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Objective

« Want to give you an experimental
overview of the top quark and why it’s
interesting (in < 1 hour!)

* Focus on the what we learn from

studying the top quark at the LHC.
* Won’t go into the full details of the
selections for every analysis.
« Won’t go into every kind of
measurement.
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Colliding
protons

We wanted to explore a high range
of masses: from 50 GeV to 1 TeV
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Muon chambers

Toroid magnets
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Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

LAr electiromagnetic calorimeters

Solenoid magnet | Transifion radiation tracker

Semiconductor tracker



ATLAS Installation in the cavern 2004
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Albania
Algeria
Argentina
Armenia
Australia
Austria
Azerbaijan
Bangladesh
Belarus
Belgium
Bosnia and
Herzegovina
Botswana
Brazil
Bulgaria
Burundi
Canada
Chile
China
Colombia
Costa Rica
Croatia
Cuba
Cyprus
Czech Republic
Denmark
Ecuador
Egypt
Finland
France
Georgia
Germany
[}ELE]
Greece
Honduras

Hong Kong
Hungary
Iceland
India
Indonesia
Iran

Iraq

Ireland
Israel

1=1)%

Japan
Jordan
Kazakhstan
Kenya
Kyrgyzstan
Latvia
Lebanon
Lithuania
Luxembourg
Madagascar
\EIEVSED
Malta
Mauritius
Mexico
Mongolia
Montenegro
Morocco
Nepal
Netherlands
New Zealand
Niger
Nigeria
Norway
Pakistan
Palestine

Peru
Philippines
Poland
Portugal
Romania
Russia
Saudi Arabia
Senegal
Serbia
Slovakia
Slovenia
South Africa
South Korea
Spain

Sri Lanka
Sudan
Swaziland
Sweden
Switzerland
SYE]
Taiwan
Thailand
Tunisia
Turkey
Ukraine
UAE

UK

USA
Uruguay
Uzbekistan
Venezuela
Vietnam
Zambia
Zimbabwe

" ATLAS Collaboration
member nationalities

Over 5500 members of 103 nationalities

i s
i

Status: November 2018




What s a
Feynman
diagram?
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Jets

/N\\ Particle Jet Energy depositions

In calorimeters

« Partons (quarks and gluons) carry colour charge and therefore don’t like to be alone.
» Energy deposits in the calorimeter can be grouped together and declared a jet.

anti-k, R=1 |

p, [GeV] [ K, R=1 | p, [GeV]

« Jet Vertex Tagging allows us to ignore (some) jets from pile-up by
looking at tracks associated with the jets.
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Visible matter

The Big Questions "

three generations of matter interactions / force carriers

o
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Th e three generations of matter interactions / force carriers

(fermions) (bosons)
I 1 1
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The discovery of a new boson!

The Higgs boson — a major success of the first LHC run.

This will be covered by Robin later

Clara Nellist | Topical Lectures| 05/06/2023 13



Visible matter

The search for new
particles (dark matter?)

Dark energy

68.3%
T =
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Copyright: STFC/Ben Gilliland



The search-for

N
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Dark Matter

Supersymmetry?
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Copyright: STFC/Ben Gilliland
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mass

The road to the top quark

ATLAS

EXPERIMENT

charge

spin

Key particle discoveries

1900 1910 1920 1930 1940 1950
1895 I 1905 I 1915 I 1925 I 1935 I 1945 I 1955
| | | | | | |
I I I l | I | I | l | I |
1897 1919 1923 1932 1937
electron proton photon neutron muon tiprot
positron antiproton
1962
muon neutrino W&;zﬂ
1976 osons
tau
1960 1970 1980 1990
1956 I 1965 I 1975 I 1985 I
| ] ] ]

1969 1974 1979
Quarks (uds) charm quark gluon

electron neutrino

1977
bottom quark

» Once the tau lepton and the b-quark had been discovered,
there was the assumption that there must be an up-type
quark in the third generation.

* Limits on the mass were set from loops within diagrams
for W & Z bosons (from SppS and LEP).

* Myigp = 160 +50—60 GeV

VZIW
f/f

Y,ZIW
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three generations of matter
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https://cern.ch/5gkk5

30 miles west of Chicago, USA

In steps the Tevatron
\ BE FERMILAB'S ACCELERATOR CHAIN

/ ---\‘ MAIN INJECTOR
Q/CLER \

// TARGET HALL

\\ ~ANTIPROTON
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<:\\

/ " BOOSTER
- = / LINAC
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Direction Direction
—_—

Femdad (o004

Experimental teams of about 600 physicists each. 18



Discovered in 1995
by DO and CDF at
Fermilab in the US.

CoM Energy: 1.8 TeV

Looked at ~2x1012
proton-antiproton
collisions

Events with a W bosons
(leptonic decay) and 3 or
more jets (with at least
one b-tag)

CDF, PRL 74, 2626 (1995)
DO, PRL 74, 2632 (1995)
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The top quark

Discovered in 1995 by DO and CDF at Fermilab in the US.

D0 Side View
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The tOp quark « The heaviest fundamental particle.

