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Talk Qutline

e Motivation for tt + bb measurements at ATLAS and CMS.

e Measurement of tt production in association with additional b-jets in the eu final state in proton-proton

collisions at \'/E = 13 TeV with the ATLAS detector (arXiv:2407.13473, submitted to JHEP):
o Analysis strategy.

o tt+light and tt+c background estimate: flavor fit.
o b-jets assignment to tops algorithm.

o Fiducial and differential cross-section measurements results.

e Inclusive and differential cross section measurements of ttbb production in the lepton+jets channel at

/s =13 TeV (JHEP 05 (2024) 042):

o Analysis strategy.
o Ancillary variable for the fit.
o b-jets assignment as the additional pair.

o Fiducial and differential cross-section measurements results.

e Summary.
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ttbb Cross-section Measurement Motivation q\\\‘

Better understanding of the QCD modeling of heavy flavor jets produced with top quark pair:

« Non-trivial predictions due to very different scales involved starting from m,,, down to momenta of soft

additional radiations.
o Modeling of additional b-jets available at various state-of-the-art NLO ME+PS predictions.

Important background for many processes: tfH(bB), four tops and others.
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Examples of Feynman diagrams of electroweak
processes leading to ttbb final state:

()

Examples of Feynman diagrams of QCD processes
leading to ttbb final state:
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Measurement of tt production in association with
additional b-jets in the eu final state in proton-proton

collisions at \/E = 13 TeV with the ATLAS detector

arXiv:2407.13473
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Analysis Strategy

Particle-level measurement in the eu (OS) channel:

e Integrated fiducial cross-section in multiple regions:
eu+23b | 24b | 23b+211/c | 24b+21 I/c.

e Normalized differential cross-sections as a function of
various variables in the 4 phase spaces.

o Some observables are defined after assigning b-jets
to the top quarks or the additional jets using

kinematic information (full list of observables is in

backup). arXiv:2407.13473
Event yields for the events before any flavor composition

scale factors are applied to tt events are presented.

The data are unfolded to the particle level after

Process > 2], 2b@77% > 3j,3b @77% >4j,>4b@77%
subtracting the estimated background and correcting ibgets 41002790 3550+650  474+99 }
for the detector effects. IBU, 4 iterations. Compared to 7 1600 22200 2190 + 430 5715
various MC predictions. 1l 263000 £33000 2080 + 440 25+ 15

Wt 9100 + 1800 227 + 94 14+11

1TV 740 + 230 94 + 30 16.3 +5.1

: : : : tTH 180 +22 108 + 13 37.2+53
Background corrections using semi-data-driven method: Non-prompt lepton 340 £210 37 £20 10.9 = 6.1

Z/y* +ets 96 + 38 34+14 0.15+0.09

o
Fake leptons Diboson 85 + 43 3.0+1.5 0.11+0.07
Others 41220 16482 6.4+29

e Miss-tagged tt+light jets and tt+c jets estimation. ers D oawes _
¥ Total predlcted 290000 + 35000 8300 + 1300 640 + 120 :
(Observed 281213 =~ 10235 = 798
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Objects and Event Selection

Detector level events selection:

e Single lepton triggers:
o pr > 24 (26) GeV for 2015 (2016-2018).

e Exactly one electron and one muon
o Opposite signs, isolated leptons.
o pr>28GeV, || <2.5.

o m,, > 15 GeV to reject low-mass 7.

e At |east 2 jets:
o anti-k, (R = 0.4) on particle flow constituents.

o pr>25GeV, || <2.5.

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

e Similar particle-level section criteria to define fiducial phase space.

Sep 24, 2024 TOP 2024: ttbb at ATLAS and CMS


https://arxiv.org/abs/2407.13473

tt+jets Flavors Fit: Setup

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

e 3j3b: ~ 50 % of events selected at the detector level have at least 3 b-jets at the particle level.

e Perform template fits to data to extract scale factors ., using the 3" (and the 4M) highest b-tagging

discriminant score jet in events with >3 (4) b-jets. arXiv-2407 13473
%180005—ATLAS T Iotlif)t';lta _11 o =

Two types of fits are performed: 2 16000 /s = 13 TeV, 140 f Bc o l162:009 7
. o 14000f & channe! Nong '~ oor o0t ]

1. Global (23 jets: 22b region, inclusive in jet pr > 25 GeV): 120005231 22b@77% - -Pre-fit _

N Unc. 1

the nominal approach to correct the normalization of : :

individual ttj components.

2. Kinematic-dependent (==3 and 24 jets regions: >2b,

sliced in pr of the 3rd b-tag discriminant ranked jet):

improves normalization and shape but can’t be applied to

the truth particle level events (due to potential bias). © 1_2_ . — —

Used to evaluate the systematic uncertainty accounting 5 1_21- ‘ =—-—Pre—f|t _post-i.t

for the shape effects of the ttc and ttl background. g 82 e s s el
| > 3 2 5

b-tag discriminant bin
The data are described much better by the prediction after the individual ttj components are corrected.
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b-jets Origins Classification

Create all possible permutations of b-jets in an event.

e In events with 24 b-jets consider only the 4 highest p b-jets.

Loop from top?
b-jet container | 0@ .. oiool —~A—
J : ' _ (by, by, by, b)) ———> (b, by b, b))
;W Algorithm
Permutation | ' —> (b, b;, b,, b))
~[Perm.2 ]! ~
Rng ordered . : > (b3, by, by by)
o Perfn. 3 | \ —> (b,, b,, b,, b,)
' ; Classifier ) )

The permutation with the minimal —In(w) is chosen, and the first two
b-jets in the permutation are assigned to top quarks:

) 2 z
Cnw = { (ARe1p1 — ARR)™ + (AReop2 — ARJSY)™ + (maX(ARb1b3a ARp2p3) — ARL* ) if Np.jets = 3,
2

(ARg1p1 — AR™®)? 4 (ARgypy — AR™IN)® + (ARp3p4 — ARTIN) if Npjers > 4,

€1b €2b

Fraction of events with correctly assigned b-jets:
e By the algorithm: 53 % (56%) in tt events with at least 3 (4) b-jets.
o Selecting the leading py b-jets: 42 % (27%).

