant mass of 2 leading b-jets; AR between 2 leading b-jets
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Summary and Outlook

* Fiducial cross sections of top-quark + b-jets production
were measured with 140 fb™! of data at 13 TeV

* The measured integrated fiducial cross-sections are
consistent with some predictions from various NLO

calculations

* But several generators under-predict production of additional

b-jets

* A great wealth of measurements available!

* No MC generators simultaneously describe all differential

observables

* Differences between any two predictions are smaller than
the measurement uncertainties for most observables

19.07.24
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b-jet Classification

* b-hadrons associated with closest b-quark and ghost-associated with particle-level jet
 If b-quark from top decay then b-jet identified as coming from top decays

from top?
: . R

e—(ARglbl—AR?ﬁ]’)z X e—(ARgaz—AR?zl?))z X e—(maX(ARblb3,ARbeg)—Angi)X)z lf Nb-jets _ 3’ (b1! b21 b3, b4)__> (blg b2' b3, b4)
w = —> (b,, b,, b,, b))

. ) y ) . 2 ’ ]
e~ (ARe1p1-ARGE )" o p=(ARpp2-ARE)” o o—(ARp3pa—ARYY if Np.jers = 4, v

[ (b3l blv b2! b4)

— (b, by, by, by)
* Use angular distances to calculate classifier w for each b-jet permutati :
* b, and b, from top, rest from QCD radiation

* Purity of classification:
* In 53% (56%) of particle-level events, 2 b-jets correctly assigned to tops
* In 53% (56%) of reconstructed, 2 b-jets correctly assigned to tops
* Association fails in < 10% events with > 3 b-jets as one is out of detetctor acceptance
e Purity much better than both random association and pT-based association



tt+jets Background Estimation

« Templates use b-tagging weight of 37 highest b-tagging discriminant in each event

* Global fit to inclusive region to determine overall scaling factors

Proxy for 3" jet after b-jets from top decay

Templates include top-pair, ttH, ttV

* Kinematic-dependent fit to evaluate systematic uncertainty

* Binned max-likelihood fit of [ttbb + ttb + ttc + ttl] to [data — non-tt]

In each bin k, number of events v, given by:

£18000F
c

s _ k,s s a7k,s k, s k,s
vi(ay, @, ;) a’bNttb +a. N +q Nm oatF
Inclusive region Regions in terms of jet multiplicity and third highest-pt jet-pr bins
Global approach Kinematic-dependent approach
(nominal) (systematic)
Category >3j=22b@77% 3j =22b@77% >4 >22b@77%
> 25 GeV 25-35 GeV | 35-50 GeV | > 50 GeV | 25-50 GeV | 50-75 GeV | > 75 GeV
tth >3 b-jets >3 b-jets -
1thex - - exactly 3 b-jets
ttbb - - >4 b-jets
tic < 3 b-jets and > 1 c-jet < 3 b-jetsand > 1 c-jet < 3 b-jets and > 1 c-jet
ttl events that do not meet events that do not meet events that do not meet

above criteria

above criteria

above criteria

19.07.24
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Data and Monte Carlo
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PowHEG+PYTHIAS PownecG Box v2 17 NLO PyrHia8.230  PowHEG Al4 nom.
hdamp =1.5mp
p%"“d =0
globalRecoil
recoilToColoured=ON

POWHEG+PYTHIAB hgamp PownEG Box v2 ti NLO PyTH1A8.230  PowHEG Al4 syst.
hdamp =3myop

PowHEG+PYTHIAS p?‘“d PownEeG Box v2 tf NLO PyTuia 8.230  PowHEG Al4d Syst.
p%""d =1

PowneG+PyTHIA8 Recoil ToTop PowneG Box v2 tt NLO Pyruia8.230  PowHEG Al4 syst.
recoilToTop

PowneG+HERWIG 7 PowneG Box v2 1t NLO Herwic7.1.3  PowHEG H7.1-Default  syst.

Pownec+PyTHIAS dipole PowHEG Box v2 17 NLO Pyruia8.230  PowHEG Al4 comp.
dipoleRecoil on

MAapGraPHS_AMC@NLO+PyTHIA 8 MADGRAPHS_ ti NLO Pyruia8.230 MC@NLO Ald comp.

AMC@NLO v2.6.0
MapGraruS_AMC@NLO+HErRWIG7 MADGRAPHS_ tit NLO Herwic7.1.3 MC@NLO H7.1-Default  comp.
AMC@NLO v2.6.0
SHERPA SHERPA 2.2.12 17 +0,1 parton at NLO ~ SHERPA MEePs@NLo Author’s tune  comp.
+2,3,4 parton at LO

PowHEG+PyTHIAS tThD PowHeG Box REs tibb NLO PyrHia8.230  PowneGBox Res Al4 comp.
hyzq=5
]]_hrurd =0
globalRecoil

PoWHEGHPYTHIAS 17hh pg’”d PowHEG Box REs tthb NLO Pytuia 8.230  PowHeG Box Res Al4 comp.

) ) p%""d =1

PowHEG+PYTHIAS 17bb hy,q PownEG Box REs tthb NLO PyTHiA 8.230  PowHeG Box Res Al4 comp.
hoza=2

PownEG+PyTHIAS ThD dipole PowHEG Box REs ttbb NLO Pyruia8.230  PowHec Box Res Al4 comp.
hoza=2
dipoleRecoil on

PowneG+HERWIG 7 t7hb PowHEG Box REs ttbb NLO Herwic7.1.6  PowHeG Box Res H7.1-Default  comp.

SHERPA 1Tbb SuErPA 2.2.10 tthb NLO SHERPA MEePs@NLo Author’s tune  comp.

Herac-NLO (off-shell) HeLac-NLO e +4b NLO - - - comp.
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