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Interests in the Top quark physics &

........ eesec

 Top quark?

— Most massive elementary particle so far
discovered

. "Production
. : - Properties
with a mass ~ 173 GeV Mass. Width, test QCD,

. . . : test EW,
strong coupling to Higgs boson el BSM, Ac,

« many BSM particles strongly couple with charge 11X
top quark

e Studying top quark M
— Precision test of pQCD, EWK Y Decay

— Many BSM searches from top production, " test EW,
properties and decay

— Important background for a lot of LHC
searches
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LHC is a Top-factory

In the LHC-Run2 (2015-2018)
— 140 fb™! X 832 pb ~ 1.2 x 108 tt pairs were already produced
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— The goal: precision test of SM and BSM searches using huge tt sample
* allow to measure very rare SM processes
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Top quark production at the LHC

Pair production through QCD
 gluon-gluon fusion: 90%@ | 3TeV

e gq annihilation: 0% @ | 3TeV

¢ o4 ~ 832 pb (NNLO+NNLL) @ |3 TeV

gg fusion qq annihilation

Single top production

« EW production 72 pb 10 pb

Many rare production t-ch
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Top quark signal

« Top quark decay to W+b (V,~1)

can be categorized
by W-boson decay

electron+jets
muon+jets
tautjets

tautjets
muon+jets

b

electron+jets
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« Final state objects cesolved
High-p+ leptons or/and quark jets eSOVE

Neutrino
= Can be detected as large Missing E+ (MET)

b-jets
« b-tagging

Top jet (boosted top)
* top tagging
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production cross-section measurements
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tt production cross-section measurements

Can precisely test pQCD
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Measurements have been performed in the various CMS-energy/final-state
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Tevatron combined 1.96 TeV (L < 8.8 fb” )
CMS dilepton,l+jets 5.02 TeV (L=27.4pb b
ATLAS eu 7 TeV (L= 4. 6 fb™)
CMSen7TeV (L=5fb")

ATLAS eu8TeV (L=20.2 fb )
CMSen8TeV (L=19.7f7)

ATLAS+CMS Preliminary Nov 2020
LHClop WG

LHC combined ep 8 TeV (L = 5 3-20.3 fb™) LHCtopWG

ATLAS ep 13 TeV (L = 36.1 fb’ b)
CMS ep 13 TeV (L =359
CMS t+e/p 13 TeV (L = 35.9 fb’ )
ATLAS l+jets 13 TeV (L = 139 fo )
CMS lsjets 13 TeV (L = 2.2 fb™)
CMS all-jets* 13 TeV (L = 2.53 fb™)

Preliminary

ms NNLO+NNLL (pp)
mms NNLO+NNLL (pp)
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op = 1725 GeV, o (M

NNPDF3.0, m

900

800

700

Vs[TeV] |
) =0.118 + 0.001

ATLAS+CMS Preliminary
LHCIOpWG
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" my, =172.5 GeV, (M) = 0.118:0.001

scale uncertainty
scale @ PDF @ a, uncertainty
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total stat
o+ (stat) + (syst) £ (lumi)

ATLAS, dilepton epn
EPJG 80 (2020) 528, L =36.1 10"

826+4+12+ 16 pb
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ATLAS, I+jets
PLB 810 (2020) 135797, le =139

CMS, dilepton e
PRL 116 (2016) 052002, L =43pb’!, 50 ns

CMS, dilepton ep
EPJC 79 (2019) 368, L =359 ", 25 ns

CMS, dilepton t+e/pu
JHEP 02 (2020) 191, L, =359 1b", 25 ns

CMS, I+jets
JHEP 09 (2017) 051, L =2.2 b, 25 ns

CMS, all-jets *
CMS-PAS TOP-16-013, L =2.53 fb”, 25 ns
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EPJC (2020) 80:528

o, measurement in eu final state
« Whyeu? 220

200
— Cleanest channel 180

160

— ee/uu: Need to care Z-boson+jets background 140

120

03

® Data 2015+16

I
A TLAS B [ tt Powheg+PY8
{s=13TeV, 36.11b —

Z+jets
% Diboson
Mis-ID lepton

-~ Powheg+PY8 -
+- Powheg+PY8 RadUp ™
~f Powheg+PY8 RadDn_—|
- aMC@NLO+PY8

\I\‘I\I‘\I\‘HI|\H|I\I‘Ii
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e Event selections

— Opposite charged eu pair

 Same charged pair for fake estimation

— 1 or 2 b-tagged jets

MC / Data
!