The probabilities of correct assignment of b-jet(s) in a given bin of the
measured observable ranges from 50 % to 85 % (40 % to 75 % ).

arXiv:2407.13473
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Unfolding Formula

The unfolding procedure for an observable X at particle level is summarized by the following
expression:

: 1 -
i _ -1 a7k
N unfold — fl ‘ Mik f accepéfttb? data N bkg
eff { k
) reconstruction efficiency fiducial acceptance ttj flavor composition
Correction factors:
St , Sk Sk
i ttb,partAreco k ttb,recoApart k ttb,reco
feff,ttb i~ i faccept,ttb-_ k ftt_b Sk k
- ttb,part ttb,reco ttb, reco tth,reco

Results from the unfolded distributions are presented in terms of a relative differential cross

section:

fid i
1 do N infold

ot dXtAXT ) Nungou
l

arXiv:2407.13473
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Fiducial Cross-Section Measurements: Results q\\\‘

tt (SFS) NLO ME+PS slightly
under predicts additional
b-jets production.

Sherpa with one parton at NLO
(5FS) under predicts events
with >3 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.

eu+ =3bt

eu+ =3b=1l/ct

eu+ =4bt

eu+ =4b=1l/ct

Measured and predicted fiducial cross-section results

-+ Data m  Powheg+Pythia8 ttbb

*  Powheg+Pythia8 Powheg-+Herwig? tibb
. MOsaMOENLOWyhas T SR th
_aMC@ +Pythia + Shema

MG5_aMC@NLO+Herwig7 = Helac-NLO (off-shell)

ATLAS
Vs=13TeV, 140 fb~1

arXiv:2407.13473

Stat. unc.
Total unc.

= 1

I
I
* 0
I
I
1

Overall, 4FS generators predictions agree with data better than 5FS.
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Fiducial Cross-Section Measurements: Systs

Source Fiducial cross-section phase space

> 3b >3b > 1l/c > 4b >4b > 1l/c
Unc. [%] Unc. [%] Unc. [%] Unc. [%]

Data statistical uncertainty 1.0 1.2 3.9 4.8
Luminosity 0.8 0.8 0.8 0.8
Jet 3.4 5.2 6.6 8.5
b-tagging 5.1 4.9 6.5 6.4?!
Lepton and trigger 14 14 1.2 T,
Pile-up 0.9 0.7 0.6 0.3
ttc/ttl fit variation 1.7 1.7 0.8 0.8
ttc/ttl shape variation 0.2 0.5 0.3 1.6
ttH/ttV and non-tf background 1.1 1.1 2.2 2.4
Detector+background total syst. 6.7 7.6 9.7 11.2
Parton shower and hadronisation 29 3.5 1.5 3.6
uRr and up scale variations 0.7 0.6 0.2 0.3
Matrix element matching (p5*) 1.3 1.1 4.8 7.0
hdamp 1.8 1.5 2.9 3.2
ISR 0.1 0.4 0.2 0.3
FSR 3.1 3.6 3.3 3.1
RecoilToTop 1.8 1.9 2.4 3.4
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
f 1 modelling total syst. 5.2 5.7 7.2 9.7
- Total syst. 8.5 9.6 12.1 14.8
X 240713475 Total 8.5 9.6 12.7 15.5
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Right: Quantitative comparisons with predictions show good
agreement for most observables within the uncertainties,
and the differences among various predictions are small.

Left: Example of pT(bfdd) in events with >3 b-jets.
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Inclusive and differential cross section measurement of

ttbb production in the lepton+jets channel at

\/s =13 TeV

JHEP 05 (2024) 042
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Analysis Strategy

Particle level measurement in semi-leptonic ¢/u channels with additional jets: JHEP 05 (2024) 042

e |ntegrated fiducial cross section of 5j3b (=5 jets: 23b), 6j4b (>6 jets: 24b), 6j3b3| (=6 jets: >3b, >3 light),
7j4b3l (>7 jets: 24b, >3 light) regions.

* Normalized differential cross-sections as a function of various variables in the 4 phase spaces.

o Some observables in 6j4b are defined after assigning b-jets to the additional jets using kinematic
information at the detector level (and using truth info on the particle level).

The data are unfolded to the particle level after subtracting the estimated background and correcting for
the detector effects:

e Distributions are unfolded to the particle level through
binned maximum likelihood fit.

e Simultaneous differential and inclusive cross section
measurements for each observable.

e Simultaneous fit in two or three regions, signal- and
background-enriched, to better constrain the background
contributions.
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Ancillary Variable

In the selected regions with at least three medium (75 — 80 % eff.) b-tagged jets, the data are highly

enriched in tt+jets events, which consists of about 30 % ttB, 20 % ttC, and 50 % tt+light events.

The “ancillary” variable - the number of tight (60 % efff.) b-jets - divides the detector-level selections into
signal- and background-enriched categories, that are fitted simultaneously to better constrain the
background contribution. The use of ancillary variables also constraints b-tagging uncertainties in the fit.
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b-jets Origins Classification, Detector Level

8 observables in the 6j4b regions are related to physics with additional b-jets.

6 permutations of the 4 leading py b-jets (candidate jets) at the detector level are considered.
A DNN algorithm is trained with the candidate jets:

Inputs Dense layers—— —
P B ) A Dense layer
/ OutputS
Event inputs CNN+LSTM=— ] —, . Jet |
:I_l | permutation
Jet inputs | J

Jet inputs features are: pr, 17, “is b-tight” flag , AR(b, lep) , m;, (D, lep).
Event inputs features: 30 variables targeting global event information.
The pair of b-tagged jets with the highest DNN score per event is chosen as the additional b-jets.

The accuracy of the method is 49 % vs 41 % if selecting two closest in AR b-jets.

JHEP 05 (2024) 042
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Fiducial Cross-Section Measurements: Results q\\\‘

Powheg+P8 ttbb (4FS) is the only Measured and predicted fiducial cross-section results

ict i i JHEP 05 (2024) 042
prediction which agrees well with CMS 138 fb-1 (13 TeV)
the measurement in the 5j3b and + PowhegOL+P8 i 4FS (un=1Tml we=ifmn) | | = Data _
overestimates cross sections in + Powheg+P8 ff 5FS (jmr = mr) | [~ syst +stat. unc. |
Other phase spaces. -+ Powheg+H7 tt 5FS (urr = m7) Stat. unc. ]
<+ Sherpa+OL ttbb 4FS (ugr=[Im{*, up=1Lmy) [
+ MG5_aMC+P8 ttob 4FS (pre = Lm7)
: _ MG5_aMC+P8 ti+jets FxFx 5FS (ppyr = |
Powheg+P8 5FS with pp,p = my T VGO ANCHPS tiets PXPXSFS (mr =L _ |
prediction agrees well in phase >5 jets: 3 3b|- . +:* * Oig=2367+143f0 - 5 "v“ ; ]
space with additional light jet : o 1 | “mm -
o > 6 jets: >3b, >3 light| e Oig=1037+91fb 4 = L * — .
radiation. : Y {1 Y ! _
>6jets: 24bF 4w 01a=291237 | [ A, —e—
| v i ¥ i |
i * * ] * : * ]
Other generators systematically >7jets: 24b, 23Iight_—‘¥++ Oig=147£251b 4 | A a——e— -
[ ! ) R | ! ! IR | ! L | ! f ! ! | i
under predict the cross sections 10° 10° 10° 0.5 1.0
Ofig [fO] gPred/gobs
fid fid

compared to the measurements.

