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Introduction

» The top quark is the heaviest known elementary particle,
withamass of 172.76 4+ 0.30 GeV

» At LHC an unprecedented number of top-quark events is
being collected

» Since 2010, the large center-of-mass energy,
Vs =D5,7,8,13,13.6TeV, and luminosity of LHC has
enabled many precise and differential cross-section
measurements for SM processes

» Due to its large mass, the top quark has a large coupling to
the SM Higgs boson. Predicted large couplings to
hypothetical new particles in BSM processes

» Plots with summary of tt production cross-section
measurements, (top) LHC results at 13 TeV compared to
NNLO QCD calculation and NNLL resummation; (bottom)
results from LHC and Tevatron obtained at different /s
compared to NNLO QCD calculation and NNLL
resummation

» Plot shows latest ATLAS tt ex. cross-section measurement
obtained using 13.6 TeV data collected in 2022 with
o = 859 + 4 (stat.) &+ 22 (syst.) = 19 (lumi.) pb
ATLAS-CONF-2023-006

» All measurements agree with SM predictions
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https://cds.cern.ch/record/2854834/files/ATLAS-CONF-2023-006.pdf

Top quark production

>

T. Barillari

Rare processes involving the top quark are relevant
to study

Allow tests of the electroweak couplings of the top
quark to bosons

Give the possibility to test, improve and understand
the modeling of our Monte Carlo (MC) simulations
and the higher order calculations methods behind
them

Enhance the possibility to do tt asymmetry studies in
processes like: tt~ and ttW

Allow further Effective Field Theory (EFT)
interpretations and look for BSM effects

The associate production of tt 4 X processes, where
X is aboson (W, Z, ~), are irreducible background
to several BSM phenomena and also to important
measurements like ttH and tttt

Plot on the right-hand-side shows most recent top
quark production cross-section results obtained in
ATLAS @ LHC

In the following recent highlights of tt cross sections
and properties measurements performed with the
ATLAS experiment are presented

Top Quark Production Cross Section Measurements
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Inclusive and diff. cross-sections in dilepton tt

Precise measurements of tt production allow sensitive
test of QCD, particularly allow test of PDFs

Analysis report measurement of tt inclusive and
differential cross-sections using ATLAS data at 13 TeV

using [ £ 140 b~ 1 arXiv:2303.15340
Events contain an e, a 1, and either 1 or 2 b-tagged jets

Fiducial cross section measured at particle level:
gd = 10.53 £ 0.02 (stat.) £ 0.13 (syst.) £

0.10 (lumi.) 4= 0.02 (beam.) pb

Inclusive cross section measurement: o; =
829+ 1 (stat.) £ 13 (syst.) £ 8 (lumi.) =2 (beam. ) pb

tt absolute and normalized differential cross-section
measured for 8 different variables: p;/*, p} + pl, etc.

Measured four double-differential cross-sections

Absolute (normalized) differential cross-sections
measured with a typical 2% (1 %) precision

Measurements compared with several MC tt models. No
model describes all the measurements within their
uncertainties
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https://arxiv.org/pdf/2303.15340.pdf

Observation of single-top-quark @ 5.02 TeV

T. Barillari

» Single-top-quark (single tq) produced @ LHC via
electroweak interaction. Single tq measurements allow
studies of the unitarity CKM matrix, tests of higher-order
corrections from QCD, and constraints on PDFs
. . . .. T [T T T 1 T T T T 1 "]
» Analysis report observation of single tq production in = _f_\;;ﬁ\nilzf:g"l:'tggzuwk —
dominant t-channel mode using ATLAS data at 5.02 TeV g
b 10°
using [ £ 257 pb~ I ATLAS-CONF-2023-033 S
q>,) I top+antitop
» Single-top-quark t-channel production already measured at gt o
\/g — 7, 8, 13 TCV ThIS measurement a“OWS further ¥ 257 pb™ atLas-conF-2023-033 % i
. . [] ! ATLAS-CONF-2023-026
SM tests with different levels of backgrounds and 10p- § 15315"reomrs e E
instrumental uncertainties. Final state include leptonic W ; LIS i ——
boson decay in top quark, two jets, one is a b-tagged jet L e
5 6 7 8 9 10 11 12 13 14
» Cross section measured with profile I|keI|hood fit s [Tev]
o(tq+iq) = 26.6_"4 3( stat. )+ 6 (syst.) pb WS Ty g2 e 257 ATAS Proimnay '1;_1'""""'&g';o;;;v"zl-,;;;
1. 44 +1.04 - o reoms |
Measured R fr— 2.74_|_ : Stat' ‘ S St ATLAS epWz16 - ATLAS epWZ16 "
t ~0.83 () Ig o9 (st o y o
Observed single tq production with significance: 6.10 | cra” [
0.08 +0.08 s woras |
Extracted Vg, = 094 :t+ ’ stat. ’ Syst. NNPDF 4.0 NNPDF 4.0
tb —_ O . 07 ( ) —_ O . 06 ( y ) PDF4LHC21 PDF4LHC21 -
All results in agreement with SM 1077150 30 3 a0 L1725 3 854 45
o(tq + ta) [pb] R
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https://cds.cern.ch/record/2862022/files/ATLAS-CONF-2023-033.pdf

