Top quark Physics

Hongbo Liao

Institute of High Energy Physics, CAS, China

23/08/2023
ISTEP 2023 @ Zhejiang University

QATLAS

L) EXPERIMENT




The Standard Model

v’ Amazing amount of experimental and
theoretical work over 100 yrs

v Mathematical description of the
fundamental building blocks:
Matter Equarks, leptons)

Forces (gauge bosons)

v' Very accurate predictions for many
experimental setups we can think of

unifying forces, ultimately one force,
¢.g. electroweak unification



Top Quark - a Special Fundamental Particle

v Top is the heaviest fundamental particle discovered so far
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v Large Yukawa coupling to Higgs boson
— A¢~ 1 only m,is natural mass

Special role in EW symmetry breaking ?
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From Theorised to Discovered

I The Standard Model of particle physics

Years from concept to discovery

Leptons | Theorised/explained
Bosons _
Quarks I Discovered

« 1973, Kobayashi (/)\Ffifg) and
Maskawa (7| |842) Predicted

| the existence of a 3rd generation

of quarks

Explain observed CP violation in

kaon decay (2008 NP in phyiscs)

90 2000 12

1977, the bottom quark was discovered

RIE L]

- If the SM is correct
There should be the top quark

udscb

Discovered within 5 years
I I

top quark was expected to be discovered soon
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The Charm and Bottom quark:

__________[mass discovery

Charm quark ~1.5GeV JIy->cc
Bottom quark ~5.0GeV Y->bb
b/c =~3 Bound state
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Two suggestions (Naive thoughts) :

The top quark might be about three times as heavy as the b quark ~15GeV
Expected a bound ttbar state, with a mass of around 30 GeV.

The race began!




Searches in e*e- collider |
v PETRA (DESY in Germany), late of 1970’s

Bound ttbar state were produced - narrow resonance
Without forming a bound state - Higher rate of producing hadrons

o (ete~ — hadrons)

— 2
R= oere —pn) Sng

If top quarks decay, the angular distribution of decay products is more
spherical than that of light quarks
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The absence of such signatures => top mass > 23 GeV



Searches in ete- collider |1
v' TRSTAN (KEK in Japan), early of 1980’s

-- Built to study the top quark
-- Similar techniques employed at PETRA
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0 Negative results => top mass > 30 GeV

Japan's particle collider bites the

dust
QOO

10 March 1990
By Michael Cross

THE FLAGSHIP of Japanese science, a particle collider known as TRISTAN,

1981: FHIRiEIE,
1986: ZH% (30 GeV e+e-)
1990: uE AR EETINIRES




Searches in ete- collider 111

1989 -- 1990
v' SLC : Stanford Linear Collider at SLAC in US

v LEP : Large electron-position collider at CERN in Europe
O searched forZ >t t
O negative results => top mass > 45 GeV

v" In the SM various Electroweak observables depend on
the mass of the top quark

{ b

O Precision measurement of the Z decay
O top mass < 200-220 GeV

v' Attention turned to hadron colliders --> reach a higher energy
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Searches in Hadron Collider 1

v" SppS: super proton-antiproton synchrotron
v' CERN, Vs =540 GeV, built to observe W,Z

O Scarched for e + > 2 jets or u + > 2 jets

d wW*
> W =
b
» By 1985, 12 events were observed at UAL
> EXxpected background 1.6 events

> Expected signal 10 events (Mtop = 40 GeV)
» Concluded that it’s consistent with a 30-50 GeV top quark.

Z. candidate event

Stopped before claiming discovery
=>W + jets background was underestimated



Searches in Hadron Collider 11

v 1988, UA1 at SppS ]
v' larger data sample

v Improved understanding of the background
v' Fake leptons, W+jets, DY, J/Y, bbar/ccbar

g9

al

q w
channel observed expected background
u+22 jets 10 events 11.5 = 1.5 events
e+21 jets 26 events 23.4 £ 2.8 events

(+ 23 expected if M,,, = 40 GeV)
O Conclude Mtop > 44 GeV

Tevatron (at Fermilab in US) joins the hunt

v 1988-89: at CERN, UA2 remains after the upgrades
v V1.8 TeV@Fermilab vs. V0.63 TeV@CERN
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Tevatron

Proton-antiproton collision at 1.8-2.0 TeV
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CDF

1976 FHIRHA%
1981 FERIRIT
1982 FHIRIEIS
1986 FHIRHNEY

D0

1981 HRINSEIE
1984 SERkIZIT
1991 BiS55%

1992 FHIRHENEY
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Searches in Hadron Collider 111
O CDF: Start from the hypothesis that Mtop = 40 - 80 GeV

g " ok , I
> W - = (a) i |

i “)\\b _ 2opsignal -

b hﬁ 10 \ r'r.l‘g -

: : § g._l_.a}’q/ g

viev+>2jetsore pu+>2jets SO e TH
v' Dominant background: W (on-shell) + jets £ e yﬁ

v While in signal W is off-shell soF .

v" Discriminant: ev transverse mass =r )

v In 1991, Conclude Mtop > 77 GeV

O UA2@SppS: uses similar technique as CDF

v In 1990, Conclude Mtop>69 GeV
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Searches at CDF

O Start to change the searching strategy

v' Mtop > Mb + Mw
v" W bosons in both background and signal are on-shell
v Not use MT (Iv) as discriminant anymore, add b-tagging

v" Search in dilepton channels and single lepton channels

— Dilepton: include ee, pu, eu (require missing ET, Z-veto)
— Single lepton: require low pT muon (semi-leptonic b-decays)

In 1992, Conclude Mtop > 91 GeV




Searches at CDF and DO

v 1992: DO started data taking
v" Tevatron with higher luminosity during 1992--1995

DO : excellent calorimetry, large solid angle and coverage
CDF: precision vertex detector, good tracker, magnetic spectrometer

DO: optimized search for Mtop =100 GeV at runl A

evt bkg
—eut>1jet+tMET 1 1.1
—eet>1jet+MET 1 0.5 = Mtop>131 GeV

—et>4jetstMET 1 2.7
— ut>4jetstMET 0 1.6

15



Searches in Hadron Collider 1V
v Two b-tagging methods < Top events contain B hadrons

= . * Few WH+jets events contain heavy flavor
Vertex displaced tracks

2 Soft Lepton Tagging
|

~
Secondary =
vortex e or U in jet
Ve . |

Ly -
Primary he i2=s
vertex do

' Y
“

-’
-
-

more complicated, high efficient more simpler, less efficient
(efficiency ~60%) (efficiency ~15%)
v In 1993, report excess of events, but not significant (2.8 sigma)

Type observed background

L T L L T L L T

DIL 2events 056923
SVX 6 tags 23+03 —
SLT 7 tags .3 83
total 12 events —

__—— 3 common events
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First Evidence (1994)

O CDF: an excess of events with 2.8sigma T v
v' Skepticism, additional studies, cross-checks h :;::
v’ Additional 8 months before publication % 4
O DO: no independent evidence 2 |
v Added more data and re-optimized ==
v Observed 7 events (expect 4-6 from bkg) & S—8

11 JuLy 1994

VOLUME 73, NUMBER 2 PHYSICAL REVIEW LETTERS

Evidence for Top Quark Production in pp Collisions at Vs = 18TeV

We summarize a search for the top quark with the Collider Detector at Fermilab (CDE) in a sample
of pip collisions at Vs =1.8 TeV with an integrated luminosity of 19.3 pb~'. We Iindu:un—
sistent with either two W bosons, or a W boson and at least one b jet. The probability that the measured
yield is consistent with the background 1s 0.26%. Though the statistics are too limited to establish hirmly

the existence of the top quark, a natural interpretation of the excess is that it is due to 1 production.
Under this assumption, constrained fits to individual events vield a top quark mass nf
39144 ph

GeV/c?. The 17 production cross section is measured to b

17



First Observation (1995)

O CDF: 4.86 by using 67/pb data EW
Channel: SVX SLT  Dilepton 5 %'1*'““;"1\%35;3"&‘3\,;&3
observed 2Ttags 23 tags G events ' -

signal

Events/(10 GeVic))

expected background  6.7+2.1 1564+£20 13£03
background probability 2x 107 6x 107 3x 107

| M, =176 +8+10GeV 0 =68"35pb |

O DO: 4.66 by using 50/pb data

v" Dilepton/single lepton (mu b-tagging)
v' Observed: 17
v’ Expected background: 3.8+0.6

Events / 20 GeV/c?
.
pu—|

R T
]100 200 100 200

Fitted Mass (GeV/c?)

T l_—:l-_l' T

[ M, = 199%12 + 22 GeV 0 = 6.4 +2.2 pb

CDF and DO papers submitted simultaneously
PRL 74(1995) 2626-2631 PRL 74(1995) 2632-2637
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Milestones of Top Quark Discovery

Year Collider Particles References Limit on my
1979-84 PETRA (DESY) ete [50]-[63] > 23.3GeV/c?
1987-90 TRISTAN (KEK) ete (64])-[68] > 30.2 GeV /c?
1989-90 SLC (SLAC), LEP (CERN) ete” (69]-[72] > 45.8 GeV /c?
1984 SppS (CERN) PP [75] > 45.0 GeV /c?
1990 SppS (CERN) PP (76, 77] > 69 GeV /c?
1991 TEVATRON (FNAL) PP [78]-[80] > 77 GeV /c?
1992 TEVATRON (FNAL) PP [81, 82] > 91 GeV /c?
1994 TEVATRON (FNAL) PP 84, 85] > 131 GeV/c?

/

Mass in GeV/c?
1GeV/ic2=1.8-102%7 kg

charm
up
< 0.005 ‘ ot
¢ 0.01 o 0.15
down strange

-

= ™

S -

bottom

4

v’ It was not discovered until 1995
v Mainly due to its large mass ~173 proton mass.
v" The heaviest fundamental particle discovered so far!
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Things We Learn from Top Quark Discovery

v" We need faith and patience.

O Long journey from late of 1970°s to 1995.
O Nothing found --- narrow down searching range (set limit) --- wrong
conclusions --- optimize --- evidence --- discovery --- cross check

v" We need right machines.

o High enough energy to produce such heavy particles.
o High enough luminosity to produce enough events.

v" We need right searching strategies.

O Sensitive channels --- large signal and small background
O Powerful discriminants between signal and background
O Accurate estimates of background

20



What do we study for top quarks?

