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We present a study ofJyc and cs2Sd production in pp collisions, at
p

s ­ 1.8 TeV with the
CDF detector at Fermilab. TheJyc and cs2Sd mesons are reconstructed using theirm1m2 decay
modes. We have measured the inclusive production cross section for both mesons as a function of their
transverse momentum in the central region,jhj , 0.6. We also measure the fraction of these events
originating fromb hadrons. We thus extract individual cross sections forJyc andcs2Sd mesons from
b-quark decays and prompt production. We find a large excess (approximately a factor of 50) of direct
cs2Sd production compared with predictions from the color singlet model. [S0031-9007(97)03617-X]

PACS numbers: 13.85.Ni, 14.40.Gx
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In high energy pp collisions charmonium particle
predominantly come from prompt QCD production and
decay ofb hadrons [1]. In the color singlet model (CSM
charmonium production begins with the production of acc
quark-antiquark pair in a colorless state. The proces
forming the bound state preserves the quantum num
of the initial pair [2]. In this model,Jyc production
is dominated by feeddown fromxc production. Other
sources of promptJyc and cs2Sd mesons are expecte
to be negligible. However, we have reported product
cross sections for bothJyc and cs2Sd mesons at

p
s ­

1.8 TeV that are higher than expectations and hav
different PT spectrum [3]. Similarly, measurements
the Jyc cross section by UA1 [4] at

p
s ­ 0.63 TeV

and the D0 experiment [5] indicate that the measu
transverse momentum (PT ) spectrum ofJyc mesons is not
in agreement with predictions forxc andb hadron decays
alone. In this paper, we use the silicon vertex dete
(SVX) in CDF to separate promptc ’s [c ; Jyc , cs2Sd in
what follows] fromc ’s from b hadron decays. We extra
the production cross sections for promptc mesons and find
them to be much larger than the CSM predictions.

The CDF detector has been described in detail elsew
[6]. Muons are reconstructed by matching track segme
found in the central muon system (CMU), which cove
the regionjhj , 0.6 [7], to charged particle tracks recon
structed in the central tracking chamber (CTC). Appro
mately 60% of the muon tracks also have hits in the silic
vertex detector which provides measurements in ther-f
plane only, resulting in a track impact parameter reso
tion of s13 1 40yPT d mm, wherePT (in GeVyc) is the
track momentum transverse to the beam line. The d
sample consists of17.8 6 0.6 pb21 of pp collisions atp

s ­ 1.8 TeV from the 1992–1993 data taking perio
collected using dimuon triggers in the CDF three-level tr
ger system. The level 1 dimuon trigger requires two tra
segments in the CMU, separated by at least 5± in azimuth.
The trigger efficiency for each muon at level 1 rises fro
50% atPT ­ 1.6 GeVyc to 90% atPT ­ 3.1 GeVyc with
a plateau of 94%. The level 2 trigger requires that
least one of the muon track segments is matched inf

to a track found in the CTC by the central fast track
(CFT) [8], a hardware track-finding processor. The e
ciency for finding a track with the CFT rises from 50%
PT ­ 2.7 GeVyc to 90% atPT ­ 3.1 GeVyc and reaches
a plateau of 93%. The level 3 trigger requires a pair of
positely charged muons after full track reconstruction.

A period with reduced level 3 tracking efficiency is e
cluded from theJyc analysis where the data sample
large, but is included in thecs2Sd analysis with a cor-
rection derived from theJyc sample. The considere
integrated luminosity in theJyc sample is limited to
15.4 6 0.6 pb21. When the fraction ofc ’s from b de-
cays is measured, an additional,90 pb21 of data from
the 1994–1995 collider run is added to the sample. T
data sample is not included in the cross section meas
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ment because the trigger and reconstruction efficienc
are still under study.

Reconstructed muons are required to have CMU h
consistent with the CTC track. The CTC track is ex
trapolated to the CMU chambers and is required to
within 3s of the CMU hits, wheres is the uncertainty
in the extrapolated position due to multiple scatterin
The calorimeter tower in front of the muon chambe
segment is required to have nonzero energy depo
tion. To remain in the region of good trigger efficiency
both muons are required to havePT . 2.0 GeVyc, and
one muon is required to havePT . 2.8 GeVyc. The
two muon tracks are fit with the requirement that the
originate from a common point. We require that th
one degree-of-freedom fit havex2 , 10. Where avail-
able, we use SVX information to improve the trac
measurement. To remain in the region of good acce
tance toc decays, thec candidate is required to satisfy
jhj , 0.6 andPT . 5 GeVyc. There are approximately
22 100Jyc and 800cs2Sd candidates over a backgroun
of 1000 events in a mass window of80 MeVyc2.

