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The top quark
ÅDiscovered in 1995 by CDF and D0 at the Tevatron

ÅPair production through strong interaction                  Decay

ÅSingle top quark production through ewk interaction

ÅFirst observed in 2009 by CDF and D0
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Outline

ÅTop quark mass

ÅTop quark width

ÅSingle top quark production and ὠ

ÅὸӶὸὌproduction and ώ

ÅSummary

9/12/2018 Ulrich Heintz - Physics in Collision - Bogota 3



Top quark mass
ÅInput to global ewk fit

ÅAffects other observables at loop level

Åά ψπȢσυψπȢππψ'Å6-ά contributes 5 MeV to uncertainty

ÅDominant contribution to rad corrections of mH

ÅVacuum stability

ÅQuartic Higgs boson coupling at Planck scale depends on ά

ÅTop mass may drive the Higgs potential negative at high scales 

ÅMany techniques for measurement

ÅCompare measured top mass estimators to MC for events with 

different final states (l+jets, dilepton, single top, ὐȾ‪)

ÅCompare measured cross section to calculations

ÅHighlight some recent results and summarize status
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Top mass with all jets final states
ÅEvent selection

Å²6 jets with ὴ τπ'Å6and ȿʂȿ ςȢτ

Å²2 jets must be tagged as b-jets

ÅὌ Вὴ τυπ'Å6

ÅKinematic fit

ÅInputs: 4-momenta of the leading six jets and their resolutions

ÅConstraints: 

άὮὮὦ άὮὮὦ ȟ άὮὮ άὮὮ ά ψπȢτ'Å6

Å12 possible parton-jet assignments 

ÅFit  improves mass resolution from 14 GeV to 8 GeV

ÅUse only the permutation with the smallest … and ὴ… πȢρ

Å10,799 candidate events, 75% purity

ÅIncreases correct permutations from 6% to 51%
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CMS-PAS-TOP-17-008

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-17-008/index.html


Top mass with all jets final states
ÅUse ideogram method for mass extraction

ÅDetermine probability density functions of ά and ά for 7 values of ά and 5 values of the 

jet energy scale JSF from MC based on NLO ME (POWHEG) and PS (PYTHIA 8)

ÅCompute joint likelihood of data sample as a function of ά and JSF

ÅResults 

Å1D fit fixes jet energy scale JSF to external calibration

Åά ρχςȢρσ πȢρχίὸὥὸρȢρπίώίὸ'Å6(Dominated by uncertainty in JSF)

Å2D fit leaves JSF unconstrained

Åά ρχςȢτσ πȢςςίὸὥὸὐὛὊπȢψψίώίὸ'Å6(Exploits ά to constrain the JSF)

ÅHybrid fit imposes an external constraint on JSF (best precision)

ÅLargest systematic is flavor dependence of jet energy scale

ÅSystematics include wider range of color reconnection models

ÅResult

ά ρχςȢστπȢςπίὸὥὸὐὛὊπȢχφίώίὸ'Å6
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Top mass with all jets final states
ÅEvent selection

Å²6 jets, ²5 with ὴ φπ'Å6and ʂ ςȢυ, others with ὴ ςυ'Å6

Å²2 of the leading 6 jets must be tagged as b-jets

Åὴ φπ'Å6

ÅEvent reconstruction

ÅFor all possible jet permutations a goodness of fit is computed for the 

hypothesis

άὮὮὦ άὮὮὦ ȟ άὮὮ άὮὮ ά

ÅRetain only the permutation with the smallest … and if … ρρ

ÅObtain distributions for multijet background from data control samples
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https://doi.org/10.1007/JHEP09(2017)118


Top mass with all jets final states
ÅTop mass extraction

ÅUse Ὑϳ ϳά ά as an estimator for the top mass

ÅParametrize probability density functions for Ὑϳ as a function of top 

quark mass

ÅPerform template fit to data with ά and background fraction as free 

parameters

ÅResults

Åά ρχσȢχς πȢυυίὸὥὸρȢπρίώίὸ'Å6

ÅDominant systematic uncertainties

ÅHadronization model  πȢφτ'Å6

ÅJet energy scale πȢφπ'Å6
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JHEP09 (2017) 118

https://doi.org/10.1007/JHEP09(2017)118


Top mass with lepton+jets final states
ÅEvent selection

Å1 isolated ‘with ὴ ςφ'Å6, ʂ ςȢτor e with ὴ στ'Å6, ʂ ςȢρ

Å²4 jets with ὴ σπ'Å6and ȿʂȿ ςȢτ

Å2 of the leading 4 jets must be tagged as b-jets

Å669,109 tt candidate events
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Top mass with lepton+jets final states
ÅEvent selection

