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OVERVIEW

MEASUREMENT OF TT+X INCLUDING 4TOPS WITH ATLAS

» Introduction
» ttH (briefly)

- Associated Production of a Higgs boson and a top quark pair
» tt+HF

» Inclusive and differential fiducial cross-sections of tt production
with additional heavy flavour jets

» Ity

» Production of a top-quark pair in association with a photon
» &tV

» Associated Production of a top quark pair and a vector boson
» Tttt

» A search for four-top-quark production

» Summary and Conclusions 2



INTRODUCTION

THE TOP QUARK

Top Quark Production Cross Section Measurements

ATLAS 7

EXPERIMENT /—)

Status: November 2018

ATLAS Preliminary

o [pb]

10* Fruge. | RUN1,2 V5=7,8,13 TeV

-m-_o__n_

10! F

0 |

]

1|

Theory

LHC pp Vs=7 TeV

Data 4.5 —-4.6fb7!

LHC pp Vs =8 TeV

Data 20.2 —20.3fb™!

LHC pp Vs =13 TeV

Data 3.2 —79.8fb™!

i -

t-chan

tW

s-chan

ttW  ttZ
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tZj

ttH tty

fid. ¢+ jets

All theoretical
expectations were
calculated at NLO
or higher precision.

Theoretical
expectation for
four tops SM.



INTRODUCTION

ATLAS 7

+X EXPERIMENT /—
77z 3 1

e Testing the top gauge couplings

» To understand the top quark and validate
the Standard Model, we need to look at
how it interacts with other particles.

- Higgs Boson - Yukawa coupling
(briefly)

- Heavy Flavour

- Photons - Determine the charge of the
top quark

- Heavy gauge bosons: Zand W -

Direct probe of the weak couplings of ot lan Tresman(CO)
the top quark.

- Four tops - High sensitivity to New
Physics.

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019 4



ASSOCIATED PRODUCTION OF A HIGGS BOSON AND A TOP QUARK PAIR

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019



tH

THE DISCOVERY OF THE HIGGS BOSON

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019

I | T 1T T TT T 1T | T TT1 | T 1T | T TT1 | T 1T | T TT1 | T 1T | I
3 M(H)= 125 GeV =
E @Bu)ch+NH;E§L————————————————E
e -
E LO EW) E
- - C ]
i O el 1
E ‘ :
; L1 11 | L 111 | L1 11 | L1 11 | L1 11 | L1 11 | L1 11 | L1 11 | L1 11 E
6 7 8 9 10 11 12 13 14, 15
/ Vs [TeV]

Run Run Run

LHC HIGGS XS WG 2016

ATLAS

EXPERIMENT

Ww
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(0] S
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0% E
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Indirect constraints on the top Yukawa coupling to
the Higgs can be inferred from ggF production,
and from H — yy decays.

3 BUT we also want to measure direct
couplings. Therefore need ttH.

ttH Channels:
»  H-bb
- single lepton & opposite-sign dilepton.

v

H-yy and =ZZ

- Both the hadronic and leptonic tt decay
channels.

»  H -2 (WWC(+), 1T, ZZ(*)) — leptons

- two - four final lepton states.



ttH Combination

RESULTS

ATLAS e Total | | Stat. [ Syst — SM
Vs=13TeV, 36.1-79.8 fb™
Total Stat. Syst.
tiH (bb) I—é—l 0.79+ o3 (+ 3% ,+0.53)
fiH (multilepton) He=— 156+ ¢52 (£ g0 .2 55 )
ttH (yy) —E== 139+ g% (% o3 »% oy
fiH (Z2) Je <1.77 at 68% CL
Combined F—e— 1832+ 028 (£0.18,+ o2)
| | | | | 1 1 | | I | 1 1 | | | 1 | | | | | 1 1
-1 0 1 2 3 4
SM
O/ Oy
Analysis Integrated luminosity [fb™'] ¢ H cross section [fb]
H—yy 79.8 710 7200 (stat.) Tg2° (syst.)
H— multilepton 36.1 790 +150 (stat.) *1°0 (syst.)
H — bb 36.1 400 190 (stat.) £ 270 (syst.)
H—ZZ—4¢ 79.8 <900 (68% CL)
Combined (13 TeV) 36.1-79.8 670 + 90 (stat.) 150 (syst.)

Combined (7, 8,13 TeV) 4.5, 20.3, 36.1-79.8

Obs. sign. Exp. sign.

410

410

140

Oo

580

6.30
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ATLAS 7

EXPERIMENT /—

77 31
%108III|IIIIIIIIIIIIIIIlIIIII|IIII|IlII|III
) 107 ATLAS ¢ Data
o s=13TeV, 36.1-79.8fb"  IltH@=132)
“10° I tiH (u=1)

[]Background
10°

---- Bkgd. (u=0)
10*
10°
102
10

III|IIIIIIIII|I1II|IIII|IIII|II|I|IIII|III
lllllllllllllllllllllllllllllllllllllllllll

Data/Bkgd.
N CIAJ A

IIII'IlIIII-lllIfllIlllIIIIIIIIIIIIIIIIIIIIIII

Iogm(S/B)

ATLAS

Theory (NLO QCD + NLO EW)

Total

Combined data
Stat. only

1 | 1 1 | | 1 1 1 | 1 | 1 | | 1 1 | 1 1 |

-t IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

6 8 10 12 14
Vs [TeV]



WITH ADDITIONAL HEAVY-FLAVOUR JETS

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019
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OVERVIEW

e Motivations for tt+HF: ¢ Measurements of tt production in association

with additional b-jets at 13 TeV with 36.1 fb-1.

» Improve understanding

of QCD production in » Fiducial cross-sections for dilepton and
heavy quarks. l+jets.

» Also a dominant
background for various
other measurements:

» Inclusive cross-sections for 3L and 4L at
particle level.

- ttV, four-tops... » Differential cross-sections were measured
as a function of global event properties
and properties of b-jet pairs.

X 5
7 b
~b

—1

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019 Q



tt+HF

ATLAS 4
FIDUCIAL CROSS-SECTIONS FPERIMENT 3

ep [fb] lepton + jets [fb]
> 30 > 4b > 57,2 3b > 67, > 4b
. . 181 27 2450 359
[ -
Measu red fld UCIaI Cross Measured + 5 (stat) | £ 3 (stat) + 40 (stat) + 11 (stat)
SeCtiOI’]S for -l-E prOdUCtiOI’] in + 24 (syst) | = 7 (syst) + 690 (syst) + 61 (syst)
o . o t#X (X = H,V) MC T ‘ 2 80 28
association with additional at | Measured — x 177 E 25 2370 331
. SHERPA 2.2 tfbb (4FS) 103 + 30 17.3+ 4.2 1600 + 530 270 = 70
> 1 a nd > 2 b-J ets. POWHEG+PYTHIA 8 ttbb (4FS) 104 16.5 1520 260
o S . . e POWHEL+PYTHIA 8 ttbb (5FS) 152 18.7 1360 290
yStematIC uncertainties POowWHEL+PYTHIA 8 ttbb (4FS) 105 18.2 1690 300
dominate: \

Uncertainty of 13%

» mainly due to tt modelling,
b'ta g g | n g an d Jet ene rgy The measured fiducial cross-sections, with ttH & ttV contributions subtracted from data:

ATLAS - -
Scale' lepton+jets (= 3b) —ie |
VS =13TeV, 36.1fb! u -

e The measured inclusive fiducial 48 _ .
cross-sections generally (" leptontjets (= 4b) | 'i ' =
exceed the ttbb predictions  ° i

) ) O _=_ Data- tiX(X=H,V) @ u

from various NLO matrix 0 e(=3b)r L st wcer. | F g

. Sherpa 2.2 tibb (4FS) '
element calculations matched g -l_} oz |

eu(=4b) + PowHel+Pythia8 ttbb (5FS) M —.—
to a parton S hOWGF. Z = PowHel+Pythia8 ttbb (4FS) M .
101 102 103 104 0.5 1.0 ) 1.5
Ofiq [fb] Pred./(Data - ttX)

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2U1Y 23.05.201Y |10



tt+HF

DIFFERENTIAL CROSS-SECTIONS

= £ 10
s 2
|~
107"
1072¢
10°°
=15
S s
(1]
005
o =15
Sl 1
(]
005
=S 1.1
b g= -
SIS 1
S.|=0.9
Ob‘"b [

Relative differential cross-section as a function of the b-jet multiplicity

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019

= ATLAS eu channel
- Vs=13TeV, 36.1fb" > 2 b-jets
e Data-ttX (X =H,V)

Powheg+Pythia8 -
—— MG5_aMC@NLO+Pythia8 ]
== Powheg+Herwig7
- - - Sherpa 2.2 tt

Syst.
P stat.

