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T Production and Polarization in pp Collisions at /s = 1.8 TeV

Abstract

We report on measurements of the T (1S), T(2S) and T (3S) differential cross sections
(dza/dedy)|y|<0,4, as well as on the Y(1S) polarization in pp collisions at /s = 1.8
TeV using a sample of 77 + 3 pb~! collected by the Collider Detector at Fermilab.
The three resonances were reconstructed through the decay T — ptu~. The measured
angular distribution of the muons in the Y (1S) rest frame is consistent with unpolarized

meson production.

PACS numbers: 13.85.Ni, 14.40.Gx
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We report on a study of the reaction pp — YTX — putpu~ X at /s = 1.8 TeV. This study
yields the transverse momentum (pr) dependence of the cross sections for the production
of the Y(1S), T(2S), and Y(3S) states as well as the T(1S) polarization. Both the cross
section and polarization measurements are important for the investigation of ¢g bound state
production mechanisms in pp collisions [1]. In our previous Y analysis [2], based on a 16.6
+ 0.6 pb~! data sample, the differential cross sections were seen to disagree both in shape
and magnitude with theoretical predictions using only color singlet matrix elements in the
NRQCD (non-relativistic quantumchromodynamics) factorization formalism [3]. Similarly,
our measurements of the prompt .J/¢ and ¢ (2S) charmonium production cross sections [4]
were found to be an order of magnitude higher than the theoretical predictions [5, 6, 7].

These initial measurements sparked renewed theoretical efforts focusing on mechanisms
that allow intermediate color octet ¢ and bb states to be produced and evolve to the observed
quarkonium mesons [3, 5, 8, 9]. These models can accommodate the quarkonia cross section
measurements from the Tevatron. In addition, the inclusion of color octet matrix elements
in the NRQCD factorization formalism leads to predictions of transversely polarized quarko-
nium production at high transverse momentum (pr > M) due to the predominance of
nearly on-shell gluon fragmentation into ¢g pairs [10, 11]. Subsequent measurements from
CDF on prompt J/t¢ and ¢(2S) production polarization [12] cannot distinguish between
the competing theories but tend to disfavor the polarization predictions of references [10]
and [11]. In this paper we present studies of the T system to further the investigation of
different theoretical descriptions of heavy quarkonia production.

We present measurements of the differential cross section (d?c/dprdy) x Br(T — pu*u™)

E+p

for values of Y rapidity |y| < 0.4 (where y = 1- IH(E,p”

), E is the energy of the dimuon pair,

and p| its momentum parallel to the beam direction) in the pr interval 0 < pr(Y) <20 GeV/c



for the T(1S), Y(2S), and Y(3S) states. Due to the increased size of the current data sample
we are able to measure the shape of the T(2S) and T(3S) differential cross sections much
more accurately than in our previous analysis. The measurements of the Y cross sections
allow for exploration of the low pp production region inaccessible in the charmonium cross
section measurements which do not extend below 4 GeV/c due to triggering constraints.
In addition, we present the production polarization of the T(1S) state for 0 < pr(Y) < 20
GeV/c, the first such measurement from a hadron collider.

The data were collected in 1993-95 by the Collider Detector at Fermilab and correspond
to an integrated luminosity of 77 £ 3 pb~!. The CDF detector has been described in
detail elsewhere [13]. The components relevant to this analysis are briefly described here.
The z-axis of the detector coordinate system is along the beam direction. The Central

Tracking Chamber (CTC) is in a 1.4 T axial magnetic field and has a resolution of dpr/pr =

/(0.0011p7)2 + (0.0066)2 for tracks constrained to come from the beam line, where pr is
measured in GeV/c. The central muon chambers (CMU) are located at a radius of 3.5 m from
the beam axis behind five interaction lengths of calorimeter and provide muon identification
in the region of pseudorapidity |n| < 0.6, where n = —In[tan(f/2)] and 6 is the polar angle
with respect to the beam axis. Outside the CMU we have installed the central muon upgrade
system (CMP) which consists of four layers of drift chambers behind an additional four
interaction lengths of steel absorber.

