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Highlights on top quark physics with the
ATLAS experiment at the LHC
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Introduction

By far the heaviest know elementary particle

* ~40x bottom quark mass

 Same mass scale as W, Z and Higgs Bosons
— connection to EW Symmetry Breaking ?

173 F

Top Yukawa coupling is ~1 = coincidence?

It decays before it hadronises
e Can be studied as bare quark

Very high production rate at the LHC

* 0.2-0.8 nb production cross section 171
@ LHC energies

* Produced more than 100M tt pairs b.l 16 — b.ll";' — ('}_“é — b_“é — 6.126
in Run 2 and Run 3 each
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Introduction

By far the heaviest know elementary particle Standard Model Production Cross Section Measurements Sl dune 2zt
* ~40x bottom quark mass S g oo ATLAS Preliminary B oy
 Same mass scale as W, Z and Higgs Bosons b g V5 =5,7,8,13,13.6 TeV e s
— connection to EW Symmetry Breaking ? 5 L o =10
10 m]:‘;&evzi;v Data 3.2 —140fp!

LHC pp Vs =8 TeV
B oata 202-20310!

LHC pp V5=7 TeV

Top Yukawa coupling is ~¥1 = coincidence?

BBl Daa 4549
ﬂ’,"ﬁ LHC pp Vs=5 TeV
ww Data 0.03-0.3fb
S o .

It decays before it hadronises
e Can be studied as bare quark

Very high production rate at the LHC

 0.2-0.8 nb production cross section
@ LHC energies

* Produced more than 100M tt pairs

in Run 2 and Run 3(about 15 pairs/s) T I R

- Measurements of tt production in association of additional particles,
rare decays and rare production mechanism are now in reach (with high stats)
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ATLAS

EXPERIMENT

Y 2%

a4

Run: 267638
Event: 193690558
2015-06-13 23:52:26 CEST
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Differential cross-sections in tt + jets

e Already many distribution measured in the last years

JHEP 08 (2024) 182

* Here focus on dynamics and topology of the hardest and second-hardest QCD emissions using Lol
pr and y of jets and their angular correlations and invariant masses

* Very good tests of pQCD theory via NLO and NNLO predictions and ME-PS matching algorithms
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Analysis strategy:

Lepton+jets channel

Backgrounds taken from MC

Fake lepton background using matrix method
Unfolding using Bayesian unfolding
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https://link.springer.com/article/10.1007/JHEP08(2024)182

Differential cross-sections in tt+jets

JHEP 08 (2024) 182
13 TeV / 140 fb?

jet-rad1
P

JHEP 08 (2024) 182

;‘ T T T T T T T T T T T T T T T
8 ATLAS
< 102 Vs=13 TeV,140 i’
- - pp — 1 (= +jets) + Tjet
?_ﬂ ha ®Data
5 o = POWHEG+PYTHIAS
_8— 4 e wiis POWHEG+PYTHIAS
g 10 - (MINNLOPS)
° rym
©
: l'w
~ 10°®
W
10°®
| R |
‘g 3 —T T T | T T T T | T T T T I T T —]
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kS 1 W/’W‘fﬁ‘m 1
® T N ]
o R E R R I L
500 1000 1500 2000

pjft-ram [GGV]

(1}'0‘) do/d IAyJet-ram —jel—radEI

Prediction/Data

MiNNLOPS: improves leading jet pT, but doesn‘t improve
in the rapidity separation to the 2nd leading jet
- Most probably effect of matching
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Prediction Pwc+Py8 Pwc+Hw7 aMC@NLO+Hw7  SHErPA 2.2.12 Pwc+Py8
MINNLOPS
i i Observable NDF x> p-value %> p-value 4 p-value y?  p-value y*  p-value
ijet'rad1 -jet-rad2| P! 10 62 079 41 094 27 099 18 10 34097
[yiet-Wl) 10 1.8 1.0 1.6 1.0 2.3 0.99 1.1 1.0 2.7 0.99
: L e :
- ATLAS 1 P 8§ 23 097 045 10 28 094 053 1.0 2.6 0.96
! Vs =13 TeV,140 fb" J -
» pp = 1T (¢jets) + 2jets [yietW2| 10 1.9 10 17 10 24 099 1 10 2.7 0.99

04l e —OMHEGHPYTHIAS |AyIetW1 —jetW2) 10 1.6 10 27 099 43 093 090 1.0 6.0 0.81
’ #4494« POWHEG+PYTHIAB - -

- (MINNLOPS) . |Agpict W —jet-W2| 10 1.7 1.0 1.6 1.0 2.5 0.99 12 1.0 21 1.0
L bl 4 5

plerdt 11 77 074 71 079 33 099 26 10 6.4 085
= b il -

0.2 e _ [yietradl| 10 1.6 10 28 099 34 097 0.69 1.0 3.0 098
- S 1 |Agptoplep —jetradl 7 1.4 099 22 095 29 0.9 0.81 1.0 2.3 0.94
L b 4 .