I
|

—
TTTTyrTTIoITT

F — MG5_aMC@NLO+Pythia8 E

2 3 >4
N

b-jets

ATLAS 7

EXPERIMENT /—)

® First two panels show the ratios of various
predictions to data

® The third panel shows the ratio of
predictions of normalised differential cross-
sections from MadGraph5

aMC@NLO+Pythia 8 including (numerator)
and not including (denominator) the

contributions from tt V and tt H production.

® Uncertainty bands include stat. & syst.
uncertainties.
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PRODUCTION OF A TOP-QUARK PAIR IN ASSOCIATION WITH A PHOTON

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019
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OVERVIEW Top radiation

e Motivation:

» Probe the ty electroweak coupling (top e-charge)

» Deviations in photon pT spectrum can hint at New Physics
(anomalous dipole moments of the top quark).

» gg & qq initiated:

- potential charge asymmetry measurement (would be
enhanced compared to tt)

» Precision measurements of tty production can constrain some

Wilson coefficients of EFT.
Ve
Radiative top decay Q\N\’<

» The main background for ttH(yy).

e Observation of tty was reported by ATLAS at 7 TeV.
Phys. Rev. D91 (2015) 072007

e First dilepton tty cross-section measurements.

Uses the Prompt Photon Tagger (PPT), a Neural Network
trained to distinguish prompt photons from hadronic fakes

e This is then used as input to the Event Level
Discriminator.

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2I



tty

FIDUCIAL CROSS-SECTION

® Photon can be emitted from the top quark or its charged

decay products (FSR). It can also be emitted from an

incoming quark (ISR).
e Performedin 1L & 2L channels with 36 fb-1 of data at 13 TeV.

e Selection:

>

>

[ Had-fake
|:| Fake lepton

. e-fake
[Iwy

1 or 2 OS leptons (= 25 GeV)

=>4 or 22 jets, 21 b-jet (= 25 GeV)
=1 photon (= 20 GeV)

AR(l,y)>1.0

|||||

(@) Fro ‘ TTT | TTT | TTT | TTT | TTT | TTT | TTT | TTT | TTT ‘ TTT | TTH

g 2500 [ ATLAS @ Data .tf’Y ]

?2 - {s=13TeV,36.1 fb" [ Had-fake M e-fake

] | Single-lepton [JFakelepton  [[Jwy ]

> by .

W 2000 ] Other prompt 7/ Uncertainty —|
L Prefit i

—
.
N
[¢]

1
0.875

Data / Pred.

0.75

0 02040608 1 121416 18 2 22
M)l

Events / 0.20

Data / Pred.

200F- ATLAS ¢

C Vs=13TeV, 36.1 fo' [Hadfake  [llefake ]
200:_ Dilepton Wz [Eother prompt 3
180F 7/ Uncertainty m

1.25
1
0.75
0.5

I|III‘\
Data Wty

F Pre-fit

e
2 %

¢

TT T T T [TTT[TTH

0 02040608 1 1214 16 18 2 22

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019

M)l

ATLAS

EXPERIMENT

total phase space

reco.

phase space\.

fiducial
phase space

Channel Single lepton | Dilepton
tty 6490 + 420 | 720 + 34
Hadronic-fake | 1440+ 290 | 49+ 27
Electron-fake 1650+ 170 2+ 1
Fake lepton 360 + 200 -
Wy 1130

Zy 75+52
Other prompt 690+ 260 | 18+ 7
Total 11750+ 710 | 863 +£78
Data 11662 902

14
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ATLAS
BACKGROUNDS EXPERTMENT

e Hadronic fakes:

0

» ys from hadrons / jets misidentified as photons
» Data-driven ABCD method for data/MC SFs

e e—y fakes:

Hadronic{fake!

» e misidentified as photons

: Single-lepton channels
» Data-driven tag-and-probe method for BIETEP

data/MC scale factors

¢ Fake leptons & non-prompt zﬁ“‘”’”’“p*

&y
¢ Prompt photons:

Q/o=c—>~ fake

- 47 Hadronic fake

» Mainly Wy and Zy, but also ty, VVy

» Validation regions with Wy and Zy

Dilepton channels

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019
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tty

FIT

e Fiducial inclusive cross-section:
profile likelihood fit to ELD

¢ Main uncertainties:

» 1L: jet-related, background
modelling and PPT systematics

» 2L: data statistics, followed by signal
and background modelling
= Total
ATLAS —— Statistical
V/s=13TeV, 36.1 fb~! Theory
: Total (stat  sys)
. l +0.09 (+0.03 +0.08)
e+jets ii-bl—l 107 508 (-0.03 -0.08)
. | +0.09 (+0.03 +0.09)
ptets ) 101 009 (-0.03 -0.08)
|
| +0.13 (+0.09 +0.10)
[uhL =+ 111 512 (~0.08 -0.08)
! +0.08 (+0.05 +0.06)
e/ EH-O-H 109 508 (~0.05 —0.06)
' +0.14 (+0.10 +0.10)
ee =i 100 543 (-0.09 -0.09)
) | +0.08 (+0.02 +0.08)
Single-lepton Fo— 105 908 (-0.02 —0.08)
1
Dilepton EH'.'H 100 002 tg:gj igfgg))
1
Combined (5 channels)  He 106 008 (o0 000
L L L . 1 L L . 1 N 1 L L L N 1 L
0.0 0.5 1.0 15 2.0
_ NLO
o ttv/ Ttty

Events / 0.01

Data / Pred

||I||
Wty

[T T 7]
- ATLAS ¢ Data i
S00[™ 15— 13 Tev, 36.1 fo! [Hao-fake Mefake ]
[ Single-lepton [ JFakelepton [ ]wy -
L . Other prompt 7/ Uncertainty _|
4001 p ot fit .
300 .
200 .
100F _“
OF
1.125 ;7 Y
1 W/// e X e S T
0875 F ’ Z ¢
0.75

0 01 02 03 04 05 06 07 08 09 1
Event-level discriminator

Events /0.17

Data / Pred.

