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Top quark production   

•  Major source of background for many searches   

•  New physics may preferentially couple/decay to top 

M. Aldaya 

  Top quarks: key to QCD, electroweak, and new physics 
•  Large mass  large coupling to Higgs (y ~ 1)   

•  Decays before hadronizing: “bare” quark 

  Several million tt events produced in Run-I   

•  Great opportunity to study the details of  
   top production mechanisms  
 Exploit kinematic distributions in      
    different regions of the phase space     

•  Production of tt in association with QCD jets  
  or additional particles could reveal new physics 

•  Theory predictions & models need to be tuned 
   and tested with measurements  

LHC Discussions, 02.11.15 

13 TeV 



  Top quarks produced mainly in pairs (tt), and by gluon fusion at LHC (~90%) 
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Top pair production and decay  

M. Aldaya 

  In SM, t  W+b (~100%)  W decay modes define top final states 

,τ 

,τ 

,τ 

BR(µ,e)~6% 
:  

Z+jets 

 BR(µ,e)~34% 
Moderate bg: 

W+jets 

 BR~46% 
Huge bg:  

QCD 
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[ Czakon, Fiedler, Mitov, arXiv:1303.6254 ] 
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Menu for today  

tt production:  
 

- Inclusive xsec 
 

- Differential xsec 
 

- Boosted xsec 
 

- tt+jets, tt+b(b) 
 
 

- tt+Z/W  
 

Selection of latest Run-I results 
 
 
 

First 13 TeV results based on  
~80 pb-1 (ATLAS) and 42 pb-1 (CMS)  

of the early 50ns dataset 

Many new measurements for TOP2015: 
https://indico.cern.ch/event/351006/  
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•  Simultaneous 7 & 8 TeV template fit  
   with systematics as nuisance parameters: 

– Nbjets and additional non-btagged Njets categories  

Selection: opp.-sign isolated eµ pair, jets, b-tags 

CMS-PAS TOP-13-004 

tt cross section eµ “7+8” TeV – CMS  Sep’15 

– fit to the softest additional non-btagged  
  jet pT distribution in each category   

Nbjets  

Last word from Run-I in dileptons at CMS  

LHC Discussions, 02.11.15 

≥ 3 add jet 2 add jet 1 add jet 1 add jet 0 add jet 

7 TeV: 
8 TeV: (+3.8% - 3.5%) 

(+3.6% - 3.4%) 

   

 Large constraints on JES, extra radiation, b-tagging, etc   
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ATLAS-CONF-2015-033 

Selection: opposite-sign isolated eµ pair,  
1 and 2 b-tagged jets 

tt cross section in eµ at 13 TeV – ATLAS 
  Use eµ channel  very clean 

•  εb: product of b-tagging efficiency &  
       jet kinematic acceptance for tt events   
•  εµe: leptonic acceptance   

•  Cb: tagging correlation   

  Analysis strategy follows Run-I ATLAS  
  best measurement  

•  Simultaneous determination of σtt and b-tag  
  efficiency in events with 1 and 2 b-tags 

σtt = 825 ± 49 (stat) ± 60 (syst)  ± 83 (lumi) pb   

 Nbjet	


 N1	


 N2	


 Minimize jet and b-tag systematics 

(14%) 

Aug’15    

Dominant syst: luminosity, tt modelling, electron ID  
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ATLAS-CONF-2015-049 

Selection: OS isolated ee/µµ pair, 1 and 2 b-tags  
+ additional cuts to suppress DY and low mll resonances   

  ee, µµ channels: same method as for eµ  

σtt = 749 ± 57 (stat) ± 79 (syst)  ± 74 (lumi) pb   (16%) 

  Combined ee and µµ: 
 µµ: 

Nbjet	


  tt/Z ratio: interesting for PDF fits 

tt cross section in dileptons at 13 TeV – ATLAS 
Sep’15 

   

Luminosity 
uncertainty 
cancels in 
the ratio  

Dominant syst: luminosity, tt modelling  



Njets  

8 M. Aldaya LHC Discussions, 02.11.15 

Aug’15 

arXiv:1510.05302, submitted to PRL Is there a first glimpse of New Physics ? 

