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Abstract 

We report the full reconstruction of Xc-mesons through the decay chain 
xc -+ Jlh, Jltl, + p+p-, usmg data obtained at the Collider Detector at 
Fermilab in 2.6f0.2 pb-’ of Isp collisions at fi = 1.8 TeV. This exclusive 
xc sample, the fust observed at a hadron collider, is used to measure the xc- 
meson production cross section times branching fractions. We obtain cr. Br = 
3.2zt0.4(stat)f:::(syst) nb for xc-mesons decaying to J/$ with pi > 6.0 GeV/c 
and pseudorapidity 171 < 0.5. Prom this and the inclusive J/$ cross section 
we calculate the inclusive bquark crow section to be 12.0 f 4.5 pb for p$ > 
8.5 GeV/c and ]y*l < 1. 

PACS numbers: 13.85.Ni, 14.4O.Js, 14.80.Dq. 

This letter reports the first full reconstruction of Xc-mesons at a hadron collider, 

through the decay chain xc -+ J/$-y, J/$ + p+/r-. The observed x. sample is used to 

measure the xc production cross section times branching fractions for the unresolved 

xc angular momentum states. The results are based upon data from fi = 1.8 TeV 

fi collisions observed at the Collider Detector at Fermilab (CDF). 

Two mechanisms have been proposed for the production of charmonium states 

at Tevatron energies: direct charmonium production and the decay of b-flavored 

hadrons [l, 21. The latter mechanism is predicted to dominate production of high- 

transverse momentum (pr) J/$-mesons, with xc decays contributing more than 91% 

of the remaining “direct” J/tl, production rate. In contrast, X=meson production is ex- 

pected to proceed largely through direct gluon fusion [2,3,4,5], and should dominate 
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produc+n via b-hadron decay by about 4:l. A measurement of the xc production 

cross section therefore provides a test of direct charmonium production models. In 

addition, the xc cross section can be used in combination with the inclusive J/g pro- 

duction cross section measured in a previous publication by CDF [S] to calculate the 

b-quark cross section under the assumption that direct J/tl, production contributes 

negligibly to the total J/g rate. 

The CDF detector has been described in detail elsewhere [i’]. The events in this 

analysis were collected using a multi-level muon trigger system. The level-one trigger 

required the presence of a charged track in the muon chambers (covering pseudora- 

pidity 1711 < 0.65) with a transverse momentum (m) above a nominal threshold of 

3 GeV/c. The level-two trigger required two muon chamber tracks which matched 

charged tracks in the central 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 2.6hO.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 (44f4)% at pi = 2.0 

GeV/c to (92f4)% for pr > 6.0 GeV/c. The level-two trigger efficiency rose sharply 

from (1015)% at pi = 2.0 GeV/c to (99&l)% for pi > 3.0 GeV/c. 

Transverse momenta were calculated from track curvatures in the 1.41 T axial 

magnetic field. Constraining the tracks to the primary vertex yielded a momentum 
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resolutiw~of 6pr/pr = (.0011pr)2 + (.0066)2 where pr was in GeV/c. To check the 

momentum scale, we reconstructed the following decays: J/$ + p+p-, +(2S) + 

p+/~-, T(1S) + pfp-, T(2S) + ptp- and T(3.Y) -+ p+p-. After corrections for 

dE/mt losses, we obtained the mass values 3.097*0.001, 3.687~kO.007, 9.458+0.004, 

10.02&0.01, and 10.36f0.01 GeV/c* respectively, in agreement with world average 

values [S]. 

To reconstruct xc-mesons, we first identified J/+-mesons by requiring two op- 

positely charged muon candidates, each with pi > 3.0 GeV/c. For each muon, we 

calculated the difference in both the transverse and longitudinal 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 three times the uncer- 

tainty expected from measurement errors, energy loss and multiple scattering removed 

approximately 50% of the background to the p+p- signal from punch-through and 

decay-in-flight, while being (97f2)Y’ ffi o e cient for keeping real muon pairs. Finally, 

we selected muon pairs with pr > 6.0 GeV/ c and 17) < 0.5. The resulting pL+p- mass 

distribution is shown in Fig. 1, along with a fit to a Gaussian plus a constant back- 

ground. The width of the Gaussian is m = 0.018 GeV/cZ. Defining our J/+ sample as 

those events with dimuon mass between 3.05 and 3.15 GeV/c*, we observed 896*32 

reconstructed J/+4 events above a background of 4558. 

Photon candidates were then selected by demanding an electromagnetic energy 

deposition with at least 1 GeV in 171 < 0.7 and a cluster in the electromagnetic strip 

chambers. These chambers were located at a depth of six radiation lengths in the 
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calorirne+r. The energy resolution was o(E) N 18%@ (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 N 1 cm. The energy and direction of the photon 

candidate were combined with the muon momenta to determine the invariant mass of 

the pfp-r system. The mass difference [AM = M(/r+p-r) - M(r+r-)] distribution 

is shown in Fig. 2. A clear xc signal is present near AM = 0.4 GeV, but the individual 

xc angular momentum states are not resolved. The AM resolution was dominated 

by the photon energy resolution. 

