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General overview ﬂ(".

Karlsruhe Institute of Technology

ttbb is difficult to model: CMS ttH
— multiscale QCD nature (tt mass ~350 GeV and bb mass
~10 GeV) which results in large theoretical uncertainties CMS Profiminary _ a=tsht
- differences in Monte Carlo modelling (see previous talk) T — — |
3 1i+cC cross section (50%) (2017) =
ttH measurements suffer from the large irreducible background ttbb: E ot I .
— ttH allows for a top-Higgs Yukawa coupling measurement R R, == n
— ttbb modelling uncertainties are a/the limiting factor of sensitivity in ttH S s L
10 multijet (H, reweighting = 4 b tags) (2017) —— '
11 PS scale: ISR (ti+bb) (2017) 3
12 jet energy scale (1) ——— .
ttbb ttH O LI —— N
15 Signal MC stat. uncertainty(1)
b 16 jet energy resolution (2017) —— .
IIG ME~gPS ma'ming. (tt+2b) (2017) ‘ I
e" 'I : Signal MC stat. d Sas) ‘
VeV 2 -1 0 12 01 0 01 _
b - Pull [@+10 Impact [[J-1o Impact (6-6,)/A6 Ap
b
q, Post-fit pull of the nuisance parameters ordered
d by their impact.
b
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ttbb at CMS — €+jets and dilepton

tt+jets (5FS) Powheg+Pythia8 simulation is used as nominal
pr = pe = m(t) + pr(t), hdamp = 1.58 - m(t)
» performed in a fiducial phase space and extrapolated to the full phase space, separately for the lepton+jets and dilepton channels
= Two approaches to identify origin of b jet (if top or additional):
= [f: 2 b jets with the largest values of the b tagging discriminant (CSVv2) originate from a top, 3¢ and 4th are considered as add. jets
= [+ets: kinematic fit (y? fit to hypothetical tops and Ws)

Measurements: Visible phase space

Ritbb /ttjj» Ottbbs Ottjij» _ C‘M‘S‘ ‘ EE— 35.9f"(18TeV) CMS SR 35.91b" (13 TeV)
" Tetbb obtained through Giabb = Rttbb/ttjj " Tt -.é i —+ BGess; fi(;L contour ] -8- T —+ ?a:i; fi(tJL contour
. . I o F ] N ] L pto N
Measurements compared with theoretical predictions of: L= | wvps 77 i5O<N iLEgm‘g:’;THIAS = [ws U7 EF’;; <N iLE(?"“;:’(’THIAB
. . I + +
= tt+jets (5FS) MG_aMC@NLO + Pythia8 5FS [FxFx] ° , ° 40 o * B
» tt+jets (5FS) Powheg + HERWIG++ ; ] [ ]
351 L I ]
[ ] 2.5+ § |
- g 1€ — 0,040 + 0.002 + 0.005 pb 30 S — ’ 1
dilepton __ L 1 2 -
- Oypp =0.62 £ 0.03 £0.07 pb o5 . L |
L L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L 1 L i L 1 L L ‘ L L ‘ L L ]
0014 0016 0018 002 0022 0.024 0.01 0.015 0.02 0.025
VPS VPS
ttbb / ttjj ttbb / tijj
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CMS ttbb

ttbb at CMS — €+jets and dilepton

CMS 3597 (13Tev)

Full phase space (FPS) Full phase space (FPS)
pf'>ZOGeV pf‘>30 GeV
T 1
—— —— —@—
| Measurement | Measurement
. Stat. Total . Stat. Total
—k—
—
POWHEG + POWHEG +
3l H—— —— S &
PYTHIA8 PYTHIA8
MG_aMC@NLO
- _al + - — . —l— MG_aMC@NLO +
+— —— — PYTHIA8 5FS [FxFx]
PYTHIA8 5FS [FxFx]
POWHEG +
HERWIG++ - POWHEG +
IIIII IIIIII IIIIIIIIIIIIIIIIIIIII 1 I 1 I IIIIIIIIIII IIIIIII IIIIII III HERWIG++
0.01 0.02 0.03 150 200 250 300 350 2 3 4 5 6 0.01 0.015 0.02 100 120 140 160 180 200 115 2 25 3 35 4
FPS -4 CMs (2015) FPS s
R. = 7% [pb oS [pb R c' S [pb cFS [pb
ttbb/ttjj tijj [pb] ttbb [Pb] ttbbtjj tijj [pb] tibb [pb]

