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he Top Quark

J The unique quark that decays before the hadronization [lifetime ~ 0.5x10%* sec]

J Scope of studying the bare quark through its decay products

(J Heaviest known elementary particle
d My, =172.76 £0.3 GeV/c? [PDG 2020]

J Known properties within the SM:
) Electric charge +2/3 e
J Strong & electroweak production
J Isospin partner of bottom quark
) Large coupling to the Higgs boson
J Special role in EWSB
J Br(t>W+b)=100%
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LHCTopWG Myop SUMMary, Vs = 7-13 TeV  April 2021

"""" World comb. (Mar 2014) [2]

stat total stat
total uncertainty ) m,, * total (stat + syst) Vs  Ref.

LHC comb. (Sep 2013) LHctopwe ¥+ 173.29 + 0.95 (0.35 + 0.88) 7TeV [1]
World comb. (Mar 2014) H*H 173.34 + 0.76 (0.36 + 0.67) 1.96-7 TeV [2]
ATLAS, I+jets H—=—+d 172.33 £ 1.27 (0.75 £ 1.02) 7TeV [3]
ATLAS, dilepton ——— 173.79 £ 1.41 (0.54 £ 1.30) 7TeV [3]
ATLAS, all jets FH——=— 175.1£ 1.8 (1.4+1.2) 7TeV [4]
ATLAS, single top —t——t— 172.2+2.1 (0.7 2.0) 8 TeV [5]
ATLAS, dilepton H—-%—| 172.99 £ 0.85 (0.41+£ 0.74) 8 TeV [6]
ATLAS, all jets Hi—— 173.72 £ 1.15 (0.55 £ 1.01) 8TeV [7]
ATLAS, l+jets e 172.08 £ 0.91 (0.39 £ 0.82) 8 TeV [8]
ATLAS comb. (Oct 2018) H*H: 172.69 +0.48 (0.25 £ 0.41) 7+8 TeV [8]
ATLAS, leptonic invariant mass (*) H-=H 174.48 + 0.78 (0.40 + 0.67) 13 TeV [9]
CMS, l+jets e 173.49 + 1.06 (0.43 £ 0.97) 7 TeV [10]
CMS, dilepton e+ 172.50 + 1.52 (0.43 + 1.46) 7TeV [11]
CMS, all jets —=—— 173.49 + 1.41 (0.69 + 1.23) 7 TeV [12]
CMS, l+jets HeH 172.35+ 0.51 (0.16 £ 0.48) 8 TeV [13]
CMS, dilepton l—H-l——| 172.82+1.23 (0.19£1.22) 8 TeV [13]
CMS, all jets HeH: 172.32 + 0.64 (0.25 + 0.59) 8 TeV [13]
CMS, single top H—es=H 172.95 + 1.22 (0.77 £ 0.95) 8 TeV [14]
CMS comb. (Sep 2015) un 172.44 +0.48 (0.13 £0.47) 7+8 TeV [13]
CMS, I+jets — 172.25 + 0.63 (0.08 + 0.62) 13 TeV [15]
CMS, dilepton L 172.33 £ 0.70 (0.14 £ 0.69) 13 TeV [16]
CMS, all jets o] 172.34 + 0.73 (0.20 + 0.70) 13 TeV [17]
CMS, single top (*) o 172.13+0.77 (0.32 £ 0.70) 13 TeV [18]

: [1] ATLAS-CONF-2013-102 [7] JHEP 08 (2( 8 [13] PRD 93 (2016) 072004
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Why Top cross-section?

» The total cross-section for any physics process at the hadron
collider is convolution of parton-level cross-section and the
Parton Distribution Functions (PDF):

olpp — A+ X) = Z / fai (26, Q%) fo, (25, Q)0 (qsq; — A)dz;da;
]

» Inclusive and differential measurements can be the crucial
probes for SM & BSM physics

» Test for the perturbative QCD at NNLO precision
» Constraints on the PDFs further

» Differential measurements are sensitive to top mass and
polarization, ag, PDF, etc.; furthermore, it can scrutinize
different phase space regions

c (nb)
events / sec for £=10> cm™s

» Determination of the SM parameters and measurement of - ;_MH=125GeV{ ; 1 I P
the rare processes (tt+W/Z/y, t+Z, etc.) w0 1 10°