« Extract cross-section and €, simultaneously

— €p; b—-tagging efficiency, dominant source of unc.

— Use following equations

bk
N1 = LO’,f eeu_Ze/,(l Cbé/;) + N . stat syst lumi

“ o = 8264+ 3.6 + 11.5+ 15.7 & 1" pb,

2.4% total uncertainty

estimate from MC
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PHYS. REV. D 103, 052008 (2021)

Differential cross-sections I e

,CMS 35.9 16" (13 TeV)
; T T T ‘ T T T T T | T T T | T ;

Differential cross sections can be used = arias . o

F Vs=13TeV,36.1 10" PWG+PYE
- s« PWG+PY8 Up

to test SM predictions and MC T 0L s e

generators e

T I T T T
F Particle level
I All-jet channel —4— Data

[_] Total unc.

[] POWHEG+PYTHIA8

[ aMC@NLO+PYTHIAS
] POWHEG+HERWIG++
Stat.+Syst. unc.

— Precision measurements are
sensitive to new physics

[ o

A lot of measurement have been
performed
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Vs=13TeV, 36.1 " T s L All-jet channel —4— Data
asmimin +| ad. Up i -
Resolved FWG-PYE Rad. Down i ] Total unc.
Fiducial phase-space a » [——] POWHEG+PYTHIAS
F [ aMC@NLO+PYTHIAS

[ POWHEG+HERWIG++

35.9 b7 (13 TeV)
=

— Significant over-prediction of g, at
higher p+'
(also Njes and pr i)

t1
1o, - da I dp!' [1/GeV]

— Better models are needed to
reproduce the data well

Data

Prediction  Prediction

Data

1 1 l | | 1 l | | 1 | | | 1 | 1
800 1000 1200 1400
Pl (GeV)
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top mass measurements
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Mass of the top quark

The measured m; and m; are at the boundary between stable
and metastable
= omy =~ 0.2 GeV (Recent LHC status)

- m; measurement is becoming more important

Top pole mass M; in GeV

Stability

What is the mass of top quark?

MC mass? mM¢

122 124

126

128

136 132

Higgs pole mass M, in GeV

Best 6mM¢ ~ 0.5GeV (Run-I comb.)

pole

Pole mass? m;

How to measure them?

Direct measurement; m

MC
t

* Reconstruct from top decay

objects

— Indirect measurement; m;

pole

e Extract from measured

cross-section

TopLHC K.Kawade

ATLAS+CMS Preliminary
LHCIOpWG
World comb. (Mar 2014) [2]
stat
total uncertainty
LHC comb. (Sep 2013) Lictopwo
World comb. (Mar 2014)
ATLAS, I+jets
ATLAS, dilepton
ATLAS, all jets
ATLAS, single top
ATLAS, dilepton
ATLAS, all jets
ATLAS, I+jets
ATLAS comb. (Oct 2018)
CMS, I+jsts
CMS, dilepton
CMS, all jets
CMS, l+jets
CMS, dilepton
CMS, all jets
CMS, single lop
CMS comb. (Sep 2015)
CMS, |+jets

My SUMMary, Vs = 7-13 TeV  May 2019

total stat

m,, = total (stat= syst)
173.29+ 0.95 (0.35+ 0.88)
173.34+ 0.76 (0.36+ 0.67)
172,33+ 1.27 (0.75£ 1.02)
173.79+ 1.41 (0.54 1.30)
17514 1.8 (145 1.2)

17222 2.1 (0.7+ 2.0)

