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When charm and beauty adjoin the top
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tt + HF: Theory




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

T. Jezo et al., Eur. Phys. J. C78 (2018),
no. 6 502, [arXiv:1802.00426]

Invariant mass of the 15t and 2" b-ets system (ttbb cuts)

Theory predictions / Simulation of the tt+HF final state is highly non-trivial.

It deals with very different scales ranging from the top quark mass down to e me T owmtiomdoo 3
momenta of the relatively soft additional jets. -E LHE E
2 08 %

*  Matrix Element vs Parton Shower. zjz
«  ttbb@LO vs NLO vs ttbbj@NLO (large k-factor, depending on scale §oE e
choice) [Buccioni F. et al, JHEP 12 (2019), 015]. Y S — E

[ S [ | [

3050 AR AR A A AR RN

< Factorization/Renormalization/Shower/matching scales. it E
. Inclusive tt+jets versus dedicated ttbb and ttct simulation. e | N

Still a very active field of study!
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https://link.springer.com/article/10.1007%2FJHEP12%282019%29015
https://indico.cern.ch/event/857238/contributions/3643191/attachments/1969593/3275936/2020-01-14-ttbb-ZPW-Zurich.pdf
https://indico.cern.ch/event/964993/contributions/4075701/attachments/2129120/3585126/ttbb-status-23oct20.pdf
https://indico.cern.ch/event/972653/contributions/4116769/attachments/2155008/3639438/ttbb-cms20.pdf
https://indico.cern.ch/event/690229/contributions/2979729/attachments/1719226/2774671/pozzorini_top2018.pdf
https://arxiv.org/abs/1802.00426
https://cds.cern.ch/record/2153876

tt + charm jets!
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Measurement of tt+cc production
A roadmap towards a successful measurement

@ c, b and t quarks require jets and
heavy flavor tagging (new c-tagger)

@ Improved ML techniques for HF
tagging (DeepCSV/DeepJet)
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@ Differentiating tt+HF categories (ML classifier)

@ Calibration performance
(charm tagger shape)

number of events

10°
107
10°
10°

41517 (13 TeV)
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I tibb I L
tiLF tt other

I Single top W Z +jets

I Rare ¢ Data

£3% MC stat. unc.

01 02 03 04 05 06 07 08 09
DeepCSV CvsL discriminator first add. jet

@ Selection and reconstruction of the
tt+HF topology (jet-parton match)
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Goal of this analysis
First measurement of the inclusive ttcc cross section!

First measurement of the inclusive ttcc cross section

Simultaneously measure o(ttcc), o(ttbb) , o(ttLF)

_ o(tt +cc/bb)
and R, = / o (tt +jj)

Measurement performed in the dilepton channel

Data collected by CMS in 2017, corresponding to 4.5 fb™" of integrated
luminosity

Key ingredients:
Use neural network for matching jets to partons.
Rely on charm-jet identification to separate the different signals!
Calibrate the c-tagger discriminants (full shape)



Signal definition

"+ event selection
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Signal definition
Fiducial and full phase space

: Definition of heavy-flavor jets :
: Heavy-flavor definition in simulation based on ghost hadron clustering  2hvs.etts 659 (2008) 119-126

: Fiducial phase space Full phase space

fe pp - tfjj > £*vbev,bjj (dilepton) tie pp - thj - WHbW™ bj

-+ Two generated leptons with pr > 25 GeV : « dilepton/single lepton / all-hadronic

i and [n|<2.4 (electron/muon/tau) '
* Two particle-level b jets from top quark

: decay with pr > 20 GeV and |n|<2.4 :
:+  Atleast two additional particle-level jets (not : ¥

* At least two additional particle—level jets
from top quark decay) with pr > 20 GeV and : (not from top quark decay) with pT > 20
Inl<2.4 and AR(l,jet)>0.4 : 5 GeV and [n|<2.4 and AR(l,jet)>0.4

Categorization based on flavor of additional jets
* ttbb: => 2 add. b jets with at least one b hadron

* ttbL: 1 add. b jet with at least one b hadron (merged or missing jet)

o ttcC: > 2 add. ¢ jets with at least one ¢ hadron (if not ttbb/ ttbL)

« ttcL: 1 add. ¢ jet with at least one ¢ hadron (if not ttbb/L, merge/missing jet)
« ttLF: no add. b or ¢ jets, but 2 add. light jets pass acceptance requirements.