| Agptophad —jetradl 7 1.4 098 26 092 29  0.89 085 1.0 2.4 093

P P P AP RPN M [Agiet- W —ietradl| 10 1.6 10 29 098 34 097 077 10 2.7 099
T T T T | T T T T I T T T T | T T T T I T T T T | — -

14E 3 mft —jetradl 8 7.7 046 6.5 0.9 44 081 44  0.82 55 071
1 E naagsmmangns - < + E jet-rad2
: .o pJT 9 32 096 40 091 37.0 <001 17 10 110 0.28

09¢ | | | 2 [yletrad? 10 14 10 39 095 24 099 020 1.0 53 0.87
0 2 3 5 jet-rad 1 — jet-rad2

Im’jet-ram—jel-radzr | Ayietradl —jet-rad2 10 1.6 1.0 40 095 40 095 0.13 1.0 54 0.86
|Agpictradl ~jet-rad2 10 1.4 10 40 095 24 099 025 1.0 52 088
| Agptoplep —jetrad2 7 13 099 32 086 20 096 046 1.0 41 0.77
| Agophad —jetrad2) 7 12 099 32 087 2.1 0.96 046 1.0 4.1 0.77
[Agiet-W —Jetrad2) 10 13 1.0 38 095 24 099 022 10 5.1 0.88
pictradl - jetrad2 9 62 0.72 6.7 0.66 26 098 42 090 8.8 0.45
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https://link.springer.com/article/10.1007/JHEP08(2024)182

Measurement of production in association with
additional b-jets

arXiv: 2407.13473 QQ00QOA—— 000000 A———
submitted to JHEP

] b
13 TeV / 140 fb! b
H h A h

Examples of Feynman diagrams of electroweak
processes leading to ttbb final state:

Non-trivial predictions due to very different scales involved starting
from m;,, down to momenta of soft additional radiations.
Modelling of additional b-quark jets available at various state-of-
the-art NLO ME+PS predictions.

Examples of Feynman diagrams of QCD processes * Important background for many processes: ttH(bb), four tops and
leading to ttbb final state: others

(d)
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https://arxiv.org/abs/2407.13473

Measurement of production in association with

additional b-jets

arXiv: 2407.13473
submitted to JHEP
Analysis strategy: 13 TeV / 140 fb!

* Dilepton channel

e Background corrections using semi-data-driven method:
* Fake leptons (small background)
* Miss-tagged tt + light jets and tt + ¢ jets estimation

1200

T I T I T I T T
L ATLAS Simulation ] o _ _ _
1000[ 1= 18TeV, 1401”4 40 pfrom top * Classification of events and b-jet assignment crucial

" eu channel, > 4b-jets ;

- -+ one b fromtop A
800 N ---+-- none from top N i . . .
S ] Fraction of events with correctly assigned b-jets:

Events

e By the algorithm: 53 % (56%) in tt events with at least 3 (4) b-jets.
o Selecting the leading py b-jets: 42 % (27%).

* Unfolding using Bayesian unfolding

min

Particle-level AR,

35th Recontres de Blois BERGISCHE
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https://arxiv.org/abs/2407.13473

Measurement of production in association with

additional b-jets

Data

Powheg-+Pythia8 ttbb

arXiv: 2407.13473 - u
. *  Powheg+Pythia8 u  Powheg+Herwig7 ttbb
submitted to JHEP ¢ Powheg+Herwig7 m  Sherpa tibb [ Stat. unc.
-1 % MG5_aMC@NLO+Pythia8
13 TeV / 140 fb © MG5. aMC@NLOsHerwig? : 22::21 o it shell Total unc.
*
v * '
eu+ =3bt L
* |
*
o
eu+ =z3b=1l/ct ) L
*
*
*
eu+ =4bl ’
L
b
=
eu+ =4b=1l/cl N
* ATLAS
Vs=13 TeV, 140 fb~? ;
1
0 20 40 60 80 100 120 140 160 06 08 1.0
Ofig [fb] MC/Data

1.2

Overall 4FS generators predictions agree better with data than 5FS ones

A similar study is done using tt + c¢C events: arXiv: 2409.11305 submitted to PLB
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Example of a differential distribution

MC/Data MC/Data

MC/Data

10"

- ATLAS
[ Vs=13TeV, 140"
| eu channel, = 3b-jets

') lDala —+ IPv:rwheg+Fl'ythia8 '
—} Sherpa —} - Powheg+Pythiag tfbb
—} - Sherpa tTob [ Stat.

Stat. @ Syst.

" Powheg+Pythia8
---t--- Powheg+Pythiag p"

--i--- Powheg+Herwig?
<=-t--- MG5_aMC@NLO+Pythia8

1 1 1
' —{ — Powheg+Pythia8 (Tbb
Powheg+Pythia8 (Tbb p!*

1 1 1
Powheg-Herwig? LTb_E'
Powheg+Pythia8 (Fbb dipole

BERGISCHE
UNIVERSITAT

%_J__E

g b= WUPPERTAL



https://arxiv.org/abs/2407.13473
https://arxiv.org/abs/2409.11305

Cross-sections of tty production

arXiv: 2403.09452
submitted to JHEP
13 TeV / 140 fb!