Measurement of single-top-quark @ 13 TeV

» Measurement of single tq production in dominant t-channel 'A'TL,LS' 'P;e],,'n,'n;n'/' T ey, 140
mode using ATLAS full Run2 data at 13 TeV with a M” h B oThe e
[ £ 140 fb— 1 ATLAS-CONF-2023-026 (previous owssom) [ -
anaIySiS JHEP 04 (201 7) 086) ATLAS epWaztopts o
» This measurement significantly improve the precision due s ____
to statistical uncertainty, better detector calibration and Tz |
usage of advanced object reconstruction Events include NNPDF 3.1 e
leptonic W boson decay in top quark, two jets, one is a Forancar -
b-tagged jet
........... M v b b by
» Cross section measured o (tq + iq) = 221 + 13 pb 157155 16 165 17 175 18 L85
> Measured ratio of o (q0) to o (i0): R = 1.636 70050 EEESTIEIL ISR
O 034 M; ' + Best fit 4 0,5; ' + Bestfit 4
» From measured o (qt + iq) extracted Vi, > 0.95 at
95% CL
> The o(tq) and o (iq) interpreted in an EFT approach, ,
setting limits on the strength of the 4-quark operator T Ty T
(1 3) —-0.25 < C(1’3) < 0.12at95%cCL T ks i et

+ Best fit
05

> Confldence contours determined in the .
fov [Vip [-versus-fry [Vig |, fov [ Vi [-versus-fry | Vis|,
fLy | Vis|-versus-fiy | Viq |

> All results in agreement with NNLO calculation T
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https://cds.cern.ch/record/2860644/files/ATLAS-CONF-2023-026.pdf

ttW: total and differential cross-section

» (tW cross-section calculations are complex, higher

q t 4 t q t q q
9 g Z/yx
powers of the strong and weak couplings corrections : ‘ : \-\ﬁ: W
. . . . /7 hl
needed. ttW measurements allow testing predictions of ‘ Mi
w= g we q w* g £
L L L I I B L

the QCD and the EW sector of the SM. This processis ¢

background for BSM and SM processes, e.g. ttH and tttt
- ATLAS Preliminary —®— ATLAS- this result
> Performed ttW inclusive cross-section measurement (S =13 TeV, 140 for —* CMS (2208.06485)
using ATLAS data at 13 TeV with events having 2 Stat. + Syst. ~ Stat. only
same-sign, 2/SS, or three isolated leptons, 37 see
ATLAS-CONF-2023-019 ZZNLO+NNLL O s I
FXFx
» Best-fit value give: O'(tEW) — Sherpa
s
890 + 50(stat.) + 70(syst.) fb = 890 + 80 fb

400 500 600 700 800 900 1000
) o(ttw) [fb]
» First absolute differential ttW cross-section — T T T

» Result compatible within 1.5¢c with SM prediction

measurements made as a function of 7 observables: ATLAS Preliminary —®— ATLAS- this result

Nietss Ht jets /1p -+ NO significant disagreement found (s=13Tev, 140 fp? —= CMS (2208.06485)

between data and MC Stat. + Syst. Stat. only
» Measured ratio a(tEW"') /o (ttW ™ ): A R -

R(iW) = 1.95+g-1281 (stat.)+00’1136 (syst.)

