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  Introduc2on	
  

•  Understanding the mechanism of quarkonium production in hadron 
colliders has been (surprisingly) challenging since the first evidence 
seen by CDF. 
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  Introduc2on	
  	
  

•  Color Octet (CO) has been introduced, in  addition to Color Singlet 
(CS), to cope with the large discrepancies: 

       - Leading Order:  CO  dominant        quarkonium transversely polarized  
 
 
 

•  Nowadays the role of CO vs. CS is still on debate… 
       -  CS + CO: LO + NLO                       can reproduce data 
         -  CS   only: LO + NLO + NNLO*     not very far from data 
                          NNLO – NNLO* (part. of NNLO)  = ? 
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  Introduc2on	
  (cont’d)	
  

•  More observables are proposed: double charm(onium), p-Pb 
collisions at LHC energies… 

  
•  Meanwhile the production cross-sections (+ polarizations?) of  

     are (going to be?) available, especially at LHC. It may shed new  
     light… 
 
•  The interplay between theory and experiment continues. 
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  Experiments	
  at	
  Tevatron	
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  Experiments	
  at	
  LHC	
  

•  General purpose detectors:  CDF and D0 
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  produc2on:	
  a	
  short	
  summary	
  
•  One of the very first physics results from hadron colliders 
•  Sources of           -  directly produced 
                                    -  feed down from  

      -  from b-hadron decays 
•  Separation of feed down component is challenging experimentally 
        ~30% from       at Tevatron, confirmed at LHC  

•  b-component could be separated from the prompt component by a 
using the lifetime information of b-hadrons 
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•  Theory predictions are in good agreement with data 

•  Huge statistics, dominant uncertainty from unknown polarization. 
LHC Results will be updated once the polarization measurement is 
ready. 
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•  New ALICE measurement 

 
 
   The  impact of the measurement is still under discussion  
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•  The prompt component of            doesn’t suffer from feed-down 
from higher mass states: prompt = direct 

•  May be exploited in two modes 
                                                   

 (2S)
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•  Reasonable agreement between theory and  data 
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•  Three  states decaying into             :  

⌥(nS)
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•                          : direct production + feed down 
                                                  
 

        ~ Direct 
                                                   
           
•              : ~ direct production 
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•   Measurements in different regions of phase space, different energies, by 

different experiments… 
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•   Reasonable agreements with theory predictions  

 
•  ATLAS measurement in a kinematic region 
                 where results less dependent on the unknown polarization 

⌥(nS)

16	
  ATLAS,	
  PLB	
  705	
  (2011)	
  9.	
  	
  

|⌘µ| < 2.5, pµ
T > 4GeV

“NRQCD,	
  Pythia8”:	
  	
  CO	
  at	
  LO	
  order	
  
	
  +	
  a	
  set	
  of	
  parameters	
  determined	
  
from	
  Tevatron	
  data	
  

⌥(2S) ⌥(1S)

2012-­‐05-­‐21	
  



Polariza2on	
  Measurement	
  
•  The polarization (spin alignment) of the quarkonium can be determined by the 

analysis of the angular distribution of the final state leptons 

•  The coefficients are frame dependent, but an invariant characterized the “shape”   
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Polariza2on	
  Measurement	
  

•  It was proposed that polarization measurement could shed light on 
understanding the role of CS vs CO 

•  Polarization results maybe highly depend on rapidity range, 
frame,..., and above all the good understanding of the detector 
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Polariza2on	
  Measurement	
  
•  A “full analysis” on      polarization by CDF 

•  Result not consistent with D0 

 
•  Disagrees with CO at leading order 
      (“NRQCD” in the plot),  but close to the 
      CS at NNLO*  
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Polariza2on	
  Measurement	
  
•  ALICE released the first         polarization measurement at LHC 

 
 
 
 
 
 
 
 
      
•  Results are close to the recent theoretical prediction (NLO CS+CO) with large 

uncertainties (no feed down in theory). Many terms contribute… 
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Produc2on	
  of	
  	
  	
  
•  Decays into                 , the photon energy resolution is crucial to resolve the   
                       states.  
•  The photon may be measured  
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•  Photon reconstructed in calorimeter 
    only (higher eff., poorer resolution)  
•  In agreement with CS+CO NLO 
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•  Converted photons are used (better resolution, lower efficiency) 
•  Results in agreement with CS+CO NLO above 8 GeV 
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New	
  	
  	
  	
  	
  	
  	
  state	
  

•     states reconstructed from 

 
 

•  LHCb observed       states in 2010 data 
      (37 pb-1) with photons in calorimeter. 
     Measurement of     ratios on the way. 
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  Double	
  charm(onium)	
  
•  LHCb made the first observation of double          production at hadron colliders. 
 
•  Many double charm(oium) modes observed with significance > 5σ. 
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  Double	
  charm(onium)	
  
•  Measured cross-sections suggests Double Parton Scattering (DPS) needed  
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•  Correlations reveal some deep insights 
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  Summary	
  &	
  prospects	
  

•  Quakonium production has provided an ideal place to test QCD, 
many lessons learnt in last 20+ years: 

         - high order corrections more important at some phase space region 
           - the correct answers may involve many factors, CS+CO 
           - simple measurement might not be easy (e.g. polarization) 
           - … 

•  Many more results are going to be produced in LHC 
         - polarizations (                                       ) 
          - double Quark(onium) productions 
          - new states 
          - … 
          - p-Pb collisions in LHCb 
•  Stay tuned!  
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•  Photon reconstructed in calorimeter only (higher eff., poorer 
resolution)  

•  Results in agreement with CS+CO NLO 
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