 ~170 GeV (but we don’t know why it’s so heavy).

* Very short lifetime.
« The weak iso-spin partner of the b quark
» Expected to couple strongly to the Higgs boson (~1).

* A possible connection to new physics!

* Need to measure its properties and interactions with other
particles in further detail to find out!

* Spin: 1/2
« Charge: + 2/3e

Production e L Hadronisation
: Lifetime .
time time
1 1 1

— < <—— < < —
m(?) I'(®) Aocp

~4x1027s ~4x10%s ~3x102%s
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Top quark production (LHC) Pairs

Single top
10% quark-
antiquark
annihilation

tW-associated

| ji( |
) t
g F t-channel production
q q
90% Gluon-gluon fusion b 2
g t
g _
t
t
)

W+ E
P i G ‘%*‘s wW-
£ : b t g
0 oo
G \./ Dt s-channel tZ production
| i s g b q q
+

14 W

+ some others ¢
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Jet

The top
quark decay

Jet )/

Jet
Jet
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|th|2 ~ 1

I+jets:
* 1 charged lepton

/V. Vy * 1 neutrino (missing momentum)

* 4jets
Good signal / background,

O O O O
p

dilepton:

» 2 charged leptons (opposite charge)
* 2 neutrinos (missing momentum)

* 2jets

Very clean signal,

All-hadronic:
* b6jets
* Largest BR,

24



B-tagging

Clara Nellist | Topical Lectures| 05/06/2023

Jet

Secondary
Vertex

b-jet

Displaced
Tracks

25



Requires a very precise pixel detector

HV hole ha Y guard ing ATLAS Pixel Module

NN Type connector

readout
electronics

bump-bond

decoupling >
capacitors

430mm
sensor

sensor

NTC barre|
flex MCC pigtai g
Y \ i 3
End-cap disk layers Fglue FEs \ .
™T sensor  0ump bonds

dim sion2:~2 x 6.3 cm?
weight: ~ 2.2 g

Clara Nellist | Topical Lectures| 05/06/2023 26






LHC Run 1 and 2 history and some
selected highlights

* Run1l
e Rediscovery of the top quark
* First associated production (tty)
* Spin correlations

* Run 2
* Searches for FCNC
* Boosted differential tt analyses As the data increases, we have
* Observation of tttt and of ty ggrg;:%ﬁnglghﬁnsgﬁgagﬁén ents
* Energy asymmetry & single-top uncertainties have now begun to
polarization measurements dominate.

Clara Nellist | Topical Lectures| 05/06/2023 Ref: https://indico.cern.ch/event/1139204/contributions/4860537/attachments/2438911/4177515/TopWorkshop2022. pdf 28
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Top quark
production

Another test of the
Standard Model is to
measure the rates at
which top quarks are
produced.

Single-top t-channel

« ~30 million collisions in
ATLAS Run 2

* Probe of the electroweak
interaction

» Top polarized: sensitive
to new physics

Four top quarks at
once is very rare
=> challenging

Clara Nellist | Topical Lectures| 05/06/2023

Top Quark Production Cross Section Measurements Status: November 2022

g ATLAS Preliminary
b Theory
b 10° Fg Run 1,2 s5=5,7,8,13 TeV E
v
TN o [ n)]
102 - A n LHCpp x/§=7TeV =
- v < BBl  Daia 45-461b! .
A LHC pp Vs =8 TeV
Lo b ‘ A Data 20.2 — 20.3fb" |
I A LHC pp Vs =13 TeV

Bl  Data 32-1391b?

1 F N -

2 - e

A
A
A
A
10_1 - n o _
1072 E —
tt t twW t ttW ttZ ttH tty ty tZj 4t
t-chan s-chan fid. {+jets fid. €
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Note'

Top quark pair production

Another test of the Standard
Model is to measure the
rates at which top quarks
are produced.

"alljets" 46%

ttjets 15%

L+ets 15%

Inclusive tt cross section [pDb]

ct+iets 15%

"dileptons™ "lepton+jets™

There is a very impressive
agreement between prediction

and measurements
Clara Nellist | Topical Lectures| 05/06/2023
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+ kP ODOe<HA<OE<OHO &< —

Tevatron combined 1.96 TeV (L < 8.8 fb’ 1)
ATLAS combined dilepton, I+jets* 5.02 TeV (L = 257 pb™)
CMS combined ey, |+jets 5. q2 TeV (L =27.4-302 pb™)
ATLAS ep7TeV (L=4.6fb")
CMS eu 7 TeV (L 5fb)
LHC combined* ep 7 TeV (L= 5 lie} )
ATLAS en 8 TeV (L = 20.2 fp
CMSeu8TeV (L=19.7fb )
LHC comblned* eu 8 TeV (L 20 fb
ATLAS epn* 13 TeV (L= 13 9§
CMS eu 13TeV( =3591fb) |
CMS r+e/p. 13 TeV (L = 35. 9 fb )
ATLAS l+jets 13 TeV 1
Rb
1 fb b
L=12fb"

