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What to expect from My Lecture

* Fundamental Properties of the Top Quark
* Top Quark Production Mechanisms

* Top Quark and the Higgs Mechanism

* Precision Measurements

* Top Quark as a Probe for New Physics

This lecture highlights the rich

nature of top quark physics



The Standard Model of Particle Physics




Mystery of Mass
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Mystery of Mass
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Discovery of the Top Quark

 CDF and D-zero detectors at the Tevatron (Fermilab in Chicago)




The Tevatron collider at Fermilab (Chicago)

» colliding protons with antiprotons

» from 1986 - 2001:1/s = 1.8 TeV
FERMILAB'S ACCELERATOR CHAIN
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Discovery of the Top Quark

 CDF and D-zero detectors at the Tevatron (Fermilab in Chicago)

Hadron Calorimeter Miies Olaiikeis 5000 tons
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Discovery of the Top Quark

 CDF and D-zero detectors at the Tevatron (Fermilab in Chicago)
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Top-quark discovered in 1995

One of the first top-quark pairs

I Invisible
B Nneutrinos

29 years old!




Top-quark discovered in 1995

Evidence of top quark by CDF and DO with ~70 pb-1 of Run1 data
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Top-quark ID card!

Birth: 1995, Fermilab
Mass: 172.5 GeV

Charge: +2/3 |e|
Bociton.NouMno Muon Neukrino Spln: 1/2
am -0 i Width: 1.3 GeV
: o
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Mystery of Mass
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Discovery of the Higgs Boson

* At the Large Hadron Collider by the ATLAS and CMS detectors
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Higgs Boson at the LHC

First Higgs observation at ATLAS in 4 lepton
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https://www.sciencedirect.com/science/article/pii/S037026931200857X

Mystery of Mass
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Higgs Mechanism

* Particles gain mass through interactions with the Higgs field

The Higgs Field

Existing everywhere, the Higgs field gives particles their mass.

Quarks interact strongly with

the field gaining relatively f 9
large mass >

Photons have no mass,
Electrons only interact because they don’t interact
slightly and so are extremely with the field
light




Higgs Mechanism

* |In the SM the coupling between the Higgs field and the fermions (except for
neutrinos) is described by the Yukawa coupling

I

crn)) 18

N4



Top and Higgs: a dynamic duo!

* Top-quark strongly interacts with the Higgs sector
top yukawa coupling yt ~ 1

e Why do top quarks interact so much more with the Higgs than with any
other (known) particle?

Thanks for
popping me out of
the vacuum!

Have you seen
any new physics
down there?

S 19



Two ways to measure top-Higgs Coupling

* Dominant production mode of the Higgs boson at the LHC

* Proceeds primarily through a top quark loop

gluon-gluon Fusion

cmmee H
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Two ways to measure top-Higgs Coupling

gluon-gluon Fusion




Two ways to measure top-Higgs Coupling

ttH+tH :
probe of top-Higgs coupling

Only 1% of Higgs at LHC Only 0.1%!!
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Reasons to Measure Top Quark Properties Precisely

* Fundamental Parameter of the SM:

The top quark plays a critical role in the SM of particle physics. Its properties, such as
mass, charge, and spin, are fundamental parameters that influence predictions and
calculations within the SM

* Electroweak Symmetry Breaking:

The top quark's mass is close to the electroweak scale. It could have a significant role in
electroweak symmetry breaking

* Higgs Boson Interactions:

The top quark interacts strongly with the Higgs boson, affecting Higgs production and
decay rates. Accurate measurements of top quark properties are essential to refine our
understanding of the Higgs boson and its properties

e Testing Quantum Chromodynamics (QCD):

As the heaviest quark, the top quark decays before it hadronizes, providing a unique
opportunity to study QCD in a relatively clean environment. This helps in testing and
refining QCD predictions
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Reasons to Measure Top Quark Properties Precisely

* Probing for New Physics:

Precise measurements can reveal deviations from SM predictions, hinting
at new physics beyond the SM, such as supersymmetry, extra
dimensions, or other exotic phenomena

e Calibrating Detectors and Analyses:

Top quark events are used to calibrate particle detectors and analysis
techniques, ensuring the accuracy and reliability of measurements

* Enhancing Collider Physics:

Understanding top quark production and decay processes enhances the
overall physics program at the LHC, enabling more precise searches for
rare processes and new phenomena.

@) 24
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Top-Quark pair production via the strong force

e production mainly via gg annihilation or gg-fusion

gg/qq ratio changes with centre-of-mass energy

dominant top-quark pair production channel at the Tevatron is ¢g annihilation

dominant top-quark pair production channel at the LHC is gg-fusion

top-pair production has largest cross-section (see in later slides)
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Experimental signatures of ¢ events

* How can we identify Top-Quark pairs?

