ATLAS us

EXPERIMENT UNIVERSITY
OF SUSSEX

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

ACHEP2023
Rabat and Kenitra Universities
23rd— 2/t October 2023

Kate Shaw University of Sussex
On behalf of the ATLAS Collaboration



Top Production at the LHC ATLAS

The Top quark is the heaviest known fundamental particle all-hadronic 46%
(~173 GeV)
Mass is of order of the electroweak (EW) symmetry breaking

scale - may play a special role in the SM and also in many THets 15%
beyond the Standard Model (BSM) theories

Short lifetime (10-2>s), only quark that decays before
hadronization, allowing the study of the bare quark

. . . . 15%
- Gives access to its spin through its decay products ’

l+, q dileptonic o

->Top quark pair production is
dominated by gluon-gluon fusion (90%)



Top Production at the LHC

ATLAS

EXPERIMENT

Top has a large production cross-section at the LHC

@ 13TeV o- = 83213) (scale) + 35 (PDF + og) pb
& Phys. Rev. D 108 (2023) 032014

Over 120 M top quark pairs produced in the LHC allowing high
precision measurements in the top quark sector

oy theory prediction and measurements at similar precision

« providing a stringent test of perturbative QCD and EW theory
« providing inputs to Global PDFs fits

» allows extraction of as, My, Yukawa Coupling v;

tt involves variety of different particles depending of the decay
topology of the W giving a distinctive signature

jets


https://link.aps.org/doi/10.1103/PhysRevD.108.032014

Top Production at the LHC ATLAS

Top Quark Production Cross Section Measurements Status: September 2023
o ATLAS Preliminary Theory 1 Measurements of top production
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measurement Not yet observed New!


https://indico.marwan.ma/event/1/contributions/396/
https://arxiv.org/abs/2212.09379

tt measurement at 13.6 TeV (29 fb-1)

New cross-section measurement at 13.6 TeV in eu
channel using full 2022 data 29 fb-.

Cross section extracted together
with b-tag efficiency.

N1 = Loyi€eu2€p (1 - Cpep) + N?kg,
N, = Lo‘,t-ee”belz7 + N;kg,

\s 13 TeV — 13.6 TeV
;- 834 pb — 924 pb
= 12% increase

o = 850+3(stat.) +18(syst.) +20(lumi.) pb.

Using full dataset ~3.2%
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13.6 TeV Measurement compatible within
1.5 standard deviations

arXiv: 2308.09529
Submitted to PLB



https://arxiv.org/pdf/2308.09529.pdf

tt measurement at 13.6 TeV (29 fb-T) ATLAS

Plus measurement of the ratio of tt to Z-boson %1010 ATLAS ¢ Data mZ ol
. . . . Kl - .
production fiducial cross section G gp gy oeTeV. 29T Df L WSingleTop tWchannel
Post-Fit 7/ Uncertainty

Determined for inclusive ete~ and utu~ events in a
fiducial phase space

Many experimental uncertainties cancel to give a very
precise result

Significantly sensitive to the gluon-to-quark PDF ratio.

-0.1.02- 3

g% A4 B S o A o B R oo o o of o A o oo o i i i ok e
Rtt/Z = 1.145+0.003(stat.) +0.021(syst.) +0.002(lumi.)  =oeet . . . . . . . '
-> 1.9 % uncertainty 8 1t " 2p e “

R = 12387005 (scale+PDF+ay)

arXiv: 2308.09529
Submitted to PLB



https://arxiv.org/pdf/2308.09529.pdf

Differential cross sections in tt and tt+jets production Ee‘;[!nﬁ‘,é

Measurement in tt semileptonic channel at 13 TeV using 140 fb-'

. tt processes = 1 charged lepton (e, u) + neutrino + 2 b-
quarks + invariant mass closest to mW
« Measured for tt, tt+1 jet, tt+2 jets channels.