The number ofc candidates in the data is determine
by fitting the m1m2 invariant mass distribution with
templates generated from Monte Carlo simulation
c ! m1m2 decays. The Monte Carlo includes th
small distortions to them1m2 mass spectrum arising
from c ! m1m2g final states. The muon momenta ar
smeared to simulate the detector resolution. Since
resulting m1m2 invariant mass resolution is a function
of the transverse momentum of thec , the data are fit
separately in each bin inPT scd. To correct for the trigger
efficiencysetriggerd, which is a function of thePT of both
muons, each event is weighting by1yetrigger , and the
mass distribution is fit to the signal shape fixed fro
the simulation plus a linear background. The fits ha
very good quality in allPT bins, with ax2 per degree of
freedom ranging from 0.5 to 1.5. The width of the ma
peak rises from 17 to35 MeVyc2 for PT scd in the range
5 20 GeVyc.

Thec differential cross section is defined by

dsscd
dPT

Bsc ! m1m2d ­
Nscd

e
R

L dt ? DPT
,

where Nscd is the number ofc candidates in the bin
corrected for trigger efficiency,

R
L dt is the integrated

luminosity, DPT is the size of thePT bin, and is the
product of the detector and kinematic acceptance,
efficiencies of the event reconstruction and event select
requirements, whereasBsc ! m1m2d is the branching
fraction for the decayc ! m1m2.

The acceptance is determined from Monte Carlo sim
lation. c events are generated with a flat distribution
PT , h, andf. A parametrized detector simulation is use
and the kinematic requirements are then applied to
generated events. The acceptance is found to rise fr
9% at PT scd ­ 5 GeVyc to a plateau value of 28% for
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PT scd . 14 GeVyc. The acceptance also depends on
c polarization. Takingup to be the angle between thec

direction in the lab frame and them1 direction in thec rest
frame, the angular distribution of the decay will have t
form 1 1 a cos2 up, where a s21 # a # 1d describes
the polarization of the parentc. The magnitude of the un
certainty on thec acceptance will be different for promp
c ’s and c ’s from b hadron decays. Promptc ’s can in
principle be fully polarized. From a Monte Carlo simula
tion of b hadron decays, we estimate that ac hadron with
a polarization of11 s21d in the b hadron rest frame will
have an effective polarization of only 0.143s20.219d in
thec rest frame. We assign half of the maximum chan
in the acceptance (corresponding to changinga between
21 and 11) in eachPT bin as the uncertainty in eac
case. This uncertainty varies withPT scd, from 15% of
the acceptance atPT scd ­ 5 GeVyc to 5% (of the accep-
tance) atPT scd ­ 20 GeVyc for prompt production. The
respective uncertainty for the cross section fromb hadron
decays decreases from 6% to 3% in the samePT scd range.

The efficiency of the CMU segment reconstruction
measured using dimuon events recorded with a sin
muon trigger to be97.2 6 1.2%. The efficiency of the
CTC track reconstruction is measured by embedding
from Monte Carlo simulated particle tracks in data even
and attempting to reconstruct the added track. This e
ciency is found to depend on the number of tracks near
embedded track. Only approximately 3% of the data ha
tracks where the efficiency to find the track is less than
plateau value of 98.4%. The average efficiency for rec
structing both CTC tracks is96.4 6 2.8%. The efficiency
of the CMU-CTC matching requirements is estimated fro
the number ofJyc events before and after the matching r
quirements. The requirements are90.5 6 1.0% efficient.

Systematic uncertainties on the trigger efficiency are
timated by varying the functional form of the trigger effi
ciency, which is determined from dimuon events record
with a single-muon trigger. Variation of the level 1 trig
ger efficiency parametrization causes an uncertainty
6.4% (6.1%) in the integratedJyc [cs2Sd] cross sections.
Similarly, there is a 1.1% (1.0%) systematic uncertain
in the Jyc [cs2Sd] cross section from the level 2 trigge
efficiency. Finally, the level 3 trigger efficiency was e
timated by examining the number of reconstructed muo
found by the on-line requirements. These requireme
are less efficient in the runs excluded from theJyc anal-
ysis, resulting in different efficiencies for the two state
The Jyc efficiency is97.0 6 0.2%, and thecs2Sd effi-
ciency is92.3 6 0.2%.

The integrated cross sections are

ssJycdB sJyc ! m1m2d ­ 17.4 6 0.1sstatd12.6
22.8

ssystd nb,

sfcs2SdgB fcs2Sd ! m1m2g ­ 0.57 6 0.04sstatd10.08
20.09

ssystd nb,
e

e

-

e

s
le

its
s,
fi-
he
ve
ts
n-

-

s-

d

of

y

-
ns
ts

.

wheresscd ; sspp ! cX, PTscd . 5 GeVyc, jhscdj ,

0.6d.
We extract the fraction ofc ’s that originate from

b hadrons usingc candidates with both muons recon
structed in the SVX. The two muons are constrained
come from the same point which we refer to as the se
ondary vertex, to be distinguished from the primary ve
tex in the event. We measure the projection of the dec
length onto thec transverse momentum,Lxy. This is con-
verted into the proper lifetime of the assumedb hadron
parent byct ­ LxyyfPT scdymscdFcorrg, wheremscd is
the mass of thec state andFcorr is a correction factor,
estimated from Monte Carlo simulations, that relates t
boost factorbg of the c to the boost factor of the paren
b hadron. Details of this procedure can be found in th
measurement of the averageb hadron lifetime [9].