Results:
*  Riwbtjj Ottbbs Orjj IN @greement with data for Powheg and MG_aMC@nlo interfaced with Pythia8

* Rypp,wj (@nd in consequence) oy, lower than measured values for Powheg + HERWIG++
= More precise measurements than before
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ttbb at CMS - all jet

Here: all-jet final state of tt system. In LO:

= 4bjets

= 4ifjets

Advantages:

= large branching fraction

= complete reconstruction of top quarks
Disadvantages

= large background from multijet production

= difficult to identify jets that originate from top decay

Use of the tt+jets (5FS) Powheg+Pythia8 sample as in ttH
analyis, along with the subdivision of tt+B in three sub-
categories.

Strategy

= gluon and quark jets are separated using a quark-
gluon likelihood (QGL) variable, based on jet
substructure observables
* based on the event likelihoods with Nq = 4 and Ng =
0, as well as Ny = 0 and Ng = 4, the QGL ratio
(QGLR) is defined as
QGLR =L(4,0)/(L(4,0) + L(0,4))

1 Other lead to reduced discrimination between multijet and tt production

05.07.22 ATLAS + CMS
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Large combinatorial ambiguity? in identifying the additional jets

- “permutation BDT”

1. discard indistinguishable permutations to reduce No. of permutations
x? method quantifying the compatibility of the invariant masses of the
different jet pairings (t,W) — reduce No. of permutations again

3. train permutation BDT using simulated tt (separate correct parton
assignment vs. other, >7 jets). Inputs: b tag, kinematic quantities, invariant
masses of pairs and triplets of jets, angular openings between jets, pr.

BDT to separate multijet background from inclusive tt+jets production

- “classification without labels BDT (CWoLa)” using data

1. relative rates signal and background processes should be different in the
two regions

2. distributions of the variables entering CWoLa should be independent of the
quantity used to define the two regions

3. CWola BDT trained using a sample of data with 7 jets, where two
independent regions are defined QGLR is below or above 0.95.
Inputs: Output value of permuation BDT, kinematic quantities, b tags, ...

2E.g.: 8 jets - 28 ways to select 6 top pair products — 90 ways to match 6 top dec. jets
to the 6 partons from top decay chains.

Institute of Experimental Particle Physics (ETP)



ttbb at CMS - all jet

Multivariate analysis

10° 10°

= CWolLa BDT score > 0.5

35.9 b7 (13 TeV) 35.9 b7 (13 TeV)
£ c i= F .
2 10° 3 cms ¢ Data I Multijet 2 10° 2 CMS ¢ Data [ Multiiet Cross section
£210°¢ el | tiec £10°F M B oo » extracted from a binned maximum likelihood fit to a
o, .  tio O tizb o, . F O tio O ti2b . . e .
a10F M o5 [] Small bkgs 10 B @5 [] Small bkgs two-dimensional distribution constructed using the
10%F % stat uncert 10°E % statuncert largest and 2n-largest b tag value among the
105F i 105E i additional jets (determined by permutation BDT).
104% 10'F = Signal region to improve purity:

107 I 10%E :
10 I 10k I = QGLR score > 0.8.
1 I Bl b = Control regions (orthogonal):
E1.5 £ 1.5 . .
D o - @, o e ®aate. se®al. = 3regions w/ inverted CWolLa and QGLR
NN o e e e L e RGN a2 2929% 0 ie e :
s 7 b A IR it i e requirements
8%% 02 04 06 08 1 8%°"%4 o2 0 02 04 06
QGLR CWolLa BDT
all jet, VPS _ +0.5
Jttbb - 16i01_04 pb
ol S 55103718 pb
small backgrounds = ttV, ttH, single top quark, V+jets, diboson
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ttbb measurement ATLAS: all MC samples ﬂ(".