Studying jet observables to provide tests of perturbative QCD

Characterizes the kinematics and topology of

- the tt system via transverse momentum and rapidity of jets and
their angular correlations

- the hardest and second-hardest QCD emissions via transverse
momentum and rapidity of jets and their angular correlations ana
invariant masses
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https://cds.cern.ch/record/2873524/files/ATLAS-CONF-2023-068.pdf
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Differential cross sections in

tt and ti+jets production

ATLAS

EXPERIMENT

Differential cross sections for tt inclusive
channel vs NLO and NNLO predictions:

Good description of angular observables by

NLO predictions

Good description of transverse momentum
observables by NNLO and some NLO

predictions

First time NINNLOPS

used for comparison

ATLAS-CONF-2023-068
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https://cds.cern.ch/record/2873524/files/ATLAS-CONF-2023-068.pdf
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Differential cross sections in
tt and ti+jets production

ATLAS

EXPERIMENT

Differential cross sections for tt+1jet and
tt+2Jets channels

Good description of angular observables by
NLO and NNLO predictions
Angular correlations between tophad / toplep

and jet-rad1/ jet-rad2 have different shapes

-> hard radiation is farther in ¢ from toplep
than from tophad

—> distributions for second emission iS more

isotropic than those for ft +1 jet channel

ATLAS-CONF-2023-068

9



https://cds.cern.ch/record/2873524/files/ATLAS-CONF-2023-068.pdf

Differential cross section measurements of ttZ production EAXJE-!T“ﬁNST

2¢ 3¢ , 4¢ , channels

ttZ is a rare top process providing probe of the coupling of
the top quark to Z boson:

« Indirect search for BSM physics

« Sensitivity to some SMEFT Wilson coefficients

« tiZ is also a background for top (ftH, ttW) measurements
and BSM searches

Updated from Run 2 Measurement of ttZ cross sections,
Eur. Phys. J. C 81 (2021) 737

Measurement improvements include:

« More precise inclusive cross-section measurement, including 2€ channel using NN
« 17 differential measurements using profile-likelihood unfolding

- Spin correlation + SMEFT interpretations
ATLAS-CONF-2023-065
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https://cds.cern.ch/record/2873519/files/ATLAS-CONF-2023-065.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-08/

Differential cross section measurements of ttZ production ATLAS

EXPERIMENT

Inclusive cross section measurement in 2£, 3¢
and 4¢ channels

« NN used for signal-background separation

« Dedicated WZ & ZZ control regions

« Signal strength estimated using profile-
likelihood fit

« Dominant systematics include Backgrounad
normalisations, Jets & MET, b-tagging

Channel O1iz

Dilepton 0.84 +0.11 pb=0.84 + 0.06 (stat.) + 0.09 (syst.) pb
Trilepton 0.84 + 0.07 pb=0.84 + 0.05 (stat.) + 0.05 (syst.) pb
Tetralepton 0.97 ’:%_ B pb =0.97 £0.11 (stat.) + 0.05 (syst.) pb

Combination (2¢,3¢&4¢) 0.86 +0.06 pb= 0.86 + 0.04 (stat.) + 0.04 (syst.) pb

oriz = 0.863 9973 (scale) + 0.028 (PDF @ a) pb.
Eur. Phys. J. C 79 (2019) 249 (NLO+NNLL)

Events

Data / Pred.
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ATLAS-CONF-2023-065
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https://cds.cern.ch/record/2873519/files/ATLAS-CONF-2023-065.pdf
https://link.springer.com/article/10.1140/epjc/s10052-019-6746-z