LHCtopWG

) LHCtopWG

CMS Il+jets 13 TeV (L
CMS all-jets* 13 TeV
ATLAS aII -jlets 13 Te
CMS dilepton,l+jets* 1

Preliminary

L=
=1
L=
(L = 5%
3.6 TeV

L NNLO+NNLL (pp)
me NNLO+NNLL (pp)

900}
800}

700F

l l

ATLAS+CMS Prellmmary_
LHCIOpWG  November 2022 5

. . 13 s [TeV]
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
= NNPDF3.0, m = 172.5 GeV, o (M) = 0.118 + 0.001 3
[ ] | ] ] I | ] l ] I I ] l I ] I I | I ] L
2 4 6 8 10 12
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Single top quar_k production

ATLAS+CMS t-channel

LHCtOpWG B ATLAS PRD90(2014) 112006, EPJC 77 (2017) 531
— ® CMS JHEP 12(2012)035, JHEP 06 (2014) 090 —

- :-5:{:{:: ¢ ATLAS+CMSLHCIopWG ]
u ‘ B ATLAS PLB716(2012) 142, JHEP 01(2016) 064 -

® CMS PRL110(2013)022003, PRL 112 (2014) 231802
¢ ATLAS+CMS LHClopWG

Another test of the Standard
Model is to measure the
rates at which top quarks
are produced.

—k
o
\V)

s-channel
B ATLAS PLB756(2016)228

B ® CMS JHEP09(2016)027 .
¢ ATLAS+CMSLHCtopWG

Inclusive cross-section [pb

NNLO PLB 736(2014) 58 -
scale uncertainty

® ===NLO +NNLL PRD83(2011)091503,
T PRD 82 (2010)054018, PRD 81(2010) 054028
1 O tW: tf contribution removed

- T scale @ PDF @ o, uncertainty -

= ® — NLO NPPS205(2010) 10, CPC191(2015) 74 -
W =H= Miops

CT10nlo, MSTW2008nlo, NNPDF2.3nlo

tw: p$ veto for tf removal =60 GeV and ue= 65 GeV
scale uncertainty -

scale ® PDF @ o uncertainty
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tt+X
production

* 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

* Photons - Determine the
charge of the top quark

 Heavy gauge bosons: Z
and W - Direct probe of the
weak couplings of the top
quark.

* Four tops - High sensitivity
to New Physics.

Clara Nellist | Topical Lectures| 05/06/2023

Top Quark Production Cross Section Measurements

o [pb]

10% |

10" ¢

1071 E

102 E

Status: November 2022

10° £

ATLAS Preliminary
Run 1,2 /s =5,7,8,13 TeV

Theory

LHC pp Vs=5 TeV

\_

BB Data 025710
A
o =
LHC pp Vs =7 TeV
- B
v L o} BBl  Daia 45-461b!
A LHC pp Vs =8 TeV
‘ I BB Data 202-203fb"
I LHC pp V5 = 13 TeV
Bl  Daia 32-1391!
=g )
o . [
¥ E o
n mom 3
tt t tW t |ttW ttZ ttH tty |ty tZ) 4t
t-chan s-chan

fid. f—ijéts) fid. €
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Top Properties
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Top Mass

* Properties of the top quark are
well predicted
= precision test of the SM

 Mass measurement is also a probe
of the consistency of the SM

80.50 T T 1T I T 1T | T TT | L I T T 17T I L | L
 Experimental unc. 68% CL
[ ==== LEP2/Tevatron

| == This measurement

Light supersymmetry |

80.45

I
|

M,, [GeV]

80.40 — , 5 .

Heinemeyer, Hollik, Weiglein, Zeune '20 ~|

1111 | 1111 | 1 11 | | 111 1 | 1111 | | | | L 111

171 172 173 174 175 176 177 178
m, [GeV]
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The stability of the
universe depends on It!

(Please note: measuring this doesn’t affect the
stability)

As you saw from Juan:

The Higgs potential

An alternative 200 ‘ e
potential : Instability
> | . v
Standgrd Model S 150 M s\‘bb\\\“ | cz
potential = g\e\"” ‘ ?
from Higgs pair -3 N ‘ -§
Vg production g 100 Stability E‘
g
5 Z
Higgs field value B 5ol \ &
in our Universe |
/ Current
experimental 0= . T s
knowledge 0 50 100 150 200
0 1 Higgs mass M}, in GeV

] from single Higgs

¢ Single Higgs measurements can only probe local
potential close to minimum

¢ Alternative potentials would have dramatic
implications for cosmology, baryon asymmetry,
stability the Universe

¢ Can be probed directly with Higgs pair production

(also from single Higgs via quantum corrections) 13




TOp Mass Howto directly measure the mass?

