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 Top is the heaviest fundamental particle discovered so far
 → m

t
 = 173.34 ± 0.76 GeV

 Lifetime: τ ª 5x10-25 s << Γ
QCD

 → Observe bare quark properties 

 Large Yukawa coupling to Higgs boson 
 → λ

t
 ~ 1

special role in electroweak symmetry breaking ?  

 If we could calculate the Higgs mass: 
 Large corrections to the Higgs mass from top quark “loops” →

(Hierarchy problem) 

Top quarks as window to new physics

[arxiv:1403.4427]

Top quark introductionTop quark introduction

http://arxiv.org/abs/1403.4427
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qq annihilation

 Strong interaction: Top pairs

gg fusion

qq: ~15/13%
gg: ~85/87%

     (~10%, 14 TeV)

     (~90%, 14 TeV)

LHC (7/8 TeV):

Top quark introductionTop quark introduction
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 Decay channels:

dilepton

lepton+jets

All hadronic

BR, bg
decrease

BR, bg
increase

Top quark introductionTop quark introduction
 Strong interaction: Top pairs

gg fusion

qq: ~15/13%
gg: ~85/87%

     (~10%, 14 TeV)

     (~90%, 14 TeV)

LHC (7/8 TeV):
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 → Selection of results, focus on most recent and/or precise results

ContentContent

tt + W, Z, γ



JHEP 1402 (2014)
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 Measurements at Tevatron 
& LHC are complementary

● Variety of models with 
wide parameter space still 
allowed  → W', G, ω, ϕ, Ω

● Asymmetries based on decay 
leptons or fully reconstructed 
top quarks

       “easier”

“harder”

D
0

Top quark asymmetriesTop quark asymmetries

http://inspirehep.net/record/1266254/plots


 Dilepton, ≥ 2 jets & ≥ 1 b-
tags 
 Top reconstruction via “Analytical 

Matrix Weighting Technique”
 Kinematic dependence of 

A
C
, e.g. as a function of m(tt)

Charge asymmetriesCharge asymmetries
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↷ A
C

↷ A
C

lep

JHEP 04 (2014) 191

 In agreement with SM:
 

http://arxiv.org/abs/1402.3803


 Dilepton, ≥ 2 jets & ≥ 1 b-
tags 
 Top reconstruction via “Neutrino 

Weighting Technique”
 Individual channels (ee, 

µµ, eµ) are combined

Charge asymmetriesCharge asymmetries
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JHEP 04 (2014) 191

AC
ll =  0.024 ± 0.015 (stat.) ± 0.009 (syst.)

AC
tt =   0.021 ± 0.025 (stat.) ± 0.017 (syst.)

 In agreement with SM:
 

 → Measure top and lepton 
based asymmetry 

http://arxiv.org/abs/1402.3803
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● All measurements are (so far) in agreement with SM
● At increased √s expect to observe SM asymmetries 

● Larger gg fraction reduces them  improved methods, e.g. → [arxiv:1309.2889]

Summary of the current 
Situation:

 Experiment: Dominated by 
statistical uncertainties & 
signal model dominates 
systematic unc's

 Theory: Need QCD 
predictions at NNLO

ATLAS-CONF-2014-012

Top quark asymmetriesTop quark asymmetries

CMS PAS TOP-14-006

http://arxiv.org/abs/1309.2889
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-012
http://cds.cern.ch/record/1670517?ln=en
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 → Selection of results, focus on most recent and/or precise results

ContentContent

tt + W, Z, γ
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PRL 111, 232002 (2013)

 In tt production: New physics 
polarizes top quarks

 Polarization introduced by CP 
conserving or violating process:

 Systematic uncertainties dominated by:
jet reconstruction & signal model 

 Good agreement with SM 
(negligible polarization), also seen 
by:  CMS: →

 D0:→

dilepton

lepton+jets

αlPCPC =  -0.035 ± 0.014 (stat.) ± 0.037 (syst.)

αlPCPV =   0.020 ± 0.016 (stat.) ±          (syst.)0.013
0.017

αl : Spin analyzing power, PCPX: top quark polarization

Top quark polarizationTop quark polarization

PRD 87, 011103(R) (2013)

PRL 112 (2014) 182001

http://arxiv.org/abs/arXiv:1307.6511
http://arxiv.org/abs/1207.0364
http://arxiv.org/abs/1311.3924
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PRL 111, 232002 (2013)

PRD 87, 011103(R) (2013)

PRL 112 (2014) 182001

 In tt production: New physics 
polarizes top quarks

 Polarization introduced by CP 
conserving or violating process:

 Good agreement with SM 
(negligible polarization), also seen 
by:  CMS: →

 D0:→

 In single top production, measure 
polarized top quarks as expected

dileptonαlPCPC =  -0.035 ± 0.014 (stat.) ± 0.037 (syst.)