Overall, in all phase space regions, the measured cross sections are larger than the theoretical

predictions except for Powheg+P8 tthb (4FS) which agrees with the measurement in 5j3b and
overestimates in other regions.
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Fiducial Cross-Section Measurements: Systs q\\\‘

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
ur and ug scales 2.8 6.8 8.2 12
Top quark pp 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 (hgamp) 0.4 0.9 1.3 2.8
Underlying event 04 <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
AHEL Lo taban i b Total uncertainty 6.0 8.8 13 17

Sep 24, 2024 TOP 2024: ttbb at ATLAS and CMS


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

Differential Cross-Section Measurements
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Summary

The ATLAS and CMS collaborations recently released measurements of ttbb production with additional

b-jets using full Run-2 LHC dataset. Both are the most up-to-date and most precise measurements of
corresponding channels:

o ATLAS: ey — OS channel with at least three and at least four b-jets at \/E =13 TeV, 140 b1
© The measured integrated cross-sections are consistent with ttbb predictions from various NLO
ME+PS calculations within the uncertainties of the predictions (8.5 — 14.8 %).
o None of the predictions simultaneously describe all observables in differential measurements.

o The leading uncertainties are systematic: b-tagging, jet energy scale and tt modeling.

e CMS: semi leptonic (e/u) channel in 5j3b, 6j4b, 6j3b3l, 7j4b3l at \/E =13 TeV, 138 b~ !

o For most of the tested generators, the measured inclusive cross sections with total uncertainty of
6 — 17 % depending on a channel exceed the predictions.

o None of the predictions simultaneously describe all observables in differential measurements.

o The leading uncertainties are systematic: b-tagging, jet energy scale, choice of u,. scale.

ATLAS

EXPERIMENT
arXiv:2407.13473

JHEP 05 (2024) 042
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https://arxiv.org/abs/2407.13473
https://link.springer.com/article/10.1007/JHEP05(2024)042

Thank you!

e - - — S .-h,",_m

%./‘ 17" International Workshop on
~e Top Quark Physics
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ttbb Production Modes at the LHC

Top quark pair tt production governed by the strong interaction:

g g P9 7
b KL o

g / 9 t 9 t _

The final state topology is driven by:

e the W-bosons decays:
W — lv( ~ 33%) or gq'( ~ 67%)

9 ¢ 9 t
J b
g g
e ISR/FSR: b
I b
9 b t 9
e + jets 1+ jets
b > > b
e Production mode: . . Top pair branching fractions
g t
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ATLAS and CMS ttb(b) Measurements

Before the full Run-2 analyses (discussed down in the talk), ATLAS and CMS measured cross-sections

of tt pair with additional b-jets productions:

CMS Preliminary June 2021
T T ' Sutat *  aMCONLO+PYTHIA8(FXFX)
ATLAS - n o ®  POWHEG+HERWIGH+
lepton+jets (= 3b) | _ P S Ostat. D oyt
Vs =13TeV, 36.1 fb~! '- u 3 aMC@NLO+PYTHIAS
l
- - Fully had
. i —— u adronic
lepton+jets ( = 4b) = 35.9yﬂr1
| —y— PLB(803)2020 135285
1
u Data- tiX(X=H,V) @& .l — ——
eu(=3b)r - Stat. uncert. i B
[ Total uncert. [ | e — Dilepton
Sherpa 2.2 ttbb (4FS) & : 41.5fb~1
n Powheg+Pythia8 ttbb (4FS) m —— arxiv:2012.09225
eu(=4b)r '..' PowHel+Pythia8 ttbb (5FS) M =
[ | PowHel+Pythia8 ttbb (4FS) W ——
Y SN ' ' Dilepton
101 102 103 10 0.5 1.0 ) 1.5 — 35.9fb_1
Oria [fb] Pred./(Data - ttX) JHEP07(2020)125
_._
—
L+jet
JHEP 04 (2019) 046 _ o 35.0 fo-!
JHEP07(2020)125
—
1 2 3 6 7 8 9
O bp PP

CMS public results
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures
https://link.springer.com/article/10.1007/JHEP04(2019)046

The ATLAS Detector

ATLAS consists of an inner tracking detector surrounded by a thin superconducting solenoid,
electromagnetic and hadronic calorimeters, and a muon spectrometer incorporating three large
superconducting air-core toroidal magnets.

e Inner detector:

Muon
Spectrometer

o silicon tracker (pixels + strips) |n| < 2.5;

o transition radiation tracker with |#| < 2.0;
also provides electrons identification info.

e Calorimeters:

o hadronic and electromagnetic, || < 4.9. [
The dashed tracks

4 invisibl
e Muon spectrometer: || < 2.7. » ey o ibleto

the detector

44m
— ) ———
I — 5 I ) Electromagnetic
— N \ / Calorimeter
o 7 v A
A\ ‘, . Solenoid magnet ¢ PhOfOﬂ
.ﬁ““/ Transition
oo : . Radiation
A Trock| ng Tracker
/ Pixel/SCT detector
\ / =
Tile calorimeters
LAr hadronic end-cap and
forward calorimeters ATLAS'OUTREACH'2021 '052
----------------- Toroid magnets LAr eleciromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker AT L AS O D e n d a ta

Sep 24, 2024 TOP 2024: ttbb at ATLAS and CMS



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

The CMS Detector

CMS DETECTOR STEEL RETURN YOKE Key: g:&?on

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS e Charged Hadron {e.g.Pion)
Overall diameter :15.0 m Pixel (100x150 pm) ~1m? ~66M channels — — — - Neutral Hadron {e.g.Neutron)
Overall length :28.7m Microstrips (80x180 um) ~200m? ~9.6M channels ® == eePhoton

Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

Transverse slice

MUON CHAMBERS through CMS

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m?> ~137,000 channels

FORWARD CALORIMETER
. Steel + Quartz fibres ~2,000 Channels

Silicon
Tracker

Superconducting

Solenoid
CRYSTAL Iron return yoke interspersed
ELECTROMAGNETIC with Muon chambers
CALORIMETER (ECAL) L
~76,000 scintillating PbBWO, crystals T‘ 1lﬂ| ml'l sfl ‘I‘l T‘I Tl TIH'I

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels

¥ arXiv:1706.04965

CMS experiment webpage
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https://arxiv.org/abs/1706.04965
https://cmsexperiment.web.cern.ch/index.php/detector

tt Events candidates at ATLAS and CMS q\\\‘

‘M CMS Experiment at the LHC,,CERN
Data recorded: 2017-Oct-29 19:22:01.746752 GMT
ATLAS Run / Event / LS: 305840/ 1047490792 / 575

EXPERIMENT

Run: 267638
Event: 193690558
2015-06-13 23:52:26 CEST

CMS ttbb/ttH event candidate
with 7 (four b-tagged), an
electron and a muon

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

Sep 24, 2024 TOP 2024: ttbb at ATLAS and CMS 27


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://cds.cern.ch/record/2680325?ln=en

ATLAS Signal Monte Carlo Samples

Nominal

Systematics

arXiv:2407.13473

Sep 24, 2024

<<

MC sample Generator Process Parton shower = Matching/ Tune Use
Parton shower
settings

PowHEG+PYTHIAS PowneG Box v2 tt NLO PyTHiA 8.230 PowHEG Al4 nom.
h,damJ) =1 .Smmp
P =0
globalRecoil
recoilToColoured=ON

POWHEG+PYTHIAS Agamp PowneG Box v2 tt NLO PytHiA8.230  PowHEG Al4 syst.
hdamp =3miop

PowHEG+PYTHIAS pl,}ard PownEG Box v2 tt NLO PyTtHiA 8.230 PowHEG Al4 syst.
pha.rd =1

T

PowHEG+PyTHIA8 RecoilToTop PowHEG Box v2 tt NLO PyTtHia 8.230  PowHEG Al4 syst.

recoilToTop
~ PownEG+HERWIG 7 PowHeG Box v2 tt NLO Herwic7.1.3  PowHEG H7.1-Default  syst. |

PowneG+PyTHIAS dipole PowHeG Box v2 tt NLO PyTtHiA 8.230  PowHEG Al4 comp.
dipoleRecoil on

MADGRAPHS_AMC@NLO+PYTHIA8  MADGRAPHS_ tt NLO PytHiA 8.230 MC@NLO Al4 comp.

AMC@NLOv2.6.0
MADGrAPHS AMC@NLO+HErwWIG7 MADGRAPHS _ tt NLO Herwic 7.1.3 MC@NLO H7.1-Default  comp.
AMC@NLOv2.6.0
SHERPA SHERPA 2.2.12 tt +0,1 parton at NLO  SHERPA MEPs@NLo Author’s tune  comp.
+2,3,4 parton at LO

PowHEG+PYTHIAS t7bb PownecBoxRes  tfbb NLO PyTHia 8.230  PownEeG Box REs Al4 comp.
hza=5
P}%ard =0
globalRecoil

PowHEG+PYTHIAS t7bb pl%ard PowneG Box REs ttbb NLO PyTHiA 8.230 PowHEG Box REs Al4 comp.
pha.rd =1

PowHEG+PYTHIAS t7bb hy,g4 PowHEG Box REs ttbb NLO PyTHIA 8.230 P;I;WHEG Box REs Al4 comp.
hpza=2

PowHEG+PYTHIAS t7bb dipole PowHEG Box REs ttbb NLO PyTtHia 8.230  PowHEG Box REs Al4 comp.
hpza=2
dipoleRecoil on

PowneG+HErRwIG 7 tThb PowHEG Box REs tthb NLO Herwic7.1.6 ~ PowHEG Box REs H7.1-Default  comp.

SHERPA tTbb SHERPA 2.2.10 ttbb NLO SHERPA MEePs@NLo Author’s tune  comp.

HeLac-NLO (off-shell) HeLac-NLO eu+4b NLO - - - comp.
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https://arxiv.org/abs/2407.13473

ATLAS ttbb: Observables

summary of all measured observable in each fiducial phase space region

arXiv:2407.13473

Observable Description Phase spaces
>2b 23b 23b 24b >4b
> 1light > llight
ofid Fiducial total cross-section v v v v
Np_jets Number of b-jets v v
NMiight jets Number of light jets v v
H%ad Scalar sum of pr of all jets Vv v
Hf}“ Scalar sum of p of charged leptons, jet and missing E v v
ARfV’; Average angular distance in AR of b-jets pairs v v
A"ll';{ax Maximum absolute difference in 77 between any pair of jets v v
pr (by) pr of the hardest b-jet v v
pr (by) pr of second-hardest b-jet v v
pr (b3) pr of third-hardest b-jet Vv v
pr (bs) pr of fourth-hardest b-jet v
n(by) n of hardest b-jet v v
n(ba) n of second-hardest b-jet v v
n(b3) n of third-hardest b-jet v v
n(bsg) n of fourth-hardest b-jet v
pr (light jet,) pr of the hardest light jet v v
n(light jet,) n of the hardest light jet v v
m(b1by) Invariant mass of two hardest b-jets in pt v v
AR(b1,b) AR between two hardest b-jets v v
pr (b1b7) pr of two hardest b-jets v v
m(bbmi“AR) Invariant mass of two closest b-jets in AR v
pr(bb™inAR) pr of the closest b-jets pair v
minAR(bb) Closest angular distance in AR among b-jets v
m(eub1by) Invariant mass of electron, muon and two hardest b-jets v v
pPr (b:l(’p) pr of the hardest b-jet assigned to top quark v v
pT (b2°p) pr of the second-hardest b-jet assigned to top quark v v
2 (bﬁdd) pr of the hardest additional b-jet v v
pr (B3%) pr of the second-hardest additional b-jet v
n(bzl(’p) n of the hardest b-jet assigned to top quark v v
n(b2o P) n of the second-hardest b-jet assigned to top quark v v
n(b*4d) n of the hardest additional b-jet v v
n(bgdd) n of the second-hardest additional b-jet v
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*4%) Invariant mass of a pair of additional b-jets v
pr (bb*49) pr of a pair of additional b-jets v
m(eubb'P) Invariant mass of eu and the b-jets pair assigned to top quarks v v
AR(eubb™P, b‘l‘dd) AR between the direction of the system of eu v v
and b-jets pair assigned to top and the direction of the hardest additional b-jet
AR(eubb'?,light jet;) | AR between the direction of the system of ey
and b-jets pair assigned to tops and the direction of the hardest light-flavored jet v v
pr (light jet,) — pT(bﬁdd) Difference in pr of the hardest light jet and the additional b-jet v v

