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1. Introduction

The mechanisms for producing heavy vector mesons, i.e., bQ@systems, in high energy
hadronic collisions remain obscure, despite two decades of intensettbaloamd experimental
work. The fundamental problem of changing states from an initial coleeetbr gluon to a color-
lessQQ hadron has been approached by several modelling schemes. Afteitiidavatron Run
| observations of a production cross section that was much larger th&avtired color-singlet in-
teraction (CSM) predicted, new approaches emphasizing color-octitdgions (NRQCD) were
introduced [1]. It was quickly recognized that the octet mechanism wasected to transverse
polarization of the vector meson [2]. Subsequently, attempts to re-inviginateSM mechanism
by adding gluonic interactions have been made. [6], [7] They have &ailhg degrees of success,
but none is completely satisfactory. The present theoretical situatioreleassommarized in a re-
cent review article [3]. In all the approaches the spin-dependemqiiogun the interaction at high
pr produces characteristic polarization effects in the vector meson déldagrefore, a significant
effort has been made at the Tevatron to measure vector meson polasztlughpt to confront
the model predictions with data. | report in this paper on CDF and DO result#fi, ¢/(2S), and
Y(1S) polarization measurements and compare to recent theoretical predictions.

2. Polarization Measurementsat Colliders

Vector meson polarization is determined from decdys u™ u—, using the angular distribu-
tion of the final state leptons as determined in the rest frame of the vector nidsmpolarization
parameten determines the angular distribution:

dN
dlco) 01+ acosl

Transverse polarization (T) correspondsite- +1; longitudinal polarization (L) hag = —1.
A fundamental question, though, Wghat determines the axis for the polar angle measurement?
Traditionally, collider experiments have used the s-channel helicity franvehich the polar axis
is the negative of the boost direction that takes the vector meson from theatab to its rest
frame. However, fixed target experiments use the Collins-Soper framiofdvhich the axis is
the bisector of the angle between the beam and target momenta viewed in titlermeson rest
frame. It's not clear that one can ignore the parton transverse momenghierergy collisions
with pr ~ 25 GeV/c, but most collider groups now are reanalyzing their data in the €&loper
frame as well as the s-channel helicity frame. All results in this paper tetbe latter axis.

The same analysis method applies to polarization studiesfogd2S) andY mesons. Results
will be summarized on the former two from CDF and the latter family from DO an&.GfPospects
for future Tevatron results will also be given.

3. CDF Measurement of J/y and (2S) Polarization

The CDF collaboration has published results ondhkound states ¢/ and/(2S). These two
states can be produced in three ways: directly; as decaysdtarcited states including the
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families; and as decays from b-hadrons. The first two types of deray#ery hard to separate at
the Tevatron. They are lumped togetheipasmptevents, meaning that the dimuon vertex is part
of the primary interaction vertex. In contrasiecayevents refer to vector mesons whose vertex
position indicates that they are heavy flavor decay products. The ensdymrates the polarization
measurement for these two classes both figralid (2S) states.

The analysis is done in bins of vector meson trans-
*(;Zg:b ' verse momentum. For eagh bin, the dimuon mass
o distribution is fitted to determine signal and back-
7 ground regions. Prompt and decay events are sepa-
. rated by a selection on the sum of the squared im-
: pact parameter significance of the two muons with
e ‘ ‘ S W respect to the primary vertex. There is a small con-
tamination € 5%) of decay events in the prompt
Figure 1: Dimuon Mass sample. The exact contamination fraction for each
bin is determined from the data by a proper time dis-
tribution study.

Events / 0.005 [GeV/§

The mass distribution for a typical prompt/déample is shown in Fig. 1. Events in the signal
and sideband regions, denoted by the vertical markers, are analypestitece the muon angular
distribution.

Apparatus acceptance, trigger cuts, and reconstruction efficienoyodify the T and L the-
oretical distributions. In the CDF analysis, Monte Carlo simulation is used tsftan fully
polarized T and L vector meson decay samples into pseudo-events tlzatadyzed by the stan-
dard CDF production code. Dead detector channels, additional matewdad|larigger conditions
are included in the simulation. After production, the T and L event samplessepmt what a fully
polarized sample of vector mesons would look like in CDF. These are telengulates Because
any finite polarization is a linear combination of T and L samples with a specifiiveelaeight, we
make a fitter that compares the measured angular distributions for the sigihsibaband regions
to a linear combination of the T and L templates. The fit procedure dgéditisimultaneously to
the background and signal. The results of the fit fef By (J/¢) < 12 GeV/c are shown in Fig. 2.
All the features of the fitter can be seen here. In the left plot, the fittedgoaskd histogram is
compared to the initial sideband estimate (points). Very little difference is se#oating that the
sideband angular distributions are good estimators of the backgrounthadistribution under
the JI peak. The background angular distribution is definitely not flat, indicatiaggbod back-
ground control is important for polarization analysis. The right plot is thesfes result, showing
the angular distribution for the signal (points) and the polarization-weigtwebination of the
T and L templates (histogram). The fit quality is excellent at all angles, evére @dges where
apparatus acceptance effects are huge.