Production:

* Production rate

= Differential distributions

* New production mechanisms

= Single top-quark production

» Top-quark pair production

= Associated production of top quarks
with W, Z, v, H, j, bb, tt, jj, yy ...

v

Intrinsic properties:

» Mass

* Charge
» Lifetime
» Width

Decays:

» Various decay channels
* SM & BSM

* Couplings W, Z,y &H
* Spin correlations

21



Production and Decays
O Top quarks (mostly) produced in pair

Top Pair Branching Fractions

« i e
& alljets" 46%
/o H Almost always t 2 Wb J
W+  ’\ tHets 15%
oo v
th 1::\3‘ 1;/5_/0/
) @ @ t ‘\;f\) A u+jets 15%
o .@ e Vore o+jets 15%
5 b 'dileptons™ "lepton+jets"”
v" Top pair final states
PP v" Dilepton (ee, up, ep):
dep end on W decay — BR~5%, 2 leptons+2 b-jets+2 neutrinos
v’ b-jets always present v Lepton (e or ) + jets
v b-tag play important role BR~30%, one lepton+4jets (2 from b)+1 BR
neutrino Bkg
L = v" All hadronic
— BR~44%, 6 jets (2 from b), no neutrinos |
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Weight: 7000t

Compact Muon Solenoid

Crystal calorimeter

Forward hadron
calorimeter

Magnet
yoke
Superconducting
Bl solenoid magnet
Hadron
calorimeter chambers
44m
= i
25m

LAr hadronic end-cap and
forward calorimeters

Pixel detector
LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor fracker




Events/(20 GeV/c?)

Events/(10 GeV/c?)

Tevatron: 1995
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The past...

1000's events
(Tevatron Run Il)

Z_ (@ DO £ =971

300 L -s-Data
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v’ Establish top quark SM

v" First differential
measurements
v' Searches...

100,000's events
(LHC Run 1 & 2)
x10° CMS 359" (13 TeV)
N 30T
o [ ¢ Data Mittother  [WZ+ets
o [ [ltisignal [@Singlet [ ]Other
& 20F e
E L o, " A
o) P
>
L

Data
Pred

0 /4 /2 3n/4 T

v' non-SM ?

v" Multi-differential
precision measurements

v’ Searches...

>
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Total Integrated Luminosity (b ')

CMS Integrated Luminosity, pp, vVs= 7, 8, 13 TeV

The present...LHC Run II

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC

200

150 £

100+

50

I LHC Delivered: 192.29 b '

)/ | 7] CMS Recorded: 177.65 fb '

200

w60l _
2160
~. F ATLAS s =13TeV
2140/ Preliminary
8 F Delivered: 156 fb’
24pof HILHC Delivered  Regorces: 147"
S ¢ [ ATLAS Recorded
=100
o L
o T
© 80
D C
£ %0F
© r
£ 40¢
= C

20—

- L I N T N

UDHEIQIED 61,2

]

202 3 4245010 A0 T T g

A9 3 u\-\?:
Month in Year

Full Run Il provides about

~ 120M tt pairs
~ 30M single top
~ 120k ttZ, tZ

~ 30k ttH
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Selection of top quark events
GATLAS | o0 Gev

3 EXPERIMENT
Jet:
pr=61.7 GeV/c
Muon: s
p;=64.4 GeV/c ;
n=029 //.\ :geTt;ISS.gGeV/C
Missing E: { ‘:‘n-ojg
65.9GeV ‘ \\
| /\\_'/Tet
Jet: p;=51.5 GeV/c
ﬁfoséf GeV/c n=-0.12
CMS
v’ Trigger: v Jets:
—single or double (isolated) lepton — at least 2 jets, pr>30 GeV, |eta|<2.5

— anti-kT algorithm, with cone 0.4-0.5

— e/, pr>20/30 GeV, |etal<2.5 — b-tagging is optional
— ldentification/reconstruction v’ Missing transverse energy:

— Tracker/calorimeter isolation — Typically require 30-40 GeV

v’ Leptons:
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Cross section measurement

Number of
background events
(from data or from theory)

~~ e
- Nbs _Nbgd

0

‘o E; ILdr

/' \
Efﬁciency . Luminosity
(experimental: detector, (determined by amount of data,

efficiencies) accelerator, triggers, etc)

Number of
observed events

O
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Top pair production

Top Quark Production Cross Section Measurements Status: November 2022
g | ATLAS Preliminary
— Theory
b 10° o RunY,2 Vs =5,7,8,13 TeV =
LHC pp Vs =5 TeV ]
- Data 0.257fb™" :
A o [ =] ]
102 F o~ u LHC pp Vs =7 TeV
v (el BB  Data 45-46fb"

LHC pp Vs =8 TeV

A n
BB Data 202-2031b!

10! I

I LHC pp V5 =13 TeV
BEl Data 321390

107

1 IIIIIIII 1 IlIIIIII 1 IIIIIIII

\ tt )t tw t ttW ttZ ttH tty ty tZj 4t

t-chan s-chan fid. {+jets fid. £
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Inclusive tf cross section [pb]

10°

10°

10

Inclusive top pair cross sections

| v LHCcombined ey 7TeV (L= 51h)  LHCIopWG
v LHC combined ou 8 ToV L= 200"} (HCIopWG
B ATLAS e 13 TeViL= 140 1"
Ea CMS e 13TeV Le 35010

T O ATLAS l+jets 13 TeV (L= 1390
= & CMSlojpts 13 eV L= 1371
T o ATLASeu 136 eV (L= 111"

- I I i | LI ! 1 ol | I I | | UL l I ol 3
v Tevalron combined 1.96 TeV (L <88 1) 3
T 4 ATLAS combined dilapion, Iiets* 502 TaV (L = 257 pb') ATLAS+CMS Frﬁ“mlnﬂw .
| & CMScombined e lieis502TeV (La274302pb)  LHCIODWG  June 2023

™ & CMS dleplon, ljets 136 TeV (L= 12 1)

lﬂﬂﬂ:
* Prefiminary
a00f

i

B NNLONNLL, PDFALHC21 (pp) 7
B NNLOWNNLL, NNPOF3.0 (5)
Gzakon, Fiadler, Mitov, PAL 110 (2013) 262004
My = 1725 GV, a,(M,) = 0.118 £ 0.001

136

e

4 6 8 10

12 14

(s [TeV]

ATLAS+CMS Prelimina
LHCtOpWG v o, summary, s = 7 TeV June 2023
NNLO+NNLL PRL 110 (2013) 252004
""""" PDFA4LHC21, m,_=172.5 GeV, ¢,(M,) = 0.118:0.001
R % total stat
scale uncertainty -
| scale ® PDF @ ag uncertainty ;
o, % (stat) £ (syst) + (lumi)
ATLAS, l+jets, b—Xuv " 165+2+17+3pb L4710
ATLAS, l+jets, SVM ] 168507 52 33pb  L-s6m
ATLAS, dilepton ey, b-tag Fa- 1829+31£42+36pb L-460
ATLAS, dilepton ey, N, -E7** ] 181.2£28'5/+33pb L
ATLAS, =, +jets {194 £ 18 £ 46 pb Le17t
ATLAS, all jets 1 168+12'X+7pb Le47M
ATLAS, 7, ! | 183+9+23+3pb L=46
CMS, l+jets —— 161.7+6.0+120+36pb L 5010
CMS, dilepton e o 1736+21°{5+38pb  L.s0m
CMS, 14! ——— 143+14+22+3pb
CMS, T, #jets iy 152+12+32+3pb
CMS, all jets ] 13910263 pb
LHC combined (May 2022) LHClopWwG B 178+ 2+ 3+3pb L5h
o b b b b by b baag

50 100 150 200 250 300 350
o, [pb]

v Measured in all channels (0/1/2L)
v Measured at all energies (2, 5, 7, 8, 13, 13.6TeV)
v Agreement with SM at unprecedented precision
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First look at LHC run-3 data!

v'Very first measurements of inclusive ttbar cross section at 13.6 TeV by CMS..

* ML fit to bins in # of leptons / lepton flavors / # of (b-)jets
* In-situ calibrations of lepton, JES. b-tag efficiencies.

c CMPS - 1.21 0" (13.6 TeV) Source Uncertainty (%)
g *OE)J?I;% =§+jets -giigglsotn YJVrTc];ztr?ainty %e'Pton o 'efﬁCienCieS b
5 z rigger efficiency 0.3
o JES 0.7
b tagging efficiency 1.1
Pileup reweighting 0.5
ME scale, tt 0.6
ME scale, backgrounds 0.1
g 1'45_ ee (1b) | ee (2b) | pu (1b) |pu (2b)[en (0b) [ en (1b) [ eu (2b) [e+iets (1b)]e+jets (20) [ p+jets (1b) | u+jets (2b) ME/PS matching 0.1
g 12 PS scales 0.3
2 1?«*41;”{,%%*{”&{&4'} Haeedeag b ey PDF and ag 0.3
o Single t background 1.0
e IamIranlaniragrunianioTndo s ndnTnanTod Z+jets background 0.3
Number of jets W +jets background 0.0
Diboson background 0.5
QCD multijet background 0.3
O’(HT) _ 887+43 + 53 b Statistical uncertainty 0.5
v )= 1 (stat+syst) — ~~ (lumi) p Combined uncertainty 2.6
Integrated luminosity 2.3

Theory: o(tf) = 92113 pb arXiv:2303.10680

Submitted to JHEP
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Differential cross section

v" Cross sections measured as a function of pT, eta, invariant 1 d O4f

mass of the final state leptons, top quarks, ttbar system, etc.

v Good agreement with expectations

ll'\|fll\II'\lfllfll}lll'\IITIfII\II}IrII[IITIITIf

L 0.008~ N —
> T ATLAS+CMS Preliminary Vs =8TeV,Nov2017
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“Q_,_ s :—Hr-I EPJC 76 (2016) 538 .
1
- | e CMS,L=19.7f" _
E 0.006 - l : EPJC 75 (2015) 542 -
o) = | | —— NNLO (CT14 PDF) ]
T 0.005 = - H, = =m2,m = 1733 GeV -
2 - | | arXiv:1606.03350 -
~ 0.004 j—t—J | approx. NNNLO (MSTW2008 PDF)  —]
C | M= =My, m = 173.3 GeV
0.003F- : PED 90 (2014) 014006 =
C S s == DiffTop approx. NNLO (cT10PDF) ]
- : ”n = HF = mlop , mwp =173.3GeV |
0.002— | JHEP 01 (2015) 082 -]
C | ]
C | ’
0.001 — v : ]
C I .
7\IIJ|LII\IIJILII\ll‘III\IIJILII\IIJILIIFT"I‘ﬁTT‘l\_C-I-
g 1.4 :_CMSskat@systunc:* .......................... UL S IS =
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s 1E=
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arXiv:1606.03350

ATLAS+CMS Preliminary Vs=8TeV, Nov2017 —
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2E EPJC 76 (2016) 538 7
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Cross section in the R measurement

PLB 736(2014)33
n BRO=WH)
= | tb|
v' Measure R: BR(1 — Wgq)
v" Dilepton final state
CMS, {s=8TeV, [Ldt=19.7 fb"
£ 12000 = : T
o C ee events : jui events ; 2jets ep events
“ - Data ' ) - | 1
- . I | fe= CMS, Vs=8TeV, [Ldt=19.7 fb
- |éltstingletopquark l : ;3-‘ R i Ci Rt Ny HV/-
8000 [— . ; S £30000F | —e—m 3 2
- 2> (data) : : ' 2 2o ] ] /7]
6000—— DVV | | 3jets 25._ 20000F /i
= IBW, multiets, other : ‘ : \ 15000F E /
= 2 jets ) 2ot | \ . E /
4000 ; 20 10000 { /
u i \ 5000 3 y
jets e ]
20008 TR 1 / N
[ =L N b-tagged jet multiplicity / ]
= y " \ == combined / .
012340123401234012340123401234012340123401234 hd \\ = / E
b-tagged jet multiplicity 8 — 3
LT O T T B S “ :
i 0.5~ \ / .
§ st Rty : X Y :
o 08 NN e s AN N b pr s e : \ . / // :
|1|||1||11||1|||1|||||||1||11||11|11||11||1| ol b Lo I R e b
012340123401234012340123401234012340123401234 094 096 098 1 102 104 1.06 108
b-tagged jet multiplicity R=B(t— Wb)/B(t— WQq)
o (tt) =238 £ 1 (stat.) == 15 (syst.) pb R =1.01 £+ 0.03 (stat. + syst.)

