VOLUME 71, NUMBER 16 PHYSICAL REVIEW LETTERS 18 OCTOBER 1993

Inclusive y. and b-Quark Production in pp Collisions at v/s =1.8 TeV
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We report the full reconstruction of y. mesons through the decay chain y.— J/yy, J/y— u*u~, us-
ing data obtained at the Collider Detector at Fermilab in 2.6 =0.2 pb~! of jp collisions at s =1.8
TeV. This exclusive x. sample is used to measure the y.-meson production cross section times branching
fractions. We obtain oxB=3.2+0.4(stat) *|-#(syst) nb for y. mesons decaying to J/y with pr> 6.0
GeV/c and pseudorapidity |n| <0.5. From this and the inclusive J/y cross section we calculate the in-
clusive b-quark cross section to be 12.0 £ 4.5 ub for pf > 8.5 GeV/c and |y?| < 1.

PACS numbers: 13.85.Ni, 14.40.Gx, 14.80.Dq

This Letter reports the full reconstruction of y. mesons
in Vs =1.8 TeV pp collisions, through the decay chain
xe—J/wy, J/w— utu~. The observed Xc sample is
used to measure the y. production cross section times
branching fractions for the wunresolved y. angular
momentum states. Although y. production has been ob-
served at a lower energy hadron collider [1] in the same
decay channel, our results, based upon data observed at
the Collider Detector at Fermilab (CDF), are the first
obtained at Tevatron energies.

Two mechanisms have been proposed for the produc-
tion of charmonium states at Tevatron energies: direct
charmonium production and the decay of b-flavored had-
rons [2,3]. The latter mechanism is predicted to dom-
inate production of high-transverse-momentum (p7) J/y
mesons, with y. decays contributing more than 90% of
the remaining “direct” J/y production rate. In contrast,
Xc-meson production is expected to proceed largely
through direct gluon fusion [3-6], and should dominate
production via b-hadron decay by about 4:1. A measure-
ment of the y. production cross section therefore provides
a test of direct charmonium production models. In addi-
tion, the y. cross section can be used in combination with
the inclusive J/y production cross section measured in a

2538

previous publication by CDF [7] to calculate the b-quark
cross section under the assumption that direct J/y pro-
duction contributes negligibly to the total J/y rate.

The CDF has been described in detail elsewhere [8].
The events in this analysis were collected using a mul-
tilevel muon trigger system. The level-one trigger re-
quired the presence of a charged track in the muon
chambers (covering pseudorapidity |n| <0.65) with a
transverse momentum (p7) above a nominal threshold of
3 GeV/c. The level-two trigger required two muon
chamber tracks which matched charged tracks in the cen-
tral tracking chamber (CTC), with a separation of at
least one muon chamber (15° wide in azimuth) between
the two muon candidates. We collected an integrated
luminosity of 2.6 0.2 pb ~! using this trigger.

The trigger efficiency for each muon was the product of
the level-one and level-two efficiencies. The efficiencies
for the two muons were uncorrelated by virtue of their
geometrical separation. The level-one and level-two
efficiencies have been studied using muon candidates in
data taken with no muon-specific trigger requirements.
The level-one trigger efficiency increased with muon pr
from (44+4)% at pr=2.0 GeV/c to (92+4)% for
pr>6.0 GeV/c. The level-two trigger efficiency rose
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sharply from (10+5)% at pr=2.0 GeV/c to (99 £ 1)%
for pr > 3.0 GeV/e.

Transverse momenta were calculated from track curva-
tures in the 1.41 T axial magnetic field. Constraining the
tracks to the primary vertex yielded a momentum resolu-
tion of &pr/pr=~/(0.0011p7)2+(0.0066)2 where pr
was in GeV/c. To check the momentum scale, we recon-
structed the following decays: J/y— utu~, w(2S)
—utu”, YUS)—putuy~, YQS)—utu~, and
Y(3S)— utu~. After corrections for dE/dx losses, we
obtained the mass values 3.097 +0.001, 3.687 = 0.007,
9.458 £0.004, 10.02£0.01, and 10.36 £0.01 GeV/c?
respectively, in agreement with world average values [9].

To reconstruct y. mesons, we first identified J/y
mesons by requiring two oppositely charged muon candi-
dates, each with pr > 3.0 GeV/c. For each muon, we cal-
culated the difference in both the transverse and longitu-
dinal directions between the position of the muon
chamber track and the CTC track extrapolated to the
muon chamber position. Requiring these differences to
be less than 3 times the uncertainty expected from mea-
surement errors, energy loss, and multiple scattering re-
moved approximately 50% of the background to the
u¥u~ signal from punchthrough and decay-in-flight,
while being (97 £2)% efficient for keeping real muon
pairs. Finally, we selected muon pairs with pr>6.0
GeV/c and |n| <0.5. The resulting 4y ~ mass distribu-
tion is shown in Fig. 1, along with a fit to a Gaussian plus
a constant background. The width of the Gaussian is
0=0.018 GeV/c2 Defining our J/y sample as those
events with dimuon mass between 3.05 and 3.15 GeV/c?,
we observed 896 * 32 reconstructed J/y events above a
background of 45 * 8.

