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Abstract

We have measured the ratio of prompt production rates of the charmonium states
�c1 and �c2 in 110 pb�1 of pp collisions at

p
s = 1.8 TeV. The photon from their decay

into J/ 
 is reconstructed through conversion into e+e� pairs. The energy resolution
this technique provides makes the resolution of the two states possible. We �nd the
ratio of production cross sections

��c2
��c1

= 0:96� 0:27(stat:) � 0:11(sys:) for events with

pT (J/ ) > 4:0 GeV/c, j�(J/ )j < 0:6, and pT (
) > 1:0 GeV/c.
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PACS Numbers 13.85Ni, 14.40Gx

The production of charmonium in pp collisions occurs promptly, or through the decay

of hadrons containing the b quark. Prompt charmonium production can be easily separated

from B hadron decay backgrounds using the lifetime distributions. The cross section of

prompt J/ 's can be described by calculations based on the Nonrelativistic QCD factor-

ization formalism [1, 2] that include both color singlet and color octet contributions [3, 4].

However, these QCD calculations of charmonium production predict a large transverse polar-

ization of the J/ and  (2S) which is not seen in the data [5]. This discrepancy between the

experimental observations and theoretical understanding of prompt charmonium production

heightens the importance of exploring such processes as completely as possible.

In this paper, we contribute to the study of the charmonium system by measuring the

relative cross sections of the �c1 and �c2 promptly produced in pp collisions at
p
s =1.8 TeV

using the Collider Detector at Fermilab (CDF). Knowledge of this ratio is needed for any

model that calculates J/ production through radiative �c decay, and can be an important

standard for comparing production models. We study the process pp ! �cJX, �cJ !

J/ 
, J/ ! �+��, where �cJ is taken to represent �c1 or �c2. The �nal state photons are

reconstructed through conversion into e+e� pairs, which provide excellent energy resolution

for the photons from �cJ decay. The resulting J/ 
 mass resolution allows us to distinguish

the �c1 and �c2, and thereby perform the measurement. This measurement is based on 110

8



pb�1 of data taken during the 1992-95 operation of the Tevatron.

The CDF detector has been described in detail elsewhere [6]. Charged particles

emerging from the pp interaction point are detected in a silicon vertex detector (SVX), a time

projection chamber (VTX), and a central tracking chamber (CTC). These tracking detectors

are located in a 1.4 Tesla solenoidal �eld. Our coordinate system de�nes the z axis to be

the proton beam direction, with � and r being the azimuthal angle and transverse distance,

respectively. The CTC, an 84 layer drift chamber, covers the pseudorapidity interval j�j < 1

(where � � � ln(tan(�=2)) and � is the angle with respect to the proton beam direction) and

provides information in both the r�z and r�� views. The e�ciency for track reconstruction

in the CTC cuts o� for tracks with pT < 0:2 GeV/c, rises over the range 0.2 GeV/c < pT < 0:4

GeV/c , and reaches � 93% for tracks with pT > 0:4 GeV/c, where pT is the track transverse

momentum. The SVX extends over approximately 60% of the interaction region. This

detector provides track impact parameter measurements for the muons from J/ decay in

the r � � view with a resolution of (13 + 40=pT ) �m, where pT is in GeV/c. The combined

momentum resolution of the tracking chambers is �pT=pT = [(0:0009pT )
2 + (0:0066)2]1=2,

where pT is in GeV/c. The beam pipe, SVX, VTX, and inner support cylinder of the CTC

contribute to an average thickness of 6.02 � 0.33% radiation lengths of material [7], as

measured perpendicular to the beamline.

