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Hadroproduction of heavy quarkonia remains poorly undedt Measurements of the polariza-
tionin Y — p™u~ are essential to validating theoretical models. Resubimfthe CDF and D@
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pp collisions at,/s = 1.96 TeV. The results are inconsistent both with each otherasadable
theories.
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Figure 1. Fit of the mass distribution for the yields &(1S), Y(2S), andY(3S) decays to muon pairs in
CDF.

Hadroproduction of heavy quarkonia continues to be incompletely utmaersin the simplest
models, production is suppressed by a mechanism much like the OZI rulesirseevhere bB(c@
can yield the colorless, odd-parity final staf€y) meson only via the interaction of three gluons.
Thus when early CDF measuremeriis [1] showed large cross sectioh&ffand ¢/ production,
the expectation was that these were a result of feed-down from thg d&battom hadrons. How-
ever, with the addition of a silicon vertex detector, CDF was able to differtentietween prompt
production and long-lived bottom feed down and fouldd [2] that pronaptigles overwhelmingly
dominated botll /¢ andy/’ production, with the cross section fg@' about 50 times greater than
the color-singlet model prediction. CDF’s measuremgnt [3] ofYtES) differential cross section
was also much larger than theoretical expectations.

A much studied explanation of this behavior came from the Color Octet Md&aM) [4]
which is an application of the Non-Relativistic QC[ [5] effective theorythe COM, the produc-
tion process is factorized into a short-distance, hard process crea(ﬁégpair and a long-distance
hadronization process. The hard process can yield either a coldetsatigte from three gluons or
a color-octet state from two, with the cross section for the two-gluon fusomsiderably larger
than for three. In the long-distance process, additional gluons caadised. The model includes
an expansion in terms of the quark velocitgnd is governed by a set of universal four-quark op-
erators corresponding to the final-state meson spin-parity combinatiomsarfjlitudes of those
operators are not predicted and must be determined by experiment. Whés fiagsible to fit the
COM functions to the CDF data, the model also predicts that for large momepéurs (M?), the
J/y or Y should be produced from the hadronization of a single gluon and maintairatisverse
polarization of the parent. However, this prediction is inconsistent With and ¢/’ polarization
measurement$][7] from CDF.

Next-to-next-to-leading-order (NNLO) QCI}][6] also predicts momenturacssa. for char-
monium and bottomonium that agree with experiment, but with longitudinal potemizat high-
momentum. Thus, while the prediction of a differential cross section alonetisuificient to
differentiate among models, measurements of the polarization at large momertta san Fur-
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Figure2: Fit of the mass distribution for two ranges of transverse reotum for the yields o¥(1S), Y(2S),
andY{(3S) decays to muon pairs in DJ.

thermore, because the theories rely on the quarks being truly heavy, #seafntoe charm quark
may not be sufficient for the theories to be applicable. Therefore, bet@ B+ and DQI]]8] exper-
iments have recently measured the polarizatioh afesons irpp collisions at,/s= 1.96 TeV.

CDF and D@ have collected large samplesyof> u™u~ events. Fits to the dimuon mass
distribution to determine the of(1S), Y(2S), and Y(3S) yields are shown in Figurd 1 for CDF
and Figurd]2 for D@. The CDH][9] and D@ [10] detectors have beecrites! in detail elsewhere.
Both are large solenoidal detectors with muon detectors outside the calosmElmwvever, they
bring different strengths. CDF has superior momentum, and thus mas$jti@s enabling the
threeY states to be resolved, while D@ has muon coverage over a wider ranggidity enabling
reconstruction ofy” mesons forly| < 1.8 compared tdy| < 0.6 for CDF. The samples include
260,000Y(nS) decays in 1.3 fb! for D@ and 83,000¢(1S) decays in 2.9 fb! for CDF.

The polarization is measured in teehannel helicity frame where the quantity of interest is
the angled* between the momentum pff in the Y rest frame and th¥ boost direction. Typically
the polarization is expressed in terms of a quartitywhere the angular distribution is

do
dcosf*

Thus for purely transverse (longitudinal) polarizatior= 1 (—1). Experimentally, the acceptance
for Y — utu~ decays is a strong function of both transverse momengrand co®*. Rather
than attempting to correct the data for the acceptance, the technique emipjdyeth groups is to
divide the data into bins gt and co®* and fit the dimuon mass distributions to get Yigield

in each bin. In eaclpy bin, the yield as a function of cés can be fit to distributions derived
from Monte Carlo simulation of transversely and longitudinally polarized yiec@he simulations
include all effects of the detectors. The fractigrof longitudinal decays is simply related ¢

01+ acos. 1)

oL _1—a
o+ 0T C 3+4a’

n (2

This method requires the simulations to be tuned well. The CDF and D@ groupsrivastigated
many quantities that are sculpted by the geometric and kinematic acceptaneé& ekpgeriments
and verified good agreement between the simulation and the data. Some exaGopl®J are
shown in Figurd]3.
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Figure 3: Comparison between data (points) and Monte Carlo simulgtistogram) distributions for a
variety of quantities iny — putu~ decays from D@. Plota-d related to theY candidates ané-j to the
muons. Very good agreement is observed.
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Figure 4: Polarization fits from CDF for three characteristic momentoins: 3-4 GeVc (left), 6-8 GeV/c
(center), and 17-23 GeX (right). The green crosses show the data and the histograows the best fits.
The red and blue points are the scaled transverse and ldigafuemplates, respectively.