— Y. — Y. Sherpa I = H

and charge asymmetry:

Al = 0.32 4 0.05 (stat.) + 0.03 (syst.) 12 14 16 18 2z 22

in agreement with the prediction o(ttw")/o(ttw)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-019/

Observation of tttt production

» tttt important final state. Its cross-section can be enhanced in

many BSM processes. tttt measurements can constrain the BO00000 ———¢ 0000000 —>—¢
top-Higgs Yukawa coupling and its CP proprieties. In the EFT 1 « : A . I
framework it is sensitive to 4-fermion interactions and the Higgs E """ <
. — >t t
oblique parameters A A
0000000 t+—<——¢ 0000000 V—e——¢

» First observation of tttt production: re-analysis of ATLAS data

at 13 Tev usingf£140fb_1,see Eur. Phys. J. C 83, 496 § CatlAS - epaa | mid
(2023) — 10'E {s=13TeV, 140 fb™* [Jttw M@tz 3
g SR W ttH [JQmisID 7
» Selected titt events with 2 same-sign, 2¢SS, or 3 leptons (e or QL Postrt =E";tv riO“V- =E£3 ]
. . . iy v* 3
1) 3£. Signal events have > 6jets, > 2 b-tagged jets, [ Others Of ]
Ht > 500 GeV, a Graph Neural Network (GNN) separates 107 7 Uncertainty - +Pre-Fit_]
signal from background events (mainly ttW, ttH, ttZ events) ]

» tttt production observed significance: 6.1 ¢ 10

» Measured cross-section: o (tttt) = 22.5__|_56 56 fb, compatible

within 1.5 or 1.8 o with SM il 3
) SN R P N N Lol oere ey b A
» Data used to set limits on the ttt cross section, to constrain the 3 a1 + E
top-Higgs Yukawa coupling, and to constrain EFT operator % (1)471 ;:...,1,{_._%1 1’#***#”1'{’*“* i M{//E
coefficients 8 oY
O %1 02 03 04 05 06 07 08 09 1

» M. Vos’s will talk further on the observation of tttt production. GNN score
CMS tttt results just presented
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https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0
https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0
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Rare associated-production processes of the top quark
crucial to constrain non resonant contributions from physics
BSM, parameterised in the SMEFT framework. The ~
radiation before top-quark decay sensitive to top-+ coupling,
process called tq~y

Analysis reports first observation of tq~y production in the
dominant t-channel mode using ATLAS data at 13 TeV and a

[ £139 1 arxiv:2302.01283

Events have a -, an e or u, missing transverse momentum,
w/o forward-jet characteristic of t-channel production

Cross section measured in fiducial phase space at parton
level: oig, X BR(tb) = 688 + 23(stat.)jf771~”>(syst.) fb
UQCD—|—EWNLO — 515—|—36 b

(

Fiducial cross section measured at particle level:
Otqy X BR(tﬁb) + Ot—Llubyq —

303 + 9(stat.)§|_233 (syst.) fb
O_QCD—|—EWNLO — 217—|—27 b

(

SM compatible within 2.1 (2.0) o at parton (particle) level
Observed (expected) significance: 9.1(6.7) o

See M. Vos’s talk for further information on tq~ production
Highlights of top-quark cross section and properties measurements with ATLAS at the LHC

Observation of tq~y production

E Vs=13TeV, 139 fb

Data / Pred.

L L L B LA L LA B LR LR

® Data Ctay
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77/ Uncertainty
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https://arxiv.org/pdf/2302.01283.pdf

First measurement of Ac in tty production

q t

» Measurements of top-quark properties are important for testing g . !
theoretical calculations and to look for deviations from the SM. A g , ;
relevant property is the slight difference between the rapidity 7 \
distributions in tt pairs, the charge asymmetry A¢ . !

» tt asymmetry is diluted at LHC, is enhanced when the fraction of q gl v

quark-antiquark initiated production is larger, e.g. in associate
production of tty

16000HNWHHMHWHHMHW xxxxxxxxxxxxxxxxxxxx
- ATLAS -

C Vs=13TeV, 139 fb™

Events

14000(— -+ Data [ty production -

_ B _ [Otty decay ~ [Prompt y 7

. = L Pre-Fit h-fak -faki E

> ATLAS performed the first measurement of Ac in tt~ 12000f- rake opton | Onaorinty —

production using data at 13, TeV witha | £ 139 fb— 1, see
Phys. Lett. B 843 (2023) 137848

10000

8000

> Select lepton+jets tt events and exactly one high-p , isolated ~.
Neural network is used to discriminate tt~ production from all :
types of backgrounds. 40001

» Measured 2000 _-*___

6000

Ac = —0.003 + 0.024(stat.) + 0.017 (syst.) = 3 /—- ffffffff ——
—0.003 £ 0.029 % . 7,

» Measurement dominated by stat. uncertainty " //W////%
01 02 03 04 05 06 07 08 QiDN:
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https://www.sciencedirect.com/science/article/pii/S037026932300182X?via=ihub

First measurement of AZ in ttW production

» At pp collision at LHC tt has a small A of the order of 1% In ttW
production, the qq’ initial state leads to larger Ac than in tt
production. The W in ttW is radiated from initial qq’ state and act
as event polarization, enhancing the asymmetry between the tt 1