Muons from the decay J= ! �+�� are identi�ed by drift chambers located outside

the electromagnetic and hadron calorimeters. The central muon chambers used in this
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analysis cover the region j�j < 0:6, and are used in a three level trigger system to require a

pair of muons in the event. The �rst trigger level identi�es muon candidates by requiring

a coincidence between two radially aligned muon chambers. Two such coincidences are

required for this trigger. The second dimuon trigger level combines the muon candidates with

information from the fast track processor in the CTC. For the �rst 19.4 pb�1 of data collected,

a single match between a muon chamber coincidence and a CTC track with pT > 2:8 GeV/c

was required. For the remainder of the data, this trigger required two such matches with

track pT > 2:0 GeV/c. The �nal level of the trigger was performed in software, and required

events to contain oppositely charged muon candidate pairs with an invariant mass within

approximately 300 MeV/c2 of the world average J= mass of 3096.9 MeV/c2 [8].

The J= ! �+�� candidates are selected by requiring events that satisfy all

trigger requirements after o�ine reconstruction, and have pT (J/ ) > 4.0 GeV/c. A simul-

taneous mass and vertex constrained �t is performed on the muon tracks, where the dimuon

mass is constrained to the J= mass. We �nd � 151 000 events have a good �t to the J= 

mass. A subset of � 88 000 events have both decay muons measured within the SVX, which

provides vertex resolution su�cient for determining the fraction of events due to B hadron

decay.

The search for photon conversion candidates begins with a scan of all additional

tracks found in each J/ event. Pairs of oppositely charged tracks are chosen with cos(�e�e) >

0.995, where �e�e is the opening angle between the tracks at the point of intersection. These
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pairs have their track parameters recalculated by using a least squares �t, with constraints

consistent with the photon conversion hypothesis. Speci�cally, the two tracks are constrained

to be parallel at their point of intersection, and the momentum of the pair is constrained

to pass through the dimuon vertex. The radial distance from the dimuon vertex to the

intersection point is required to be 1.0 cm or more in order to reduce the background due

to particles originating from the primary vertex. Also, we require pT (
) > 1.0 GeV/c and

pT (e
�) > 0.4 GeV/c. A �nal �t on all four particle trajectories is then performed that

simultaneously constrains the muon momenta to form the world average J= mass [8] and

the 
 momentum to point to the dimuon vertex.

Relative acceptance and reconstruction e�ciencies for J/ 
 �nal states of di�erent

invariant mass have been studied with simulated events generated with a pT (�cJ) distribution

that was tuned to match the distribution of events seen in the data [4]. Monte Carlo

generated �cJ ! J/ 
 events are used as input to the detector and trigger simulations, to

provide a measure of our acceptance for the �cJ states. The larger mass of the �c2 gives

a higher e�ciency at low pT (�cJ) than for the �c1; this di�erence vanishes for
pT (�cJ )
M(�cJ )

� 1.

The overall e�ciency ratio is found to be
��c1
��c2

= 0.85 � 0.014, where the uncertainty is due

to the simulated event sample size and uncertainty in the pT (�cJ) distribution used in the

simulation.

Systematic e�ects that might change the reconstruction e�ciency ratio
��c1
��c2

would have

to a�ect one spin state di�erently from the other. The decay angle distribution is one such
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possibility, and an estimate of our sensitivity to di�erences between the two states is made

by convoluting a distribution of the form 1 + ���
cos
2(���
), where ���
 is a constant and

���
 is the angle between the photon and �� measured in the J/ 
 rest frame, with the

e�ciency distribution. The results of this calculation indicate that values of ���
 over the

range �1 to +1 correspond to a variation in the �cJ reconstruction e�ciency of �7%. We

have taken half of this variation as the systematic uncertainty on the relative e�ciency ratio

��c1
��c2

due to possible decay angle distributions.

Any di�erences in the production of the two states associated with the polarization or

pT (�cJ) distributions would require di�erent production mechanisms for the �c1 and �c2, and

is therefore considered to be unlikely. The data are too sparse to provide much guidance.

Therefore, we have assigned no systematic uncertainty on
��c1
��c2

due to possible di�erences in

the �c1 and �c2 production kinematics.