The primary source of background was from J/1/, events in which a photon from a 

x0 decay passed the photon identification requirements. The shape of the background 

AM spectrum was determined using real ,J/$J + p+p- 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 neutral pions into photons. The 

AM spectrum of the J/q4 and these simulated photons, weighted by the photon 

finding efficiency, was normalized to the sideband region of the observed spectrum 

and parameterised. The range of parameterizations consistent with this background 

shape is also shown in Fig. 2. The central pararneterisation curve in this figure was 

used for calculating our signal size. 

The number of xc events was determined using a binned maximum likelihood 

technique to fit the AM distribution to a Gaussian signal plus the independently 

determined background shape. The fit produced 67&S (statistical) signal events 
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with a mean ~SSS difference of 0.406f0.013 GeV/c*. This mass difference is con- -: 

sistent with the expectation that the unresolved xC signal consists of 90% xC,(AM = 

0.4136 GeV/cr) and 10% xes (AM = 0.4592 GeV/c*) [a]. The width of the Gaussian 

was 70f12 MeV/cr, ss expected from the photon energy resolution. Uncertainty in 

the background shape contributed an uncertainty of hAgsO in the observed number of 

xc-mesons. 

We determined our xc detection efficiency using a Monte Carlo which incorporated 

the shape of the xC pi and rapidity spectra as given by the theoretical calculations of 

Humpert [4] and Nason, Dawson and Ellis [9]. A sample of xC decaying to J/T) 7 was 

generated within the kinematic region 6 5 p;‘* _ < 20 and I$‘*1 5 0 5 Additionally, . . 

we assumed that 16zh8% of the XC-mesons in this region originated from B-meson 

decay [IO], the balance from direct production mechanisms. This assumption was later 

checked by demanding consistency with the fraction deduced from the observed B -+ 

J/$X cross section [6] and the B -+ x=X and B -+ J/$X branching fractions [lo, 81. 

Uncertainty in the pi and n distributions of the xC introduced a 25% uncertainty in 

the overall xC acceptance. 

Parameterizations of the level-one and level-two trigger efficiencies as a function of 

pi and polar angle were applied to the simulated muons. By varying the parameters 

within &lo from those measured, we found an associated uncertainty of ?c9% in the 

acceptance. 

The muon chamber active area covered 85% of the solid angle in the region 

In] < 0.65. The chamber acceptance was determined by requiring simulated muons 

with pr > 3 GeV/c to pass through this muon fiducial volume. The total xc accep- 
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tame we.+-then obtained by folding in the muon reconstruction efficiency, the photon 

reconstruction efficiency and the J/1/, mass window acceptance. 

We measured the muon reconstruction efficiency from cosmic ray data. Combin- 

ing the individual contributions to the efficiency from the CTC track reconstruction 

(97f2%), muon chamber track reconstruction (9861%) and track matching criteria 

(97f2%) yielded an overall muon reconstruction efficiency of 92f3% for muons with 

pr > 3 GeV/c. The Jlql, mass window requirement was 97f2% efficient. 

Photon reconstruction efficiencies were measured by examining a sample of elec- 

trons from photon conversions in which one of the electrons was selected using only 

tracking information. We calculated the electron efficiency from the number of elec- 

tron 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 photon efficiency by correcting for the difference in calorimeter 

response for electrons and photons using a GEANT [ll] simulation of the detector. 

The correction was less than 10% for ah photon energies. We estimated an uncer- 

tainty of 59% in the acceptance arising from uncertainties in the electron efficiency 

measurement and the GEANT simulation. Combining the 13% and 9% uncertainties 

yielded a total photon efficiency uncertainty of 16%. 

The unknown polarization of the xc mesons introduced an uncertainty in the 

acceptance calculation. We determined this uncertainty to be &ll% by varying the 

polarization of the xs in the Monte Carlo over the entire allowed range. 

The combined detection efficiency for x. -+ J/47 with J/4 -+ p+p- was (0.79+0.X)% 

where the uncertainty represents the sum in quadrature of alI the systematic uncer- 
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tainties-from the preceding discussion. Table 1 summarizes the various contributions 

to the uncertainty in acceptance. 

The Xc cross section times branching fraction was calculated using the formula: 

N 
a(& + /&+/A--f) = 22 

CL (1) 

where o(Xc + ,o+p--y) is the cross section for the process fip -+ xCX + J/$,rX + 

p+p-rX, N,.. is the number of observed X. events, c is the xc detection efficiency 

and L is the integrated luminosity. We obtained 

o(& -+ p’p--y) = 3.2 f 0.4(stat)+::‘(sys) nb 

for xc decaying to J/$J with pr > 6.0 GeV/c and 171 < 0.5, where the result was 

summed over the X. angular 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 summarized 

in Table 1. 