Analysis strategy:

* Dilepton and Lepton+jets channel with one additional
photon

* Neural networks to enhance separation of
tty production vs all backgrounds

* Profile-likelihood fit / profile likelihood unfolding

@ Radiative production: probe structure of tv coupling

@ Sensitive to new physics: top quark anomalous dipole moments, EFT interpretations
(dim-6 operators - CtW, CtB)

35th Recontres de Blois
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https://arxiv.org/abs/2403.09452

Cross-sections of tty production

arXiV: 2403-09452 ; 2000:‘ ;;.qul‘sl [N L N L L LA DAL RL I .: Ao}fyproduction/ﬂ}fyproduction (O]O)
submitted to JHEP % ~ 15— 13 TeV, 140 fo" # Data Bty production’ Source Single lepton  Dilepton  Combination
13 TeV / 140 fb! 5 1800 pilepton [@tty decay [lh-fakey Statistical uncertainty 1.8 3.3 1.5
1600—SR [le-fake y  [[JOther y — MC statistical uncertainties 1.5 1.5 1.0
- Post-Fit 72 Uncertainty--- Pre-Fit .
1400~ = Modelling uncertainties
1200;— —; tty production PS uncertainty 24 3.7 0.9
10001 = cher tty production modelling 5.1 1.6 3.0
C ] tty decay modelling 0.3 1.3 0.8
o B tty decay normalisation 2.4 3.1 2.1
— = Prompt photon background normalisation 1.5 2.0 2.0
- Fake photon background estimate 0.8 1.5 1.6
= Fake lepton background estimate 0.4 — 0.1
Other Background modelling 0.7 0.2 0.5
5 Experimental uncertainties
S 115 el
o 1W%‘?/J‘i#ﬁi;);,;;;;;;};;);;;///#////y//x/&é Jet uncertainties 3.5 3.0 1.7
T 0.85F 3 B-tagging uncertainties 2.6 29l 1.0
0 7 E L L 1 1 L L L 1 1 E PhOtOH 0-5 1 .5 0-8
"0 01 02 03 04 05 06 07 08 09 1 Lepton 1.3 1.4 1.3
NN output E%liss 0.3 0.4 0.4
Result: Pile-up 0.3 0.7 0.5
. +49 +49 Luminosity 0.8 1.0 0.8
oty (lep +jets) = 70725 = 707 £ 6 (stat) Iig(sys)fb
(dl ¢ ) 117 7+8 3 1177 + 1.7 ( tat +8 1( ) b Total systematic uncertainty 7.6 7.1 5.0
O+t lepton) = ./ _79g = . J\Sstat)_-5(SyS
tty P 7.9 - 7.7\8Y Total uncertainty 7.8 7.7 5.2
35th Recontres de Blois % RIERSITAT
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https://arxiv.org/abs/2403.09452

Cross-sections of tty production

EFT limits determined using photon p; of tty production
Relevant dim-6 Wilson coefficients: C;g and Cyyy

Independent and simultaneous fits to all coefficients
2D marginalised confidence intervals from combined tty production

T
ATLAS

TTTT]

10E

93 1y x GeV')

dp

IIIIIIII| T 1T
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Hllr

T T
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e Data
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 Total uncertainty
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Prediction
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arXiv: 2403.09452

submitted to JHEP
13 TeV / 140 fb!

\I\I‘I\I\|\I\II\\II\I\l\l\l
ATLAS — fvonl
Vs =13TeV, 140fb tyonly
SMEFT A=1TeV fty +ttZ

e  Global mode
Global quadratic fit, marginalised 68% ClI
-------- 95% ClI

e ——— —

12

CIN2 [TeV-2]
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https://arxiv.org/abs/2403.09452

ATLAS

EXPERIMENT

Run: 267638
Event: 193690558
2015-06-13 23:52:26 CEST

Electroweak process |
Access to the CKM matrix element V,, ;
Interfere with tt = not easy to defi_ne W

\
\ \
\ \
v‘\ ‘



Measurement of tW production

Strategy: arXiv: 2407.15594
* Event selection: 2 leptons, at least one b-jet Submitted to PRD
* Main backgrounds from MC: tt, W +jets, Z+jets, and diboson 13Tev /140 fb*
* Classify events into 3 signal regions: 1j1b, 2j1b, 2j2b

* Boosted decision to separate signal from background

* Profile Likelihood Fit to extract cross section

(n | LI B | | T T | L | T T | T T T T l' T | T T T T | T T T T | T T T T
g 17500 ATLAS 2j2b ¢ Data
T 15000 V5 =13TeV, 140 b ! == tW (DR)

tW dilepton, 1j1b, Post-fit .