BR (t > bW) ~1 @N\<

[ —
final state defined by W decay 207
W decays to ll/l or gq \ b

b-jet identification is crucial!

e W—gqgqg 2/3
~75% hadronically
e W= 1v 1/9 i
« T qq (65%)
e W= ev 1/9 e 7 — uv (17.5%) }
~ 0]
« W—puv 1/9 « 7= ev (17.5%) 25% e or i
D)) 26
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Experimental signatures of ¢ events

Example of u+jets Branching fractions for tt events
di-lepton
< A (10%)<Ttjets
Lept
epon A Leptonic full , (15%)
‘B top hadronic
(45%)
etjets
(15%)
Jet (b-tag)
J

Jet (b-tag)

v

Jet

9

Hadronic
Jet > top
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The Large Hadron Collider (LHC)

* The LHC is the largest physics accelerator in the world




The Large Hadron Collider (LHC)

* ~1 billion p-p collisions per second that can produce interesting & new physics

The LHC is a Top Factory
~25.,000 77 events are produced every hour

G 29
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How to detect top quarks



A Toroidal LHC ApparatuS (ATLAS)

* Several sub-detectors = particle tracking and energy measurement

Width: 44 m Hm

—
Diameter: 25 m — } :
Weight: 7000 t

25m ‘

Tile calorimeters

LAr hadronic end-cap and

4 Al v ,‘ ‘ ,',',"“ e A ‘j ' .\ " A\ ; ;; N\ .t : \ \ S
4 \ '» il 8 "' ! ‘ ... " e { = a ? .' .’ --" -
| P \

\\ | Pixel detector

forward calorimeters
Toroid magnets

LAr electromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor fracker
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Compact Muon Solenoid (CMS)

* Several sub-detectors = particle tracking and energy measurement

Wldth 22 m STEEL RETURN YOKE

12,500 tonnes SILICON TRACKERS

D I a m ete r: 1 5 m ;)/Ii}i(:jo(slt(r)izzl(s S%EE)O';:;“A‘Z"(')%;I\;I i};aglr\l; 1cshannels
Weight: 12500 t

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m?* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels
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Object Reconstruction and Identification

Muon
Spectrometer

00 Jet (b-tag)
Jet (b-tag) ‘
' O

Hadronic
Calorimeter

Jet

Neutron| |

Electromagnetic

. —
Calorimeter ’;—._m
Solenoid magnet Pl ‘M‘

Transition
_ Radiation
Tracki ng Tracker

Pixel/SCT detector

e Electron

* |solated calorimeter deposit matched to track

=

e Muon

e Segment in muon detector matched to track
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Object Reconstruction and Identification

Muon
Spectrometer

Hadronic
Calorimeter

Electromagnetic
Calorimeter

e Quarks & gluons quickly shower and
hadronize, spraying hundreds of particles

Solenoid magnet

Transition
. Radiation
Track| ng TI’CICl(eI'

Pixel/SCT detector

e Hadronic jets are reconstructed from
energy deposits in EM and hadronic
calorimeters
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Object Reconstruction and Identification

Muon
Spectrometer

Jet (b tag) 0‘
= :
Jet

o:[ ,4

O Jet (b-tag)

Hadronic
Calorimeter

Electromagnetic
Calorimeter

Solenoid magnet

Transition
_ Radiation
Traclq ng Tracker

Pixel/SCT detector

e Jets from b-hadrons are easier to
identify

 B-hadron’s long-lifetime & large mass
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Object Reconstruction and Identification

Muon
Spectrometer

. \N@ﬂf, \

b-tagged jet

Displaced
cks

Secondary

\A - / Vertex

A ’}%
\
\

/o
1]

Hadronic

Calorimeter
Primary
Vertex !
Electromagnetic
Calorimeter

Solenoid magnet

Transition
_ Radiation
Track| ng Tracker

Pixel/SCT detector

* Presence of displaced tracks

* Presence of secondary vertices (B —
C — light)
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Object Reconstruction and Identification

Muon
Spectrometer

Leptoj
kY y

Hadronic
Calorimeter

Electromagnetic
Calorimeter

Solenoid magnet

Transition
_ Radiation
Tracking Tracker

Pixel/SCT detector

o [y miss

e Momentum unbalance
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Cross section calculation

* LHC is pp collider. Top quarks are produced by the interaction of partons
composing the protons

ot (Va,mi) = > / dz; dz; fi(zi, p°) - fi(zj, u°) - 677" (p,mi, as(p?), p?)
Y \(:J=4:3:9 I\ J O\ J
Cross section Y v e
Sum over all parton PDF Partonic cross
type and momenta section

) 38
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How can we measure the cross-section?

* Example: lepton+jets
* select events: exactly one electron or muon, Etmiss > 4jets

e estimate the amount background processes (from Monte Carlo simulation or
from data)

Nsel — Npkg
ese|A§Z

O =

* Ngg|: Number of selected events

 Npkg: number of expected background events

* €ggl- Selection efficiency

e A: acceptance

e &£ :luminosity = precise knowledge important!