The polarization for the §/ and ¢/(2S) is shown in Fig. 3. The {/ results show a smooth
trend toward L polarization at highgyr. The /(2S) polarization is also negative at largg,
but the poor statistical precision limits the conclusions that can be drawnthisnstate. The
Y (2S) prompt production cross section is only 3% of that of thg at Tevatron energies. There
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Figure 2. Dimuon angular distribution for data (points) and fit (hggtam) . Left: background; Right:
Signal

is less feed-down contamination from higleerstates in this measurement, because there is no
evidence for direct production of theydbr x states above thgy(2S) in Tevatron data. NRQCD
predictions from Braaten and Lee [5] which include feed-down effigota higher states, do not
agree with the trend of the CDF measurement. The multigluon calculations didcusRef. 1
predict longitudinal polarization fodirect production. They have not yet attempted to include
feed-down effects.
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Figure3: (a) Jip polarization vs.pr(J/W); (b) Y(2S) polarization vs.pr ((2S). The NRQCD prediction
is from Ref. [5]. Thekr factorization prediction is from Ref. [6].

4. Y Polarization

There are some suggestions that NRQCD might not work well for chaarkaystems be-
cause the mass is too low. There is no such question aboitftmaily of bb bound states, espe-
cially for pr > 2my where perturbative effects should dominate. In contrast to the chates sta
the Y family has no decay production channels. There is still feed-down frigimehbb states,
especially for ther(1S) from Y(nS) andp; States.

The Y(nS) family is clearly seen in Tevatron dimuon mass spectra from CDF, as shown in
Fig. 4(a). The background level is clearly higher than in th dase. In the CDF analysis the
sideband background for th&1S) state is estimated from the region between the 1S and 2S states.
CDF uses the same analysis technique forY{iS) polarization as is used for theyd/ As can
be seen from Fig. 4(a), that is not possible for DO because of powass resolution. The DO
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analysis procedure first separates events into thétakstribution, then fits the background and
overlappingY(nS) signals, using an arbitrary polynomial function for background and a multi-
Gaussian signal function. DO has tried fitting the signal function both to MGaté and to data-
driven shapes. They report that both results give similar signal yieleadh angle bin. In contrast
to the CDF template method, the DO procedure for finding the polarization is tgpfoduce

an unpolarized Monte Carlo simulation which incorporates trigger efficiancgptance function.
They weight each bin of the unpolarized angular distribution by the pitityadf getting events in
that bin if the polarization parameter wexe They apply further weights to match Monte Capp

and p distributions to data. The DO results ¥§d.S) andY(2S) are published in Ref. [9].
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Figure4: Left: DO dimuon mass distribution in two dimu@st bins for rest frame muon angular interval
(.4 < |co®*| < .5); Right: CDF dimuon mass distribution showiviglS) signal and sideband regions.

CDF has a new measurement of ¥{@.S) polarization. [10] It uses the same template method
and sideband subtraction procedure that was described above faktloase. CDF mass and
momentum resolution are good enough that there are no significant bimisgeféects that would
cause events to migrate betweat( Y(1S)) bins or decay angle bins. In this case, too, the sideband
background angular distribution is refit to determine the backgroundlandistribution in the
signal region. There is good agreement between the two distributions, ltke il case. Also
in the Y(1S) case the background has a great deal of angular structure that sagieficantly
with dimuon mass angr. The polarization results for DO and CDF are shown in Fig. 5. CDF
Run 1l polarization agrees well with the CDF Run | result at loyerand shows a trend toward
longitudinal polarization at largepy. The DO result for the 1S polarization shown in the same
figure has considerabler structure and tends toward T polarization at the largestin accord
with NRQCD. The two results do not agree at all.

5. Summary and Future Plans

The CDF results for all vector meson states studied are consistent witldadwesrd longitu-
dinal polarization at higlpr in the s-channel helicity frame. This is not consistent with NRQCD but
follows the trends predicted in multi-gluon interactions. The CDF data shovittedtackground
under both 1y andY(nS) states have significant angular structure. How much of that fraction is
Drell-Yan production as compared to random dimuon comibnations is an ititgrgsiestion that
will be pursued further at CDF in the future. The multi-gluon models sugtpesttheY states
should have additional gluonic activity in their phase space neighborhdbis. is an aspect of
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Figure5: Y(1S) polarization vs.pr(Y(1S)) as measured by CDF and DO.

production that can be studied further but requires collaboration bettlieery and experiment to
determine what sorts of activity should be expected and how it would shawthe detectors.

The CDF group is also analyzing t¢2S) andY(3S) polarization. They are also preparing to
redo all the polarization measurements using the Collins-Soper frame. Theg3Dits presented
here will be updated, using a data set twice as large as that presergddittbeY(1S) study. DO
expects to report on /polarization soon.
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