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CMS

» Introduction to the Top Quark at LHC

The top quark is one of the most fascinating particles

due to its unique properties.
o Heaviest of the quarks. But why?
= -Mass of a gold atom
o Largest Yukawa coupling of all particles
= Essential to Electroweak symmetry breaking
o Top decays before hadronization
= Lifetime of - 5% 107> seconds
= This allows study of bare quark properties
-120M top-anti top pairs per experiment during run 2, even
more in run 3!
e This large amount of data allows for precise @
measurements of the mass, width, charge
asymmetry and spin correlation of the Top quark
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Direct vs Indirect Measurements of Top Mass

Compact Muon Solenoid

e Indirect
e Pole mass - Uncertainty 0.8 GeV

e Direct

e MC mass - Uncertainty - 0.4 GeV
ATLAS+CMS Preliminary Miop summary,\s =7-13 TeV ~ Oct 2022
LHCIopWG

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

stat total stat

total uncertainty op * total (stat syst) Vs Ref
LHC comb. (Sep 2013) LHCtopwG 84— 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, l+jets =t 172.33+1.27 (0.75+ 1.02) 7TeV [3]
ATLAS, dilepton —f—— 173.79+ 1.41 (0.54+ 1.30) 7 TeV [3]
ATLAS, all jets FH——s——175.1£ 1.8 (1.4£1.2) 7TeV [4]
ATLAS, single top | S | 172.2+ 2.1 (0.7+ 2.0) 8TeV [5]
ATLAS, dilepton i 172.99+ 0.85 (0.41+ 0.74) 8 TeV [6]
ATLAS, all jets e 173.72+1.15 (0.55+ 1.01) 8TeV [7]
ATLAS, l+jets = 172.08+ 0.91 (0.39+ 0.82) 8TeV [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 174.41+ 0.81 (0.39+ 0.66+ 0.25) 13 TeV [9]
ATLAS, dilepton (*) i 172.63+0.79 (0.20+ 0.67+ 0.37) 13 TeV [10]
CMS, I+jets e 173.49+ 1.06 (0.43+ 0.97) 7 TeV [11]
CMS, dilepton —ti5 172.50+ 1.52 (0.43 1.46) 7TeV [12]
CMS, all jets —=— 173.49+ 1.41 (0.69+ 1.23) 7 TeV [13]
CMS, I+jets HeH 172.35+ 0.51 (0.16+ 0.48) 8TeV [14]
CMS, dilepton et 172.82+1.23 (0.19+ 1.22) 8TeV [14]
CMS, all jets Het 172.32+ 0.64 (0.25 0.59) 8TeV [14]
CMS, single top H—e= 172.95+ 1.22 (0.77+ 0.95) 8 TeV [15]
CMS comb. (Sep 2015) HeH 172.44+ 0.48 (0.13+ 0.47) 748 TeV [14]
CMS, l+jets - 172.25+ 0.63 (0.08 0.62) 13 TeV [16]
CMS, dilepton —ot— 172.33+ 0.70 (0.14+ 0.69) 13 TeV [17]
CMS, all jets e 172.34+ 0.73 (0.20+ 0.70) 13 TeV [18]
CMS, single top e 172.13+ 0.77 (0.32+ 0.70) 13 TeV [19]
CMS, I+jets (*) e 171.77+0.38 13 TeV [20]
CMS, boosted (*) ey 172.76+ 0.81 (0.22+ 0.78) 13 TeV [21]
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ATLAS+CMS Preliminary Miep from cross-section measurements

LHCtopWG June 2022

total siat My, + tot (stat £ syst + theo) Ref.
o(tf) inclusive, NNLO+NNLL
ATLAS, 7+8 TeV ——e— 1729 %5 1]
CMS, 7+8 TeV —e—ov 1738}y 2]
CMS, 13 TeV —— 169.9 57 (0.1£1.5 5%) a3l
ATLAS, 13 TeV —e— 1731 %7 4
LHC comb., 7+8 TeV LHClopwG ——o 1734 53¢ 5]
o(tt+1j) differential, NLO
ATLAS, 7 TeV H—s— 1737 37 (1.5£1.4 55) 6]
CMS, 8 TeV (*) | - i 169.9 57 (1.1 & 29 7]
ATLAS, 8 TeV - 171.1 3 (0.4 £0.9 '37) 8
CMS, 13 TeV (%) =— 172.9 17 (9]
o(tt) n-differential, NLO
ATLAS, n=1, 8 TeV ] 173.2+1.6 (0.9 £ 0.8 +1.2) [10]
CMS, n=3, 13 TeV e 170.5+0.8 [11]
my,, from top quark decay [1]EPJC74 (2014) 3109 [6] JHEP 10 (2015) 121 [11] EPJC 80 (2020) 658

