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How Do Hadrons Make Quarkonium ?
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• LO Color Singlet Model (CSM) :  make 
Heavy Quark Pair in  gluon-gluon 

interaction and balance color by soft gluon   
( Baier and Ruckl, Z. f. Phys. C19,251(1983))

• Problem:  CSM much lower than CDF Run 
I data  (~30x too small for y(2S) with little 
feed-down) (Phys. Rev. Lett. 79, 572 (1997))

• Solution ?  NRQCD  (Bodwin, Braaten, 
and Lepage, Phys. Rev. D51, 1125 (1995))
Adjustable matrix elements give enough 
degrees of freedom to fit cross section data.



NRQCD Approach and Polarization
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• Treat QQ production perturbatively, but bind them into 
colorless hadron by universal non-perturbative matrix elements

• Add new amplitudes, including color octet terms, so cross 
section goes up.  Cross section fits are good because color octet 
matrix elements have adjustable parameters  that are fit to data.

• Matrix elements define QQ spin orientation  Polarization
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• NRQCD is adjusted to fit cross sections.   The polarization story 
is not good.

• At high pT octet 3S1 gluon is almost on shell  large transverse 
polarization when pT >> mQ.  The data do not  show this.

NRQCD  Test in J/y Polarization

Prompt J/y Polarization Prompt y(2S) Polarization



Issues between data, theory
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• Experiment measures the total prompt production, 
including feed-down from  c states and higher  y states.  
Hard to correct theoretically.

• NRQCD expansion depends on heavy quark velocity  as 
well as pT .  Are c quarks too light?

• What about Bottomonium?    Quarks are certainly heavy.  
There is still feed–down to consider, and published data do 
not satisfy the condition  pT >> mQ .



Y(1S) Cross Section Agrees with Theory
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• NRQCD (not shown) gives 
good fit to Y(1S) cross section.

• CSM (shown here) including  
NNLO diagrams  fits Y(1S) cross 
section as well as NRQCD.  
(Artoisenet, et al., Phys. Rev. 
Lett. 101, 152001 (2008)).

CSM higher-order 
terms boost  cross 
section.  Are extra 
gluons detectable?



Polarization Measurement Issues  
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• D0 Run II and CDF Run I 
strongly disagree about 
polarization . ????

• For Y(nS) states 
backgrounds are much higher 
than for J/y case.

• Experiments have used mass 
sidebands to estimate 
polarization backgrounds.

• Need more than  just SH 
frame to understand if a ~ 0.

Powerful data-driven 
background estimator developed 
for  new CDF results .

Feed-down ambiguities bother all models.  



New Polarization Analysis
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• Goal:  fit the three density-matrix-related angular parameters in 
two Lorentz frames:  s-channel helicity (SH), Collins-Soper(CS):

• Following Faccioli, et al., (Phys. Rev. Lett. 102, 151802 
(2009)), we also determine the frame-independent
combination for the two frames as a systematic check.

• Make background subtraction to isolateY(nS) signal yields 
in  cos q, f  bins for SH or CS frames.

• Use MC  acceptance and  trigger and reconstruction 
efficiency measured from data to correct yields .



CDF Run II Y(nS) Data
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• Two trigger regions covering |h(m)|< 1

• Large data samples:  550,000 Y(1S), 150,000 
Y(2S), 76,000 Y(3S)

• Background is significant and complicated 
– varies with M(mm) and pT

• Fit angular distribution  dG/dW for 3D 
distributions of both signal and background.  
(Don’t require background parameters to be 
physical.  Background isn’t a J=1 state.)



Acceptance and Efficiency
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• Compute geometric acceptance using  full GEANT simulation 
for Y(nS) decays in each pT range.

• Get efficiencies  using  unbiased muons from J/y mesons 
selected from single-muon trigger. 

• Dominant dimuon background comes from semileptonic B 
decays.  Use this fact to identify  3D background shape.

• angular distribution independent of  decay distance
• select obvious background muons by large impact 
parameter



Background 3D Angle Distribution
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• Divide mass plot into 
12 signal and  
background regions  

• In background-only 
mass bins fit 3D 
distributions of 
prompt and detached 
samples

• compare shapes  to 
validate idea of using 
detached sample to 
predict prompt shape

Excellent agreement!

Beam  
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spot

low mass 
sideband

Beam 
Spot

N$$d for a N$w Approach
* Sid$band subtraction won't work:

* Dominant background is s$mi-l$ptonic B d$cays

- Angular distributions not corr$lat$d with d$cay tim$

- Muons with larg$ impact param$t$rs provid$s an almost pur$

background sampl$ with th$ sam$ angular distribution
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Signal Extraction
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Ratio of prompt/detached samples  
has simple linear mass dependence, 
even though prompt mass 
dependence itself is not linear. 

• In signal region, define 
detached  dimuon sample 
= background.  Fit 3D 
distribution.

• Use fit of ratio of 
prompt/detached from 
sidebands to normalize 
background  3D 
distribution in signal 
region.