ATLAS 7

EXPERIMENT /—
77 31
SRR RN LR RN RN RN RARRN RN RS
L ATLAS @ Data Wty ]
1ot Vs =13TeV,36.1 fo' HHadfake Mefae |
g Dilepton | Py ] Other prompt E
C 7/ Uncertainty .
I Post-fit .
10°E —
10°E
10
1
1.25
1 ; //W/W////f//
0.75 7 ’
0.5

0 041 02 03 04 05 06 07 08 09 1
Event-level discriminator

ook =521 + 9(stat.) + 41(sys.) fb and

oh = 69 + 3(stat.) + 4(sys.) fb,

» In agreement with the NLO QCD+LO EW prediction

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019
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ATLAS 4
DIFFERENTIAL CROSS-SECTIONS FPERIMENT =Y

Single lepton:

% L B e e L B o i e = 14 T I L L S T T T T T
9 ATLAS e Unfolded data ] S C ATLAS e Unfolded data —
= Vs=13TeV, 36.1 b —— MGS5_aMC + Pythia8 T o 1.2 :—E =13 TeV, 36.1 fb" —— MG5_aMGC + Pythia8 _:
° M ° 8| o~ 107" E"Normalized cross-section hl\:gg_:mg : g;:ilg(m PITSE —lo - Normalized cross-section —__ mg:_amg M g;r:irg(m 4up)
L d D | ffe ren t Ia I Cross-se Ct IONS were "o Single lepton —— MG5_aNC + Pythia8 (At4 Down) 3 1[=Single lepton ~——— MGS5_aMC + Pythia8 (A14 Down) ]
1o o I ::;vtvheg + Pythia8 tt 7 » ; gtoavtvheg + Pythia8 tt ]
m e a S u re d 102 = Stat-@ Syst. — 0.8 - StatA(D Syst. _:
. ] 0.6fmme -
0af =
° r e ]
® |n both channels as a function of: ozt
e e
h B 3
» photon transverse momentum E B
£ £
e e 2 S ST T
» photon absolute pseudorapidity 5 , P —
o 50 100 150 200 250 300 O "0 02040608 1 12 14 1.6 1.8 2 22
p(v) [GeV] m(y)!

» angular distance between the photon and

its closest lepton
P Dilepton lepton:

T UL IS L AN RS IR RS = 1.4 T T T T T T

® |n dilepton channel, as a function of:

<" 14 aT148 e Unfolded data — = F ATLAS e Unfolded data .
R - e N B - T o e VT A
° . . % “E Ngrmallzed cross-section ___ ygs amc + Pythia8 (A14Up) _ - N.ormallzed cross-section a5 amc + Pythia8 (A14 Up)
a Zlm Ut h a | O p e niN g a N g I e . [ Dilepton ~— MG5_aMC + Pythia8 (A14 Down) - lo 1[—Dilepton — MG5_aMC + Pythia8 (A14 Down) —]
—lo = Powheg + Pythia8 ff = L Powheg + Pythia8 ff .
Stat. . - Stat. ]
— StZ: ® Syst. 3 0.8 :_ — s::: ® Syst. _:
® absolute pseudorapidity difference 3 E of :
between the two leptons : ; : :
° o 0 :u sl e e |y | Py e - © c : PR S ST S N N SR T RN NN S SN U SN S SR S S S SN S S S :
I C
e All measurements are in agreement : & b - g
K K 1
° ° ° ° o & o5
with the theoretical predictions. . e o
2 s e
2 2 .
6 1 156 2 25 3 35 4 45 5 55 6 6 . 0 0.5 1 1.5 2 25

ARGy lAn(,
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ASSOCIATED PRODUCTION OF A TOP QUARK PAIR AND A VECTOR BOSON

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019
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ATLAS 7
INTRODUCTION ST

e ttV (via ttZ) provides a direct probe of the * With the full 8 TeV dataset

weak couplings of the top quark. » significance of 5.0 0 (4.2 o) over

» NC weak coupling in SM t&tW only the background-only hypothesis
through CC electroweak ISR from quark for ttW (ttZ) production.

initiated production.
e with the 3.2 fb-1 2015 13 TeV

pmm—— LICY PO
.- Sl
-
LY
Y
~
~
~
~.
~

» Deviations from SM can be probed with 15
Effective Field Theory.

* |t's an important background for Beyond dataset Eur. Phys. J. C77 (2017) 40

the Standard Model physics searches with

various final states. = 8 [T e e

o - ATLAS %  ATLAS best fit ]

S5 [ E=13Tev, 32"  __ aaooom _'

» Stop searches and electroweak SUSY g ptT e - e

productions. : i

= }

.'lfll‘h,Llllllllll
-~

[T.F

¢ Also an important background for ttH s
Multilepton searches and four-top
production.

-
-

wm”
.
-
-
......
-------
...................

0.5 1 1.5 2 25 3 3.5 4
ttW cross section [pb]

o
OrT 717171
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PREVIOUS MEASUREMENTS

® Limiting factors for 8 TeV
measurement:

» Statistically limited analysis.

» For ttW fit, dominant syst. uncert.
was modelling of fake leptons and
background processes with
misidentified charge.

» For ttZ fit, dominant syst. uncert.
source was the modelling of
backgrounds from simulation.

* Going from 8 TeV to 13 TeV was
more advantageous for ttZ than for
ttW, due to rapidly increasing
backgrounds for ttW.

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.Z

o(tT+B) /o (tT)
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.0002
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Run 1 Run2 Run3

Top pair production

8 10 12 14 16
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* ATLAS Cj_%

SIGNAL EXPERIMENT ]

* A measurement of the ttZ and ttW production cross sections in final
states with 2, 3 or 4 isolated electrons or muons.

b-tagging
. WP of 77 %
e Using 36.1 fb-1 from 2015+16 (13 TeV).
Process tt decay Boson decay Channel ttZ (ISR) ttw (ISR)

(£*vb)(qgb) (Fy SS dilepton

v (*vb)(LTvb) (Fy Trilepton

77 (qgb)(qgb) e OS dilepton
(£*vb)(qgb) e Trilepton
(EXvb)(LTvb) e Tetralepton

® Each channelis further divided into multiple regions to maximise
the sensitivity of the measurement.

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019 21



BACKGROUNDS

e Background events containing prompt leptons determined from MC.

» Normalisation corrections obtained from the control regions included in the fit

- WZ in 3L channel,

positron from
e conversion

- ZZ in 4L channel,

- Z+1HF Z+2HF in 2LOS channel

» Data-driven approach for tt background in 2LOS.

primary electron

reconstructed
track from e*

- VRs: 2I-SF-OS — 2L-DF-OS

- Contributions from charge-flip events (significant for 2Lee and 2Lep) estimated
from data.

- 2Lpp is negligible - probability of misidentifying the charge of a muon in pr
range is v. small.

» Backgrounds with = 1 fake leptons modelled using data in dedicated CRs.

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019 22
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ATLAS 4
CHANNELS - POST FIT FUPERTMENT 0

e 2240:_ IIIIIII_I_IIIII Illlllllllll_lll L — 4‘2 LN L R I L L L I L L L O O L L L I L L I L LB O L L
tHZ 2L: OSSF §oxE AmASPreimnay , e Dau iz ttZ 3L € 10° b ATLAS Preliminary e Data iz
= E V{s=13TeV,36.11b o
200 B~ g o7 pip st t B Z 4 2 HE > - Vs=13Tev,36.1fb"  mmiW mWZ 3
£ 2L-Z-6j2b (post-fit) w C : mZZ [ yv4 ]
180 E- Z+1HF EZ+O0HF (post-fit) = tWZ wm Other
= puOther 7/ Uncertainty B mm Fake Leptons y+X i
1‘6;8 = N i -7 Uncertainty ]
120 E- g /*//*/*' ’ i
100 £ % e
= % < ////,///
o0 = fat 10
0 £ b Ve, e
40 = B
20 % )
; 7777777777777, 777
15 F -
e] - _
@ ) .
E 1 %/r//‘%)‘//#—/—4/7/3-//?/7/—/4/,«#/—/*/-/—/—///7/—/+//7’—/4/+/-/+///7/—/#Z -ac; 1.5 | j ' 7} ' ' .
s F o t N Yy
© 0.5 & = © C . . . \ ]
Q" 1 08 06 04 02 0 02 04 06 08 § 08 3 3L 3 3 3
a "Z~ ~& L‘Z L~f7 L~
BDT output To4j <bqj b3y 02y, "2

Boosted Decision Trees (BDTs) are used to separate CR used for WZ background, free parameter in the fit.

signal from background in each region separately.

tEZ 4L (2] 10° =L I I LU I LU I L I
o ~ ATLAS Preliminary ) e Data ttz
i - (Eo:stj ﬂst )TeV, 36.1 b ZZ Wz
- P W0 Other [l Fake Leptons
- 7 Uncertainty
10°
////)/////, 999999999
10 7 ]
= SISy L
_nu.u||||.|.---|---n|.||.+||||
s 15[ : . . . —
£ 1Zé//%/;//%////%//;/////%/////+‘///%//7//// o it
§ L L L L

0.5
qL. 4. 9. L. 9L
S,Lz7b SF‘% DF‘7b DF*eb Zz‘C,q

CR used for ZZ background, free parameter in the fit.
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ANALYSIS

e Initial state is qq only.