Generator sample Process Matching Tune Use
POWHEG-BOX v2 + tt NLO PowHEG Al4 nom.
M C . I PyrHiA 8.210 hdamp = 1.5me
nomina MADGRAPH5_.aMC@NLO + tt+ V/H NLO MC@NLO Al4 nom.
PyrHIA 8.210
POWHEG-BOX v2 + tt NLO POWHEG Al4Var3cDown syst.
i i i PyTHIA 8.210 RadLo hdamp = 1.5m;
Monte Carlo simulations are used in three PowHEG-BoX v2 + 4 NLO POWHEG Al4Var3eUp  syst.
ways in this analysis: Sys. DT . o=t
. . T OWHEG-BOX v2 + tt NL OWHEG H7UE syst.
» to estimate the signal and background variations | T
composition Of the Se|ected data SHERPA 2.2.1 t tt +0,1 parton at NLO MEPS@NLo SHERPA syst.
+2,3,4 partons at LO
Samples . . MADGRAPH5_ aMC@NLO + tt NLO MC@NLO Al4 comp.
= to determine correction factors for PyrHIA 8210
SHERPA 2.2.1 tZbb (4FS) tibb NLO MC@NLO SHERPA comp.
detector and acceptance effects for : 4
) P Com p arison BEERs ttbb NLO POWHEG Al4 comp.
unfolding : PyrHiA 8.210 (5FS) haamp = Hr/2
i i inti (0]1] y POWHEL + ttbb NLO POWHEG Al4 comp.
]
to estimate systematic uncertainties R b (i) e
POWHEG-BOX v2 + tibb NLO POWHEG Al4 comp.
PyTHIA 8.210 tibb (4FS) hdamp = Hr/2
Table 1. Summary of the MC sample set-ups used for modelling the signal processes (tt + tV +
ttH) for the data analysis and for comparisons with the measured cross-sections and differential
distributions. All samples used the NNPDF3.0NLO PDF set with the exception of the two SHERPA
samples, which used NNPDF3.0NNLO. The different blocks indicate from top to bottom the samples
P P p.
used as nominal MC (nom.), systematic variations (syst.) and for comparison only (comp.). For
details see section 3.
Emanuel Pfeffer — Stat nm rements of ttH(H— nd ttl t . . . .
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ttbb measurement at ATLAS

tt+jets (5FS) Powheg+Pythia8 simulation is used as
nominal

Ur = g = Jm(t) + pr(t),

Among others, four additional predictions were calculated
only for comparisons with data based on ttbb ME

Similar to ttH phase space:
= eu: 2 3b and = 4b phase spaces
» [+jets: 2 5j, 2 3b and = 6], = 4b phase

hdamp =15 m(t) m

ATLAS

lepton+jets (= 3b) ve=13 TeV, 36.1 fb~?!

ul

ki lepton+iets (= 4b) | 'i —
o 3 i
= Jma®) - ma(©) - ma®) - ma(b) = . Bl owdxmnn x

e =5(mT(t) +mr(6) + my(b) +mr(b) +mr () =< eul=301 Totaluncert =
Sherpa 2.2 tibh (4FS) & H

™ PowhegtPythia8 tibb (4FS) ™ "
Sherpa 221 eu(=4b) | 75 PowHel+Pymia8 Hbb (5FS) & _'.-
PowHel + Pythia 8.210 (5FS) [} PouHel+Pyhiad b5 (4FS) W =

PowHel + Pythia 8.210 (4FS)
Powheg-Box v2 + Pythia 8.210 (4FS)

No distinction between additional b-jets and b-jets that

come from the top-quark decays.

— The measured cross-sections, after subtracting estimated contributions from ttH and ttV, are compared with four ttbb

10

! 10

1 1
2 3

10
Ofq4 [D]

10

4

05 10 15
Pred./(Data - tEX)

Measured fiducial cross-sections compared with additional ttbb
predictions (central values for PP8, w/ uncert. for Sherpa).
Uncertainties dominated by systematic uncertainties:

tt modelling, b-tagging, and jet energy scale

predictions and are found to be higher than predicted but compatible within the uncertainties!
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ttbb measurement at ATLAS

