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Overview

With a detector in between, quarks are observed as jets!

tt + jets

“What we see in the detector”

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

LAr eleciromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Pixel (100x150 ym) ~16m* ~66M channels

Overall diameter :15.0 m
Microstrips (80x180 um) ~200m* ~9.6M channels

Overall length ~ :28.7m
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

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



Overview
Different jet flavours result in different analyses!
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tt + jets
A selection of ATLAS highlights (36.1/3.2 fb™)

Eur. Phys. J.C 79 (2019) 12, 1028

s 3 of the tt system and jet multiplicities are presented (in resolved and
s e r T memimn boosted topologies)
F o These provide important constraints to several generator setups!

el g (Many results of which | highlight only one!)
I — Figure shows the normalized differential cross section as a function of
& 3_.35 B e the number of additional jets (pt > 25 GeV), with good agreement up
I e L, to 3 additional jets, and some tension at higher jet multiplicities.

B B B o — p-values ranging from <0.01 to 0.44 [link]

Differential tt cross section measurement as a function of (top decay and)
additional jet kinematics are presented.

Gap fraction = fraction of events without any additional radiation above a
given kinematic threshold (p or Hy).

This is an interesting quantity that provides complementary information
on additional jet kinematics rather than additional jet multiplicity.

Significant differences are observed between generators and between
data and simulation. - p-values ranging from 3.4x10° to 0.89 [link]
some MC settings have been tuned after this early 13 TeV measurement
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tt + jets
A selection of CMS highlights (35.8 fb™")

35.8 b (13 TeV)

CMS result with 35.8 fb"1 (2016) = Phys.Rev.D 97 (2018) 11, 112003 1.1 FCMS  e/uiets
C particle level
Amongst a very rich content of differential measurements, H= T L S
— : : e . - _ g e
results on tt cross section as a function of additional jet 09 gt
multiplicity for different p thresholds are shown below. 2 osFE 4T - Data
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tt + heavy-flavour jets




Theoretical modelling of tt+HF
Simulating these processes remains an active field of study

T. Jezo et al., Eur. Phys. J. C78 (2018),

Theory predictions / Simulation of the tt+HF final state is highly non-trivial. no. 6502'ff§rXiV¢3803-004261( -

. . Invariant mass of the 15t and 2"d b-jets system (ttbb cuts
It deals with very different scales from the top quark mass down to momenta MMM A A A Bte DN
of the relatively soft additional jets. g -E e E
§Z o.;; i_ﬁ\_‘_"\_\_,—\_’_,—\";i
. Matrix Element vs Parton Shower. T
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. Inclusive tt+jets versus dedicated ttbb and ttcc simulation. 06 E
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Still a very active field of study! ATL-PHYS-PUB-2016-011
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The ATLAS ttb(b) measurement
ATLAS _ _ ~
EXPERIMENT A very detailed exploration of the ttbb landscape

Inclusive / differential Dilepton / £+]et

cross sections

— T ———
’— -~

=~ - —”
e o ==

ME comparisons:
Powheg, MadGraph, PS comparisons:
Sherpa, PowHel Pythia, Herwig, Sherpa

inclusive / ttbb in the ME


https://link.springer.com/article/10.1007%2FJHEP04%282019%29046

ATLAS The ATLAS ttb(b) measurement

EXPERIMENT Fitting normalization of different flavour components

Differential tt+jet measurements are agnostic about jet flavour.
— The normalizations of tt+>1b, tt+>1c, and tt+>1l are fitted in a “control region”
1. Rank jets according to the b-tagging discriminator value

2. Take the 3 (and 4™ in £+jet) ranked jet (proxies for additional radiation)
3. Divide in bins that represent different b-tagging efficiency ranges”

ep channel, > 3b /\)jjet channel, = 5j, = 2b

£ 2500F ' ] @ T
S ' ATLAS * Data ] c 107 ATLAS
> [Vs=13TeV, 36.1 fb’ .‘E‘;"‘“ “c'=1‘-§5ig-gg ] e Vs=13TeV,36.1fb" e Data ¢~ — T
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2000 _‘?3%2;;931 WNond ] 108k =5/ =26@60% i 1 =09620.003
i - - Pre-fit 1 . Mt 0,=1.59+0.06
i ¢ 1 Pio o =111:002
- _ 5 b
1900Fsssceemee : ] 10 ; Bnond = — — % *stat. unc. only
: ! ] e - - Pre-fit
1000f 10* °
(*) : \
ici i 10
m Efficiency 500
2
1 100%-85% 0 10
2 %-779 « C ' ' . © T T T T T T ]
85%-77% ‘DU 1; <2 Preit — Post-fit T 1.9F 77 Predfit = Post-it ]
" s, % / e —— -
N I N S R e i
. . D O.BE 000770070 B o8k 0% ///4 i il
4 70/)-60/) n— 06- | | 7 E i 1 1 1 1 1 | | | | | | | ]
3 4 5 3%t 1 2 3 4 5 2 34545 5
5 et 11 1 1 1 2 3 33 4 45
iscrim

