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We have measured the fraction ofJyc mesons originating fromxc meson decays inpp collisions
at

p
s ­ 1.8 TeV. The fraction, forP

Jyc
T . 4.0 GeVyc and jhJyc j , 0.6, not including contributions

from b flavored hadrons, is29.7% 6 1.7%sstatd 6 5.7%ssystd. We have determined the cross sections
for Jyc mesons originating fromxc decays and for directly producedJyc mesons. We have found
that directJyc production is in excess of the prediction of the color singlet model by the same factor
found for directcs2Sd production. [S0031-9007(97)03615-6]

PACS numbers: 13.85.Ni, 14.40.Gx
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In pp collisions charmonium particles come from
prompt production and from the decay ofb flavored
hadrons. Calculations based on the color singlet mo
(CSM) for prompt production predict that the yield o
Jyc mesons not coming from the decay of heav
charmonium states (direct production) is suppressed,
xc mesons are expected to be the main source (.90%) of
prompt Jyc ’s. The observed yields of promptJyc and
cs2Sd mesons are larger than the theoretical expecta
by factors of about 6 and 50, respectively [1]. Th
discrepancy, especially for thecs2Sd, has suggested tha
other important mechanisms exist for direct producti
of charmonium 3S1 states at largePT , beyond those
considered in the CSM [2–4]. It is therefore importa
to account separately for all charmonium states produ
and understand whether the disagreement of the the
with data is confined to thecs2Sd or an excess of direc
production shows up also for theJyc.

In this Letter we report the results of a study
the reactionpp ! xcX, xc ! Jycg, Jyc ! m1m2 atp

s ­ 1.8 TeV using the Collider Detector at Fermila
(CDF). Since the branching fractions forxc decays into
other modes containing aJyc are expected to be sma
this study yields the fraction ofJyc from xc. This
measurement is based on18 pb21 of data collected in
the 1992–1993 collider run, and is the first where t
contribution fromb decays toxc production is measured
This study allows us to disentangle directJyc production
from the contribution due toxc decays in promptly
produced charmonia, and to compare the measured c
sections with the theoretical predictions separately for
direct andxc contributions.

The CDF detector has been described in detail e
where [5]. The events used in this analysis were c
lected with the dimuon trigger described in [1].
Jyc is identified by requiring two oppositely charge
muon candidates both withPT . 2.0 GeVyc and at least
one with PT . 2.8 GeVyc. The muon pair is required
to have PT sm1m2d . 4.0 GeVyc and jhsm1m2dj ,

0.6 and is considered aJyc candidate if its invari-
ant mass is in the region3057 MeVyc2 , Msm1m2d ,

3137 MeVyc2. This selection yields a sample of 34 36
Jyc candidates, where the estimated number of realJyc

mesons is32 642 6 185. In this sample we select photo
candidates by demanding an energy deposition of at le
1 GeV in a cell of the central electromagnetic calorime
and a signal in the fiducial volume of the strip chambe
(CES), embedded in the calorimeter at a depth of six
diation lengths. The cell is15± wide in f, 0.1 wide in
h, and fully contains the shower. We also require th
no charged particles point to the photon candidate c
(the no-track cut). The location of the signal in the CE
chambers and the event interaction point determine the
rection of the photon momentum; its magnitude is the e
ergy deposited in the calorimeter. TheJyc is combined
with all photon candidates in the event and the inva
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ant mass difference,DM ­ Msm1m2gd 2 Msm1m2d,
is calculated. TheDM distribution is shown in Fig. 1(a).
A clear signal is present nearDM ­ 400 MeVyc2 as ex-
pected fromxc decays, but the individualxc1 and xc2
states are not resolved. The mass resolution of 50 (
MeVyc2, predicted by a detector simulation for thexc1

(xc2), is insufficient to resolve the two states which a
separated by45.6 MeVyc2.