> Constrain New physics: Anomalous couplings, direct w07 L0 TR Lo o
searches (tt resonances, W' —>tb, stop decays...) | E (TeV)
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Dominated by tt pairs productions
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quark-antiquarkannihilation
(~10%)

Single top-quark productions
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Covered in this talk

gluon-gluon fusions
(~ 90%)
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Top quark production modes at LHC

Other productions
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t-channel tW associated production s-channel
(~73%) (~24%) (~3%)
See the talk by
Mathis Kolb
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Decay of Top quark
 SM Br(t->W+b)=100%

* Final states determined through the decay of W*
bosons from top and antitop quarks.
* Alljets: & —=bW*bW~—bbqq'qq
* High branching ratio but large QCD
background
* 26 jets, 2 b-jets
* lepton+jets: 7 —=bW*TbW~—bbqq'l"v

Top Pair Branching Fractions

“alljets™ 46%

* Moderately high branching ratio but
relatively low background

¥ C“l@pt@ﬂj it =bWTbW— — bbl*vI-V

* Low branching ratio but clean signal

THjets 15%

* Similarly different final states for single
top/electroweak top production

e Dilepton: tW™—=bW*W~—bl*viv

p+jets 15%

. etjets 15% )
"dileptons™ "lepton+jets™

* Semileptonic s-channel: b —bW*b —bbl*v
HQL 2021, Warwick, UK, September 13-17, 2021



LHC Performance

CMS Integrated Luminosity Delivered, pp

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

— 80T ol - ~ 100 = "2010, 7 TeV, 45.0 pb ' 100
£ [ ATLAS Online Luminosity - T — 2011, 7 TeV, 6.1 b "
> 70 2011pp {5=7TeV = & —— 2012, 8 TeV, 23.3 1 |
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Date (UTC)

Month in Year

R After the glorious Run I, LHC have been operated at Vs=13 TeV during 2015-18

R Both ATLAS and CMS have completed Inner detector upgrades during the Extended Year-End
Technical Stop (EYETS) at the end of 2016 operation; average pileup events increased during
2017 and 2018 operations

& LHC performed exceedingly well during Run II and both the detectors have recorded ~150 fb-! of
pp collision datasets at Vs=13 TeV
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A . - . .
T Inclusive ¢t production cross-section
A
S Phys. Lett. B 810 (2020), 135797; arXiv: 2006.13076 [hep-ex]
x10” x10° x10”

8 ; rrTTTT T T ‘a‘a\ T \7‘ TTTTTH % 200;‘ T T T T T T T ‘a‘a T L T ‘7 g 200;‘ TrTrT T T T ;a\ T ‘7\ T ‘{ . .

2 1800 ?ET:?: TeV, 139 fb” ;gintgle top DSVﬂ'etS (05 180F- ?ET:?: TeV, 139 fb” ;gintgle top D:/tVﬂ'etS 2 10 %T:l:gTev, 139 fo" ;gintgle top D:}Vﬂ'ets E Dominant Systematlcs

%’ 1600~ SR1 Other bkg.”~ Uncertainty = F SR2 Other bkg.” Uncertainty S I SR3 Other bkg.” Uncertainty

0>-> E Post-Fit E ® 160 Post-Fit — Lﬁ 160— Post-Fit =
1400(— — S C ] L ]

(i 1400 ] 2 110 140 Category A(%d [Fo]  Aine [ofq)]
1200:7 E 1200 120F - - =
1000 . OOE 10 Oi Signal modelling
800F 80 80| tt shower/hadronisation +2.8 +2.9
6001 60F 60] tf scale variations +1.4 +2.0
400 s0f 40F . Top pt NNLO reweighting  +0.4 +1.1
2008 zof 7 20; —f tt hdamp +1.5 +1.4

g 0:1} e ‘ 0:1H}:H}:H_H_H_H‘_f ; oi—z—muu}iiu}uuimﬁ 1t PDF 1.4 1.5

@ 101 . 8 101 ] 8 101 . ;

e I L Background modelling

£ o099 - £ o099 4 £ o099 : -

0 09802 05 04 05 06 0 0% 3 60 s0 100 ‘12‘0.‘ a0 e R TR MC l').ackground modelling +1.8 £2.0