I Minor Backgrounds
7“7 Uncertainty

1 1 1 1 1 1 L 1 1 1 I 1 1
0.5 0.6 0.7
BDT Response

i BERGISCHE
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https://arxiv.org/abs/2407.15594

Measurement of tW production

Uncertainty source

AO‘,W/O}W [070]

1t modeling 13.2
Jet energy scale 12.0
E%n ** reconstruction and calibration 11.0
tW modeling 7.9
Jet energy resolution 7.0
Jet flavor tagging 3.7
Pileup 2.5
Lepton (e and p) reconstruction and calibration 1.9
Other background modeling 0.9
Luminosity 0.8
PDF (tW and rt) 0.6
MC statistical uncertainty 4.7
Total systematic uncertainty 19.2
Data statistical uncertainty 1.4
Total uncertainty 19.3

35th Recontres de Blois
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arXiv: 2407.15594
Submitted to PRD
13 TeV / 140 fb!

Result:
oy = 75 + 1 (stat) T13(sys) + 1 (lumi) pb
—> uncertainty of 20%

This result can converted into a limit on |f; V| using

V — Omeas
|f LVVtb | O theo

fLv: model-independent left-handed form factor

2 |fivVe| = 0.97 £0.10

BERGISCHE
UNIVERSITAT
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Observation of tt production in p+Pb collisions

In p + Pb collisions, measurements of top quarks access regions of nuclear PDFs that are not arXiv: 2405.05078
well-constrained by other measurements (e.g., gluon nPDFs ) Submitted to JHEP
Strategy: 8.16 TeV / 165 nb!

* Lepton+jets and dilepton channel
* Fake lepton background is estimated from data all others are taken from simulations
e Simultaneous profile likelihood fit in 6 regions of Hy

_IIIIIIlI\l\l\l‘I\I\l\llllllllllllllllll TTT
- ATLAS -¢-Data

> 7
%J :I TTT I TTrTT ‘ TT : 8 7]
O 400 ATLAS o $Dat E % 2500 p+Pb 5, =8.16 TeV, 165nb" i ]
n - p+Pb VS_NN= 8.16 TeV, 165 nb | |§ 7 o 108 T T T T T = L K . . 4
S 350 1015 pets [Singletop  — g ATLAS ¢Data WA [ Single top § | lM2binol psets [Singletop |
2 C Post-Fit — v ] i p+Pb (S =816 TeV, 165nb"  EW+b [ W+c [ Walight @ [ PostFit W w-+b ]
300 3 jo¢ L Post-Fit Wz+b  @Z+c W Z +light ] 200 W W+c -
C i W'H? ] [JDiboson [ Fake lepton 77 Uncertainty L [ W +light _
- [ W+light ] - Wz:b -
250 Wz E 150~ —
] L B Z+c i
Bl Z+c ] . i
200 : — Il Z+light ]
Il Z+light ] C ) 1
. ] [ 1Diboson
[ ]Diboson 3 100— —
150 [l Fake lepton ] i Il Fake lepton -
] . ?
/ Uncertainty - p— - 22 Uncertainty 1
100 - 50 B
50 = ]
E 0
0 5 < 1.5 . . \ ~ ~
g 1o & © 1.25 T 3
ée " 25“1 (oS s i ////,4///794;/ /*%/ ;%/ :g o o A o w-,«-/‘/.ex-////-f»u,.u//-/-A,‘///—/’#/»f-ﬁ//////,*’///ﬁ/—////i//// % o E;I %///‘//76»‘/#/%///7*////7‘/ #/V/?‘//W /
® 0.75 fa) g 0 5¢
8 . * * : : : o
o 0 1500 200 300 400 500 600 700 800 900 1000 1016 e+jets 101b u+jets  112bincl e+jets  112bincl p+jets 2[1b 202 hincl 00 200 300 400 500 600 700 800 HQO[OG 1\?]00
e

H,! [GeV]
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https://arxiv.org/abs/2405.05078

Observation of tt production in p+Pb collisions

Pre-fit impact on p: Apt .

I:Ie = §+A9 ‘ 9 = G-AB -0.2 -0.1 0 0.1 0.2 T T T [ T T T | T T T | T T T | T T arX|V: 2405!05078
Post'flt|mpact0n'.l [T T T[T T T[T T T T rTTT ATLAS p+Pb%=816TQV SubmittedtojHEP
Wo-0:a0 Wo-040 | ATLAS . 165 nb 8.16 TeV / 165 nb!
—e— Nuis. Param. Pull p+Pb |sy =8.16 TeV, 165 nb PP Data total unc.

| Data stat. unc.