The shape of the background resulting from combin
tions of theJyc with photons of the underlying event is
obtained with a Monte Carlo method that usesJyc can-
didate events as input. Photons come primarily from t
decay ofp0, h, andK0

S . These sources are simulated re
placing each charged particle in the event, other than
two muons, by ap0, h, or K0

S with probabilities propor-
tional to 4:2:1. These proportions follow from isospin
symmetry and the ratiosK6yp6 ­ 0.25, hyp0 ­ 0.5
[6]. Uncertainties in these ratios, and the effect of phys
processes resulting in aJyc associated with photons in
the final state, are considered as sources of systematic
certainty. The response of the detector to the photons
sulting from the decay of these embedded neutral partic
is calculated using a Monte Carlo simulation. Applyin

FIG. 1. (a) The mass difference (DM) distribution after the
selection described in the text. The points represent the d
The shaded histogram is the background shape predicted by
Monte Carlo calculation. The solid line is the fit of the data
a Gaussian function plus the background histogram. (b) T
comparison between theDM distribution for dimuons in the
Jyc sidebands, and the corresponding one predicted by
Monte Carlo calculation; the two distributions are normalize
to equal area and the vertical scale is arbitrary. (c) The pro
lifetime distribution, for the subset ofJycg combinations in
the xc signal region, when the muons have silicon verte
detector (SVX) information. The points represent the data. T
shaded area is the background contribution.
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thexc reconstruction to these events results in a mass
tribution that models the shape of the background. T
model was tested by comparing the Monte Carlo distri
tion with that directly obtained from the data for dimuo
pairs in the mass sidebands of theJyc peak where there
should be noxc signal. The two distributions agree we
as shown in Fig. 1(b). The number ofxc signal events is
determined by fitting the dataDM distribution to the sum
of the background distribution, with an unconstrained n
malization, and a Gaussian function associated with
signal. This results in1230 6 72 xc signal events for the
distribution shown in Fig. 1(a).

We determine the rate ofJyc and xc mesons in the
four subsamples (bins) defined by4 , P

Jyc
T , 6, 6 ,

P
Jyc
T , 8, 8 , P

Jyc
T , 10, andP

Jyc
T . 10 GeVyc. The

fraction ofJyc from xc decays is calculated according
the equation

FJyc
x ­

Nxc

NJycA
g

Jyce
g
trkeg

env

,

whereNxc andNJyc are the numbers of reconstructedxc

and Jyc mesons, respectively,A
g

Jyc is the probability to
reconstruct the photon once theJyc is found,e

g
trk is the

efficiency of the no-track cut, andeg
env is the efficiency to

reconstruct the photon in the presence of additional ene
deposited in the calorimeter.

The photon acceptance,A
g

Jyc , is the product of the
probability that the photon is within the fiducial vo
ume, and the reconstruction efficiency of the fiducial ph
ton. The geometric acceptance is determined by us
a Monte Carlo simulation. Thexc ’s are generated uni
formly in h, and with aPT distribution tuned to repro-
duce the observed rate ofxc’s as a function ofP

Jyc
T . The

xc ! Jycg decay is generated with a uniform angul
distribution in thexc rest frame. TheJyc ! m1m2 de-
cay is also generated uniformly in theJyc rest frame and
the trigger simulation is applied to the decay muons. T
unknownxc polarization is considered as a source of s
tematic uncertainty. The photon reconstruction efficien
is obtained from real data by applying the photon requ
ments, except for the no-track cut, to a sample of electr
from photon conversions selected using only track
information. This efficiency is then corrected for the d
ferences in detector response between photons and
trons. ForP

Jyc
T . 4.0 GeVyc, the photon acceptance

0.146 6 0.002sstatd.
To study the effect of the no-track cut, and the effe

of additional energy deposited in the calorimeter, we
a sample ofxc ! Jycg reconstructed by requiring th
decay photon to convert into an electron-positron p
The resulting sample of26 6 5 xc ’s is unbiased with
respect to the no-track cut and calorimetric requireme
The effect of these can be determined by measu
the track multiplicity and energy distribution associat
with the calorimeter cell, which would have been hit
is-
is
u-

l

r-
he

rgy

o-
ng

r

e
s-
y

e-
ns
g
-
lec-

ct
se

ir.

