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The top quark in the Standard Model

M, [GeV]

m Heaviest particle discovered so far

m Loop corrections to W, Z and H masses
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https://arxiv.org/abs/1803.01853
https://arxiv.org/abs/1207.0980
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP/index.html

Experimental conditions
Excellent LHC performance
— huge number of top quark pairs produced at CMS

m Ng = Lint X Ot
integrated luminosity  production cross section

m Run 1 (2010-2012): Nig = 7M at 7 and 8 TeV
m Run 2 (2015-2018): N = 136M at 13 TeV
m Run 3 (started 2022): Nz = 10M at 13.6 TeV

Detectors well understood and calibrated
m Precise lepton trigger efficiencies

m Energy measurement of jets, leptons, photons at the
level of 1%

m |dentification of jets containing B hadrons with new
DNN algorithms (DeepJet)
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsDP2021

Top-quark pair signatures
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Dilepton channel (ee, pu, ep): 2 leptons, 2 neutrinos, 2 b jets
m Low background (Z production), difficult top quark reconstruction due to neutrinos
Lepton+jets channel (e/u+jets): 1 lepton, 1 neutrino, 2 b jets, 2 light-quark jets

m Large number of events, moderate background (W and single top production)
m Full reconstruction possible — golden channel for top mass

All-jets channel: 2 b jets, 4 light-quark jets
m Large number of events, huge background (QCD multijet)
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Inclusive tt cross sections
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Run 2: Inclusive tt cross section at 13 TeV (dilepton)

o2 T =803 4 2 (stat) + 25 (syst) & 20 (lumi) pb (+4.0%)

Run 2 HIN pp reference: tt cross section at 5.02 TeV (dilepton & lepton+jets)
o2 =69.5+6.1 (stat) £ 5.6 (syst) £ 1.6 (lumi) pb (£12.1%)

Run 3: First tt cross section at 13.6 TeV (dilepton & lepton+jets)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-13-004/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-17-001/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-16-023/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-012/index.html

Run 3: First measurement of tt cross section at 13.6 TeV

1e3 CMS Preliminary 1.20 fb~! (13.6 TeV)

el channe/l W Z +jets  mmm tidilepton
- SDII:;JIS:: '/‘// g:::rtamty’
m Combination of dilepton and lepton+jets channels with £
synchronized selection allows for constraint of lepton ¢
efficiencies
0
g 15 T
m Lepton (e or u) pt > 35GeV, jet pr > 30 GeV S ofpums s .
m Dilepton: 2 leptons, at least 1 jet Sost—; R S 0
m ee, pu: at least 1 b jet (DeepJet) o S oo e en
m eu: no b tag requirement of sngencramne g Zojers | mm tdiepon |
m Lepton+jets: 1 lepton, at least 3 jets, at least 1 b jet “i = St Y b |
S5
m b-tag efficiency constrained by split into N}, categories g2
N
m Jet energy scale constrained by W mass in lepton+jets o
5 1.5
m Backgrounds from MC, data-driven estimate for QCD L
Sost————— 33
Lepton n
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-012/index.html

First measurement of tt cross section at 13.6 TeV
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m Combined likelihood fit with nuisance parameters to constrain systematic uncertainties

m Used luminosity: 1.20 fb~! 4+ 6%, determined from emittance scans and Z boson counting
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Differential cross section measurements

Run 1 measurements

m Differential tt cross section at 8 TeV

(¢+jets & dilepton)

m Differential tt event kinematics at 8 TeV

(t-ets)

m Differential tt cross section for high-pt top

quarks at 8 TeV
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Run2 measurements

3 CMS, 19.7 foat Vs =8 TeV
x10
R R R R LA R RRN RN RN RRRAE
8; elu + Jets « Data ]
7F MadGraph+Pythiaé -
R e T MC@NLO+Herwigé 3
6t --- Powheg+Pythiaé6
5E — - Powheg+Herwig6
[ e Approx. NNLO E|
4* (Phys.Part.Nucl. 45 (2014) 714)
3k Lo E
2F 3
1 3
Bl b e e L
L0 e St
14 =0 Stat. O Syst.
12 |
1 :__r_ ......
08 F . . . . . . . .
0 50 100 150 200 250 300 350 400 450 500

pi [GeV]

m Differential tt cross section at 13 TeV (lepton-+jets)
m Differential tt cross section at 13 TeV (dilepton)

m Differential tt in the full kinematic range (/+jets)
m Multi-differential tt cross section at 13 TeV (dilepton)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-12-028/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-12-042/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-14-012/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-16-008/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-17-014/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-20-001/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-006/index.html

Differential tt in the full kinematic range (/+jets)

Low top High top
momentum _,

momentum

boost

Select events from full Run 2 (2016-2018)

Trigger on e/u: isolated with pt > 30 GeV or
non-isolated with pt > 50 GeV
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region Boosted ™
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m Resolved reconstruction: . : _ 1870’ (13 TeV)
m PF jets with anti-k,;, R=0.4, pt > 30 GeV ERLE S e Soosede 1
m Maximize likelihood based on m (W},), m(t4), and 2e !
m (t) to find best jet-parton assignment g we 4
m Backgrounds from MC prediction 10 =
m Boosted reconstruction e e
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m t;: neural network to suppress backgrounds Eﬁ'l.zi roe ‘1
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and fully merged (3Q) cases, based on substructure el } :—%—:F
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-20-001/index.html