D) 39
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Top-quark Production Cross-section Measurements

Run1 @7 TeV Run 1 @ 8 TeV Run2 @ 13 TeV Theory
Top Quark Production Cross Section Measurements Status: May 2021
Q' .
Qo ATLAS Preliminary B o
K 10° Run 1,2 /s =5,7,8,13 TeV E
LHC pp Vs =5 TeV .
BBl Data 0257
o -;--&- =B )
2 LHC pp Vs =7 TeV -
g- 10 v -“--ll-l' BBl Daz 45-460"
c A LHC pp Vs =8 TeV
@) . '.' BB  Data 2022031 ]
.ﬁ ].0 3
. LHC pp Vs =13 TeV
3 BBl Data 32-1391
1
N _
7 1 - s
e - B -1 -3 ]
(&) .
' -1
107" l—:r E
-
1072 E i
tt t tW t ttW ttZ ttH tty tZj 4t
t-chan s-chan fid. ¢+jets
Different processes 40



Top-quark Production Cross-section Measurements

» tf production is produced abundantly at the LHC and extremely well studied (total

and differential cross sections)

cross-section in pb

Top Quark Production Cross Section Measurements Status: May 2021
:é)_ ATLAS Preliminary
= - Theory
b 10° Run 1,2 5 =5,7,8,13 TeV .
LHC pp Vs =5 TeV .
Bl Data 025710
-
102 L [ | LHC pp Vs =7 TeV |
s

t tW t ttW ttZ ttH tty tZj 4t

t-chan s-chan fid. {+jets

Different processes



How many of those events do we have available for measurements?

LHC (ATLAS experiment) 1/s = 13 TeV; 139 fb-' data in 2015-2018

Process Cross-section [pb] | Events before selection
it 832 115,648,000
t channel 217 30,163,000
tW-channel 71.7 0,966,300
s-channel 10.32 1,434 480

V4 0.88 122,320

W 0.60 83,400

Y 0.77 107,030

H 0.51 70,890

tttt 0.012 1,668




tt channels: the “clean channel”

3

x10
* Dilepton £ 205 aArias | @ Data2015+16 | 3
D 200 (5=13TeV,36.1 1" E :,t\/tPOWheg+PY8 E
180 mm Z+jets ~
The cleanest channel (largest S/B) 160 ® —J o I
. . = @ -
because of 2 leptons in the final state 140 _ ronfeqsevs |
120:— ---- Powheg+PY8 RadUp™—
10— 49 || Powheg+PY8 RadDn_3
» But a0 = aMC@NLO+PY8 3
60 =
- : 40 =
smallest branching fraction 3 E
s O - - - —
need kinematical assumptions to fully & ‘'2r ™t E
reconstruct the event because of 2 S osf T
neutrinos 0 1 : 3 >4
Nb-tag

* Main backgrounds

| o; = 826.4 = 3.6(stat) = 11.5(syst) = 15.7(lumi) = 1.9(beam)pb
2y +jets

Total uncertainty of 2.4%
diboson

single top

@) [Eur. Phys. J. C 80 (2020) 528 43



https://link.springer.com/article/10.1140/epjc/s10052-020-7907-9

tt channels: the “fair channel”

* |lepton + jets

x10°
g 2001 ATLAS | -¢-Data: []tfl E
Clean channel because of the presence @ qgof /s=13TeV, 139" MSingle top [ W+jets
QC) - SR3 " Other bkg.”” Uncertainty -
of the lepton & 160F Post-Fi E
1402
“fair” branching ratio 120F
1002
* But 0
60;
kinematical fit to reconstruct the leptonic :z_ E
top because of the neutrino B e e e S S
8 101 -
o
* Main backgrounds 3 O_QQWW’W CI
O 0.08- N R R Y 'a'vé
W +jets AR
N 0. = 830 = 0.4(stat) £ 36(syst) = 14(lumi)pb
multi-jet QCD
Total uncertainty of 4.6%
single top

\3/ [PLB810(2020)135797) 44



https://www.sciencedirect.com/science/article/pii/S0370269320306006?via=ihub

tt channels: the “dirty channel”

o« &

S [ ATLAS « Data .

e all-hadronic o 9 Vs=13TeV, 36.1 fo' [ Jti(all-had) =

S F  All-had resolved @ tt(non all-had)

> 50 B Multi-jet -

The largest branching ratio oL 77 SteaSyst

e But 30;— —;

20 -

large hadronic background o .

Combinatorial effect in #f event | b -

. 157 o o o

reconstruction % . ;—% //’/ﬁm»wmm-wm/,wm%;%//}%

< e T S

* Main backgrounds Detector-level AR,,
multi-jet QCD o, = 864 = 127(stat + syst)pb

Total uncertainty of 15% and the statistical uncertainty is 0.5%

\3/ JHEP 01 (2021) 033] 45



https://arxiv.org/abs/2006.09274

ATLAS

EXPERIMENT

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




« What are the advantages and disadvantages of the three ff reconstruction
channels (dilepton, lepton+jets, all-hadronic)?

* What are the detector components used in top quark physics?

Muon
Spectrometer

Hadronic
Calorimeter

Electromagnetic
Calorimeter

Solenoid magnet

Transition
) Radiation
Trqck| ng Tracker

Pixel/SCT detector
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Run1 @7 TeV

Top Quark Production Cross Section Measurements

o)
2
K 10°
0
Q 102
IE
c
o 1
= 10
(&)
o
@
3 1
O
| -
(&)
107t -
1072

Top-quark Production Cross-section Measurements

Run1 @ 8 TeV

ATLAS Preliminary

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

Different processes

Run2 @ 13 TeV Theory

Status: May 2021

- Theory

LHC pp Vs =5 TeV

Data 0.257fb™!

LHC pp Vs =7 TeV

Data 4.5 -4.6fb7!