Differential cross section measurements of ttZ production EAXP-IE-F!T“ﬁNST

LA ENL Y L I HL  ILBOL

Differential Cross-section measurement 3 0.1 ATLAS Preliminary o Data -
« 3¢ and 4¢ channels using profile-likelihood unfolding ég [ (s=13TeV, 140 b AN CuPyina s T
ek 0.08— ----SherEa 2211 (multileg) —]
SMEFT interpretation - -%j;mfg:ggtyy ]
« EFT coefficients extracted from differential cross-section 0.06— .:-._ _
1
- Sensitive directions in EFT space identified through the Fisher  o.0458; ;7 -
iInformation matrix leading to the tightest constraints. - -
0.02— ":1 -
Spin correlation interpretation - - -
« {t spin correlations extracted from angular distributions c 13_";_ = -
= TE—— PPy -
fooy =120+ 0.63 (stat.) + 0.25 (syst.) = 1.20 + 0.68 (tot.) éé‘% 071';- E--_--_---_--_------_--;--;-; ----- BRI

ol 077700200 300 400 500 600 700 800 900 1000

« Agree with the SM expectation, disfavouring the no-spin

hypothesis with a significance of 1.8c Particle-level pi. [GeV]

ATLAS-CONF-2023-065
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https://cds.cern.ch/record/2873519/files/ATLAS-CONF-2023-065.pdf

ATLAS Physics Briefing

ATLAS

Observation of tt production in p+Pb collisions EXPERIMENT

First tt cross-section measurement in proton-lead p+Pb
collisions at VsNN = 8.16 TeV with ATLAS.

Reconstructed in £+jets and dilepton channels, using
165 nb~

« (Can constrain gluon content of Parton Distribution

Functions (PDFs) in unique kinematic region ——
ATLAS Preliminary

T I T T T I T T
p+Pb |sy =8.16 TeV
165 nb™

[ Data total unc.
PRL 119 (2017) 242001

« Probes of nuclear modifications to parton distribution Data Stat UG,
¢ |
CMS 8.16TeV p+Pb |

functions (nPDF)

MCFM TuJU21

MCFM nNNPDF30

« Provide unique information on the properties of the MCFM nCTEQ1SHO
strongly interacting quark-gluon plasma (QGP) VGFM EPPS2!

O't F= 57,9 + 2.0 (Stat.) -'__44.?5 (Syst.) Ilb ATLAS+CMS 8TeV pp (extrap.) arXiv:2205.13830

1 1 1 I 1 1 I 1 1
0 20 40 60 80 100

- Uncertainty = 9 % o, [nb]
ATLAS-CONF-2023-063 13



https://cds.cern.ch/record/2873517
https://atlas.cern/Updates/Briefing/HI-Top-Observation

arXivi2310.01518

Submitied 10; Phys. Lett. B ATLAS-CONF-2023-026 ATL AS

t-channel single-top-quark production at Vs = 5.02 TeV and 13 TeV EXPERIMENT

- ATLAS 7
t-channel single-top-quark production

t-channel has the largest production process, tW
associated production & s-channel are smaller

section [pb]

First measurement at Vs = 5.02 TeV, expected NNLO
cross-section ogy = 30.3 pb

—
o
N

— NLO QCD (m = 172.5 GeV)
MSTW2008 NLO PDF

« Profile likelihood fit on BDT output
« Forward Jets to enhance signal /background ratio

Inclusive cross

- 6.1 sigma significance * 255 pb” il
* 459 fb™ PRD9O (2014) 112006 |
+4.3 +4.4 0 20.2 fbo ePyc77 (2017) 531
O-t-chan. T 266—40 (Stat) -3.6 (SySt) pb ¢ 140 fbo™" ATLAS-CONF-2023-026

101 =

Very precise cross-section measurement at 13 TeV, r
4 5 6 7 8 9 10 11 12 13 14

thanks to very precise luminosity measurement (0.83%
precision arxiv:2212.09379), giving 1.8% precision Vs [TeV]

o(tqg+tq) =221 =13 pb

14


https://arxiv.org/abs/2212.09379
https://arxiv.org/pdf/2310.01518.pdf
https://arxiv.org/pdf/2310.01518.pdf
https://cds.cern.ch/record/2860644/files/ATLAS-CONF-2023-026.pdf