« ttother: failing visible/full phase space requirements


https://www.sciencedirect.com/science/article/abs/pii/S0370269307011094?via%3Dihub

Event selections

Dileptonic top quark pair events + 2 additional jets

Global
==2 isolated leptons (e/p)
>=4 jets
>= 2 b-tagged jets

Electrons
pt>25 GeV
Inl<24
|r]| & [1.4442 - 1.560]
("transition region”)
Rel.lso < 0.15

Muons
pt > 25 GeV
Inl<24
Rel.lso < 0.15

Dilepton invariant mass
m;> 12 GeV

pp/ee: m, & [m5-15 GeV
,m>+15 GeV |

MET
uu/ee: MET>30 GeV

Jets
pr>30 GeV
Inl <25
AR (lepton,jet)>0.5
DeepCSV value >0

9

b-jets/c-jets

2 top-matched jets: Medium
DeepCSV b-tagged

™
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Results in >95% tt + >2 jets!
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Matching jets to partons

12



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

13



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° 7eimmay 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

( P P, )
) = max ,
Wrong = Py PC+PW PF+PW

14
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c-tagger calibration
Charm jet identification using the DeepCSV algorithm

JINST 13 (2018) P05011

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

16
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c-tagger calibration
Effect of the calibration on the additional jet CvsL/CvsB
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emplate fit to a
neural network classifier
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13 TeV
0.45F . : .
é = CMS Simulation Preliminary
0.4F - _
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T0.35F _ _
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Template fit using NN discriminator
Sensitive observables to distinguish between ttcc, ttbb, ttLF

CvsB add. Jet 1

00T 05 05 04 0506 0708 55
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CvsL add. Jet 1
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parton match NN
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0.05F- e
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AR(add. jets) 19
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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)

A7, and A7 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

20



Template fit using NN discriminator
Two-dimensional simulated templates used in the fit

The fit is performed on two-dimensional distributions

CMS Simulation Preliminary 13 TeV

1;
E 1072
0 0
IIIIIIIIIIIIIIIIIII F 107
] [T —
1 [ tt+other —
< a ‘ |
i IR
| | | | | |

Clear separation between the ttbb, ttcc and ttLF contributions

normalised yields
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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:

107

C C
L ®Ap
Prefit
415" (13 TeV)
CMS Preliminary ttcs B ticL
Prefit Il b I oL
Pt tt+other
backgrounds ¢ Data
mim

number of events

h 4

MC stat.

m MC stat. @ syst.

4 6 8 10 12 14 16
bin number

107

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

Postfit

415" (13 TeV)

CMS Preliminary ticc B ticL
Postlit s IRtiD Il oL
n =081 _ )
T g o D tiLF fi+other
Maos -0.16
10.06 backgrounds ¢ Data
Pae = 0-85 007
1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
fit stat. o fit stat. @ syst.
ISP SRR S AURRSU A THRPUN I TN SRR
0 P 4 6 8 10 12 14 16
bin number

u represents the scaling factor of the simulated templates
(cross section above or below theory prediction)

related to the cross section: 0 =

U X NMC
LintXE 27



Results

5511

2001

100

41517 (13 TeV)

- CMS Preliminary ¥ bestfit J Powheg
Fiducial phase space — ggo, CL ’ MG5_aMC@NLO

B === 95% CL

-e
-----------------
......
P -
- -
- .
* .
-

Ll L1 L1
100 150 200 250

Otics [fb]
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Results

Inclusive cross sections in the fiducial phase space

415" (13 TeV)

[ CMS Preliminary ---- stat. ® syst.
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Z : . -‘ g (_3 i
| - “‘ “ P2 g " o
4— MY ‘& © !' ,"
N e 9% L
SRR A et s8%0L
o] I L it TN SOt .
50 100 150 200 250
Ctics [o]
4157 (13 TeV)
- CMS Preliminary  bestfit Y Powheg
200; Fiducial phase space — gg% CL ¢ MG5_aMC@NLO
- P 95% CL
5 |
T 150
9 L
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—Alog(L)
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12} “ CD
L s .8
L% £
10— Y i
: K “‘ ar - .
8j “\ ""‘ 87 o ii G
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C “ ?—‘E N " 2
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4 } ““ "“\ ;'j o"’
. - Ao 95%CL
P At Tt FiTT T
I TSN NIPL. RN 68% CL |
| H TP, EA | | L |
50 100 150
0510
%103 415" (13 TeV)