LHC pp Vs =8 TeV
Data 20.2 —20.3fb™*

LHC pp Vs =13 TeV

Data 3.2 —139fb!

tZj 4t



Inclusive t-channel cross-section

u -
— P B
> Y
Pgo

» Goal is to measure - and 7- channel cross-sections in lepton+jets channel

e 0, > 07 due to different initial state

Can you guess why?

@) PLB 800 (2019) 135042] 49



https://arxiv.org/abs/1812.10514

Inclusive t-channel cross-section

/u\\( _— "j
b/@<§:

» Goal is to measure - and 7- channel cross-sections in lepton+jets channel
e 0, > 07 due to different initial state
Can you guess why?

* valence u-quark density of the proton is about twice as high as the
valence d-quark density

» measure the cross-section ratio: R, = o(tq)/o(1q)

cw
1

7 [PLB 800 (2019) 1350421 50



https://arxiv.org/abs/1812.10514

Inclusive t-channel cross-section

Example from CMS

* First step: define an event selection
exactly one lepton (electron or muon)
ETmiss

= 2 jets; = 0 b-tagged jets (must be identified as originating from a b-quark)

* Second step: define different regions depending on the number of jets (Njets) and number of
b-tagged jet (Nb-tag)

define regions dominant by backgrounds (background coming from tf and fake leptons)

define regions dominant by signal

@) PLB 800 (2019) 135042] 51



https://arxiv.org/abs/1812.10514

Inclusive t-channel cross-section

200

100

CEfW
1

N4

2jets-1tag

3jets-1tag

35.9 fb"' (13 TeV)

¢ Data
B! channel ~
[t -
CtW ]
W W/Z+jets 7
[1QCD i
77) Stat @ systH

+ —_—
3jets-2tags

«10° CMS 35.9 fb"' (13 TeV)

- e+jets ¢+ Data i
Bt channel -

[t __
CtW -
WW/Z+jets -
[1QCD —
Stat @ syst-

150

100

50

B

+ - + -
2jets-1tag 3jets-1tag 3jets-2tags
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https://arxiv.org/abs/1812.10514

Inclusive t-channel cross-section

* Use of Machine learning (like g CMS 359 fb” (13 TeV)
Boosted Decision Tree - BDT)to = *F 0. Data
obtain a better separation P U 2jets-1tag ;t channel
between signal and background £ ot

T E{/\VA;Zﬂets

* Who used Machine learning 30 [JQCD

7iStat & syst

technigues? In what context?
20

* Choose variables that show
clear difference between the 10
signhal and the background

lllllllll[llllllllllllll

variables like jet/lepton pr and |<x T S——

= —— Y ety —

(lepton, b jet)... 1 08 06 04 02 0 02 04 06 08 1
BDT output

.
|

ta-rit

Da

o,= 13019 pb; 0; =77% 12 pb
Ctotal = 207 = 31pb, R =1.68 = 0.06

@) PLB 800 (2019) 135042] 53



https://arxiv.org/abs/1812.10514

Top-quark Production Cross-section Measurements

» Rare top production modes become fully accessible with Run 2 data

CE/RW
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Top Quark Production Cross Section Measurements
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Status: May 2021

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

tt t tW t PttW ttZ ttH tty tZj 4t

t-chan s-chan

Different processes

- Theory

LHC pp Vs =5 TeV

BB Data 0257

LHC pp Vs =7 TeV

BBl Data 45-4610!

LHC pp Vs =8 TeV

BB Data 202-203f0!

LHC pp Vs =13 TeV

Bl  Daa 32-139fb!

L '.n. -I-- i
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Top-quark Production Cross-section Measurements

* 1tZ/tfW are among the most massive signatures that can be studied at the LHC with high
precision

* Important backgrounds for searches and measurements

Top Quark Production Cross Section Measurements Status: May 2021
t

- Theory

LHC pp Vs =5 TeV

BBl Data 0257102

LHC pp Vs =7 TeV

BBl Data 45-4610!

LHC pp Vs =8 TeV

BB Data 202-203fb"

LHC pp Vs =13 TeV

Bl  0ata 32-139fb!

cross-section in pb

tt t tW t §ttW ttZ § ttH tty tZj 4t
t-chan s-chan fid. {+jets

?E/RW Different processes 55
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Top-quark Production Cross-section Measurements

» Both ATLAS and CMS confirmed the top-quark Yukawa coupling at the 56 C.L.

CE/RW
1

N4

cross-section in pb

Top Quark Production Cross Section Measurements

Status: May 2021

= ATLAS Preliminary .
b 10°E Run 1,2 s = 5,7,8,13 TeV - _:
F LHC pp Vs =5 TeV
A _n_ Data 0.257fb!
w=Ome:
102 e 1 LHC pp \/E =7 TeV -
— St Bl Daa 45-460"
00000 > t e oo ees ey
g BB Data 202-2031b! |
lT ) LHC pp Vs = 13 TeV
BEl  Dae 3213910
- —p- - - H obs. In
o 2018 4
/ L=

1072 E

= .I.l -I-— n

t tW t  ttW ttZ ﬂ
t-chan s-chan -

Different processes

1
tty tZj 4t
fid. ¢+jets
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Top-quark Production Cross-section Measurements