Photon candidates were then selected by demanding an
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FIG. 1. The mass distribution of u*u ~ for the J/y mass re-

gion. The data are shown as points and the solid curve is a fit to
a Gaussian plus a constant background.

electromagnetic energy deposition with at least 1 GeV in
In] <0.7 and a cluster in the electromagnetic strip
chambers. These chambers were located at a depth of six
radiation lengths in the calorimeter. The energy resolu-
tion was 6(E)=18%E (E in GeV) for energies below 5
GeV. We rejected photon candidates that occurred in
any calorimeter tower traversed by one of the muons.
The photon direction was determined from the position of
the strip chamber cluster and, by assumption, the muon
pair vertex. The position resolution at the strip chamber
was =1 cm. The energy and direction of the photon can-
didate were combined with the muon momenta to deter-
mine the invariant mass of the y "y system. The mass
difference [AM =M (u*u~y) —M(u*pu )] distribution
is shown in Fig. 2. A clear . signal is present near
AM =0.4 GeV, but the individual . angular momentum
states are not resolved. The AM resolution was dominat-
ed by the photon energy resolution.

The primary source of background was from J/y
events in which a photon from a z° decay passed the pho-
ton identification requirements. The shape of the back-
ground AM spectrum was determined using real J/y
— utu~ events containing charged tracks other than
muons. The momenta of these tracks were used as input
to a Monte Carlo program that generated decays of neu-
tral pions into photons. The AM spectrum of the J/y and
these simulated photons, weighted by the photon finding
efficiency, was normalized to the sideband region of the
observed spectrum and parametrized. The range of pa-
rametrizations consistent with this background shape is
also shown in Fig. 2. The central parametrization curve
in this figure was used for calculating our signal size.

30
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ppy combinations per 50 MeV/cz

I L
0 0.5 1 1.5 2

mass(upuy)~mass(up) (GeV/c?)

FIG. 2. The mass difference AM for the y. mass region. The
data are shown as points and the solid curve is a fit to a Gauss-
ian plus the background shape as mentioned in the text. The
three dashed curves show the range of background parametriza-
tions consistent with the estimated background distribution.
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The number of yx. events was determined using a
binned maximum likelihood technique to fit the AM dis-
tribution to a Gaussian signal plus the independently
determined background shape. The fit produced 67 & 8
(statistical) signal events with a mean mass difference of
0.406 +0.013 GeV/c2. This mass difference is consistent
with the expectation that the unresolved y. signal consists
of 90% x.1(AM =0.4136 GeV/c?) and 10% xeo(AM
=0.4592 GeV/c?) [5,9]. The width of the Gaussian was
70+ 12 MeV/c?, as expected from the photon energy
resolution. Uncertainty in the background shape contrib-
uted an uncertainty of +4%% in the observed number of
Xc mesons.

We determined our y. detection efficiency using a
Monte Carlo simulation which incorporated the shape of
the x. pr and rapidity spectra as given by the theoretical
calculations of Humpert [5] and Nason, Dawson, and
Ellis [10]. A sample of y. decaying to J/y y was generat-
ed within the kinematic region 65p7’j“’§ 20 and |n?"¥|
=0.5. Additionally, we assumed that (16 +8)% of the
xc mesons in this region originated from B meson decays
[11], the balance from direct production mechanisms.
This assumption was later checked by demanding con-
sistency with the fraction deduced from the observed
B— J/yX cross section [7] and the B— y.X and
B— J/w X branching fractions [5,9]. Uncertainty in the
pr and n distributions of the y, introduced a 25% uncer-
tainty in the overall y. acceptance.

Parametrizations of the level-one and level-two trigger
efficiencies as a function of pr and polar angle were ap-
plied to the simulated muons. By varying the parameters
within =+ 1o from those measured, we found an associat-
ed uncertainty of & 9% in the acceptance.

The muon chamber active area covered 85% of the
solid angle in the region |n| <0.65. The chamber accep-
tance was determined by requiring simulated muons with
pr >3 GeV/c to pass through this muon fiducial volume.
The total y. acceptance was then obtained by folding in
the muon reconstruction efficiency, the photon recon-
struction efficiency, and the J/w mass window accep-
tance.

We measured the muon reconstruction efficiency from
cosmic ray data. Combining the individual contributions
to the efficiency from the CTC track reconstruction
[(97 £2)%], muon chamber track reconstruction [(98
=+ 1)%], and track matching criteria [(97 £ 2)%] yielded
an overall muon reconstruction efficiency of (92 3)%
for muons with pr >3 GeV/c. The J/y mass window re-
quirement was (97 + 2)% efficient.