αlPCPV =   0.020 ± 0.016 (stat.) ±          (syst.)0.013
0.017

αl : Spin analyzing power, PCPX: top quark polarization

Pt =  0.82 ± 0.12 (stat.) ± 0.32 (syst.)

CMS-PAS-TOP-13-001

Top quark polarizationTop quark polarization

http://arxiv.org/abs/arXiv:1307.6511
http://arxiv.org/abs/1207.0364
http://arxiv.org/abs/1311.3924
https://cds.cern.ch/record/1601800
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Top quark spin correlationsTop quark spin correlations
 Top quark spins expected to be correlated in SM
 Reconstruction based on leptons 

 Dilepton decay channel, → ≥ 2 jets
 → L+jets decay channel, ≥ 4 jets

● For the first time use a simultaneous fit to azimuthal angles ∆ϕ(l,d) & ∆ϕ(l,b)
 Dominated by: hadronization uncertainties (ATLAS)

 

Results agree with NLO QCD: Spins correlated!

first time

PRD 90 112016 (2014)

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.112016
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Top quark spin correlationsTop quark spin correlations
 Top quark spins expected to be correlated in SM
 Reconstruction based on leptons 

 Dilepton decay channel, → ≥ 2 jets
 Unfold to parton level by reg. Unfolding
 Dominated by: Unfolding & top p

T
 reweighting

 Search for top chromomagnetic anomalous couplings
using differential cross section distribution

PRL 112 (2014) 182001

Results agree with NLO QCD: Spins correlated!

CMS PAS-TOP-14-005

scale 
uncertainties

Best fit to data

Re(µ
t
) = 0.037 ± 0.041 (tot.)

– 0.043 < Re(µ
t
) < 0.117 at 95% CLLimits on the chromomagnetic dipole moment Re(µ

t
)

https://cds.cern.ch/record/1629314?ln=en
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP14005
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PRL 114, 142001 (2015)

 High precision SM measurements, more and more important in Run II
 Access top squarks (MSSM: 100% t → tχ0) of similar mass as m

t 
 

 Uncertainties dominated by: signal model (Hadronization and ISR/FSR)

   Exclusion between m
t
 and 191 GeV at 95% CL, difficult to access by       

“standard” searches

Top quark spin correlationsTop quark spin correlations

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.142001


f
0
=0.70 f

R
=0f

L
=0.30 
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 W helicity in SM:

 Complements results in pair production
 Similar precision but orthogonal systematic 

uncertainties in single top channels
Signal model & template statistics

W helicityW helicity JHEP 01 (2015) 053

in single top production

http://dx.doi.org/10.1007/JHEP01(2015)053
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 → Selection of results, focus on most recent and/or precise results

ContentContent

tt + W, Z, γ



 

Top quark: FCNCTop quark: FCNC
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 Flavor Changing Neutral Currents are highly 
suppressed in SM, but enhancement in 
many models of new physics 

 Search for FCNC involving Z bosons:

CMS-PAS-TOP-14-003

B(t  ug) < 5.7 → · 10-5

B(t  cg) < 2.7 → · 10-4
B(t  ug) < 3.55 → · 10-4

B(t  cg) < 3.44 → · 10-3

CMS PAS-TOP-12-037

CMS PAS-TOP-12-037

http://cds.cern.ch/record/1700519?ln=en
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP12037
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP12037


Same sign 
dilepton

trileptons

 

Top quark: FCNCTop quark: FCNC
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 Flavor Changing Neutral Currents are highly 
suppressed in SM, but enhancement in 
many models of new physics 

 Search for FCNC involving Z bosons:

 Search for Higgs boson production in the dilepton 
(same sign) and trilepton channel

 Systematic uncertainties dominated by:
Background modeling / cross sections

 Limit on top-charm flavor-violating Higgs Yukawa coupling 
& upper limits for branching fractions:

B(t  ug) < 5.7 → · 10-5

B(t  cg) < 2.7 → · 10-4
B(t  ug) < 3.55 → · 10-4

B(t  cg) < 3.44 → · 10-3

● √(|λH

tc
|2 + |λH

ct
|2) < 0.18 at 95% CL 

CMS PAS-TOP-13-017

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP13017
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 Search in single top production (t-channel)
 MVA technique to: suppress QCD, separate signal & 

bg, search for Wtb couplings & FCNC interactions
 Systematic uncertainties dominated by:

Background normalization

(Limits on left & right vector and tensor couplings in backup)

Top quark: FCNCTop quark: FCNC
CMS-PAS-TOP-14-007

http://cds.cern.ch/record/1702400?ln=en
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 → Selection of results, focus on most recent and/or precise results

ContentContent

tt + W, Z, γ
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CMS TOP-13-001
 First measurement

   at 8 TeV!