172.99+ 0.85 (0.41% 0.74)
173.72+ 1.15(0.55£ 1.01)
172.08+ 0.91 (0.39+ 0.82)
172,69+ 0.48 (0.25+ 0.41)
173.49+ 1.06 (0.43: 0.97)
172,50+ 1.52 (0.43% 1.46)
173494 1.41 (0.69: 1.23)
172.35+ 0.51 (0.16+ 0.48)
172,82+ 1,23 (0.19£ 1.22)
172,32+ 0.64 (0.25% 0.59)
172.85+ 1.22 (0.7 0.95)
172.44+ 0.48 (0.13+ 0.47)
172.25+ 0.63 (0.08: 0.62)

, dilepton
CMS, all jets

172,33+ 0.70 (0.14.£ 0.69)

172.34+ 0.73 (0.20= 0.70)

s Ref
7TeV [1
1,967 TeV [2]
7 TeV [3]

7 TeV [3]
7TeV [4

8 TeV [5]

8 TeV [6]

8 TeV [7]

8 TeV (8]
7+8TeV [8]
7 TaV [9]

7 Tev [10]
7TeV [11]
8Tev [12]
8 TaV [12]
8 TaV [12]
8 Tev [13]
748 TeV [12]
13 TeV [14]
13 TeV [15)
13 TeV [16]

ATLAS+CMS Preliminary
LHClopWG

total stat

o(tt) inclusive, NNLO+NNLL
ATLAS, 748 TeV

CMS, 7+8 TeV

CMS, 13 TeV

ATLAS, 13 TeV

My, from cross-section measurements

Sep 2019
My, * lof (stat + syst + theo) Ref.

172.9 ¥
173.8 57
169.9 57 (0.1+ 1.5 4#)
1731 20

o(tt+1]) differential, NLO
ATLAS, 7 TeV

CMS, 8 TeV
ATLAS, 8 TeV

1737 22 (15+1.4 9
1699 57 (1.1 57 59)
1711 98 (0.4 £0.9 0)

o(tt) n-differential, NLO
ATLAS, n=1, 8 TeV

173.2+1.6(0.9£08 £1.2)

CMS, n=3, 13 TeV

170.9£0.8

My, from top quark decay

CMS, 7+8 TeV comb. [10]
ATLAS, 7+8 TeV comb. [11]

3006
2302 (2018) [
7804

165 170
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EPJC (2018) 78 891 |

Direct measurement N

x10° CMS 35.9 ol (13 TeV) CMS 35.91" (13 TeV)

Reconstruct m, from decay objects 3 00 mmteorect  mORGEU T F1000l Wwcomeer [t
L []1t unmatched 5%{ %t?nulhiet ] - [t wrong ¢ Data

— Assignment of observed jets - b 1 0CD mu

— Jet energy scale (JES) calibration is
the key

v Using W boson mass to reduce JES
uncertainties

Results

Data/MC Permutations

micee [GeV]

lep+jets ch
. hyb wCMS 359! (13TeV)
n, Y® = 17225 + 0.08 (stat+]SF) & 0.62 (syst) GeV, 28I =23

JSFPY® — 0.996 -+ 0.001 (stat) 4 0.008 (syst).
all-had ch

miY® = 172.34 + 0.20 (stat+]SF) + 0.70 (syst) GeV,
JSE™Y® = 0.997 £ 0.002 (stat) - 0.007 (syst). NS

Combination ¥ \\\ / /ﬁ

172.26 + 0.07 (stat+]JSF) + 0.61 (syst) GeV. Tost N/

1720 1721 1722 172.3 1724 1725 1726 172.7
m, [GeV]
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Eur. Phys. J. C (2020) 80:658

pole
m measurement

t cMS
L L DL LI DL L DL | L
pole 300<M(t) T 400<mch) | s500<M(th) ] 300<m(®) T 400<m@®) T 500<M(ff) |

¢ IS sensitive to m;
— Differential cross-section do,;/dX has R TR S T I
better sensitivity
But:-- there are a lot of parameter
sensitive t0 oy;
- PDF, a., mf(’le, etc
Simultaneous measurement of PDF, a.,

35.9 fb™ (13 TeV)
] L

o
¥
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-
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1/ dold|y(t)|

mP°'® from triple-differential cross section

1 2
— as a function of N, my; and yy, Iy(€h)

34 - / _ _ 4 ,
d°0r¢/dNjesdmgdy L 359MIMTeV) CMS____ 359713 TeV)
[N, Mtt).y(tt)] [N, M(tt).y(tt)]
—8— 0(m,) with total unc. —e— m°* with total unc.
— data unc. — data unc.

