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Outline

The exceptional dataset collected in Run 2 paves the way to test the Standard
Model at higher and higher precision..

.. but also to measure very tiny signals from rare processes.
ATL-PHYS-PUB-2019-035

Top Quark Production Cross Section Measurements Status: September 2019

o [pb]

Processes covered in this talk:

10°

ATLAS Preliminary
Run 1,2 /s =7,8,13 TeV

Theory

LHC pp Vs =7 TeV

BBl Data 45-46ib!

LHC pp Vs =8 TeV

> FCNC Top to gy coupling
> Standard-Model tgZ production

A Data 20.2-20.3fb™!

LHC pp Vs =13 TeV

Bl  Data 32-798f!

> Four-top quarks production

t ttw  ttZz ttH tty tZj

s-chan fid. (+jets
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-035/

The tqy FCNC coupling Phys. Lett. B 800 (2020) 135082

SM branching ratiot — gy is tiny (10%), possible deviations from BSM.

Observed in two final states: NLO (QCD) EFT operators:
> in single top production > OJw, O3
3 In top pair production > Right/Left-Handed couplings

Y
/

u/e
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https://www.sciencedirect.com/science/article/pii/S0370269319308044?via%3Dihub

Analysis strategy |
Dataset at Vs =13 TeV, using 81 fb1

e— y fakes

Single top topology + photon

j—y fakes

Zy+jets

Phys. Lett. B 800 (2020) 135082

Events / bin

=
o
J
o

> 1 lepton (e,u)
> 1 photon
> Exactly one b-jet (MV2c10 60%)

> E ™ > 30 GeV

% Uncenainty;
. e»>yfake 3
[]i» vfake ]

°E V5=13 TeV, 81 fo
.Wy]ts

Events / 20 GeV

Ratios q - tylt - qy
> tuy LH (RH) ~ 4.2 (5.3)

gard
o
n
(&}

> tcy LH (RH) ~ 0.9 (0.7) //////// w 4

Data / Pred.

20 30 40 50 60 70 80 90 100 110 120

P [GeV]

Data / Pred.

0.925 &
0.85

"E ATLAS ¢ Data %Uncenainty
- e
t‘E‘ 15HTeV’ 811" _ signal (x10) [ wy+iets
6 Uy,
CR W+y+jet .e-) y fake .Z+y+jets

Post-Fit Dj-) y fake . Other prompt y.

1 B s AR

0 01 02 03 04 05 06 07 08 09 1
NN output

Normalisations of:
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> Wy+jets
> Zy+tjets
Measured in the fit.



https://www.sciencedirect.com/science/article/pii/S0370269319308044?via%3Dihub

R Phys. Lett. B 800 (2020) 135082
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Analysis strategy Il & " osin, oo
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5 10°E VR SF(e—y) Hzersiets [Jiovtake - o F {s=13TeV, 81 1b" B ersets B
i E Pre-Fit .Otherprompty ] 4\‘9 [ty LH ! - i
. . . , § 10 E VR SF(e—Y) |:|Z+y+jets Dj—wfake E
Large contribution from e -y fakes: 1 & Eram | oo :
> Estimation of Data/MC e -y efficiency - 5
. . . . . C F' 10* =
> Application is validated in a VR 0 (.
Discriminant: Neural Network Ty I /—%
R o7s i JRELY: »
. E A 2 % /
> OutpUt used in the SR ° ost 20 60 80 100 120 140 160 180 200 §0_751-_N & 7 %
i 1 1 e (e ° ost 40 60 80 100 120 140 160 180 2/20
> A NN trained for each studied coupling = S e
oy ER TR AR BT L T L T Sl F T e §- EATILASSlimuIatilon I-|-si;;nal(tr|a1ining)l E
S F ATLAS Simulation — tuy, dec. m. 3 = - Vs=13TeV signal (test) .
= 035 7 ’ = s r SR —— background (training)|
= - signal Vs=13TeV — tuy, LH, prod. m. J = 1 tuy. LH 7773 background (test) —
% 03t SR = & 8 v, 3
m = - e e
&= F — tuy, RH, prod. m.3 =
c 0.25F = = ? §
Q E 3 - —1
L o2k = : mw 10
0.15F =
0'15_ _E 10—2 IRRRK
0.055- = T :
o S == e e L v W e Lt e 103 BR i 5
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https://www.sciencedirect.com/science/article/pii/S0370269319308044?via%3Dihub

