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Introduction

¥ Quarkonia are bound states of a heavy quark and its antiquark

¥ Quarkonium production rate at LHC is very high (≈108 J/ψ’s 
for Lint = 1 fb-1 at pT(J/ψ) > 6.5 GeV/c)

¥ Quarkonium production is studied in all four LHC experiments

¥ QCD can be probed through quarkonium production 
properties, in particular differential cross sections and spin 
alignments
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Quarkonium Polarization

¥ Angular decay distribution 
measured with respect to a 
reference frame (Collins-Soper CS, 
helicity HX, etc.)

¥ Most general angular distribution:

Quarkonium polarization 

11 Valentin KnŸnz (HEPHY Vienna) 25. Nov. 2011 

General concepts of the polarization of vector quarkonia 

Quarkonium 

rest frame 

production 
plane 

y x 

z 

! + 

Quantization axis z 

! "   = +1 : “transverse” polarization Jz = ± 1 

Jz = 0 

"#  = +1 
"$  = "#$ = 0 

"#  = Ð1 
"$  = "#$ = 0 

! "   = -1 : “longitudinal” pol. 

zCS 

zHX 

arXiv:1006.2738 

zCS ! direction of colliding partons 
zHX = direction of quarkonium momentum 
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where λθ, λΦ, λθΦ are polarization parameters

dN
dcos !d"

∝ 1 + #θ cos
2 ! + #φ sin

2 ! cos 2" + #θφ sin 2! cos "
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Quarkonium Polarization

¥ Two approaches: Color Singlet Model (CSM), Non Relativistic 
QCD (NRQCD)

¥ CDF results seem to exclude both models

¥ Note: CDF only measured polar angle distribution which 
allows ambiguous interpretations 

Quarkonium polarization Ð progress? 
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The CDF J/ !  polarization measurement 

•  The CDF J/!  polarization measurement seems to exclude both CSM NLO and NRQCD 
predictions 

•  Note: CDF measured prompt J/!  (including feed-down from !" !"#$!#$%&!'()*+!,(+!-./!
012!3"*34*"56#!)7!869!,(+!$)9+3,*:!;96$43+$!J/!   (the NRQCD curve includes feed-down) 

•  A recent  series  of papers  provides a deeper insight into quarkonium polarization 
!  See CDF results from a critical perspective and  
propose new measurements to reach unambiguous interpretations 

ãThere is no better way 
to test a theory than to 
apply it to a scenario 
different from the one 
that initially prompted its 
developmentÒ 
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Experimental Results for J/ψ Polarization

¥ inconsistent results
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Apparent inconsistency 
of results between 
experiments ...

... and even within the 
same experiment! 
Note: Only the polar angle 
distribution is shown!
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Need to Measure Full Angular Distribution

¥ Measure of the full angular decay distribution (three 
polarization parameters): Two very different physical cases 
are indistinguishable if only λθ is measured.

¥ Measure the polarization in at least two reference frames to 
be able to compare experimental results

¥ Observed polarization depends on frame

8

Quarkonium polarization 
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Frame (in)dependence and azimuthal anisotropy 
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The observed polarization 
depends on the frame 

The anlge !CS->HX depends 
on pT and rapidity: 

zCS ! zHX 
for mid rapidity & high pT  
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Frame (in)dependence and azimuthal anisotropy 
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Frame Independent Parameter

¥ Define frame invariant parameters such as λ from the full 
angular distribution of a given frame
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Recent Results on Quarkonium Polarization

¥ ALICE:
slightly longitudinal polarization at 
low pT in HX frame
CS frame compatible with no 
polarization

¥ CDF:
! (1S) compatible with no polarization
! (2S) and ! (3S) large uncertainties

J/! polarization in pp collisions at
!

s=7 TeV 7
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Fig. 3: #" and #$ as a function of pt for inclusive J/! , measured in the HE (closed squares) and CS (open circles)
frames. The error bars represent statistical errors, while systematic uncertainties are shown as boxes.

direction of the decay J/! [17], as observed by CDF, who measured in this way #" (J/! " B) # $ 0.1
in the HE frame [5]. Assuming conservatively |#" (J/! " B)| < 0.2 for both frames, and taking into
account the fraction of the inclusive yield coming from B-meson decays [17], the difference between
prompt and inclusive J/! polarization was estimated and found to be at most 0.05, a value smaller than
the systematic uncertainties of our measurements.