[fo]

tiLF

- CMS Preliminary # bestfit Y Powheg
I Fiducial phase space — ggo, CL 4 MG5_aMC@NLO

— e 950/0 CL

Ll Ll Ll
150 200 250

O, [fb]

Ll
100

150 200 250
o _[fb]

ttcc

Ll
100

—Alog(L)

415" (13 TeV)

18F .
- CMS Preliminary ---- stat. @ syst.
16 Fiducial phase space -..... stat. only
141
ES o)
126, E-
- <
10 \ . i R
st : i @0
. b PSR
. ) g O ™
6 ' [ i oe
4* ‘\‘ “- :. ,"'
of KR Lol 95%CL|
________ peeeeo et dhert L 68%CL]
O 1 Il -
4 5 6
Gy ¢ [PO]
x10° 415" (13 TeV)
- CMS Preliminary ¥ bestfit % Powheg
| Fiducial phase space — ggo, CL # MG5_aMC@NLO
7 -+ 95% CL

.
.
.....

Some tension observed, but overall agreement within 1-2 standard deviations

Dominant uncertainties from flavour-tagging, JES, and modelling
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Iqc/b =

—Alog(L)

o(tt +cE/bB)/

10

o(tt +jj)

Results

Ratios R, and Ry, in the fiducial phase space

415" (13 TeV)

415" (13 TeV)

_ CMS Preliminary ---- stat. © syst. ] 2:_ CMS Preliminary ---- stat. © syst.
~ Fiducial phase space ...... stat. only - Fiducial phase space ... stat. only
u 10F
B “ Y iw ’ : “ fcb
I 1 . ’ . % .
Y _‘C: 7 N j 8; \ ‘Q, N
— “ "‘ iﬂ? .i "' N I~ “ ED>_~E.‘ l'
K “‘ “ i+ =) "! . g - “\ §+ 3’.:J\ :"
| “ “ :g &) .'! "' Z 6 — “ :% q :'
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— . ‘o © . R I~ s 15 ©%
» s o © G Ki 4; ’ @ A
I~ \“—“ 3 "~ "l B ‘3‘
i H R 95% CL -
I ETTT St T ol I P A 95% CL |
_______________ b 88%CL :~4o‘68/CL
— | ‘.“"h--—“:“l:\‘ ! | | 0_ | : L \..ﬁ':’-n-ﬂf‘r\ ! L1
1 2 3 4 1 1.5 2
o,
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— 2.5F
S
o) T T
1.5 e
il \ |

—
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Results
Summary in the fiducial phase space (visual)

Fiducial Phase Space
O. _ H—e 43 .
ticc CMS Preliminary
41.5 fb (13 TeV)
I:{C
stat. only [ ]
OC. — —E——3—i
iob @‘* stat. @ syst. | |
R, ﬂ H—e-H Powheg + Pythia
o w1 MG5_aMC@NLO
ttiLF = 20 + Pythia
1 1 | 1 1 1 | | | | | | | | | | | | |
4x10°2 10" 2x10™ 1 2 3
o [pb] R [%]
preeeessssssn First measurement of the tt + cc cross section! -eeeeeee. :
! Fiducial PS: o(tt + cc) = 152 + 22 (stat.) + 19 (syst.) fbo (~ 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.) %

26



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

o.. . summary, 35.9 f6' (13 TeV)

ttbb

: April 2020
OMmcC < Odata
PS
E |—A—|
E |—.—|
® ttbb_alljet
l-E— — PLB (803) 2020 135285
: ttbb_dilep
: JHEP 07 (2020) 125
P s A ttbb_semilep
—— JHEP 07 (2020) 125
E |—.—|
1 1 i 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
1 2 3 4 5 6
Full phase spacec,,, /o,
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Comparison of the CMS ttbb measurements
Consistently, the ttbb cross section is under-estimated in simulations

