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Why tt + xx 7

Top quark physics lies at the edge of the SM territory so it is
important to map this area as fully as possibile

tt production is abundant at the LHC and quite well covered (total

and differential cross sections) so the focus shifts to tt + xx
production

tt + xx events are important as background for rare SM processes
but might be also related to new physics BSM

tt + xx production can also be interpreted using EFT
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Why ttjj, ttbb ?

q b
g b t
q t
7 g t
Important background for ttH and for BSM events

Precise measurements needed to improve tt+jets MC simulation

NLO calculations are affected by large uncertainties associated to
Ur/UF scales; two different scales: mt vs pr

Different energy scales for associated b-jets and jets from the tt
system

Different modeling approaches: NLO tt+jets (5FS, massless b
quarks), NLO ttbb (4FS, massive b quarks)

ICHEP-2020 3




This production has not been "observed" yet, but is expected in
the SM with a NLO cross section of = 12 fb

Allows to constrain t-H Yukawa coupling (but less precisely then
ttH)

This channel is sensitive to new physics (BSM) e.g. two-Higgs-
doublet models, SUSY, etc.
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Latest results on ttjj, ttbb, tttt
production cross sections

We discuss here the most recent ones at 13 TeV:

- ttjj, ttbb (single lepton, dilepton), 36 fb-1

- ttbb (all-had), 36 fb-

- tttt (single lepton, opposite-sign dilepton), 36 fb-1
- tttt (same-sign dilepton, trilepton), 137 fb-1
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tt]] + ttbb (lepton + dilepton) /1
2016 data (35.9 fb-"at 13 TeV) Submitted to JHEP

b-tagging discriminant for additional jets

o CMS 35.9 fb" (13 TeV) CMS 35.9 fb' (13 TeV)
1_. IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|||||||||| 1_. ||||II||II||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
D L . S . ] ¢ Data B tiLF S ) ¢ Data W tiLF
. » 10 Dilepton [ tt others B tice 2 10° Dilepton [ tt others I tice
OCJ 5 I Background |:|tfbj7 QC) Il Background [Ctibj
] 10 stat. + syst. [ ttbb i stat. + syst. [ ttbb

- 2e/u + =4 jets (pr>30
GeV)
- out of which =2 b-jets

SL.: .
. o 1.51 S 1.5¢ .
- 1e(p) + =6 jets (pr>20 . ae BERE
% C . e ] % C ]
Keo) r ] Ke] L 1
GeV) © 0% 0.2 0.4 0.6 0.8 1 ©O0% 0.2 0.4 0.6 0.8 1
- |nC| >2 b_J etS (tlg hte r) b tagging discriminant (1* additional jet) b tagging discriminant (2™ additional jet)
CMS 35.9 fo (13 TeV) CMS 35.9 fbo! (13 TeV)
S AR R LA RN R RS LR AR RN AR S 5""|""|'"'|""|""J'E);t'al'"'|""|;t'ﬂ1'__""_
e e 10°E" Lepton+jets [ tt others Wt 3
. . g . 2 2 I Background |:|tfbj7 E
Origin of additional jets: E [ Toaion  Ew

- DL.: 3rd and 4th b-jet based on
tagging discriminants

- SL: more possibilities, so jet

assignment based on a tt g | | g Tm——
. . . ) O 05 02 04 0.6 08 1 ©O0% 0.2 0.4 0.6 08 1
klnematIC flt, the flrSt 2 jetS nOt b tagging discriminant (1* additional jet) b tagging discriminant (2™ additional jet)

included in the fit are chosen
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http://arxiv.org/pdf/2003.06467

tt]] + ttbb (lepton + dilepton) /2

Phase space: 2D b-tagging discriminants for additional jets
- visible (VPS), number of particle-

CMS Simulation 13 TeV
L

1 01 1 CMS Simulation ___ 13TeV o
level leptons/jets matching the | Leptonsjets | Jo| Leptonsiets oos
. “ L fibb ' bt
selection ; : doos
0.6

0.6

- full (FPS), all decays, with at least
two jj/bb additional jets

0.4 0.4

b tagging discriminant (2nd additional jet)
b tagging discriminant (2nd additional jet)