ATLAS

Search for flavour-changing neutral tgH interactions with H — yy ! EXPERIMENT

Flavour-changing neutral current decays involve a quark
changing its flavour without altering electric charge

FCNC processes are forbidden at tree level and highly
suppressed at the one-loop level due to GIM mechanism

Very powerful way to search for new physics

H —bb

H —vyy

H—rtr

Combined

ATLAS
T

\I§]=13'I;ev,139fb'1
L LA B | lllllll

B(t— uH) =0
—— Observed —

=== Expected =10
----- Expected =20

R B TR B
12 14 16 18
AB(t— cH) x 10*

Combined limits including the H — and H — bb
channels are determined 95% CL combined upper limits
on the branching ratios

B(t — cH) < 5.8x10-4 (3.0x10-4 )
B(t » uH) < 4.0x10-4 (2.4x10-4 )

Corresponds to limit A,y < 0.045

Corresponding limits on the relevant Wilson coefficients
in the SMEFT framework are also derived.

arxiv:i2309.12817 (submitted to JHEP) ~ /*°



https://arxiv.org/pdf/2309.12817.pdf

ATLAS

EXPERIMENT

Top Mass Measurement

Precision Top mass measurements necessary to determine the stability of the EW vacuum.
-> Top may play a special role in EW symmetry breaking or in BSM physics, due to its high mass.
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Top mass also measured in Run 2
ATLAS-CONF-2022-058

Top Mass Measurements

EXPERIMENT
ATLtAS+CMS Preliminary s=7,8 TeV
: : : LHCIopWG
First combination of top quark mass measurements performed | ... > LHC combine .
stat uncertain stat
by ATLAS and CMS (7 and 8 TeV) arpg ey _—
. . . . mti otal (+ stat + sys
- Combination of fifteen top quark mass measurements O e s re I e
all-jets 7 TeV H—— 175.06 + 1.82 (+1.35+1.21)
dilepton 8 TeV = 172.99+ 0.84 (+0.41+0.74)
| n+jets 8 TeV .08+ 0.91 (+0.39+0.
m, = 172.52 + 0.33 GeV Ahies B TV | - 17372115 05821 02
t ! combined HsH 172.714 0.48 (+0.25+0.41)
CMS
- Most precise my,, result to date optonsiots 7 TeV e ador 1.0 045001
O 2 % Uﬂcer’[ain’[y g!:-je}s 78T'ervv H:_|—0—o—|—| 173.49+ 1.41 (+0.69+1.23)
— . ilepton 8 Te 172.22+ 0.95 (+0.18+0.94
Ieptgn+jets 8 TeV HeH 172.35+ 0.48 2i0.161-0.45;
all-jets 8 TeV e 172.32+ 0.62 (+0.25+0.57)
. . . . . . . single top 8 TeV = 172.95+ 1.20 (+0.77+0.93)
- Systematlcally imited, dominant uncertainties include JES, b- Iy 8 TeV 173,501 3.14 (:3.00:0.94)
J[ ggng J[f modellng secondary vertex 8 TeV —tet— 173.68+ 1.12 (+0.20+1.11)
a | : | . combined g 172,52+ 0.42 (+0.14+0.39)
L;I(z:ap::tgnmb e H-"-}-l 172.30+ 0.59 (+0.29+0.51)
. . . . lepton-+jets HaH 172.45+ 0.36 (+0.17+0.32)
Measurements are combined using the best linear unbiased alljets i 17260 045 (0262030
} other §H——H 173.53 0.77 (£0.43+0.64)
est|mate (BLUE) method combi|ned | I-H-I | 172.5270.33(10.1410.30)
[ [ I L 1&g [ L1 1
. 165 170 175 180 185
m; => wm', where ) w;=1 m, [GeV]

mi; are defined to be orthogonal, such that each measurement is

statistically uncorrelated with every other measurement

ATLAS-CONF-2023-066
CMS-PAS-TOP-22-007_

CERN

-LPCC-2023-02

17


https://cds.cern.ch/record/2873520/files/ATLAS-CONF-2023-066.pdf
https://cds.cern.ch/record/2826701/files/ATLAS-CONF-2022-058.pdf