SRs cover: 31, = 2j of which = 15

» Measurement of A in ttW production using ATLAS data at
13Tevwitha [ £ 139~ 1, see arXiv:2301.04245
» Analysis uses events in final state with exactly 3 charged

leptons (e or 1), 34. Signal and control regions (SRs and CRs) i
defined by requirements on number of jets and b-tagged jets

Odd lepton: always from (anti)top quark

» Simultaneous fit to the numbers of observed events in the SRs =ven leptons: need to select the correct one
and CRs define the leptonic AL [From M. Miralles]

» At reconstruction level measured: . P
Aée = —0.123 + 0.136(stat.) 4 0.051 (syst.) ol Emensson i =§.Ff ’HZZ“ |
(AéeSM = —0.084+(())'8(())35 (scale) 4 0.006(MC stat.) iof 5 : : _

o Ml cz : PR
SHERPA) g : " e i

» After unfolding at particle level and fiducial phase space as in
reco level: Aée = —0.112 4+ 0.170(stat.) 4= 0.055(syst.)
(AéESM = —0.063_'_0'007 (scale) + 0.004 (MC stat.)

_ 4 SR, S, S, SRy SRy SR, Sk, Sk,
O . O O Jb"/OW/V/ Jb‘IOW/\é Jb"h"gh/v Jb"”gh/v b‘IOW/V b"/OW/v b"”!]h/\/ b"/”'gh/v
fets lets s Qp+ Jets - Jets " Jets - Jets + e - Je

SHERPA) » "4y "4y "y "dp "y 5 4y 5. Qe

’ y—f,y/,/-,4///,gﬁ///y—//‘/7/-////#///—%//,Vy‘////yf)///-////#-////7/-/4/(/7/-

Data / Pred.
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https://arxiv.org/pdf/2301.04245.pdf

tt and Z-boson cross-sections @ 13.6 TeV

GETTTTT T T
[  ATLAS Preliminary ]
® ey + b-tagged jets
4 || + b-tagged jets
v | +jets

» Precise measurements of tt and Z-boson production
cross-sections allow tests of QCD, of EW, and PDFs

= combined
Vs=13.6TeV,11.3fb™"

Vs=13TeV,<139fb™
Vs=8TeV,20.2fb™
102 — Vs=7TeV,46f0" —

» Analysis report measurement of tt inclusive cross-section,
. . . . - Vs=5.02TeV,0.26 o™
and fiducial Z boson cross-section using 2022 ATLAS E /7 ™ Ciakon Fdior witov, PRL 10 2013 252004

m=172.5 GeV, PDF+ a4 uncertainties from PDF4LHC21 —

dataat 13.6 TeV using [ £ 11.3— 1 P —————
ATLAS-CONF-2023-006

» tt events contain an e and a . with opposite sign (OS) and
1 or 2 b-tagged jets. Events same-flavor channels (ee, s [Tev]
) used for reconstruction the Z-boson

Inclusive tf cross-section o [pb]

[
o=
(=Y

o

© ©
© O

Ratio wrt PDF4LHC21

» Inclusive cross section measured:
ATLAS Preliminary

oi = 859 £ 4 (stat.) £ 22 (syst.) = 19 (lumi.) pb RGN || I
fid N e ity P AT theony prediction

» Fiducial cross section measurement: o,” . ,, =

751 +£ 0.3 (stat.) + 15 (syst.) £ 17 (lumi.)pp |

> The fitted value for the ratio of R ,, = |
1.11440.006 (stat.)4=0.022 (syst.)+=0.003 (lumi.) e 1 -

» Absolute cross-section measurements limited by ek
luminosity and lepton efficiency uncertainties T
R /7 measured with 2.2% uncertainty ; N |
Measurements consistent with the SM prediction using OIS | S —

PDF4LHC21 PDF set
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https://cds.cern.ch/record/2854834/files/ATLAS-CONF-2023-006.pdf

Conclusions

» Presented highlights of recent tt cross section and top quark properties measurements made with ATLAS
experiment at LHC using data /s = 13 TeV and /s = 13.6 TeV

» Precise measurements of tt production performed with the large data set at LHC allow sensitive tests of QCD, EW,
and test of PDFs

» The Ac- measurements in the tty and ttW processes are dominated by statistical uncertainty

» ATLAS performed measurement of jet substructure in boosted tt events using data at 13 TeV, results available at
ATLAS-CONF-2023-027

» Rare processes on the path of precision regime

» ATLAS first observation of tq~ final state and tttt production will be further presented by Marcel Vos in his talk, see
also Poster presented by Harish Potti
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