Selection: opposite-sign isolated eµ pair, ≥ 2 jets, no b-tags  

(16%) 

tt cross section in eµ at 13 TeV – CMS 

  Use eµ channel 

|Δφ(e,µ)|  

  Cut & count approach (simple and robust)  

   

Dominant syst: luminosity, trigger & 
lepton efficiencies 
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ATLAS-CONF-2015-049 

Selection: e/µ, > 4 jets, > 1 b-tag 
+ additional cuts to suppress W+jets and QCD background   

σtt = 749 ± 57 (stat) ± 79 (syst)  ± 74 (lumi) pb   (16%) 

tt cross section in l+jets at 13 TeV – ATLAS 
Sep’15 

   
  e/µ+jets channel 

  Cut & count approach 

mT
W  

pT(jet)  

Dominant syst: JES, luminosity  
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The full picture  

LHC Discussions, 02.11.15 

  Good agreement among all measurements, also with NNLO+NNLL theory 

  13 TeV results dominated by luminosity uncertainty: ~10% ATLAS, 12% CMS 



Differential  
σ(tt) 

Number of 
events 

•  Bin-wise cross section measurement 

•  tt kinematic reconstruction 
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  Absolute or normalized to in-situ measured σ(tt)  
•  Normalization: many systematics cancel,  
  only shape uncertainties contribute 

  Main analysis ingredients   

•  Unfolding: correct for detector effects & acceptance  
ΔX

i = bin width for variable X 

  Compare to theoretical predictions   

•  Tight event selection  pure tt sample 

Top pair differential cross sections 
Scrutinize tt production in all channels as a function of many kinematic observables 

•  Parton or particle level,  
  in full or fiducial phase space 

LHC Discussions, 02.11.15 



l+jets 
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   The pT(top) distribution in Run-I  
pT spectrum softer in data, in particular at the tail 
 impact also on searches, tt+H 

CMS: Observed consistently in all channels, 7 & 8 TeV 

Sep’15 

ATLAS and CMS data appear in good agreement at 8 TeV 

TO
PQ

-2015-06 

LHC Discussions, 02.11.15 

l+jets 

arXiv:1505.04480, accepted by EPJC
 



l+jets 
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   The pT(top) distribution in Run-I  
pT spectrum softer in data, in particular at the tail 
 impact also on searches, tt+H 

CMS: Observed consistently in all channels, 7 & 8 TeV 

Sep’15 

ATLAS and CMS data appear in good agreement at 8 TeV 

TO
PQ

-2015-06 
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l+jets 

Full NNLO calculation available ! 

Full NNLO ‘confirms’ 
observed slope, in 
direction closer to 
data  

arXiv:1505.04480, accepted by EPJC
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High pT tops: entering boosted regime   
Measure top quarks at high pT using 
optimized event selection & 
reconstruction up to TeV range ! 

CMS-PAS TOP-14-018 

LHC Discussions, 02.11.15 

A: Mini-isolated 
 

C: Non-isolated 
lepton 

b-tagged Large-R jet, top-tagged 

A: pT > 300 GeV 
C: pT > 400 GeV 

arXiv:1510.03818, submitted to PRD 

Sep’15 

  Slightly softer pT spectrum in data  
   for both ATLAS & CMS 

l+jets channel 

  Parton and particle level,  
  full and fiducial phase space 

Hadronic  
top 

Leptonic  
top 
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 tt differential at 13 TeV – CMS   

  New generation of MCs available, with  
new tunes and configurations, are compared to data 

dileptons: 
pT(top) 

l+jets: 
m(tt) 

l+jets: 
pT(tt) 

C
M

S-PA
S TO

P-15-010 

C
M

S-PA
S TO

P-15-005 

Aug’15 

Important first test of QCD at 13 TeV 

   

LHC Discussions, 02.11.15 

  Parton level, full phase space 

  Good agreement between data and predictions 



tt+“friends”     



 Jet multiplicity at 13 TeV – CMS   
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Aug’15 

LHC Discussions, 02.11.15 

t 

t 

Large fraction of tt in Run-I have extra hard jets from initial or final state radiation 

 ISR	


 FSR	


  First jet multiplicity results at 13 TeV  

N(jets) 

N(add jets) 

  Reveal presence of new physics in tt+jets final states, bg for tt+H 

  Detailed study of pQCD at the highest scales 

•  Measured at particle level in fiducial phase space 

C
M

S-PA
S TO

P-15-010 

C
M

S-PA
S TO

P-15-005 



   tt+b(b) production at 8 TeV – ATLAS 
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  Aug’15 
arXiv:1508.06868 

Irreducible, non-resonant 
background for tt+H(bb) 

  tt+bb in dileptons (ee, µµ, eµ) 
  tt+b in l+jets and in eµ channels 

  Signal extraction by fit to MVA b-tag discriminator (tt+b, tt+bb)  
   and cut-based (tt+bb)  

  Compare to different gbb splitting models 

ttb
eµ 

2l + 4j + 2b 2l + 3j + 2b 1l + 5j + 2b 



   tt+b(b) production at 8 TeV – CMS 
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arXiv:1510.03072, 
submitted to EPJC  