( |
£ 2OoFT T T T T ™ < B C T T T ]
tt+jets (5FS) Powheg+Pythia8 simulation 38 “5; ATLAS teponjetschamel | &%+ 10F ATLAS ' o channel
i inal S |g 1.8} Vs=13Tev, 361 o' >6j,24b ] ° Vs=13 TeV, 36.1 fb” >2 bjets
is used as nomina ° e U B 5 « Data- X (X= HV)
s I e Data- =H, i .
— bI: 1.4 PowhegsPythas 1 1 —— Powheg+Pythia8 )
/ (t) + (t) 1.2 m - gf 5h_eagM SI?MNE?"PV‘”“ E - rf st::gM E?N;?Py‘hlae
IlR — MF — m pT , - ) - Wi |+ I E = Wi |+ l_\NI B e I
hy = 1.5-m() 0_g — 1 107k -:l;:tr.paZ.Z <~ © Sherpa 2.2 tt, which models
amp 0.6 E o stat "~.] | one additional-parton process !
0.4 ] = <(- - - <= at NLO accuracy and up to :
Among others, four additional predictions °-§ , ] 102 , -3 | fouradditional partons atLO
were calculated only for comparisons oS 18 s === VA L |
with data based on ttbb ME 2§ 1 100 -
[a]
05 X5 ' 3
x . [o ol® )
4 =1.5F 8 A9 scales varied by factors '2; 2
HR = JmT(t) -mr(t) - mp(b) - mT(b) g }";1 51 = g 05 [ ,,,,,,,,,,,,,,,,,,, = ]- :;R'tl;.]e ME c\;lclllatioﬁ and PS :
< OF L L ;"""""'I' """"" A
e = 5 (mr () 4 me(®) + mr () 4 mr(5) + me () 05 g . . .
w>51 5 o 1= 1.5F. - Powheg+Pythia8 (RadHi)  --- Powheg+Pythia8 (RadLo)
SRR Sls 1
s = 1 . =
u Sherpa 2.21 = go 51_ 1 a 0.5 —Powhegs+Pythiag E
= PowHel + Pythia 8.210 (5FS) Sla18 . ":'PowHehF?ythiaS t?bE:(ttFS) —FEowHeHPytl':uiaa {ibb (5§3) " i
. Bt k] E E =0 E E
» PowHel + Pythia 8.210 (4FS) gt gl I
. aal 19 || — © 1
= Powheg-Box v2 + Pythia 8.210 Béég 0.9} —MG5_aMC@NLO+Pythia8 ) ] 8tb': 0.9f —MG5_aMC@NLO+Pythia . E
(4FS) ° 05 1 15 2 25 3 © 2 3 57

— All MC predictions that calculate the top-quark pair production matrix element at NLO, but rely on the parton shower for high jet
multiplicities, predict too few events with three or four b-jets — b-jet production through parton shower is not accurate.
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ttH at CMS: ttbb uncertainties ﬂ(“.

Contributions of different sources of un-
certainties to the result for the combined fit

Uncertainty source Al
Total experimental +0.15/-0.13
b tagging +0.08/—0.07
jet energy scale and resolution +0.05/—0.04
Total theory +0.23/-0.19
signal +015/-0.06 — The largest contributions originate from theoretical
[ te+hf modelling +014/-015 | uncertainties, where the ttbb modelling uncertainties
Size of simulated samples +0.10/-0.10
Total systematic +0.28/-0.25
Statistical +0.15/-0.15
Total +0.32/-0.29

Uncertainties obtained by fixing the listed sources of uncertainties to
their post-fit values in the fit and subtracting the obtained result in
quadrature from the result of the full fit.
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CMS ttH

ttH at CMS: modelling of background

= tt+jets (5FS) Powheg+Pythia8 simulation is used for
tt+bb, tt+2b, tt+b, tt+cc, or ti+f.

= Scales: ur = pg = m(t) + pr(t), hgamp = 1.379 - m(t)

> %% tt+bb

“io B

— each signature is subject to different systematic uncertainties.