Results

Phys. Lett. B 800 (2020) 135082

.E _I\I\‘IIII‘\\II|I\\I‘IIII‘\\Illl\\\llllll\\llll\\\_
. ) . o i . 2 | ATLAS ¢ Data 7 Uncertainty
Profile likelihood fit in Control and Signal regions. 2 L t\l§=1L3HTeV,81 " signal (ci0) [l Weysists
e -y, . :
. . . . © SR . e~ yfake . Z+y+jets 7
Limits at 95% CL for different assumed couplings: S . -
i . Post-Fit |:|]-) y fake .Other prompt y
> >2x improvement than past results! 1072 E
Observable Vertex Coupling Obs. Exp. , i
10 =
clWr+cl oty LH 019 022700 -
cw+cl)|  wy  RE 027 027700 2 _
(23} | ~(23) 0.11 10
Cov +Ciun tcy LH 0.52 0.57"; 00
(32) (32) 0.12
Ciw +Cin 1cy RH 0.48  0.597) 5
B(t — qy)[107]  tuy LH 28 40°° 10
B—qn[10°] mwy  RH 61 5977 B1.125
B(t — qy)[1075]  tey LH 22 277! % i //fm/%///,%///w/m/// //////%/%////
B(t — qy)[10°°]  tcy RH 18 28°° &0.875
0-7% 0102 03 04 05 06 07 08 09 1
Limiting factors: NN output
Stats, JER, Scale Factor on p_(y), Y., scales, modelling of tt and single-top processes. 6
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https://www.sciencedirect.com/science/article/pii/S0370269319308044?via%3Dihub

The tZq production

Production of single-top associated with a Z-boson:

arXiv:2002.07546

NLO QCD

Uth

(my > 30 GeV) = 10273 fb

More sensitive to tZ
coupling than ttZ

Sensitive both to tZ
and WZ couplings
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https://arxiv.org/abs/2002.07546

arXiv:2002.07546

AnaIySIS Strategy Three leptons:
_ : ] > 3 jets for QCD radiation
Dataset at Vs = 13 TeV, using 139 fb™ > (U1 )within Z peak
Selection - Leptonic top decay + Z(I11™) > SR contains € ¢ /iﬂ fv pair
> tt CR: contains e u™ pair

Background composition in SRs

ttH + ttW

tt+ tW

Number of b-jets

Z+jets

ttZ + tWZ
VV+LF

Extra jet [n] < 4.5
b-jet |n| < 2.5

CR diboson 2j0b CR diboson 3job

LHCP20 - P. SABATINI (IFIC

Number of jets VV+HF 8



https://arxiv.org/abs/2002.07546

Fit setup

SR and ttZ CRs based on output of

Neural Network

> Most important variables: mu;, Miop, [1(7)]

Non-prompt leptons from HF (tW, tt and Z+jets):

> replacement method

> free-floating normalisation in the fit

Number of b-jets

SR 2j1b

CR diboson 2j0b

SR 3j1b

arXiv:2002.07546

CR diboson 3j0b

Number of jets

100~ ATLAS

Events /0.6

80— CRtiZ 3j2b
[ Post-Fit

L o e

[ Vs=13TeV, 139 0"

T

. tIZ+tWZ
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https://arxiv.org/abs/2002.07546

arXiv:2002.07546

> I L L R
. . . . O i Dat i
Fitted fiducial cross-section: B 25 19 Tev. 130 10" Saug
2 B Z+ -
& [ SR3j1b,0..>04 SWEE
| orzq(my > 30 GeV) =97 £+ 13 (stat.) £7 (syst.) fb | D 200 postFit SRV
- E ttW+ttH :
. i 2 Uncertainty 7
Measured at 14% accuracy, dominated by 15 -
statistical uncertainty. f /
10—
Expected and observed significance: =50 [
Observation of the tZq production!
0
Limiting factors: 8 i | | | ]
> Data statistics PR i e )f//f%” /f’ff///f/ Ll a
> Jet/E_™**/lepton reco. and calib. S oef Mo 0 b
S L ] t 0 50 100 150 200 250
_) uminosity p(top) [GeV]