33



Single top production

Top Quark Production Cross Section Measurements

o [pb]

10° 3

10%

10" |

1071 3

Status: November 2022

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

~

LHC pp Vs =5 TeV

LHC pp Vs =7 TeV

LHC pp Vs =8 TeV

Theory

Data 0.257fb
Data 4.5 -4.6fb™"

Data 20.2 - 20.3fb™*
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Single top production
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Single top cross section  jHEP 07 (2023) 046
tW channel

JHEP 06 (2023) 191
s-channel

v . . . .
Observed at Tevaton v" Inclusive and differential XS in ep channel
v" Very complicated at LHC: o mwgeTey
--small cross section, large backgrounds ‘g 600 CMS e’ # Dt e
v" Matrix Element technique to separate S/B v m :
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- Result: P(SIX) (Number of jets, number of b-tagged jets)
o T —————— — » 7 2
! Omeas. = 8.2 + 0.6 (stat.)I33 (syst.) pb 1 ' Gew = 79.2 % 0.8 (stat) 279 (syst) % 1.1 (lumi) pb,
= Compatible with SM prediction: Tttt TTTTTTTTT T T T T T ’
. P 0 1
Significance 3.3 (3.9) obs.(exp) 10% uncertainty
dominated by modelling and JES In agreement with predictions
Source | 8o/o %] > tW is also measured in single lepton channel
tt normalisation +24/ — 17
Jet energy resolution +18/ — 12 by ATLAS (8 TeV) and CMS (13 TeV)
Jet energy scale +18/ — 13 1 1
Other s-channel modelling sources +18/ — 8 > LeSS pl’eCISQ than dllepton
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tt + X production

Top Quark Production Cross Section Measurements

Status: November 2022

-‘é I ATLAS Preliminary
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tty production

~ JHEP 05 (2022) 091
/ 2 O New CMS measurement in dilepton channel
14
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Events / 0.083

Data / Pred.

Events / 0.083

Data / Pred.

ttW measurement; CMS

2-lepton Same Sign and tri-lepton final states

138 fb" (13 TeV)

TTTTTTT T T U IR R L R L

goo— CMS ¢ Data [ Diboson ]
Prefit W g Conversions

r re+| I Other | Charge mislD -
Lt o tiH B Nonprompt B
600~ B tiZ/y* o Total unc. ]
L R
N

0
:gg\\‘\‘\‘\\\\\\ ™ BN ¢ +::
g*:@f\‘\ RO SIS
BE . ‘ . ‘ ‘ . ‘ . ‘ J
0 0102 03 04 05 06 07 08 09 1
NN discriminant
138 fo' (13 TeV)
1500 [ Diboson B
. ttw B Conversions |
[ Other M Charge misiD |
[ tiH B Nonprompt i
1000 m iz Total unc. _|
500 —
0
1.4 1
1.2 -
e L i A S EVR APRL SRR ES) RSty
0.8
06 | ) ) . ) ) -
0 01 02 03 04 05 06 07 08 09 1

NN discriminant

138 (13 TeV)
_\ l T 1171 ‘ T 17T ‘ L | T 11 | T 171 } LI ‘ T 11 I \_
- CMS + Measurement /| EPUC 80 (2020) 428
r — Stat. unc. | JHEP 11 (2021) 29
L = Total unc. _
Nominal +stat +syst |
- e N st st
Foeu ———— 996 +61+68
Fouw —— 868 +63 +64
I Dilepton — 905 +42 £51
I Trilepton 649 +104 £96
r Combined A 868 +40 +51
| | 111 ‘ L1l ‘ L1 | L1 | |- ‘ 111 ‘ L1 I |
200 400 600 800 1000 1200 1400 1600
agy o
CMS 138 b (13 TeV)
550 T T
+ Best fit ]
500" —— JHEP 11 (2021) 029 =
Foo---- 68% CL
450~ —
I —— 95% CL
400F -
350[ |
300} E
250[ -
:‘ T B SRR PRI IR N ST R BT
200 450 500 550 600 650
Iy [

arXiv:2208.06485

Combined cross
section corresponds
to Metw = 1.47

R(ttW+/ttW-) = 1.61 +
0.15 (stat) 097/ (syst)

M

Significant deviation from
prediction for ttW+/ttW-
ratio = 1.94+0.37-0.24
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ttW measurement: ATLAS

ATLAS-CONF-2023-019

v Inclusive cross section measurements for ttW, ttW+/—, and the ratio;
v" Differential measurements for 9 kinematic observables; compatibility

with data 1s tested by 2.
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Good agreement of data with MC setups
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tt+X summary

ATLAS+CMS Prelimina -

CHotopwn ry ¥s =13 TeV, June 2023
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More works on ttW........

41




t + X production

Top Quark Production Cross Section Measurements

Status: November 2022

-‘é ATLAS Preliminary
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tZqg production

Z/y* Z(11)
tZ coupling -

E =13 TeV, 138w’

Evenls /02

. | JHEP 07 (2020) 124

Cross section
measured with 14%
uncertainty
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v" Observed by ATLAS and CMS
v" New CMS analysis with full run2 data set
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Precision is expected to improve with more statistics in Run 3 Zq (¢7)




t+X summary

ATLAS+CMS Preliminary

LHCtopWG
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Top Quark Production Cross Section Measurements Status: November 2022
o) - ]
ATLAS Preliminar .

& Y - Theory
K 10° E Run 1,2 vs =5,7,8,13 TeV E
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_ Data 0.257fb ]
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4-top production
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4-top searches

", t v" Very rare production in SM

t t v’ Heaviest particle final state

e E v Many different final states
v

dilepton same-sign

Sensitivity to the top quark
Yukawa coupling

dilepton opposite-sign

3 lepton
4 lepton

AN

Important input to effective
field theory interpretations

0 lepton

= Evidences from both experiments!

ATLAS Vs =13 TeV, 139 b’ CMS 138 fb~' (13 TeV)
LI B B
— Expected Exp. sig. Obs. sig.
tot. it EE Observed (s.d.) (s.d.)
stat. Tot. ( Stat., Syst.) Obs. Sig.
Single-lepton 1.2 1.4
+1.6 +0.7 +1.5
1L/2LOS IR — A I S IR 19 ¢
OsDL 0.8 1.5
+0.8 +0.4 +0.7 2
2LSS/3L oo = 20 Y5 (s s ) 430 All-hadronic 0.4 25
e o g SSDLEML 27 26
Combined e =i 20 g5 (ps . o5 ) |47 o HEIB0:(2020)15
v b b b by b bevnn bowv i v v by vy Combination 3.2 4.0
0 1 2 3 4 5 6 7 8 9 10 i

5 6
tttt signal significance

significance: 4.70 significance: 4.00

Best-fit p = crmff' oo
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Observation of 4-top productions: CMS

v Re-analyze/re-optimize the analysis of full Run-2 data in same-sign 2¢,

30, 4¢ channels.
v Simultaneous binned profile likelihood fit to signal & control regions
to extract the signal strength. CMS 13113y
W - : . . T r r r T 138. fb_.1 (13 TeV) | | | | ! | T E)!aemled
-'%' - CMS ¢ Data Background T 47 = i 000'8 M observed
™ 1 o2k Postfit B it Total unc. . I . '
= L . § 1
= Pg— i ; ] 37 —— 2.9
r— g ’ 1 th. +1.0 : I : 5
5 _ —_— . | oh- 134700
Ll arXiv:2212.03259 ;
10} § :
L Py o o E 2fSS .
E ” s —
'qc;' 1 —— —— —— Combined - (E));ZZ(:\[E + 4956
D‘: 1 5 I I """"""""""""""""""""""" L1l | Ll | L1l Ll | L1l i L1l Ll | L1l '
= A Bssnssssesies LA e - 4 3 -2 -10 1 2 3 401234567
"CB' 0.5 ey G--I{ GtD'- Significance (SDS)
o —1 0.5 0 0.5 tttt tttt

log10(S/B)

o7 = 17.973 1 (stat)*>1 (syst) fb

Prediction: 6,77 = 13.4119 fb

Notable improvements with ML:

lepton ID, b-tagging,

signal vs. background discrimination.

arXiv:2305.13439 v Significance: 5.5¢ (0bs) / 4.9¢6 (exp)
Submitted to PLB v Slightly larger than prediction, but still compatible.
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Observation of 4-top productions: ATLAS

v’ Same-sign 20 & 3£, >6 jets, >2 b-jets. 0 uies honrd

v" Graph Neural Network (GNN) trained to limits on 3-tops:
o(ttt) < 41 fb

, separate s1gna.l from b.ackground. o({TtW) < 30 fb
Signal extraction by simultaneous fits to o(tftq) < 100 b
GNN scores in signal and control regions @ 95% CL, p(4t) = 1.9

F T T T
- ATLAS ¢ Data | [i§

o
w @ 400 T T T T T S L ]
2 S ATLAS # Data Mt ] 5 600[ Vs=13TeV, 140" [JiW mtiz
= 10° s =13 TeV, 140 fb” g 350F Vs=13TeV, 140 fo™ [Jtiw mitz — F SR WtiH []QmisiD -
g SR WtH is SR M itH [JQmisiD L Post-Fit @ Mat. Conv. [HF e
Post-Fit B Mat. Conv. 300} Post-Fit @Mat. Conv. [@HFe 5001 WLowm BHF u =
3 10° L HF ] » " i .
T ElLow m,. . WLow m,. WHF e o F [l Others [otit E
[ Others 250 [@Others [ttt - 400~ “Z Uncertainty -]
102 “~Z Uncertainty ----Pre-Fi “7 Uncertainty 4 B, i, B
. 2 n
300f
10 150 L
200
100
1
100,
10!
P 0
= O e
<4 2.9 f ..... E g 1.25 s A Q 125
o E P PPy 7 o
1.4 iereper oaees DO LR Ll RS &
- 3 =
© of’""‘wi"‘#‘* *“f"* +$‘+‘i““" & 075 o 075
© ok 3 S os ® 5
= 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 6 7 8 9 210 [} -} N s 4
GNN score Number of b-tagged jets

v' Significance: 6.1¢ (obs) / 4.3¢ (exp)

v Compatible with SM prediction within 1.9c
Signal strength: ¥ =1.9+£0.4 CEACTD

EPJC 83 (2023) 496 S o= 22556 fo
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4-tops summary

ATLAS+CMS Preliminary Vs = 13 TeV, June 2023
LHCtopWG
i Ogq = 12.025 (scale) fb [F o, = 13.4 1] (scale+PDF) fb e
JHEP 02 (2018) 031 arXiv:2212.03259 ot stat.
NLO(QCD+EW) NLO(QCD+EW)+NLL'

Oy T tot. (£ stat. +syst.) Obs. Sig.