<60% b-tag discriminant bin b-tag
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The ATLAS ttb(b) measurement

Results of the inclusive measurement

Inclusive fiducial cross sections are reported (backgrounds and ttH/ttV “signals” are

subtracted using MC predictions)

Separate results for > 3b and > 4b (i.e. for =1 or >2 ’additional’ b jets)

Uncertainties dominated by systematics: b-tagging, Jet Energy Scale, Modelling (PS)

Compared to several simulations

— Overall higher tth(b) cross section observed in data compared to MC predictions!

lepton+jets ( = 3b)

lepton+jets (= 4b)

ATLAS m |
(VS =13 TeV, 36.1 fo-? al

t

% | pata-tiX(X=H,V) @ .
eu(=3b)+ — Stat. uncert. i ]
| Total uncert. ]
Sherpa 2.2 ttbb (4FS) :
| Powheg+Pythia8 ttbb (4FS) m ]
eu(=4b) "-' PowHel+Pythia8 ttbb (5FS) M - ..
[ ] PowHel+Pythia8 ttbb (4FS) M |
101 102 103 104 0.5 1.0 _1.5
Otiq [fb] Pred./(Data - ttX)

13



MC

MC

MC

b do-tbe

ttbb

o QCh

ATLAS The ATLAS ttb(b) measurement

EXPERIMENT Differential measurements to explore the entire topology

p; of the 3" hardest b jet AR between the two closest b jets Invariant mass between the two
— probe additional b jet kinematics — probe angular correlations leading (hardgst) b jets
between additional b jets (colinear — probe the kinematic properties
gluon splitting into bb) of the tt system
107" ATLAS lepton+jets channel 7 é Esg 23: ,IATLASI | I Iepton+jlets channe;l : % ATLAS I Iepto;1+jets channel
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The CMS dilepton/ £+jet ttbb measurement
The strategy outlined

JHEP 07 (2020), 125

Dilepton +jet

Baseline
selection

Kinematic fit to
ldentify 3@ and 4™ largest b- reconstruct tt system +
" - tagging discriminator L )
additional jets gging take largest remaining b
Score tag scores

2D template fit — extract o and Rygp /45 = thbB/otﬁj

2¢,> 4j,= 2b-tag 14, = 6j, = 2b-tag
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[ [ 0.08 Y & [
€06 0.03 €06 € 0.015 €06
£ r £ r g £ r
£ E 0.06 € £ 0.02
5 04 0.02 5 0.4 5 0.01 5 04
2 I 2 I 0.04 2 2 I
j=2] [=] D (=]
g0 g ol g g ot
o 02F 0.01 2 02f 0.02 a 0.005 2 02
0 0 0 0 0 0 0
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b tagging discriminant (1 additional jet) b tagging discriminant (1 additional jet) b tagging discriminant (1 additional jet) b tagging discriminant (1* additional jet)


https://link.springer.com/article/10.1007%2FJHEP07%282020%29125

The CMS dilepton/ £+jet ttbb measurement
Results

Inclusive cross sections (and ratio) measured in the fiducial phase space and unfolded
into the full phase space — Acceptance and efficiency corrections derived from
simulations.

Uncertainties dominated by b-tagging and theoretical modeling (ME/PS scales)
Precision of ~ 13% on oy,

o well modelled, but R, ., +/.-.. (and therefore also o,5.%:) underestimated in the
ttjj ttbb/ttjj ttbb
simulation.

CMS 35.9 b (13 TeV) CMS 35.9 fb”' (13 TeV)
Q35 " 4 Bestiit ] o ‘ " Bestfi ]
— | Dilepton —— 68% CL contour — 45 Lepton+jets —— 68% CL contour
2 = | vs T 95% CL contour 2 = L vs T 95% CL contour ]
o | —~@— POWHEG+PYTHAS | & | ~@ POWHEG + PYTHIAS |

3 7 o ]
] 35 F
2.5+ — r i ]

I i 30 L \ B

2+ s i ]

- e ’ ]

l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 L 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1
0.01 0.015 0.02 0.025 0.014 0.016 0.018 0.02 0.022 0.024
VPS VPS

ttbb / tjj ttbb / tjj
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The CMS fully hadronic ttbb measurement