Sep 24, 2024
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https://arxiv.org/abs/2407.13473

ATLAS Objects and Event Selection

tt +b-jets
tt+> 0b | 17 +> 1b | 17 +> 2b
Electron p T| 77>| iSz(i_eV
pr > 28 GeV
Muon | < 2.5
jets/b-jets P T| 77>| iSzczeV
Number of electron (N,) 1
Number of muon (N,) 1
Number of b-jets (Np) > 2 >3 > 4
charge Q. + Q, 0
AR(lepton, jet) > 0.4
e/u from 7 lepton decay included

arXiv:2407.13473
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ATLAS tt+jets Flavors Fit: Resulting Fit Values q\\

Inclusive region Regions in terms of jet multiplicity and third-highest-pt jet-pt
Global approach Kinematic-dependent approach
(nominal) (systematic)
Category >3 >2b@77% 3j =22b@77% >4j >2b@77%
> 25 GeV 25-35GeV | 35-50 GeV | > 50 GeV | 25-50 GeV | 50-75 GeV | > 75 GeV
ttb >3 b-jets >3 b-jets -
tthex - = exactly 3 b-jets
ttbb —~ — >4 b-jets
ttc < 3 b-jets and > 1 c-jet < 3 b-jets and > 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

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

statistical only.

vk(ab, @,

S A S
Vk (abex, a,bb, a,ca

)_

S _ S
ay) = Qpey

tth

ks+

arXiv:2407.13473

Truth categorizations,

~ defined using particle
level information of the
reconstructed events.

Fitted values of scale factors Type
Regions @, @, .. @, @, @)
>3j >2b; >25GeV | 1.20 +0.03 - - 1.62+0.09 0.92+0.04 | Global
3j > 2b; (25-35) GeV | 1.40 = 0.15 — - 1.99 +0.42 0.98 +0.08
3j > 2b; (35-50) GeV | 1.30 +0.11 - - 1.74 £027 0.77 £0.11
3j > 2b; > 50 GeV 1.26 + 0.12 - - 1.05+027 1.09 +0.15 | Kinematic-
> 4j > 2b; (25-50) GeV - 131+0.10 1.15+0.14 1.93+0.11 092 +0.01 | dependent
> 4j > 2b; (50-75) GeV = 1.10+£0.09 120+0.10 1.64+0.09 0.86+0.01
> 4j > 2b; > 75 GeV - 1.10+£0.10 1.09+0.10 1.25+0.10 0.83 +0.02
g k s k s k s The expected number
a, N L+ ay + N o th L
17 non-f of events in k" bin in
NEs 4 abka S+ @SNES + @l NBs 4 NEs ==3b (top)and
ttl non-t¢ >4b (bottom) regions

1oy
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ATLAS tt+jets Flavors Fit: b-tagging discriminant score distributions

£18000F ' ' ' . 2 I ' ! ' :

1 1 1 _ c LATLAS * Data _ . C 3000FATLAS » Data _ -

Comparison of data and predictions forthe b= gie00 (T o SE 2oimisn | BN or 0w SF 2ajmeds |
. . . . . . o - eu channel tth «,=092+0.04 [ eu channel tl  _ «,=0.98+0.08

tagging discriminant score distributions: 14000F 55/ w2b@77% = Noni ] 250013} 2b@779% = Non-i ;

12000F Unc. . 2000 [ 25=p_[GeV]<35 Unc. E

a: the inclusive 3j2b region considered for the

. 10003— -
Global fit. : 5000
b, c: the exclusive 3j2b region for two slices in of ot
£ 14f ' P | posti £ 14f ' P | post
. [\ <=~ Pre-fit — Post-fit [ <~ Pre-fit — Post-fit
the 3™ b-tag score ranked pt considered for the ¢ 2 Q 2 . .
. . : B 0877 e A D 08 Ry, s s
Kinematic-dependent fit. & 06 1 1 , — & 06l 1 l 1
2 3 4 5 2 3 4 5
. . . . . b-tag discriminant bin b-tag discriminant bin
d: the inclusive 4j2b for one slice in the 3" b-
] (@) (b)
tag score ranked pr considered for the a . . . @ .
. . . & 1200-ATLAS y lE]t[t:)t?ta Gy = 1262012 & 10 ?ATLAS _1 by =1.2020.10
Kinematic-dependent fit. SN SApAACOR I S b R BN 1o SopAio e s
1000F 5 Sop@77% Non-tt ] 5[ 24/ 22b@77% Nontf '
[50<p_[GeV] ity 1 10°F50<p [GeV] <75 i
! 104;7
; 10°f ™
; 1 102%
200} 10;
0- 1: Lo ] |
S1.4_ T T T ] S1‘4_II-III'IITIIIII_
[ ==~ Pre-fit — Post-fit [ ~<Pre-fit — Post-fit
a 1.2f ) Qo 1.2:.7 1
] R A
i— 0:6' L 1 Qh- Q L1 1 1 1 |—+_|_+“| I1 ;H“J: I| [ 1—|
2 3 ot g_ - 5tb' eal 33133 Sb‘étSd%,é_%_th%
. -tag discriminant bin -tag aiscriminant pin
arXiv:2407.13473
(©) (d
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ATLAS tt+jets Flavors Fit: Compare Pre/Post

g [ T i} 3 % 50 i - 3 g [ T T T B T ] > 50 i ) T ]
ATLAS .+ Data WtiV & °F ATLAS , 4 Data WtV ] ATLAS + Data [tV & F ATLAS + Data [tV
L erlethn Tev, 140f0™ [Jo = Single top 3 o | e\ﬁ S 3 Tev, 14017 [Jtib 1 Single top ] - eﬁ =13TeV, 140 " Otio 1 Single top 1 > | eﬁ =13TeV, 140 " Otio 1 Single top ]
> 2b@77% pre-fit  Mtc  MOthers S 40F >3b@77%pre-fit  Mtc  MOthers ] >2b@77% postfit  Mtc  MOthers ] S 40[ >3b@77% postit  Mtc  MOthers ]
E | WIExp. syst.unc. 3 a I il B Exp. syst. unc. 3 til Exp. syst. unc. a | til Exp. syst. unc.
105F W tH Total syst. unc. 30k W tH Total syst. unc. R 10° !. W tH Total syst. unc. 1 30 _ M tH Total syst. unc.
] 3 F E I .