Oct’15 

Comparison with 
NLO ttbb calculation 

ttb ttbb 

  
  Dilepton channels:  

•  Differentially as a function of the kinematic properties of the additional b jets 

LHC Discussions, 02.11.15 



       tt+Z and tt+W at 8 TeV – ATLAS 
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Sep’15 

LHC Discussions, 02.11.15 

      
Very rare processes in SM 
  Measure couplings to bosons 

  Important background for BSM and tt+H 

•  Extract tt+Z, tt+W simultaneously in a binned profile likelihood fit 

  4 signal regions based on selected leptons: opposite sign (OS) 2l, same sign (SS) 2l, 3l, 4l 

•  Increase sensitivity: also split into jet and b-tagged jets categories, mll compatibility with Z 
arXiv:1509.05276 



tt+Z and tt+W at 8 TeV 
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CMS-PAS TOP-14-021 

LHC Discussions, 02.11.15 

      
arXiv:1509.05276 

tt+Z, tt+W production established ! 
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Summary 

M. Aldaya 

  Top quark production   

  So far, good agreement with SM predictions 

  Top quark physics: key to QCD, electroweak and New Physics   

•  Trade off statistics for systematics  

•  tt inclusive cross sections measured with 4% accuracy 

•  Access to new physics in the top environment Exciting times ahead ! 

Stay tuned !  

•  Differential: resolved vs boosted, parton vs particle level 

  Run-II: expect 100 fb-1 by end of 2018:  
   ~80M tt, ~20M single top, ~80000 ttZ and tZ events 

•   tt+heavy flavour production: irreducible, non-resonant background for ttH(bb)   

LHC Discussions, 02.11.15 

  First 13 TeV cross section results are now available ! 

    

  
•   Observation of tt+Z/W/γ: potential to verify top couplings 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults  

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

ATLAS: 

CMS: 



Additional information   
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Single top 

  Sensitivity to b-PDF and u/d-PDF 

  Cross section proportional to |Vtb|2,  
   test unitarity of CKM  

  Typically apply multivariate techniques    
   (NN, BDT) using full event properties  
   to maximize sensitivity  

LHC Discussions, 02.11.15 

  Probe for new physics (4th gen., FCNC) 

Vtb~1 

  Single top well established at LHC: 

86.5 +3.4 –2.4 

22.0 ± 2.5   

5.65 ± 0.22   

248 ± 5             

70.4 +3.7 –3.8  

11.17 ± 0.42  

  Large backgrounds: tt, W+jets, QCD 

•  s-channel: First evidence at LHC in Run-I from ATLAS ! 

•  t-channel: First result at 13 TeV from CMS ! 

t-chan 

tW-chan 

s-chan 

8 TeV (pb) 13 TeV (pb) 

(x 2.9) 

(x 3.2) 

(x 2) 

ATLAS-CONF-2015-047 

CMS-PAS TOP-15-004 



Single top summary in Run-I  
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    Single top t-channel 
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Sep’15 

3.5σ Obs. (2.7σ Exp.) CMS-PAS TOP-15-004 
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Cross sections: 13 TeV / 8 TeV 

LHC Discussions, 02.11.15 
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Run-I inclusive tt cross section  

LHC Discussions, 02.11.15 

8 TeV 

•  All channels measured to look for the unexpected 
•  Good agreement with NNLO+NNLL  
•  Precision of ~4% (dilepton channel), similar to 

theoretical prediction  

7 TeV 
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Sep’15 
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Sep’15 Top pair cross section eµ “7+8” TeV  
CMS-PAS TOP-13-004   Results: 



31 M. Aldaya LHC Discussions, 02.11.15 

tt cross section in eµ at 13 TeV    

  

CMS ATLAS 
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tt cross section at 13 TeV - ATLAS    
CMS 

Dilepton 

  

  

  

  

   

  

  

   

   

l+jets 



   tt+b(b) production at 8 TeV – ATLAS 
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Sep’15   

LHC Discussions, 02.11.15 



   tt+b(b) production at 8 TeV – CMS 
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arXiv:1510.03072, 
subm

itted to EPJC
  

Sep’15 

Comparison with 
NLO ttbb calculation 

ttb ttbb 

  
  l+jets channel: 
•  Signal extraction by fit to the measured b-tag discriminator  
  in different Njets and Nbtags categories 

  Dilepton channels:  
•  Differentially as a function of the additional b jets 

C
M

S-PA
S TO

P-13-016 

LHC Discussions, 02.11.15 
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Magnet cryogenics 

LHC Discussions, 02.11.15 