Phys.Lett.B 803 (2020), 135285 The strategy outlined
|
|
| .
Baseline o, _ o < 514 | Identify BDT trained to identify
: , = 0], = «D-1ag . additional jets  jets from tt decays
selection ! J
____________________________ L o o o e o e e e e e e e e e e e e e mm o -
Reduce QCD  Quark-gluon likelihood ratio CWola BDT e 10201174
“QCD events expected to have Unsupervised learning on data in
backgrou nd more gluon jets” control regions (==7 jets) with mixed
signal/bkg compositions
35.9 b (13 TeV) 35.9fb" (13 TeV)
S10°F CMS ¢ Data [ Multijet 5109 CMs ¢ Data [ Multijet
2108 W W tico 210° M G W s
] [ tib [ ti2b . [ ib [ ti2b
o107 M i [] Small bkgs m 10 M b [ Small bkgs
108 2 Stat uncert 108 7 Stat uncert
Signal
Region
'én _
§ CR1 §1.0 et iandiereeenireinnitey 21.0 // O R e o S
0‘; 8%% 02 04 06 08 OLR B B — &7\1/ L ?3:81-
CR2 | CR3 Uncorrelated observables > ABCD method to estimate

0.8 QGL'R

QCD contributions in the final fit 18


https://www.sciencedirect.com/science/article/pii/S0370269320300897?via%3Dihub
https://link.springer.com/article/10.1007%2FJHEP10%282017%29174

The CMS fully hadronic ttbb measurement
2D template fit to extract the results

%103 35.9fb™ (13 TeV)
C
e} CMS ¢ Data = (5
P Y 3 tio =3 tf2b
T ] B tfcT
g == Multijet = Small bkgs
L zz Total uncert
SR: CWola BDT > 0.5, QGLR > 0.8
= 2 . .
L ° i
o O'f’"’.’"" ,,,,, r.,,.,f,,,,',,,,. ,,,,, o te 0 ,.,.,.,,A
e ¢ © [ ] ) ° oo L]
S 5 10 15 20 25 30
2DCSV bin

Fit in (2D) bins of b-tagging
score of the two additional jets

Uncertainties dominated by QGLR and b-tagging
calibrations + signal/background modelling.

Precision of ~ 30%!

Again, o.g,p IS under-predicted in the simulation.

CMS

35.9 b (13 TeV)

ttbb all-jet

tt+jets:
POWHEG +
HERWIG++

tt+jets:
MG5_aMC@NLO + . . -
PYTHIAS 5FS [FxFx]
ttbb:
MG5_aMC@NLO +
PYTHIAS8 4FS

tt+jets:
POWHEG +
PYTHIA8

| Measurement
Total unc
Stat unc

0.5 1 1.5 2
Fiducial 5. (pb)

Fiducial
parton-independent  tivs o, -(Pb)

parton-based b

25 05 1 1.5 2 2.5 2 4

6 8

Total phase space o_ _(pb)

tibb
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Comparison of the CMS ttbb measurements
Consistently, the ttbb cross section is under-estimated in simulations

CMS

Preliminary

Reference for c,,

MG5_aMC@NLO +
PYTHIA8 4FS

POWHEG +
HERWIG++

MG5_aMC@NLO +
PYTHIA8 5FS [FxFx]

POWHEG +
PYTHIA8

Gy c SUMMary, 35.9 f6' (13 TeV)

April 2020
P
|—.—|
: ® ttbb_alljet
H— PLB (803) 2020 135285
: ttbb_dilep
: JHEP 07 (2020) 125
A A ttbb_semilep
— — JHEP 07 (2020) 125
P
| | i | | | | | | | | | | | | | | | | | | | | | | | |
1 2 3 4 ) 6

Full phase spacec,,, /o,
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tt + charm jets!
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The CMS dilepton ttcc measurement
The strategy outlined

Physics Analysis Summary TOP-20-003

First measurement of the tt + ct cross section, but simultaneously

measure o(tt +bb), o(tt +LF) and R = oltt +CE/bB)/

Goal and o (€ +jj)
SCOope Measurement performed in the dilepton channel, using 2017
dataset, 41.5 fb"
!
Baseline : |dentify NN trained to identify
: 24, > 4j,> 2b-ta . . " .
selection e g : additional jets additional HF jets
|
1
L opotageer o TeV, 2016
Use charm jet identification (c-tagging) i ous R
§ g Wbijets [[cjets [udsg jets g
Properties from c jets are distributed midway s 1 b M T
between those of b or light-flavour jets — two c- 3 050
tagging discriminants! O;_
P(c) P(c) 050
P(CvsL) = , P(CvsB) = . i o
T R+ P )= Bl P + PoD) 0506704 020 02 04 06 06 T