Aplanarity min [GeV] ARSJ}J{Q Multijet background +0.8 +0.6
. . Detect delli
> Lepton+jets channel analysis based on the full Run 2 dataset ToTormore e
« e . . Jet reconstruction +2.5 +2.6
» Electron/muon + missing E;, m{W, 2 4 jets, 2 1 b-jet Luminosity Y il
» 3 different signal regions (SR) based on # of jets and b-jets gla.vgur ta%ging i(l)g i(l)g
. . e . MISS + pile-up +0. +0.
» WH+jets, single top and multijet QCD are the dominant background Muon reconstruction £0.6 +0.5
> Profile likelihood fits (in separate signal regions) to extract the o) st e
. . . . . Simulation stat. uncertainty  +0.6 +0.7
inclusive and fiducial cross-sections: o oo ey 2T Tie
. Data statistical uncertainty +0.05 +0.05
Tinc = 830 = 0.4 (stat.) £ 36 (syst.) = 14 (lumi.) pb = 830 + 38 pb. ,
Total uncertainty +4.3 +4.6

oig = 110.7 + 0.05 (stat.) 33 (syst.) = 1.9 (lumi.) pb = 110.7 + 4.8 pb.
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CMS

A . - L] .
T Inclusive £t production cross-section - N enss = Nigg
A [t =
- geAeL
(] {
LHCTopWG
ATLAS+CMS Preliminary i 3 = T 7 T T | T T T I T T T T T ] T T T | T | N E—
LHCtop WG G - summary, s = 13 TeV April 2021 v Tevatron combined 1.96 TeV (L < 8.8 fo™) -
NNLO+NNLL PRL 110 (2013) 252004 ) = = ATLAS dilepton® 5.02 TeV (L = 257 pb’) ATLAS+CMS Preliminary May 2021
"""" +172 5 GeV, o (M ) = 0.118+0.001 ——— (- I~ e CMS combined eu, |+jetS 5. 02 TeV (L 27.4-304 pb ) LHCtOp WG
S(;;Te_uncenalnty total stat @] ~ m ATLASeu7TeV(L=4. 6 o™ —
scale ® PDF ® o uncertainty 5,0+ (stat) + (syst) + (lumi) 5 - e ﬂ"& 2“67 ;eT\g/L(L 5 fzbo )2 ) LHCTopWG
n
. : (O]
ATLAS, dilepton e ] e CMSeu8TeV(L=19.7fb")
EPJC 80 (2020)p 528, LHt =36.1 1" H-I 826+4x12£16pb 3 1 03 :—: kT'EA?r:EI?gqF :\p; ?LTe\S/ 6(I; fb5 )3 -20.3 fb™) LHCtopWG =
. N — -
ATLAS, |+jets [ 830+ 04+36+ 14 pb — v CMSeu13TeV(L=3591fb") 7
PLB 810 (2020) 135797, L =139 fb™! P e | ¢ CMS t+e/n13TeV (L=35.9fb ) _
" (&) | O ATLAS l+jets 13 TeV (L= 139 fb Y i |
CMS, dilepton ep H—e—+ 746 + 58 + 53 + 36 pb = A CMS I+jets* 13 TeV (L = 137 o) : .
PRL 116 (2016) 052002, L =43 pb' 50 ns P "q_)' — O CMS all-jets* 13 TeV (L = 2.53 fb ) 900'_ J
CMS, dilepton ep H—E 803+ 2 +25+ 20 pb = ol * Preliminary I ogaal #. 1]
EPJC 79 (2019) 368, L =859 1b", 25 ns o 1 0 = - * ' 1 3
E = 800F STATT A3
CMS, dilepton t+e/n —a— 781+ 7 +62+20 pb (&) — i | -
JHEP 02 (2020) 191, L =359 10", 25 ns £ B 700} ]
CMS, I+jets 1 H—i 888+ 2+ 26+ 20 pb B ——— NNLO+NNLL (pp) [ ] :
JHEP 09 (2017) 051, Lim =22fb",25ns — NN LO+NNLL (pp) i ) | . ) ]
CMS, all-jets * —te | Czakon, Fiedler, Mitov, PRL 110 (2013 252004 13 Vs[TeV]
CMS—PAaS Tjgpisfms L =253b",25ns : 83425+ 118£23pb 1 O =i NNPDF3.0 1 ( ) 18 + 1 =
Ly =2 s — .0, mtop =172.5GeV, o (M Z) =0.118 £ 0.00 —
CMS, l+jets * 791+ 0.6+ 21+ 14 pb _ I S AN TN S TN NN ST SR N SO SRR S A S W S
CMS-PAS TOP-20-001, L, =137 0", 25 ns gl P 2 4 6 8 1 0 12 14
NNPDF3.0 JHEP 04 (2015) 040
MMHT14 EPJC 75 (2015) 5 VE [TeV]
" Preliminary CT14 PRD 93 (2016) 033006
AR oo v oz » Precise cross-section measurements are quite crucial
| | | | [t | )=0119] | | > Scrutinizes the QCD predictions
| I L1 1 [ L1 1 [ L1 1 o ege
500 400 600 800 1000 1200 1400 > Possibility to extract several SM parameters e.g., o, Mqp...
... [pb] » All inclusive cross-section measurements are consistent with the SM
it
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Differential o (##) using boosted top quarks
ATLAS-CONF-2021-031