ATLAS, 1L/2LOS, 139 fb™ i 17 15
JHEP 11 (2021) 118 e 26 "L (813 fb 190

ATLAS, comb., 139 fb™'

E +7 +5
JHEP 11 (2021) 118 i A 24 5 (+4 4 tb 4.7 c
CMS, 1L/2LOS/all-had, 138 fbo™ . N
arXiv:2303.03864 i ——e—t— 3677 (7% fb 3.9¢c
CMS, comb., 138 fb™'
arXiv:2303.03864 i 17+5 (+4 £3) fb 4.0 o
ATLAS, 2LSS/3L, 140 fb 66 ah7 e
arXiv:2303.15061 H—=— 225 55 (,, ;)0 610
CMS, 2LSS/3L, 138 fb! a4 37423
arXiv:2305.13439 i 17.7 40 (55 590 560
I 1 IEél I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
0 20 40 60 80 100 120
Sy [fb]
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Top quark properties

v" Now at LHC is possible to reach un-precedent precisions for the
property measurements

v" Now measured not only in ttbar but also in single top and tt+X events

ATLAS+CMS (s=8TeV
LHCIopwG o AgHstal.) +(syst.) T
tt asymmt_atry . Op maSS
ATLAS, l+jets - 0.0090 + 0.0044 + 0.0025
EJC 76 (201?) 87 T -
cms, JHjets (template)  rre-s 0.0033 + 0.0026 + 0.0033 9] p S p N
&y{.ﬂgﬁgcms l+jets b 0.0055 + 0.0023 + 0.0025 T I . t
EJLIE\;/I?%(Iﬁ%t‘:‘;ﬂ(unfoldlng)H—o—o— 0.0010 £ 0.0068 + 0.0037 Op po arlsa Ion
. it :
ATLAS, dilepton AC e+ 0.021£0.011+0.012 Asymmet“es
CMS, dilepton A frf—— a1 0.011+0.011£0.007 -
PLB 760 (2016) 365
Uu[)[(\JNI_)( (+ EW NLO) 0.00957] 0- B'fragmentatlon
| _based on arXiv: 1705.0 1105, JHEP 04 (20 17071, J IHEF 05 (2016) 03 L

j&hﬂ% f:'n)cﬁﬁiboo%mgd) = 0.042+0.019¢ 0.026 CO I or reconnection

756 (2016) 52

CD NLO (+ EW NLO) 0.0160 + 0.0004 .

I P 2012
dilepton asymmetry C P p ro pe rtl eS
ATLAS, dilepton Al H—a—H 0.008 + 0.005 + 0.003
PRD 94 (2016) 032006
CMS, dilepton A H—e—ti 0.003+0.006+0003 | STttt
PLB 760 (2016) 365
QCD NLO (+ EW NLO) 0.0064 + 0.0003
‘II‘\’Illl\\I|II\|III‘\II|I\I|III
-0.04 -0.02 0 0.02 0.04 0.06 0.08
AC
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Top mass

Direct measurements

from reconstruct invariant mass of
top quark decay products

ATLAS+CMS Preliminary My SUMmary, ¥s=7-13TeV  June 2023
LHCtopWG

World comb. (Mar 2014) [2)

st total stat

total uncertainty My, + total (stat + syst + recoi) fs Rel
LHC comb. (Sep 2013) LrctopwG 173:29 +0.95 (0.35 £ 0.88) 7TeV (1]
World comb. (Mar 2014) 173.34 £ 0.76 (0.36 £ 0.67) 1967 TeV (2]
ATLAS, l+jets 17233 £1.27(0.75£1.02) 7TeV 3]
ATLAS, dilepton 17379 £ 1.41 (0.54 £ 1.30) 7TeV 3]
ATLAS, all jets 1751+18(14412) 7TeV 4]
ATLAS, single top 1722 £2.1(0.7 £ 20) 8TeV [5)
ATLAS, dilepton 172,99 + 085 (0.41+ 0.74) 8TeV (5]
ATLAS, all jets 17372 £1.15 (055 £ 1.01) 8TeV [7]
ATLAS, l+jets 172.08 £0.91 (0.39 £ 0.82) 8TeV [8]
ATLAS comb. (Oct 2018) 1726 +0.48 (0.25 + 0.41) 7+8TeV [8]
ATLAS, leptonic invariant mass 174414081 (0.39 £ 0.66 + 0.25) 13TV [9]
ATLAS, dilepton (*) 172214 0,80 (0.20 £ 0.67 +0.39) 13TeV [10
CMS, l+jets 17349+ 1.06 (0.43+0.97) 7TeV [11)
CMS, dilepton 172,50 + 152 (0.43 + 1.46) 7TeV [12)
CMS, all jets 17349 £ 1.41(069+1.23) 7TeV [13)
CMS, l+jets 17235 £ 051 (0.16 £ 0.48) 8TeV [14]
CMS, dilepton 172,82 £1.23(0.19 £ 1.22) 8TeV [14)
CMS, all jets 17232 £ 0.64 (0.25 £ 0.59) 8TeV [14]
CMS, single top 17295 +1.22(0.77 £ 0.95) 8TeV [15]
CMS comb. (Sep 2015) 17244 +0.48 (0.13 £ 047) 748 TeV [14
CMS, l+jets 172.25 + 063 (0.08 £ 0.62) 13TeV [16
CMS, dilepton 17233070 (0.14 £ 0.69) 13TV [17]
CMS, alljets 17234 £073(0.20 £ 0.70) 13TeV (18
CMS, single top 172,13 077 (0.32 £ 0.70) 13TeV [19
CMS, l+jets 171,77 £037 13 TeV [20)
CMS, boosted 172.76 £ 0.81 (0.22 £ 0.78) 13TeV [21

* Preliminary , v o o :
I IR ] ] ] I R | L1 |
165 170 175 180 185

My, [GeV]

Indirect measurements

from observable directly sensitive
to top mass (e.g. cross section)

ATLAS+CMS Preliminary My from cross-section measurements
LHCIopWG June 2023
M,  lot (stat  syst £ theo) Ret.
total stat

oftf) inclusive, NNLO+NNLL
ATLAS, 748 TeV 1729 75 U
CMS, 7+8 TeV 173.8 *,'J @2
CMS, 13 TeV ——f 1699 57 (0115 1%)
ATLAS, 13 TeV 1731 2 0
LHC comb., 7+8 TeV 1734 5, 5]
o(tt+1)) differential, NLO
ATLAS, 7 TeV 1737 5 (15414 23) 0
CMS, 8 TeV () 169.9 32 (1.1 %5 58 m
ATLAS, 8 TeV 1711 12 (04£09 35) 8
CMS, 13 TeV 1729 {5 (13 ;) 9
alti) n-differential, NLO
ATLAS, n=1, 8 TeV 1732+16(09+08412) [
COMS, n=3, 13 TeV 1705+ 08 i
m,,, from top quark decay 9 : [11) ERUC 80 (2020 658

CMS, 7+8 TeV comb. [10] : HARIN BN

ATLAS, 7+8 TeV comb. [11] 5 B 0] 7 " Preliminary
L1 11 | L1 11 I L1 11 I | I | I L1 11 I L1 11 | L1 11 I L1 1

155 160 165 170 175 180 185 190

Mg [GeV]

Theoretical advances needed
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36310 (13 TeV)

A.u.

0.4r

0

o

CMS + Data—Postitf] 68% CL[] 95% oL
e +jels

mg®  mp \P @z My /m

Fﬁﬁfﬂ%

oo
2R

Data/Post-fit
oo
BB

Template Bins

Data/Post-fit

CMS measurements

Vit |+jets: profile LH fit to 5 observables in different event categories
CMS

36.3 fb (13 TeV)

i CMS * Data—Post- ml 68% CL[| 95% CL
| U+ jels

0.4F reco reco
P My Ml g0z Mg *imi! Rog

OO =
0O 5O ¢
o175 garq (¥

—_——

Template Bins

JEC flavor bottom

F8R PS scale g
FSR PS scale X-Xg
BG QCD muttjet

CGR: gluon move

CGR; QCD inspired
Early resonance decays

arxXiv:2302.01967
Submitted to EPJC

36310 (13 TeV)

m = {7177+ 037 GeV Preftimpacts - [] 8440 ] 40
Pl Posttimpacis B 0+ [ 858 [ MC stat.
C———— ¢ [ w | N
- W e
—_ o Lo : 5“-13
—e— L Lo
e L P
—— L0 009
— L3 008

FSR PS

v" Most precise measurement with 0.37 GeV uncertainty

10° 35.9 fb" (13 TeV)
3 8k ' ]
= - CMS ¢ Data
® [ 20T B tch.
S 6 BDT>08 % [] tW, sch. 7]
@ I Z BV +jets, VW |
ar [Jacp ]
I Stat @ syst
2r- i
o
Sl 15F =
| O O L P 22 L R
(=] 05+e i

5

1
5.5

g

=1

® significant pull and constraint of

scale g->qg due to mwreco

v' t-channel single top: ML fit to {=In(m¢1 GeV)

72.131276 GeV

+0.0079

0.8317 §‘; GeV

JHEP 12 (2021) 161
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ATLAS measurements