CMS Gy c SUMMary, 35.9 fo' (13 TeV)
Preliminary 5 April 2020
OnMC < Odata
Reference for c,, :
MG5_aMC@NLO + 5
PYTHIAS 4FS : ®
POWHEG + o
HERWIG++ P —
: ® ttbb_alljet
MG5_aMC@NLO + i PLB (803) 2020 135285
PYTHIA8 5FS [FxFx] | i —®— ttbb_dilep
: JHEP 07 (2020) 125
: A ttbb_semilep
POWHEG + -:A_' — JHEP 07 (2020) 125
PYTHIAS e @ ttbb (from ttcc)
| | : | | | | | | | | | | | | | | | | | | | | | | | |

1 2 3 4 5 6

Full phase spacec,,, /o,
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Conclusion

Fressen First measurement of the tt + cc cross section! «-«eeeeeeee. :

Fiducial PS: o(tt + cc) = 152 + 22 (stat.) + 19 (syst.) fbo (~ 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.) %

. . Ot O+5~m
Simultaneous extraction dice, Oyap, Ttk Rb = "°/og; and Re = " /5o
-> Fully coherent treatment of different jet flavours in tt + 2 jets!

Results are consistent with Powheg predictions within ~ 1 - 2 o.

Higher observed o, (or Ry) is consistent with previous ttbb analyses.

For the first time, we also see that the ttcc process is slightly overestimated in
simulations (but within uncertainties)
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Motivation for measuring tt+HF
Theoretical modelling

Theory predictions / Simulation of the tt+HF final state is highly
non-trivial. It deals with very different scales from the top quark
mass down to momenta of the relatively soft additional jets

1. Matrix Element vs Parton Shower

2. LOvs NLO (large k-factor, depending on scale choice)

3. Factorization/Renormalization/Shower scales

4. Inclusive tt+jets versus separate ttbb and ttcc sim.

Motivated CMS and ATLAS to measure tt +bb [arXiv:1411.5621,
1705.10141, 2003.06467, 1909.05306, 1304.6386, 1508.06868, 1811.12113]

ttcc has not been measured experimentally!

S. Pozzorini, Theory progress ontt H(bb ) backqround, TOP2018 @ Bad Neuenahr, Germany

softer b-quarks b b ,  harder b-quarks
< b b b —
t t t
£ f £
tt + ttg + ttbb

T. Jezo et al., Eur. Phys. J. C78 (2018),
no. 6 502, [arXiv:1802.00426]

Invariant mass of the 15t and 2" b-ets system (ttbb cuts)
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https://arxiv.org/abs/1411.5621
https://arxiv.org/abs/1705.10141
https://arxiv.org/abs/2003.06467
https://arxiv.org/abs/1909.05306
https://arxiv.org/abs/1304.6386
https://arxiv.org/abs/1508.06868
https://arxiv.org/abs/1811.12113
https://indico.cern.ch/event/690229/contributions/2979729/attachments/1719226/2774671/pozzorini_top2018.pdf
https://arxiv.org/abs/1802.00426
https://cds.cern.ch/record/2153876

Motivation for measuring tt+HF
Interplay between Higgs boson and top/bottom quarks

measurement of ttH(H — bb) arXiv:1804.03682
observed (expected) significance of 1.6 (2.2)

35.9fb" (13 TeV) 35.9 o' (13 TeV)
||||||||||||||| -E III|IIIIIIII|IIII|IIII|
CMS m CMS e Data j
-~ 5
" fot stat syst ® 10 Background
C
()
>
L

N ° [ Signal (uw=0.72) ?
Single-lepton e 0.84 9% 05 04 ) 5
| 10°E ]

102 ? ﬁ
_0.04 *1:21 +063 +1.04 - n

Dilepton " 112 -0.60 -0.95 10k i
EH:}HH}:H:}HH}HH}:
; i 0.45 +0.24 +0.38 TE i
Combined re 0.72 543 "024 038 c\c 1.0 * — N
-Es' 0.Bj ]
[T IR N N AT N R N () O-6f ]
_2 0 2 4 6 11 | I N ‘ | ‘ I N ‘ | |