CMS, 7+8 TeV comb. [10] SEviors oo Eoner s 12 PRD @0re ranne
[4] EPJC 80 (2020) 528 [9] CMS-PAS-TOP-21-008

ATLAS, 7+8 TeV comb. [11]
Lo ol b v b s v b v b b b

[5] arXiv:2205.13830 [10] EPJC 77 (2017) 804 * preliminary

155 160 165 170 175 180 185 190

My, [GeV]


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

Profile Likelihood based Top Mass

, N0 Pyof cut

Selected events with 1 lepton + 4 jets

Kinematic fit with input: fourmomenta of the lepton
, and the resolutions

miss

and of the four leading jets, p7
of these variables

By applying kinematic fit and goodness of fit cut,
P, = exp(——),i de in:
eof = exp(T) , Improvements are made in:
e Jet-Parton assignment
e Signal fraction

e Resolution of invariant top mass distribution

5D Maximum likelihood fit to determine top mass
e Likelihood depends on the top mass and
nuisance parameters which incorporate the
systematic uncertainties

arXiv:2302.01967

CMS

36.3 fb (13 Tev)

mﬁt, 'Dgof > 0.2

36.3 fb (13 TeV)
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Normalized distribution

arXiv:2302.01967

» Profile Likelihood hased Top Mass cont.

This approach significantly improves

the precision over previous

measurements
e Jet Energy scale and FSR are dominant

uncertainties
Histogram Set label
Observable Category 1D 2D 3D 4D 5D
fit
my Py >02 x x X x X
reco
my Pyor > 0.2 X X X X
reco
m Pyor < 0.2 X X X
fit
mpye /mi Pyos > 0.2 X X
reco
rec Pyot > 02 x
363fb (13 TeV) reco reco
glﬂézs' 1D <Amp = 0.63 GeV] Rreco _ Py +pr2
07 St 25 20 2 85 P Tp
0.6f- 1+Jexs 4D <Am> = 0.40 Ge\]
L 3¢ +jets 5D <Am‘> 0.37 GeV
0.5F The total predicted uncertainty is
0.4f reduced by the inclusion of every
03k additional observables.
0z} . .
F The biggest improvement comes
l: from including m{z .
0

0.6 0.7
Am, [GeV]

Compact Muon Solenoid

CMS 36.3 b (13 TeV)
m, = 171.77 £ 0.37 GeV Pre-fitimpacts [] 8+a6 [J 8-A6
—=— Pull Post fitimpacts [J] 8+A9 [J] 8-A8 [] MC stat.

JEC flavor bottom

FSR PS scale g—qg
FSR PS scale X—Xg
BG QCD multijet

CR: gluon move

CR: QCD inspired

Early resonance decays
BG Wi+jets

JEC abs. MPF bias
Underlying event
ME/PS matching

JEC rel. sample

bJES Bowler-Lund central
Statistical uncertainty
JEC abs. scale

JER m‘et|<1.93

bJES Peterson

JEC rel. FSR

JEC flavor light quarks
b tagging mis-tag scale
bJES semilep. B decays
Pileup

FSR PS scale g—gg
JEC pileup data/MC
FSR PS scale g—qq
bJES Bowler-Lund
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arXiv:2211,014-56

Measurement of Top Mass in Boosted Tops

Measurement of the jet mass
distribution and top quark mass in
hadronic decays of boosted top
quarks

Boosted tops approach a regime in
which the MC mass is well defined
MC studies show top mass
distribution at different momenta

Events / 10 GeV
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http://arxiv.org/abs/2211.01456
http://arxiv.org/abs/2211.01456

arXiv:2211.01456 [CMS
> Measurement of Top Mass in Boosted Tops cont.