Template method Top mass using soft muon tag

®DNN to select b/lepton pairings ®|nvariant mass miu sensitive to mt

®Select permutation with highest DNN score ® oduced sensitivi ty to JES

\G, i I 0 Y I T T R Y T P 7 ) T = R R R P

> iE ]
® 3000— ATLAS Prelimi ata, dilepton — oy . .
S L etoTev, 19015" ; :‘ s ®sensitive to fragmentation modelling
§ 25001 E Fraoool arcas ' eoma ]
o C 7 o - Vs =13 TeV, 36.1 fb” (17 (sMT from b/c)
L =) £12000}—- OS selection Bl (7 (SMT from W) —
2000— — 5 _  Post-Fit B t7 (sMmT fake) ]
C . u-'10000-_ I Single top
C ] o [ Other backgrounds
= <] - Uncertainty B
1500 s z
L 2 6000(— 3
1000~ - <eook. ]
Covvn vl L L l L L \ . 2000:» "L¢:f
o b iy =
g 1 & 1.025
38095 t ¢ §0975“{>¢¢¢¢¢¢¢ ++
50 60 70 80 90 100 110 120 130 140 0955 Sy ae sb 60 s Bs
my " [GeV] ™y, [GeV]
| nﬂ;:f"‘“ 172.63 + 0.20 (stat) + 0.67 (syst) + 0.37 (recoil) GeVl I 174.41 £ 0.39 (stat.) +0.66 (syst.) £ 0.25 (recoil) GeV I
v Dominant by modelling and JES v consistent at 20 level with previous results

» Ttbar modelling is the largest challenge for future measurements
» Require input from theory and experiments

ATLAS-CONF-2022-058 JHEP 06 (2023) 019
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Top mass from boosted jet mass

v’ XCone exclusive algorithm to reconstruct jets and sub-jets
— 1mproved resolution

v Dedicated calibration of FSR using substructure variables, and dedicated
jet mass calibration

v Comparable precision to direct measurements

138 fb ' (13 TeV)

| e——| 0.04 ''''''''''''''''''
—|3 cMSs —$— Data .
L CD, ........... m, = 169.5 GeV ]
T 0.03 —_—m, = 1725 GeV |
'l:DD'E """""""""""""""""" m, — 175.5 Gev
= N
—Io

EPJC 83 (2023) 560

.......................

120 140 160 180 200 220
[GeV]

m, = 172.76 £ 0.22 (stat) £ 0.57 (exp) =+ 0.48 (model) =+ 0.24 (theo) GeV
= 172.76 + 0.81 GeV.

First top mass measurement in boosted regime.
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W polarization in top events Xiv:2200.14903

/ P ro be Of Wt b Ve rteX Left (f1) Longitudinal (fo) Right ()

%4 w w
New method in dilepton channel:
mesure absolute and normalised @ @ @

differential distributions in cos 6* b b b

1 T
'ATLAS Prel mi nary + ' paa = T T T T T T T T T T T T
Powreg + Pyihiad @ [ ATLASPreliminary * Unfolded data |

gon Y o W rest frame

il

808~ {s=13 TeV, 139 fb” — Fit function
¢t 07f- =
0.6 E

0.5F e

0.4 —

0.3 =

Pred./Data
6

0.2} -

0.85
. 0.8-06-04-02 0 02 04 06 08 1 i ]
parton level cos(6*) 0.1 e

(=)
T

ATLAS Preliminary L T

total stat
Theory (NNLO QCD)
ATLAS2OI1 >1\ ton, fs=7 TeV, L, =1.04fb" -
e i amams. 7 T8 fo= 0.684 +0.015 (stat. + syst.)

ATLAS 2012, 9|ngle lepton, {s=8 TeV, L, _=20.2 b’
Eur. Phys. J. C (2017) 77, Eur. Phys. J. C (2019) 78

ATLAS 2022, di-lepton, {8 =13 TeV, L,_ =139 fb”" - fL = 0.318 £0.008 (Stat. + SySt.)

0.5 1
parton level cos(6*)

L - fo fr = —0.002 + 0.015 (stat. + syst.)
ik Systematically dominated

1 1 | | | 1 | 1 1 1 1 | 1 | 1 1 | 1 1 1 1 | 1 1 | 1 | 1 1 1 1 | 1 | | l | 1 1
0 0.6 0.7
W boson helicity fractions
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arxXiv:2208.02751
v" Central-forward in ttbar events

LHC

v" No asymmetry at LO

do/dy

v' Higher order effectsinqg—-> t t

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

* Boosted regime, single lepton channel
* two Mt bins: [750, 900], [900, =]

138 (13 TeV) 13810 (13 TeV)

] 1 T I [ T T
|5 10'E CMS foata  Hwsjets |5 107;'CIMS foaa  [We+jets
o monan o §ofwowsr o B
10 :_ Fouk MC tot. unc. 106_ Poet® MC tot. unc. 3
105_p+;ets uHets utels ejets edels  etjets. ;p+iets utjels  usjels edjels  e+jels  e+jets |
2018 217 2016 2018 2017 2016 102018 207 2016 208 2017 206
w“
0 12 0
2 . QEW\\NWNW\\\WQ 2 &W\\\\\\\\\\\W\\ \\\\\&\&
.3 [2011021[zo]lozl[zo1[021[20][02}[zonoz][(zouoz]) % [201[021[201[021[zouozl[201[021[zonoz][(zouoz])
0 Alyl = Y Y 0 Alyl = Y Iyl
007 100 IV \IO 16V 100 IV \lo 1eV)
0.0G_E CMs ¥ Measured A? OOSE CMS § Measured A,
ggi‘ Prodicd Y ] gg:' Full phase space  Predicted A,
20 003 Fiducial phase space 3 e 003 ;
<0020 E 002- 3
001 * 001 +
o o
-0.01;— E -0.01;— 3
-0.02" - -0.02¢ -

ST50  750-900 >900
M, (GeV)

>750 750-900 >900
M (Gel)

Good agreement with prediction

Charge asymmetry in tt

0.015

arxiv:2208.12095
A — N(AJy|>0)-N(Aly|<0)
N(Aly|>0)+N(Aly|<0)
(Aly| = lyt] = yzl)

‘Single and dilepton channels

* Resolved and boosted regime
e = 0.0068 + 0.0015(stat+syst.).

o 4.7 sigma from zero asymmetry
NNLO QCD + NLO EW ATLAS

Ci, =05 VS =13 TeV, 139 fb~ " |
. Cc8,=1.0

-+ combination
-4~ single-lepton

+~0.010F 4 dilepton
___'___'___'_—_'___'___'___'___'___'%__'___'q_'_—_'__ e
0.005! '
0'000 ................................................................
Inclusive
oos8f —— NNLO QCD + NLO EW ATLAS
: ——— 8 =05 VS =13 TeV, 139 fb !
0.06f —— C§,=1.0
-4 combination
0.04 -4~ single-lepton
"éé) L -+ dilepton . _._+}. g -|

0.00
—0.02
—0.04 ]
~ 0.5 [0.5,0.75][0.75,1.0] [1.0,1.5] = 1.5
R my; [TeV]

Expect improvement
with additional data
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Energy aSymmetry In it EPJC 82 (2022) 374

v' Asymmetry between the energies of top and anti-top

v' Measured in tt+j events in boosted regime

T (6;1AE > 0) - 7 (6;|AE < 0) Angle between the jet and z-axis
0P (6, |AE > 0) + P (6;|AE < 0) Effect increases with jet pT
Uopt(ej) =0 (@lyisj >0)+0o(r—0j|y;z; <0)

Agp(6)) =

) S - = 4 ; ; . .
(= 5000:_ATLAS [ fiducial {f non-fiducial _7 > "ATLAS | N MadGrapI|15_aMC@NLO:
q>') — Ys=13 TeV, 139 fb"’ . . — - {s=13 TeV, 139 fb —4— Data (stat only)
w ~ pre-marginalisation Background . MC Stat+Syst - > 2r --¢-- Data (stat + syst)
4000 S 5
3000 el ) -3 0: ]
E L J ® ° S E NN SN =
2000F T -2 : §
1000 * * = - :
0 e e e e T e g . : 4
T T2 S - L A . N a . A . .
%8 A £ i N /4 2 /4 .
Qlx AR niliniinmiliiin;iinneae \ 6, [rad]
0.8 o . ........... S PR S — : AN
O T o O TS e o & Agrees with prediction
TS TS 5 Sueeen S
b 8 1 % o« 1T P g 1 Statistically limited
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Search for new physics

Tool to search for new physics:

v" Many BSM models are expected to
involve top quarks. Possible to perform
direct searches for new resonances and

FCNC

t=He

v’ Use the precise measurements to set a

[imit on new operators inan EFT

framework

t—>Hu
t—7yce
t—yu
t—gc
t—gu
toZc

t=Zu

CMS Preliminary

July 2021

Each limit assumes that
all other processes are zero

Most stringent 85%CL upper limits €<~

[1] CMS-PAS-TOP-20-007 (") [2] JHEP 04 (2016) 035

[3] JHEP 02 (2017) 028 [4] CMS-PAS-TOP-17-017 [*)
[5] JHEP 07 (2017) 003 * Preliminary

Theory predictions —sM | 2HOM(FY) []2HDMIFC)

from arXiv:1311.2028 MSSM HPV IIl] RS

b

1 —e W)

{0
I 1 N N I AN SN B (R N B B

10" 107"

10" 107 10t 10"
Branching ratio
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CP violation in ttbar arXiv:2205.02314

v Construct 4 CP-sensitive observables P = N(0;>0)—N(0;<0)

: — N(O;>0)+N(0;<0)"
v’ Define and measure asymmetry _ (QEAIRNIQ=0)

1=3,6,12,14

_ cms 138" (13Tev) _ CMS 138 b (13 TeV)

15} 108; T, = Sist=le DeR) O x "1 e/u,=4 jets (2 b jets)

§ ; + Data -tf(lepton+jets) .tf(dilepton+jets) _% 1‘_ ’I‘ A", in e+jets é AL, in pHets

E 107? Wlete .W .Singlet < i i A'.; in lepton+jets é A'.p in lepton+jets (8 TeV)

& —dg=+3 | stat®Syst i

i 0.5j
: " ;
B 9
SURTRLHE H

-0.5—

(5) i

g +

0O os O, O O, 0,,

> 1.2f

= 1

% 0.8~ '_dtcls="3l ""Idte='f'3 . . .