—

3. Reconstruct event

1. Monte Carlo simulation 2. Select events

4. Templates for
different masses

3 0035F ATLAS Simulation

o F Vs=8Tev 3

2 003 [ my,, = 172.5 Gev

s E Ji  [Im,,=1775Gev

o 0.025 -, =

B £ E

N F 3
E 0.02:_ _: > SRR N LA EILEN LSS O IR BN L UL
(=} E — =
Z o0.015F 3 ) - ATLAS *  data, l+jets .
E 3 o 12001 {5=8 TeV, 20.2 fb! [ Best fit background —
0.01F~ = £ C — Bestfit b
0.005 _E % 1000: [ Uncertainty —:
. 800 =
o 5. Obtain top mass : :
Slide credit: A. Knue & e ——— from fit to data 600F -
(1 .l i i i C ]
https://cern.ch/5gkk5 0330 740 150 160 170 180 190 200 400r B
M5 [GeV] oot E
G: 1 4 } L 1 1 n A B

. . 130 140 150 160 170 180 190 200
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Top Mass

Clara Nellist | Topical Lectures| 05/06/2023

ATLAS+CMS Preliminary Miep SUMMary, s = 7-13 TeV June 2023
LHCtopWG
"""" World comb. (Mar 2014) [2] I I i i

stat total stat

total uncertainty ) m,, * total (stat = syst = recoil) s Ref.
LHC comb. (Sep 2013) LHctopwG et 173.29 = 0.95 (0.35 = 0.88) 7TeV [1]
World comb. (Mar 2014) H* 173.34 + 0.76 (0.36 = 0.67) 1.96-7 TeV [2]
ATLAS, |+jets H——H 172.33 = 1.27 (0.75 + 1.02) 7 TeV [3]
ATLAS, dilepton S — 173.79 = 1.41 (0.54 = 1.30) 7 TeV [3]
ATLAS, all jets FH——s— 1751218142 12) 7TeV 4]
ATLAS, single top t—a—t— 172.2 + 2.1 (0.7 = 2.0) 8 TeV [5]
ATLAS, dilepton (o | 172.99 = 0.85 (0.41+ 0.74) 8 TeV [6]
ATLAS, all jets = 173.72 = 1.15 (0.55 = 1.01) 8 TeV [7]
ATLAS, l+jets H=: 172.08 =+ 0.91 (0.39 = 0.82) 8 TeV [8]
ATLAS comb. (Oct 2018) H*H: 172.69 = 0.48 (0.25 = 0.41) 748 TeV [8]
ATLAS, leptonic invariant mass : 174.41+ 0.81 (0.39 = 0.66 = 0.25) 13 TeV [9]
ATLAS, dilepton (*) i 172.21 + 0.80 (0.20 = 0.67 = 0.39) 13 TeV [10]
CMS, I+jets i 173.49 = 1.06 (0.43 = 0.97) 7TeV [11]
CMS, dilepton —ti= 172.50 = 1.52 (0.43 = 1.46) 7 TeV [12]
CMS, all jets = 173.49 + 1.41 (0.69 = 1.23) 7 TeV [13]
CMS, I+jets HetH s 172.35 = 0.51 (0.16 = 0.48) 8 TeV [14]
CMS, dilepton —tot 172.82 = 1.23 (0.19 = 1.22) 8 TeV [14]
CMS, all jets e : 172.32 + 0.64 (0.25 = 0.59) 8 TeV [14]
CMS, single top H—e—21 172.95 = 1.22 (0.77 = 0.95) 8 TeV [15]
CMS comb. (Sep 2015) e - 172.44 = 0.48 (0.13 = 0.47) 748 TeV [14]
CMS, I+jets e 172.25 = 0.63 (0.08 = 0.62) 13 TeV [16]
CMS, dilepton o 172.33 = 0.70 (0.14 = 0.69) 13 TeV [17]
CMS, all jets ot 172.34 = 0.73 (0.20 = 0.70) 13 TeV [18]
CMS, single top e+ 172.13 = 0.77 (0.32 = 0.70) 13 TeV [19]
CMS, I+jets e 171.77 = 0.37 13 TeV [20]
CMS, boosted e | 172.76 = 0.81 (0.22 = 0.78) 13 TeV [21]

- [1] ATLAS-CONF-2013-102 [8] EPJC 79 (2019) 290 [15] EPJC 77 (2017) 354
: 1 4125 00 (2017 178 (141 PAD &5 (016) 072004 ] antvmt 01428
L | L1 1 1 [ | L1 1 1 | L1 1 1 | L1 1

|
165

175

180

my,, [GeV]

185
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Top Mass

 Alternative methods of
measuring mass:

» Design cross-section
measurement to be insensitive
to mass.

* Then compare to well-defined
predictions

Clara Nellist | Topical Lectures| 05/06/2023

ATLAS+CMS Preliminary
LHCtopWG

Miop from cross-section measurements

June 2023

155

otal oot My, * tot (stat = syst = theo) Ref.
o(tt) inclusive, NNLO+NNLL
ATLAS, 7+8 TeV ——e— 1729 %7 (1]
CMS, 7+8 TeV —e—ov 1738 7§ 2]
CMS, 13 TeV —— 169.9 57 (0115 5'2) [3]
ATLAS, 13 TeV —e— 1731 %7 n
LHC comb., 7+8 TeV ——— 1734 3§ 8
o(tt+1j) differential, NLO
ATLAS, 7 TeV H—s—+ 1737 57 (1.5 = 1.4 15) ]
CMS, 8 TeV (*) ———e—it | 169.9 57 (1.1 57 %) 17
ATLAS, 8 TeV e 171.1 1§ (0.4 0.9 53) ]
CMS, 13 TeV —— 172.9 15 (1.3 %)) g
o(tt) n-differential, NLO
ATLAS, n=1, 8 TeV —— 1732+ 1.6 (0.9 + 0.8 + 1.2) [10]
CMS, n=3, 13 TeV i 170.5 = 0.8 (1]
Myop from top quark decay Pl 03 (016,02 PIOHSPASTOR 19006 1ot ey os ey st