ne»r-=»

N P 5 [ fumw =i 1 > Lepton+jets channel analysis based on the full
P S _ P - _ _ Run 2 dataset (139 fb) using boosted objects
T Y T > Isolated electron/muon

ol ™ B > Large-R (AR=1.0) hadronic top

ok : : : reconstruction with p; (hadronic top) > 355
g, ‘f.---'--'_';'_;;; : ] GeV & I n I <2.0
e ¢ > 22 b-tagged jets
E - > In-situ JES correction to reduce the JES

T e uncertainty

c s § T —————= » Measured Fiducial cross-section:
I e e B S 8 > 64 = 1,267 £ 0.0005 (stat) + 0.053 (syst) pb
L omE M e ey S T QT ST > In agreement with the SM expectations

w7 3 E > Relative precision of 4.2%

N i ¥ 3 > Differential cross-section
I e e SUUT U > Measured as functions of the observables
B _._____....... : in fiducial regions
p: AiSatshati— """""" < » Limited by the systematics

0 0.5 1 1.5 2

o w » Leading ones stem from tt-modelling, b-
HQL 2021, Warwick, UK, September 13-17, 2021 tagging, luminosity 10



& Inclusive & Differential o (¢7) in full kinematic range
arXiv:2108.02803 [hep-ex]