Prompt-lepton modelling 10
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https://arxiv.org/abs/2002.07546

ATLAS-CONF-2020-013

Production of tttt

Standard Model process with o2 *“PTEW = 12 4 20% fb pHerozois) 021y

Very sensitive to many BSM scenarios that strongly enhance the cross-sections

Latest ATLAS results using 2015/16 dataset [phys. Rev. D 99 052009]
> Observed (expected) limit on tttt cross-section @ 95% CL = 5.3 (2.1) 071;%0 QED+EW

2HDM Contact Interaction SUSY (gluino/sgluons pair ...)

t t

i

|

11



https://link.springer.com/article/10.1007/JHEP02(2018)031
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.052009

ATLAS-CONF-2020-013

Analysis strategy
Dataset at Vs = 13 TeV, using 139 fb™*

All hadronic

Opposite-sign
JHEP 2018 12 (2018) 39

PR
8 - {s=13TeV, 36.1 " Total Bkg ]
t = 4000[SS dilepton / trilepton " it SM .
E’ E Preselection v fitt CI E
i} - 7/ UED1.2TSV R
g é@ gec® 7
< E 10 modes Single lepton 20005_ : Z E
1000 & SR e .
R
¢ Signal region definition LI 0™ F00
- _ Hy [GeV]
g > Two same-sign or =3 leptons (e/p)
> > 6 jets

ot

> > 2 b-jets (MV2c10 77%)
>Hr= )  pr;>500GeV

1€jets, leptons 12
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https://link.springer.com/article/10.1007%2FJHEP12%282018%29039

ATLAS-CONF-2020-013

Background composition

Fake/Non-prompt leptons
background composition

> Charge mis-identification
[QmisID]

> Non-prompt leptons originating
from HF decay
[HFe/y]

> Non-prompt from photon
conversion in material
[MatCO]

> Non-prompt from virtual photons
[Low-mass e*eT]

13
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ATLAS-CONF-2020-013

Non-prompt lepton background

Events

Data / Pred.

Template method

> MC shapes assumed

> Normalisation fitted

HFe

HFm

Charge misidentification

Data-Driven method based on Z - e*e:

> Efficiencies QmisID = Z (SS) / Z (OS)

> Apply efficiencies on OS to estimate SS

MatCO & Low mass e*e

90 — B | (5 L .. 0 7 . . B P
r ATLAS Preliminary -¢-Data [ttt = 140— ATLAS Preliminary -¢-Data [Htitt 5| ,0 ATLAS Preliminary -¢-Data Wttt ;
80 \s=13TeV, 139" [Jfiw Mtz 3 C s=13Tev, 139" [JfW [tz 1 TF E=13Tev, 139" [Jiw mtiz ]
£ CR1b3le WttH @Mat. Conv. ] 120~ CR1b3Im WttH  [@Mat. Conv. =] L CRttbarCO2 WtH []Q mis-id i
70— Post-Fit [EHF e @Low-masse’e  — [ Post-Fit [ HF e [Low-mass e'e’ 71 10— Post-Fit [@HF e W@ Mat. Conv. —
r [ HF u [ Others - - [ HF u [ Others B il WHF u W Low-mass e'e” |
60— Ottt ZZUncertainty = 100~ Ottt ZZUncertainty ol - 5 [ Others [ttt B
C | i 1= 7 7 Uncertainty ]
60 ]
e
40
20 Voarrsss s s sss,
oF oF
5E 1.5F 3
12 1 - -
5F 0.5E -
0" 0=
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PSS S TS AT 3
03 035 04
M, @PV [GeV]
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ATLAS-CONF-2020-013

ttW background modelling ., .con region

Template method > Exploiting ttW charge asymmetry
Additional uncertainties on: >Y ([@>0)=) (<0