ATLAS, 758 Te\. et 11 gocmmmos  Bewemem o (9ECwE
| | | | | ,I | | | | | | | | | L 11 | | | | | | | | | | | | | | | | | | | |
160 165 170 175 180 185 190
My, [GeV]

37




A — N(AlY[>0)~N(Aly|<0)
C = N(Aly[>0)+N(Aly|<0)

(Aly| = |yt| — lyz])

Charge Asymmetry

Top and anti-top quarks are not produced equally

with respect to the beam direction. ATLASICMS  (5.=7TeV

LHCtOpWG —
— total stat
Top quarks are produced preferentially in the centre | 't asymmetry Ao =(stal) =(sys1)
of the LHC’s collisions, while anti-top quarks are I oite, =T 0.006 = 0.010 = 0.005
produced preferentially at larger angles. s T 0004 =0.010 =001
ATLAS+CMS I+jets et 0.005 = 0.007 = 0.006
L . , : op
This is known as a ‘charge asymmetry’ and is a test ;f;f:g?i’ 0.021 2 0.025 = 0.017
ilept H L — . + 0. + 0.
of the Standard Model. JHEPos(2015|)oesE) on
CMS dilepton —e—+ -0.010 = 0.017 = 0.008
JHEP 1404 (2014) 191
LHC - Theory (NLO+EW) 0.0123 = 0.0005
PRD 86, 034026 (2012)
lepton asymmetry
5 ATLAS dilepton h—=—4  0.024 +0.015 = 0.009
3 JHEP 05 (2015) 061
s CMS dilepton ot 0.009 = 0.010 = 0.006
JHEP 1404 (2014) 191
Theory (NLO+EW) 0.0070 = 0.0003
PRD 86, 034026 (2012)
| | | | | | | | | | | | | | | | | | | ] | | ] | | ] | | | ] | ]
e 0.1 ~0.05 0 0.05 0.1 0.15
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Splnnlng tops

Since the top quark decays before hadronization, can
study ‘bare’ properties.

The spins of the top quark and the anti-top quark in a
pair can be preferentially aligned or anti-aligned,
depending on their production mechanism.

Single-top t-channel — here in Nikhef!
» ~30 million collisions in ATLAS Run 2
* Probe of the electroweak interaction
« Top is polarized due to left-handed W-coupling
» Top spin points in the direction of the spectator-quark (q’)
» Top polarized: sensitive to new physics

Systematically limited channel

=> need to increase sensitivity and improve reconstruction.
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I |
- ATLAS+CMS Prellmlnary Vs =13 TeV (Nov. 2020) 7]

~ LHCtopWG

+ ATLAS, L =36.1fo' _
— Eur. Phys. J. C 80 (2020) 754 —
——
CMS, L = 35.9 fo' "
Phys. Rev. D 100 (2019) 072002 |
R
— — ATLAS Powheg+Pythia8 [ **

1
CMS Powheg+Pythia8 = =ty
|

0.3 .
g wl..'.—.'l
F=— NNLO (NNPDF3.1,1_=p_=H/4)
0.25— " Phys. Rev. Lett. 123 (2019) 082001
0. 2_ 1 ! | | 1
O] .05 M _]
2o ++ .
=cl: Boo# R
fool 2 - ' - '4+“" ]
© s = — ﬂ ﬂ ]
% g5 I ATASsmowst ® OMSsmoss L
0 /6 /3 /2 2n/3 5n/6 i
Parton level| A¢(I", IN)|[rad]
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SUSY (gluino/sgluino pair, Contact Interaction

Four top quarks for example)
produced at once!

€

 The rarest process including top quarks
measured at the LHC so far!
* One event for every 70,000 top-quark
pairs.
« Heaviest particle final state ever seen at
the LHC
* Provides physicists with a unique
opportunity to study the top quark’s
relationship to the Higgs boson.

2HDM

Production rate could be
_ enhanced by various
new BSM theories
» providing a unique
window to search for
. new physics.
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Four top quarks produced at once!

nt at the LHC, CERN
. 018-Sep-07 02:15:53.337408 GMT

AI LAS Run: 304008
1533145462

Event:

EXPERIMENT 2016-07-18 15:11:43 CEST
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Four top production cross-section

The predicted cross-section is:
SM NLO QCD+EW: 12.0 +2.0 -2.5 fb [JHEP02(2018)031]

Signature: from 0-4 charged leptons and up to 12 jets
produced by the quarks!