0.2

Max likelihood binned fit in VPS to the % 02 04 06 08 1 %

0 0.2 04 06 0.8 1

. . . . . b tagging discriminant (1 additional jet) b tagging discriminant (1 additional jet)
2D b-tagging discriminants: 1 CMS Simulation_______ 18TeV  _ gps 1 CMS Simulation_______18Tev  _; o,
- O'(tt”) 08 Lepton+jets 002 08 Lepton+jets
T} ttec ' T+ LR —0.03
- R = o(ttbb)/o(ttj))

0.6

independently for the two channels
(because of different phase space and
backgrounds)

0.4 0.4

b tagging discriminant (2™ additional jet)
b tagging discriminant (2™ additional jet)

Th en eXtrapO | ated tO F P S u SI N g ° b taggiig dis<(:)r.i:1rninan?i(1:SSt add(i)tignal jet)1 ° b tagcg)jfg dis;)r.i:‘rninan?ig33t add?tignal jet)1
acceptances from MC
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tt]] + ttbb (lepton + dilepton) /3

“*" Compact Muon Solenoid

Cross sections / ratio (VPS): Cross sections / ratio (FPS):
- Oobs(ttjj) = osm(ttjj) - Oobs(ttjj) and Robs consistent with
different MCs (but for POWHEG
- RobsPl= 1.3 - Rsm with 30 significance(= 1.8 in a +HERWIG) (but worse for

previous DL with 1/15 of data, 20 sign.)

CMS 35.9 fb™ (13 TeV) ons
ﬁ_ 35 __ | | + Beit fit ] - 35.91b ::STeV)
o0 Dilepton —— 68% CL contour ;Ja phase space (FPS)
Q= i vPs T 95% CL contour T P >20 GeV
>o“ I —@— POWHEG + PYTHIA8 | Y o e Leptonsiets
3 ] Measurement
: : — A — A Stat. Total
25 I ] - | — POWHEG +
B 7 PYTHIAS
: : MG_aMC@NLO +
L 4 ) N —— — o8 PYTHIA8 5FS [FxFx]
2 __ __ - POWHEG +
B | | | N II|II I|IIII |IIII|IIII|III|IIII|I 1 | 1 | 1 | 1 HERWIG++
BE— 1 ! 001 002 003 150 200 250 300 350 2 3 4 5 6
0.01 0.015 0.02 0.025 FPS e
VPS RthB/tfjj OEI;S [pb] OthPng [pb] CMS (2015)
(similar plot for SL) ttob / ttjj
Main systematics on R or o(ttjj): (similar plot for DL)
- light-flavor btag



ttbb (all-had) /1

2016 data (35.9 fb-'at 13 TeV) PLB 803 (2020) 135285

Compact Muon Solenoid

Selection: MVA discriminators
- >8 jets — 35.9 fb" (13 TeV) _ — 35.9 o (13 TeV)
. : 5 10° ultiie 510° ata ultije
- outof which =4 b-jets 5%
- (including 2 "additional" b- 21 ar B e | S0 B O e
jets for the parton-based ¢ s )10 e
phase space) |

- QGLR>0.8,CWoLa>0.5

Main backgrounds:

- E1'5ﬂ’ - . ; : E1'5/ .
= Mu Itlj et (from data C RS) 210 %ﬂ%ﬁ%ﬁ@#ﬁ#ﬁ%«%ﬂ#ﬂ@fw@ 210 %ﬁggwm‘yg’wﬁﬁ/;/”}%ﬁ#}ﬁ?@a/‘cg
s © © 4
- 1), ttec 5%% 02 04 06 08 1 8%"%4 02 0 02 04 06
QGLR CWolLa BDT

3 MVA discriminators (to reduce bckgd and to identify additional jets):

1. quark-gluon likelihood (QGLR, based on jet substructure) favoring Ng=4 vs Ng=4
2. best jet permutation selected by BDT (based on jj and jjj inv. masses, correct at 60%)

3. weakly supervised BDT (CWoLa, based on data from signal/control regions) to reduce
the multijet background ICHEP-2020 9



http://dx.doi.org/10.1016/j.physletb.2020.135285

ttbb (all-had) /2

2DCSV discriminators unrolled
to one dimension and increasing S/B

%10° 35.9 ™ (13 TeV) x10° 35.9 ™ (13 TeV)
[ L] L] [] [] [ [
Two fiducial phase space definitions: 5 [oms + e =ws § [oMS + oma =
” ; = ttb 3 tizb 0 4 = tib = ti2b
c Bt BN ticc < I &2 i) B {fce
Q == Multijet 3 Small bkgs Q 6 == Multijet 3 Small bkgs
I »zz Total uncert L »z Total uncert

- parton-level after radiation (parton-

based, PB)
- stable particles after hadronization

(parton-independent, PI)

CR1: CWolLa BDT > 0.5, QGLR < 0.8

SR: CWoLa BDT > 0.5, QGLR > 0.8

Total phase space is from PB after = 2 — — 5

acceptance Correction _O"'.°...‘..'.’°‘.‘."...;' _0.'°.‘.‘.-"-.'. "’."""’m‘:i ””” 5':"—.