CvsL discriminator 27


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-003/index.html

The CMS dilepton ttcc measurement
Calibration of the c-tagger shape

- ~
-1 -1
/ \ 415" (13 TeV) 4157 (13 TeV) \
n 10 - = %) — =
= CMS Preliminary ttcc I ticL = CMS Preliminary ttcc I ttcl
’ S g I tiob I tioL S 107 I tfob . oL |
® o tiLF ti+other o B tELF ti+other
I S 10° [ Single top Bl Z+jets 5 10° [ Single top Bl Z+jets I
) Il Rare ¢+ Data ) 5 I Rare ¢+ Data
I q) -g 10° %% MC stat. unc. -g 10 % MC stat. unc. I
I s g 1o 2 i
' O
e 102 |
I Slo S|o I
| L g I
\ 05 06 07 08 N0 : 7 0. : /
V CvsL discriminator first add. jet DeepCSV CvsB e i .
\’ NS NN N T S I S S I S S A S I I S I S S A S A I e A S A A e e ey /
/ 41.5 b (13 TeV) 415" (13 TeV)
g 10 i tict . ticl 4] - fc tol \
T CMS Preliminary o0 . = CMS Preliminary ticc I ttc
l ® L I ttbb I tbL o 107 I ttob I tioL |
o Bt tt+other o I tiLF tt+other
I 5 10° [ Single top Bl Z+ets 5 10° [ Single top Bl Z+jets I
o Il Rare + Data oy . Il Rare + Data
I -g 10° %% MC stat. unc. -g 10 #% MC stat. unc. I
=]
I | € 10 2 I
O ow
' sl |
| i l
\ . . 05 06 07 08 ' : : 308 :
V CvsL discriminator first add. jet DeepCSV CvsB add. jet /

~

- o Em Em Em EE EE S o EE S EE EE S e EE S e EE S e EE S Em Em e Em mm e e P 23



The CMS dilepton ttcc measurement
Two-dimensional simulated templates used in the fit

Another NN is trained to distinguish ttcc from ttbb (Af) and from ttLF (Af).
The fit is performed on two-dimensional distributions. Uncertainties dominated by c-
tagging calibration, JES, modelling (ME and PS scales and matching)

CMS Simulation Preliminary 13 TeV

=)
normalised yields

107

AC AS

Clear separation between the ttbb, ttcc and ttLF contributions N



The CMS dilepton ttcc measurement
Summary of the results

- = Fiducial Phase Space R :1 5 (13 TeV)
- - H—etH L. o imi, best fit Powhe
tict e CMS F:rellmlnary 200k ngugaﬁ)ﬂgéggg — 68%CL ¢ MGS_agMC@NLO
- 41.5 o' (13 TeV) i o ool
© stat. only [ ] . i
Sitop _“" stat. @ syst. | | éfg 150;
R, “ H-e-H Powheg + Pythia b.g i
1 MG5_aMC@NLO i
Oup X 20 ”@ + Pythia 1007_
. o R || B N R i
4x107 10" 2x10™ 1 2 3 T ‘1(|)o‘ - ‘150‘ - ‘2(‘)0‘ — ‘zéo‘
G [pDb] R [%] G [fb]
Fressen First measurement of the tt + cc cross section! «-eeeeeee. :
! Fiducial PS: o(tt + cc) = 152 + 22 (stat) + 19 (syst) fb (~ 19% uncertainty)
Rc =2.37 + 0.32 (stat.) + 0.25 (syst.) % (~ 17% uncertainty)
Full PS: o(tt + cc) = 7.43 + 1.07 (stat.) + 0.95 (syst.) pb

Rc =2.64 + 0.36 (stat.) + 0.29 (syst.) %

Also in this analysis we see an underestimation of o(tt+bb) and R,, but an overestimation of o(tt+cc) and
o(tt +LF) (everything within 1-2 stdandard deviations)

ATLAS ttc reco-level scaling factor (slide 12): 2745 = 159 4+ 0.06 (stat) + 0.7 (model) hints at
underestimation of ttc signal strength in MC, whereas CMS observes: at® = 0.81 + 0.12 (stat) £+ 0.10 (syst) 55



Conclusions
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Summary and conclusions

Differential tt+jets analyses from CMS and ATLAS allow to probe kinematics of the additional
radiation (PS) and puts different ME/PS simulators to the test.

— Full Run-2 combinations of these analyses will greatly improve the precision (lower statistical
errors allow for much finer binning!)