15 05.07.22 ATLAS + CMS

Shape and rate systematics:

KIT

Karlsruhe Institute of Technology

Source Type Remarks
Renorm./fact. scales rate Scale uncertainty of NNLO tt prediction
2
tt+hf cross sections rate Additional 50% rate uncertainty of tt+hf predictions
é PDF shape variations shape Sggﬁg r?anl }gffg\l:lgjlag variations, same for ttH and
b scale Do tor (POWHEG), same fo acdltonal e favours
Y scoe shapo it s sty of e M et
ME-PS matching rate :Ij_doitilglnilt?ef’f?aczja&?:ing, hdamp, inde- pendent for
SR shape LWl sty of e (o
7]
= PS scale: FSR shape Final state radiation uncertainty of the PS (for tt

Emanuel Pfeffer — Status on measurements of ttH(H—bb) and ttbb at
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CMS ttH

ttH at CMS: pulls 2 T

Karlsruhe Institute of Technology

CMS Preliminary n=157%
1 ttH (renorm./fact. scales)
|2 1i+bb cross section (50%) (2017) —.— |
3 tt+CC cross section (50%) (2017) : —_——
4 PDF (gg tiH) .——.
5 underlying event (tt+If) (2017) —— : 5
6 underlying event (tt+2b) (2017) ———t
7 b tag charm (linear) (2017) —— l
Post-fit pulls of the nuisance parameters reveal: s PS scale: ISR (1) (2017) —— '
9 underlying event (tt+bb) (2017) D ———
= {tbb cross section ranked very prominently (#2) — ,emiih:nm.i.ag:faon; S
= ttbb initial state radiation (ISR) uncertainty of the PS (#11) [ PS scale ISR (146 (2017) —— |
H 12 jet energy scale (1) —— ;
as well as NLO ME to PS matching (hdamp) (#18) pulls o ot neray oo (2 2017 ———
Obse rved 14 ME-PS matching (tf+) (2017) ——
15 Signal MC stat. uncertainty(1) J
16 jet energy resolution (2017) ——
17 Signal MC stat. uncertainty(2) i -——o—o—-
|1s ME-PS matching (ti+2b) (2017) —— |
19 pileup H ——
20 Signal MC stat. uncertainty(3) ‘ -—IO—— I
. . . -2 - 0 1’\ 2 -0.1 0 0.1 N
— ttbb cross section pulled up: consistent with ~Pull [ +10 Impact [J-1o Impact (6-6,)/20 Al

Post-fit pull of the nuisance parameters included in the fit to the 2017 data
as well as their impact on the signal strength p, ordered by their impact.

larger XS favoured by data!
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ttH at ATLAS: background modelling A\‘(IT

= tt+jets (6FS) Powheg+Pythia8 simulation is used for
tt+>1c and tt+If.

" HR = HF =+ m(t) + pr(t), hdamp =15 -m(t)

=  tt+bb (4FS) Powheg+Pythia8 is used for tt+>1b
C = (@ - mn(® -y () - (B)

= pp =5 (me(© +ma(@® + mr(b) + ma(B) +mr ()

" hdamp =5 (mr(®) + mp(® + mr(b) + ma(B) )
- fraction of tt+>1b events in the selected phase-space is
reweighted to match the fraction in the nominal sample

Systematic uncertainties:

Systematic uncertainties related to varying the amount of ISR and
FSR, PS NLO matching procedure comparing the nominal
prediction with alternative samples.

For tt+>1b: Comparisons are made using predictions in which
additional b-quarks were generated at leading-log precision from
gluon splitting.

— Checked with ttbb Sherpa 2.2.1 sample

05.07.22 ATLAS + CMS

Systematics overview:

Uncertainty source Description Components
tt cross-section +6% tt + light
tt + >1b normalisation  Free-floating tt+ >1b
tt + >1c normalisation ~ +100% tt+ >1c

NLO matching
PS & hadronisation

MADGRAPH5_AMC@NLO + PyTHIA 8 vs POWHEG BOX 4+ PYTHIA 8 All
PowHEG BOX + HERWIG 7 vs POWHEG BOX + PyTHIA 8 All 5FS — 4FS

in POWHEG BOX RES + PYTHIA8 ¢t + >1b

ISR . ISR ; t B
} Varying o™ (PS), i & iy (ME) in POWHEG BOX + PYTHIA 8 tt + >1c, tt + light
in POWHEG Box RES + PYTHIA8  t¢+ >1b
FSR arying ol SF " cr=l
Varying a, (PS) in POWHEG BoxX + PYTHIA 8 tt + >1c, tt + light
tt + >1b fractions PoOWHEG BOX + HERWIG 7 vs POWHEG BOX + PYTHIA 8 tt + 1b, tt + >2b
péfb shape Shape mismodelling measured from data tt + >1b

= tt+lf: uncertainty of 6% is assumed for the inclusive tt production XS
predicted at NNLO+NNLL (incl. effects from varying pg r, PDFs, a5, my)

= tt+>1c: uncertainty of 100% is assumed

= tt+>1b: normalisation is allowed to float freely in the signal extraction fit

Emanuel Pfeffer — Status on measurements of ttH(H—bb) and ttbb at
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ttH at ATLAS: uncertainties ﬂ(".