® 5 10 15 20 25 30 ® 5 10 15 20 25 30

2DCSV bin 2DCSV bin

. . . . <10° 35.9fb" (13 TeV) <10° 35.9fb" (13 TeV)
Part_lcle-level jet_s obtained cIu_sterlng £ Fows v om  =un s fols T om  =ur
(anti-kt) stable final-state particles 2 . =i  omgr i =  mge

g == Multijet /I:I Small bkgs °>J 30 == Multijet Z Sn'tlall bkgsrt
. CR3: CWolLa BD;///; (-)rgfaéanLcF?i 0.8 " CR2: CWolLa BDT ; Jg,a(!.)anLCI: <0.8

2DCSV discriminator:

- from largest and next b-tagging
discriminator scores for "additional”
b-jets (according to "permutation
BDT") ‘Qo. 5 : 1'(;. .;'5. ;c.). 25 3'0- ‘Qc; 5. 10 15 : 20 25 3'0-

- 4 analysis regions (SR, 3CRs) 2DCSV bin 2DCSV bin
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Compact Muon Solenoid

Cross sections:

ttbb (all-had) /3

Cross sections:

predictions underestimate

- data are fitted with a profiled measurements by a factor 1.5-2.4
ML technique to the 2DCSV in (1-2 st. dev.)
the 4 data regions - consistent with previous results
CMS 35.9fb" (13 TeV)
FPSPI(pb) FPSPB(pb)  TPS (pb) ﬂbg alf'iet
Measurement 1.6+01707 16+017; 55+03%}% POWHEG + —— —— .
POWHEG (tt) 1.1£0.2 1.0£0.2 3.54+0.6 :::I:_lGH
POWHEG (tt) + HERWIG++ 0.8+0.2 0.8+0.2 3.0+£05 g?fﬁfi\“g%fg[ﬁ&] - - -
MADGRAPH5_aMC@NLO (4FS ttbb) 0.8+£0.2 0.8+£0.2 23+0.7 fbB:
MADGRAPH5_aMC@NLO (5FS tt+jets, FxFx) 1.0+ 0.1 1.0+0.1 3.6+0.3 Mos aMoeo | —a— —a— —a—
oweee | e = .
| Measurement
Oitbb = D.D + O.3(stat) +1.6 -1 .3(syst) pb Eg;mgc
05 1 15 2 2505 1 15 2 25 2 4 6 @
. . . Fiducial PI Otbe(pb) Fiducial PB GthB(pb) Total phase space Oﬁbs(pb)
Main systematics on cross sections:
- simulated sample size ~ 15%
- g-g likelihood ~ 13%
- ina -~ 10°
- b-tagging ~ 10% ICHEP-2020 11




Selections

- 1e(d) +=8(7) jets
- incl. =2 b-jets
- Hr>500 GeV

- 2e/u+ =4 jets
- incl. =2 b-jets
- Hr>500 GeV

SL+DL = 40% of tttt

Tttt (single lepton + opposite-sign dilepton) /1
2016 data (35.8 fb-7at 13 TeV)  JHEP 11 (2019) 082

Examples of OBS vs EXP distributions

CMS 35.8 b (13 TeV) CMS 35.8 fb™' (13 TeV)
ﬂ 8 T T | T T T T | T T T T | T T T T | T T 42 106ELI | T T ID|I|eIF;t6nI|MLLI T T | T 17T | T 17T | T 17T | IJ?
c 10 Single lepton: e+u ) S - S ' . ]
2 10 o Data Wit+jj  mti+cC @ 10F -t[t)ftt% — —om
LLI 108 M tt+bb wST WEW 10°E i tt+H,Z IOtHEW XY —iitt ]
5 mtt+H,Z i+ W, XY —tttt : Pre-fit unc. :
1 04 Pre-fit unc. 10°E .
10 z