Fake-lepton background p+jets 16 MCFM TUJU21

tt acc. aMC@NLO

Fake-lepton background e+jets 16 MCFM nNNPDF30

it acc. PhH7
Luminosity MCFM nCTEQ15HQ
tt modelling FSR
JES MCFM EPPS21

JES cross-calibration

CMS 8.16 TeV p+Pb O PRL 119 (2017) 242001

btagging SF
W+c background 16

Z+b background JHEP 07 (2023) 213

Muon identification SF

Hftet

Electron identification SF 0 20 %0 80 1000 [n b]
JES flavour response Resu It: tt
Wbk 25 o = 58.1 £ 2.0 (stat) 25 (sys) nb
ingle top D . .
Fake-lepton background u+jets 9 unce rta | nt Of 9%
Y
Muon isolation SF
JES intercalibration E 5
Eloton econsiucion SF | | — ! — Nuclear modification factor:
_2IIl_l1-l5llI_1lII_IOII5IlI0IlI0I.EI)IIl1lll‘i-5III]2 _ p+Pb . +0.094
P Rya =0 = =1.090 £ 0.039 (stat)Zyog7(syst)
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https://arxiv.org/abs/2405.05078

Hunt for new top-quark decays
(and new production modes)

"alljets™ 46%

1+jets 15%

u+jets 15%

e+jets 15% ) .
"dileptons™ "lepton+jets

: - BERGISCHE
35th Recontres de Blois UNIVERSITAT
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Events

*: normalised to total Bkg.
IIIIII\\‘\\lllllllllllllll\lllllgrm_‘:

eData - tHc FCNC * 1

Vs =13 TeV, 140 fo' ItH Wtw .
[Ottz EVV3i+ble T
twz mtZq

[[JHF-dec. e IHF-dec. p _:
[EQ-misID [ ]Others
77 Unc. — Pre-Fit Bkg._]

Earrocirrr s

Data / Bkg.
(=) —_
)

’;'““W“‘{’“///’fj“//*f’%%#’%

o
(e)]
TTTT

01 02 03 04 05 06 07 08 09

Dy (tHe)

35th Recontres de Blois
Dominic Hirschbihl | 24.10.2024

Events

ATLAS

SR3f Prod
Post-Fit

o
T

Data / Bkg.

o o
[02]

1 €

ormalised to total Bkg.

III\IIIlIIIIIIII\ TTTTTTTTTTTTTTTTTITTITTT
---.tHe FCNC *
mttw i
[ VV3L + blc
[OtZq i
[JHF-dec. e @@HF-dec. p T
~zunc.

/s =13 TeV, 140 fo" EItH
otz

— Pre-Fit Bkg.

e

e — —

—_——

%};ﬁ%//ﬁ//‘/ﬂ///ﬂ///}///ﬁ‘//w S5 /%/%
% 01 02 03 04 05 06 07 08 09 1

Dy (tHe)

Search for flavour-changing neutral-current couplings

Strategy:
Search with dilepton SS (e, u) events and 3 leptons with 21 jets, 21 bjets events

Neural networks to separate signal from background
Simultaneous profile likelihood fit in 7 regions

Networks separated

for production and
decay

Eur. Phys. J. C 84 (2024) 757
13 TeV / 140 fb!

UNIVERSITAT
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https://doi.org/10.1140/epjc/s10052-024-12994-1

Search for flavour-changing neutral-current couplings

£35°: ATLAIS T T +- Dlt T . tft_H T . tlt‘Ww ] ATLAS VS =13 TeV, 140 fo! Eur. Phys. J. C 84 (2024) 757
m L aa T T T T T T
. - ] -1
»sof. POSt-Fit [ tZq [] HF-dec.e [ HF-dec. p | |
B Q-misID [] Others 7% Unc. ]
200 Z _ -~ Pre-Fit Bkg. . 3 C b t
g ' ’ ’ | 1 . ombination
150 . .
g dominated by
— ] + -n .
N it E= multilepton
503_ H-aVWV* —— Observed .
F E=== Expected £10 analy5|s
of —— — — — - o ---- Expected £20
D4af ! R Combination
m F bl | [ S i ——
S AR »W/»%/ < o ATLAS M B T
© 0.8F i o . _
QM S I S N SR A B 95% CL limit ¢ H=bb
e f ggEfzfsifggEEggIEes
= = = 8 g - = = = = = 8 & gi § g 2 2 g g g T
H-yy
Dr(h) [Gevl pr(f1) [GeV] pr(L)[GeV] pr(f2) [GeV]  pr(f:) [GeV] pr(b-jetq) [GeV] pr(b-jeto) [GeV]
CR2¢ HFe CR2! HFp CR2¢ ttv CR3! HFe CR3{ HFp CR3f ttwW CR3{ ttZ i

H-=TT

‘;B(t Sl

—— Observed
E=== Expected =10

E==o] Expected +20

H-wV*

Br(t > uH)<2.8-107%(3.0-107%),
Br(t - cH)<3.3-107%(3.8-107%)

Combination

0 590 15 20
95% CL limit on B(t — Hc) x 10*
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https://doi.org/10.1140/epjc/s10052-024-12994-1

Search for lepton-flavour violating utgt interactions

Phys. Rev. D 110 (2024) 012014

e cLFV via neutrino oscillations is highly suppressed (BR~10-59)
« Some BSM processes (leptoquarks, SUSY, 2HDM) involve cLFV

Strategy:
* Model independent EFT approach for tqf¢' operators
e Search for scalar leptoquark S;