The measurements reported here are based on a data sample of muon pairs collected
with a three level trigger. The first level trigger required two charged track segments in the
central muon chambers. The efficiency for this trigger rises from 40% at pr = 1.5 GeV/c
to 93% for muons of py > 3.0 GeV/c. The second level trigger required at least one muon

segment to match a CTC track found by the hardware fast track processor (CFT). The CFT



performed a limited reconstruction of charged tracks considering only those with pr above
2 GeV/c. Muon candidates found by the first level trigger were required to match a CFT
track within about 5 degrees in azimuth. The Level 2 trigger had an average efficiency of
95% for muons with pp > 2.5 GeV/c. The third level trigger performed three dimensional
track reconstruction and accepted muon pairs with an invariant mass in the region 8.5 to
11.4 GeV/c2.

Additional requirements were made to isolate the T resonances. Both muons from the
T — pTp~ decay were required to be identified by the CMU system and at least one muon
had to be identified by the CMP system. The momentum of each muon was determined
using CTC information along with the constraint that the particles must originate from
the beamline. To reduce the sensitivity to the trigger thresholds, the pr of each muon was
required to be greater than 2.2 GeV/c. Each muon chamber track was required to match the
extrapolation of a CTC track to within 3¢ in - ¢ and 3.50 in z, where ¢ is the calculated
uncertainty due to multiple scattering and measurement uncertainties. The muons were
required to have opposite charge and the rapidity of the reconstructed pair had to be in the
CMU fiducial rapidity region |y| < 0.4. The transverse momentum of the reconstructed pair
was required to be in the region 0 < pp < 20 GeV/c. The resulting mass distribution of
muon pairs is shown in Figure 1.

The differential cross section times the branching ratio for Y — ptpu~ is calculated in

each pr bin according to the equation

(d%(r)
dprdy

Ny
A (f [’dt) Apr Ay €trig €13 €trk €u €rad €norm

> Br(Y — ptp") =
ly|<0.4

where Np;; is the number of T signal events in each pr bin, A is the geometric and kinematic
acceptance, [ Ldt is the integrated luminosity, Apy is the width of the bin, and Ay is the

rapidity range of the T production. The various efficiency corrections include the combined



first and second level trigger efficiency €44, the third level trigger efficiency €3, the efficiency
for reconstructing both tracks in the CTC ¢, and the efficiency for reconstructing both
muon track segments and associating them with extrapolated CTC tracks ¢,,. The additional
efficiency correction factor €., accounts for an under counting of events due to internal
radiation from the muons distorting the Gaussian shapes assumed in the determination of
Ny; as described below. The efficiency correction factor €,q,m accounts for a loss of events
seen as a function of instantaneous luminosity during the run [16].

We used a binned maximum likelihood fit on the dimuon mass distribution in each pp
bin to determine the number of signal events (Ny;). In order to estimate the background
accurately, the values of Ny;; for each resonance were obtained by fitting all three resonances
simultaneously to Gaussian shapes with a quadratic background. The relative widths of
the resonances in each py bin were constrained to values determined from a Monte Carlo
simulation.

The event yields were corrected for the first and second level trigger efficiency €,.;4 which
was typically 75% for each py bin. The remaining efficiencies were measured to be indepen-
dent of pp and are €3 = (97 + 2)%, e, = (98 £ 2)%, €, = (95 £ 1)%, €raa = (93 + 2)%
and €,0rm = (88 £ 4)%. The various efficiencies were measured using both Monte Carlo
methods and several independent calibration data sets.

The geometric and kinematic acceptances for Y(1S), Y(2S), Y(3S) — u™u~ were calcu-
lated using the Monte Carlo simulation. The event generator produced Y particles with flat
pr and y distributions. Since the polarization of T production was not known, the states
were assumed to decay isotropically in the Y rest frame. In addition we generated event sets
with transverse and longitudinal polarization in order to measure the Y(1S) polarization and

to set systematic uncertainties on the other cross section measurements. Once the Y pr spec-

10



trum was measured, the Monte Carlo events were reweighted according to the measured pr
distribution for polarization acceptance measurements and systematic uncertainty studies.
The generated events were processed with a detector simulation and the same reconstruction
criteria that were imposed on the data. The integrated acceptance A was found to be similar
for each of the three resonances and varied as a function of pr from 17% to 24%.