10°

10

107"

o o
o o 0.5¢ 4
T e o \\
o X S| g g T T AN TR .
S _qh | | | L. S 0_51..|.. | | | | }}\\\
7 8 9 10 4 5 7 8 9 10
N N

Main backgrounds:
- tijj, ttec, ttbb

ICHEP-2020 12



http://dx.doi.org/10.1007/JHEP11(2019)082

Compact Muon Solenoid

BDTs (DiittSt, DiiiPL):

Tttt (single lepton + opposite-sign dilepton) /2

- used to identify the top quarks and to improve the S/B (one for each

channel)

- to increase sensitivity, events are categorized based on N; and Np

Two examples of OBS vs post-fit yields

35.8 b1 (13 TeV

N—

N=45N" =3
] tags

N =67 N" =2
] tags

RS
) COXRER
GV VaVad, SIS I SN VIS .. DS o T e e S VYA, YVaVa aYavs\ VaVa%aY

RS R RL

HJ] IIIIILIJ] |IIII|ll| | 111

11 T

<]

o0
X

_ CMS
CMS 35.8 fb™' (13 TeV) c
'.% 10* = u+jets % 8 MN] =45 Ngg, =2
D Nj=7,N:n =2 N=7N =3 =4 b= 10 9
.E ags J tags tags o
o 10° o 107 = e e |
LIJ ]
102 10 _ =
10 1
] 10"
-2
107" 10
. g
) 1 Q.05
D 0.5 a|e
alo [ O
D S
| 0.5 o 1
- -1 SL )
D>
) ttt e Data
e Data B tt [ ST B tt+H,Z
o ti+H,Z [ t+W, XY —titt ] Pre-fit unc. B8 Post,-fit unc.
3% Post-fit unc.
No significant deviation is observed ICHEP-2020

for all D distributions

[ Pre-fit unc.
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tttt (single lepton + opposite-sign dilepton) /3

Simultaneous binned ML template fit to extract:

_ : — obs SM
the signal strength W = G/ Ottt All of post-fit nuisances found

- the 95% CL upper limits on cross section consistent with initial values
Channel Best fit 4 Best fit 0y  Exp. significance Obs. significance
(fb) s.d. s.d.
Single-lepton 16718 1571 021 0.36
no candidates * Dilepton 0.0+27 0% 0.36 0.0
Combined 0.0+22 0+20 0.40 0.0 For EFT interpretation,
(this analysis) see talk by Samuel May
(vesterday)
Channel Expected limit, ¥ Observed limit, # Expected limit Observed limit
(fb) (fb)
Single-lepton 947325 10.6 86730 97
Dilepton 73733 6.9 67 3 64
Combined 5.7F42 5.2 52738 48
(this analysis)

Systematics:
out < 48 fb at 95% CL - many are driven by th.

uncertainties e.g. tt+HF
ICHEP-2020 14




T ——

s, |
CMS, /|
& LQK; - W}.{'Z WL

Baseline selection:

- 2 e/l with same charge,
or 3 /M (pr>20 Gev)
- =2 jets pr-40)+ =2 b-jets @25
- ptMiss> 50 GeV
- H=>300 GeV
12% of tttt

U

Main backgrounds:

- ttW, ttZ, ttH (the simulations are
corrected for OBS/MC
discrepancies)

- nonprompt lepton background
Is data-based (from isolation
control regions)

Events

Data / Pred.

Events / 100 GeV

-
\V]

»

o = NO
L

¢ tttt (same-sign dilepton and trilepton) /1
2016-2018 data (137 fb~"at 13 TeV) EPJC 80 (2020) 75

N;j, Nb, Ht, pt™iss distributions

cms 137 tb~! (13 TeV)

SR (pre-fit) { Data

it

. W

Bl ttH
Nonprompt lep.

mm ttZ

. ttvv

[ Rare

Xy

Il Charge misid.

v A %
4, 22 } Y, % 2

2 4 6 8 10
Njets
CMS 137 fb™! (13 TeV)

N
N

—_
[oe]

SR (pre-fit) { Data
.ttt
W
. ttH
Nonprompt lep.

O =N Wwo

Data / Pred.