Å1 isolated ‘with ὴ ςφ'Å6, ʂ ςȢτor e with ὴ στ'Å6, ʂ ςȢρ

Å²4 jets with ὴ σπ'Å6and ȿʂȿ ςȢτ

Å2 of the leading 4 jets must be tagged as b-jets

Å669,109 tt candidate events

ÅKinematic fit

ÅInputs: 4-momenta of the lepton and of the four leading jets, missing ὴ
and their resolutions

ÅConstraints: άὰ’ὦ άὮὮὦ, άὰ’ άὮὮ ά ψπȢτ'Å6

ÅTwo possible parton-jet assignments and two solutions for ὴ ’

ÅUse only permutations with ὴ… πȢς

Å161,496 candidate events

ÅReduces background from 7.6% to 4.3% in simulation
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TOP-17-007 submitted to EPJC
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Top mass with lepton+jets final states
ÅUse ideogram method for mass extraction

ÅDetermine probability density functions of ά and ά for 7 
values of ά and 5 values of the jet energy scale JSF from MC 
based on NLO ME (POWHEG) and PS (PYTHIA 8)

ÅCompute joint likelihood of data sample as a function of ά and 
JSF

ÅResults 

ÅWithout external constraint on JSF

Åά ρχςȢτππȢπωίὸὥὸὐὛὊπȢχςίώίὸ'Å6

ÅExploits ά to constrain the JSF 

ÅWith external knowledge included as a prior for JSF

Åά ρχςȢςυπȢπψίὸὥὸὐὛὊπȢφςίώίὸ'Å6

ÅLargest systematic is flavor dependence of jet energy scale

ÅSystematics include wider range of color reconnection models

ÅCross checks

ÅDifferential measurements of ά as a function of ὸӶὸkinematics

ÅNo biases are observed
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TOP-17-007 submitted to EPJC
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Top mass with dilepton final states
ÅDilepton final states ὸӶὸO ὰ’ὦὰ’ὦhave two unobservable neutrinos

ÅNot enough information to reconstruct the top quark mass 

ÅUse proxies for the top mass as estimators 

Åὓ , ὓ , ὓ with ὴ’ reconstructed using ὓ

ÅEstimate b-jet energy scale simultaneously with ά

ÅEvent selection

ÅὩὩ, Ὡ‘, ‘ʈwith ὴ ρχψ'Å6

Å²2 b-tagged jets with ὴ σπ'Å6and ȿʂȿ ςȢυ

Åὴ τπὋὩὠfor ὩὩ, ‘ʈevents

Å41,640 candidate events expected to be 95% ὸӶὸ, 5% ὸ, 1% others
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Phys. Rev. D 96 (2017) 032002

http://dx.doi.org/10.1103/PhysRevD.96.032002


Top mass with dilepton final states
ÅTop mass estimators
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Phys. Rev. D 96 (2017) 032002

ὓ ÍÉÎ ÍÁØὓ ȟὓ ὓ using ὴ ’ from ὓ minimizationὓ ὴ ὴ

http://dx.doi.org/10.1103/PhysRevD.96.032002


Top mass with dilepton final states
ÅExtract ά from a fit to ὓ and ὓ
Å1D fit fixes b-jet energy scale JSF to external calibration

ÅDominated by uncertainty in JSF 

Å2D fit leaves JSF unconstrained

ÅExploits different dependence of ὓ and ὓ on the b-jet scale

ÅIncreases other systematic effects

ÅHybrid fit combines the 1D and 2D results (best precision)

ά ύά ρ ύά

ÅResult

ά ρχςȢςςπȢρψίὸὥὸȢ
Ȣ ίώίὸὋὩὠ
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Phys. Rev. D 96 (2017) 032002
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Top mass from single top quark events
ÅEvent selection