—_
—_
—_ -
—_ -

N O N
T
.E ]
m I
Data/Pred
[ X NN S o)

Data/Pred.
© o
oo
Data/Pred.
o o
T T T
1
'
:
™
Data/Pred

[o2Xe TN S N
[N TN I o)
anat
1.

o o

200 300 1000 2 3 4 >5 ' 200 300 10b0

(b) ®)

> ' ] 3 f ' - > ' ] 3 f '
& 180k ATLAS , + Data v ; & [ ATLAS .+ Data WtV ] & 180k ATLAS ¢ Data WtV 3 & | ATLAS + Data WtV ]
> 160 Vs =h13 TeIV, 140 0" [tto Single top > 2501 Vs =h1 3 TeIV, 140fb" tib Single top - = 160 Vs =h13 Te|v’ 140 fb™! [t Single top ] > o050k Vs =h13 Telv’ 140 f! Cltio Single top ]
- [~ elL channe 3 -— | el channe!l 3 4 - - el channel = - [ eu channel - ]
S F>3b@77%prefit ~ Mtc MOthers ] S [ >3b@77%preit  Mtc MOthers ] O X p@77% postit  Mtic  MOthers ] E [ d3p@77%postit Mtc MOthers ]
> 140 til Exp. syst. unc. S200F til Exp. syst. unc. ] o 140F til Exp. syst. unc. ] D200F til Exp. syst. unc. 3
120F W tH Total syst. unc. J . W ttH Total syst. unc. 120E W tH Total syst. unc. J W tH Total syst. unc. ]
] 150F ] 150F ]
50F -
0 oF 0 0
; 1.4F T s 1.4F . 1.4F E ; 1.4F
Bi2k <. . B2k - < . B 12k 1 Baof
S o & femessmm— e S et e IR
© 0.8F = 0.8F 3 ® 0.8F 3 ® 0.8F
QA AF QN RE ] ¢ A oF E Qo oF
0.6E s 0.6E s 3 3 0.6E E 0.6E : h
30 40 50 100 200 top300 400 30 40 50 100 200 add300 400 § 30 40 50 100 200 top300 400 30 40 50 100 200 dd300 400 §
p,(b;") [GeV] p,(b7) [GeV] p.(b;") [GeV] p,(b7%) [GeV]

e e Al 4 A R = AR g = SSIC RSN E = - gy BT T s L IS B P ST A i it = R R i e ST Tmgs SRR SRR

The data are described much better by the prediction after the individual ttj components are

corrected. arXiv:2407.13473
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ATLAS Fake Leptons Background Estimation q\\\‘

Fake leptons background is a very small background in the analysis. arXiv:2407.13473

Data-driven estimation from fake dominated same-sign region:

MC

) _ Data MC _~ OS—non—prompt
Nl,fake - R . (Ni,SS - Ni,SS—prompt) R -_ NMC

SS—non—prompt

Fake SS—->0S scaling factors R are derived as a function of lepton prin events with at least two
b-jets, and evaluated inclusively in lepton prin events with 23 b-jets.

The values of R range from 1.98 £ 0.52 to 2.38 = 0.74 across the lepton-p; bins in 2b@77% events, while

itis 1.65 £ 0.45 for the inclusive 23b@77% events, where the quoted error represents the uncertainty due
to limited MC statistics and the MC modeling uncertainty, with the latter being the dominant component.
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ATLAS Fiducial Cross-Section Measurements: Results q\\\‘

Fiducial cross-sections [fb]

Fiducial phase space > 3b >3b > 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)

PowHEeG+PyTHIA 8 t7bb (4FS) 132 78 23 14
PowHEG+PYTHIA 8 t7bb hyp,4 (4FS) 129 74 21 13
PowHEG+PyTHIA 8 t7bb dipole (4FS) 128 71 22 13
PowHEG+PyTHIA 8 17bb pl%ard (4FS) 129 68 21 12
PowHEG+HERWIG 7 ttbb (4FS) 130 77 22 14
SHERPA tTbb (4FS) 135 90 21 15
HeLAc-NLO (off-shell) ey + 4b - - 20 -
PowHEG+PyTHIA 8 tf (SFS) 120 74 18 11
PowHEG+HERWIG 7 tf (SFS) 128 75 18 11
MGS5_AMC@NLO+PyTHIAS tf (SFS) 122 72 18 11
MAaDGRrRAPHS_AMC@NLO+HERrRwIG 7 tf (5FS) 110 66 13 8
SHERPA 2.2.12 tt (5SFS) 124 73 16 10

(a9
N
q
(a9
.
N
o
w
N
=
x

®
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ATLAS Differential Cross-Section Measurements

Quantitative comparisons with predictions show good agreement for most observables within the
measurement uncertainties, and the differences among various predictions are small.

O5d( = 3b) |

O5g( = 3b = 1//c)
Np—jets, = 3b

Nijcjets, = 3b |

HP2, = 3p |
Hal > 3p

AREE, =3 |

avg’

Al 230
m(eubiby), =3b |

m(eubb*P), =3b

pr(b3%), = 3b

In(b399)], = 3b

AR(eubbtP, p2dd), = 3p

(99
N
v
(a9
.
N
o
q
N
=
X

®
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ATLAS vV5=13 TeV, 140 fb~?!

pr(b1), =3b |
pr(bz), =3b |
pr(b3), =3b |
pr(bi’®), = 3b |
pr(b5®), =3b |
[n(b1)], =3b |
[n(b2)], =3b |
[n(b3)], =3b |
In(b¥)], = 3b |
In(b3P)], =3b |
AR(by, b2), =3b |
m(b1bz), = 3b |
m(bb'™P), = 3b |
pr(b1by), =3b |
pr(bb™P), =3b |
AR(eubb™P, l/c-jet1), = 3b = 1l/c |
pr(l/c-jety), = 3b =1l/c |
[n(l/c-jet1)], = 3b=1l/c |
prllic-jety) — pr(b399), =3b = 1//c |