Systematic uncertainties on the cross section measurements arise from the luminosity de-
termination (4.1%), the level 1 and level 2 trigger efficiency corrections €., (4%), and from
the remaining efficiency corrections (6%). A pp dependent systematic uncertainty arises
from the unknown polarization for the Y(2S) and Y (3S) states. This uncertainty was deter-
mined by computing the kinematic acceptances assuming all the T mesons were produced
with either transverse or longitudinal polarization. The Y(1S) acceptance uncertainty was
also evaluated by varying the Monte Carlo polarization within the measured errors on this
quantity yielding no significant change in the cross section value. Hence, no additional sys-
tematic error was assigned to the T(1S) cross section measurement due to uncertainties in
the polarization model.

The differential cross section results are summarized in Tables I-II1. The polarization
systematic uncertainties are indicated separately from the other systematic uncertainties
which have been added in quadrature. The cross sections are displayed in Figure 2 where
each of the differential cross sections has been normalized by its integrated value. The
vertical error bars represent the statistical uncertainty only. The production cross sections
for the Y(1S), T(2S) and Y(3S) are seen to have the same shape as a function of T transverse
momentum. We note this is expected by the Soft Color model of quarkonium production [9].
We also note that fits of color singlet and octet matrix elements in the NRQCD factorization

formalism describe the shape and magnitude of the three T cross sections [17, 18].
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We have also performed a polarization analysis on the YT(1S) data sample by studying
the angle between the direction of the p™ in the Y(1S) rest frame and the Y direction in
the pp center-of-mass frame. For this study, the muons from the T decay were assumed to
have an angular distribution proportional to 1 4+ acos?6* where 6* is the polar angle in the
rest frame of the T and « can vary between +1. A value of 4+1 corresponds to transversely
polarized production and a value of —1 corresponds to longitudinally polarized production.

The polarization measurement is made by fitting the shape of the uncorrected data in the
variable cosf* to templates for transversely and longitudinally polarized production derived
from the Monte Carlo simulation yielding the longitudinally polarized fraction , r,/, = 7.
The relationship between 1 and « is given by « = (1 — 3n)/(1 + 7).

Separate 2 fits of combinations of longitudinally and transversely polarized Monte Carlo
templates to the data in the |y| < 0.4 region and in the range 0 < pr < 20 GeV/c yield the
Y(1S) polarization in four separate transverse momentum intervals. The measurements in
all four py regions are consistent with unpolarized Y (1S) production and are summarized in
Table IV. In the highest transverse momentum region 8 < pp < 20 GeV/¢, the longitudinal
fraction is measured tobe , 1/, =0.39 £ 0.11 (o = —0.12+0.22). This result is in agreement
with the polarization calculated within the NRQCD factorization framework in reference [19].
In Figure 3 we display the cosf* distribution for this highest transverse momentum region.
The number of events in each cosf* bin were counted by fitting the dimuon Y invariant mass
distribution in that bin. The points represent the data while the solid line is the result of
the fit to the Monte Carlo distributions.

In conclusion we have measured the differential cross sections in the range 0 < pr < 20
GeV/c for the Y(1S), Y(2S) and Y(3S) states and the Y(1S) polarization. The rates of

production were measured to be lower than, but compatible with, the ones reported in [2].
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Fits of NRQCD matrix elements can describe the cross sections but their validity can only
be determined by confrontation with other experiments. We have also found that the YT(1S)
data are consistent with unpolarized production in the region 0 < py < 20 GeV/c consistent
with all current models of T production.
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Table I: The differential cross section (d*c/dprdy)y<o.axBr(Y — p*p~) for T(1S).

pT Mean Cross Stat. Syst.