> (W w/ 7 (8) jets: 125 (300) % 5N >dandN_ >2

> ttW w/ 3/>4 b-jets: 50 % > et e

e e i e e e e =z 140g I I I 1 l"’ 160 [
5] © ATLAS Preliminary -¢-Data Wttt 5l I+ - ATLAS Preliminary -¢Data [ JttW \_ SI - ATLAS Preliminary -#Data [JttW
Q 180C \s-13Tev, 13967 [JwW itz = Z |, Vs=13TeV,139fb" [WOthers 7/ Uncertainty | Z 140/~ Is=13TeV, 139 fo' [@Others 7ZUncertainty  —
2 qgor CRtwW2I W|tH JQ mis-id = - tWVR 7 = C ttW VR
5 © Post-Fit OHFe W Mat. Conv. | Post-Fit i 120 Post-Fit =
it 140 WHFu  ELlow-masse's | 100~ - C
E [ Others [ttt . - 100 i
120 77 Uncertainty 3 80 i 7z .
100 ] 80 . -
L 60 - %/ .
80 C 60— 7 =
60 40— : r ]
- 40/5p o
40 L | E =
20— /% 1
20 B . 4
il B | I TR
& 15 3 a 155 : a 15
; 1 Wﬁ/‘yﬁmw E 1W% /%///ﬁ ; :
8 o5 3 g8 os- 8 o5 :
0 el E s E RS TR RS il L L S laRofe s 5 T SR RS e 0: 1 1 1 1 3 0:...|."|.,.|.H|...|.‘.|‘..|...|..1...:
100 150 200 250 300 4 5 6 7 -8 -1 08 06 04 02 0 02 04 06 08 1
2 p! [GeV] Number of jets BDTscore 15




ATLAS-CONF-2020-013

Signal discrimination

A BDT is trained to separate signal from the total background.

Optimised to maximise the separation as Receiver-Operator-Characteristics
curve integral.

Input variables
14of|wwlw|"'|"w"'*: L R e -)LeptonandjetSpT

- ATLAS, | Proliminay oreDaan iy R 140 ATLAS Preliminary -#Data [t i
- Vs=13Tev, 139" [Jiw [tz s=13TeV, 139" [Jtw [tz

0 s B Cames oo os o mw tams | > Jet/lepton topologies

Events
Events

[ Pre-Fit [EHF e @ Mat. Conv. y i [ Post-Fit OHFe @ Mat. Conv. .
100~ @HFu  [llLow-mass e’e— o WHF . [ELlow-masse'e ] > E miss
E zgthEVT : tDm - L [ Others [ttt -
80 7 Uncertainty it} C 772 Uncertainty ] - - - -
: S i 1 | ? B-tagging information of jets
i 7% JEi r
60F ’ 1FIt e o
: M) ] aor
40,_ 27 i% mE—, | <

— &
222 i

20—
= m

Sum over the b-tagging
score of jets in the event

!—:_;
s sl

|
18
Sum of b-tag scores Sum of b-tag scores 16

..
X ///%' . //

Data / Pred.
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ATLAS-CONF-2020-013

Fit to data

Profile-likelihood fit in CRs and SRs.

R A T R I
ATLAS Preliminary -¢-Data W titt
{s=13TeV,139fb" [ JttW Mtz

SR WttH [ ]1Q mis-id
Post-Fit [OHF e B Mat. Conv.
BHF u BllLow-mass e'e’
[ Others [ttt

77 Uncertainty

Events / 0.1

Normalisations factors fitted:

Parameter NF,;;w NFMat. conv.  NFLow Mee NFyr e NFyE u
Value 1.6+03 1.6+0.5 09+04 08+04 1.0+04

10

The value of the tttt signal strength p...

peg = 2.0° + (Stat )~ iy 7(SYSt ) = 2. Ofgig

'O. 10_1 E —— R ‘ T | —
£ 150

o - i_g(Stat) tZ(SYSt) - 241—2 fb = E;e‘_‘gs/*/#*,c////?«*?/ ////;/ >5+4// %/ _i;_/}(_,;é/@é
8 o05- *4/

98 06 04 03 'o 02 04 06 08 ‘_1
Observed (expected) significance over background: BDT score
> 4.3 (2.4) std. dev. 17
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Fit to data

Profile-likelihood fit in CRs and SRs.