Powheg+Pythia8 ttbb

Sherpa ttbb »

Powheg+Herwig7 ttbb
*  Powheg+Pythia8

Powheg+Herwig7
MC5_aMC@NLO+Pythia8
MC5_aMC@NLO+Herwig7
+ Sherpa

0.0 02 0.4 06 08 1.0

p-values

Osid( = 4b) |

O'ﬁd( =4b = 1//C)
Nyc—jets, = 4b

Hpad, > 4p |
H2, = ap |
=4b
Anfl o =4b |
m(eub1by), = 4b |

AR bb

avg’

m(eubbtP), = 4b

pr(byX®), = 4b

pr(b3%%), = 4b |

pr(b3®), = 4b
[n(b1)|, =4b

|n(by)|, = 4b |

|n(b3)|, = 4b

In(ba)|, = 4b |

[n(bP)|, = 4b

In(by®)], = 4b |
[n(b39)], = 4b |

|I‘)(b§dd)|, =4b
AR(by, by), = 4b

m(byb,), = 4b |

m(bb*™P), = 4b

pr(biby), = 4b:
pr(bb™P), =4b |
minAR(bb), = 4b |

m(bb™r2), > 4p

pT(bbminAR)' > 4b:
m(bb239), = 4b |

pr(bb®?), = 4b

AR(eubb™P, b39d), = 4p |

AR(eubb™®, l/c-jet;), = 4b = 1l/c |

pr(l/c-jet1), =4b = 1l/c

InU/c-etr)], = 4b = 1i/c |
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ATLAS Unfolded b-jets Multiplicity
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ATLAS Diff X-Sec. with Poor Agreement in 3j3b
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ATLAS Diff X-Sec. with Poor Agreement in 3j3b
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ATLAS Diff X-Sec. with Poor Agreement in 3j3b
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CMS Signal Monte Carlo Samples

Generator settings for different modeling approaches of ttbb production. The top quark mass value set to
m, = 172.5 GeV for all generator setups, and for the generator setups using massive b quarks, the b

quarks mass value is set to ny, = 4.75 GeV.

Generator setup Process/ME order Generator/Shower Tune PDF set Ndamp Scales
POWHEGHP8 tf 5FS tt/ POWHEG v2/ CP5 SESNNPDESL 4 w00 i = i = g,
NLO PYTHIA 8.240 NNLO '
_ t POWHEG V2 F PDE3.1
POWHEG+H7 tt 5FS t/ © Gv2/ CH3 >FSNN 3 1.379m,  pp = pugr = My,
NLO HERWIG 7.13 NNLO '
o ttbb POWHEG-BOX-RES 4FS NNPDF3.1 =111 . w4
POWHEG+OL+P8 ttbb 4FS / / CP5 1.379m, MR = 2 liceip
NLO PYTHIA 8.240 NNLO as 0118 urp = Hy/4
= tbb 4F PDF3. =TT_ -y mi/?
SHERPA+OL ttbb 4FS ttbb/ SHERPA 2.2.4 SHERPA SNNPDES.O MR = iceipp i
NLO NNLO as 0118 yup = Hp/2
o ttbb MADGRAPH5_aMC@NLO v2.4.2 4FS NNPDF3.1
MG5_aMC+P8 ttbb 4FS / a V2427 ops _ g = g = Y1y
NLO PYTHIA 8.230 NNLO as 0118
_ tE+jets FxFx/ MADGRAPH5_aMC@NLO v2.6.1/ 5FS NNPDF3.1 HE = iR = L,
MG5_aMC+P8 tt+jets FxFx 5FS _ CP5 — qCut = 40 GeV,
NLO [<2jets] PYTHIA 8.240 NNLO

qCutME = 20 GeV

JHEP 05 (2024) 042
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CMS Measurement Objects Definitions q\\\‘

e Primary electrons: JHEP 05 (2024) 042
e 2016: pr>29GeVin || <25,
e 2017/18: pr > 34 GeV in 2.1 < |n| < 2.5 and pr > 30 GeV 1n || < 2.1,
e PL: pr > 29 GeV in || < 2.5 with momenta of FSR photons in AR < 0.1 proximity.

¢ Primary muons:
e 2016: pr>26GeVin || <24,

e 2017/18: p+ > 29 GeV 1n || < 2.4,
e PL: pr > 24 GeV in || < 2.4 with momenta of FSR photons in AR < 0.1 proximity.

¢ Veto leptons:
e used to reject events with more than one lepton,
ee(u): ppr>15GeVin | <25@24),

e PLe(u): pr > 15 GeV 1n || < 2.5 (2.4) with momenta of FSR photons in AR < 0.1 proximity,
e Jets (PL): pr > 30(25) GeV 1n || < 2.4, AR > 0.4 away from selected (prompt) lepton.

e b-jets: “medium” at 75 — 80 % identification efficiency ( > 80 % correct identification probability)

and “tight” — at 60 % ( > 96 % correct identification probability). On the particle level, b-hadron
matching is performed to identify the flavor.
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CMS ttbb: Observables

Observable 5i3b  6j4b  6j3b3l 7j4b3l
Ohid Inclusive cross section v v v v
Global observables
Niets Jet multiplicity v v
N, b jet multiplicity v
H]T Scalar pt sum of all jets v v
H? Scalar pp sum of all b jets v v
H%ght Scalar p sum of all light jets v v

Observables related to b jets

pr(bs) pr of third hardest b jet v v
17(bs)] || of third hardest b jet v v
pr(by) pr of fourth hardest b jet v
17(by)] || of fourth hardest b jet v
Observables considering all pairs of b jets (bb)
AR Average AR of all bb pairs v
mp Highest invariant mass among all bb pairs v
Observables related to the pair of b jets closest in AR (bb®"?)
pr(b$) pr of leading extra b jet v
|7 (b5 | |n] of leading extra b jet v
pr(b$?) pr of subleading extra b jet v
|17 (bS¥") | |n] of subleading extra b jet v
AR(bb™"™) AR of bb®"™ pair v
|17 (bb®"?)]| 17| of bb®™"" pair v
m(bb®?) invariant mass of bb®"® pair v
pr(bb?) pr of bb™" pair v
Observables related to the pair of b jets not from tt decay (bb*I%)
pr(b3dd) pr of leading additional b jet e
|57(b39)| |7] of leading additional b jet e
pr(b39d) pr of subleading additional b jet e
|17(b39)| || of subleading additional b jet e
AR(bb™ ) AR of bb™ pair '
|57(bb24)]| 57| of bb? pair e
m(bbdd) invariant mass of bb®%" pair v
pr(bbdd) pr of bb2%: pair e
Observables related to extra light jets
pr(G7) pr of leading extra light jet v v

