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3 key aspects:

<53 challenging to model due to massive b quark and difference in
energy scales of top and b quark

important test of perturbative QCD calculations

leading background for searches such as ttH with H—=bb and tttt
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Differences in ttbb modelling ﬂ("' =
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&2 ttat ME at NLO (5FS) ttbb at ME at NLO (4FS)
= ttbb described by tt matrix elements at NLO = ttbb described by ttbb matrix elements at
(my, = 0) and g—bb shower splittings NLO (my, > 0)
= Residual uncertainties difficult to quantify = Theoretically preferred option for ttbb modelling
b b
_ b 7 b
b — _
t b ’ t b
t t
t t t t
2 Additional b-jets from parton shower 2 Additional b-jets from matrix elements

— expect larger scale variations
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Modelling approaches

Different ME calculations
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Generator setup Process/ME order Generator/Shower Tune PDF set hdamp Scales
_ tt POWHEG v2 F PDF3.1
POWHEG-PS8 tf 575 / OWHEG v2/ CP5 SESNNPDES1 ) 0pg e = g = mig,
NLO PYTHIA 8.240 NNLO !
_ t POWHEG v2 F: PDF3.1
POWHEG+H? tt 5FS t/ OWHEG v2/ cruz  OBONNPDEL g e = g = i
NLO HERWIG 7.13 NNLO !
o ttbb POWHEG-BOX-RES 4FS NNPDF3.1 =177 . . w4
POWHEG+OL+P8 ttbb 4Fs / / CP5 1379m, PR = 2 Iliciipp
NLO PYTHIA 8.240 NNLO as 0118 up = Hp/4
. ttbb 4FS NNPDE3. =TL_, - mi
SHERPA+OL ttbb 4Fs / SHERPA 2.2.4 SHERPA S 30 PR = Tliceip i
NLO NNLO as 0118 up = Hy/2
- ttbb MADGRAPH5_aMC@NLO v2.4.2 4FS NNPDF3.1
MG5_aMC+P8 ttbb 4Fs / a v242/ CP5 — HE = PR = LT
NLO PYTHIA 8.230 NNLO as 0118
G5 aMC +P8 £ ticts ExFx pg | TEHEES EXEX/ MADGRAPH5.aMC@NLOV26.1/ 5FS NNPDF3.1 # é :t # R;g;’f’
_a ets —_— =
J NLO [<2 jets] PYTHIA 8.240 NNLO u i
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CMS
Phase space regions for XS measurement ﬁ("‘ =

>5 jets: >3 b jets — probing tt events with at least 1 additional b jet
>6 jets: >3 b jets, >3 light jets — probing additional light jet radiation

>6 jets: >4 b jets — probing fully resolved ttbb events

>7 jets: >4 b jets, >3 light jets — probing additional light jet radiation

+ exactly one electron or muon in each region.

> Regions targeting distinct aspects of ttbb!

tt+b jet phase space region definitions
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Observables
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Observable 5i3b 64b 6j3b3l 7jdb3l
Ofiq Inclusive cross section v v v v XS in C|USive
Global observables
Niegs Jet multiplicity v v 3 !
Ny b jet multiplicity v Global observables covering e
H] Scalar py sum of all jets v v . : Talk b
Ht Scalar pr sum of all b jets ¢ various aspects of all jets Y er Linden
O\ H?*’m Scalar pr sum of all light jets v v
O
Observables related to b jets
pr(bs) pr of third hardest b jet v v i i i
ol P o thind hardeat b vy Jet kinematics, preferab!y b jets not
pr(by) pr of fourth hardest b jet v from tt (379/4th b jet)
|1(by)| || of fourth hardest b jet v
Observables considering all pairs of b jets (bb)
A ARp® Average AR of all bb pairs v All b jets
mpE Highest invariant mass among all bb pairs v
Observables related to the pair of b jets closest in AR (bb™"™
B j ( )
PT(b?ih‘d) pr of leading extra b jet v
[7 (b7 |7 of leading extra b jet v . .
pr(b§) pr of subleading extra b jet v Observables based on O\ = covered in this talk
O A\z((k};{:n) Z/}\Qoffslu;}fl?dil1g extra b jet j Closes‘t b Jets n AR,
( B of bb™" pair q
N pbb™)|  ly] of bb™ pair v bexta preferrably b jets not from tt
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 t decay (bb*4%")
pT(b‘l‘d‘;‘i ) pr of leading additional b jet v
[7(b3)| [7] of leading additional b jet v
pr(b3dd) pr of subleading additional b jet v Observables based on DNN
add . . . . o q o A . .
In(63*)| - In| of subleading additional b jet v identification targeting b jets not
AR(bb*%) AR of bb™% pair v
[57(bb*)| 57| of bb4" pair v from tt
m(bbdd) invariant mass of bb®%" pair v
pr(bbd) pr of b pair v
Observables related to extra light jets
pr(ti?) pr of leading extra light jet v v Extra light jet radiaton
[AP(1jT", beog) | A¢p of leading extra light jet and softest b jet v v gnty
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Cherry-picked differential
cross section results
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Diff. XS results: Probing two closest b jets
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@ Target the b jet origin