* four-top-quark has a very tiny cross section in the SM

o Og(2T1t) ~12 fb

Top Quark Production Cross Section Measurements Status: May 2021
ﬁ_ : ATLAS Preliminary B :
ﬂ(ﬁ e Run 1,2 /s =5,7,8,13 TeV E
- LHC pp Vs =5 TeV -
I BBl Data 02570 ]
o U - ]
o 102 | LHC pp Vs =7 TeV i
c gm > t B Data 45-46f"
E | A LHC pp Vs = 8 TeV ]
@) - BB Data 202-203fb"
= 10 < t -
8 LHC pp Vs =13 TeV
N g Bl  0ata 32-139fb!
1
A 1 > t .
o i A L O]
(&) I _
8 5000000 AL -
107" ¢ "II' E
; 1 minimum energy
[ - ired is ~700
’ o2l e | TEQuire I'?'
tt t tW t W tiZ ttH  tty th GeVil!
t-chan s-chan fid. {+jets

?E/RW Different processes 57

N4



How many of those events do we have available for measurements?

LHC (ATLAS experiment) \/E =13 TeV; 139 fb-1 data in 2015-2018

Process Cross-section [pb] | Events before selection
) it 832 115,648,000
t channel 217 30,163,000
tW-channel 71.7 0,066,300
s-channel 10.32 1,434 480
tt + Z 0.88 122,320
tt + W 0.60 83,400
tt + 7y 0.77 107,030
tt + H 0.51 70,890
tttt 0.012 1,668
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Predictions for four tops

* Rare process predicted by the SM

Dominant production of 77¢f

[

< t
gg
>

4
¢ BOOO000 L —+—— ¢

8’2525?5?56276‘+ > t
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Predictions for four tops

* Four top quarks can be produced via an offshell SM Higgs boson

* Sensitive to the magnitude and CP properties of the Yukawa coupling of
the top quark to the Higgs boson

\3/ [arXiv:1611.05032 [hep-ph] -


https://arxiv.org/pdf/1611.05032.pdf
https://arxiv.org/pdf/1611.05032.pdf

Four top quarks can be sensitive to BSM scenarios

¢ oTT—"

New Particles | -2~ <

1000004~
t
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* We have four tops in our final state 270000000 > t
* Each top decays to Wb and the detector signature 4 N
is defined by: < t
8
The presence of four b-quarks > t
The decays of the W bosons A

Branching ratio tttt:

0I: (75%)* ~ 32 % 11: (25%) X (75%)> X 4 ~ 42 %

q/QISS: (25%)* X (75%)* X2 ~ 7% 2108: (25%)% X (T5%) X 4 ~ 14%

\\_/ 62



Branching ratio tttt:
02 (32%)

12 (42%)

Smallest branching ratio .33¢(5%) Q
but very clean (low backgrounds)  _.2¢ss (7%)

- 28 0S (14%)
Most sensitive channel

D) 63
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2£SS/32 Channel

Example from the 3| channel
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2£SS/32 Channel

Example from the 3| channel

) 65

N4



Backgrounds

What else can produce
many leptons & jets ?

CE/RW
\
N4
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Disentangling Signal from Background

Background

* Look for variables showing kinematic differences between signal and background
* Many jets, b-jets, leptons (identified 12 optimal variables)

* Example: use b-jet “tagging” variable continuously and across all jets

o) 67
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Kinematic differences between signal and background

0.4
0.3
0.2

0.1

* Use Machine learning to learn the differences between the signal and
background

__ ATLAS Simulation

. {s=13TeV, 139fb' —— Total background ]

Sum of b-tag scores

Sum of b-tag scores

[EPJC 80 (2020) 1085]



https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-08509-3.pdf

Observation of four-top-quark process

[p)
Q
o
~
(7))
e
-
(O]
>
LLl

 Measured four-top cross-section:

o(titt) = 22.5%%° fb

* Predicted four-top cross-section:

o(tttt)gy = 12 £2.4 fb

* 6.1 (4.3) o observed (expected)
significance

* Consistent with SM prediction at
1.8/1.7 0

CE/RW
1
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Data / Pred.

104_

10°

102

10

107

- ATLAS ¢ Data B tttt
s =13 TeV, 140 fb' []ttw [tz
SR I ttH [ ]QmisID
Post-Fit B Mat. Conv. [[JHF e
I Low m. BHF n

[ Others [ttt
72 Uncertainty  ----Pre-Fit

| IIIIIlI| | IIIIIII| | IIIIIII| | 1

2.1F
14‘

-------------------------------------------

B I

0
0.1

02 03 04 05 06 07 08 09 1
GNN score

[Eur. Phys. J. C 83 (2023) 496] 69



https://arxiv.org/abs/2303.15061

SS ep

7 Jets

4 b-jets

Hr =723 GeV

ATLAS

EXPERIMENT




e which is the dominant single top production mode at the LHC?