137 b (13 TeV, -1 -1
— E OMS  olwriot Data ( ) —_ _ 137 fb” (13 TeV) _ 137 b (13 TeV) 137 o' (13 TeV)
> F elu+ets i S F CMS elutets e Data s ~ e/u+ets e Data o F
3 F Particle level oyst. @ stat. g 1= Particle level Syst. ® stat. E 1 oms Parton level Syst. @ stat. 3 os| CMS ,i/;:éit?evd : g;;? @ stat
= E - E Stat. : Stat. O TE Stat. '
[} -1 [ he s POWHEG P8 (CP5) Q be “ POWHEG P8 (CP! Qo [ 0< P, (t )<80 GeV o C at.
& q0'E S o 1 fe e ) (CPS5) o 0.8 3 POWHEG P8 (CP5 [ 250 < m(tf) < 420 GeV
-~ E * POWHEG H7 (CH3) = 107 E Yo POWHEG H7 (CH3) — b POWHEG H7 ((CHS)) S g 0™ ) <420 Ge ¢ ﬁ%ﬂ&g ,':3 ‘(‘é':.?,’)
o= L0 - ¥ MG P8 (CP5) oS F o ¥ MG P8 (GP5) S MG P8 (CP5) = F 1 MG P8 (CP5)
g 1072 £ w, 1 POWHEG P8 (T4) -c% 102 & “., i POWHEG P8 (T4) 5 o o_ejlL .k I { .+ . i MATRIX - = 03’ I MATRIX
= . E . ko] H = . 4
10’3;* LR ,3:7 * csc’_": L ' % 4*% .* : 0“0,"2‘ 3 '{ i . % %
E st 107 E ¢ S 041 T% o £ o02F Tl
104 & F S r ° T bratsy
E oot 1074 & r C
g £ 02— $retd 0.1k .
105 o et ? n A C F !
S| @ = l Spe SSees l ‘ 19°F R T N R M : | Coov v b v b v by E L [ R R R R B B R | ‘
Q= 1.8+ o S| © olg 160
O © 0|’ :u - = 81,
&8 16l | H8 e | |38 e 8 .l
1.4 Ut 1l [11] |
1 I { H 10 Agnanene MU w o I 1.2 1oL
"k MJT Al Jﬁ@ﬁu in B L g Lo by 4l
1% 0.8} WlHIHlTII‘J BEREE Ui SRR RS R
0.8~ P R R B 06— 1 ‘ 08 1 ! L ‘ 08, I ‘
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» Measurements of differential and double-differential cross-section on the I+jets events using full Run 2
dataset (137 fb!) — both boosted and resolved categories are included
» Boosted leptonic (t;) and hadronic (t,) tops are defined using the cone of AR = 0.4 and 0.8 respectively
» In addition, the invariant mass requirement for t,(120-240) and hadronic t,, (>120)
» NN discrimination separately for t, and t;, against the respective backgrounds in different p; ranges
» 18 categories of events are fitted together to extract the unfolded cross-sections (represented at the
particle and parton levels)
> Differential o as functions several parton-level observables viz., top (leptonic/hadronic) pT, rapidity
(y) , angular separation (A¢) between top and antitop, etc.
» Double differential cross-sections as functions of combinations of the above variables
> Inclusive cross-section : 0z = 791 = 25 pb 11
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CMS

Differential o (¢7) using boosted top quarks

Phys. Rev. D 103 (2021) 052008, arXiv:2008.07860 [hep-ex]
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— g” model - _8_ ) Powheg+Pythia8 3 _8_ 0 E ;gt:/llhzgiPytmaS E
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» Measurements performed on the all-hadronic and I+jets events using 35.9 fb'! 2016 dataset

» Using 1/2 large-R jets (pT>400 GeV), b-tagging

» Dedicated fit in the side-band regions

» All hadronic channel: to extract the QCD normalization after NN separation
» L+jets: to extract background normalization

» Good agreement on normalized spectra; unfolded o extracted at particle and parton level
» Dominant systematics: JES and b-tagging (All hadronic); PS, FSR (l+jets)

12
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& Differential tW Measurements (dilepton)

CMS-PAS-TOP-19-003
g t g t
» Differential Measurements in dilepton events
. > e, U4, 1jetand 1 b-jet, no loose jets to enhance S/B ratio
b » Background MC estimated and subtracted
) e - > oWis measured at the particle-level
4 » Dominant uncertainty from JES and JER
0.025 35.9 b (13 TeV)
% . : c“nls _I¢_ Data I | I I :
o B . Uncertainty . . )
= | Preliminary — W Powheg DR + Pythia8 - X0 359f"(13TeV)  _ x10° 35.9fb" (13 TeV)
~ 0.0z~ —— tW Powheg DS + Pythia8 | 5 CMS e’ + Data S | CMS  eu+ljib ¢ Data
? B D tW aMC@NLO DR + Pythia8 - Preliminary twW 7 Preliminary -%W
S C ] ©100 Mt =
= - 20 BRI mbDY
B 0.015_——+—+ - 2 -\[/’\Lﬁv SRR VIV
> | S= : mNonwz = Uncertaint
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©
o 0.01~ % o
B B B )
R L -
2 00051 —_—
= N ——
© OI_ T R I R PR RR R SR TN N N SN SO (NN SO ST _I .2_ __________________
% 1 51%_ & & ® % %0 81E
E b b hd 3 AvV-OfF E
e 023F E 06 o —mo  mh @0 @h @23 330 0.6 p 7
& | - . . . . — , , , , : s 0 1 ) 3 >4
40 60 80 100 120 140 . . _
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o0 Observation of tW (e/u+jets)