= Sensitive to b modelling
= Potential preference of additional b jet
modelling in PS (it 5FS) or ME (ttbb 4FS)

pem  Findings

CMS 138 fo-! (13 TeV)
— F—T T T T T T
g I Powheg+OL+P8 ttob 4FS Sherpa+OL ttob 4FS
o|g 2.0 ¥ (wa=1TIm¥*, pe=1Imn) ¥ (a=TIm{* pe=1Imn)
°lF | *  Powheg+P8 tt5FS (ugr=m7) v MGS5_aMC+P8 tibb 4FS (uge = Lmy)
g [ Ao Powheg+H7 tt 5FS (Urr =my) , MG5_aMC+P8 ti+jets FxFx 5FS
,_ll'é 1.5 A (MRE=Lmr7)
S : **ﬂ
1.0F A
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0 5;«-@ iy .
: A
0.07‘\‘H‘\HH\HH\HHMHH\HH
¢ Data Syst. + stat. unc. Syst. unc.
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Phase space: 26 jets: 24b AR(bbeXtra)
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tt (6FS) Pow+P8: prediction of too /arge distances AR

ttbb (4FS) simulations: good description of AR

tt (6FS) Pow+H7: prediction of too small distances AR

->

€ ATLAS+CMS comparison: arXiv:2301.11670

Divergent behavior of tt/ttbb also seen in

Institute of Experimental Particle Physics (ETP)


https://arxiv.org/abs/2301.11670
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Diff. XS results: Probing spatial relations

pmm  Findings

CMS 138 fo-! (13 TeV)
- T T T T T T T T T
%D:g I , Powheg+OL+P8 ttbb 4FS Sherpa+OL ttbb 4FS
< 1.50F (HR=3IIm¥*, pr=1Em7) (Wr=TIm¥* ur=1Lm1)
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1.00f T A
: -
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@ Target the average distance of b jets

— very important input feature in ttH with
H-bb analyses for discriminator trainings

In all simulations: prediction of too /arge distances AR

) Large uncertainties, mostly statistically limited!

Institute of Experimental Particle Physics (ETP)
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Diff. XS results: Probing two closest b jets
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@ Target the closest b jets invariant mass

pem  Findings

ttbb (4FS) simulations: good description of inv. masses

«10-2 CMS 138 fo-! (13 TeV)
- T T T T
i 2. O N Powheg+OL+P8 ttob 4FS Sherpa+OL ttob 4FS
% i (M =3TIm¥*, ue=1Emy) Y (R=TImY pr=1Imy)
) L *  Powheg+P8 tt 5FS (ugrr =m7) v MG5_aMC+P8 ttbb 4FS (ugr = Lmy)
— 1.5[ s Powheg+H7 tt 5FS (ugg =my) MGS5_aMC+P8 ti+jets FxFx 5FS
g — (MRF=LmT)
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m(bb®2) [GeV]

tt (5FS) Pow+H7: prediction of too small inv. masses

Similar behavior for invariant masses as for AR
of the closest two b jets!
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Diff. XS results: Probing additional light jets

«10-3 CMS 138 fb~! (13 TeV)
— 1 T R
S i i s @ Target jet p; of light jets through H;
8 4 B * Powheg+P8 tt 5FS (ugr =mr) v MG5_aMC+P8 tibb 4FS (ure=Lmr)
— A Powheg+H7 tt 5FS (urr =m7) MG5_aMC+P8 tt+jets FxFx 5FS
5 A (MRF=Lm7)
o] =|—3,
o[ df *
_-gc B ** I VV **Aill-vv
‘_|6_ |
2r
1 } *tAl..'v
**A.+VV **A.'.‘vv
| L | T I R R I N R R R T R R T T T s H H
¢ Data Syst. + stat. unc. Syst. unc. '“ Findings
1.5 7 R A= ttbb (4FS) Powheg+Pythia8: pr of light jets too high
CU i
© A . Y : : : .
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= v e SR S ; L + j
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Diff. XS results: Probing additional light jets
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How could the mis-modelling be improved?

Nominal line of ttbb (4FS) Powheg+Pythia8
simulation from previous slide

Factorization scale multiplied by a factor of 2

Not necessarily a problem of the generator,
but doubling pr and prtend to describe light
jet pr better!
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Summary ﬂ(". -~
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Measurements of cross sections of ttbb production in the lepton+jets channel
at Vs = 13 TeV with 138 fb":

v Results compared to the predictions of several event generators % '&
and settings
v None of them simultaneously describe all measured distributions in
various phase space regions
v >6 jets: >4 b jets: predictions compatible with the data within larger
experimental uncertainties ttbb measurement
v Other phase spaces: mis-modelling in predictions visible

v Rivet routine available to test generators!

°
b/? Measurement helps tune and refine theoretical predictions and better assess theoretical uncertainties estimated
from various ttbb event generators.

Measurement available at https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-009
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Backup
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Sources of uncertainty
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o
x
L

Uncertainty source

Relative uncertainty (%)

5i3b  6j3b3l

6j4b  7j4b3l

Integrated luminosity
Pileup reweighting
Lepton and trigger
JES, JER

b tagging

ug and pg scales

Top quark pr modelling
PDF

PS scales

ME-PS matching (7 4amp)
Underlying event
Colour reconnection

b quark fragmentation

Inclusive ttC cross section

MC statistical

Total systematic uncertainty

Statistical uncertainty

Total uncertainty

1.6
0.2
1.1
2.1
4.5

2.8
0.3
0.2
2.8
0.4
0.4
1.1
0.3
0.5

0.8

6.0
0.6

6.0

1.6
0.8
0.9
1.6
3.9

6.8
1.0
0.7
2.7
0.9
<0.1
1.5
0.4
0.3

1.6

8.7
1.2

8.8

2.0
0.4
1.9
3.5
7.0

8.2
0.6
1.0
24
1.3
0.4
1.9
0.4
1.9

24

13
22
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9.1

12
1.3
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2.8
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2.8
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3.3
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