Å1 isolated ‘with ὴ ςφ'Å6, ʂ ςȢτ

Åὴ υπ'Å6

Åά υπ'Å6

Å2 jets with ὴ τπ'Å6, ʂ τȢχ,                                                          
1 b-tagged

ÅFurther enhance single top component to 73% of sample

ÅMass extraction

ÅParametrize components of ά spectrum with Crystal ball functions

ÅCalibrate against MC

ÅFit data spectrum

ÅResult

Åά ρχςȢωυ πȢχχίὸὥὸȢ
Ȣ ίώίὸ'Å6

9/12/2018 Ulrich Heintz - Physics in Collision - Bogota 15

EPJC 77 (2017) 354

http://dx.doi.org/10.1140/epjc/s10052-017-4912-8


Pole mass from differential ὸӶὸcross section
ÅMeasure differential cross sections for ὸӶὸO Ὡ‘’Ӷ’ὦὦat 

8TeV 

ÅAs a function of ὴ ὰ, ὴ Ὡ‘, άὩ‘, ὴ ὴ , Ὁ Ὁ

ÅCorrected for efficiency and resolution effects

ÅFit to normalized differential distributions of leptons 

ÅProvides a measurement of the top mass

ÅComplementary to measuring ά from complete 

reconstruction 

ÅLess sensitive to QCD model and closer to the pole mass
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Eur. Phys. J. C 77 (2017) 804

https://doi.org/10.1140/epjc/s10052-017-5349-9


Pole mass from differential ὸӶὸcross section
ÅTop mass measurements from fits to differential distributions in 8 observables with 

MCFM Nucl. Phys. Proc. Suppl. 205ï206, 10 (2010)
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Eur. Phys. J. C 77 (2017) 804

https://doi.org/10.1016/j.nuclphysbps.2010.08.011
https://doi.org/10.1140/epjc/s10052-017-5349-9


Summary of top mass measurements
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Some newer 

measurements 

not included yet



Outline

ÅTop quark mass

ÅTop quark width

ÅSingle top quark production and ὠ

ÅὸӶὸὌproduction and ώ

ÅSummary
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Top width
ÅThe SM prediction for the top width at NNLO is

Åɜ ρȢσςς'Å6(PRL 110(2013)042001)

ÅDeviations would indicate BSM decay modes or couplings of the top quark

ÅThis is substantially below the experimental resolution making a direct 

measurement challenging

ÅIndirect measurements based on 
ᴼ

ᴼ
and single top ὸ-channel cross section 

Åɜ ςȢππȢ
Ȣ 'Å6(D0 PRD85 (2012) 091104)

Åɜ ρȢσφ πȢπςίὸὥὸȢ
Ȣ ίώίὸ'Å6(CMS Phys. Lett.B 736 (2014) 33)

ÅDirect measurements

Åɜ φȢσψ'Å6ͽωυϷ#,(CDF PRL 111 (2013), 202001)

ÅπȢφ ɜ ςȢυ'Å6ͽωυϷ#,(CMS PAS-TOP-16-019)
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http://arxiv.org/abs/1210.2808
http://dx.doi.org/10.1103/PhysRevD.85.091104
http://dx.doi.org/10.1016/j.physletb.2014.06.076
http://dx.doi.org/10.1103/PhysRevLett.111.202001
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-019/index.html


Top width measurement
ÅEvent selection

Å1 e or ‘with ὴ ςυ'Å6and ʂ ςȢυ

Åὴ ςπ'Å6

Åὴ ά φπ'Å6

Å²4 jets including ²1 b-tagged jet

ÅEvent must be consistent with tt hypothesis 

ÅUse best permutation for the width measurement

ÅObservables sensitive to top width

Åά and ЎὙ ὦὮ
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Eur. Phys. J. C 78 (2018) 129

https://doi.org/10.1140/epjc/s10052-018-5595-5


Top width measurement
ÅTemplate fit for top width

ÅὸӶὸproduction is modeled with POWHEG v1 

ÅGenerate pdfs of ά and ЎὙ ὦὮfor different values 

of ɜby reweighting simulated events according to a 

relativistic Breit-Wigner curve

ÅTop width is extracted using a binned likelihood fit to 

templates of ά and ЎὙ ὦὮ

ÅResult for ά ρχςȢυ'Å6
ɜ ρȢχφπȢσσίὸὥὸȢ

Ȣ ίώίὸ'Å6
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Outline

ÅTop quark mass

ÅTop quark width

ÅSingle top quark production and ╥◄╫

ÅὸӶὸὌproduction and ώ

ÅSummary
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Single top quark production
ÅSingle top quarks can only be produced by electroweak processes