-1 -0.8 -06 -04 -02 0 02 04 06 08 1 004 + 010 (Stat) + 007 (SySt)

Oy / M [GeV]

In agreement with SM value of zero
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Flavor Changing Neutral Currents

FCNC: top couples to light quarks (u/c) and neutral
bosons (v,Z,H,g)

v' Forbidden at tree level in SM

v" Very small rates predicted

v" Deviations would give hint for NP

Process SM 2HDM(FV) 2HDM(FC) MSSM  RPV RS

t—Zu T7x10"17 - - <1077 <1076 -
t—Zc 1x10~14 <1078 <1079 <1077 <1078 <1078
t—gu 4x10"4 ~ - £10-T Z£10°° ~
t—gc 5x10712 < 10=2 <10°% < 10=% = 1072 =10
t—>~yu 4x10°16 - - <10-" <1072 -
t—>vc 5x1071 10~ =109 <107% <107 <107°
t—hu 2x1077 6x10°6 - <107 <1079 -
t—he 3x107% 2x10°% o [ SISt 2t




Searches for FCNC JHEP 02 (2022) 169
arxiv:2208.11415

v" Improved limit by factors 3.3 to Improved limit by x2 from .
5.4 from previous analysis 8 TeV analysis arXiv:2205.02537
o -5 - I_|
Coupling BR limits [10 ] B(t —> U +g) < 061 X 10 i t —) uZ
Expected Observed
5 w037 | T — U
t>uwyLH 088937 085 B(t — c+g) < 3.7 x 10~ | 'Yl
t—>uyRH 120939 122 | T — ug
t—cyLH 3405331 416 Large impact from systematics
t—>cyRH 3.70*01| 446 t = u
B(t > uH), <094 <103 |,
B(t — Zq) [10—5] B(t - cH) <0.69 x 103 |t 3, CZl
Pz H - 60 B(t — uH). <0.79 x 103
tZu RH 6.6 B(t > cH) <094 x 103 H —bb |t — &Y |
tZc LH 13 F o
- B(t — cH) <073 x 103 T

v’ Improved limit by factors 3 to 5
rrom previous analysis O All searches except tgq are

statistically limited
gained sensitivity by including regions sensitive to couplings in top production and decay
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Charged Lepton Flavor Violation (CLFV)

v" Search for CLFV in trilepton channel

v BDT for signal extraction ¢
Ve
(
- CMS Preliminary 13807 (13TeV) CMS Preliminary 138 b (13 TeV) u/
Sba D s S a2 e 150 6oy CHS) Do ) e
§ b B Ssmoon 3§ sk RO e e\ Y
& - G a0o - Woe g |
e Production I
Sn'to.ié‘l‘.*.é.‘.*. .Q.‘. %SEG.JE'.‘.'. . .T.'.LF.'% MCMSPreHmi'nary 138" (13 TeV)
0 o1 02 03 04 05 UBBDD-;dI::rm:"g,‘an; V] 01 02 03 04 05 UBBDf.:l:.?dI;cﬁnrﬁlian; -;;’ : T PT——
e 0% ——
. Coptq/ A (TeV?) Bt - enq) x 10°° ook soow D —
CLFV coupling  Lorentz structure - (Eo_’ +0) obs exp (-0, +0) obs EE B 95% CL upper limits
Qo T
tensor 0.019 (0.015,0.023) 0.020 0.019 (0.013,0.029) 0.023
epitu vector 0.037 (0.031,0.046) 0.041 0.013 (0.009,0.020)  0.016
scalar 0.077 (0.064,0.095) 0.084 0.007 (0.005,0.011)  0.009
tensor 0.061 (0.050,0.074) 0.068 0.209 (0.143,0311) | 0.258 :
eptc vector 0.130(0.108,0.159) 0.144 0.163 (0.111,0.243) 0.199
scalar 0.269(0.223,0.330) 0.295 0.087 (0.060,0.130)  0.105 ;- '-.
T T T Y P YR T TR
Cou/A° (TEV?)
In agreement with expected CMS TOP-22-005
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Dark Matter + top

Search for DM + ttbar(—1+jets,all hadr.) Dark Matter
Shape of MET distribution TP 03 (2019) M1 iy

E cms + Dal .Z(||)+|Et E

\/ Slgna’ture: ttba’r+MET DM mediater 1u, 2 b tag, SR .Z( 1) +jets [l W(K) +jets §

1000 t+X =

v' Top-tagging categorization 3 e s

_ tt+DM, I
m,=100 GeV 3

- Prefit

v" Signal events at large MET

g

| e =
NON Dmas
7] [T

ata - BKg Data / Bk

Dat:
nc.

JHEP 03(2019)141

Pseudo-scalar particles alter the m(tt) with a wiggle

Direct DM production A .- channe U — , \ , 35971 (13Tey)

-1 < Cpar < -0.6 0.6 < Cpej < 0.2 0.2 < Che < 0.2 0.2 <§pe < 0.6 i 0.6 < Croy < 1
'

> 250 F { Data

GeV,

ent:

mm Single top
W, Z, W, ttv
Post-fit unc.

5 200 -

Q
~
(

150 |

a 100 1%
¢ d.)./ = —-

o s " 'I
b .
=11
"
_ ~

810
g t R ; {

O ggfi — A(500GeV, 5%, 1)2} L

500 750 1000 500 750 1000 500 750 1000 500 750 1000 500 750 1000
my; [GeV]
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Vector-like quarks + top

v" Predicted in many BSM models, aim to solve the hierarchy problem

— in multiplets: singlet, doublet, triplet
— left- and right-handed component with same quantum numbers

v" VLQs can mix with SM quarks and modify the couplings to the Z/W/Higgs
v" Search for VLQ single and pair production

— Most searches assume VLQs couple/decay to SM particles (bosons and B2G quarks)
v Busy events, a lot of top quarks, bottom quarks, leptons and jets in final state
— Example: 2 tops in final state, look for resolved/merged top quark decays
— use top/H/W/Z taggers to find hadronic decays

35.9 fb' (13 TeV)

L
CMS

M, =1.5TeV |

M =1.3TeV 7]

16 5

1.4 R
>

1.2 =

T 7

0.8 ™~
06 &
partially merged, =Y
un-merged 4 boosted W g 0.4
g | _ 0.2
for AR~1.0 < 200 GeV 200 - 350 GeV * 0

B(T — Ht)

64



SUSY + Top

v SUSY is one plausible extension of the SM

v Due to the heavy top quark, mass splitting between 2 stops can be
large, such that the lighter stop can be even lighter than the top quark
v" Decays dictated by mass spectrum of other SUSY particles

v

Light stop my,

S my,

T t— byt —> bWY 0

Ly

Similar signature

as in ttbar
Heavy stop o t)?? IR bW;"({’
t— tX
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New friends for the top ?

Effective Field Theory (EFT) approach is

. S
now widely used to search for off-resonance &
effects due to BSM contributions g

CMS apGv190711270
o WS TT 5 1 5% SL) "—;'—- Glz m?
)yt 6 6
fn"t‘:;fvrurllf;-%lll —_— C{g a2 C’l( ) O ’l( )

......lggus-:liwqcl.] Eeﬁ = ESM —I_ Z A2
1

140

120

100

80

60

40

20

sz

5 - > é !f E
-20 -10 0 10 - af i
3“ 10El-vlr|vlrvlllV1|lrllIllv1]rl|1|1!vr|lle]lvvv]v!IJE
= E ATLAS ——— Observed limit =
= S o | meuss Expected limit ]
= [ Vs=13TeV, 36.1fb - 1o ,
1 4= 2UED/RPP model Toow (10 =
= £ S8 dilepton / trilepton + b-jets All limits at 95% C.L. 5
<C E ]
= F
< 1) )
107 = 2
A - :
g i
B
107 E
i
10—3|....l.“.l..‘ll....l....ll...l,.‘.l....ln.‘. L
09 1 11 1.3 14 15 16 17 18 1.9
My [TeV]

= Observed limit (+1 oy ")

- Expected limit (+10,,,)

exp!

am(T, i?):m'

B @
et T S

LA B L B

ATLAS

LM =3611fb", fs=13 TeV

Limits at 95% C.L.

= 0
L=ty

| AT

IJ|III|III|IIJ|JIJ|JIJ|JIJ

9]
170
CERN-EP-2019-034

CI\IIISI S— . I35|.9Ifb'l‘ ( 3|TelV)
sl ]
sl ]

s — Nominal 3
4 —— """ + theory —_

: — — - theory 1
2 Bl ssxc

[ 95% CL |
° T oz = of4 — ol.s I

180

190 200 210 220

230 240 250 260

m(t) [GeV]

Co/ A2[TeV?]
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http://dx.doi.org/10.1103/PhysRevD.100.072002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.052009

B gy =Wy g =0

'w'«-qﬂyﬂw\dp..xﬂl.Axll;d

I+ Z (2016 combination)

2 ZH - girE
Z'-m-ln.w!bo

[

.z«m«mu

BT W i

W (2016 combination)

bW a

bR 27 wad
A Ry—
bR
R s HH = BBWW (I8p ) mergad-jet
B b = BEWWY llep)
bR M = mlt-ieptons
[y
[ pypye
B HEH = b3S margedist
R~ W adad
R W~ ot
bRoazZ
bR~ W
oW
G (2016 cambination]
G2z v
G 224 ting
+G =22+ wad
b6 27 Had
G i+ bW llep ) mergeckjet
G = i DB e}
O —

FEEEEREFFFFFEFEFFFFFFFEFEFEFFFFFRFFRFEFE

G b b

PG = HH = bbbb marged-jet

G W fia

B o jots (RS model 8=1) s
b =W b G (LH+RH) Py
b <t~ b ad () e
b W - bod qf (LH) P
BT =W = b0 Iy (LH+RHI e
B b7 W = bad Iy (RHH "y
b W b4 v (LHE Py
#b W = bl 0 (LHRH) e
Wb W - bl g (RHY P
>0t bl o (LH) e
©LGTT + buby

£ LG =t

£ LOET  trke

W e o, 10 RH) M, > M

Bt O, (L)

Bt . R

1> Z = (T =30%)

BT My =10%)

b2~ M =1%)

»Stasith § =ffaq (¥ + 24ts. My = 0 2TaV).
2 T 7R fu ot (7215 Tow)
B TBIBE (M = 23880

Wi AW WU L4 1D

W - AW - WU (16

B -+ a3 = bbBE (M, =0 1TeV, MNf=8)

rhTiZaw (rim=0.3, singlet)
bETEZaw trim=02, Smglat)
L@z (rim=0.1, Singhets
rbRZaw (6im=0.05, Singlet)
BBy Dm=0.05, Singlet)
BBy, (Tm=004, Singiet)
B btHHapyh  Dm=0.03. Singlet)
BT =, Tm=0.02. Singlt)
BBt sy, (Hm=00L Singlet)
[ tHE (H= BB (ffm=0.5, Doublet)
I tHE (H= BB irfm=0 3, singiat)
b EHE D ) (Ffm=0 1. Singlety
> THE (H= ) (T7m=0.05, Singlet)
b tWEolep +jets  (fm=0 1, i
b bW+ et (T=0.3, L4
b bWelep s jets  (rm=02, L)
(rim=0.1. L4}