Compact Muon Solenoid

o Determined m, from the unfolded normalised differential #7 production cross section w.r.t. jet mass

o eXclusive Cone, XCone, jet reconstruction algorithm, with N,,;, = 3 used for boosted top reconstruction
o Anti-k;jets were used for identification of b jets and studying influence of FSR on substructure

- 138 fb™' (13 TeV) 0.04 e . 138fb7(13 TeV)
_| T T T I T T T T T T T T | T T T T I T T T |_ r >| ol N
& 20000 - cmS ¢ Data . 1—‘8 - CMS —4— Data 1
S ; mit 1 S . L m, =169.5 GeV ]
hy - Single t 1 @ 0.03— —m = —
o 15000 [- W ‘_Jt 1 3 3, i == m=1725GeV 7]
e I I W+ijets - g - [ m,=175.5 GeV -
m, = 172.76 = 0.81 GeV S - I Other SM o B ; t ]
l > i | o - 1 .
] Totalunc. ] - —
+0.22 (stat) + 0.57 (exp) + 0.48 (model) + 0.24 (theo) GeV 10000 ] 0.021- ]
Experimental [GeV] & \‘M t i N ]
xperimental [GeV] odel [GeV] 5000 001__ N
JER \ Choice of mt [ el i
JMS Q :ﬁ hdamp - -
90 JMS flavour m Colour reconn. r L |
0,27 :;ﬁseup :geEntuEr:efacscalesd_ 12_....,....|....|....,...._ o]
2 @ Others @ Others i ' .o Total unc. [ Stat. unc. 15F T T T T T —
~ e I ] :

: *TTeTd olB *

° 0'50_""160'”'260'"560"'460""5;)0l_ osb L]
120 140 160 180 200 220

m ., [GeV] m ., [GeV]
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https://arxiv.org/abs/1508.01516
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http://arxiv.org/abs/2211.01456

p true

e Measurement of the top quark pole mass using ¢7 +jet
. . Al
events in the dilepton final state =
e Differential cross section as a function of dimensionless
mass, p, where the scaling constant is my= 170 GeV 2m
. = 7
e Extracted pole mass from 2 different PDF sets Mt et
36.3 b (13 TeV)
X103 Q- 64||||||\||l||||||||||||||fllllllfllllll‘llllll\ll_.
1 LARRN RAARN RLAR LA LAL [RARRY RS o g“ r CMS I Data
,cms wS B s .
S Simulation 8 8:: ) 7/} t+ietNLO ABMP16NLO m, = 172:84 GeV. ]
0'8:_ B = B SN et NLO CT1BNLO m = 172.16 Gev
0.7F 2 & 3F .
e 30 &= o) C Stat. @ syst. uncertainty
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arXiv:2zo7.02270  CIMIS,

» Indirect Measurement of Top Mass

mf'® = 172,94+ 1.27 (fit) 03 (scale) GV || %

mP®® = 172.16 + 1.35 (fit) T030 (scale) GeV.

Compact Muon Solenoid
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CMS

Compact Muon Solenoid

Introduction to Charge Asymmetry with Top Quarks

Measured by comparing rapidity distributions from top and anti-top quarks
Charge asymmetry measurements show agreement with theoretical predictions

Important in testing the standard model and searching for BSM physics arxiv:1711.0394-5
A new 13TeV measurement published last year by CMS drastically improved

. . [ tf, LHC8, LUXQED
precision | = Hy/4, scale unc.

o VA0 -N(Alyl<0) b _ = 1’
© N(Aly>0)+N(Alyl0)

with Alyl = |yt0p| - |yant'itopI

105

o
(3,
———
1

Asymmetry [%]

| - Ac(NLO QCD) m
[ = A(NNLO QCD)
[ -® Ac(NNLO QCD +NLO EW) O Ac(CMS) ]
AZY(NNLO QCD + NLO EW) Ac(ATLAS)A

o
PR T T '
o

THEORY DATA

do/dy

FIG. 1: Inclusive charge asymmetry Ac for the LHC at 8
TeV in NLO QCD, NNLO QCD and NNLO QCD + NLO
EW versus CMS and ATLAS measurements [29, 30].