ATLAS 7

EXPERIMENT /—)

e Arare source of SS leptons

e 2|SS selection:

(7)) T 1 T 1 T T 1 T [ 1 T T T 1 T T T T [ T T T T T T 1
» 12 dilepton same sign regions depending on #b- & 10° £ ATLAS Preliminary ; e Data W =
jets, lepton flavour and charge. AT - {s=13TeV, 36.1 fb° ttZ . W2z =
_ (post-fit) -g:}her " -ttHX i
_ mm Charge-flips v+ -
» Major backgrounds: 102 _
- Fake leptons and charge flips. -
* Non-negligible signal contamination in CRs
» Used in the fit 10
» Signal strength, u(ttW), and fake lepton 15
o- -c " _I
background are anti-correlated. £ 1 # A/L .h/{#/‘/ﬁ/+¢+f$//r/¢//(%{/*7///*f/%i/‘/- —/i/%*ﬁ%
P [ L
* 3L selection: 5% TETTCyCEE e 5 035 5a 50885588
~‘39????@ﬁﬁﬁﬁﬁﬁf@ﬁ@ﬁﬁ%%????i?gvg
» Four trilepton regions sensitive to ttW depending % 2 9: 2 2 2 3 2 3 2 3 2 3 2 3 2 3 2 gx £ 3 2 3 2 3 2 5 £
on #b-jets and lepton charge TR g Rt RRFEEES TR TS L

» Major backgrounds:

- Fake leptons and diboson.
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* ATLAS QE/

SIMULTANEQUS FIT PERIERT

'3‘ | | I | | | I | | | | | | | | | | I | | | I | | | I
=% G o = Fit configuration Usiz Usiiw
— 16—ATLAS Preliminary X ATLASbestfit — - -
S = . §ERLE Ba { R 4 Combined 1.08 £ 0.14 1.44 +0.32
S e N e R 5 AlbABbtl  +  sp0g 0.73 +0.28 :
wn T =
@ 14 ATLAS 95% CL |  3¢+iZ 1.08 + 0.18 -
£ i — NLOpredicion | 2¢-SS and 3¢ 1TW - 1.41 + 0.33
N e ) 1 4¢ 1.21 +0.29 .
12 =
I ] e Combined fit measured:
1= ; -
r 1} i » o(ttZ) = 0.95 = 0.13 pb
0.8— . — » o(ttW) = 0.87 £ 0.19 pb
R . - RS L |1 ® andyields significance of:
B & 1 | | | | | 1
0.4 0.6 0.8 ] 1D 14 16 » tW: 4.30 (3.40) observed

ted
ttW cross section [pb] (expected)

» ttZ has a significance > 50.

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019
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SIMULTANEQUS FIT

o)

2

— 16

O

0

Q

7))

@ 14

o

&)

N

= 42
1
0.8
0.6

_ATLAS Preliminary
 {s=13TeV, 36.1fb"

-
-
______
-~ P
-------
------------

— ATLAS 68% CL -

""" ATLAS 95% CL —

— NLO prediction _

¥ ATLAS best fit o

] | | | |

152 1.4 1.6

ttW cross section [pb]
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ATLAS

EXPERIME

Uncertainty Otiz T1tw
Luminosity 2.9%

CR and simulated sample statistics 1.8%

JES/JER 1.9% 4.1%
Flavor tagging 5.7%
Other object-related 3.7%  2.5%
Data-driven background normalization 24%  3.9%
Modeling of backgrounds from simulation 5.3%  2.6%
Background cross sections 2.3%  4.9%
Fake leptons and charge misID 1.8%
ttZ modeling 0.7%
ttW modeling 0.3%
Total systematic 10.2% 16.0%
Statistical 84%  15.2%
Total 13.0% 22.2%
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arias (4

CONSTRAINTS ON BSM

¢ Interpretations of the inclusive cross-section measurement in
terms of Effective Field Theory (EFT).

» Set constraints on the five operators which modify the ttZ
VerteX. O;3éa O;Ié’ 0¢ts OtW’ OtB

» First two enter the ttZ vertex as a linear combination:
. . . @) A0
- Measurement is sensitive to the difference. Cso —Cso

» Only one operator is considered at a time.

Coefhicient Expected limits Observed limits Previous constraints
at 68% and 95 % CL  at 68% and 95 % CL  at 95 % CL JHEP 05 (20106) 052
)/A% | [-2.1,1.9], [-4.6,3.7] [-1.0,2.7],[-3.4,43] [-3.4,7.5]

(010,
Cot/A 3.8.2.8].[-23.5.0] [-2.0.3.6].[-27.5.7] [-2.0.5.7]
Cia/ A2 8.3,8.6], [-12. 13]  [-11, 10], [-15, 15] -16, 43]

Ciw /A -2.8,2.8], [-4.0,4.1] [-2.2,2.5],[-3.6,3.8] [-0.15,1.9]
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A SEARCH FOR FOUR-TOP-QUARK PRODUCTION

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019
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MOTIVATION

¢ Measurement of SM four-top cross-section becoming possible
with current LHC statistics.

¢ Possible enhancement of SM cross-sections from new physics
through the production of heavy objects in association with a

top-quark pair.
¢ Previous measurements:

» 3.2 fb~1 with 13 TeV: ATLAS-CONF-2016-020

- Observed (expected) upper limit of:
21(16) x four-top SM o at 5% CL.

- Single lepton channel only.
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SIGNAL
® Very busy signal with no narrow
resonance.
» Many b-jets and jets in the final
state.
e » Channels split into: ) 0117

lhhh (42.2 %)

- |+jets & OS dilepton

|||||||1I ((2.'3 ;ﬁ’))
- SS dilepton & ML lihh 03(14I.:‘;§;S(7.2%)
» Expected total cross-section: 9.2 fb
at LO.
- Only ~100 events per year.
30
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BACKGROUNDS =

¢ Generally two types of backgrounds to consider:
» Physical processes:
- tt+ jets, ttV + jets, diboson

» Instrumental backgrounds:

- Fake leptons and charge misID

Non-prompt lepton

reconstructed track
i positron from with wrong charge ID
€ conversion

e+
%‘ Data driven estimates

(Z & e+e- decays)

primary electron

high-pr electron
(low curvature)

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019
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mas G

> 1L: 77031
e Events categorised according to jet, b-tagged jet and » Background from events with a fake or non-
mass-tagged reclustered large-R jet multiplicities. prompt lepton estimated directly from data

) . using matrix method.
¢ Dominated by ttbb background

» tt Tag Rate Function to estimate tt + jets:
» Not expected to be modelled well 9 J

» ttTRF gives the probability that a jet is b-

» Data-driven estimation
tagged

loose lepton selection
alongside the tight

» Three phases: extraction, validation,
application.

» Reweight data in low # b-jet bins with
weights from low # jet bins.