° . . Ole —— PDF unc. —— PDF unc.
Most precise determination of m! e I
HERAPDF20 HERAPDF20

m’° = 170.5 + 0.8 GeV

World average [PDG2018] World average [PDG2018] ——i

PR R T S R R I T T T [ R L | T R
0.09 0.1 . . . 165 170 175

mP°' [GeV]
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PLB 803 (2020) 135263

Running of the top quark mass

In MS scheme, the value of m; depends on energy 35.9 15" (13 TeV)
scale (o my)

Data unfolded to parton level

TAmtf [pb]

HIT|HH|

e

t

NLO predictions in MS scheme
wo=po=m

ABMP16_5 nlo PDF set

— Like ag

. dm(m)
= running of m,(u,,) /12cl/_1/2 — —y(as () m(),

tt

do./dm

H|I\H‘IIH‘\II\‘HE'I

Differential cross section as a function of my,

\I‘I\I‘I\I‘II\‘\\\l\l\‘\l\
800 1000 1200 1400 1600 1800 2000

Running factor extracted by comparing to NLO my [GeV]
predicTions 35.9 b (13 TeV)

%
=
=
—
=
=

ABMP16_5_nlo PDF set
no = 476 GeV

HD = uref

The extracted running is found to be compatible
with the scale dependence

—_

— no-running hypothesis is excluded at 95% C.L.

The running iS prObed up 1o - | TeV NLO extraction from differential o,

Reference scale p ]
One-loop RGE, n = 5, us(mz) =0.1191

\\‘I\II‘I\\\ll\l\l\\\\l\ll\‘\l\ll\l\\
400 500 600 700 800 900 1000
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ATLAS-CONF-2019-038

Top decay width

« Top decay width; One of the fundamental properties of the top
quark

— Direct measurement from my,
m;,: Invariant mass of charged lepton
and bottom quark in top decays

¢ Indirect measurement: T, = 1.36 + 0.02(Stat)f8:{‘ll(syst) GeV
— Could hint
 non-SM decay channels of the top quark
ion of fop-quark couplings

———— ]
— i lati imil -
C ATLAS Simulation Preliminary 132GeV —o20Gev
[ -1 -
[ Vs=13TeV, 13910 —1.00GeV —1.80GeV

— eu —3.00 GeV —4.00 GeV

Events / 6.5 GeV

« modificat
A L B B B B 9
£ ATLAS Preliminary -4-Data i E T T e T T T T T

-4500(]? Vs =13 TeV, 139 fo" W SingleTop  Other

40000/ 1 Ml Lep. fakes’ Uncertainty —|
£ Post-Fit ]

5 GeV

ATLAS Preliminary
Dilepton channel
Vs=13 TeV, 139 fb”'

Events / 6

w
f3.)
o
=2
o

30000

F =1.9+0.5GeV
2oooo§ ; top
:1.32 GeV @ m., = 172.5 GeV

150005
100005

50005

0+
1.1E

g B B BB -9 —O- e
e g grb-g g -

0.9F 3

Data / Fit

085 40 60 80 100 120 140
reco my, [GeV]
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top-Higgs coupling

a big milestone @ LHC
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'I' 'I'I I Phys.Lett.B 784 (2018) 173-191

Uncertainty source Aoy /ogy 1%]

. . . Theory uncertainties (modelling) 11.9
Direct probe of top-Higgs coupling (T + heavy flavour 9.9
ttH 6.0