The predominant �cJ background is due to photons resulting from the decay of �0; �;

and K0
s mesons produced in association with the J/ . To model this background, charged

tracks that originate from the J/ vertex in the data are used to de�ne the momentum of

simulated �0; �; and K0
s 's produced in the ratio 4:2:1 respectively as was done in [4]. The

simulated decay of these particles provides a photon spectrum that, taken with the J/ ,

yields a J/ 
 mass spectrum whose shape is used to model the background under the �cJ

states. Our sensitivity to the �0 : � : K0
s ratio is negligible since the background variation is

small over the range of J/ 
 mass combinations used in this analysis.
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Although the production of hc(1P ) mesons is poorly established [8], we nonetheless

consider it a second source of background to the �c1, due to its mass (3526� 0:24 MeV/c2)

and the partial reconstruction, hc ! J/ �0; �0 ! 

. A Monte Carlo simulation of hc

production and decay, along with reconstruction of only one �nal state photon, provided a

J/ 
 mass spectrum for this background component. We �nd the overall hc acceptance with

respect to the �c1 to be
�hc
��c1

= 0:523� 0:005. The cross sections for hc and �c1 are predicted

to be comparable [10], and the hc branching ratio to J/ �
0 is predicted to be 0:5�1:0% [11].

Taken together, these predictions and our e�ciency suggest that the number of hc events in

our data should be 0.01-0.02 times the number of �c1 events.

The decay of hadrons containing b quarks provides another background to prompt

�cJ production. We use the decay length measured in the SVX to discriminate between �c

events produced promptly and through B decay processes. Since any J/ 
 combination that

originates from B decay provides only a partial reconstruction of the B hadron, the proper

decay length is not directly measurable. We therefore use the e�ective decay length �eff =

Lxy
M(J= )

pT (J= )Fcorr(pT (J ))
where M(J/ ) and pT (J/ ) are the mass and transverse momentum

respectively of the J/ , Lxy is the measured displacement of the dimuon vertex in the

direction of its transverse momentum, and Fcorr(pT (J )) is a correction factor between the

B and J/ momentum, which is obtained by Monte Carlo simulation of B hadron decay [9].

The J/ 
 mass spectrum is shown in Fig. 1. The �c1 and �c2 are clearly resolved,

although no evidence for the �c0 is seen in this distribution. The e�ective decay length
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distribution for events measured in the SVX is shown in Fig. 2. The mass and decay length

distributions are �t simultaneously using the maximum likelihood method to obtain the

number of �cJ events due to prompt production. The likelihood function used is given by

L =
NY

i=1

�
f1F

i
�1 + f2F

i
�2 + (1� f1 � f2)F

i
bck

�
(1)

where f1, f2 are the fractions of the events in the �c1, �c2 signals, F
i
�1 , F

i
�2 are the products

of the mass and e�ective decay length distributions for the signals, F i
bck is the product of

mass and e�ective decay length distributions for the background, and N is the total number

of events.

The function representing the signal shape consists of two Gaussians whose character-

istic width is given by the measured mass uncertainty for each event, times a scale factor.

The mass is allowed to vary in the �t, but the di�erence in mass between the two signals is

constrained to the known �c1=�c2 mass di�erence of 46 MeV/c2 [8]. The background function

shape was determined by the Monte Carlo method described above, and its normalization

was allowed to vary in the �t.

The decay length distributions used for both signals and the background consist of a

sum of prompt and B decay components. The prompt contribution is a Gaussian centered at

the beam position, with a characteristic width that is given by the decay length uncertainty

calculated for each event. The B decay contribution is a convolution between an exponential

distribution with a characteristic decay length and the decay length uncertainty for each

event. The relative contribution between the prompt and B decay components is allowed
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to vary for each signal and the background independently. The characteristic proper decay

length is constrained to 470 �m, the average decay length for B hadron mixtures [8], for both

signals and background. Although all events were subjected to the same likelihood �t, only

the events measured in the SVX have the decay length resolution to contribute signi�cantly

to separating the prompt and B decay components.