ts.
ng
d
y

the photon had it not converted. The mean multiplici
of nonmuon tracks pointing to this cell has a value o
0.08 6 0.06, and the efficiency of the no-track cut is
e

g
trk ­ s97.912

25d%. The energy distribution in the same
cell, when there are no tracks pointing to it, has a me
value of s0.15 6 0.08d GeV. The effect of this energy
deposition on our photon reconstruction is accounted
by an “environmental” efficiency ofeg

env ­ s96.513.5
24.5d%.

The systematic uncertainty onF
Jyc
x associated with

the reconstruction efficiency of the low energy photo
is 610%. This is due to uncertainties in the estima
tion of the detector response difference between photo
and electrons. A611% uncertainty is associated with
the xc production and decay model used for the acce
tance calculation. This is estimated upon variations
the shape of thePT spectrum as well as the decay an
gular distribution to account for fully polarizedxc. The
uncertainty in the determination ofNxc associated with
the model of the background shape is610%. This in-
cludes the effect of varying the fitted normalization of th
background contribution by61s; varying thep0, h, and
K0

S composition in our background model from4:2:1 to
equal amounts ofp0 andK0

S , and to allp0; and includes
the effect of physics processes resulting in aJyc associ-
ated with photons in the final state. An additional66%
uncertainty arises from the statistical and systematic u
certainties associated withe

g
trk and eg

env . We combine
these uncertainties, assuming they are independent,
total systematic uncertainty of618.9% correlated in the
four bins. The fraction ofJyc mesons coming fromxc

decays isF
Jyc
x ­ 27.4% 6 1.6%sstatd 6 5.2%ssystd for

P
Jyc
T . 4 GeVyc andjhJyc j , 0.6.
This fraction includes a contribution fromb decays.

The fraction ofJyc mesons fromxc decays not including
contributions fromb decays is calculated according to th
equation

FsbydJyc
x ­

Nxc 2 N
xc

b

sNJyc 2 N
Jyc
b dAg

Jyc e
g
trkeg

env

­ FJyc
x

1 2 F
x
b

1 2 F
Jyc
b

,

where N
xc

b and N
Jyc
b are the numbers of reconstructe

xc andJyc mesons fromb’s, F
x
b andF

Jyc
b are, respec-

tively, the fractions of reconstructedxc andJyc mesons
from b’s.

To measureF
x
b we use a sample of555 6 47 recon-

structedxc, where both muon tracks have information i
the SVX. We constrain the two muons to come from
common decay vertex and we calculateLxy, the projec-
tion of the decay length onto the transverse momentu
vector of theJyc. To account for the difference betwee
the Lorentz boostbg of the parentb hadron and that of
the observedJyc, we convertLxy into a proper lifetime
581



VOLUME 79, NUMBER 4 P H Y S I C A L R E V I E W L E T T E R S 28 JULY 1997

-

s
e

n
e

n

-

i

g

d

e

s
the
ct
tal

or
is
ur-

ve
g
ined

in

ion
es
.

r

nd
nd
usingbg of the Jyc, and a correction factorFcorr deter-
mined from Monte Carlo:ct ­ LxysMJycyP

Jyc
T dyFcorr

[7]. We fit the ct distribution to the sum of two func-
tions, one associated with thexc signal and one asso
ciated with its background. Each function is the su
of a zero lifetime component, described by a Gau
ian plus symmetric exponential tails, and a long liv
component, described by a positive exponential smea
with a Gaussian resolution function. The backgrou
component is derived from the Monte Carlo describ
previously and normalized to the estimated backgrou
under thexc signal. Thect distribution is shown in
Fig. 1(c). The fit yieldsF

x
b ­ 10.8% 6 3.1%, where

we have fixed the lifetime of the long lived compone
to the averageb lifetime of 438 mm [7]. Using the
method described in [1] we findF

Jyc
b ­ 17.8% 6 0.45%

for P
Jyc
T . 4.0 GeVyc. The resulting correction fac

tor is s1 2 F
x
b dys1 2 F

Jyc
b d ­ 1.085 6 0.037. A Monte

Carlo calculation shows that this factor is independent
P

Jyc
T . Therefore we use this correction for allPT bins.