Non-ttH Higgs boson production 1.5

g Other background processes 2.2

Experimental uncertainties 9.3

Fake leptons 5.2

Jets, Emiss 4.9

Electrons, photons 3.2

Luminosity 3.0

T-leptons 2.5

Flavour tagging 1.8

g MC statistical uncertainties 4.4

. . ATLAS e Total Stat. [ Syst. — SM
— One of the primary target in LHC (5= 13 ToV, 36.1 - 79.8 "

thSiCS Total  Stat. Syst.

tiH (bb) = 079+ o5 e .£0.53)

0.60 0.28

Covered various Higgs and top pair decay

modes fiH (mutilepton) 1 186+ 0% (+ 38,4 32)
— Machine Learning based analysis i (yy) 139+ 048 (4 0%
Observation (ex of ATLAS)
— b.8 0 significance @ Run2
— 6.3 0 significance @ Runl| + Run2

<1.77 at 68% CL
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Rare top quark processes
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SM rare process

 Is the SM still correct in extreme phase space?

— Can be tested in rare SM process
Ex)
« ttbb, ttX, tttt
— Very rare SM processes
— Can be measured thanks to huge LHC data

— Important backgrounds for future
BSM searches

« FCNC tx*
— Not sensitive at the LHC titt
— If BSM exist, possible enhance Visita)

Probability of observation

cLFV, FCNC
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.I..|._|_x prod uc_rion Phys. Rev. D 99, 072009

1@

« Associate production with Vector bosons or photon Tevatron

—_—.

— veryrare oux°M < 1pb (& 0;°M~1 nb)
— LHC has more ttX than tt at Tevatron
— important to ttH, VLQ, SUSY searches

TopLHC K.Kawade

tt+2Z
— Sensitive neutral current coupling between t and Z
— Sensitive EFT operator related to tZ coupling

— BSM can alter cross-section CSM — T3 _ 2Q,sin?(Ow

Ty P(CPM —45C3M)
— Sensitive to ty electroweak coupling cSM =713
tt+W
— Having Same sign lepton pair final state
* Very rare for SM processes
Important final state in the many BSM searches

2021/5/12



Status of t++X
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ATLAS+CMS Preliminary
LHCIopWG

G4, = 0.59 ;5 (scale) + 0.01(PDF) pb
Eur. Phys. J. C 80 (2020) 428
NLO(QCD+EW)+NNLL

Omeas. T (Stat.) £ (syst.)

0.87 £0.13£0.14 pb

tW

+0.12 40.13
0.77 041 .12 PP

1.05 +0.05 +0.09 pb
ttZ

0.95 +£0.05+0.06 pb

tty 0.59+0.01%0.03pb

Vs = 13 TeV, September 2020

o, =0.86 )y, (scale) + 0.02(PDF) pb

Eur. Phys. J. C 80 (2020) 428
NLO(QCD+EW)+NNLL

o4, = 0.56 +0.10(tot.) pb
Phys. Rev. D 83 (2011) 074013
NLO QCD

total  stat
L 1 o 1 ]
I L] v L |

ATLAS, L _=36.1 fo!
Phys. Rev. D 99 (2019) 072009

CMS, L _=36.11fb"

JHEP 08 (2018) 011

ATLAS, L =139 fo!
ATLAS-CONF-2020-028

CMS, L =775 fo!
JHEP 03 (2020) 056

ATLAS, L_=36.1 fo,
p.(y) > 20 GeV
Eur. Phys. J. C 79 (2019) 382

| 0.8 1.2 1.4
6., [Pb]
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Eur. Phys. J. C (2020) 80:1085

Four tops; tttt

. agﬁf~12 fb - Extremely rare process
— CP properties of the Yukawa coupling

— Many BSM enhance four tops

— ‘ T T T | T ‘ T T T | T T ‘ T T

_ ATLAS +4-Data Ittt

- {s=13TeV, 139" [JW mtiz
Wt []Q mis-id
Pl Mat. Conv. [@HF e
WLow m. [l HF u
[ Others [ttt
ZzUncertainty

Event selection

— same-sign lepton pair

at least three leptons ., |

BDT employed to separate signal and backgrounds 2 0s WM%WM
« ex) Jet multiplicity, jet flavor and event kinematics NI B R