Events / 0.05

Multi-lepton channel (2LSS/3L):
Low branching fraction (13%).
Cleaner signal.

Single lepton / dilepton opposite sign (1L/2L0OS):
Higher branching fraction (57 %).

Suffers from a large irreducible background.

>

hhhh (31.1 %)

Ihhh (42.2 %)

1 (0.4 %)
Ilh (4.9 %)

Ilhh SS (7.2 %)
Ilhh OS (14.3 %)

Data / Pred.
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10*

10°

102

10

107"

2.1F
1.4
0.7F

A maximum likelihood fit is
performed with all systematic
uncertainties included.

lllllII T llllllll

LB I UL B R UL I IR IR
ATLAS Preliminary ¢ Data I tit :
s=13TeV, 140 fb" []JttW [tz E
SR BttH [ ]QmisID 3
Post-Fit BMat. Conv. [[JHFe 7
MlLowm. BHFu S

[ Others [ttt .

~~Uncertainty -~ Pre-Fit |

01 02 03 04 05 06 07 08 09 1

GNN score
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Four top production cross-section

The signal strength (measured XS / SM prediction):
= 1.9 + 0.4(stat) 70 (syst) = 1.9

Therefore the measured cross-section is:

Tyer= 2257y (stat) 233 (syst) £b =22.515 S 1b.

Gives us an observed (expected) significance of:
* 6.1 (4.3) standard deviations

=> OBSERVATION!

5 100 e .

= A ATLAS i

blE L \E=1.3TeV, 140 .fb* ]

Triple top quarks: 80K o5 Be
° aIWayS produced in 60:T —95% CL ---95% CL _:
association with other P ®suo
partides s * Best Fit -

» splitinto the tttW &
tt tq processes .

o) M TG o SIS I B S|
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tttt

N W R OO N 00 ©

—_

Obs. -2A In(L)

ATLAS+CMS Preliminary Vs = 13 TeV, June 2023
LHCtopWG
0y = 12.0 3% (scale) fb = o, = 13.4 71 (scale+PDF) fb L
JHEP 02 (2018) 031 arXiv:2212.03259 ot. stat
NLO(QCD+EW) NLO(QCD+EW)+NLL'

Ilt[

ATLAS, 1L/2LOS, 139 fb

+ tot. (+ stat. +syst.) Obs. Sig.

i A7 +15
JHEP 11 (2021) 118 ¢ I 26 5 (8 1) fb 190
ATLAS, comb., 139 fb" .
JHEP 11 (2021) 118 §§ == 2475 (x4 fb 470
CMS, 1L/2LOS/all-had, 138 fb” 2 (i 0
arXiv:2303.03864 E He— 36017 b 390
CMS, comb., 138 fb"
arXiv:2303.03864 R 175 (+4 =3) fb 40 o
ATLAS, 2LSS/3L, 140 fb” g 188 (147 440
arXiv:2303.15061 i 22555(,, 40 610
CMS, 2LSS/3L, 138 fb E 44 1437 423
arXiv:2305.13439 et 17755 (55 o 0 560

I 1 l:il I | | I | | l 11 | I | I 1 1 l

|

0 20 40 60 80 100 120

Otft{ [fb]
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Lepton Flavour Universality

* In the Standard Model, leptons coupling to W&Z
bosons is not dependent on mass.

= Lepton flavour should be universal.
= But we want to test it!

« We measure the ratio of two decays and see how
far it is from 1.

T T T I T T l T T T l T T T I T T T l T T T l T T T l
ATLAS —a— LEP (Phys.Rept. 532 119)

F ATLAS - this result
/s =13TeV, 139 fb Statistical Uncertainty

[ Systematic Uncertainty
—e— Total Uncertainty

098 1 102 104 106 1.08 1.1
R(t/w)=B(W—->1v)/B(W—->uv)
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Flavour Changing Neutral Current

* Changing the flavour of a particle without
changing the charge.

=> |f they occur, it’s a clear indication of new physics.

ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS “Preliminary
LHCtopWG [1] arXiv:2208.11415 (2] PRL 129 (2022) 032001
[3] arXiv:2205.02537 (LH) [4] OMS-PAS.TOP-21.013*
June 2023 5] EPJ'c 82 (2022) 334 (LH) (6] JHEP 02 (2017) 028
[7] arXiv:2301.11605 (LH) [6] CMS-PAS. TOP-17-017*
Each limit assumes that [9] JHEP 07 (2017) 003
all other processes are zero Theory predictions - SM 2HDM(FV) []2HDM(FC)
- _ fromarXiv:1311.2028 [:]rMSSM Dlﬁ/ QBL L
55 % % . 1]
t—Hc | o -
~—0 [
t—Hu -
- T T —e B
t—=yc ”
[3]
t=yu 4]
- . XY ] <le B
t—gc e 6]
S » b o
t—gu ;
1 e W
- i — e -
t—=Zc el
: —e m
t—=Zu o
I 1 I 1 I 1 I L I 1 l 1 I 1 I 1 I L I i L 1 I hll-. 1 I 1 I 1 ]
-16 -13 -10 -7 -4 -1
10 10 10 10 10 10

Branching ratio 44



Effective Field Theory (EFT) with tops

ATLAS+CMS Preliminary November 2022
LHCtopWG
(Top) quark - vector boson operators - Individual limits Following arXiv:1802.07237

° Al I OWS UsS to te St fo r — ATLAS ATLAS+CMS —— CMS|Dimension 6 operators C; = C;/A2
. o CMS, tZg/ttZ [1] 138 fb~"
new physicsin a mn o
Ciz ———— CMS, tZ [3] 78 b1
1 CMS, i+ 2/ W/H, tZq,tHq [4] 42"
model independent ——
way ot ool A
. . Cis ATLAS, tiZ [6] 36"
* Plenty of EFT activity _ .