Ttbar + X: W, Z, Ttbar + X: W, Z, γγ
 Tight photon ID requirements and cuts to suppress 

the bg
 Observation at 7 TeV by ATLAS and first 

measurement at 8 TeV by CMS 

 Dominated by object IDs (jets, photon, btag) and 
signal model related

Subm. [arXiv:1502.00586]Acc. by PRD

ΑΣ p 
T
 of all charged particles with 

Β∆R < 0.4 around photon candidates

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP13011
http://arxiv.org/abs/1502.00586
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Ttbar + X: Ttbar + X: W, ZW, Z, , γγ
 Associated production of W and Z in the SM (different mechanisms)
 Both experiments use data driven 

approaches of non-prompt bg
 Exploit full potential  many channels  →

(opposite/same sign dilepton, 2/3 leptons, etc.)
 Stringent cuts to reduce bg

(various cuts on number of jets, b-tags)
 Mostly counting, ATLAS use 7 variables & NN to search for ttW and ttZ in OS di-l
 Systematic unc's dominated by:

Lepton ID, signal model

ATLAS-CONF-2014-038

EPJ C74 3060 (2014)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-038/
http://dx.doi.org/10.1140/epjc/s10052-014-3060-7
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Ttbar + X: Ttbar + X: W, ZW, Z, , γγ

    Process         Cross section                         Sign.     
ttZ 150       (stat.) ± 21 (syst.) fb 3.1σ
ttW 300       (stat.)         (syst.) fb 3.1σ

+55
–50
+120
–100

+70
–80

 2D fit of ttW and ttZ cross sections, dominated by statistical unc's
 SM (NLO): σ(ttZ) = 206 ± 29 fb and σ(ttW) = 203 ± 25 fb

EPJ C74 3060 (2014)ATLAS-CONF-2014-038

http://dx.doi.org/10.1140/epjc/s10052-014-3060-7
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-038/
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 Remarkable precision: Signal modeling is the future topic
 High precision top quark property measurement, also 

accessible now in single top quark production (t-channel)

 Results on Asymmetry are not yet completely conclusive...

 Evidence for associated production of W, Z, γ

 No significant deviations seen from SM expectations at 
LHC Run I:  Waiting for next LHC run …→

Only small limited selection of results shown, more information:

Thank you!

CMS Top Web pagesATLAS Top Web pages

Conclusions & OutlookConclusions & Outlook

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
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BackupBackup



E. Branchina et al.
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 With the Higgs discovery the SM can be 
extrapolated to Planck scale energies

 “Test” the stability of the electroweak 
vacuum, under assumption of no new 
physics: 

 meta-stable, life time > O(10→ 80) t
universe

 

 → but new physics can change that 
dramatically

SM vacuum stabilitySM vacuum stability
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p p

  √s=7/8 TeV

 Peak luminosities: 8 x 1033 cm-2s-1 

 ~5 (25) fb-1/experiment recorded
 LHC consolidation/upgrades till 2015

LHC

LHC and detectorsLHC and detectors



 Interference appears at NLO QCD:

     → Only occurs in qq initial state; gg is fwd-bwd symmetric 
 This is a forward-backward asymmetry at Tevatron
 No valence anti-quarks at LHC  → t more central

 SM predictions at NLO (QCD+EWK)  
 Tevatron: → A

FB
 ~ 8-9 % vs. LHC: A

C
 ~ 1 % 

(waiting for full NNLO pQCD predictions)

 Experimentally: Asymmetries based on decay leptons 
or fully reconstructed top quarks

Positive asymmetry Negative asymmetry
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“easier”

“harder”

Top quark asymmetriesTop quark asymmetries



 Migration matrix shows superior resolution of leptonic based quantities
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Top quark asymmetriesTop quark asymmetries



Charge asymmetriesCharge asymmetries
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JHEP02(2014)107

A
C

 lepton+jets, ≥ 1 b-tag
 Kinematic dependencies of A

C
 as a 

function of m(tt), β
z
(tt)

 In agreement with SM:
 

z-component
tt velocity

http://arxiv.org/abs/1311.6724
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W helicityW helicity
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CMS TOP-14-007Top quark: FCNC'sTop quark: FCNC's

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP14007
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TOP-13-001

Ttbar + X: W, Z, Ttbar + X: W, Z, γγ

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP13011
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Top quark: FCNC'sTop quark: FCNC's
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Ttbar + X: W, Z, Ttbar + X: W, Z, γγ
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