Normalisations factors fitted:

Parameter NF,;;w NFMat conv. NFLow Mee NFyr e NFyE u

Value 1.6 £0.3 1.6 £ 0.5 09+04 08+x04 10x+04

The value of the tttt signal strength p...

pieeg = 2.0 J—r(()):i(Stat'> tg:g(SYSt'> = 2'0t8:2

Observed (expected) significance over background:

> 4.3 (2.4) std. dev.

LHCP20 - P. SABATINI (IFIC)

Events

Data / Pred.

70

60

50

30

20

10

1.5

-

0.5

ATLAS-CONF-2020-013

S L L EL L B B
- ATLAS Preliminary -¢-Data Wttt 7
- Vs=13TeV,139f" [Jttw Wtz =
- BDT>0 WttH [ 1Q mis-id ]
- Post-Fit [OHF e [l Mat. Conv. 7
— BHF u [l Low-mass e'e
B [ Others [ttt ]
& 7, Uncertainty ]
: 2 ﬂ

Co — T ———— ———————
— T T

-
W/ //wwﬁ%w% "

L e 1 I 1 1 1 1 |

18 20 22
Sum of b-tag scores
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Conclusions

An overview over ATLAS latest results on rare top quark processes is given.

FCNC tqy coupling Thank you
> Production of single top quark via g -ty vertex for your attention!
> Best limits on EFT operators and branching ratios pe

SM production of tZq
> Sensitive to tZ coupling (but also to WZ2)
> Observation! Cross-section compatible with SM within 1o

SM four top quarks production

> Same-sign dilepton and multilepton channel |
> Evidence of tttt — significance of 4.3 (2.4) std. dev. \
> Cross-section compatible with SM within 1.7¢

19
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Backup
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tgy - FCNC Summary

ATLAS+CMS Preliminary ssw.cL upper limits <@ ATLAS <—@ CMS
LHG!OpWG [1] JHEP 05 (2019) 123 [2] JHEP 02 (2017) 079
[3] JHEP 0& (2018) 102 [4] arXiv:1908.08481 (LH only)
September 2019 [5] JHEP 04 (2016) 035 [6] ERJC 76 (P016) 55
[7] JHEP 02 (2017) 028 [8] JHEP 07 (2018) 176
Each limit assumas that [9] CMS-PAS-TOP-17-017 [10] JHEP 07 {2017} 003
ail other processes are zewo Theory predictions =SM | | ZHDM(FV)E2HDM(FC)
from arXiv:1311.2028
t—Hc
t—Hu
t—=vye
t—yu
t—gc
t—=gu
t—=Zc ‘
t—Zu -
| II ll II Il II l| II Il Il I- i I-! 1 I.I I| I[I]
-16 —13 —10 —7 —
10 10 10 10 10 10

Branching ratio




tqy — Systematics impact

JER

Prompt-photon modeling

j -y estimation

Data driven method

> 1s0/ID efficiencies on looser photon
> Applied to loose photon to tight

Pre-fit impact on u.:

[ 16=18,+0, 18=8;0,
Post-fit impact on p: i
o= "08+ pe=08c

—e— Nuisance parameter pull

Jet energy resolution: data vs. MC

Jet energy resolution: effective NP 2
Wiy+ets: p! reweighting

Jet energy resolution: effective NP 3
background estimation j —y

b-tagging: mis-tag (light) NP 1
normalisation: W+y+jets, heavy flavour
ET: soft-term resolution (perpendicular)
Jet energy resolution: effective NP 1
Z+jets: scale uncertainties

17: matrix element

17 initial state radiation

Z+jets: heavy flavour fraction

Jet energy resolution: effective NP 4
ET™*: soft-term resolution (parallel)

17: final state radiation

niuuliung

Single top: final state radiation
background estimation e—y
Jet energy scale: n intercalibration non-closure high-E

Jet energy resolution: effective NP 6

-0.01 0 0.01

ATLAS
tuy, LH, {s=13 TeV, 81 fb’

14

pavelusealosualosuelasualissnnlassalunas

=2 =151 —.=0:61110 105! 111 " 1.5

-8,/ 0,

2
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tqy — Background estimation