arxiv:1207.0331
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https://arxiv.org/pdf/1711.03945.pdf
https://arxiv.org/pdf/1711.03945.pdf
https://arxiv.org/pdf/1207.0331.pdf
https://arxiv.org/pdf/1207.0331.pdf

arXiv:220%.02751 [CMIS,

» Gharge Asymmetry in the Boosted Regime

CMS measured A using lepton + jets events
Dedicated hadronic and leptonic selections 1 38 fb ( 1 3 TeV)

e Selection is optimised for top quarks produced with large

£ 10kems = -~
Lorentz boosts ch 10" E CMS { Data W + Jets 3
e Nonisolated leptons, unlike previous CMS results S - M, > 900 G .
= eV - ]
e Selected top events in 3 categories : fully merged, partially o ol ' .Other .tt .
merged and not merged (see slide 6 for definitions) 10 3 Post-fit § MC tot. unc. E
Measured for events with a 77 invariant mass larger than 750 GeV 5| H+ets p+jets p+jets e+jets e+jets  e+jets |
Compared to theoretical prediction with NNLO QCD and NLO 10 E 2018 2017 2016 2018 2017 2016 3
EW corrections - ]
-1
0.07; | 138 fb (13 TeV:)
0.06) CMS ® Measured A, E
ggié: §§ Predicted A, O
ood = R
<002 + E £ O oA EA A eA e P I B T2
O OO1§\ \ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\+ \\\\\\\\\ E D IyI (Iytl Iy{l)
~0.01F x
00275 780000 >900 10
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PAS-TOP-22-05 ICMIS

search for Charged Lepton Flavour Violation

Compact Muon Solenoid

e
u/c Ve
+ et
we Nt W
Studied the trilepton channel & , b
Includes top production and decay modes H
Set limits on the branching ratio B(t - e¥u*q)
o Here qis an up or charm quark . CMS preiiminary 138 fo' (13 TeV) - ._CMS Proliminary 138 fb' (13 TeV)
g 40 e}l,l J "4 Data | EWV(V) ‘ I 3 450 e;lxl ‘ "$Data  EW(V) ‘ '
. . [Jt@®+X(X) [JNonprompt = 400 [Jt®)+X(X) [JNonprompt
Slgnal is defined by w 400E SR EWZ  ZStat.® syst. E © SR EWZ  ZStat.® syst.
. . ; 350 —— CLFV top production (" = 0.05) 3 ; 350 —— CLFV top production (u:** = 0.05)
o  Opposite charge ey pair 2wk e CLFV top decay (== =%) 3 2 s0E e CLFV top decay (= %)
. [9] E 3 (4]
o 3rd lepton from leptonic top 0 250 E i
o Oneb jet and o or 1 light jets = E
Prompt lepton background estimate with MC 100 3
Non prompt lepton background estimated using a data sof el £
driven 3D matrix method .
g T T T T 3 ) = T T T T 3
[v]ge] ®|o 15E E
Model 1nflepen.dent EFT aPproa.ch g EW/ SRR (////)///*///M W ﬁé g’ O BEIIA IR //,// A
Parametrised signal with dimension 6 EFT operators L 3 L
20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
LFV electron R (GeV) LFV muon P, (GeV)
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PAS-T0P-22-08

search for Charged Lepton Flavour Violation cont.

BDT used to distinguish signal and

background

o  One signal region targets production

and another targets decay

Upper limits on the Wilson coefficients are

converted to upper limits on the branching b
fraction 0

Most stringent limits to date onthis g3 O S S } %:
o 5

proceSS! e O_ 0‘.1 012 O.I3 0:4 0:5 0:6 O.I7 OjB 09 E

CLFV  Interaction B(t — euq) x 107°

coupling type Exp (68% range) Obs

tensor  0.019 (0.013-0.029) 0.023

eptu vector  0.013 (0.009-0.020) 0.016

scalar  0.007 (0.005-0.011) 0.009

tensor  0.209 (0.143-0.311) 0.258

eutc vector  0.163 (0.111-0.243) 0.199

scalar  0.087 (0.060-0.130) 0.105

138 fb'1 (13 TeV)

Events / bin
S
8

CMS Preliminary
T

T

4 Data EVV(V)

glll'\! m(ew) < 150 GeV CJt®+X(X) [JNonprompt
Post-fit @Ewz

Decay

7 Stat. @ syst.
— CLFV (= 3)

Events /0.1

CMS Preliminary
T

CMS

Compact Muon Solenoid

138 fb~1 (13 TeV)

T

450
400

+ Data

Post-it wz

el [Jt®)+X(X) CINonprompt -
SR, m(eun) > 150 GeV =
—— CLFV (ur* = 0.05)

Production

BwY)

77 Stat. ® syst.

——
-

—

0_ 01 02 03 04 05 06 07 08 09 _1

BDT discriminant
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Overview of all CMS TOP results can be found here

CMS has made significant progress in measuring the mass
and properties of the top quark
e MC vs Pole Mass:
e The precision on the top MC mass has
now reached below 0.4 GeV
e Pole mass precision has been reduced to -0.8
GeV

e CMS produced a new charge asymmetry
measurement this year!

e cLFV search from CMS set limits 1 order of
magnitude more stringent than previous CMS
result !