* Why is the four-top-quark process interesting?

crn)) 71
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Top quark mass



The top quark mass

°* Miop IS a fundamental parameter of the SM
* linked to the mw and mn through EW observables

* New physics may imply inconsistencies in the fit

; B | | I I | I 1 | I I 1 | I | | : I | I | | | I I | |,_

8 — 68% and 95% CL contours R i:m—bi ;21::7 ey -

— 80.5— I Fitwo I‘\/IW and m, measurements -- Gt= 0.46 GeV . —

Eg B Fit w/o M,,, m and M, measurements 1 —0=046©050, GV —

|| Direct MW and m, measurements - |

80.45 — —

80.4 —

— M, comb. + 1o ot =

80.35 — 1, -80.379+ 0.013 GeV ) 7

80.3 — AL —

i N 2o '25306\1 -

8025 — 9. A . : £ -

B o e fitter]svff 1

_"l’ | 1 1 | 1 | 1 ,}’ | | 1 L | : | | | | | 1 1 I | l_

140 150 160 170 180 190

cw GeV

- m [GeV] 73



How to measure miop

Monte Carlo
simulation

Event
Selection

Event
Reconstruction

Template
Parametrisation

Obtain miop
from fit to data

%E/RW 74
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How to measure miop

Monte Carlo

) : Hard process and
simulation

*e resonant decays

Parton-to-hadron $ '\\i\‘
Event )

. transitions
Selection

Event

Reconstruction

o 5 .
. o O 0 Y ’
o j 0 -
T - O 0 U‘ e o L ~20-,
S 30 .-;. .*\\:\ :

0

° ‘,_,—_: 4——; \ /
[e} -

..://. 2r0 0000 .‘

__ (S
Template Initial State
Parametrisation Radiation

Proton Proton

Multi-parton interaction
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How to measure miop

Monte Carlo
simulation

Event
Selection

Event

Reconstruction D00000C
t
Template g
Parametrisation W™ /- / (_l'

Obtain miep ve [ q
from fit to data

QE/RW /6

N/L S



How to measure miop

Monte Carlo
simulation

Event
Selection

Event
Reconstruction

Template
Parametrisation

Obtain miop
from fit to data

%E/RW 77
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How to measure miop

Template
Parametrisation

> L L L DL o '__l__'__' UL L L
8 0.035 — ?ECL:_IS_e\S/}lmulatlon i im,, =167.5 GeV -
2 003 ~|m,,=172.5GeV -
5 - -
> - -
o 0.025— ]
() - _
N — .
(4] — _
g 0.02 = / -
O — S _]
<  0.015 j -
0.01— P | —
2 | .
0.005 :.- ,,,,,,,,,,,,,,,,,, SN —
0 - VI 77777777 l 777777 . I 7. 7777777 PSR KRR K | ~
o 2
o 1.5
o 1
05
0

130 140 150 160 170 180 190 200
Mgy’ [GeV]

Fit function to histogram: templates for unbinned likelihood fit
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How to measure miop

% .il |A| TlLlAlsl I T T 1 | | | | l | |d|a.t|a.’ I-'l-jétls | | L E
© 12005 y5=8 TeV. 20.2 fb" B Best fit background —
,g - —— Best fit 5
© 1000~ || Uncertainty —]
L - *4 ) -
800 -
600 =
l 4001 =
200 —
l 0"430 140 150 160 170 180 190 200

Obtain Mtop Mgy [GeV]
from fit to data

Extract top-quark mass from fit of templates to data
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Summary of the ATLAS and CMS measurements

ATLAS+CMS Preliminary
LHCIopWG

------- World comb. (Mar 2014) [2]
I stat

total uncertainty

L 1 1 ]
¥ I 1

total stat

Mip SUMmary,Vs = 7-13 TeV Oct 2022

m,,, = total (stat+ syst) Vs Ref.
LHC comb. (Sep 2013) LHCtopwG 173.29+ 0.95 (0.35+ 0.88) 7 TeV [1]
World comb. (Mar 2014) 173.34+ 0.76 (0.36 + 0.67) 1.96-7 TeV [2]
ATLAS, |+jets 172.33%+ 1.27 (0.75% 1.02) 7 TeV [3]
ATLAS, dilepton 173.79+ 1.41 (0.54+ 1.30) 7 TeV [3]
ATLAS, all jets 4 175.1£ 1.8 (1.4+ 1.2) 7 TeV [4]
ATLAS, single top 172.2+ 2.1 (0.7 2.0) 8 TeV [5]
ATLAS, dilepton 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, I+jets 172.08+ 0.91 (0.39+ 0.82) 8 TeV [8]
ATLAS comb. (Oct 2018) 172.69+ 0.48 (0.25+ 0.41) 7+8 TeV [8]
ATLAS, leptonic invariant mass 174.41+ 0.81 (0.39+ 0.66+ 0.25) 13 TeV [9]
ATLAS, dilepton (*) 172.63+ 0.79 (0.20+ 0.67+ 0.37) 13 TeV [10]
CMS, l+jets 173.49+ 1.06 (0.43+ 0.97) 7 TeV [11]
CMS, dilepton 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 172.35+ 0.51 (0.16+ 0.48) 8 TeV [14]
CMS, dilepton 172.82+ 1.23 (0.19+ 1.22) 8 TeV [14]
CMS, all jets 172.32+ 0.64 (0.25+ 0.59) 8 TeV [14]
CMS, single top 172.95+ 1.22 (0.77+ 0.95) 8 TeV [15]
CMS comb. (Sep 2015) 172.44 + 0.48 (0.13+ 0.47) 7+8 TeV [14]
CMS, I+jets 172.25+ 0.63 (0.08+ 0.62) 13 TeV [16]
CMS, dilepton 172.33+ 0.70 (0.14+ 0.69) 13 TeV [17]
CMS, all jets 172.34+ 0.73 (0.20+ 0.70) 13 TeV [18]
CMS, single top 172.13+ 0.77 (0.32+ 0.70) 13 TeV [19]
CMS, I+jets (*) 171.77+0.38 13 TeV [20]
CMS, boosted (*) 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
* . . [2] arXiv:1403.4427 [9] arXiv:2209.00583 [16] EPJC 78 (2018) 891
Preliminary [1EP.C 75 (2015) 158 HA1IHEP 12012 105 [18]EPIG 78 (2019) 213
[5] ATLAS-CONF-2014-055 [12] EPJC 72 (2012) 2202 [19] arXiv:2108.10407
[ aHEP 09 2017) 118 4] PRD 65 (5018) 072004 1] M- PAGTOP 21-012
L1 | L 1 1 | | L1 | | L 1 1 | | [ L 1 1
165 170 175 180 185
mtop [GeV]
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Other top quark properties