-2.5 -2.0 -1.5 -1.0 -0.5

Best fit u = o/o_, atm, =125 GeV Pre-fit expected log, (S/B)

ttH (H - bl_))_suffers from an irreducible background of (gluon-
induced) ttbb and ttcc (through mistags) events!
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https://arxiv.org/abs/1804.03682

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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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, +2 10
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 35



http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-002/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-011/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-16-010/index.html

Jet-parton matching

Performance and neural network output

Neural network trained with Keras (TensorFlow backend)

26 inputs (Standard Normalization, u=0, o= 1) = see backup
2 hidden layers with 50 neurons each and Rel.u activation
10% Dropout in each hidden layer (regularization)

3 outputs with SoftMax activation

o Correctly matched
o Flipped matching
o Wrong matching

Loss function = categorical cross-entropy

Optimizer = Stochastic Gradient Decent
learning rate (init) = 0.001, decay = init / (5*n_epoch), nesterov momentum = 0.8

n_epoch =100, batch_size =128

Weights added after 30 epochs (ttbb/ttcc = 20, ttbL = 10, ttcL = 5, ttLL = 1)

] jet pr \ jet m \ b-tag \ CvsL c-tag \ CvsB c—tag \ Minw \ AR \
pr(be) | n(be) | BvsAll(by) | CvsL(b) CvsB(bt) | miny(bs, £7) | AR(by, £7)
pr(bg) | n(by) | BvsAll(bg) | CvsL(by) CvsB(bz) | Miny(bg, €7) | AR(bg, £7)
pr(j1) | n(j1) | BvsAll(j1) | CvsL(j1) CvsB(j1) | Minv(J1,J2) | AR(j1,J2)

(J2) | n(j2) (J2) (J2) (J2)

Correct = P
Flipped = Pg
Wrong = Py,

NN matching output =

= max )
P-+Pw Pe+Pyw

36



Template fit using NN discriminator
Fits to extract inclusive cross sections and their ratios

pranrresss Full phase SPACE srremsererremsensniennannienaanny :
r — — — - Fiducial phase space = = = — = - — |
: :
| - Reconstructed phase space -
I E|t pr_owdes results in the | ~ Higgs Combine framework
| fiducial phase Space by taking | | .eovureercsremseessmaseseensereasneseenene. .
| into account an efficiency e. N| Absolute cross sections :
I : Oticer Orinhs O :
| ticL (tfbL/ tf other) scaled with b S L :
| the same factor as ttcc (ttbb / : Ratios :
| ttLF),i.e.ratio fixed to MC © o _ Oibp Otice
| prediction (with uncertainties) b / oy AR = e ol
I
L~ I
| Event category ttbb ttbL ttcc ttcL ttLF |
|_ _ Efficiencye (%) 125_89_71_59 47 _ |

Acceptance A (%) 29 25 20 20 23

Results in the fiducial phase space are extrapolated to the full
phase space by means of an acceptance A.
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Template fit using NN discriminator
Unrolling the 2-dim. templates into 1-dim. histograms

Unrolling 2D histogram into 1D

4x4 binning results in 16 bins with varying flavor composition

A ® AS 1 [0,0.45,0.6,0.9,1.0] ® [0,0.3,0.45, 0.5, 1.0]

10°
107
10°
10°

number of events

10*
108
102

415" (13 TeV)

=

IIII|'|'|||_|_|'|'|'|T"| IIII|T||| IIII|T||| TTIT

CMS Prell|minary ttce B ticL

Prefit Il tivb I oL

HLF tt+other
backgrounds ¢ Data

ol b by by
 MC stat. @ syst.