Range pr Section Error Error

GeV/ec GeV/e pb/(GeV/e) pb/(GeV/e) pb/(GeV/c)

0-0.5 0.29 17.8 + 3.6 +1.5
0.5-1 0.77 50.6 + 5.7 +4.1
1-2 1.5 89.6 £ 5.7 73
2-3 2.5 1144 + 6.5 +94
3-4 3.5 99.1 + 6.0 + 8.1
4-5 4.5 86.8 + 5.7 +71
5-6 9.5 69.7 + 4.8 + 5.7
6-7 6.5 46.4 + 3.7 + 3.8
7-8 7.5 39.0 + 3.2 + 3.2
8-9 8.4 29.9 + 29 +24
9-10 9.4 22.1 +24 +18
10-12 10.9 12.0 +1.2 +1.0
12-16 13.7 2.2 + 0.5 +04
16-20 17.5 1.1 + 0.2 +0.1
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Table TI: The differential cross section (d*c/dprdy)yj<o.axBr(Y — p*p~) for T(28).

pr Mean Cross Stat. Pol. Syst. Other Syst.
Range pT Section Error Error Error

GeV/e GeV/e pb/(GeV/e) pb/(GeV/e) pb/(GeV/e) pb/(GeV/e)

0-1 0.62 10.4 + 2.3 + 2.2 +0.9
1-2 1.5 22.6 +33 +21 + 1.8
2-3 2.5 22.7 +33 +09 +1.9
3-4 3.5 21.6 +3.5 £+ 0.5 + 1.8
4-6 4.9 20.0 +25 +14 + 1.6
6-8 6.9 12.0 +16 +13 +1.0
8-10 8.9 7.3 +1.2 +0.2 + 0.6
10-14 11.6 3.2 + 0.5 +04 +0.3
14-20 16.5 1.1 +0.2 +0.2 + 0.1
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Table ITI: The differential cross section (d?c/dprdy)y <o.axBr(T — ptp—) for T(3S).

pr Mean Cross Stat. Pol. Syst. Other Syst.
Range pT Section Error Error Error

GeV/e GeV/e pb/(GeV/e) pb/(GeV/e) pb/(GeV/e) pb/(GeV/e)

0-1 0.58 6.2 +1.9 +1.1 + 0.5
1-2 1.6 10.3 + 27 +09 + 0.8
2-3 2.5 12.7 +29 +0.1 +1.1
3-4 3.5 14.4 +33 +18 +1.2
4-6 4.9 9.7 +20 +1.0 + 0.8
6-8 6.9 0.8 +15 + 0.6 + 0.5
8-10 8.8 0.8 +1.2 +04 + 0.5
10-14 11.6 2.1 + 0.5 +0.2 + 0.2
14-20 15.8 0.4 + 0.1 + 0.1 + 0.04
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Table IV: T(1S) polarization results for |y| < 0.4.

pr (GeV/e) L/, o
0.0-3.0 0.31+0.06 +0.054+0.14
3.0-5.0 0.33+0.06 +0.014+0.14
5.0 —8.0 0.29 +£0.07 +0.10£0.17

8.0-20.0 0.39+0.11 —-0.1240.22
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Figure 1: The invariant mass distribution of opposite sign muon pairs in the T mass region
for |y < 0.4. The histogram corresponds to the data and the solid curve represents a
Gaussian fit to each resonance plus a quadratic background.
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Figure 2: The product ﬁ(d2a/dedy)|y‘<0.4 vs. pr for Y(1S) = ptp—, T(2S) = ptpu~
and T(3S) — putp~. The vertical error bars indicate the statistical uncertainty only. Each

differential cross section has been normalized by its integrated value.
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Figure 3: The uncorrected cosf* distribution for |y| < 0.4 and 8 < pr < 20 GeV/c. The solid
points represent the data. The solid line represents the combined fit of the longitudinally and
transversely polarized Monte Carlo templates to the data. The dotted (dashed) histogram
represents the longitudinally (transversely) polarized Monte Carlo template normalized in-
dividually to the total number of data events.
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