Test of Background Subtraction
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Fits to signal + background

* Th$ fit provid$s a good d$scription of th$ angular distribution
in both background and in signal + background sampl$s.
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Projections of 3D fit for total data (black) and prompt 
background (red) for Y(1S) mass band, 2 < pT < 4 GeV/c in SH 
frame.  Note the excellent description of different shapes for S+B 
and B distributions.



Sample Results:  2 < pT(mm) < 4 GeV/c

21 May 2012 Jim Russ - FPCP2012 - Hefei, China 14

Background mass 
slices show 
significant  lf and 
varying lq

polarization 
parameters.  

Some background 
fits are outside  
physical region for 
real dimuons.  It’s 
OK – can happen for 
background.

At low pT some background bins are much more polarized in lq than signal.



Consistency
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• Contribution of Faccioli, et. al.:  The linear combination 

is frame-independent.

• Compare this quantity as a function of pT for  SH and 
CS frames - same data in each, so  use toy Monte Carlo. 
to  evaluate expected deviations.  Results agree well.  



Y(1S) Results
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Y(1S) CS (upper) and SH (lower) parameters show little pT variation.

Sizeable  feed-down from higher states might dilute polarization.



Y(3S) Results
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Y(3S) with small feed-down  shows same trends as Y(1S) .

Data show little polarization at any pT in any reference frame.

CS Frame

SH Frame



Compare to Theory
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• New CDF results agree 
with CDF Run I, despite 
completely different 
analysis strategy.
• Do not agree with D0

• No trend toward 
transverse polarization.

• The kT model includes 
feed-down from cb states.  
If feeddown is unpolarized
(dashed curve) model 
matches data.
• Higher order CSM terms 
make a longitudinal also 
(slide 7 or backup slide 25)



Summary
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• New CDF results give some  important  firsts:
• first 3D analysis of Y(nS) angular distributions in CS and H 
frames and demonstration of the consistency of the results.
• first measurement of Y(3S) polarization parameters (low 
feed-down contamination  easier modelling)
• first analysis using detached muon sample to determine 
background under quarkonium signal

• And some  equally important seconds:
• New results agree well with CDF Run I measurement 
(which used very different analysis) and disagree with D0 .

• New results, like CDF J/y polarization , disagree with 
NRQCD polarization prediction. 



Conclusions
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• J/y and Y(1S) systems show  similar polarization variation 
with pT , even with feed-down included.  Strongly suggests that 
quarkonium characteristics are the same for c and b systems,  
even in the spin couplings of the heavy quarks.

• kT model prediction with unpolarized feed-down  
contributions to Y(1S) polarization  agrees with trends of data, 
as does NLO CSM calculation with feed-down.  
Experiments need to measure the feed-down polarization 
separately, at least for J/y system, to test prediction.

• Results from LHC experiments can confirm and extend these 
patterns and are eagerly awaited.



Backup Slides
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Quarkonium Polarization vs mT
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• CDF measurements of 
prompt J/y and Y(1S) 
polarization in helicity
frame show identical 
trends in mT.

• As precision improves 
for y(2S) and Y(2S) 
polarization, adding 
those data to a plot like 
this may be informative.



kT Factorization Picture
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• Needs only color singlet 
contributions.  Predicts 
longitudinal direct polarization.

• Feed-down from cb states can 
interfere constructively or
destructively with direct 
production.  Latter case gives 
essentially zero polarization.

S. P. Baranov and N. P. Zotov, JETP Lett. 86,  499 (2007)



Y(2S) Results

21 May 2012 Jim Russ - FPCP2012 - Hefei, China 24

R$sults for �(2S) stat$

* Looks isotropic, $v$n at larg$ valu$s of : $...
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Looks very similar to Y(1S), Y(3S) data – no polarization.

CS Frame

SH Frame



Recent Polarization Calculations
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Comparisons with n$w$r calculations

Nucl. Phys. B 214, 3 (2011) summary:

- NLO NRQCD - Gong, Wang & Zhang, Phys. R$v. D83, 114021 (2011)

- Color-singl$t NLO and NNLO* - Artois$n$t, $t al. Phys. R$v. L$tt. 101, 152001 (2008)

45

NLO NRQCD with

color-oct$t matrix

$l$m$nts

NLO color- singl$t

Significant

unc$rtainty du$ to

f$$d-down from

=; �' R��stat$s

(cons$rvativ$

assumptions)

CDF Run II pr$liminary - 6.7 fb-1

Recent NRQCD and CSM calculations including feed-down 
corrections have large uncertainty bands .  Trend in NRQCD 
continues toward T polarization at high pT.  CSM matches data.

NRQCD:  Gong, Wang, and 
Zhang, Phys. Rev. D83, 114201 
(2011)  

CSM:  Artoisenet, et al., Phys. 
Rev. Lett. 101, 152001 (2008)



D0 Dimuon Mass Spectra

21 May 2012 Jim Russ - FPCP2012 - Hefei, China 26

D0 mass resolution limits their ability to track background 
behavior under Y(nS) signal peaks.  They cannot do 3D 
background fits like CDF does.