* Events with SS uu and one hadronically decay 7 are selected

* One SR and two CR for non-prompt leptons and fake ©
contributions 9 b

* Profile likelihood fit to Hy distributions

Si
u, ¢ ur
scalar leptoquark S;model
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https://link.aps.org/doi/10.1103/PhysRevD.110.012014

Search for lepton-flavour violating utgt interactions

Phys. Rev. D 110 (2024) 012014

w
S 35F ATLAS ¢ Data []Signal (dec.)
& Vs=13TeV, 140fb"  [JSignal (prod.) WFake t
30F CLFV prgt MiFake T+ NP VV,VVV
Signal Region Wi+X 0 fE+X
25 Post-Fit W Other mN\P
ook 7z Uncertainty

h

B(t »ptc)x 108

10— aTLAS

" Vs=13 TeV, 140 f&"
8—cLFV utqt

L L LIS L N N B S BN B N B B

95% CL limits
Scalar
— Obs. -~ Exp.t 1o
Vector
— Obs. -- Exp.t1o
Tensor
— Obs. -- Exp.t 1o

{lllll]l

III|III

03

©1.25 “ —
néms/WWWy%/wW |
=03 100 200 300 400 500 600 700 800
Hy [GeV]
cLFV vertex tputq (g=u,c)
c/A? [GeV7?] u 0.10-0.44
C 0.36-1.8
BR(t—=qurt) [10] u 0.20-0.52
C 3.4-6.7

7-41x better than previous indirect limits
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P T T
0.4 0.5
B(t »pt u)x 10

13 TeV / 140 fb!

scalar leptoquark S;model

=z 0.045F T
& 0043 ATLAS 95% CL limits ]
o] Na J— ]
- 5=13TeV, 140" (ng sorved E

0.035F LFV wtct P =

- ¢ ptc [ Expected+ 1o R

0.03F- S 5 (] Expected* 26 =
= ! — Theory (S) E
0.025F -
0.02F- =

c - —

0.015F- =
0.01F -
0.005F- 3

H | [ -

O—|\|||||||\|
400 600 800 10

00

I‘Illll\l 1
1200 1400 1600 1800

m [GeV]

Upper 95% CL limits on LQ
coupling strengths
from A q=1.3t0 A q=3.7 for
masses 0.5 to 2.0 TeV
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https://link.aps.org/doi/10.1103/PhysRevD.110.012014

Test of lepton flavour universality

Lepton flavour universality (LFU) is a fundamental axiom of SM

. ) Eur. Phys. J. C 84 (2024) 993
—> Couplings of charged leptons e, u, T to W, Z are independent of the lepton mass 13 TeV / 140 fb-1
Strategy
Measure ratio:

\

p
R{{fe | BW = py) \/Q(Z — ee)

/Rmu/ee | B(W — ev) | B(Z - pp)
Z . J /
\ /

e‘,u‘\

ple _
RWZ_

et ut

Simultaneous maximum likelihood fit to tt events (“b-tag counting method”) and Z counts:
* Yieldsin tt —» eu 1b/2b and Z->ee/uu regions

* m&e spectrum in tt — ee/uu 1b/2b regions

Parametrise fitted yields using deviations in BR

8 BERGISCHE
35th Recontres 'Qe Blois % UNIVERSITAT
Dominic Hirschbiihl | 24.10.2024 24 =7 WUPPERTAL



https://doi.org/10.1140/epjc/s10052-024-13070-4

Test of lepton flavour universality

x10"

a . T a E I T E|
N L ATLAS Data 5 = . . 3
- 1 - - D -
§ SO0 fsora Tev, 140 = E,_l" g oL ATLAs L E;z”""‘ ]
Coen mm Z+jels 31 3 ' = son =
£ 400F . =) Diboson 3 £ = (s=13TeV, 14010 -zt E
gu C . Mis-ID lepton - gh e = :Aft ]
= 300 Wm Sysemaounc. 2 q0° = . Mis-ID lepton —-
F g wm Systematicunc.
200 T - &

E 10°

100~ 3
r 10*
N
L ro2f & 1.005 " ) E
S E — El
E ; - - o B B B 3
8 ossp E Sosss ) } E
1 2 Zee Z-uu

Nb-tlg Z-channel

BW - uv)/B(W — ev) =0.9995 £+ 0.0045

e Most precise e/u universality test (0.45%)
* Improves on the previous PDG average
* No evidence for LFU violation
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E 55")"_,_}-;5""'4""""él'gal'al 'g 7 T U | T T T T T L T ! T T T T
% 10 EF f;:mmwlh =gljm _E ATLAS E
2 F = Diboson ] ;
S =i 1 LEP2 .
F ] e*e > WW, Vs=183-207 GeV ;
ATLAS . ,_._._,
pp—W, Vs=7 TeV, 4.6 fo 5
LHCb : . |
= pp—W, Vs=8 TeV, 2 fb" :
CMS . .
40 60 80 100 120 140 160 180 200 pp—tt, Vs=13 TeV, 36 fb ;
Mg [GeV] .
PDG average ——
ATLAS (this result) , QE .
pp—itt, Vs=13 TeV, 140 b’ :
I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
0.92 0.94 0.96 0.98 1 1.02
B(W—-uv)/B(W—ev)