ATLAS Physics Briefing

Observation of top gquantum entanglement EQ‘I!TA‘AOE‘NST

Top quarks have a very short lifetime and decay into Wb Fermilab—Pub-09-662-T

Dominant production through gg fusion, which leads to a t t,
singlet state close to threshold St St
(7] 0
-> Measure in the dilepton channel where the spin QR_) Jr or QR_)
information from top quarks are transferred to decay particles
f j’é 7 452

£+ angular distributions
(1 + cos 8)/2 0 _
i 0

Spin entanglement

- Measurement of a single observable D = =3 - {(cos ¢)

Existence of an entangled state
where (cos @) is the average of the angle between the demonstrated if the measurement
charged lepton directions in each one of the parent top satisfies V7 < —1/3.

quark and antitop quark rest frames
ATLAS-CONF-2023-069
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-069/ATLAS-CONF-2023-069.pdf
https://atlas.cern/Updates/Briefing/Top-Entanglement

Observation of top gquantum entanglement

ATLAS

EXPERIMENT

Top quarks are expected to be maximally
entangled at production threshold when in spin

singlet state, where the invariant mass of the pair is

at its minimum ~ 2m;

Strategy: dilepton channel with focus on low my

region

 Measure the particle level value of D using a
calibration curve technique.

« Compared with a variety of mainstream MC
generators.

No clear preference of a specific MC prediction.
Entanglement is observed with a significance of

more than 5o In the SR, and is stronger than the
MC predictions.

Particle-level D

_0.1L ATLAS Preliminary é.
- /s =13 TeV, 140 b
~0.2}
Z ; |
S . ®
-0.3}
FESsssssssssssssssss===s
-0.4
---- Limit (Powheg + Pythia8) |
PY W Theory uncertainty 1
05 —— Limit (Powheg + Herwig7) |
' @ Data
é ® Powheg + Pythia8 (hvq)
_ B Powheg + Herwig7 (hvq) |
~06 340 <m(tt) <380 380 <m(tt) <500 m(tt) > 500

Invariant Mass Range [GeV]

ATLAS-CONF-2023-069
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-069/ATLAS-CONF-2023-069.pdf

summary ée‘;[!nﬁ‘NST

. ~ 1 " T T 1 T T T T T T T T T

L ATLAS Preliminary — PWG+PY8 e Data

- Vs=13 TeV, 140 fo'  ---- PWG+H7 Stat. unc.

5 Lijets, P > 350 GeV — MC@NLO:PYS Stat.+Syst. unc:
---- PWG+PY8 FSR Up

--- PWG+PY8 FSR Down

(t30)

Many new measurements of the Top Quark from ATLAS we are
in the precision era! -> ATLAS Results

it
N
[$)]

-do_/d

E Fiducial phase-space

it
N

New oy measurement at 13.6 TeV, 3.2% precision
« Most precise oy cross section at 13 TeV -1.8% precision 15

1/o.

« New combination top mass measurement at 0.2 % precision 1

« High precision single top, differential and rare processes 0.5
measurements, and searches for FCNC

« Observation of top-quark pairs in proton-lead ion collisions

« Study of Quantum Entanglement at high energy

|IIII|IIII|IIII|IIII(TIIII|I

Data

Prediction

« TTW and 4 top measurements presented on Monday
« Still to observe s-channel single top (large background and

systematics), and associated productions such as tWZ and .
ttyy Reclustered jet 1.,
- Working to learn more about

jet substructure in hadronic tops!
ATLAS-CONF-2023-027

Prediction
Data
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic
https://cds.cern.ch/record/2861056/files/ATLAS-CONF-2023-027.pdf