CMS, t2q/tiZ [1] 138 b
. CMS, tf + Z/W/H, tZq,tHq [4] 421
going on at the LHC oo omos 21
. Ciw ATLAS, (iZ [6] 361"
W | t h to p q u a r‘ kS ATLAS, Top polarization [7] 139 1b~"
ATLAS+CMS, W helicity [8] 20420 fb~"

CMS, tf and tW, BSM search [9] 36fh"

e Comparisons are )

ATLAS, Top polarization [7] 139 fb~!
| d I H t & CMS, ti+ 2/ W/H, tZq,tHq [4] 421
direaqy a reality ow CMS, 7+ boosted 2/ H 5 381"
. . . Cia/9s ATLAS, tf £+ jets boosted [10] 139 fb™"
 Combinati :
O I n a O n S I n — — CMS, tf + Z/W/H, tZq,tHq [4] 42"
— CMS, tf and tW, BSM search [9] 36"
p ro g re S S b etwe e n C,G — ATLAS, tf rapidity asymmetry [11] 139 fb~"
— CMS, tf dilepton [12] 36"
C M S a n d AT I_AS -— CMS, t spin correlations [13] 36fb"
cu — CMS, f spin correlations [13] 36!
[1]JHEP 12 (2021) 083 [6] PRD 99 (2019) 072009 [11] arXiv:2208.12095 *
[2] JHEP 05 (2022) 091 [7] arXiv:2202.11382 * [12] JHEP 02 (2019) 149
[3] JHEP 03 (2020) 056 [8] JHEP 08 (2020) 051 [13] PRD 100 (2019) 072002
[4] JHEP 03 (2021) 095 [9]1 EPJC 79 (2019) 886 * Preliminary
[5] arXiv:2208.12837 * [10] arXiv:2202.12134 *
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ATLAS+CMS Preliminary November 2022
LHCtopWG
Four-fermion operators - Individual limits Following arXiv:1802.07237
= ATLAS = CMS|Dimension 6 operators C; = C;/A?
T T T T T T T T
Ch CMS, 4 top quarks [1] 361"
c&[ —— CMS, 4 top quarks [1] 36!
Céo CMS, 4 top quarks [1] 361!
C%, CMS, 4 top quarks [1] 361"
X CMS, ti+ Z/W/H, tZq,tHq 2] 4210
ot CMS, tF+ Z/W/H, tZq.tHq 2] 4210
¢y, CMS, tf + Z/W/H, tZq,tHq [2) 42"
c},’J CMS, tF + Z/W/H, tZq,tHq [2] 421p~"
i CMS, tf + Z/W/H, tZq,tHq [2) 42"
@lsw CMS, tf+ Z/W/H, tZq,tHq [2] 42"
C,T“’ — CMS, tf + Z/W/H, tZq,tHq [2] 421p"
&n - ATLAS, tf rapidity asymmetry [3] 139 o'
Qq — ATLAS, tf + jet energy asymmetry [4] 139 o'
N — ATLAS, tf rapidity asymmetry [3] 139!
[ — ATLAS, 7+ jet energy asymmetry [4] 139 fo '
_— ATLAS, ti all-hadronic boosted [5] 139 fo "
o) — ATLAS, tf rapidity asymmetry [3] 139fb !
tq — ATLAS, tf + jet energy asymmetry [4] 139 fo !
e ATLAS, tf rapidity asymmetry [3] 139"
ée — ATLAS, i + jet energy asymmetry [4] 139 fo~"
q - ATLAS, tf all-hadronic boosted [5] 139 b~
_— ATLAS, ti € + jets boosted [6] 13910
& — ATLAS, tf rapidity asymmetry [3] 139"
tu — ATLAS, 17 + jet energy asymmetry [4] 139 fo~ "
cYy — ATLAS, i rapidity asymmetry [3] 139 fb~"
— ATLAS, t rapidity asymmetry [3] 139 fo~"
cg, — ATLAS, tf + jet energy asymmetry [4] 139 o'
—_— ATLAS, ti all-hadronic boosted [5] 139 fo "
) e ATLAS, tf rapidity asymmetry [3] 139 fo~"
td — ATLAS, 1 all-hadronic boosted [5] 139 fo~"
és —— ATLAS, tf rapidity asymmetry [3] 139 fo~"
Qd — ATLAS, tf all-hadronic boosted [5] 139 fb~"
&e ] ATLAS, ti rapidity asymmetry [3] 139 fb~"
Qu — ATLAS, t all-hadronic boosted [5] 139 fo~"
CL, - ATLAS, tf rapidity asymmetry [3] 139 b~
Cly — ATLAS, tf rapidity asymmetry [3] 139 b~
o — ATLAS, tf rapidity asymmetry [3] 139 o'
Qq —_— ATLAS, tf all-hadronic boosted [5] 139 fb~"
[1] JHEP 11 (2019) 082 [4] EPJC 82 (2022) 374 [6] arXiv:2202.12134 *
(2] JHEP 03 (2021) 095 {5] arXv-2205.02817 * * Prefiminary