Both CMS and ATLAS have explored the ttbb landscape in different channels using the 2016
dataset, reaching a precision of roughly 13-16%.

— Consistent underestimation of a(ttbb) in different simulators.

— CMS managed to conquer the fully-hadronic channel.

— ATLAS provided a first set of differential measurements.

CMS presented a first measurement of a(ttcc) with a precision of around 20%.

— CMS result reveals a slight overestimation of ttcc yield in MC (within unc.)

— charm-tagging tools (and calibration) are a vital component.

— ATLAS scaling factor for ttc at detector level hints at possibly underestimation ttc signal
strength in MC compared to data

Important steps in my opinion:

— Come up with a uniform phase space definition for fair comparisons.

— Stay in touch with the theory community to improve the simulations.

— Work towards full Run-2 results (all channels, inclusive+differential, ttcc, ttbb, ttLF)
— EFT interpretation? (qggqg and qgH operators in a combined tt+HF/tttt/ttH interp.)
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Backup
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Some additional ATLAS differential measurements

ATLAS

EXPERIMENT

ATLAS Collaboration, tt +jets differential

Prediction
Data

1.5

S = ‘e zll-jtlatle>|<clusive I ||||I Statl.+S§/st.I unc. 3
7 7 ‘gn": 14 ATLAS V¥ 5-jet exclusive —— Stat.+Syst. unc _;
cross sections (f +jet) JHEP 10 (2018), 159  8& . E ®-13Tev, 320" j — Stat+Syst.unc. 3
E 13 = ¢ 6-jet inclusive 7/ Stat.+Syst. unc. =
12 -
1 : % 2 Z : / """"" =
0.9 = 2 Y s =
W
0.7 i— ‘
0.6 i— ,;E
05 =470 B0 a0 A0 8060 T Z0 w0 A0 oo
ptT'had [GeV]
ATLAS — PWG+PVS8 Stat + Syst ATLAS Collaboration, tt differential
Vs =13 TeV, 36.1 fb Stat Only Data ' ' iV
¥ =13 Tev. 36 T WeRYsUs - Pwaspvspown  C10SS sections (all hadronic), Arxiv:
Fiducial phase-space —- gx\;?pgm -+~ MC@NLO+PY8 2006.09274 (Sub. To JHEP)
Normalised cross-section
rrrrTrTrTTTT T Ter T Ty T TTrTTyrTTyrrryrrryrrryrrryrrryrrry Ty LI LI
e———=
] Njets =8 Njets >8 110°

v ey by vy s baa
02 04 0.6 0.8

P IR B PR B
0.2 04 06 0.8

T
P [GeV] 29


https://arxiv.org/abs/2006.09274
https://link.springer.com/article/10.1007%2FJHEP10%282018%29159

ATLAS

EXPERIMENT

The ATLAS ttb(b) measurement

Uncertainties in the differential measurement

Normalized differential cross sections as a function of a large variety of kinematical
quantities are unfolded to particle-level.

Differential measurements suffer more from statistical limitations (especially the eu

channel which is only probed differentially in the > 3b phase space)

With the presented binning, uncertainties range between 10-30%

With the full Run-2 dataset in our hands, we can more accurately start to probe these

differential measurements!

— j I I
L o-mn Parton shower

o
©

—— QCD radiation

----- ttc fit variation
Statistical Unc.

ve uncertainties
© o o
? Il\lDI T I-lbl T Ioljl TT |

- - - Generator Vs=13TeV, 36.1 fo'

JES/JER eu channel
..... b-tagging >3 b-jets ]

Total uncertainty e immi—m s

Relati
Iol
4

|
o
N

|
_C)
~

I I I I Lo |
200 300400 1000

H"4 [GeV]

-..-.. Parton shower ATLAS_E

- - - Generator Vs =13 TeV, 36.1 fo 3
—— QCD radiation =

JES/JER lepton+jets channel 3
----- b-tagging >6j,24b 3

Statistical Unc.
Total uncertainty
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Jet-parton matching
Event kinematics + jet flavour as input to a neural network (NN)

o AR

4. b-tag discriminant

4 jets (+ extra radiation?)

—> which are the b-jets from the
top decay? And which are the
additional jets?

. —— pm

c-tag discriminant

- minv

—> Combine in a NN and pick the best jet-parton assignment
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Jet-parton matching
Performance and neural network output

Only ~ 76% of events have two b jets matched to two gen-level b quarks from top quark within
AR<0.3. Only these are used in the training of the NN.