Measurement dominated by
systematic uncertainties: PDF,

modelling, lepton uncertainties Eur. Phys. J. C 84 (2024) 993

13 TeV / 140 fb?
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https://doi.org/10.1140/epjc/s10052-024-13070-4

Search for same-charge top-quark pair production

Same-charge top-quark pair production is strongly suppressed in the SM

Very clean signature in the dileptonic final state

Observation would imply the existence of new underlying physics

L (1) (8)

Signal modelling can be modelled via EFT operators ¢/, Cou Cou

. . ujc—»
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Events

140}

1201

100¢

80r

40F

20

0

Data / Bkg.

0.5

Search for same-charge top-quark pair production

Strategy:
* Neural networks used to split events in signal regions and validation regions
* SRs are split by charge and EFT operators
* Control regions used to constrain normalisation of the background processes
 Combined binned profile-likelihood fit over the SRs+CRs

160}

601

[
ATLAS

{s =13 TeV, 140 fb

SR cQu --
Post-Fit

T
¢ Data
[ Four top
[t
@ Int Conv
EHFu
Il Mat Conv
[10ther
--- Pre-Fit Bkg.

1.25}F

0.75f

.................. EETTEEES

TR ///ﬂ///f////%*;%}};;%/W/i%&/k}?W

T
o EFT 1t
[lth
W tt(Zry”)
B Diboson
W HFe
[1QMisID
7z Uncertainty

0 0.25

0.5
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NN="*Soutput

ml
Cu

arXiv: 2409.14982
submitted to JHEP
13 TeV / 140 fb!

ATLAS === QObserved Limits

V§=13TeV, 140 fo™' === Run 1 Same-sign leptons [1]
Marginalised
A=1TeV — 68%CL

[1] ATLAS, JHEP 10 (2015) 150
.

Wilson Coefficient CIs at 95% CL ( x1072)

Uncertainties cgi) c(Qli cgi

Statistical uncertainty only [-0.65, 0.65] [-1.9,1.9] [-3.9, 3.9]
Statistical + modeling uncertainties [-0.67, 0.67] [-1.9, 1.9] [-4.0, 4.0]
Total uncertainty [-0.68, 0.68] [-2.0, 2.0] [-4.1,4.1]

02 204 0.0 0.1 0.2

Improvement by a factor of 10!

Presicion limited by statistical uncertainties
Observed upper limits at 95% CL: o (pp — tt,tt) < 1.6 pb

Most stringent limits on ¢, ’, Cou Cou

L (1) (8
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Quantum entanglement in top-quark pairs

Spin-Correlation Anti-muon @ .

/ Angles
© measured
W boson Q/’Muon J
/ neutrino /
Top quark @ —»> @
Gluons . Bottom Z
collide and fuse | ) quark/v Electron
\ Anti-neutrino
seprbily Ses o e
O Anti top\ Anti- bottom
quark quark
Proton Gluon O
/ <
observed affected o Fremore Gl ae O
113 b} )
here “over there” / \

onature

Top quark decay products can be used to learn about top-quark spin or top-quark pair spin correlations
Entanglement: quantum state of one particle cannot be described independently from another particle
— there are stronger correlations than classical system would exhibit
Typical example: a system of two fermions in a spin-singlet state
At the LHC initial state not controlled (no pure state)-> mixed state - described in general by density matrix (p)
—> for two top quarks = spin density matrix
Entanglement can be characterized by their spin correlations magnitude
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Quantum entanglement in top-quark pairs

A quantitative measure of the entanglement: concurrence C[p] of the spin density matrix p :

—> Sufficient and necessary condition for entanglement: C[p] >0
Entanglement observable D:

1000 T 1.0
Eur. Phys. J. Plus (2021) 13
e 1 do,; 1 tr[C]
900 o —
— —=—=—(1—=Dcosy), D= =—
0.8 e — 2( cos ), 3 D 3{cos @)
800 E 410.7
A 10.6 . .
v @: angle between the two lepton directions measured
5% §o> in their parent top quark and antiquark rest frames
= 104 Entanglement condition:

03 Tr[C] < =1>D < —1/3

0.2
1 1 1 1 .00 \
0.0 0.2 0.4 0.6 0.8 1.0
20
S low m(tt)