» Implement MC-correction factors to
account for extrapolation assumption.

» OS2L:

. A » Background is estimated from MC.
Source Source
y » Less than 8% of total background in
5j 6/ 7j 8J 9 =10/ N; signal region.
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Tttt

n
o

Events / bin
8 —r
o

(0]
o

Events / bin

b

1L/2L0S FIT

L ATLAS Preliminary

- {s=13TeV, 361 fb"

- % 9j,3b,>2J

7//}/// :
" 77777777 80

; 60

3 40

3 20

Single Lepton
Post-fit

>10j,3b,>2J
7 30

20

10F

B :7(T (SM)
[JNon-t?

9j,24b,>2

40
30
20

)i 10 =

[]tT + jets (data-driven)
77 Uncertainty

>10j,24b,>2J

2 ot /,, //,W//«/g/ ,Z

) 1000 2000

1000 2000

2000

1000 2000 3000

4 Z
|~ v
.

H> [GeV] H [GeV] H™ [GeV] H4 [GeV]
5 — ) - -
ATLAS Preliminary Dilepton BT (SM)  [fT + jets (data-driven)
7i,3b,21J 7j,24b,>1J >8j,3b,21J 7>8j,24b,21J
_ : Z
10 aof 8
E 6
20 F
- 4 {

D i

0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000 0O 500 1000 1500 2000 2500

H™ [GeV] H™ [GeV]

H [GeV]

H™[GeV]
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ATLAS

EXPERIMENT

e Simultaneous fit in 20 signal
regions

Non-tt

» W/Z+jets, single top, diboson
productions and multijet
backgrounds.

» Uncertainty stat & syst.

® Observed (expected) 95% CL
upper limit on o(tttt) of 47 fb (33

» Upper limit on o(tttt):
5.1 (3.6) x SM.
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Tttt

53 DILEPTON / MULTILEPTON

— ATLAS

I |
-—@— Data

E —
2 _
> 25— -1 Fake/non-prompt -
= — Vs = _13 Tev, 3‘_5'1 i e Charge mis-ID =
& — SS dilepton / trilepton iz =
20 —VLQ/4top Signal Regions e tH —]
— . iw -
15 Dibosons 7
—t [ R &=
I Other bkg —
i0 , sikz77 0000000 | emess TT 1TeV (44 o) —]
9 // / —+— ----- tftf CI (40 fb) .
....... / Total bkg unc. _
S - e nnnns” 777777 L emnnnnbansl/////// e uehunn =
N ! |
8 2F —:
o -
; 1 #F +_==+
© =
° . S | S | S | S | S | S | S, | S |
Ribg “Reboy bz Aoy “Rlbg “2bg by ~obg
o] . T T T T T T
S 10°=ATLAS —e— Data
>
& _ K Fake/non-prompt
= Ve~ _13 T, 3_6'1 o 0 Charge mis-ID
b 10* =—S8 dilepton / trilepton iz
VLQ/4top Validation Regions e i
10° . v
Dibosons 3
. i ]
10? I Other bkg =
Total bkg unc. =
10 =
1 =]
_ ; 3
.o‘ 1.9 ) .
b . ]
o 1 7 %— I ]
P g _+__
© -
o 05 . : : :

VR1b2I  VR2b2I

VR3b2|

VR1b3lI

VR2b3|

VR3b3l

artas (o

¢ Cut and count analysis in 8 signal
regions and 6 validation regions.

» The SM oftttt) upper limit is
(expected) 69 (29) tb.

¢ Dominated by fakes and ttV
background. Data driven techniques
for

» Fake/non-prompt lepton
backgrounds from matrix method

» 2LSS: charge misidentification

¢ Irreducible backgrounds (e.g. ttV)
modelled by MC.
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COMBINATION

Upper limit:

Single lep. / OS dilep.

Vs=13TeV, 36.1fb"
tttt (SM)

—
ATLAS

SS dilep. / trilep.
== Expected + 1o
, --- Expected +2¢
Combined — Observed
| ;.... Explected (}l=.'|)
0 2 4 6 8 10
95% CL limit on y = o™/,
Signal S
ATLAS Vs=13TeV, 36.1fb"
Strength: -
— tot. (4T (SM)
— stat.

Single lep. / OS dilep.

SS dilep. / trilep.

Combined

tot (stat syst)

+19 , +1.1 +1.6
1'7 -1.7 (—1.0 -1.4

+18 , +1.6 +0.9
s Q- 4.4 -16 (—1.4 -0.8 )

+13 (+0.9 +0.9
3.1 -1.2 (—0.8 -0.9

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019

! T TSR B S R
2 0 2 4 6 8 10 12 14 16

poo boeovow by Loy s b s s by

Best-fit u = o-ﬂﬂ/o-rmSM

aas (G

® Uncertainties treatment:

» All experimental systematic
uncertainties treated as fully
correlated between channels.

» Background modelling uncertainties
treated as uncorrelated.

® An excess of events over the SM
background prediction, excluding the SM
tttt production, is observed at 2.8 o (1.0 o).

®* Observed (expected) 95% CL upper limit
on o(tttt) of 49 fb (19 fb).

» Corresponding to an upper limit on
o(tttt), of 5.3 (2.1) x SM.
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WE MADE IT!
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SUMMARY ATLAS
THE ROAD AHEAD. .. PERIMERT

Next steps:

More differential and ratio measurements.

Major challenges with upgraded LHC: trigger rates and tracking at high
pile-up.

We have collected only a few percent of the anticipated luminosity
from the LHC.

Plenty more to come!

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019 37
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THANK YOU!

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019

ATLAS

EXPERIMENT
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HERE'S ONE | PREPARED EARLIER...
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ASSOCIATED PRODUCTION OF A HIGGS BOSON AND A TOP QUARK PAIR

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019
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THE DISCOVERY OF THE HIGGS BOSON PPERIMENT =

® The Brout-Englert-Higgs (BEH)

1

mechanism extended spontaneous
symmetry breaking to gauge fields.

L
o
N

» The process generates mass for
fundamental particles.

o(pp — H+X) [pb
o

e |t also predicted a scalar particle, often

LHC HIGGS XS WG 2016

1 = =

referred to as the Higgs boson. - E

» However, the mass of the Higgs 10_1__ _

boson is not predicted in the SM. - -

® In 2012, CERN announced the discovery! ol ]

107 3

® Once the Higgs mass is measured, the 6 9 10 11 12 13 14, 15

other parameters become fixed and can / s [TeV]
Run 2 Run 3

be measured and compared to SM
predictions.

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019
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tH

MOTIVATION

WW

bb
‘

'

P
ol

—
Q
N

—h
Q
“‘w I I IIIIII| I

Higgs BR + Total Uncert
o

7

| |||||||| | ||||||||
LHC HIGGS XS WG 2013

'4||||||||||| |||||||
1080~ 700 120 140 160 180

M, [GeV]

200

artas (o

77z 3 1

® Indirect constraints on the top Yukawa
coupling to the Higgs can be inferred from
ggF production, and from H = yy decays.

» BUT we also want to measure direct
couplings. Therefore need ttH.

e ttH Channels:
» H-bb
- single lepton & opposite-sign dilepton.
» Hoyy and =ZZ

- Both the hadronic and leptonic tt
decay channels.

» H - (WWC(+), 1T, ZZ(*)) — leptons

- two - four final lepton states.