We have also measurede
g
trk and eg

env using a sample
of prompt xc ! Jycg, g ! e1e2, requiring jLxyj ,

100 mm. The efficiencies for promptxc are consistent
with the values obtained previously. The uncertaint
on F

Jyc
b andF

x
b increase the total systematic uncertain

on FsbydJyc
x to 19.2%. The resulting fraction ofJyc

mesons fromxc decays, not including contributions from
b’s, is FsbydJyc

x ­ 29.7% 6 1.7%sstatd 6 5.7%ssystd and
is shown as a function ofP

Jyc
T in Fig. 2.

To obtain the directJyc cross section, we subtract from
the promptJyc cross section [1] the contribution fromxc

and cs2Sd decays. The first is obtained by multiplyin
the promptJyc cross section with a parametrization o
FsbydJyc

x as a function ofP
Jyc
T . The second is calculate

from the promptcs2Sd cross section measured in [1] an
a Monte Carlo simulation of the decayscs2Sd ! JycX,
where X ­ pp , h, p0. With this calculation we find
that the fraction of promptJyc ’s from cs2Sd’s rises from

FIG. 2. The fraction ofJyc mesons fromxc decays as a
function of P

Jyc
T with the contribution fromb’s removed.

The error bars correspond to the statistical uncertainty. T
solid line is the parametrization of the fraction. The dash
lines show the upper and lower bounds corresponding to
statistical and systematic uncertainties combined.
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7% 6 2% at P
Jyc
T ­ 5 GeVyc to 15% 6 5% at P

Jyc
T ­

18 GeVyc. The fraction of directly producedJyc ’s is
64% 6 6% and is approximately independent ofP

Jyc
T be-

tween 5 and18 GeVyc. Direct production is therefore the
largest source of promptJyc mesons. The resulting cros
sections are shown in Fig. 3. The curves correspond to
theoretical predictions [8]. The calculation of the dire
Jyc cross section (dashed line) is below the experimen
measurement by a factor of 80 atP

Jyc
T ­ 5 GeVyc, and

by a factor of 30 atP
Jyc
T ­ 18 GeVyc. The solid curve in

Fig. 3 includes contributions from the CSM and the col
octet model (COM), where the color octet contribution
based on early extractions [9] of the relevant nonpert
bative parameters from the branching ratios ofb ! xcX
decays. The extension of the COM to the3S1 states has
been proposed in [3]; the corresponding calculations ha
been compared in [4] with our preliminary data showin
that agreement between theory and data can be obta
by adjusting the nonperturbative parameters introduced
the COM.

In conclusion, we have measured the fraction ofJyc ’s
originating from xc ’s and found that the majority of
prompt Jyc ’s do not come fromxc ’s but are directly
produced. We have compared the data with the predict
of the CSM and found that this model underestimat
direct Jyc production by a factor varying from 80 to 30

FIG. 3. The differential cross sections of promptJyc !

m1m2 as a function ofP
Jyc
T . The dashed curve is the colo

singlet calculation forJyc production. The solid curve is the
calculation ofxc ! Jycg production and includes both color
singlet and color octet contributions. The error bars correspo
to the statistical and systematic uncertainties combined a
include the uncertainties common to all data points.
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This factor is of the same order as the one found in [1] f
the cs2Sd. We conclude that the CSM fails to describ
direct production of both theJyc and thecs2Sd by about
the same factor.
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