JHEP 05 (2 024) 042 AP, beoi)|  A¢ of leading extra light jet and softest b jet v v
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CMS Unfolding Methodology |

Unfolding is performed through a maximum likelihood fit. JHEP 05 (2024) 042

The values of the particle-level cross sections which maximize the agreement between the predicted
detector-level distributions and the observed data are determined from the fit. In these models, freely
floating parameters of interest determine the total cross section of the signal process in the corresponding
phase space, as well as the normalized differential cross section 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:

L(j, a) = HPOi D,;|S.(#, a) + % N7 @) | | NV(®)
e, pebkg.

where 11 are freely-floating parameters of interest, a are profiled nuisance parameters used to model

systematic uncertainties, De,l- are the observed yield in data-taking era e and detector-level bin i, Nfi are the
predicted yields of background process p in era e and bin i, Se’i are the predicted signal yields in in era e and

bin i, Poi(d | v) is the Poisson probability mass function for counts d with mean v, and /(@) is the
Gaussian constant term (with mean of zero and width of one of the nuisance) parameters.
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CMS Unfolding Methodology Il

The expected event yields in era e is: M; = geajpl(g , JHEP 05 (2024) 042

where £, is the integrated luminosity in era e, GJQ is the profit cross section in bin j estimated using the

nominal ttbb sample, and K; are response matrices.

The total expected signal yields S are computed as functions of the parameter of interest as:

where psy = aﬁd/af?d is the signal-strength modifier for the inclusive cross section, and y; are the

parameters varying the fraction of signal events in each generator-level bin j. TO preserve unity, the yields in
the last generator-level bin n are not scaled independently, but as a function of the other bins:

(1 -+ Hu1) (1—2;!1 )

where F] O/aﬁd O/Z” 0.0 is the a priory fractional cross section in bin j. The measured inclusive cross

section is directly obtained as 654 = ﬂﬁdagd. The measured normalized differential cross section in bin j is

extracted as 1/64d6,;/dX = fi;F;/w;, where w; us the width f generator-level bin j.
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CMS Fiducial Cross-Section Measurements: Results \‘

Measured and predicted inclusive cross sections Contributions of the considered sources of
uncertainty to the total uncertainty in the
Fiducial phase space 5i3b 6i3b3l 6j4b 7j4b3l inclusive cross section measurement
Measured cross section 2367 1037 291 147 Relative uncertainty (%)
+ 142 (syst) +90 (syst) + 36 (syst) + 24 (syst) Uncertainty source 5j3b  6j3b31 6j4b  7j4b3l
+14 (stat +12 (stat +6 (stat +5 (stat
o (st29 (st ot 29 Tntegrated luminosity 16 16 20 18
POWHEG+OL+P8 ttbb 4FS 2361 1183 361 197 Pileup reweichtin 0.2 0.8 0.4 0.5
jig variation +1161/—-737 +826/—433 +183/—-113 +121/—67 P g. & ' ' ) '
jp variation +126 /—100 +97 /78 +23 /18 +16 /13 Lepton and trigger 1.1 0.9 1.9 1.8
POWHEG+PS tt 5FS 1791 899 240 129 JES, JER 2.1 e 35 57
POWHEG+H? tt 5FS 1665 762 197 95 b tagging 4.5 3.9 7.0 9.1
SHERPA+OL ttbb 4FS 1391 677 216 116
MG5_aMC+P8 tfbb 4FS 1024 524 187 101 pig and jip scales _ 2.8 6.8 8.2 12
MG5_aMC+P8 tE-+jets FxFx 5FS 1560 712 203 101 Top quark pr modelling 03 1.0 06 13
PDF 0.2 0.7 1.0 1.9
CMS = 138fo'@8Tev) PS scales 28 27 24 15
[+ Powheg+OL+P8 ibb 4FS (up=A[Im¥4, pe=1Imr) | | - Data | ME-PS matching (qamp) 0.4 0.9 1.3 2.8
-+ Powheg+P8 tt 5FS (up/r =mr) 1| Syst. + stat. unc. | Underlying event 04 <0.1 0.4 0.4
- Powheg+H7 1 SFS (rr =mr) I Stat. unc. _ Colour reconnection 1.1 1.5 1.9 4.5
<+ Sherpa+OL ttbb 4FS (ug=]m{*, up=1LImr) i ) ) ) ) )
- MGS5_aMC+P8 fibh 4FS (umpe = £mr) 1| 7 b quark freigmentatlon 0.3 0.4 0.4 0.4
+ MG5_aMC+P8 ti+jets FxFx 5FS (ppr = Lmr) 11 : Inclusive ttC cross section 0.5 0.3 1.9 2.6
5 jots: 33| e 0 o, -2367¢ 143 | _v I 4 _ MC statistical 0.8 1.6 2.4 2.8
v v . .
i " 11 . . ] Total systematic uncertainty 6.0 8.7 13 17
H . H A A ] | A ]
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MS Post-fit Nuisance Parameters Values
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CMS Unfolded AR(bb®*") in 6j4b Region

: . CMS Simulation 13 TeV
An example of differential measurement of AR(bb®*"#) i T
F) 3F 0.7 8_
in 6j4b region iS presented. Eﬂg/ 2 2,55—0.01 0.01/0.01/0.01( 0.01 | 0.03 0.60 g
2y 053
O = [ Q
. . 8 ¢ 053
The response matrix (top) is averaged across eras and lepton channels, 5 < 3
. . . 2 o
and normalized to generated-level bins (i.e. columns). g e °'4§
3k ®
‘é 2.5 ;—0.01 0.01/0.01/0.01( 0.01 | 0.02 0.20 03 %
. D o no3
Table: z scores are estimated, most of the generators perform well 2 12; 025
— — g "~ 0.01 [0.01/0.01/0.010.02 | 0.18 0.02
with Powheg+OL+P8 ttbb being the best for AR(bb™*!"?). < s - 1
0568 z;ﬂi:‘;:';n::z: i R A

0.5 1 1.5 2 25 3 3.5

_ Generator-level AR(bb™"™)
Signal model: Powheg+OL+P8 ttbb 4FS

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