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019 L2



ttH(bb)

ANALYSIS STRATEGY

9 “JUVTVO000000) > t q t
--.I{.-.<b ~H<b
b b
g - t q t
(a) (b)
g b t
b
g t
(c)

(lst' 2nd) jet
b-tagging
discriminant

(3.3)

Single Lepton, > 6 j

(4.3)

(5, 3) CR7-t1ight

(4, 4)
CR;H—b — | CRtt'+21c \
(5.4 \
4

(5, 5) SR] SR2 SR3 \\‘

(5,5) (5.4) (5.3) (5.2) (4.4 (43) (42 (33)B2226B,1))AH1)GBYERY @Y (3“’, 4"‘) jet
b-tagging
discriminant
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ATLAS 7

EXPERIMENT

Phys. Rev. D 97,072016 a5

® The most common decay for a SM

Higgs is to a pair of b-quarks, at 58%

» but there are large backgrounds
which are difficult to separate from
signal

» Broad mass mass resolution.
¢ Challenges:

» Good modelling of the tt+HF
background

® |n each signal region, a classification
BDT is used to discriminate between
the ttH signal and the backgrounds.

» A reconstruction BDT is used as
input.
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ttH(bb)

ATLAS

EXPERIMENT

RESULTS

Uncertainty source Ap
tt + >1b modeling +0.46 —0.46
® A 1 .40 (1 .60) excess above the eXpeCted Background-model stat. unc. +0.29 —-0.31
b-tagging efficiency and mis-tag rates +0.16 —0.16
1 Jet energy scale and resolution +0.14 —-0.14
background is observed (expected. Jot energy s oLl -0
tt + >1c¢ modeling +0.09 —0.11
JVT, pileup modeling +0.03 —0.05
. +0.64 Other background modeling +0.08 —0.08
* Signal strength of 0.84 0.6 4 gt mdling Y006 o
Luminosity +0.03 —0.02
Light lepton (e, p) id., isolation, trigger +0.03 —0.04
. . Total systematic uncertainty +0.57  —0.54
} CO nsi Ste nt Wlth S IVI ° tt + >1b normalization +0.09 —-0.10
tt + >1c normalization +0.02 —0.03
Intrinsic statistical uncertainty +0.21  —-0.20
’ Total statistical uncertainty +0.29 -0.29
ATLAS ¥s=13TeV, 36.1 b Total uncertainty 10.64 —0.61
"l""l'""""""'l""l"'v'"""'
- tot.
m,, = 125 GeV ,
stat i Ji atatitiov vt
= ata
tot (Stat SYSt) 10f - {s=13TeV, 36.1 fb™ Ml tH (u =0.84)
: ttH (u =2.0)
+1.02 , +0.54 +0.87 - excl.
Dilepton -0.24 _ ( - C]Backé%uné
bined fi e =i 1.05\ -0.52 -0.91 5
(two-u combined fit) ~ 10F %/, Bkgd. Unc.
% ; ---- Bkgd. (u=0)
, £ 10'F
Single Lepton —eo— 095 56 (%5 e -
(two-u combined fit) ' ‘ ’ - 10°k
E
"""""""""""""""""""""""""""""""""""" ‘ F {iH (b5) Combined
. 0.84 +0.64 ( +0.29 +0.57 10° E-Dilepton and Single Lepton
Combined @ . -0.61\ -0.29 -0.54 E Post-it E
llllllllllll'llllllllllllllllllllllll.ll -024:‘
1 0 1 2 3 4 5 6 B> 2F
. TH/ <TH .‘l'.i 5 0’
Best fit u = ¢""/o Sla

Measurement ot tt+X including 4tops with AILAS | C. Nelnstwﬁu'zm Y 23.05.2019

\S}

26 24 22 2 -18 416 1.4 12 -1 08

Iogm(S/B)
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ttH ML

ANALYSIS STRATEGY

¢ Looking for HHWW/ZZ/11
with multiple leptons in the
final state.

e Signal is extracted by fitting
or cutting on BDTs to separate
signal from the major

backgrounds (except 37+17).

ATLAS

EXPERIMENT

-

l- | |

s | 10+2T g

o . (*)
2 2¢SS+11 2/0S+11: 3¢+1t - 40
§ 27SS+0T - 3/40T

most sensitive Number of e/p

Channel Significance
Observed Expected
< 100 ATLAS Vs=13 TeV, 36.1 fo” 200S+11hag 0.90 0.50
S
= 90 )
é 80 —Tot.  --Stat. Tot. (Stat., Syst.) 14+27haq 0.60
£ 70 2608 + 17ag e 17 5 (55, 09) 4¢ (%) - 0.80
g 1f+2rhad [ S '0-6 +1.6 (+1.1 1—1.1)
5 60 -1.5 0.8 -1.3
3 5 | reea 0513 (13, °02) 36+ 1T 1.30 0.90
40 3+ had e 1655 (55, %op) 20SS+1Tha 340 1.1o
2SS + 11 b---@----H4 3.5 +1.7 (“'1-5 +0-9)
30 had 13 (425 05 3¢ 2 dor 150
20 3¢ *H 1.8 707 (08, 03) ' ’
10 2r8S| ] N 15 %0¢ (oa. %08) | 2(SS 270 190
0 3 4 2Sc 20a Slyy L combined | _ [ved . 1.6 g:i (32, fgﬁ;)
<ss 3 sp 4/2@’7”'(2//;2(;5@0/@;8@%7%%0&hhazkhau = 6 5 4 6 8 10 12 Combined 4lo > 30

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019

Best-fit uﬁH for m =125 GeV

» ttZ and ttW normalisation free-floating
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ttH(yy)

ANALYSIS STRATEGY

e Using79.8 = 1.6fb-1at 13 TeV. > 35
©
: . : < 30
* Two isolated photon candidates with transverse momenta pr > 35 - s
GeV and 25 GeV are selected and an invariant mass of 105-160 GeV. 5
2 20
: : L S 5
® Two dedicated BDTs are trained to discriminate the ttH signal from ¢ 1°
>
the main background processes: ® 10
5
» non-resonant diphoton production processes, including tt
production together with a photon pair
e Can still benefit from more data with 2018.
[ | = L LR CLARFCERAN LA AARRNRRRRN RN RRRES @2 I EEERRCLERFEEREY EAREY pas =~
o - ATLAS — Data Sideband [ o - ATLAS —- Data Sideband | -
w - (s=13TeV,79.8fb"  v..NonttHHiggs | 7 W [ (s=13TeV,79.8fb"  C.;NonttHHiggs [
o Had region [JtH o | Lep region CtH |
c B 7 c '
S |- s r+ '
& [ 1§ 107 E
oo L f :
107" = g .
e I LS % B |
e - -~ -2 —
- Rz ST - - §
KPR R P S R A AR 0O 630504 05 06 07 08 08
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ATLAS 7

EXPERIMENT /—)

1 ' 1 1 1 T I 1 1 T 1 I Ll T 1 T I T 1 T T
¢ Data ATLAS

-------------- Continuum Background Vs =13 TeV, 79.8 fo’
- === Total Background m, = 125.09 GeV

——— Signal + Background All categories
In(1+S/B) weighted sum

R
ot +¢'+l:
0 120 130 140 150 160
m,, [GeV]

3 Fit in the diboson mass

» : r . ' r
s ATLAS + Data
( e .1 R ttH (u=1.4)
\s=13 TeV, 79.8 fb W Non-tiH Higgs
I Cont. Bkg.
Had categories Lep categories

Data - Bkg.