L L L L D Sy

12 14 16
bin number

Bins 1 —4:Af € [0,0.45], and increasing bins in Af
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Template fit using NN discriminator
Templates from simulated top quark pair events

13 TeV 13 TeV
S 050 - CMS Simulation Preliminary 3 0 35 CMS Simulation Preliminary
o ~ L o O _ o _
P - —ticc —titbb tiLF > -~ ttcc =—ttbb ttLF
e - - - - L) - - - -
© 04F - ficL ---tibL  ---ti+other ©025F . ficL  ---foL  ---ti+other
3 T 2 0.2F
2 0.3 Rz -
© N © C
2 0.2 |~ 2
- :ﬂ_I_L 0.1 :—
s " . 0.05F
T - b -
O _I- IIIIII -I-l IIIIIIII | 1111 | 1111 Hr“'—l“l—i-—h -I | O _I -
0010203040506070809 1 0010203040506070809 1
Ay, discriminator A] discriminator
Constructed to separate ttcc from ttbb events Constructed to separate ttcc from ttLF events

Fitting these templates to the data allows to extract the
cross sections for each of the signal processes
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Template fit using NN discriminator
Comparison between data and simulation (prefit)

4157 (13 TeV) 415" (13 TeV)
g 10°F .y fice ficL 2 .y tice ficL
c = CMS Preliminary tec I tic 2 o’ & CMS Preliminary tec I tic
0>> 107 "g Il ttbb Il ttbL 0>J = I ttbb Il ttbL
) = I tiLF tt+other o L C P tLF tt+other
° 108 & [ Single top Il Z + jets © = [ Single top M Z+ jets
o = I Rare ¢ Data ) 10° _E I Rare ¢ Data
-g 10° & MC stat. unc. -g = % MC stat. unc.
= 4
2 - 2 10'E
— 3 _
= 10 3
- 102
10
1
. oL 1B R
'E;'| © g 1m+-w--5 B -‘---.---o.m-!ww.
'O ____________________________________________________________________________
, , , , , , , , , 05 , , , , , , , ,
0O 01 02 03 04 05 06 07 08 09 1 0O 01 02 03 04 05 06 07 08 09 1
A}, discriminator A} discriminator
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Template fit using NN discriminator
Impact of the systematic uncertainties on parameters of interest

fiducial phase space

numbers in %
Avie Aogp Acir AR ARy

 Jetenergyscale 73 33 57 32 34
Jet energy resolution 1.4 0.3 1.2 2.1 1.2
| ctagging calibration ¢ 67 69 22 69 74}
“Leptonid and isolation 1.3 12 12 02 01
Trigger 2.0 2.0 20 <01 <01
Pileup 1.2 0.8 0.7 1.6 0.4
Total integrated luminosity 2.4 2.3 23 <01 <01
ipgand ppscalesinME 43 24 08 41 27|
“Partonshower scale | 04 1.0 01 ¢ 04 09
PDFa, 05 <01 01 04 01
! Matching ME-PS (hdamp) 6.5 4.9 3.1 2.9 14
"Underlying'event 12713 07 03 04
ttbL(cL)/ttbb(cc) and tt+other/ttLF 2.4 1.7 1.2 20 15
Efficiency (theoretical) 2.0 2.0 20 <01 <01
Simulated sample size 4.3 2.7 1.1 4.2 2.7
Background normalisation 0.7 0.1 0.5 0.2 0.5

Dominant experimental uncertainties from c-tagging calibration and JES

Dominant theoretical uncertainties from QCD scales in the ME and ME-PS matching "



Template fit using NN discriminator
Systematic uncertainties

Normalization only:

Luminosity (2.3%)
background normalization (25%)
Efficiency (theoretical) (2%)
Fixed ratios from MC

(ttbL/ttbb, ttcL/ttcc, tt other/ttLF)
Bin-by-bin statistical uncertainty (MC)

These experimental uncertainties affect the
overall efficiency from the fiducial to the
reconstructed phase space, but do not change
the shapes of the simulated templates.

Shape + normalization.

JES, JER On top of affecting the selection efficiency, these
lepton ID/iso/reco/trigger experimental uncertainties also change the
Pileup shapes of the templates.

c-tagging calibration

Shape only:
Ug, Lg in ME generator For these theoretical uncertainties, only the
ISR+FSR: a, in PS change in shape of the templates and their impact
Parton distribution function on the acceptance is considered in the extraction
Matching between ME/PS of the results. Their impact on the yield is quoted
Underlying event Tune as an uncertainty on the theory prediction to which

B-Fragmentation (not considered for now) the measurement is compared.
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Template fit using NN discriminator
Fits to extract inclusive cross sections and their ratios

* Two fits, one to extract the inclusive cross sections, one to extract their ratios