Photon reconstruction efficiencies were measured by
examining a sample of electrons from photon conversions
in which one of the electrons was selected using only
tracking information. We calculated the electron effi-
ciency from the number of electron tracks that passed the
calorimeter and strip chamber criteria for photons. A
13% uncertainty arose from limited electron statistics.
The resulting electron efficiency was converted to a pho-
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TABLE 1. Uncertainties in o(y.— p¥tu 7).

Quantity Uncertainty

Ny, 12% (stat), *4g* (syst)
Luminosity, L *+7.7%
Efficiency, ¢, arising from +33%

(1) Trigger +9%

(2) u identification +3%

(3) J/w mass window +2%

(4) Photon identification +16%

(5) x. polarization +11%

(6) xc pr and 7 distributions +25%

Uncertainty in o(ye— p¥u"y) +0.4(stat) ¥} nb

ton efficiency by correcting for the difference in calorime-
ter response for electrons and photons using a GEANT
[12] simulation of the detector. The correction was less
than 10% for all photon energies. We estimated an un-
certainty of 9% in the acceptance arising from uncer-
tainties in the electron efficiency measurement and the
GEANT simulation. Combining the 13% and 9% uncer-
tainties yielded a total photon efficiency uncertainty of
16%.

The unknown polarization of the y. mesons introduced
an uncertainty in the acceptance calculation. We deter-
mined this uncertainty to be £ 11% by varying the polar-
ization of the y. in the Monte Carlo simulation over the
entire allowed range.

The combined detection efficiency for y.— J/y y with
J/w— utu~ was (0.79 £0.26)% where the uncertainty
represents the sum in quadrature of all the systematic un-
certainties from the preceding discussion. Table I sum-
marizes the various contributions to the uncertainty in ac-
ceptance.

The x. cross section times branching fraction was cal-
culated using the formula

oxe—ntu"y)=Ny/eL, (1)

where o(y.— uTu"y) is the cross section for the pro-
cess pp— xeX— J/y yX— p*u " yX, N, is the number
of observed y. events, € is the y. detection efficiency, and
L is the integrated luminosity. We obtained

o(re— utu"y)=32%0.4Gtat) X3 (syst)nb

for yx. decaying to J/y with pr>6.0 GeV/c and

TABLE II. Calculation of b-quark cross section.

BU/y— utu )o(pp— J/yX) 6.88 = 1.11 nb
olxe—utu~y) 3.2%x1.2nb
BU/y—p*u”) 5.97 +0.25%
B(B— J/yXlnoy,) 1.1+£0.2%
R 4.28 +0.02
ab, p>8.5GeV/e, Iyl <1 12.0+4.5 ub
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[n] < 0.5, where the result was summed over the y. angu-
lar momentum states. The first uncertainty is statistical
and the second combines in quadrature the systematic
uncertainties due to the fitting procedure, the efficiency
calculation, and the luminosity measurement, as summa-
rized in Table 1.

By assuming x. and B meson decays constituted the to-
tal J/y production rate (neglecting an expected 1% con-

BU/y— u*tu Dolpp—J/yX)—c(ge—nutu~y)

tribution to the inclusive J/y rate from decay of direct y'
[3,7]), we could determine the b-quark cross section from
the above result and the inclusive J/y cross section [7].
To convert the B— J/y rate into the b-quark cross sec-
tion, we multiplied by the ratio R of the b-quark cross
section to the observed J/w cross section as determined
using a Monte Carlo program, a full detector simulation
and the same analysis as performed on the data:

)

ob(ph > pin |yt < 1) =

Here

R=___Ohclpt>pmn Iyt <1)
ot (p¥¥ > 6 GeV/e,|n?¥| <0.5)

and B(B— J/y Xl|noy,) is that part of the B-to-J/y decay
which does not include y. intermediate states. The value
of pfMi" was chosen such that approximately 90% of the
Monte Carlo J/y events originated from b quarks with
p4 > pPin. We found pffi"=8.5 GeV/c. The Monte Car-
lo program generated b quarks according to the pr and
rapidity distributions provided by Nason, Dawson, and
Ellis [10], and fragmented the b quark into mesons using
the Peterson fragmentation model [13], with ep =0.006.
The J/y momentum spectrum in the B rest frame was
taken from ARGUS data [14].

Evaluating Eq. (2) yielded the result o(b) =12.0 £ 4.5
ub for p4>8.5 GeV/c and |y®| < 1. The calculation is
summarized in Table II. This result is consistent with
that obtained from the w(2S) inclusive cross section,
10.5% 5 ub [7]. The value of o(b) relies on the assump-
tion that direct J/y production is negligible. If this as-
sumption is changed to one in which direct production ac-
counts for 9% of the J/y mesons then the value for o(b)
drops by 6%.
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