(Fim=0.3, Doublet}

I b HD (s 85} (rim=0.2. Doubiet)
b LWL lp s (Tm=0.3,

b twekp 4 jes (M=, LH)

b UWEslep. + s (Tm=0.1, LH)

YYo= W DAY = (03090
GEE b rrrTuive

88 = £9g bgg (8121 = 1)
»58 - bad bad (8() = 1)

» 85 — bad bgq (Singlet)

5B — iap. + jats (Doubiat)

B 8B lep. + jets (Singiet)
BT lap. + jets (Singlet and Doubiet)
P58 lep. 4 jors (3} = 1)
® BB = lep. + jets (BIZ) = 1)
56— lap. + jats (Doubiat)

B 8B lep. + jets (Singiet)

273733332373/ FPz32332733333357325733 FIIFRiEEERRREE

o

Overview of CW
CMS Prefiminary

String resonance
Zyrmomance

Wy resanance

Higgs y resorance

Cobr Octect Scalar, k2 = 12

Scalar Diquatkc

4 4, preudoscalar sl g, x BRIg20)
44, preudoscalar(scalar, g, xBRp=2)
POz

ark compasteness (K, s =1
aquark composteness 1], fuss = -
Excitad Lepton Contact nteraction
Excted Lepton Contac nerscson

vectormeditor g, g, =025, g =1,m, =
vectormedator (fi).g, =01 go= 1.9 =001, >1m

mn
posudosclar medator 411 g, =L gm = Lmrl[iL'
‘pseudoscalar mediator -+t @, = 1. gou-
preudoscalar mediator (61, =1 o=
mr ot 4k 0D

2 mesizor (dark QCOL, m,, ey o3 -
Z-2HOM, g =08, =L tarf 106

= L2Te
neiastic dark matter model, y =107,

awon-ike partcle, £

nelastic dark matter model. =107 4o
ok Higgs model g, = 025, gon

L, =200 Gell. m =700 Gl

RPV stop tod quarks
RPY squark to  quaks
RPY gluing to & quaris.

RPV glines o 3 quarks.

DD () HLZ =3
0D {yy. ) HLZ, e =

ADD QH ), mo=4
ADD QBH i,

RS Gudad ggl. ki
FS OBH () A= 1
RS QBH fyl. nen
non-otating BH, Mo =4 TeV, 1o =6
F0rane WED geld +9+599h Gre =5, G
SplUED, 22 Tell

sxiaim\mn‘s ere LA m

WS, [Vt =10, Wal =10

L VerF =10, Vo

PMSM, Ve Vo PV + Vel = 10

el scesaw heavy fermions, Flavar-democratic
Vector ke taus, Daubiet

Vactor e taus, Singlat

2, narrom resanance, € =8 107 [@0% CL}
2o, narmon resanance, £ =4x 107 (% CLY
2o, narmom resmance, £ =710 (@0% CLY
2o, narrom resanance, € =3x 107 (0% CL)

I!VT ERfer} =
LFV Z, BRigt) =
SSM Wk}
Leptophaic 2

SEMWiad)

LS Wl s = 050,
SSM W

LESHWalell, M, = 0501,
LESM Wl et M, =0 5,
ighuon, Coloron, cotfi=1

) £=05, miglimigel=01

razzzazzzazazaazaxzzzax xabb

5fzxxzzxzzzzzzzx zz:zzx

= === ==

= EEEEEEEE EEEEEEEEx

CMS preliminary

Overview of CMS EXO results

March 2023

o1t o300 21

I T2 0183 2 o 12 B

_DM 103094 Iyl
O T 18020125 1+ 1y

s T 191103 47 (2)

e
1 IS 9110455831, 21
101104968 (31, 244
155455019505 (g +1pp-+1

210302708 (200
n0302708120)

G T 091052 2
1 S5 200104521 24+ 2

(3SR 191103761 23j)

200713021 (= 1j+ p7")

210302708 2020
1901015530, 1 + 22j4p;™)
[ AT 1089200, + 22 45
210713021 =1+ pp=)
210713021 {21+ p7)
19010155340, U + =2j+p7™)
[ T 10710820, + 2 495
1810.10069 (4}
190801713 h +p=)
211211125 2§+ p7**)
10801713 h +p7)
[ GES TN 181110151 11+ 1j+pF)
I GRS S 0100

I GRS TR 4595 £X020.10 2 placed )

I BERSETR OHS PR 1020010 2 diplaced )
a0z

ONSPASEXOILOL (U 42j4p7™, 20 4p7™)

[ OS2B TR LL3 4T 2
56302
[T OS24 )

180300013 270, V)

T L0210 )
A BT 02050 )

ST 19103347
| CMS-PAS-EXO-20-012 (y +j)

0001-124 Tey 180202965, 1806 10505 (3ys; 21} 24
00011 43TeV L60202965; 1606.10905 138 2 1j +26)
002-L6Tel/ 1805 10905 =1+ p+el
01-098TeV 2020867634, £AL1T 436274 24, 3v+ 1, It 424,21+ 1)
01-1045Tel/ 220208676 (31, 241 1x 436204 20, 3v4 I, T 424, 1w 4 )
0125-015TeH 20286761, 20415 4342642, 304 1L, 11423141

O3-PASEXD 21005 (20
00200078 TV

TS SO07S TR 19120475 21

2191204776 2

O 45 1021008 20
710302706 (2e, 24
0528 TN 51102547 2
OO 25T 1505 1033 1)

211203949(2e +2j)
161 06 21 425
I SRR 91039 )

0001
Selection of observed exclusion limits at 95% C L. (theory uncertainties are not included).

0010 0100 1000 10.000

Mass Scale [Tev]

13771
367!
1371
36 b1
13712
EVE
13717
13717
371

1403
140 b1
din
777

67



<X

AN

Run3 started!

Top quark is still there!

Allows to exercise the analysis chain and

validate the performance of all components

CMS-PAS-TOP-22-012

Data up to 2022-11-24

CMS

r Online

2022 (pp 13.6 TeV)

- LHC Delivered: 39 29 fb !
[ CMS Recorded: 36.03 fb ! |

&
o

w
o

~33M top pairs

Total integrated luminosity (fb )
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- . . CMS Preii......, Date (UTC) I -\
g — e :t E 2 § data t single top = Wijets
Ewenasill 5 A B 0 RS BTN ~ AR AR Al 33 - +
S ! ——————y ++'+“+"+'Iv i +‘F ) non-prompt mm Drell-Yan mm diboson g uncertainty
5 %50 50 160 150 200 250 300 s
Electron p_ [GeV] &
< £o0 ATLAS Preliminary | o Ddia
= 700 Vs =13.6 TeV, 790 pb™ ) 1 Powheg+Pythia 8
; os - SingleTop tW-chan
= 600 W Zvjets
[ en Diboson
o 500 B Mis-ID leptons
[ Uncertainty
S.qo; 16 56 (10) e (20) | mn (1b) Wi (20) |ep(0b) |em(ib) en(2b) |esets (1b) |e+jets (2b) [ p+jets (1b) | p+jets (2b)
o2 1.
. D& 14
B - 1.2 Y/
s T = e ‘ VA Y,
3 o5 v 115454544 ’/,;' A;WA 2. "V'//”"/' 7,27 G 7 22777 '.¢',/ 7
= 25 -2 15 -1 05 0 05 i 15 2 25 %4 % % 4 / v, HUHY YHHH THHH
Electron n 0sH ' 7
06 t

Assuming ~250/fb per experiment at 13.6 TeVuberirrrsrrirrrsrrsrrrrrrrrrrrrrrrrroress

S8R5 09D e8RS0 259085 0005000350020

"Nn;Nn;"Nn;mns'ms"wm‘;wm;mvm‘snvm‘smvm‘smvmé

~ ~
And cross section ~920 pb (tt) + ~330 pb (t)
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Top at HL-LHC

Very forward top (LHCb): access to high-x PDF, essential to understand potential signs for new heavy states
o FCNC: expect improvements

Only seen 5% of the LHC data by -1 order of magnitude

HL-LHC

¢ 14 TeV — not a bump-hunt machine

. 3-4 ab—1 ﬂégsvzgms Pre];ﬂnury 9‘5‘/;52:::«2@:»;;‘;. ATLAS <@ CMS
FiktcRIETn ’ s
POWHEG-sp8, Vs = 14 TeV i Septiniber 2021 719HEP 07 (2018 176 B s
S~ 10 E Each limit assumes that (8] JHEP 07 (2017) 003
. . . N E " all other processes are zero predictions -SM 2HDM(FV) [CJ2HDM(F!
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« 300M tW = 10| <x>=O : tHu w .
> E 9 2
« 30M s-channel O L sb <x>=o001 tyo w .
« 3M ttV il 0.6 —e
« 30k 4 top i oy . .
3 —9 ]
10° -r' —10.4 rge ‘ PUEPY 1
E 5]
Unprecedented challenges for : . ki oy -
. 2L,
detectors and reconstruction 10°E 0.2 ze ‘ ,‘g‘—_'. 2
« Radiation 10 ; s 1 ﬁg——o m
° OCCupanCy g 0 1 w‘e ] 1‘3 [ \m RS, = o ‘—r: A T | J
. . Pl B B i - A B
» Particle density arxid0i311.1810*  10° 10 10" 1 10 ke i i Bra1r(1)ching ratio
X
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Top at CEPC

[0 CEPC will be a versatile machine with many opportunities
v' Higgs factory @~240 GeV
v" Diboson factory @~160 GeV
v’ Z factory @~90 GeV

e*e” Collider Luminosities

—ea— FCC - Amsterdam 2018

FCC SR power/beam < 50 MW

CepC SR power/beam < 30 MW

L l
10°

-

TTT]
\\j

o _ -
& L 7z — = CepC - Amsterdam 2018
, Ty E A CepC -2 T at Z pole
S =, \\ — % ILC - HK Jan. 2017
I = 3 —o—— ILC - Lumi Upgrade TDR
= = \ O  ILC - New 240 GeV - HK 2018
= B - & . CLIC 99% - Rebaseline 2016
3 - ! ZH ° CLIC total - Rebaseline 2016
= : e -
£ 10— . \
= as : \ NG — 0
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I | . \. |\\ t\t o— o pe
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Q,

Vs GeV

] @~360 GeV it can also be a playground for Top
precision measurements, Higgs complementary
measurements and also BSM searches
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Top Mass at CEPC

- B —]
tt threshold - m{® 171.5 GeV i)

* ee-colliders provide not only the top % i i e el ot
reconstruction method but also the tt ~§ 1.2 = —isR only —FCCee 350 LS+ISA]
threshold scan @

. : Sost

* The scan is made against /s and cross- .
section is the direct observable oa :

* This brings measurements of top mass and a 02f :
bunch of other parameters B — oo

. [GeV]
* Top width -
* Top Yukawa coupling ¢ ¢ Sae |
e z ;.ﬂ_> 1{&
® aS 2*
o€ & wof=

Vs (GeV) A Mygp ATyp A ag

342.75 9 MeV 343 MeV 0.00041

00 oMy a6 Mey oo Eur Phys. J. C (2023) 83:269

343.50 15 MeV 40 MeV 0.00040

In the table, 342.75 GeV, 344.00 GeV and 343.50 GeV are optimal
energy points for top quark mass, width and «g, respectively

PKU + IHEP
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Top electroweak couplings at CEPC

v' Set constraints on new physics scale
v Very sensitive to BSM Physics
v' Test of composite Higgs models

At the CEPC, the ttV (V =7, Z ) couplings could be
probed directly through the top pair production process’

O The energy and the angular distributions of the decay products, in
particular, the charged lepton and the b-quark,... are powerful tools to
disentangle and access different components of the ttZ and tty.