« Systematic uncertainties as nuisance parameters in the fit

* Fitis performed simultaneously in the ee/ uu and e channels

« ttcL (ttbL/ tt other) scaled with the same factor as ttcc (ttbb / ttLF ), i.e. ratio fixed to MC
prediction (with uncertainties)

« Background contribution (<5%) is fixed at MC prediction (with 25% uncertainty)

Absolute cross sections : Ratios :
I o : OibE Orie :
E Measure O ttcer O-ttbb’ O ttLF E E U Measure Rb = ttbb/O'tfjj and RC — “ttcc Ot E
vis vis vis _ pint vis B norm Nthcg norm E . f (at‘éi's‘/ Rchb> =L Uf?'s' ' { R - €fice - (H?fc’im + N“I’E(é H;‘t(c)er> E
f (Uticz’ T ivp’ JtiLF) =LY O € | Higee T yMC Hier .. i i Nijce .
tice . NMC =
| NMO - +Ry-eqp- (H:;r,;mwfsznm) :
o< (g + 30k gy ¥ e " :
. ttb&c : + (1 -Re— Ry — Ry —Ryp) - € (Hi‘tﬁ:m + HI\;:I\?L%‘M ' Hmrgther> } E
+OYitr e (Hifﬁén + e H?t‘i‘&her> : L (o HIY™ + 0y« H™ + e - HIG) :
{ILF = .
+ opy - H%O\gm +osT - HISIOTrm + ORare Hﬁ%ﬂ? } E E Ry =R (11\\]/]’:2?@) E
. with RS, (M) E
Results in the fiducial phase space are Event category ttbb ttbL ttcc ttcL ttLF
extrapolated to the full phase space by Efficiency € (%) 125 89 71 59 47
means of acceptance A. Acceptance A (%) 29 25 20 20 23 “




Template fit using NN discriminator
Defining the neural network

«  Neural network trained with Keras (TensorFlow backend)
« 6 inputs (Standard Normalization, u=0, o= 1)

* 1 hidden layer with 30 neurons and RelLu activation

«  10% Dropout in hidden layer (regularization)

5 outputs with SoftMax activation

. Loss function = categorical cross-entropy

Optimizer = Stochastic Gradient Decent
learning rate (init) = 0.001, decay = init/ (5*n_epoch), nesterov momentum = 0.8

n_epoch =100, batch_size =128

O O
O AN ®  Plitce)
. O tce
CvsL add. Jets ® P(ttcl) AS — P(ttce)
o ——
CvsB add. Jets o O ® /e P(ttbb) P(tice) + P(ttbb)
Parton match NN O O ) P(ttbL) AS = 5 f;(ttc;zﬁLF)
cc) +
AR(add. Jets) o @ ®  puLp
O
O @
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Results
Numerical values + extrapolation to the full phase space

Result Uncertainty POWHEG MG5_AMC@NLO
_Fiducial phasespace  ___________________________________________________________ ,
' 0ge lpp]  0.152 4= 0.022 (stat.) = 0.019 (syst.) 0.187 &= 0.030 0.188 = 0.026; ~19 %

0ap (PPl 0120 =+ 0.009 (stat.) &= 0.012 (syst.) 0.097 & 0.016 0.101 & 0.014
oqLg [pbl 5.06 4 0.11 (stat.) == 0.41 (syst.) 5.95 £ 0.79 6.32 £ 0.79

‘R [%] 237 +0.32(stat) £ 0.25 (syst.) 253 +0.06 243 +006 | ~17 %
TRy %] 187 TE0.14 (stat) £ 0.16 (syst.) 131 +0.03 T 1.30£0.03"

Full phase space
S lpb] 743 07 (stat) T 005 (syst) 015 KA 89 L6
S Ogp PPl 412 +0.32(stat.) £ 042 (syst.) ~ 335+054 339+049

car [pp]  217.0 £ 4.6 (stat.) &+ 18.1 (syst.) 255.1 +£32.0 260.6 +32.8
FR.[%] 2.64 +0.36 (stat.) £0.28 (syst.) 2824007  272+£0.05!
Ry [%] 147 +0.1 (stat.) £0.13 (syst.)  1.03+0.03 1031002
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