Uncertainty source Ap

Process modelling

ttH modelling +0.13  —0.05
tt + >1b modelling
tt + >1b NLO matching +0.21 —0.20
. tt + >1b fractions +0.12 —0.12
o tt + >1b FSR +0.10 —0.11
ttbb background modelling has the tt+ 216 P8 & hadronisation +0.09 ~0.08
i t Fef e tt + >1b pt shape +0.04 —0.04
Ignhest Impact on uncertainties! tf + >1b ISR +0.04  —0.04
tt + >1c modelling +0.03 —0.04
tt + light modelling +0.03  —0.03
tW modelling +0.08  —0.07
Background-model statistical uncertainty +0.04  —0.05
Total systematic uncertainty +0.30  —0.28
tt + >1b normalisation +0.04 —0.07
Total statistical uncertainty +0.20 —-0.20
Total uncertainty +0.36 —0.34
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ttH at ATLAS: pulls ﬂ(".

Pre-fit impact on p: Ap
[16=08+A0 | 6=0-10 -0.4-0.3-0.2-0.1 0 0.1 0.2 0.3 0.4
T e

Post-fit impact on p: ATLAS
Mo ="0+A0 [10=0-40 Vs =13 TeV, 139 b
Normalization faCtOF —e— Nuis. Param. Pull Coml?ined ‘ ‘
determlned to be +21b: NLO match. ljets p¥ <[0,120) GeV | | —- | | . .
f421b: NLO match. ljts p' <(120,200) GeV | - Measurement uncerta|nty IS

1.2840.08:

ti+>1b fraction ‘ : | '-' : ‘

ti+>1b: FSR

dominated by systematic
uncertainties, despite significant
improvement rel. to previous
measurement’', esp. regarding

ot NLO il o < 120200) Qv theoretical knowledge of ttbb, which

I
(I
e
—e—
——re—+
L
ti+>1b: p*° shay [IEO— t” d 1 th .t. .t '
tt+21b: |arge ISR pu|| tw:diagramsu;‘fadfon —E— Sl rives e sensitivity!
==
[ — .
—E—
—

— larger ttbb XS

ti+>1b: PS&_hadronisation dilep

favo red by data ! ti+>1b: NLO match. dilep ' €[0,120) GeV

tf+>1b: NLO Match. CR liets
N

tW:PS &t

fH: NLO matching

k(tf+>1b)

f+>1b: NLO match. liets p: [300,450) GeV
tl+>1b: NLO match. ljets p: <[450; Vv

tl+>1b: ISR

{TH: cross-section (QCD scale)
tW: NLO matching
ti+light: PS & hadronisation

\H\‘HHiHH‘\\\\‘H\\‘Huiuu‘uu
2 -15-1-050 05 1 15 2

(0-6,)/A6

'Phys. Rev. D 97, 072016: 2015+16, 36.1 fb"
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https://link.aps.org/doi/10.1103/PhysRevD.97.072016

Summary / Outlook ﬂ(".

Karlsruhe Institute of Technology

ttH analyses
= so far mainly use of tt+jets (5FS) simulations in ttH with H—bb analyses
= however, ATLAS additionally used ttbb (4FS) simulations
= significant differences in the description for ttbb in various simulations, often underprediction of XS
= ttbb is the most important influence on sensitivity for ttH with H-bb analyses
ttbb analyses

= inclusive and differential measurements so far without data from 2017 and 2018 Significant differences
— Run Il measurements with more statistics to be expected from both experiments?

= partial inclusion and comparison of dedicated ttbb simulations

— Modelling of ttbb background so far relied on NLO tt + parton shower simulations.

Latest measurements started to use more accurate NLO ttbb matrix element simulations.
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