415 (13 TeV)

: . L 2 10° i ticc . ticL
The network correctly identifies the two additional & “M° 7eimnmay g =1
. . - _ = o ttLF tt+oth
¢ (b) jets in 50% (30%) of the cases for ttcC (tthb) 5 mSngetop  ERZiets
o Il Rare ¢+ Data
events. é 10° %% MC stat. unc.
2 o
Good agreement between the data (black markers) -
and the simulation (filled histograms). v
10
1
Two hidden layers that comprise 50 neurons each, 15E
with ReLu activation functions and a 10% dropout e st taien sttt sttt
0.5

08 082 084 086 088 09 092 094 096 098 1
NN score for best permutation

Correct = Pg
Flipped = P, } NN score for best permutation

( PC PF )
) = max ,
Wrong = Py PC+PW PF+PW
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c-tagger calibration
Charm jet identification using the DeepCSV algorithm

JINST 13 (2018) P0O5011

The DeepCSV heavy-flavour tagging algorithm is a multi-class
algorithm that predicts probabilities (P) for jets to originate from
a b, ¢ or light-flavour (udsg) quark (or gluon). jet

displaced

tracks charged

lepton

heavy-flavor

This discrimination is based on properties such as track jet

displacement, secondary vertex mass/flight distance, ...

Properties from c jets are distributed midway between those of At v
b or light-flavour jets — two c-tagging discriminants! A\
P(c) P(c) LRI RN 2000
P(CvsL) = , P(CvsB) = . 2 [ cwms ' -
(CvsL) P(c) + P(udsg) (CvsB) P(c) + P(b) + P(bb) .g 1_5:_ Simulation ET+>192tg GeV E
é [lbjets [cjets [ udsg jets g
To use these discriminants in a neural network, the 2-dim S LM T
shape in simulations needs to be calibrated to the datal g 05k
Novel shape calibration of the o
two-dimensional CvsL and CvsB : LR
1 coa b b b by i

DeepCSV C-tagger discriminators 13" 0806-04-02 0 02 04 06 08 1

CvsL discriminator
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https://128.84.21.199/abs/1712.07158

c-tagger calibration
Three control regions for flavor enrichment

W+charm semi-leptonic tt DY + jets

S,d v g q Z+

c-enriched (93% pure) b-enriched (81% pure) light-enriched (86% pure)
(after OS-SS subtraction)

Very good purity in different control regions!

lterative fitting procedure per (2-dim.) bin, by iterating multiple
times over the three control regions = 2-dim SF maps
i.e. SF(CvsL, CvsB, flavour)
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A§ =

A

&

[ =

Template fit using NN discriminator
Defining the neural network

one hidden layer that comprises 30 neurons with
Relu activation functions and a 10% dropout

CvsL add. jet 1

P(ttcc)
CvsL add. jet 2 P(ttcL)
CvsB add. jet 1 P(ttbb)
CvsB add. jet 2 P(ttbL)
Parton match NN P(ttLF)

AR(add. Jets)

A;, and A} can be interpreted as topology-specific c-

P(ttce) tagger discriminants
P(ttcc) + P(ttbd)
- _ Information on the flavour of the two additional jets
P(ttce)

P(ttce) + P(ttLF) Additional information on the event kinematics to
most optimally distinguish different signal categories
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number of events

Results

Comparison between the prefit and the postfit distributions

Two-dimensional distributions are unrolled onto a one-dimensional histogram
4x4 binning results in 16 bins with varying flavor composition:

Prefit

415" (13 TeV)

¢ :0,0.45,0.6,0.9,1.0] ® [0,0.3,0.45, 0.5, 1.0]

CMS Preliminary

Prefit

B ticL
B oL

tt+other

backgrounds ¢ Data

number of events

h 4

Postfit 1
4157 (13 TeV)

CMS Preliminary ticc B ticL
Postlit P [ M oL

e = 081 016 Ptk tt+other

w_ =123 +0.15

“tfbb _0.85 301(?6 backgrounds ¢ Data

HiLF -0.07

g KSR

1 L L R B
m MC stat. @ syst.

fit stat. o fit stat. @ syst.

u represent the signal strength, related to the cross section: 0 =

12 14 16
bin number

b= --T:T--ﬁ---:--:‘::‘---.----m:--‘----..---. ........ WA
0 > 4 6 8 10 12 14 16
bin number

u X NMC

Lintxe
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Results

Inclusive cross sections in the fiducial phase space

415" (13 TeV)

r CMS Preliminary ---- stat. © syst.
- Fiducial phase space ......
10 P p stat. only
8-\ 'S g
—~ FooY 0y = ;
— SR LS G
> R B 3
o 6 N - ;73 d
— = A A ) O v
< - ‘\ "‘ ‘J: N i'