The prompt component of the signal is parametrized
the resolution function, centered atct ­ 0. The compo-
nent of the signal due tob hadron decays is represented b
an exponential of lifetimectb , convoluted with the reso-
lution function. In this analysis we remove all track se
lection requirements described in [9] that may potential
affect the isolation of thec meson and thus the extracte
fraction of c ’s originating fromb hadrons. As a result,
the resolution function is augmented with two addition
exponential tails. The tails constitute about 2% of the t
tal number of candidates. We fixctb to 438mm, as found
by the CDF inclusiveb hadron lifetime measurement [9].
The lifetime and normalization of the remaining expone
tials are left as free parameters in the fit.

The datact distribution is fit in eachPT scd bin using
an unbinned log-likelihood fit. The background fraction i
the signal region is allowed to vary within the uncertaint
in the normalization extracted from thec sidebands. The
resulting fraction of c candidates originating fromb
hadron decays,fbsPT d, is shown as a function ofPT scd in
Fig. 1. Several variations in the fitting technique produce
an average relative variation of60.9%, a value taken
to be the systematic uncertainty onfb due to the fitting
procedure. Varying the averageb hadron lifetime by
1 standard deviation changesfb by 60.7%.

In order to minimize the effects of statistical fluctua
tions, ax2 fit is performed onfbsPT d. The fitted func-
tion is the average value of a parabola, weighted by t
observed shape of the cross section.

The cross section forc ’s from b hadron decays is
extracted by multiplying the fitted fractionffit

b sPT d with
the inclusive c production cross section. The cros
sections forc ’s from b hadron decays are shown in
Fig. 2. The theoretical predictions were calculated b
generatingb quarks according to the next-to-leading orde
(NLO) QCD predictions [10], using a scalem ­ m0 ;p

m2
b 1 P2

T and mb ­ 4.75 GeVyc2. The b quark is
fragmented intob hadrons using Petersen fragmentatio
[11] with the fragmentation parameter,eb , set to 0.006.
The b hadron is decayed to acX with a parametrization
575
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FIG. 1. The fractions ofJyc (circles) andcs2Sd (triangles)
originating from b-hadron decays. The error bars indica
the combined statistical and systematic uncertainties on
fractions. The solid curve is the fitted function, and the slash
regions indicate the uncertainty in the fit.

of the momentum distribution measured by the CLE
experiment [12]. Details of this procedure can be fou
in Ref. [13]. The data are higher than the QCD predicti
by a factor of 3–4 depending onPT scd. The uncertainty
in the theoretical cross section (shown as the dashed
dotted curves in Fig. 3) is estimated by varying the sc
m to m0y4 and2m0 andeb to 0.004 and 0.008.

Multiplying the inclusive c cross section with the
factor s1 2 ffit

b d results in the cross section for promp
c production, displayed in Fig. 3. Both cross sectio
are higher than theoretical predictions based on the c
singlet model [14] by a factor of,6 for Jyc ’s and
a factor of ,50 for cs2Sd. In the case ofcs2Sd
mesons, where the transitionxc ! cs2Sd is kinematically
forbidden, the interpretation of this prompt component
straightforward, as being due to directcs2Sd production.
In the case ofJyc production, one must deconvolut
various sources of promptJyc mesons: thecs2Sd !

Jyc transition, the xc ! Jyc transition, and direct
Jyc production. A measurement from thexc ! Jycg

transition is described in [15]. A recent model th
attempts to explain this discrepancy with theoretic
expectations is the color octet model [16]. In this mod
the shape of the cross section as a function ofPT scd
is calculated perturbatively. However, the normalizati
depends on nonperturbative matrix elements for wh
there exist only an order of magnitude predictions. The
amplitudes can in principle be measured by fitting t
shapes calculated in [16] to the data.

In conclusion, we have measured the inclusiveJyc

andcs2Sd production cross sections. We have separa
prompt c ’s from c ’s originating fromb hadron decays.
The b component is a factor of 3–4 higher than the
retical predictions. The prompt component is also high
than expectations from the color singlet model. Forcs2Sd
576
e
the
ed

O
d
n

nd
le

t
s
lor

is

t
al
l,

n
h

se
e

ed

-
er

FIG. 2. The differential cross section times branching rat
B sc ! m1m2d for jhc j , 0.6 for c mesons originating from
b hadron decays. The solid lines indicate the theoretic
predictions based on perturbative QCD. The dashed and do
lines are based on the same calculation with the QCD scale,
mass of theb quark and the Petersen fragmentation parame
varied within their uncertainties.

mesons, the prompt data are more than an order of mag
tude higher (approximately a factor of 50) than the the
retical calculations. A possible explanation for this ver
large excess may come from the color octet model intr
duced recently.
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FIG. 3. The differential cross section times branching rat
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vertical error bars are the statistical and thePT -dependent
systematic uncertainties, added in quadrature. Circles:Jyc;
triangles: cs2Sd. The lines are the theoretical expectation
based on the color singlet model.
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