. MC-based
DD estimation SF measured in CR
* Fit of Z peak e Same as SR
- f,, from M(ey) / M(ee) * No b-jets
* SF from Data/MC * M phowon NOLIN Z
peak

ey fakes SF measured in CR

* Same as SR
Wy+jet | * No b-jets
* Dilepton Same-

DD estimation
e Index 1: ID criteria on 1%

layer Flavour
* Index 2: Iso « M inZ peak
o SF = Nprasslfail y failpass [ \[fail/fail j-y fakes Zy+jets I

Data/MC 23




tqy — Control regions

SF (Zy+jets) =1.12 £ 0.12 SF (Wy+jets) =1.25 +0.09
.E I\\\IIII‘\Illll\\\‘IIII‘\Illll\\\lllll‘\\llll\\\ > _I"“IIII"IllllH“IIII"Illll‘Hll/lll“‘llll“‘_
2 10'E ATLAS ¢ Data 7/ Uncertainty 3 3 of ATLAS ¢ Data 7 Uncertainty
w - R o = _ A —
€ - t\E=1 I_:J,l_ITev, 81107 _ gignal (x10) [ Wy+jets S g t\uE; L:aHTev, 81107 I W.y+ets Wle~ yfake -
- |y, i) - s . . ]
w 10° E CR Wiy+jet .e-) y fake .Z+y+jets S | CRZ+y .Z+y+jets D j» yfake i
- m > .
[ Post-Fit Dj—) y fake .Other prompt .y: w 105 - Post-Fit . Other prompt y _
105 _g =
f0* 10*
10°
10°
10?
$1.075 $1.025
o [a
I 1/////////%/
©0.925 $ §0.975
° 085 0.95

0 01 02 03 04 05 06 07 08 09 1 20 30 40 50 60 70 80 90 100 110 120 04
NN output p [GeV]




tZg — Control regions definition

Common selections

Exactly 3 leptons (e or w) with || < 2.5
pr(€)) > 28GeV, pr(f,) > 20GeV, py(€;) > 20 GeV
pr(jet) > 35GeV

SR 2j1b CR diboson 2j0b CR 1 2j1b CR 11Z 3j2b

> 1 OSSF pair > 1 OSSF pair > 1 OSDF pair > 1 OSSF pair

2 jets, |n| < 4.5 2 jets, |n| < 4.5 2 jets, |n| < 4.5 3 jets, In| < 4.5

1 b-jet, [n| < 2.5 0 b-jets 1 b-jet, ] < 2.5 2 b-jets, ] < 2.5
SR 3j1b CR diboson 3j0b CR #t 3j1b CR 11Z 4j2b

> 1 OSSF pair > 1 OSSF pair > 1 OSDF pair > 1 OSSF pair

|mep —my| <10GeV  |myp —m,| < 10 GeV No OSSF pair |mpp —my,| < 10GeV
3 jets, | < 4.5 3 jets, [n] < 4.5 3 jets, || < 4.5 4 jets, |n| < 4.5
1 b-jet, |n| < 2.5 0 b-jets 1 b-jet, |p] < 2.5 2 b-jets, || < 2.5
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arXiv:2002.07546

tZg — non-prompt leptons

Events from tW, tt and Z+jets enter SR only with a “fake” lepton.
Main source: non-prompt e/p from heavy-flavour hadrons.

MC-simulation with poor statistics — how to enhance it? If b-jet too
close to new
Replacement method lepton -
¢ f | removed

b B-jet - lepton

z+jets - Z:l'jets P
tt tt
tw b tw b

Lepton kinematics

Assigned from truth

£ wrt b-jet ¢
26



https://arxiv.org/abs/2002.07546

tZq - Diboson control regions

Events / 40 GeV

Data / Pred.

2000 jl T T T ‘ T T T T T T T T 1T 1T | T T T T | T T T Ii
- ATLAS ° tl%ata ]
1800F" 5 - 13 Tev, 139 f" = I
16001 Z+jets =
" CR diboson 2j0b VV+LF ]

- . VV+HFE o -
1400~ Post-Fit  Z+tWZ ]
C mm {tWttH 7
1200— 7+, Uncertainty —
- g7 7924 .
1000 =
goo e —
600} —
400 —
200 :— . _:
0 - 1 L 1 | 1 L L L ‘ 1 1 1 1 | L L L L | 1 1 1 1 =

1 -4 [ T T T T ‘ T T T T | T T T T ‘ T T T T | T T T T | T T T T _]
1.2 -
1.0 Z‘//).L/‘///»’-/4‘/,’-/-////-/4////—/////—/////—////‘////—////%—////%////%///z
0.8 ]
0'6 L 1 1 Il ‘ Il 1 1 1 | 1 Il ‘ 1 1 1 1 | Il Il | 1 1 1 1 ]

0 50 100 150 200 250 300

mT(l,E:‘SS) [GeV]

Events / 40 GeV

Data / Pred.