ÅProbe electroweak coupling -ὠ

ÅPolarized top quark production

ÅConstrain proton structure
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Single top quark production
ÅCross sections @ 13 TeV pp collisions       

Åt-channel                                                    s-channel

ÅAssociated production      
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217 pb 6 pb

tW: 72 pb tZ: 0.8 pb

tg: 3 pb



t-channel production
ÅEvent signature

ÅTop decay ὸO ὡὦO ὰ’ὦ

ÅLight quark jet recoils against top quark 

ÅFlavor of initial light quark defines top quark charge

ÅRatio Ą proton structure pdfs

ÅMeasured at 7, 8 ,13 TeV (and TeVatron)
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t-channel cross section @ 8 TeV
ÅEventselection

ÅIsolated ‘> 25 GeV, – ςȢυor e > 25 GeV, – ςȢτχ

Åὴ σπ'Å6

Å2 jets with ὴ σπ'Å6, – τȢυ, including 1 b-tagged jet

ÅSignal discrimination

ÅANN using 7 variables (ά , ȿhὮȿ, ά , ά , ȿDhὡὦȿ, ά , ÃÏÓ—ᶻ)

ÅCut on ANN discriminant enriches sample in t-channel production
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Eur. Phys. J. C 77 (2017) 531

Process ■ ■

ὸή ρρτππτχπ ρχ ρ

Ӷὸή ρπ ρ φςωπσυπ

ὸӶὸȟὸὡȟὸὦ ρψπππρρππ ρψπππρρππ

V+jets ςππππσχππ ρυπππςψππ

Multijets τυςπχρπ τυςπφφπ

Expected

Observed

https://doi.org/10.1140/epjc/s10052-017-5061-9


t-channel cross section @ 13 TeV
ÅEventselection

ÅIsolated ‘> 26 GeV, – ςȢτand mT>50 GeV or e > 36 GeV, – – ςȢρ

Åὴ σπ'Å6

Å2 jets with ὴ τπ'Å6, – τȢχ, including 1 b-tagged jet

Å2j1b ïsignal; 3j1b and 3j2b -ὸӶὸproduction; 2j0b ïmultijet production

ÅBDT for signal discrimination 

ÅMeasurements from fit to BDT discriminant 

Ålight quark jet ȿ–ȿ, ά , ά , ЎὙὰȟὦ, ÃÏÓ—ᶻ, é
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CMS-PAS-TOP-17-011

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-17-011/index.html


t-channel cross section
ÅTotal cross section @ 13 TeV (CMS)
Å„ ρσφȢσ ρȢρίὸὥὸςπίώίὸpb

Å„Ӷ ψςȢχ ρȢρίὸὥὸρσίώίὸpb

ÅTotal cross section @ 8 TeV (ATLAS)
Å„ υφȢχ Ȣ

Ȣpb

Å„Ӷ σςȢω Ȣ
Ȣpb

ÅCross section ratio ϳ„ „Ӷ
ÅCMS @ 13 TeV:  ρȢφυ πȢπςίὸὥὸπȢπτίώίὸ

ÅATLAS @ 8 TeV: ρȢχς πȢπυίὸὥὸπȢπχίώίὸ

Åὡὸὦcoupling from total cross section „ „Ӷ
Åassumes ὠ ḻ ὠ ȟȿ6ȿ

ÅὪ ὠ ρȢππ πȢπυὩὼ πȢπςὸὬ

ÅὪ ὠ ρȢπςω πȢπτψ(ATLAS)
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ρȢφφρπȢπςφ

ρσφȢπ Ȣ
ȢίὧὥὰὩσȢυὴὨὪȟ‌ pb

ψρȢπ Ȣ
ȢίὧὥὰὩσȢςὴὨὪȟ‌ pb

υτȢω Ȣ
Ȣpb

ςωȢχ Ȣ
Ȣpb



Differential t-channel cross sections
ÅRequire ANN discriminant > 0.8 to enhance the signal fraction in the sample