Top quark has a short lifetime ... but how short?

o b-hadron lifetime 0 = 10~ 1% s

- top-quark lifetime ~ 5 X 107> s

, hadronisation time: ~33x%x107%*s
AQcD

. . . Mtop ~2]
spin decorrelation time: ~3X107"'s

° 2
Adep

Tops decay before the spins of the two top-quarks can decorrelate!

&N 82
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Top spin correlation

* Top quarks decay very rapidly, before spin decorrelation effects occur

Information on the spin can be obtained from the decay products

* Top quarks are not expected to be polarized in the SM

however, the spins of t and f are predicted to be correlated
Plane normal to

beam axis V
Spin correlation depends on the production mechanism

New physics can affect spin correlation b ;

» A¢: azimuthal opening angle between the 2 leptons ,0'

What do we expect to see ? /

* the two top quarks decay mainly in opposite direction '
- leptons fly in direction of top quarks: also opposite direction 4
« opening angle between leptons: around 180 degrees
* spin correlation: increases fraction of leptons with same direction

D) 83
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Top spin correlation measurement at 13 TeV

g 040 ATLAS+CMS Prelimi I |
B + reliminar _ ]
c\g - LHotopwa y Vs = 13 TeV (Nov. 2020) -
— u + ATLAS, L =36.1 fb' .
= 0.4 T Eur.Phys.J.C80(2020) 754 —
ol : + CMS, L = 35.9 fo' T
3= - Phys. Rev. D 100 (2019) 072002 ] 5
% 0.35— — — ATLAS Powheg+Pythia8 o —
—|o - - - CMS Powheg+Pythia8 ]
0.3— ]
. _
o NNLO (NNPDF3.1,u_=p_=H/4) -
0.25— Phys. Rev. Lett. 123 (2019) 082001
0_2_ | l | | l ]
(&) 1.05 e SO U ettt —]
2o i .
ol B + H ** P bl
s 10 ——— {'+ .
S - # U
. ® ATLASstat.®syst. @ CMS stat.® syst. .
095_ .................... s s s e —
0 /6 /3 /2 2n/3 5n/6 T

Parton level| A¢(I*, I') | [rad]

Data or MC

0.3

0.25

I | I |
— ATLAS+CMS Preliminary _ n
- LHGtopwG Vs = 13 TeV (Nov. 2020) -
B ATLAS, L = 36.1 fo" _
— Eur. Phys. J. C 80 (2020) 754 e
- CMS, L = 35.9 fb' B
B Phys. Rev. D 100 (2019) 072002 .
— i:ilriﬁ'iﬂ.ﬂ =
[ — — ATLAS Powheg+Pythia8 ’ ]
| - - - CMS Powheg+Pythia8 ]
- o _]
- e ATLAS MG5aMC+Pythia8 -
o ;m!.‘u [aMC@NLO, NLO incl.] ]
__ --------------- ATLAS Powheg+Herwig7 _|
B ___ CMS MG5aMC+Pythia8 |
— [FxFx, 2 add. jets] -
B | | | | ]
B } '''' LT .-'-Tﬁ-' solan '*'*' el ..’+..,.....;.. bbb
[ B ATLASstat.®syst. & CMS stat.® syst. ** }+ 4

2 on/3  5u/6 m
Parton level| A¢(I*, I") |[rad]

* Some deviations with respect to the MC prediction (similar for ATLAS and CMS)

* Ongoing discussion with theorists to further understand this

[LHC Top WG]



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots#Associated_tt_X_Production

looking for new physics effects

e Standard Model does not explain everything (Dark Matter, neutrino masses,
hierarchy problem ...)

e Many BSM involve top-quarks

* One example today!