Sum of b-tag scores

or -

7,
TR N
16
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Eur. Phys. J. C (2020) 80:1085 T T T

— — T L T T T ‘ T T T
P [ ATLAS +-Data B it ]
esu S T {s=13Tev, 139%™ [Jftw mtz ]
9 - SR mtH ]Q mis-id —
| Post-Fit W Mat. Conv. [HF e ]

HlLow m,. BHF u

« Signal and backgrounds S WOers A
normalizations are determined

by likelihood fit
— to the BDT

T UL L I EULL I
_ ATLAS 4-Data I it
s= Otw mtz
SR Wt JQ mis-id
Post-Fit @ Mat. Conv. [ HF e
HlLow m.. BEHF u
[ Others [ttt

Uncertainties 7 Unoertainty
Signal like

N
w
_|
®

<
N
w
©
—h
o,

Events /0.1

12 14 16 18
Sum of b-tag scores

— Signal modelling

* cross-section

TLAS +-Data Ittt

s=13TeVv, 139"  [JW mtiz

DT>0 mtH []Q mis-id

ost-Fit HHF e B Mat. Conv.
BHF u .Lowmy.
[l Others ottt

2z Uncertainty

BDT>0

s>

« modelling
— 1ttW modelling o R e

1.5F

T @

— Statistical unc.

0.5

Data / Pred

S T T R B
—%.8 06 -04 -02 O 02 04 06 08 1

BDT score

Measured cross—-section is
oriri = 24 & S(stat) 2 (syst) fb = 24 1/ fb.
Standard Model expectation of o;77 = 12.0 = 2.4 fb.

Data / Pred.

4 |7 ), 7
analiins

M6 18 20 22
TopLHC K.Kawade 2021/5/12 Sum of b-tag scores




FCNC

F I avor- C h an g | N g N e UT ro | C urre n-|- ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS

LHCtopWG [1] JHEP 05 (2019) 123 [2] JHEP 02 (2017) 079
[3] JHEP 06 (2018) 102 [4] PLB 800 (2019) 135082 (LH only)

- STroneg suppressed in the SM ( | O_M) September 2020 [5] JHEP 04 (2016) 035 [61 EPJC 76 (2016) 55

[7] JHEP 02 (2017) 028 (8] JHEP 07 (2018) 176

[9] CMS-PAS-TOP-17-017 [10] JHEP 07 (2017) 003

- B S M C O n e n h O n C e B R gl?g’t,h@g;scsezrsn:ssg:tzero Theory predictions -—SM 2HDM(FV) 2HDM(FC)
from arXiv:1311.2028
Process SM 2HDM(FV) 2HDM(FC) MSSM  RPV

t—Zu 7x10717 - — <1077 <107

t— Zc 1x10714 <10°¢ <107 <1077 <10°¢
t—>gu 4x10714 — — <1077 <10°°
t—gc 5x10712 <10~¢ <108 <1077 <1076
t—>~yu 4x10716 — — <107 <107°®
t—vc 5x10714 <1077 <10° <107% <1079
t—hy 2x10717 6x1076 - <10~ <107Y
t—he 3x10715  2x1073 <105 <107 <107°

Approaching from production and decay
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Prospects;
Bl HL-LHC improve factor 4 (see ATL-PHYS-PUB-2019-001]

t

TopLHC K.Kawade rZgH 2021 /5/12




Summary

Various top quark
measurements have been
performed

— Only small part are
showed in this talk:--

SM still powerful to describe
top production in the wider
range

Systematic already became
dominant uncertainties

— Improve modelling
— Improve analysis

A lot of analysis is ongoing,
Stay tune

Hope synergy between LHC
and ILC in top physics

TopLHC K.Kawade

Top Quark Production Cross Section Measurements Status: November 2020

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

-n:p-_o__n_

- Theory

LHC pp Vs =7 TeV

Bl Date 45-466"

LHC pp Vs =8 TeV

B Data 202-203"

LHC pp Vs =13 TeV

Bl Data 32-139f"
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