ÅDifferential cross sections unfolded to parton level and particle level
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s-channel @ 7 and 8 TeV
ÅEvent selection

ÅIsolated ‘ὴ ςπ ςφ'Å6, – ςȢρor 

isolated e ὴ σπ'Å6, – ςȢυ

Å2 jets with ὴ τπ'Å6, – τȢυ

ÅEvents samples

Å2 b-jets ïsignal; 

Å1 b-jet ït-channel and W+jets; 

Å3 jets ïὸӶὸproduction

ÅSignal extraction: BDT discriminator

Å„ χȢρ ψȢρpb, muon channel, 7TeV

Å„ ρσȢτ χȢσpb, combined, 8TeV

ÅSignal significance: 

Ålikelihood ratio test Ą 2.5 s(expected 1.1 s)
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s-channel @ 8 TeV
ÅEvent selection

ÅIsolated ‘ὴ σπ'Å6, – ςȢυor     

isolated e ὴ σπ'Å6, – ςȢυ

Åὴ συ'Å6

Å2 jets with ὴ τπσπ'Å6, – τȢυ
both tagged as bôs

ÅSignal extraction: ME method

Å„ τȢψ πȢψίὸὥὸȢ
Ȣίώίὸὴὦ τȢψ Ȣ

Ȣὴὦ

ÅSM cross section @ NLO 

Å„ υȢφρ πȢςςÐÂ

ÅSignal significance

Ålikelihood ratio test Ą 3.2 s(expected 3.9 s)
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Phys. Lett. B756 (2016) 228

https://dx.doi.org/10.1016/j.physletb.2016.03.017


tW production
ÅSame final state as ὸӶὸproduction minus one b-quark

ÅInterferes with ὸӶὸproduction at NLO Ą Cannot be defined in isolation

ÅTwo prescriptions for dealing with this 

ÅDiagram removal ïremove doubly resonant NLO diagrams from tW signal

ÅDiagram subtraction ïmodify tW cross section with gauge invariant 

subtraction term 

ÅObserved at 7 and 8 TeV by CMS PRL 112 (2014) 231802 and 

ATLAS JHEP 01 (2016) 064
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http://dx.doi.org/10.1103/PhysRevLett.112.231802
http://dx.doi.org/10.1007/JHEP01(2016)064


tW production @ 13 TeV
ÅEvent selection

ÅὩ‘ᶸwith ὴ ςυςπ'Å6, ά ςπ'Å6

Å1 jet with ὴ σπ'Å6, – ςȢτwith b-tag

Å1j1b ïsignal; 2j1b and 2j2b ïὸӶὸcontrol sample

ÅLikelihood fit to BDT discriminant in all samples

Å„ φσȢρ ρȢψίὸὥὸφȢτίώίὸςȢρὰόάὭpb

ÅSM at approximate NNLO

Å„ χρȢχ ρȢψίὧὥὰὩσȢτὖὈὊpb arXiv:1506.04072
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TOP-17-018

submitted to JHEP

http://www.arxiv.org/abs/1506.04072
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-17-018/index.html


tW production @ 13 TeV
ÅEvent selection

ÅTwo opposite charge leptons >27/20 GeV and – ςȢυ

ÅVeto same flavor pairs with 81<mll<101 GeV or mll<40 GeV

ÅpTmiss>20-5- GeV, depending on lepton flavors

ÅOne b-tagged jet >25 GeV and – ςȢυ

ÅCut on BDT discriminator> 0.3  to enhance signal fraction
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Eur. Phys. J. C 78 (2018) 186

https://doi.org/10.1140/epjc/s10052-018-5649-8


ÅFiducial differential cross section normalized to total fiducial xsection

Åtwo leptons and one b-jet to suppress ὸӶὸcontributions

Åas function of Ὁὦ, άЉὦ, άЉὦ, ὉЉὦ, ά ЉЉ’’ὦ, άЉЉὦ

ÅUnfolded to stable particle level

tW production @ 13 TeV
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MC generally 