Differential tt in the full kinematic range (¢+jets)
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1 _ particle or parton level

m Measured top quark momentum up to 1600 GeV

m Known disagreement with NLO predictions (top pt slope)
m Good agreement with MATRIX NNLO prediction
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Differential tt in the full kinematic range (/+jets)

m Multitude of observables measured, characterizing tt production in detail

m Assign Z scores: low value = good agreement, high value = bad agreement
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Multi-differential tt cross section at 13 TeV (dilepton)
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m Events with 2 oppositely charged e/p with pt > 25/20 GeV (leading/trailing lepton)

moee/pup: m(00) <76 GeV, m(£f) > 106 GeV, MET > 40 GeV to reduce Z+jets

m top quarks: split MET into 2 neutrino components, kinematic reconstruction algorithm
tt system: loose kinematic reconstruction, consider sum of neutrinos (=MET for pr)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-006/index.html

Top mass measurements
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m Run 1 “legacy” measurements and their combination (7 & 8 TeV)
m Run 1 combination of alternative techniques
m Extraction of top pole mass from cross section (7 & 8 TeV)
m Extraction of top pole mass from tt + jet events at 13 TeV
m Top-quark mass using profile likelihood approach at 13 TeV

m Jet and top-quark mass in boosted top decays at 13 TeV
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-14-022/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-15-012/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-13-004/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-008/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-008/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-21-012/index.html

Top pole mass extractions in the dilepton channel

Pole mass from total cross section
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Measurement of p = 2mg/m (ttj)

Improve resolution with neural network
Fit NLO prediction to unfolded data:

m = 172.94 £ 1.37 GeV (ABM16)
me = 172.16 = 1.44 GeV (CT18)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-13-004/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-008/index.html

Top-quark mass using profile likelihood approach at 13 TeV

m Select events with 1 high-pt e/u and 4 jets (2 DeepJet b tags)
m Kinematic fit (my = 80.4 GeV, m; , = my ), keep best jet-parton assignment per event

m Perform profile-likelihood fit to 5 observables, systematic uncertainties treated as nuisance
parameters and constrained

36 b’ (13 Tev)
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m Observables used in the fit: iqj': mig®, mi° (Pgor < 0.2) , migc®/mi®, Riec

1D:m¢ 2D:JES 3D:m; "failing" kinematic fit 4/5D:b JES
m NB: 2D corresponds to Run 1 legacy measurement
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Top-quark mass using profile likelihood approach at 13 TeV

CMS Preliminary 36 fb™ (13 Tev) CMSPreliminary 36 fb! (13 TeV)
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m Constraining components of (b) jet energy scale and FSR modeling
m Result of 5D fit is most precise single measurement to date!

my = 171.77 + 0.38 GeV
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Jet and top-quark mass in boosted top decays at 13 TeV

m Another way out of the pole mass vs MC mass dilemma: measure m; using boosted top
quarks, SCET calculations of top mass peak reliable for pr > 750 GeV

4
& T — oour ‘ 138‘fb(13‘TeV3
: oms b‘EE_OA:Mmwm_m_mg H‘g Fems o 1
Py . Simulation Sl TH CMS | ==, [ Preliminary M =1695 Gev
L . Supplementary] o [ Simulation ] 8lg 003 == m=1725GeV ]
r . B ] r Supplementary+ o r ¢ i m, =175.5 GeV
= . 0.3 PP Y F ' ]
i A ] L — XCone,R=12 002 .
ok . ] [ R oA <3 N ]
F 0.2 — CAR=12 ] 001l i
F [ [Eur. Phys. J. C 77 (2017) 467] | r T
-1 L ] r == ]
2 01 1 0 ———
-2 - 3 14F T T
Eo [ Blg 120 .
[ r 218 081 = -
. L i = H

BC] S o I L ; 065 4 I oy, ) LT
-3 0 100 200 300 400 500 120 140 20% [Zégvj

my., [GeV] iet

m Reconstructed top quarks using XCone exclusive jet algorithm — improved resolution
m Constrained jet energy scale from hadronic W subjets

m Unfolded jet mass distribution to particle level

m Extracted top mass for pr > 400 GeV: m; = 172.76 + 0.81 GeV
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Single top production
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m Differential cross sections in t-channel ,
Zq “and tW
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tt & friends with full Run 2 data

Events
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m Search for tttt production with same-sign or multiple leptons at 13 TeV
m Inclusive and differential tty cross section at 13 TeV

m Inclusive ttW cross section at 13 TeV
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Effective Field Theory constraints

Rate

Known parlicle llustration by E. Vryonidou

@Unknown heavy particle
4

Energy

Effective Field
Theory region

Theories beyond SM — particles at scale A beyond LHC reach

May still influence established processes via loop corrections

EFT extends the SM with effective interactions between SM fields
characterized by dimension-six operators:

LsmerT = Lsm + 2 72 0;
Constraints on all EFT operators potentially sensitive to top quarks

No significant deviation from the SM found so far
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Summary

m Extensive top quark physics program at CMS

m Challenging final states require good understanding of the whole detector
m |deal testbed for QFT higher-order corrections, MC modeling (not covered)
m Potentially large coupling to new physics

m Presented:

m Inclusive and differential tt cross sections
m Top mass measurements

m Single top and tt + x production

m Constraints on new physics using SM EFT

m RTU team joining in jet substructure and top mass measurements

Thank you for your attention!
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