700jl LI I T T L B B I N R
- ATLAS ) tl%ata ]
600/~ s = 13 TeV, 139 fb” (W -
- Z+jets 2

C ; ; VV+LF i
500 CR dlb_oson 3j0b VV+HF ]
- Post-Fit . tZ+tWZ ]

- m ttW+itH -
400]— ) 2 Uncertainty |
300__“;3;” —
2001 =
100 =
B g -
oY S S S N REEN R S
1-4 _I T T T ‘ T T T T | T T T T ‘ T T T T I T T T T | T T T I_
1.2 -
1,0 pocinggpsisss dsssirsnsssssinn s s s ot s
0.8 ]
0'6 1 1 Il ‘ Il 1 1 1 | 1 Il ‘ 1 1 1 1 I Il 1 Il Il | 1 1 1 Ii

0 50 100 150 200 250 300

m(LE") [GeV]

27




tZq - tt control regions
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tZq - ttZ control regions
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tZq - Validation regions
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tZg - Signal modelling in SR
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tZg - Signal modelling in SR
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tZg - Systematics impact

Luminosity

Prompt-lepton

Instrumental

Signal modeling

muunng

Pre-fit impact on o/o,;

[ 16=D0+A0 ©18="0-A0
Post-fit impact on o/o,:

9 = 0+AD P 0=0-A0
—e— Nuis. Param. Pull

Luminosity

Electron ID

VV+LF norm.

Pile-up

Z+jets, photon conv. fakes
Jet flavour comp. tZq, Z+jets, tf, tW, tTW+tTH
JER, comp. 2

Jet njintercalib., modelling
tZq QCD rad.

Jet pile-up offset n

Jet flavour resp.

Jet flavour comp. VV+LF

ttZ aMC@NLO vs. Sherpa221
Z+jets SR 2j1b rate

ttZ scale

A(olcro)
-0.03 -0.02 -0.01 0 0.01 0.02 0.03

T TN frrrrrrrrr T T e T T T
ATLAS
Vs=13TeV, 139 fb

-2

-1.5 -1 -0.5 0 0.5 1 1.5
(0-6,)/A0

2
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tZq — NN settings/training

A different NN trained in each signal region.

Variable

SR 2jl1b SR 3jlb

Definition

Mp;,
Mop

nGol
mT(& E%nss)
b-tagging score
Hy

(/I(fw)
n(ey))|
pr(W)
prty)
m(€f)
In(2)]
AR(j, Z)
ETmiss

prr)
Gl
pr(2)
pT(jr)

1
2
3
4
11

8
12

15
14

p—

O N L O

(Largest) invariant mass of the b-jet and the untagged jet(s) /

Reconstructed top-quark mass w

Absolute value of the ;7 of the j; jet
Transverse mass of the W boson
b-tagging score of the b-jet

Absolute value of the 1 of the lepton from the
pr of the reconstructed W boson

pr of the lepton from the W-boson decay
Mass of the reconstructed Z boson

Absolute value of the 1 of the reconstructed Z boson
AR between the j; jet and the reconstructed Z boson
Missing transverse momentum

pr of the j; jet

Absolute value of the i of the j, jet

pr of the reconstructed Z boson

pr of the j, jet

NeuroBayes
Same input variables
— used the best 15

Forward+central jets

Against VV

Forward untagged jet

Against VV

Against VV/ttZ
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4tops - Signal discrimination

Input variables:
> Leading lepton p.

> E s

> Leading and sub-leading jet p.