200 400 600 800 1000 1200 1400 1600
Hr (GeV)

ICHEP-2020

cms 137 o' (13 TeV)

%60 SR (pre-fit) { Data
T .ttt
I
50 - tiH
Nonprompt lep.
40 4
. ttvv
30 [ Rare
Xy
20 Il Charge misid.
10
0 4
52
q) 7
a1 } b 1 ////////)(///////%
T 0 : : : : .
g5 2 3 4 5 6
o) Ne
CMS 137 fb~" (13 TeV)
® SR(ref) 4 paa
f?, .ttt
< 20 - W
P . tiH
= Nonprompt lep.
£ 151 .tz
- VY
[ Rare
101 . Xy

I Charge misid. }

[¢)]

g p
iz byt |
E 1 1 ///i//////}//////,‘/ 4, '; 4 ] 1 .
S0 ———
CDU 0 50 100 150 200 250 300 350 400

p_rl:mss (GeV)
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http://dx.doi.org/10.1140/epjc/s10052-019-7593-7

Tttt (same-sign dilepton and trilepton) /2

Two analyses: OBS vs post-fit yields (BDT)
- cut-based (N;j, Nb, Neu:14 SRs, 2 CRs) ,
CMS 137 fo~' (13 TeV)
: 3 .
- BDT approach (N;j, Nb, Ne/y, ptmiss, Ht % 107 5 BDT (post-fit)
+ 14 other vars: 17 SRs, 1 CR) i mm g Npnpromptlep. SRR Charge misid
- . 2 f
= more sensitive/precise 10 =z e -
. . 107
Observed and predicted yields enter a
profiled ML fit to extract the cross section )
10
Both analyses give consistent results but
BDT analysis used for interpretations 10';
8 2 J{
. . . , ¢
Ma| N SyStematIC S ON Cross Sectlon: D\c; 8- //C////*////i//////‘/////ﬁ/////t/////’/////‘//////‘r/////‘/////’///////////‘/1/// /////}/////i////A//// 7
- ofttbb)/a(ttjj) ~ 11% 8 5555885858555 ¢856:¢
- JES ~ 9%
- JER, b-tagging ~ 6% (similar plot for cut-based)

ICHEP-2020 16




Tttt (same-sign dilepton and trilepton) /3

Cross section:

- O(tttt)eut = 9.4 +6.2 -5.6 fb Cms 137 o' (13 TeV)
(1.7/2.50 OBS/EXP significance w.r.t. bckgd-only) oo | < Observed upper Imi !
| === Observed cross section H
- C(tttt)BDT =126 +5.8 -5.2 fb | === Predicted cross section III
(2.6/2.70 OBS/EXP significance w.r.t. bckgd-only) 40_: {tH background /,'
- 95% CL OBS upper limits = 20.0 / 22.5 fb |  scaleswithy:
- 95% CL EXP upper limits = 9.4 /8.5 fb =¥
S /
- VS O(tttt)theOry =12.0+2.2 -2.5fb 20 - / L
The dependence of the (LO) SM cross section on ™
the Yukawa coupling y: is used to constrain y;
0 —
|yyM | < 1.7 at 95% CL O e

ICHEP-2020 17
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tttt (same-sign dilepton and trilepton) /4

Constraints on new particles with m > 2m
e.g. H and A from 2HDM, considering SM tttt as bckgd

137 fb~' (13 TeV)

100

80 1

60 -

o(pp = (tt,tW,tg) + H) X BR(H - tt) (fb)

scalar
- O

95% CL upper limits
Observed
Median expected, =1 and 2 Ocyperiment

ofsalar (2HDM, tang = 1)

theory
theory (DM, m, = 600 GeV, Osm = dpm = 1)

o(pp = (it,tW,tq) + A) X BR(A = tt) (fb)

See talk by Samuel May

(vesterday)

Mu> 470 GeV
at 95% CL

CMS 137 fb~' (13 TeV)

100

80 1

60 -

95% CL upper limits
Observed
Median expected, =1 and £2 Oexperiment

feeue ><al (2HDM, tanB = 1)

pseudoscalar

theory (DM, m, = 600 GeV, gsm = gpm = 1)

Ma> 550 GeV
at 95% CL

ICHEP-2020
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Conclusions

CMS measures the production of tt
+ generic/HF jets:

- t1jj cross section as expected,
ttbb cross section =30% higher

- Increased precision on ttbb
production with latest
measurement

-  need to reduce stat. uncert. for

CMS

Preliminary

Reference for o,

MG5_aMC@NLO +
PYTHIA8 4FS

POWHEG +
HERWIG++

MG5_aMC@NLO +
PYTHIAS 5FS [FxFx]

_ ] POWHEG +
differential measurements PYTHIAS
Getting close to observe tttt
production (2.60 OBS significance)
ICHEP-2020

o, - summary, 35.9 fo” (13 TeV)

Sept 2019

A Lepton + jets
arXiv:2003.06467

® All-jets
PLB (803) 2020 135285

W Dilepton
arXiv:2003.06467

p theo
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Backup
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ttj] + ttbb (lepton + dilepton) /4

“* Compact Muon Solenoid

systematics
Source R:gfj’/tﬁj [%] o t\éfs [%]

Dilepton Lepton+jets Dilepton Lepton+jets
Lepton uncertainties

Trigger <0.1 0.2 1.0 0.5
Lepton identification 0.6 0.2 1.1 1.3 measu remen‘ts
Lepton energy scale — <0.1 — 0.1
Jet uncertainties
Jet energy resolution (JER) 0.4 0.3 0.3 0.7
Jet energy scale (JES) 1.5 1.2 2.9 3.6 Ritob g [pb ] s [PP ]
b tagging uncertainties Dilepton channel (VPS)
c-flavor btag (lin.) 2.2 2.0 1.0 0.3 POWHEG + PYTHIAS 0.013 +0.002 2.414+0.21 0.032 + 0.004
c-flavor btag (quad.) 0.7 1.2 0.3 0.2 Measurement 0.017 £0.001 £0.001 2.36 +0.0240.20 0.040 £ 0.002 = 0.005
Heavy-flavor btag 4.0 0.1 0.5 0.9 Dilepton channel (FPS)
Heavy-flavor btag (lin.) 0.9 0.4 1.5 0.5 POWHEG + PYTHIAS 0.014 + 0.003 163 +21 23404
fewplwortoglqad) 20031308 MERERONS poiam gen zasos
Light—ﬂavor btag (111’1) 0.1 0.2 0.3 1.1 POWHEG + HERWIG++ 0.011 £ 0.002 170 £+ 25 1.94+0.3
Light-flavor btag (quad.) 0.7 0.7 0.1 14 Measurement 0.018 4 0.001 = 0.002 159 £1+15 29+01+05
Theoretical uncertainties Lepton-+jets channel (VPS)

Initial-state radiation (ISR) 1.0 22 25 1.2 POWHEG + PYTHIAS 0.017 £ 0.002 30.5+3.0 0.52 £0.06
Final-state radiation (FSR) 0.8 0.7 25 59 Measurement 0.020£0.001 £0.001 31.04+:02+£29 0.62 +£0.03 +0.07
ME-PS matching 0.5 <0.1 1.8 1.9 Lepton+jets channel (FPS)
Underlying event tune (UE) 1.5 1.5 0.4 14 POWHEG + PYTHIAS 0.013 % 0.002 290 + 29 39404
HE/ i scales (ME) 0.1 0.4 0.1 1.4 B9 [ HOHIYTHIAS 0 014 40,003 280 + 40 41404
top-pr 0.2 0.4 1.6 0.3
Ratio RMC 14 0.2 13 0.7 POWHEG + HERWIG++ 0.011 £ 0.002 321+ 36 34105

ttbj/ttbb Measurement 0.016 +0.001 £0.001  292+1429 47+02+0.6

Other uncertainties

Pileup 0.7 0.2 1.3 0.1
Backgrounds 0.3 2.0 0.7 1.2
Simulated sample size 1.5 2.8 0.1 22
Luminosity 0.2 0.5 2.6 3.1
Total 8.0 5.5 8.8 10.0

ICHEP-2020 21




Compact Muon Solenoid

tt]] + ttbb (lepton + dilepton) /5

b tagging discriminant (2™ additional jet)

b tagging discriminant (2" additional jet)

0.4

0.6

0.8

CMS Simulation 13 TeV

L B B B B T T T

" Dilepton
ttob

0
0 0.2 0.4 0.6 0.8 1
b tagging discriminant (1 additional jet)
1 CMS Simulation 13 TeV
A I B T
- Dilepton
0.8 P