Dominant contribution: gg fusion with tops in spin singlet state
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Observation of quantum entanglement in top-quark

pairs

Strategy: Nature 633 (2024) 542 oa| ATLAS éom
Dilepton channel with ey final state 13 TeV / 140 b /5=13TeV, 14015’
=> 2 jets and = 1 b-tagged jet 02y .
—> 90% signal purity I e B
Correction of measured D to particle level D g  [r—
8 SN R RN LA RARN AR AR RRRN AR AR 01 0 E
§ -ATLAS ¢ Data . % 0.4 ] —.— Limit (Powheg+HerWiQT)-
LIJSOODO:—E= 13 TeV, 140 5! -.-EOW+:§(I;‘Vq) ] _012§ ® —_— .I;.:nit (PEWheEl; I:'ylhiaB)
£340 < m, < 380 GeV. :P°W+P (hva) - n 8 o5l Y D:;W noertainy ]
50000 ow+Py (bbdl) [ 1014 [ ]
C I Background ] § @ Powheg + Pythia8 (hvq)
400001 M Total uncertainty 1| @ 1016 B Powheg + Herwig? (hva)
- & ' 06 340 < mg < 380 380 < my < 500 my > 500

30000:— 5 * . + 1018 Particle-level Invariant Mass Range [GeV]
Log- 1F 1-0.2

20000 | D = —0.537 + 0.002 (stat) + 0.019 (syst)

10000; ; Jo2e > 5 o below entanglement limit

. s g —> Observation of entanglement

g g

2 ) s

= R 05 % . . . . .

¢ TTORRENeaZ 0 02 040808 T & Dominant uncertainties: signal modelling

etector-level cos ¢
. FELZ BERGISCHE
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https://www.nature.com/articles/s41586-024-07824-z

Conclusion

e Could only show a selection highlights from many many top-quark
analyses

* Top-Quark processes are now also measured with high precision in
association of heavy flavour quarks, photons, vector bosons

* Various searches for new physics either for model-independent
searches using EFT or looking for specific model haven’t shown any
hints yet

e Overview of all public top analyses can be found here:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
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Invar

juud @

ant mass of top-quark pair
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Prediction

Prediction

1/c, -do./dm® [1/GeV]

i

it

Data

Data

o e A A B L R
- ATLAS ® Data a
10— Vs=13TeV,36.1 b’ PWG+PY8 —
= Resolved T PWG+PY8 Rad. Up =
e T PWG+PY8 Rad. Down ]
— Fiducial phase-space ~ ....... Sherpa —
1072 = PWG+H7 =
— . Stat.unc. -
— Stat.+Syst. unc. —
107 =
107 &= —
10° |
1.2}
1=
250 500 7000 1500 2000
mt [GeV]

Eur. Phys. J. C79 (2019) 1028
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https://link.springer.com/article/10.1140/epjc/s10052-019-7525-6

Conclusion

Loop from top?
RN — - (b by by b)) o (b, by b,y by)
| Perm. 1 | Algorithm
Permutation | y . {hj_‘l h31 -h;l bg}
Rng ordered T E {hs’ hli 'hi" bd]
*(em3]: v = (b by by b)
: . | Classifier -

R L I B

The permutation with the mmlmal —In(w) is chosen, and the first two
b-jets in the permutation are assigned to top quarks:

2
CInw = = {ﬂﬂf]bl — Mﬂ]ﬂ] {ﬂﬂfgbz AR Eb] + (max(ﬂﬂ;,mg ﬂﬂﬁlb’i] ﬂﬂg‘?) if Nb-jﬂs =73

(ﬂﬂglbl M}fﬂ;} + {ﬁRﬂbz - Rmm] + [ﬂﬂﬁgb¢ - RL"E?“ if Nb-jem =4

Fraction of events with correctly assigned b-jets:
e By the algorithm: 53 % (56%) in tt events with at least 3 (4) b-jets.
e Selecting the leading pr b-jets: 42 % (27%).
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Observation of tt production in p+Pb collisions

1£1b e+jets 1£1b u+jets 1£2bincl e+jets | 1£2bincl u+jets 2¢1b 2¢2bincl
1t 214 + 24 194 + 21 405 + 21 373 + 19 55 + 6 79 + 5
t-channel 6.9 + 1.0 64 + 1.0 77 £ 09 7.1 £ 09 0 + 0 0 + 0
W+b 37 + 19 37 + 19 16 + &8 17 £+ 9 — —
W+c 120 = 40 110 = 40 4 + 7 17 + 8 - —
W +light 80 + 40 80 + 40 48 + 3.1 9 + 5 — —
Z+b 16 = 13 8§ + 7 8 + 7 3.7 =+ 3.0 12 + 9 29 + 24
Z+c 9 + 14 5 =+ 7 1.7 + 2.6 09 = 14 6 =+ 9 04 + 0.6
Z+light 28 + 16 12 + 7 1.2 + 1.1 09 + 05 11 + 6 034 + 0.25
Diboson 032 + 016029 = 0.15]0.05 =+ 0.029]0.039 + 002]053 + 027]0049 <+ 0.025
tW 171 + 3.0 | 155 + 2.7 136 + 3.2 12.1 + 29 51 + 2 24 + 1.2
Fake lepton | 630 + 50 170 + 40 110 + 19 21 = 12 1.9 + 1 0.51 + 0.27
Total 1154 + 34 648 + 24 582 + 21 462 + 18 o1 + 7 8 + 5
Data 1162 641 570 464 90 97
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