underpredicts at 

high pT/m/E



ὸӶὸand tW interference
ÅInterference contribution depends on ά
Åuse ά as proxy

Åά ÍÉÎÍÁØά ȟά ȟÍÁØά ȟά

ÅFor doubly-resonant events at LO ά ά ά

ÅCross section above is sensitive to interference

ÅEvent selection

ÅὩὩ , Ὡ‘ᶸ, ‘‘

Å2 b-tagged jets > 25 GeV, – ςȢυ

ÅDominant background at high ά is ὸӶὸ+HF

ÅCompare data to 

Åfull NLO ὴὴO ὰ’ὰ Ӷ’ὦὦprocess including interference 

(Powheg+box+res) Ą models data well over full range

ÅDS underpredicts and DR over predicts at high ά
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arXiv:1806.04667 submitted to PRL

https://arxiv.org/abs/1806.04667


tZq production
ÅRare process („ ψππÆÂat NLO)

ÅSensitive to 

ÅWWZ coupling

ÅtZ couplings 

ÅSM background to tH
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tZq production @ 13 TeV
ÅEvent selection

Å3 leptons with p_T>28,25,15 GeV consistent with ὤᴼὰὰ

Å1 b-tagged jet p_T>30 GeV, 1 other jet p_T>30 GeV

ÅSignal extraction uses fit to BNN discriminant

Å„ φππρχπίὸὥὸρτπίώίὸÆÂ

ÅSignificance of 4.2 s(expected 5.4 s)
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Phys. Lett. B 780 (2018) 557

Process Expected Observed

ὸὤή συ ω ςφ ψ

ὸӶὸ ὸὡ ρψ χ ρχ χ

Z+jets σχ ρρ στ ρρ

VV υσ ρσ τψ ρς

ὸӶὸὠ ὸӶὸὌ ὸὡὤ ςπ σ ρω σ

Total

https://doi.org/10.1016/j.physletb.2018.03.023


tZq production @ 13 TeV
ÅEvent selection

Å3 leptons with ὴ ςυ'Å6

Åconsistent with ὤᴼὰὰ

Å2 or 3 Jets with ὴ σπ'Å6, – τȢυ

Å2/3j1b ïsignal; ²2j²2b -ὸӶὸὤ; ²1j0b ïWZ+jets

ÅSignal extraction with fit using 

ÅBDT discriminator in 1b and 2b samples 

Åά in 0b sample

ÅResult

Å„ὸὰὰή ρςσ ίὸὥὸίώίὸfb

ÅSignificance 3.7 s(expected 3.1 s)

ÅSM prediction (MADGRAPH5 aMC@NLO)

Å„ὸὰὰή ωτȢς Ȣ
ȢίὧὥὰὩςȢυὴὨὪfb
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PLB 779 (2018) 358

Process All channels

ὸὤή σςȢσ υȢπ

ὸӶὸὠȟὸὡ σπȢψ ςȢτ

ὠὠ ρψφρρ

ὸӶὸὌ τȢπ πȢφ

Instrumental ωρ ρς

Total

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-16-020/index.html


tgproduction
ÅSensitive to top charge and electric/magnetic dipole moments

ÅEvent selection

Å1 isolated ‘with ῂὝ ςφ'Å6and – ςȢτ

Å1 isolated photon with ὴ ςυ'Å6and – ρȢττ, separated by ЎὙ πȢυfrom other objects

Åὴ σπ'Å6

Å²2 jets with ὴ τπ'Å6, – τȢχ, 1 with b-tag 

ÅFit to BDT discriminant

ÅFiducial cross section measurement

ÅʎὴὴO ὸ‎ὮὄὸO ‘’ὦ ρρυρχίὸὥὸσπίώίὸÆÂ

ÅSignificance = 4.4 s(expected 3.0 s)

ÅSM prediction 

ÅʎὴὴO ὸ‎ὮὄὸO ‘’ὦ ψρ τÆÂ
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Process Events

ὸ‎ ςςπφσ

ὸӶὸ‎ ρςςρρςρ

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-17-016/index.html


Single top cross section summary
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Vtb
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ÅSingle top-quark cross section 

measurements converted to values for 

ὠ , assuming ȿὠ ȿḻȿὠȿȟȿὠ ȿ

ÅVery good agreement with SM to 5% 

precision