0.6

0.4

ttcc

0.2 0.4 0.6 0.8 1
b tagging discriminant (1% additional jet)

b tagging discriminant (2nd additional jet)

b tagging discriminant (2"d additional jet)

0.8

0.6

0.4

0.8

0.6

0.4

] CMS Simulation 13 TeV
UL L B T

" Dilepton
- ttbj

0 0.2 0.4 0.6 0.8 1
b tagging discriminant (1 additional jet)

CMS Simulation 13 TeV
L L B B B

- Dilepton
- tiLF

0 02 04 06 08 1

b tagging discriminant (1% additional jet)

ICHEP-2020
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Compact Muon Solenoid

tt]] + ttbb (lepton + dilepton) /6

CMS 35.9 b (13 TeV)
El B I I I | | T T T T T | T T T T T T T ]
= sl * E;Zi; flct3|_ ]
o 45 Lepton+jets - " contour ]
Q.= | vps T 95% CL contour ]
>D“ 2 —@— POWHEG + PYTHIA8 -
- ]
i -' + P
301 ® ~
o5 e -
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Compact Muon Solenoid

tt]] + ttbb (lepton + dilepton) /7

CMS 359 (13Tev)
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ttbb (all-had) /4

= Compact Muon Solenoid

systematics
Source FPS PI (%) FPS PB (%)
Simulated sample size e N
Quark-gluon likelihood fé‘q’ J_ré?’
b tagging of b quark +10 +10
JES and JER 22 20
Integrated luminosity 28 22
Trigger efficiency e 23
Pileup Y, Y
uRr and g scales a3 83
Parton shower scale fél 4:2131
UE tune 23 52
Colour reconnection +7.2 +7.1
Shower matching (#gamp) iy 38
ttcc normalization +22 iy
Modelling of pr of top quark +2.5 +2.4
PDFs 30 30
Total fgg fgg
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Compact Muon Solenoid

tttt (single lepton + opposite-sign dilepton) /4

systematics

Systematic uncertainty Normalization Shape
Integrated luminosity

Pileup modeling

Lepton reconstruction and identification
Jet energy corrections

b tagging

Ren. and fact. scales

PS scales

ME-PS matching

UE

Jet multiplicity correction

Parton distribution functions

Top quark pT reweighting

Heavy-flavor reweighting

Rare process
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Compact Muon Solenoid

{ttt (same-sign dilepton and trilepton) /5

systematics yields
, Impact on SM background tttt Total Observed

Source Uncertainty (%) of(tttt) (%) CRZ  12+12 111043 103+ 12 104
Integrated luminosity 2.3-2.5 2 SR1  3.95+0.96 <001 396096 4

Pileup 0-5 1 SR2 142+1.8 0.014+0.01 142418 19
Trigger efficiency 2-7 2 SR3 255+ 3.5 0.0440.03 25635 19
Lepton selection 2-10 2 SR4 34.0 £ 4.0 0.08+0.05 34.0+4.0 33
Jet energy scale 1-15 9 SR5 36.7 + 4.0 0.15+0.07 36.8+4.0 36
Jet energy resolution 1-10 6 SR6 39.8 4+ 4.2 0.234+0.12 40.0+4.2 44
b tagging 1-15 6 SR7 403 +3.7 0.314+0.16 40.64 3.8 41
Size of simulated sample 1-25 <1 SRS 473 +43 0724+ 028 48.0+43 46
Scale and PDF variations 10-15 2 SR9 58.5+5.2 118 £046 59.7+5.2 48
ISR/FSR (signal) * 5-15 2 SR10 52.1+43 1.914+0.74 541+42 61
ttH (normalization) t 25 5 SR11 430435 3012 46.0+£35 62
Rare, Xy, ttVV (norm.) t 11-20 <1 SR12  32.1+3.0 37414 358429 40
ttZ, ttW (norm.) 1 40 3-4 SR13 16.7 £ 1.6 434+16 21.04+2.0 15
Charge misidentification + 20 <1 SR14  10.1+£1.2 42+16 143418 16
Nonprompt leptons t 30-60 3 SR15 5.03+0.77 41+15 91+16 4

N].IestE/ FSR 1-30 2 SR16 2.49 +0.61 34+13 59413 7

o (tibb) /o (1) + - 11 SR17 0574036  1.084042 1.65+0.50 3

BDT analysis
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{ttt (same-sign dilepton and trilepton) /6

CMS 137 b~ (13 TeV)
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