[ - AN = 80 . o
41— (Y TR R
of e RN 8 95%CL)

I 0 BV 68%CL |
0%1 L T"?-:L-f“"‘ ‘ PRI N
50 100 150 200 250
Oz 1]
415" (13 TeV)
- CMS Preliminary ¥ bestfit % Powheg
200; Fiducial phase space — ggo, CL 4 MG5_aMC@NLO
- === 95% CL
g |
LAB0- e
2 B )
© o &,
100

! ! (- ! !
150

1 l 1 1 1
200
05 1)

1 l 1
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—Alog(L)

[fo]

ttLF

415" (13 TeV)

16 CMS Preliminary ---- stat. ® syst.
- Fiducial phase space ... stat. only
14—
12; "‘ g
C % g
10 L ig
C ‘\ “ ‘ a7 @ R
8- + 20 N
-« C 0
C ' %3 o J ol
6; “‘\ :b?: @ '!' o'/
4} “\ : —“‘ i'! o"’
2;____________‘25‘_1____:% __________ ;;,i::____g5_°{°_QL.
N S NP 68% CL |
0%1 ! ! ! 3 b PO TS | ! ! ! !
50 100 150
5510
x10° 41.51b™ (13 TeV)
- CMS Preliminary % bestfit % Powheg
I Fiducial phase space — ggo, CL 4 MG5_aMC@NLO
Un -==- 95% CL
6
o
4r
1 l 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1
100 150 200 250
Oz 1]

—Alog(L)

[fo]

tiLF
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415" (13 TeV)

t CMS Preliminary ---- stat. © syst.
16| Fiducial phase space ....... stat. only
141
12 g
5 L £
100 % L3
I R
o] . i 80
r ' PER
6 * 5 P8
af- .
of Moot g 2% 95%CL)
SR S S o 68%CL |
0%1 Lo R0 P Y. !
4 5 6
Gy [PO]
gx1 o® 415" (13 TeV)
- CMS Preliminary ¥ bestfit  Powheg
I Fiducial phase space — ggo;, CL 4 MG5_aMC@NLO
7+ ---- 95% CL
B e
4
L | |
100 150
O35 11

Some tension observed, but overall agreement within 1-2 standard deviations
> measured ttbb (ttcc and ttLF) cross section higher (lower) than predicted.
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—Alog(L)

2.5

R, [7%]

1.5

Results
Ratios R, and R, in the fiducial phase space

4157 (13 TeV)
- stat. @ syst.

_ CMS Preliminary ---

~ Fiducial phase space ...... stat. only

B “ Y Ioo ’

I '@ ’ ’
AR i : N

B LR Y = o ’

| “ (Y a " "

= “ “ 3+ j ’ "

B * “ j%o :' ':'

- . 1 0 ’

L s % = i)

- ““ EDC_) @ :' l'
I N F e 9%l
“‘«x S
________________ St et .. 68%CL)

L Prrmants” || |
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(o)
R. [%]
415" (13 TeV)
- CMS Preliminary ¥ bestfit % Powheg
[ Fiducial phase space — ggo, CL 4 MG5_aMC@NLO
i ---- 95% CL
C | | |
1 2 3

415" (13 TeV)

- CMS Preliminary ---- stat. @ syst.
- Fiducial phase space ... stat. only
: “ im I

. % N ’
N S, L
- . o+ R
- % 84 Do
SR 1} S
B ‘:t "‘, :' l"
_____ 3‘\_ - A\_ - == :'- ;.- - ==
IR S Y S AR 95% CL
e S N S 68% CL.
| Ll T e twmanit® | L1
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o
R, [%]

R. is in very good agreement with theory
prediction.

Largest tension observed for R,
—Alogl.~3 —» ~2.50
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Results
Numerical values + extrapolation to the full phase space

Result

Uncertainty POWHEG MG5_AMC@NLO

Fiducial phase space

m=———————-

[ 0ce[pb]  0.152

+ 0.022 (stat.) + 0.019 (syst.) 0.187 +0.030 0.188 = 0.026! ~19 %
F0.009 (stat) + 0.012 (syst.) 0.097 &+ 0.016 0.101 - 0.014
+ 0.11 (stat.) & 0.41 (syst.) 595+0.79  6.32 4 0.79

0ap PPl 0.120
oqLr [pbl 5.06
1 R, [%] 2.37
Ry, [%] 1.87
Full phase space
[y lpbl 745
Owp [PP] 412
cur [pp] 2170
' R, [%] 2.64
TR, [%] 147