> 6" highest jet p;

> Leading b-jet p

> Sum over lepton and jet p_ (except leading)
> 2 ARII

> Max (AR,)

> Min (AR,)

> Sum of b-tagging score

> Min (AR,)

Validation:

> Three-fold validation

> 2 sets for the evaluation (input variables)
> 1 set to test different configurations

Hyperparameters tested:
> Depth of the three

> Number of trees

> Learning rate...
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4tops — Systematics impact

Uncertainty source Ap
Signal modelling
tftt cross section +0.56 -0.31
: rirt modelling +0.15 -0.09
Background modelling
4tops modeling w=)  11W modelling +026 -027
mm) 11t modeling +0.10  -0.07
Non-prompt leptons modeling +0.05 -0.04
- rtH modelling +0.04 -0.01
ttw mOdeIIng 1t Z modelling +0.02 -0.04
Charge misassignment +0.01 -0.02
ttt modelin thstrumental
g mm) Jetuncertainties +0.12  -0.08
mw)  Jet flavour tagging (light-jets) +0.11  -0.06
JES Simulation sample size +0.06 -0.06
Luminosity +0.05 -0.03
Jet flavour tagging (b-jets) +0.04 -0.02
B-tag g | n g Other experimental uncertainties +0.03 -0.01
Jet flavour tagging (c-jets) +0.03 -0.01
Total systematic uncertainty +0.69 -046
Statistical +042 -0.39
Non-prompt leptons normalisation(HF, material conversions) +0.05 -0.04
rTW normalisation +0.04 -0.04

Total uncertainty +0.82 -0.62




4tops - Signal modelling in SR |
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4tops - Signal

modelling in SR I
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4tops - ttt/ttZ uncertainties

The ttt process share similar features with the
4tops signal.

Modeling uncertainties:
> Ad-hoc 100% on cross-section
> ttt with 3b or >4b: 50%

Additional uncertainties on ttZ:
> ttt with 3b or >4h: 50%
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4tops — Non-prompt leptons unc.

QmisiD

> Statistics of the Z mass peak fit

> Fit range

> Discrepancy of MC/Data
efficiencies

Non-prompt from HF (e/m)

> Normalisation from the fit

> Shape: Data/MC comparison in
the regions with looser lepton
definition

Materiallvirtual photon conversion
> Selecting Z(pp)+y events

> Shape from Data/MC

> Normalisation from the fit
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4tops — Control regions

Region Channel N; Np Other requirements Fitted variable
CRttbarCO2l | e*e*[le*u™ | 4 <N; <6 | =21 M..@CV € [0,0.1 GeV] M., @PV
200 < Hy < 500 GeV

CR1b3Le eee || eeu : = 100 < Ht < 250 GeV counting

CR1b3Lm euu || ppp - =1 100 < Hy < 250 GeV counting

CRttW2l e 1t ||t >4 >2 | M,,@CV ¢[0,0.1 GeV], n(e)| < 1.5 Tph

for N, =2, Hr < 500 GeV or N; <6
for N, > 3, Ht < 500 GeV
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ATLAS-CONF-2019-045

4tops - ttH ML results

Channel Selection criteria

Common  Njes = 2 and Npjers = 1
288 Two same-charge (85) very tight (T*) leptons, pr > 20 GeV
No 1j,,4 candidates
m(£E7) = 12 GeV for all SF pairs
13 categories: enriched with 7/, (W, tf, mat. conv, int. conv.,
split by lepton flavour, charge, jet and b-jet multiplicity
3 Three loose (L) leptons with pr = 10 GeV; sum of light-lepton charges = +1
Two S8 very tight (T*) leptons, pr > 15 GeV
One OS (w.r.t the S8 pair) loose-isolated (L*) lepton, pr > 10 GeV
No 1j,,4 candidates
m(£E7) = 12 GeVoand |m(67) = 91.2 GeV| = 10 GeV for all SFOS pairs
[m(3£) — 91.2 GeV| = 10 GeV
7 categories: enriched with (rH, tiW, tiZ, VV, 11, mat. conv, int. conv

SF on ttW XS on Y: Fitted NF for ttW XS:

> +ljet: _ 32611 _ 0.30 520H) _ 0.19 3¢ _ 0.30

> Htg S\(/:VDttt/tVV_,\{ljlejte.t 1%% Aiw = 156005 Ay = 12670 g and A5, = 1.6875¢,
= 1.20 o
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