10— —
0 1 1 1 1 1

T
1

Had 4 Had 3 Had 2 Had 1 Lep3 Lep 2

Lep1

»  Gives seven categories

46



ttH(ZZ* «— 4l)

ANALYSIS STRATEGY

artas (o

77z 3 1

¢ Using the same dataset as in theyy

analysis
% 8 _l I I I | | I | | I I | | | I .l IDIa.tal. | I | I | | | y
- ATLAS . : : :
© - — 3 e Requires events with at least four isolated
0 " H—> ZZ* — 4l W ggF+bbH §
~ o[ 13Tev, 7981 e B leptons
-ig E ttH-had category I Z_Z* E
o b — e 6 E » (4e, 4y, or 2e and 2p) corresponding to
-t 777, Uncertainty . two SF-OS pairs.
4+ -
3 - . » Had: 0 additional # + =3 jets
o I $ o E » Lep: 1 additional 7 + =1 jets
17e OL' E » =1 b-tagged jet
;&__:I‘- L e [ 4

100 150 200 250 300 1350 © Higgsboson candidates with 115 <m(47) <

m,, [GeV] 130 GeV
e No events observed

» Upper limits on ttH

Measurement of tt+X including 4tops with ATLAS | C. Nellist | LHCP2019 23.05.2019
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ttH Combination

RESULTS

-5108§III|IIII|IIIIIIIIIIIIIIIIIIIIIlIIIIlIII?
o] - =
I 107 ATLAS ¢ Data ]
g E (s=13TeV,36.1-79.8fb"  IMtH@u=132) :
0t WH @=1) o
= * [ ]Background 3
107 -+ Bkgd. (u=0) 3
10*E E
10°E E
100 E
10 -
: 1F:::{::::}::::{::::{::::{::::I::::{::::}:::F
o
O 4+
2 3
©
3 2
1 111 I.l 11| I I.l | ﬁ‘l IT‘.I | | | I | | I I | I I | | I .|
-3 25 -2 15 -1 -05 O 05
Iogm(S/B)

Uncertainty source
Theory uncertainties (modelling)
tt + heavy flavour
ttH
Non-t¢t H Higgs boson production
Other background processes
Experimental uncertainties
Fake leptons
Jets, E%ﬁss
Electrons, photons
Luminosity
r-leptons
Flavour tagging

MC statistical uncertainties

ATLAS

EXPERIMENT

e All other Higgs boson production processes (including tH), are considered as background.
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A‘Ttt‘H/Utt‘H [%]

11.9

9.9

6.0

1.5

2.2

9.3

5.2

4.9

3.2

3.0

2.5

1.8

4.4
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ttH(bb)

ATLAS

EXPERIMENT

ATLAS [t +1ight [Jtt+ >1c [t + >1b
Is=13TeV Ott+v  [JNon-ft
Single Lepton
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FIG. 5. Fractional contributions of the various backgrounds to the total background prediction in each analysis category (a) in the
dilepton channel and (b) in the single-lepton channel. The predictions for the various background contributions are obtained through the
simulation and the data-driven estimates described in Sec. IV. The ¢7 background is divided as described in Sec. IV. The predicted event
yields in each of the analysis categories, broken down into the different signal and background contributions, are reported in
Appendix A.
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WITH ADDITIONAL HEAVY-FLAVOUR JETS
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ATLAS

EXPERIMENT

- pAm ARG

x> / NDF p-value x* / NDF p-value x* / NDF p-value
Generator
ep channel, > 3 b-jets
POWHEGH+PYTHIA 8 1.37 /4 085 042/4 098 0.78/3 0.86
MADGRAPHS aMCQ@QNLO+PYTHIA 8 367/4 045 250/4 065 122/3 0.75
SHERPA 2.2 tt 017/4 10 006/4 1.0 099/3 0.80
SHERPA 2.2 ttbb (4FS) 1.36 /4 085 052/4 097 021/3 0.98
POWHEL+PYTHIA 8 ttbb (5FS) 018/4 1.0 127/4 001 279/3 <0.01
POWHEL+PYTHIA 8 ttbb (4FS) 4.29 / 4 0.37 236 /4 0.67 0.81/3 0.85
POWHEG+HERWIG 7 087/4 093 006/4 10 095/3 081
POWHEG+PYTHIA 8 ttbb (4FS) 112 /4 089 1.00/4 091 030/3 0.96
PowHEG+PyTHIA 8 (RadHi) 194 /4 075 131/4 08 051/3 092
PowHEG+PyTHIA 8 (RadLo) 099/4 091 028/4 099 08/3 0.84
lepton+jets channel, > 6 jets, > 4 b-jets
POWHEGH+PYTHIA 8 086 /4 093 099/4 091 322/5 0.67
MADGRAPHS5 aMC@NLO+PYTHIA 8 1.01 /4 091 433/4 036 319/5 0.67
SHERPA 2.2 tt 066 /4 096 1.21/4 088 498/5 0.42
SHERPA 2.2 tthb (4FS) 144 /4 084 089/4 093 407/5 0.54
POWHEL+PYTHIA 8 ttbb (5FS) 1.08/4 09 161/4 081 314/5 0.68
POWHEL+PYTHIA 8 tthb (4FS) 193 /4 075 030/4 1.0 543 /5 037
POwWHEGH+HERWIG 7 1.32 / 4 0.86 1.47 /4 083 453/5 0.48
POWHEGHPYTHIA 8 tthh (4FS) 1.05/4 090 082/4 094 387/5 0.57
PowHEG+PyTHIA 8 (RadHi) 151 /4 083 095/4 092 298/5 0.70
PowHEG+PyTHIA 8 (RadLo) 077 /4 094 151/4 083 325/5 0.66

Table 11. Values of x? per degree of freedom and p-values between the unfolded normalised cross-
sections and the various predictions for the mass, pr and AR of the closest two b-jets in the ep
and lepton + jets channels. The number of degrees of freedom is equal to the number of bins in the
measured distribution minus one.
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Figure 9. Relative differential cross-sections as a function of (a) Hr, (b) H}*d in events with
at least three b-jets in the ey channel compared with various MC generators. The ttH and ¢tV
contributions are subtracted from data. Four ratio panels are shown, the first three of which show
the ratios of various predictions to data. The last panel shows the ratio of predictions of normalised
differential cross-sections from MADGRAPH5_aMC@NLO+PyYTHIA 8 including (numerator) and
not including (denominator) the contributions from ¢tV and ¢ttH production. Uncertainty bands
represent the statistical and total systematic uncertainties as described in section 8. Events with
Hr (H%4) values outside the axis range are not included in the plot.
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Figure 10. Relative differential cross-sections as a function of (a) Hr, (b) H24 in events with at
least four b-jets in the lepton+jets channel compared with various MC generators. The ttH and ttV
contributions are subtracted from data. Four ratio panels are shown, the first three of which show
the ratios of various predictions to data. The last panel shows the ratio of predictions of normalised
differential cross-sections from MADGRAPH5_aMC@QNLO+PyYTHIA 8 including (numerator) and
not including (denominator) the contributions from ¢tV and ttH production. Uncertainty bands
represent the statistical and total systematic uncertainties as described in section 8. Events with
Hy (H324) values outside the axis range are not included in the plot.
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PRODUCTION OF A TOP-QUARK PAIR IN ASSOCIATION WITH A PHOTON
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tty

EVENT SELECTION

e+jets | u+jets ‘ ee U | eu
Primary vertex
le lu | 2e, OS 2 u, OS le+1 u, OS
Trigger match
> 4 jets > 2 jets
> 1 b-jet

1y

im(e,y) — m(Z)| > 5 GeV

m(¢,€) ¢ [85,95] GeV i

m(€,€,y) ¢ [85,95] GeV -

EISS > 30 GeV :

m(C,€) > 15 GeV

AR(y, £) > 1.0
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ATLAS 7
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77z 3 1

e To discriminate the tty S & B use a neural-
network algorithm

» event-level discriminator (ELD): is
trained separately for the 1L & 2L
channels

e Given the significant contribution of

hadronic-fake photons in 1L use a dedicated
NN

» prompt-photon tagger (PPT), is trained
to discriminate between prompt
photons and hadronic-fake photons.