CMS

Compact Muon Solenoid

ATLAS+CMS Preliminary
LHCtopwG

"""" World comb. (Mar 2014) [2]
stat
total uncertainty

LHC comb. (Sep 2013) LHCtopwG %
World comb. (Mar 2014) H
ATLAS, l+jets H—=—+
ATLAS, dilepton —

ATLAS, all jets
ATLAS, single top
ATLAS, dilepton
ATLAS, all jets
ATLAS, l+jets
ATLAS comb. (Oct 2018)
ATLAS, leptonic invariant mass
ATLAS, dilepton (*)
CMS, l+jets

CMS, dilepton

CMS, all jets

CMS, I+jets

CMS, dilepton

CMS, all jets

CMS, single top

CMS comb. (Sep 2015)
CMS, I+jets

CMS, dilepton

CMS, all jets

CMS, single top

CMS, I+jets (*)

CMS, boosted (*)

* Preliminary

|

T 1 il{ I =l

AR AT,

My SUMmary, Vs = 7-13 TeV  Oct 2022

total stat

op t total (stat+ syst)
=H— 173.29+ 0.95 (0.35+ 0.88)
—+ 173.34+ 0.76 (0.36 + 0.67)
3 172.33+ 1.27 (0.75+ 1.02)
] 173.79+ 1.41 (0.54+ 1.30)
FH——e——{ 1751+ 1.8 (1.4£ 1.2)
172.2+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)
174.41+ 0.81 (0.39+ 0.66+ 0.25)
172.63+ 0.79 (0.20+ 0.67+ 0.37)
173.49+ 1.06 (0.43+ 0.97)
172.50+ 1.52 (0.43+ 1.46)
173.49+ 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)
172.95+ 1.22 (0.77+ 0.95)
172.44+ 0.48 (0.13+ 0.47)
172.25+ 0.63 (0.08+ 0.62)
172.33+ 0.70 (0.14+ 0.69)
172.34+ 0.73 (0.20+ 0.70)
172.13+ 0.77 (0.32+ 0.70)
171.77+£0.38
2! 172.76+ 0.81 (0.22+ 0.78)

| I 11 1

\s  Ref.
7TeV [1]
1.96-7 TeV [2]
7TeV [3]
7TeV [3]
7TeV [4]
8TeV [5]
8 TeV [6]
8TeV [7]
8 TeV [8]
748 TeV [8]
13TeV [9]
13 TeV [10]
7TeV [11]
7TeV [12]
7TeV [13]
8TeV [14]
8 TeV [14]
8TeV [14]
8 TeV [15]
7+8 TeV [14]
13 TeV [16]
13 TeV [17]
13 TeV [18]
13 TeV [19]
13 TeV [20]
13 TeV [21]
5 st

165 170

175
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180
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP

Thank you for your time

I found the jet graphics here

14
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arXiv:2211.01456

Measurement of Top Mass in Boosted Tops cont.

36.3 fb' (13 TeV) 101 fb™! (13 TeV)
3' = 1 T T I 1 T T T 1 T I 1 T 1 | T 1 I B :' N T T T I 1 T T T 1 I I 1 T 1 | T 1 1 ]
© | CMS ' «© - CMS
" ¢ Data - ¢ Data
0.1 _ : 1 0.1 - b N
L —ti N ] [ —tt . L%
[ i ] T =1,
- _tt fFSR=§ H 4 | _tt fFSR=Z
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Figure 8: The normalised distributions in 73, for AKS8 jets with mj, > 140GeV from the
hadronic decay of boosted top quarks. Shown are distributions for 2016 (left) and the combina-
tion of 2017 and 2018 (right). The background-subtracted data are compared to tt simulations
with the UE tunes CUETP8M2T4 for 2016 and CP5 for the combination of 2017 and 2018, and
different values of frsg are shown as well. The lower panels show the ratio to the tt simulation

Wlth fFSR =1.
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