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Hadroproduction of heavy quarkonia remains poorly understood. Measurements of the polariza-

tion in ϒ→ µ+µ− are essential to validating theoretical models. Results from the CDF and DØ

experiments at the Tevatron are presented corresponding to2.9 fb−1 and 1.3 fb−1, respectively, of

pp̄ collisions at
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theories.
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Figure 1: Fit of the mass distribution for the yields ofϒ(1S), ϒ(2S), andϒ(3S) decays to muon pairs in
CDF.

Hadroproduction of heavy quarkonia continues to be incompletely understood. In the simplest
models, production is suppressed by a mechanism much like the OZI rule in reverse where abb̄ (cc̄)
can yield the colorless, odd-parity final stateϒ (ψ) meson only via the interaction of three gluons.
Thus when early CDF measurements [1] showed large cross sections forJ/ψ andψ′ production,
the expectation was that these were a result of feed-down from the decay of bottom hadrons. How-
ever, with the addition of a silicon vertex detector, CDF was able to differentiate between prompt
production and long-lived bottom feed down and found [2] that prompt particles overwhelmingly
dominated bothJ/ψ andψ′ production, with the cross section forψ′ about 50 times greater than
the color-singlet model prediction. CDF’s measurement [3] of theϒ(1S) differential cross section
was also much larger than theoretical expectations.

A much studied explanation of this behavior came from the Color Octet Model (COM) [4]
which is an application of the Non-Relativistic QCD [5] effective theory. Inthe COM, the produc-
tion process is factorized into a short-distance, hard process creating aQQ̄ pair and a long-distance
hadronization process. The hard process can yield either a color-singlet state from three gluons or
a color-octet state from two, with the cross section for the two-gluon fusionconsiderably larger
than for three. In the long-distance process, additional gluons can be radiated. The model includes
an expansion in terms of the quark velocityv and is governed by a set of universal four-quark op-
erators corresponding to the final-state meson spin-parity combinations. The amplitudes of those
operators are not predicted and must be determined by experiment. While it was possible to fit the
COM functions to the CDF data, the model also predicts that for large momentum (p2

T ≫ M2), the
J/ψ or ϒshould be produced from the hadronization of a single gluon and maintain thetransverse
polarization of the parent. However, this prediction is inconsistent withJ/ψ andψ′ polarization
measurements [7] from CDF.

Next-to-next-to-leading-order (NNLO) QCD [6] also predicts momentum spectra for char-
monium and bottomonium that agree with experiment, but with longitudinal polarization at high-
momentum. Thus, while the prediction of a differential cross section alone is not sufficient to
differentiate among models, measurements of the polarization at large momenta cando so. Fur-
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Figure 2: Fit of the mass distribution for two ranges of transverse momentum for the yields ofϒ(1S), ϒ(2S),
andϒ(3S) decays to muon pairs in DØ.

thermore, because the theories rely on the quarks being truly heavy, the mass of the charm quark
may not be sufficient for the theories to be applicable. Therefore, both the CDF and DØ [8] exper-
iments have recently measured the polarization ofϒmesons inpp̄ collisions at

√
s = 1.96 TeV.

CDF and DØ have collected large samples ofϒ→ µ+µ− events. Fits to the dimuon mass
distribution to determine the ofϒ(1S), ϒ(2S), andϒ(3S) yields are shown in Figure 1 for CDF
and Figure 2 for DØ. The CDF [9] and DØ [10] detectors have been described in detail elsewhere.
Both are large solenoidal detectors with muon detectors outside the calorimeters. However, they
bring different strengths. CDF has superior momentum, and thus mass, resolution enabling the
threeϒstates to be resolved, while DØ has muon coverage over a wider range of rapidity enabling
reconstruction ofϒ mesons for|y| < 1.8 compared to|y| < 0.6 for CDF. The samples include
260,000ϒ(nS) decays in 1.3 fb−1 for DØ and 83,000ϒ(1S) decays in 2.9 fb−1 for CDF.