Candidate pu- E

—— mu- from Wt Reconstructed Top Quark Mass
0 L T L T - select - from W->|.L a h1 Ql.Jark mass
”:’ F —— select - from W->t § 350 I f{;‘;‘,‘j” f,;‘f_i
L4 w
©  14op r —— select p- from others E f StdDev  34.59
C n o Arllf 7 300(— |
1201 M — B ‘{
= 1T 1 250
100 U - F
- ; In progress
E 150f
; NJU + IHEP
7 50— H_’
Gcfr‘ : 20 a0 """6"0' = .BIG 160 120 05— 50' 100 150 zoo 250 300 350 400 45063?0
E, GeV/ic
Xiaoxu Zhang (NJU) Mustapha Biyabi (IHEP)
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Summary |
v Top is the heaviest fundamental particle discovered so far

v' ATLAS and CMS provided many results with full Run2 dataset:

» High precision measurements

» Searching for very rare processes

» Measuring the top properties and couplings
» Setting constraints to new physics

v The very first look of the Run-3 data gives the results at the
highest CM energy in record!

v" So far, all measurements of top quark showed good agreement
with SM predictions
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Summary Il

v What can we learn from Run2?

» Theoretical advancements are still necessary to improve
simulation and to understand / reduce uncertainties

» Machine learning has significant role in top physics!
v" What do we expect for Run3?

» Statistical limited Measurements and searches will be improved
» More data will allow for reaching higher region (pT or masses) sensitive to

BSM
» Advanced algorithms will enhance the sensitivity:
—Higgs, multi-top, boosted objects, SUSY, Dark matter, etc.

More results with more data are coming. . ...
As the future: 3B ttbar at HL-LHC and XX ttbar at CEPC
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B AR AI0E:S

1932 Cockcroft-WaltonE £ FIESS

1929 Lawrence [BEEINERZS

1939 Lawrence [BIFEIMRFRFZE100 MeV

1950 Berkeley J&i+6.3 GeV 1953 Brookhaven 3.3 GeV[RE=+ @R
1954.9.29 11"\FaERE Z#tERMIZCERN

1959 CERN 26 GeV [GF[EEN01ESS

1962 StanfordZISH ZFE FNEES(20 GeV)

1967 X2 igitiEiR=> REIFE, SHIRRET,

1973 T Ba=a" (HHERARI)

1974 T &7 (Brookhaven) Richter(SLAC) &BJW(+—B =
1977 Martin Perl(SLAC) &Hit

1977 LedermanfE £ KSLI0 = (E288) &TLY (b-E5g)

1983.1 2L IF(CERN SPS UAL/UA?) RIIW

1983.6 UAL&TIZ

75



AN

AN NI NI NN NN

1960-70’s
1968 FNALFFIAZRIELINAC

v’ 1971.2.19 CERNFHIG5E1ESPS

1973-1979 TevatronXHENEFA v 1976 FRIN MGE S9XTFEH,

1976 FHintA & CDFIRNIZS

1980°s

1981 CDF HEEIRIT5ERk
1981 21N DOZLEE

1982.7.1 FF4R3EIECDF
1983 FNALZERK Tevatron
1984.11 DOSESSIZIT5ER%
1986.11.30 1.8 TeV pp XJ1E
1989 CDF FF4& Run 1F+4%

v’ 1981 KEKZEIETRISTANXTEH,
v’ 1989 KEKX([ZJTRISTANXJHEH,

ANERN

v
v
v

v

v’ 1978.6.29 UA1SCI&FRHY,

1981.7.10 SPS 55— Xpp XJHE, Vs =
540 GeV

1983.1.25,UA 1 ZEAW T A 1h)
1984.10.17, Carlo Rubbia, Simon van der
MeerFRiHaR

1981 LEP 371

1983.9.13 LEPEE T T

1988.2.8 LEPR&EIR T

1989.8.13 LEPFHIGXI4E(Ecm = 91 GeV)
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1990°s

v' 1991 DOE1&5ShX
v’ 1992.2 DOZEE5ThY
v’ 1992.5 DOFIRENE]

v 1995 CDF/D0 KIS v’ 2000.11.2 LEP %4,

2000’°s

v 2001 Tevatron Run 2

v 1992 LHC Expression of Interest

v' 1995.10 LHCSERIZIHRS

v’ 1999.5 LEP/OEEETAFI192 GeV
v 2000 LEPE/BEEIXREI200 GeV

v' 2009.11 LHC +/s = 900 GeV pp Xi1&

2010’s

2010.2 LHC 7 TeV ppXJiE

2011.9.30 Tevatron =,

2011 CMS/ATLAS EY18 5/fb IH1EEUE

2012 CMS/ATLASE{820/fb X31EEE

2012.7.2 CDF/D0 ZHhFEISHRIFHSR

2012.7.4 CERNFEA& 75 :CMS/ATLAS I FEZHkKIF
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2010.2 LHC 7 TeV ppXJiE

2011.9.30 Tevatron &4,

2011 CMS/ATLAS B8 5/fb XJiEEE

2012 CMS/ATLASEX1820/fb XJ1E8UE

2012.7.2 CDF/DO Zth FESHIRIFilrsR

2012.7.4 CERNFhEAT: CMS/ATLAS R IMFEIZEIRIF
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. X1v:2302.01283
tqy production Submitied to PRL

v" First evidence from CMS using ~36/fb of data
v" New ATLAS analysis with full run 2 data

Signal regions (NN)

Yu
ﬂﬁzm II|IIII| II|IIII| |I I|IIII|IIII|IIII|III
E 2000 ATLAS Preliminary  § Data Hegr E‘IODOO ATLAS Freliminary & Data Hegr n
15 =13 Tev, 139167 [Cey—tviy g WTr w fE=13Tev. 1380 [i—tvbyg [0y

=14 SR BEwr etz Bzr +jts ot SR By +jetz By +jsts

Post-Fit | S Pos-Fit We—r .Dmerpmmm_r_‘
Largest background from tty WA Hr—;  Dsssus ]
%2 Uncartainty %% Uncertalrty ]
g PITT[ I I [T AT [T I [T I [T AT [T I [ I I [Irrr[rirg
i T ATLAS Prafiminary o Data Eer
(it} =13 Tev, 136 [y —tviy g Ty
W0 . ch B Wy +jets WY +jets
[ Past-Fit HWe—- W= pronpt ¢
C Eo—r [CFssiepons

i

% Uncertainty

i ¥
; Dc?zﬂ D!l IJ_IE DT3 IJ_I4 015 U!E lll? IJ_IB 0?9 1 § D% l:ll_‘l IJ.IZ D_|3 U_Ill U_IE DTS D_IT IZI_IB IZI_ID 1
g 1.09) _r E - 1l
g o R Observed (expected) significance is 9.10 (6.70)
- ~40% higher that prediction
Parton level cross section: o(tqv) B(t — ¢vb) = 580 + 19(stat.) + 63(syst.)fb

Particle level cross section  o(tgy) B(t — fvb) + o(t — fvby)q = 287 + 8(stat.) T3 (syst.)fb

Compatible with the SM within 2.5(1.9)o at parton(particle) level
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EPJC 81 (2021) 737 ttZ measurements

Events / bin

Data/MC

( T e o]
Channel Hiiz S omer T i |
Trilepton 1.17 £ 0.07 (stat.) +8 }% (syst.) oo ‘ 1
0.50 ! o
Tetralepton 1.21 + 0.15 (stat.) +8 {(1) (syst.)
Combination (3¢ +4¢) | 1.19 £0.06 (stat.) +0.10 (syst.)
v" Precision 10% HE
v Slightly higher than prediction N
L J
» Measurement of ttZ(bb) and ttH(bb) in boosted regime 4:xiv:2208.12837
CMS rreiiminar 59710 (13 TeV)
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NN in e =
P I 25 | e | C % e
t + bb +D t _ +086 +0.72
. “ l::+LF tt+ ct stZlisys. HiH 277 —0.65
. ' ' : F‘- lV+jets
10°F ' . . ..
2 -"" "'"' - ' o | - . ‘_- . Limited by statistics
5 : '- .- ' ﬁ* +¢~ B ; _ CMS profiminary 1381b” (13 TeV)
h'“'--—'f" : : ;H:_ , l- ﬁﬂ# 2,k ggzog't *SM ¢ Bestfit . !
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L
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15} " | ++ - ,+ }
;g I ) e b | W*M'*+ ++++ has +++w T 1t
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Events / 12 GeV

Data/Pred.

Top pair & Z boson production at new energy

Top enriched ey events

10° E
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10°
10?
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ATLAS Preliminary e Data

Vs =13.6 TeV, 11.3 fb'' [ ti Powheg+Pythia 8
m SingleTop tW-chan
Diboson
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mm Z Sherpa
<~~~ Uncertainty
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Leading lepton P, [GeV]

T
TLAS Prellmlnary e Data

13.6 TeV, 11.3 fb' i Powheg+Pythia 8

mm SingleTop tW-chan
Diboson

IR Mis-ID leptons
m Z Sherpa
+77- Uncertainty
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w

%W %////;‘/{/;9‘///;4/// G ///////

0

b -tagged 77% WP jet muIt|pI|C|ty

boson cross-sections, and the ratlo at 13.6 TeV

* Limited by the preliminary
luminosity, but cancelled for the
ratio!

* Measured values are consistent
with the SM prediction using the
PDF4LHC21 PDF set.

O-(H) =839t4 (stat} 22 ~ (syst) — =19 (lumi) pb

Rz = 1.144 £0.006 gy + 0.022 o +0.003

<< (syst) — (lumi)

ATLAS-CONF-2023-006
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