Examples of Searches in Top Physics

e Search for Top Quark Partners (Vector-like Quarks)

Look for new heavy quarks, such as vector-like quarks (T), predicted by
many extensions of the SM, which can decay into a top quark and a Z
boson, Higgs boson, or W boson

t,t,b
g
T Z, HW
A Z,HW
g
t,t,b
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Examples of Searches in Top Physics

e Search for Supersymmetry (SUSY) in Top Quark Decays

Search for SUSY particles, where the top quark can decay into a stop
quark (the SUSY partner of the top quark) and a neutralino (the lightest

SUSY particle).
b et

ot =~
g t W -0
- X1
~ - ~0)
. - X1

t W
g t "
b K
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Examples of Searches in Top Physics

 Search for tt Resonances (Heavy Z' or Kaluza-Klein Gluons)

Look for new resonances that decay into top quark pairs, such as a heavy
Z' boson or Kaluza-Klein gluons, which are predicted by various beyond
the Standard Model (BSM) theories.

|
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Take away points about Top Physics

* Fundamental Properties of the Top Quark

Heaviest Known Elementary Particle, with a mass of around 173 GeV/c?

Short Lifetime: The top quark decays before it can hadronize, allowing
physicists to study a "bare" quark. This unique feature enables precise
measurements of its properties without the complications introduced by
hadronization

* Top Quark Production Mechanisms

Pair Production: At the Large Hadron Collider, top quarks are primarily
produced in pairs via strong interaction processes

Single Top Production: Single top quark production occurs via
electroweak interactions. This process is sensitive to the W-t-b vertex and
provides a means to study the properties of the W boson and top quark
coupling
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Take away points about Top Physics

* Top Quark and the Higgs Mechanism

Yukawa Coupling: The top quark has the largest Yukawa coupling to the
Higgs boson, making it a crucial element in studies of the Higgs mechanism.
Understanding this coupling helps probe the nature of electroweak symmetry
breaking

Higgs Decay Channels: The top quark plays a significant role in the decay
channels of the Higgs boson. Studying these channels can provide insights
into new physics beyond the Standard Model

* Top Quark as a Probe for New Physics

Beyond the Standard Model (BSM): The top quark is a potential window to
BSM physics. Anomalies in its production rates or properties might indicate
new particles or interactions

Effective Field Theory (EFT): can parametrize possible new physics effects in
terms of higher-dimensional operators. Top quark processes are particularly
sensitive to these operators, providing a way to test for new physics indirectly
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Take away points about Top Physics

* Precision Measurements

Top Quark Mass: Precise measurements of the top quark mass are
essential for testing the stability of the SM vacuum. The mass affects

calculations related to the Higgs boson and the overall stability of the
universe

CE/RW
1

N4
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The Top Quark: A Key Player in the Particle Physics Puzzle

* Precision Matters

Accurate measurements of top quark properties are crucial for testing the
Standard Model and searching for new physics

* Top quark physics exemplifies the synergy between precision measurement
and innovative experimental techniques

By refining our measurements and developing new methods, we push the
boundaries of what we know about particle physics

* Unlocking New Physics

Top quark studies could reveal new particles and forces, potentially
transforming our understanding of the universe

Thank you for your attention! | hope you had fun

Feel free to contact me with your questions at

ciE\/RD/ nedaa-alexandra.asbah@cern.ch 9o
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Why do we need to precisely measure the Top mass

°* mH , Miop and the stability of the universe
* |s the higgs potential stable/meta-stable?

assuming no new physics up to Planck scale: stability depends strongly on my and miop

200 P et

178

- Meta-stability -

< ' 2
50
0 .
0 50 100 150 200 122 124 126 128
pole pole
my, my,

\\/)l [PRD 97 056 006 94



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.97.056006

Asymmetries at hadron colliders
LHC

top

Tevatron anti-top

top
anti-top

n n

» NLO calculations predict a small asymmetry for ¢f produced in gg annihilation

interference between tree and box diagrams (no asymmetry at LO); No asymmetry in gg fusion
* Tevatron

possible to define “forward” and “backward” directions

tt production dominated by gg
« LHC

impossible to define “forward” and “backward” directions

tt production dominated by gg

@) 95
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Forward-Backward asymmetry - Tevatron

» Measure asymmetry in Forward-Backward ¢f production

N(A, > 0)—N(Ay,; < 0)

Aﬁ _ Vit Av.. = .
FBTN@, > 0+ Ny, <0)  or T

 Compare with SM expectation

small but not null asymmetry

0.5 :— :
i %T

1= E = E 0 %
———— CDF lepton+jets, 9.4 fb™ I
B ——f—— CDF dilepton, 9.1 fb™ _ B
-0.5 — ——®—— DO leptons+jets, 9.7 fb™ - -0.5 — ]
0 0.5 1 1.5 2 300 400 500 600 700 800
(a) Ay (b) m. (GeV/c?)
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Charge asymmetry - LHC

* Select events in the lepton+jets channel - large statistics

N(A|y| > 0) = N(A|y| < 0)
N(A|y| > 0)+ N(A|y| < 0)

Calculate A = Alyl = [y — 1yl

» Inclusive measurement: A~ = 0.0060 = 0.0015 : 4 standard deviations
away from zero = first evidence!

o - -
< 0.014-F8 NNLOQCD + NLOEW  ATLAS Preliminary-

0.012F T Powheo+Pytias (s =13 TeV, 139 fb”' -

0.0 1:_ + Data (stat./total)

lllll

0.008
0.006

0.004

0.002

llllll'llll

cﬁw 0 .
S Inclusive IATLAS-CONF-2019-0261 97



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots#Associated_tt_X_Production