Table 1: The values of #" and #$ in the two reference frames. Statistical and systematic uncertainties are quoted
separately.

pt (GeV/c) #" #$
2-3 $ 0.36± 0.09± 0.21 0.05± 0.04± 0.04

HE 3-4 $ 0.20± 0.11± 0.13 0.01± 0.05± 0.05
4-8 0.00± 0.10± 0.10 0.00± 0.04± 0.04
2-3 $ 0.10± 0.14± 0.13 $ 0.04± 0.08± 0.07

CS 3-4 $ 0.06± 0.14± 0.07 $ 0.03± 0.08± 0.05
4-8 $ 0.09± 0.10± 0.08 0.03± 0.06± 0.07

The results presented in Fig. 3 extend the study of the J/! polarization to LHC energies and therefore
open up a new testing ground for theoretical models. At present, NLO predictions for direct J/! polar-
ization at the LHC via the color-singlet channel [14, 12] show a large longitudinal polarization in the
HE frame (#" # $ 0.6) at pt # 5 GeV/c, which is in contrast with the vanishing polarization that we
observe in such a transverse momentum region. The contribution of the S-wave color-octet channels
was also worked out [11] and indicates a significantly different trend (large transverse polarization) with
respect to the color-singlet contribution, but again in contrast with our result. In this situation, a rigorous
treatment on the theory side of all the color-octet terms (including P-wave contributions) is mandatory,
as well as a study of the contribution of %c and !(2S) feed-down, which is important for a quantitative
comparison with our result [30]. Such studies are presently in progress and the comparison of their out-
come with the results presented in this Letter will allow a very significant test of the understanding of the
heavy-quarkonium production mechanisms in QCD-based models.

In summary, we have measured the polarization parameters #" and #$ for inclusive J/! production in
CD

F 
N

ot
e 

10
66

5
ar

Xi
v:

11
11

.1
63

0

10

No evidence of 
polarization!
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Some More Challenges

¥ Since LHC is a “quarkonium production factory”, statistics is 
not a problem. Trigger rate is very high.

¥ Systematic uncertainties prove difficult: Dimuon efficiency is 
the most important input for the extraction of polarization 
parameters.

¥ Feed-down from χ-states will be difficult to identify  
because it requires a precise measurement and 
identification of low energy photons.

Quarkonium spectrum 
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Charmonium  spectrum 

Bottomonium  spectrum 
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bb 
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Dimuon Efficiencies

¥ A very precise description of the 
dimuon efficiencies in the low pT 
region is needed.

¥ Efficiency corrections depend on 
the kinematical variable pT, 
rapidity and also on the angular 
configuration of the two muons.

¥ Tag and Probe method is standard 
to extract single muon efficiencies:
utilizes a known resonance to 
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Dimuon Efficiencies

¥ “Special” trigger paths to study efficiency are needed

¥ How to get dimuon efficiencies?
Using the single muon efficiency and a correction factor for 
correlations between muons
Directly using events collected without using muon 
information in the trigger
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Summary

¥ Quarkonium polarization has been an active field of research 
since some time.

¥ It is a very complex and sensitive measurement.

¥ Measurement of all polarization parameters in at least two 
reference frames is needed for an accurate result.

¥ Frame invariant parameters are important and can also be 
used as cross-checks.
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Frame (in)dependence and azimuthal anisotropy 
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THANK YOU!
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BACKUP
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Experimental Results for ! (1S)
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New CDF Result Run II

¥ Measure all three parameters simultaneously

¥ Measure Collins-Soper and helicity frame
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