¥ 0.14 (stat.) + 0.16 (syst.) 1315003 130+ 003

H_
—
)
N
~~
»n
'—F
Q
'—'-
~
H_
&
\O
Q1
~~
»n
<
»n
f_|-
~
e
[
Q1
H_
—
W=
M~
0
\O
N
|_|_
=
N
(O

-+ 0.32 (stat.) = 0.42 (syst.) 3.35 +0.54 3.39 +£0.49
+ 4.6 (stat.) == 18.1 (syst.) 255.1 +=32.0 260.6 4+ 32.8

F0.1T (tat) F 0.13 (Syst) 103 T0.03 T3 L 002
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Results

Comparison to other ttbb analyses

Result Uncertainty POWHEG MG5_AMC@NLO TOP-18-002 Ritwb /1 0w [pb | iipp (PP ]
Fiducial phas e space Dilepton channel (VPS)
i [pb] 0152 £0.022 (stat.) £ 0.019 (syst.) 0.187 +=0.030 0.188 & 0.026 POWHEG + PYTHIAS 0.013 £ 0.002 2414021 0.032 4 0.004
Oqp [PP] 0120 +0.009 (stat.) £ 0.012 (syst.) 0.097 +0.016 0.101 + 0.014 Measurement 0.017 £ 0.001 £ 0.001 2.36+0.0240.20 0.040 = 0.002 + 0.005
ik [pbl 5.06 =£0.11 (stat.) £ 0.41 (syst.) 5.95 + 0.79 6.32 + 0.79 Dilepton channel (FPS)
EC [[0//"]] %g; i gi’i Esta:'; i 8?2 ESYS:'; %gi’ i 882 %gg i 882 POWHEG + PYTHIA8 0.014 4 0.003 163+ 21 23404
%o . .14 (stat. .16 (syst. . . . .
° Y 555 [t O YTHIAS 0,015 40,003 159 + 25 24+04
Ful] phase space POWHEG + HERWIG++ — _02[1_:‘:_0 0_02_ 170 £25 r _1-2 iq& R
Caclpbl 743 ELZOWWLOYEWEL  OI5E 144 892126 | | Mewwemen  [O0BOMIS0M §19x1a15 (29201405 ]
Oap PPl 1 4 12 4+ 0.32 (stat.) = 0.42 (syst. )J 3.35 +£0.54 3.39 + 0.49 +7.8¢ Lepton+jets channel (VPS) 30 GeV
or [pb]l  Z7.00 TE L (STal) = 18.TEystT 255.1 £32.0  260.6 +32.8 POWHEG + PYTHIAS 0.017 £ 0.002 30.5+3.0 0.52 +0.06
R, [%] Fubd i 036 (stat) £-.0.28.(syst ), 2.82+0.07 2.72 +0.05 Measurement 0.020+0.001 +0.001 310402429  0.62+0.03 +0.07
Rp[%] 1147 +0.11(stat) +0.13 (syst)l 1034003  1.03 +0.02 Leptonsiets channel (FFS)
+ 2 5 o POWHEG + PYTHIA8 0.013 £ 0.002 290 +29 39+04
PAS'TO P'20'003 g/llzg,[%h)/(llzc)?mo+ PYTHIA8 0.014 + 0.003 280 + 40 41404
POWHEG + HERWIG++ -0011+0002 - 321+36 3405
Measurement § 0.016 = 0.001 +0.001 |292j:1:|:29 {-47i02j:06 1
Fiducial, Fiducial, +210
TOP-18-011 parton-independent (pb) parton-based (pb)  Total (pb) )
Measurement 1.6 401105 1.6 401105 6 5+ 0.3 14f
POWHEG (tt) 1.14+0.2 1.0+0.2 35+06
POWHEG (tt) + HERWIG++ 0.8+0.2 0.8+0.2 3.0+0.5
MADGRAPH5_aMC@NLO (4FS ttbb) 0.8£0.2 0.8+£0.2 23+£0.7
MADGRAPH5_ aMC@NLO (5FS tt+jets, FxFx) 1.0£+0.1 1.0+£0.1 3.6+0.3
TOP-16-010
Phase space T [Pb] 0w [pbl Tiwb/ T
Visible Measurement | 0.088 + 0.012 +0.029 3.7 £0.1 £0.7 0.024 £ 0.003 £ 0.007
SM (POWHEG) ~0.070230.009 51+05 - _0.014 £ 0.001 _
Full Measurement : 40+06 =+ 1.3: 184 + 6 £33 ;0. 022 £ 0.003 £ 0.006 | +150
SM (POWHEG) =3 IE0L " 257 + 26 S=T0UIZECOOTTTT 40
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