N

— —

JHEP (submitted in Sept’21); axXiv:2109.01706[hep-ex]
» Differential Measurements in lepton+jets events using 36 fb1 2016 dataset
» e/u, 3 jets and 21 b-jet; event categorization based on # of jets
» Usage of boosted decision trees to separate from the tt background and binned likelihood fit of the BDT
output distribution to extract the production cross-section
> First observation of tW process (in e/p+jets) with significance >5 standard deviation
» oW =89+t4 (stat) £ 12 (syst) pb consistent with the SM
» Dominant uncertainty from JES, QCD multijet and W+jets normalization

CMS 36 fb™ (13 TeV) CMS 36 fb™ (13 TeV)
.E :I LI I T 1T T I T 1T T T 1T T T 1T T T LI I T 1T T I LI T I LI I: .E 45000 T 1T 7T I T LI I T 1T T LI T T 1T T T 1T T I T 1T T I T 1T T I LI I:
0 I ¢ Data o 0 ¢ Data .7
= 70000 o uchannel, 3] 3 = 40000f gy e channel, 3j 4
€ 60000 [ W+ets = € 35000 - [ WHiets =
o - It ] o Wt 3
] - CJaco 3 (L 30000 F[Jacp 3
50000: mvv ] mvv oo 3
F Wlzeets 0 | e E 25000 - [l z+jets =
40000: []Single t ] []Single t f 3
30000 - 2 Total unc. = 20000 2] Total unc. s =
= tW sig. * 10 ] 15000 - ==tW sig. * 10 | _f
20000E 10000 . E
10000 5000 ]
. T . 0 = T T T —
3 B toshpe e b L
- e
9 .............. E 09
(U | | | | | | | | | | | | | | | | | | | | | | | | | (U | | | | | | | | | | | | | | | | | | | | | | | | \6
0 0 2 4 6 8 10 12 14 16 18 QO 0 2 4 6 8 10 12 14 16 18
BDT discriminant bin BDT discriminant bin
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Pred.
Data

Pred.
Data

Differential tW cross-section measurements

Eur. Phys J. C 78 (2018) 186; arXiv: 1712.01602 [hep-ex]

ne»r-=»
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L — L B e
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0.01— E =13 TeV, 36.1 fb‘1 Total uncertainty — ﬁ 7000 1j1b = B \@ =13 TeV, 36.1 fb_1 Total uncertainty
2 J. —— Powheg+Pythia6 (DR) L 0.004— —— Powheg+Pythia6 (DR)—
4 > L I i
| | N |
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0.005 — ,§
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- Howheg+Pvihia6 (DR) ------- wheg+Pythia ) BDT response — - - —
15 | ———— G(DS)—§ > In dilepton events using 36 fb- 12016 dataset | 5__ Pouteg P (1) - PotogeP s 51
L - » Fiducial space defined with 2 OS gg 1'_L——J_7
05 B leptons and exactly one 1 b-jet 050 . =
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T M Summary of Single Top cross-section at LHC
A
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CMS/

% Inclusive and Differential tZq cross-section measurements
=

CMS-PAS-TOP-20-010

J Measurement in tri-lepton channel using the full Run 2 dataset (138 fb1)
CMS Preliminary 138 fb' (13 TeV)
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Observation of tZqg process at Vs=13 TeV
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=4 Summary & Conclusions

—_

<>During the LHC era, the statistics of top quark events in data has reached
to a new level leading to the ATLAS/CMS measurements at an
unprecedented precision

<>Many new measurements have already been performed/completed
with the full/partial Run 2 dataset
<*Inclusive and differential Cross-section presented here involving strong
and electroweak production of top quark(s)
<> All the measurements are consistent with the SM predictions
<> With the enhanced LHC Run 2 statistics, rare SM processes like tW and tZq
have been observed now by ATLAS and CMS
<>More refined measurements would probe the BSM physics further

<> Better understanding of detector effects and physics modelling would
improve the systematics related to the top quark measurements
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