» shower-shape variables as inputs: Rpagq,
Rhl Rfl W21 W1I fside

» used as an input to the ELD in the 1L
channel.
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FIDUCIAL UNCERTAINTIES

Table 5: Summary of the effects of the groups of systematic uncertainties on the fiducial cross-section in the
single-lepton and dilepton channels. Due to rounding effects and small correlations between the different sources of
uncertainty, the total systematic uncertainty is different from the sum in quadrature of the individual sources.

Source Single lepton (%) | Dilepton (%)
Signal modelling + 1.6 +2.9
Background modelling + 4.8 + 2.9
Photon + 1.1 + 1.1
Prompt-photon tagger + 4.0 -
Leptons + 0.3 + 1.3
Jets +5.4 + 2.0
b-tagging + 0.9 + 0.4
Pile-up + 2.0 + 2.3
Luminosity +2.3 +2.3
MC sample size + 1.9 + 1.7
Total systematic uncertainty +7.9 + 5.8
Data sample size + 1.5 + 3.8
Total uncertainty + 8.1 + 7.0
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ASSOCIATED PRODUCTION OF A TOP QUARK PAIR AND A VECTOR BOSON
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TTV

ttV - ttZ 2L: OSSF

Selection:
e Exactly two leptons with opposite sign and
same flavour.
e [M,-M, <10GeV
o Nj: >0, =5, =6

e N,:=1, 22, >2 (respectively)
Backgrounds:
e Characterised by large backgrounds from
Z+jets and tt.
e Z+jetsis constrained using low BDT score
events.

o Normalisation factors of Z+1HF and
Z+2HF are determined in the fit to data.
e Data driven method used for tt background.

Boosted Decision Trees (BDTs) are used to separate
signal from background in each region separately.
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Data / Pred.
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BDT output
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ATLAS

EXPERIMENT
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TTV

ATLAS 7

EXPERIMENT —)

( | GEORG-AUGUST-UNIVERSITAT
ttV i(j GOTTINGEN

13 TeV 3.2 tb™ uncertainties: |

Table S List of dominant and total uncertainties in the measured cross
sections of the t7Z and ¢¢ W processes from the fit. All uncertainties are

symmetrised

Uncertainty 0,77 (%) o;iw (%)
Luminosity 2.6 3.1
Reconstructed objects 8.3 9.3
Backgrounds from simulation 33 i |

Fake leptons and charge misID 3.0 19
Signal modelling L 4.2
Total systematic 11 22
Statistical 31 48

Total 32 53
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ATLAS 7

EXPERIMENT /—)

T 3 ( N GEORG-AUGUST-UNIVERSITAT
ttvV - ttZ 3L u%-( GOTTINGEN

Four signal regions, with N, and N, depending

%) L LR B AL LR B AL LA BLRL AL BLELILEL BN NL B
: : € 40° = ATLAS Preliminary e Data ttz =
on signal region. ) :>j - {s=13TeV, 36.1 b =tZt%V =tV§Z .
e 3L-noZ-2b4j: targets ttZ with an offshell Z* or y* ~ (post-it) - tWZ wm Other ]
_ mm Fake Leptons v+X |

and 1s orthogonal to the three leptons regions -/ Uncertainty
used for the ttW analysis. .

10° gl

Selection: 3 leptons with sum of charges + 1 LA
o N:2>4,3, 24,24 u
j . "
N,: 1, 22, 22, >2 (respectively) L////)////////// N
e |M,-M, <10 GeV,except noZ 15 , L] ,
§ 1 E-ez/—//.r//-/////—///M/////////72‘////7‘///%/)//%////%//;0%%%
Dominant backgrounds: 05 As, Oz, s, Oy 3L
. b g . . (m} 2. 5 4/ Z‘?b 4‘/ 2~2b3/ ,702"2[)4. L WZ‘CR
e diboson production, tZ and tWZ, and Z+jets J
production with fake lepton. Good pre-fit agreement between

observed values and expected

CR used for WZ background, free parameter in the fit.
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INTRODUCTION &I!T“ﬁé (LE‘K_/‘

THE TOP QUARK FEATURES ,

M ® Decays to a W-boson and a b-quark ~100% of the
time.

b

14

¢ Channels defined by the decay products of the W-

: boson: leptonically or hadronically.
I ¥ » The long lifetime of the b-quark means
Top Pair Branching Fractions b-tagging can be used for

“alljets™ 46% identification.

—3 tracks b jet

------ b hadron
t+jets 15%
------ impact
parameter
secondary
vertex
N u+jets 15% _ _ do
W light jet N :
o - primary vertex

e+iets 15% )
"dileptons™ "lepton+jets”
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THE ATLAS DETECTOR =

.
\ - \ .

1 -

| : 5 [ ‘:
\ | \ L ) 4
W\ L N

L8
2>m _ |

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Toroid magnets LAr electiromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor fracker
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INTRODUCTION

CURRENT STATUS

® The LHC Run 2 has just finished!

e For proton-proton collisions, we have
~140 fb-! of data at 13 TeV to analyse.

» Excellent data quality with ~90%

efficiency.

¢ Now the shutdown period has begun

Delivered Luminosity [fb]

W0 A OO O N ©
o o o o o o

and we will begin repairs and a series of

upgrades.

e Work is also taking place to prepare the

upgrade of the inner tracker, ITk, that will

be installed in the next long shutdown

~2024.
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INTRODUCTION &I!TQNST QE/

THE STANDARD MODEL e
@ strange
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77z 3 1

GEORG-AUGUST-UNIVERSITAT
7 GOTTINGEN

Constraints on BSM

e Interpretations of the inclusive cross-section measurement in terms of

Effective Field Theory (EFT).

o  Set constraints on the five operators which modify the ttZ vertex: 0;%, Ogé , O¢t, Ow, OB
o  First two enter the ttZ vertex as a linear combination

m measurement is sensitive to the difference: Cg’é - C;g
o  Only one operator is considered at a time.

Coefhicient Expected limits Observed limits Previous constraints
at 68% and 95 % CL  at 68% and 95 % CL  at 95 Y% CL JHEP 05 (2010) 052

]@Q) —Cyo)/A? | [-2.1,19],[4.6,3.7]  [-1.0,2.7],[-3.4,4.3] [-34,75] ‘
Co:/ A 3.8,2.8],[-23,50] [-2.0,3.6],[-27,5.7] [-2.0,5.7]

TS -8.3,8.6], [-12,13]  [-11,10], [-15,15]  [-16,43] |
Ciw /A 2.8,2.8],[-4.0,4.1] [-2.2,2.5],[-3.6,3.8] [-0.15, 1.9]
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TTV

ttV - ttZ 4L More from Sebastian in the YSF!

Signature:
e Defined according to the relative flavour of the two o
leptons of Z2: S
o different (DF) or same flavour (SF) -
o  # of b-tagged jets: one or, at least two (1b, 2b).
e Four signal regions: 41-DF-1b, 41-DF-2b, 41-SF-1b &
41-SF-2b.
In SF regions:
ETmiss requirements suppress ZZ background.
In 1-b-tag regions: 3
Requirements on Dy, SUPPIeSS fake leptons. %

CR used to determine ZZ normalisation, free
parameter in the fit.
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Good pre-fit agreement between
observed values and expected
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FAKE LEPTON BACKGROUNDS

¢ |n the ttW analysis and the 3L
ttZ channel, the fake lepton
background is estimated by
using the matrix method.

Fake

loose lepton selection CEpiRNS

» Forthe 4L region, the semi alongside the tight
data-driven fake factor
method is used:

- Correction factors

describing the potential pefine fake and real efficiency as

data/MC discrepancy I . Nloose _ Nloose + Nloose
are extracted in a f= = Aftight _ a5 . b adnose

) . l = Nreal +f- Nfake
dedicated CR enriched

with processes that
contain >1 fake
electron or muon.
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