The �t gives 118:7 � 13:5 total �cJ events, and a �c1 mass of 3508:3 � 0:7 MeV/c2.

The ratio of events between the �c1 and �c2 is measured to be
N�c2

N�c1
= 0:63 � 0:15 for the

full data sample, where N�cJ is the number of events obtained for each �cJ . Decays of

B hadrons are found to contribute (8 � 5%), (18 � 9%), and (25 � 3%) to the �c1, �c2,

and background respectively. The ratio of events in the prompt subset of the data is then

N�c2

N�c1

1�fb2
1�fb1

= 0:56 � 0:16, where N�cJ is the number of events measured, and fbJ are the

fractions of events due to B decay. Variation of the characteristic decay length by �50

�m corresponded to a change in the prompt yield ratio of less than 10�3, so no systematic

uncertainty has been attributed to the choice of decay length used in the �t. Variation

of the hc contribution to the background by �0:01N�c1 produced a �0:4% change in the

measurement of the the prompt event ratio, which is used as a systematic uncertainty.

The ratio of prompt cross sections for the �c1 and �c2 is given by

��c2
��c1

=
N�c2(1� fb2)��c1B(�c1 ! J= 
)

N�c1(1� fb1)��c2B(�c2 ! J= 
)
(2)

where ��cJ is the production cross section, ��cJ is the reconstruction acceptance and e�ciency,

and B(�cJ ! J= 
) is the branching ratio into the J/ 
 �nal state for each of the �cJ states.
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The ratio of decay branching ratios is B(�c1!J= 
)
B(�c2!J= 
) =

27:3�1:6%
13:5�1:1% = (2:02�0:20), assuming

the two values are uncorrelated [8]. Consequently, we are left with a relative systematic

uncertainty on the ratio of cross sections of �10% due to the branching ratio uncertainties.

Table I: Systematic uncertainties for the relative rate of �cJ production.

E�ect Uncertainty
Possible hc background +0.4%, -0

E�ciency Ratio Uncertainty �1:4%
Decay Angular Distribution �3:5%

Branching Ratios �10%
Total �11%

The systematic uncertainties for the relative rate of production are summarized in

Table I. The individual uncertainties are combined in quadrature to give the total system-

atic uncertainty on the cross section ratio. Our �nal result on the relative rate of prompt

production is then

��c2
��c1

= 0:96� 0:27(stat:)� 0:11(sys:): (3)

Previous measurements of the �c2=�c1 ratio have been at �xed target experiments [12], oper-

ating at lower energies than those obtained at the Tevatron. Despite signi�cant theoretical

e�orts to understand charmonium production in that environment [13, 14], the comparison

between this result and those is not straightforward. The present measurement provides

a similar constraint on theoretical understanding of charmonium production at the Teva-

tron. This result appears to prefer an approximately equal production of the two �cJ states,

although it is consistent with the expectation that the cross sections are proportional to
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(2J + 1) at high pt(�cJ) [14]. A recent NRQCD prediction for the cross section ratio is

1:1� 0:2 [15], in good agreement with this measurement.
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Figure 1: The J/ 
 mass spectrum. The background estimate is indicated by the shaded
area, and the solid line histogram shows the result of the likelihood �t for the �cJ signals.
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Figure 2: The J/ 
 e�ective decay length spectrum for events measured in the SVX. (A)
The decay length distribution for candidates having 3350 Mev/c2 <M(J= 
) < 3470 Mev/c2

and 3590 Mev/c2 < M(J= 
) < 3710 Mev/c2. (B) The decay length distribution for the
�c1, 3492 Mev/c2 < M(J= 
) < 3528 Mev/c2. (C) The decay length distribution for the
�c2, 3538 Mev/c2 < M(J= 
) < 3574 Mev/c2. The �t to the data points is shown in each
distribution. The shaded functions in (B,C) indicate the e�ective decay length distribution
due to background sources.
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