The polarization is measured in thes-channel helicity frame where the quantity of interest is
the angleθ∗ between the momentum ofµ+ in theϒrest frame and theϒboost direction. Typically
the polarization is expressed in terms of a quantityα where the angular distribution is

dσ
d cosθ∗ ∝ 1+α cos2θ. (1)

Thus for purely transverse (longitudinal) polarizationα = 1 (−1). Experimentally, the acceptance
for ϒ→ µ+µ− decays is a strong function of both transverse momentumpT and cosθ∗. Rather
than attempting to correct the data for the acceptance, the technique employedby both groups is to
divide the data into bins ofpT and cosθ∗ and fit the dimuon mass distributions to get theϒyield
in each bin. In eachpT bin, the yield as a function of cosθ∗ can be fit to distributions derived
from Monte Carlo simulation of transversely and longitudinally polarized decays. The simulations
include all effects of the detectors. The fractionη of longitudinal decays is simply related toα :

η ≡ σL

σL +σT
=

1−α
3+α

. (2)

This method requires the simulations to be tuned well. The CDF and DØ groups have investigated
many quantities that are sculpted by the geometric and kinematic acceptance of their experiments
and verified good agreement between the simulation and the data. Some examples from DØ are
shown in Figure 3.
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Figure 3: Comparison between data (points) and Monte Carlo simulation (histogram) distributions for a
variety of quantities inϒ→ µ+µ− decays from DØ. Plotsa-d related to theϒ candidates ande-j to the
muons. Very good agreement is observed.
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Figure 4: Polarization fits from CDF for three characteristic momentum bins: 3-4 GeV/c (left), 6-8 GeV/c
(center), and 17-23 GeV/c (right). The green crosses show the data and the histograms show the best fits.
The red and blue points are the scaled transverse and longitudinal templates, respectively.

The signal line shapes in the dimuon mass are a set of Gaussian distributions.For DØ the shape
is set in a fit to the dimuon mass in apT bin for all cosθ∗. Then that shape is fixed in fits for each
(pT ,cosθ∗) bin to get theϒ(1S) or ϒ(2S) yield. In CDF, the shapes are found in a similar way. They
are then used to determine signal and sideband regions, and theϒ(1S) yield is determined from a
sideband subtraction. Figure 4 shows the event yields from CDF and the fits to the templates for
three characteristic momentum bins. The sensitivity is limited by the sharp decrease in efficiency at
large cosθ∗ where in the absence of detector effects there would be the largest difference between
yields for transverse and longitudinal polarization. Systematic uncertaintieson α are small and
come from the counting technique and trigger turn-on efficiency.

4



P
o
S
(
F
P
C
P
 
2
0
1
0
)
0
4
4

Upsilon Polarization Jonathan Lewis

Figure 5: Longitudinal polarization parameterα for ϒ(1S) production as a function ofpT from CDF. The
green band shows the prediction of NRQCD. The width of the band results from the uncertainty in the
amount ofχb feed down.
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Figure 6: Longitudinal polarization parameterα for ϒ(1S) (left) andϒ(2S) (right) production as a function
of pT . The black points are the result from DØ. The yellow bands show the prediction of NRQCD, while
the purple line is thekT -factorization model prediction. The green points are the earlier CDF result[3].

Figure 5 shows the results of the fits forα as a function ofpT [ϒ(1S)] from CDF. The NRQCD
prediction [11] is largely inconsistent with the data. The polarization results for the ϒ(1S) and
ϒ(2S) from DØ are shown in Figure 6. These results show better agreement with NRQCD, but the
ϒ(1S) result is quite inconsistent with the results from CDF. The CDF results also agree with earlier
measurements [3] from Run 1. In addtion, Figure 6 shows the prediction [12] of a kT factorization
model which is also inconsistent with both experiments. One possible reason for the difference
between the CDF and DØ results is the difference in rapidity range. However, Faccioliet al. [13]
suggest that such a large difference is unlikely to come from the underlying physics and rather is an
artifact of differences in acceptance. In order to understand whether a model properly describes the
data, it is necessary to examine more than the longitudinal polarization in a singleframe. One can
also fit for the azimuthal asymmetry, or one can make the longitudinal polarization measurement in
the Collins-Soper frame which is more properly suited to production polarization while the helicity
frame is actually most appropriate for decay polarization studies.

While much has been learned in the past 20 years about quarkonium production, the puz-
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zles still remain. Many models can describe thepT spectra; however, none adequately predicts
the polarization. Furthermore, there is substantial disagreement between the ϒ(1S) polarization
measurements of CDF and DØ. Both collaborations have larger data sets andare expanding their
analyses to include additional quantities beyond the longitudinal polarization inthe helicity frame.
The LHC experiments [14] will soon have results on the subject as well. We can expect great
progress the study of the production of heavy quarkonia to be reportedat the next FPCP meeting.
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