3] arXiv:2208.12095 *
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HiLuMi

LARGE HADRON COLLIDER

=) LHC/HL-LHC Plan We are here

&)

HL-LHC

EYETS Ls2

13.6 T 6-
13 TeV 3.6 13.6 - 14 TeV R
Diodes Consolidation
splice consolidation cryolimit LIU Installation .
- 7 TeV 8 TeV button collimators interaction ) inner triplet . L LH(.:
B — R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2022 2023 2024 2025 2026 2027 2028 2029 IIIIIIIM
5 to 7.5 x nominal Lumi

Have only
taken ~ 10%
of planned
data so far

ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS

[z e 2 x nominal Lumi ALICE - LHCb 2 x nominal Lumi GILUEEEE

nominal Lumi

75% nominal Lumi upgrade

f A integrated LU
m m 190 fb m luminosity ELLTE{

HL-LHC TECHNICAL EQUIPMENT:

g
DESIGN STUDY o PROTOTYPES / CONSTRUCTION ‘ INSTALLATION & COMM. HH PHYSICS

HL-LHC CIVIL ENGINEERING:
DEFINITION

EXCAVATION BUILDINGS

The LIj}é schedule

More on this from Ewen this afternoon.



Tops at the the HL-LHC?

* Increase the integrated luminosity by a
factor of 10 beyond the LHC design
luminosity

. Integrated luminosity 3000-4000fb-"

. 8ected pile-up (PU)
200 collisions per bunch crossing

 Increased data is going to greatly
benefit the measurement of rare
processes.

 Pile-up is going to be a huge challenge

« ATLAS upgrades:

» Completely new tracking detector (ITk)
 Extendedto |n|=4.0
» Timing detector (HGTD)

« Time resolution of 30 ps
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LS1 EVETS LS2 ___136Tev IAAH 13.6 - 14 TeV
13 TeV —_—nergy
Diodes c Idl
li lidati
yrey BTV ‘Elemcemilisio oo b el HLLHC
e R2E project Civil Eng. P1-P5 pI t beam d Htion it installation
|||||||M
FAG -GS 5t0 7.5 x nominal Lumi
experiment t upgrade phase 1 ATLAS - CMS
beam pipes HL upgrade
nominal Lumi | 2 xinominel Lumi, ALICE LHCb £Xioming).Luml
75% nominal I Lumi /_
1 integrated AL
m m 450 fb luminosity JEOTE{

PROTOTYPES / CONSTRUCTION | INSTALLATION & COMM. |||| PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS
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The future iIs top!

* The top quark is 28 this year!

* And yet there’s still so much to learn
about & from this particle.

» So far there has been no concrete
sign of new physics in top data,
but plenty of analyses with
machine learning and EFT
measurements still to come.
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Backu

Here’s one | prepared earlier

P



i I " I

ATLAS+CMS Preliminary November 2022 ' —r—

LHCtOpWG total stat
| ||
Theory (NNLO QCD)
||
u u h e I I C Ity - PRD 81 (2010) 111503 (R) Data (f _/f/fo)
ATLAS 2011, > 1 lepton, (s=7 TeV, L_=1.04 fb" JHEP 1206 (2012) 088 —_—
CMS 2011 single lepton, s=7 TeV, L_=5.0 fb” JHEP 10 (2013) 167 —_——
LHC combination, {s=7 TeV ATLAS-CONF-2013-033, CMS-PAS-TOP-12-025 —_—
CMS 2012 single top, (s=8 TeV, L _=19.7 fb JHEP 01 (2015) 053 —
CMS 2012 dilepton, {s=8 TeV, L_=19.7 fb" PLB 762 (2016) 512 ¢
CMS 2012 single lepton, (s=8 TeV, L_=19.8 fb” CMS-PAS-TOP-14-017 ~ ———k——
ATLAS 2012, single lepton, {s=8 TeV, L_=20.2 fb EPJC 77 (2017) 264 —_——
LHC combination, {s=8 TeV JHEP 08 (2020) 051 '
ATLAS 2022, di-lepton, (s = 13 TeV, L _=139 fb” arXiv:2209.14903 +
f, (s
—t— I

o 7 TeV

e | —
=

H+e+
HaH 8 TeV
HeH
I
(= 13 TeV

oo b by I v b b b
0 0.1 0.2 0.5 .6 0.7

0
W boson helicity fractions
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