The signal line shapes in the dimuon mass are a set of Gaussian distribEtoDsd the shape
is set in a fit to the dimuon mass inpg bin for all cos8*. Then that shape is fixed in fits for each
(pr,cos8*) bin to get theY(1S) or Y(2S) yield. In CDF, the shapes are found in a similar way. They
are then used to determine signal and sideband regions, a{18gyield is determined from a
sideband subtraction. Figufk 4 shows the event yields from CDF andshe fthe templates for
three characteristic momentum bins. The sensitivity is limited by the sharp dedreefficiency at
large cog9* where in the absence of detector effects there would be the largesedifiebetween
yields for transverse and longitudinal polarization. Systematic uncertaioties are small and
come from the counting technique and trigger turn-on efficiency.
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Figure 5: Longitudinal polarization parameter for Y{(1S) production as a function gby from CDF. The
green band shows the prediction of NRQCD. The width of thedbasults from the uncertainty in the
amount ofyy, feed down.
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Figure 6: Longitudinal polarization parameterfor Y{(1S) (left) andY{(2S) (right) production as a function
of pr. The black points are the result from D@. The yellow bandsstie prediction of NRQCD, while
the purple line is thé&r-factorization model prediction. The green points are thdier CDF resultﬂS].

Figure[b shows the results of the fits ras a function opr [Y(1S)] from CDF. The NRQCD
prediction [11] is largely inconsistent with the data. The polarization resattshie Y(1S) and
Y(2S) from D@ are shown in Figurl 6. These results show better agreement RIfFOD, but the
Y(19) result is quite inconsistent with the results from CDF. The CDF results atee agth earlier
measurement$][3] from Run 1. In addtion, Figlre 6 shows the predi¢tijrofia kr factorization
model which is also inconsistent with both experiments. One possible reastimefdifference
between the CDF and D@ results is the difference in rapidity range. Howeaecioliet al. [L3]
suggest that such a large difference is unlikely to come from the underbyipsics and rather is an
artifact of differences in acceptance. In order to understand whetimedel properly describes the
data, it is necessary to examine more than the longitudinal polarization in a Bizgle. One can
also fit for the azimuthal asymmetry, or one can make the longitudinal polamzag@asurement in
the Collins-Soper frame which is more properly suited to production polarizatfdle the helicity
frame is actually most appropriate for decay polarization studies.

While much has been learned in the past 20 years about quarkoniumctioyg the puz-
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zles still remain. Many models can describe fhespectra; however, none adequately predicts
the polarization. Furthermore, there is substantial disagreement betwe#i1th) polarization
measurements of CDF and D@. Both collaborations have larger data sedseagxpanding their
analyses to include additional quantities beyond the longitudinal polarizatitwe imelicity frame.
The LHC experiments[[]14] will soon have results on the subject as well. Aleegpect great
progress the study of the production of heavy quarkonia to be repattbé next FPCP meeting.

References

[1] F. Abe,et al., Phys. Rev. Lett. 69, 3704 (1992).
[2] F. Abe,etal., Phys. Rev. Lett. 79, 572 (1997).
[3] D. Acosta,et al., Phys. Rev. Lett. 88, 161802 (2002).

[4] P. Cho and M. WisePhys. Lett. B 346, 129 (1995); M. Beneke and |.Z. Rothstelthys. Lett. B 372,
157 (1996); Erratumibid. 389, 769 (1996); E. Braaten, B.A. Kniehl, and J. L&&ys. Rev. D 62,
094005 (2000).

[5] G.T. Bodwin, E. Braaten, and G.P. LePaBéys. Rev. D 51, 1125 (1995); Erratunihid. 55, 5853
(1997); E. Braaten and S. Flemirféhys. Rev. Lett. 74, 3327 (1995).

[6] P. Artoisenetgt al., Phys. Rev. Lett. 101, 152001 (2008).
[7] A. Abulenciaet al., Phys. Rev. Lett. 99, 132001 (2007).
[8] V.M. Abazov,et al., Phys. Rev. Lett. 101, 182004 (2008).
[9] D. Acosta,et al., Phys. Rev. D 71, 032001 (2005).
[10] V.M. Abazov,et al., Nucl. Instrum. Methods A 565, 463 (2006).
[11] E. Braaten and J. Le@hys. Rev. D 63, 071501 (2001).
[12] S.P. Baranov and N.P. Zotov, Pis'ma v ZhE8®; 499 (2007).
[13] P. Faccioliet al., Submitted tdEuropean Physics Journal C [hep- ph/ 1006. 2738].
[14] See articles by S. Hassani and U. Langenegger in these@dings.