By assuming xc and B-meson decays constituted the total J/4 production rate [Z], 

we could determine the b-quark cross section from the above result and the inclusive 

J/1/, cross section [S]. To convert the B + J/tl, rate into the b-quark cross section, 

we multiplied by the ratio, R, of the b-quark cross section to the observed J/$J cross 

section as determined using a Monte Carlo program, a full detector simulation and 

the same analysis as performed on the data: 

ub(p”, , p;in,lYbl < 1) = BdJ/rl + P’P-MFP + J/+X) -dXc -$ P’P-+Y)R, 
2Br(B + J/WIno,.)Br(J/tD --+ P+P-) 

(2) 
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Table 1: Uncertainties in u(xC --) p+p--y). 

Quantity Uncertainty 

NX. 12% (stat), ‘2 (sys) 

Luminosity, L 57.7% 

Efficiency, l , arising from f33% 

1) Trigger k-9% 

2) p identification f3% 

3) J/$ mass window dc2% 

4) Photon identification f16% 

5) xc polarization zkll% 

6) xC pr and 7 distributions f25% 

Uncertainty in v(xC - p+p-r) f0.4 (stat) 2::: nb 
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R= &(Pk > PF”, lYbl < 1) 
c~$(p$‘” > 6 GeV/c, 17J/“1 < 0.5) 

(3) 

and Br(B --t J/+XI..,,) is that part of the B to J/4 decay which does not include 

xc intermediate states. The value of pp” was chosen such that approximately 90% 

of the Monte Carlo J/$ events originated from b-quarks with pk > p?‘“. We found 

py = 8.5 GeV/c. The Monte Carlo program generated bquarks according to the pi 

and rapidity distributions provided by Nason, Dawson, and Ellis [9], and fragmented 

the b-quark into mesons using the Peterson fragmentation model [12]. The Jill, 

momentum spectrum in the B rest frame was taken from ARGUS data [13]. 

Evaluating equation 2 yielded the result a(b) = 12.0 f 4.5 pb for p$ > 8.5 GeV/c 

and Iybl < 1. The calculation is summarized in Table 2. This result is consistent with 

that obtained from the $(2S) inclusive cross section, 10.5f5 /Ib [6]. The value of r( b) 

relies on the assumption that direct J/ll, production is negligible. If this assumption 

is changed to one in which direct production accounts for 9% of the J/$J mesons then 

the value for o(b) drops by 6%. 

We thank the Fermilab staff and the technical staffs of the participating institu- 

tions for their vital contributions. This work was supported by the U.S. Department 

of Energy and National Science Foundation; the Italian Istituto Nazionale di Fisica 

Nucleare; the Ministry of Science, Culture, and Education of Japan; the Natural Sci- 

ences and Engineering Research Council of Canada; and the A. P. Sloan Foundation. 
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Table 2: Calculation of bquark cross section. 

Br(J/$ --) p’a-)u(@ + J/4X) 6.88f1.11 nb 

4xc --t ILCcI-7) 3.2f1.2 nb 

WJ/$ -+ P+P-1 5.97ztO.25% 

BT(B + J/&%x.) l.l&O.Z% 

R 4.28f0.02 

ubr p$ > 8.5 GeV/c, ]y] < 1 12.Ozk4.5 pb 

References 

[l] M.L. Mangano, INFN Preprint IFUP-TH 2/93 (1993). 

[2] E.W.N. Glover, A.D. Martin, W.J. Stirling, Z. Phys. C38, 473 (1988). 

[3] R. Baier and R. Riickl, Nuclear Physics B208, 381 (1982); 2. Phys. C 19, 251 

(1983). 

[4] We performed a similar calculation for J/$J with the same QCD parameters 

and K-factor as Ref. [2], using the parton-parton differential cross sections of 

Humpert in the ISAJET program (Ref. [14]), and Q* = (Mi + p$)/4 [15]. Al- 

though this calculation does not include the small direct J/$ production, it 

yielded a shape for the cross section similar to that of Ref. [2]. B. Humpert, 

Phys. Lett. B184, 105 (1987); 112 (1991). 

[5] R. Gastmans, W. Troost, and Tai Tsun Wu, Physics Letters B184, 257 (1987). 

12 



[6] F.;Abe et al., Phys. Rev. Lett. 09, 3704 (1992). 

[7] F. Abe et al, Nucl. Inst. Meth. A271, 387 (1988); F. Bedeschi et al., Nucl. Inst. 

Meth. A268, 50 (1988); G. Ascoli et al., Nucl. Inst. Meth. A268, 33 (1988). 

[S] Particle Data Group, Phys. Rev. D45, II.18 (1992). 

[9] P. Nason, S. Dawson, and R.K. Ellis, Nucl. Phys. B303,607 (1988), Nucl. Phys. 

B327, 49 (1989), Nucl. Phys. B335, 260 (1990). The present curves are for 

their choice of parameters: ms = 4.75 GeV/cr, Ad = 270 MeV and the DFLM 

structure functions. 

[lo] B. Gittelman, in Proceedings of the Vancouver Meeting (1991 DPF Meeting,J 

(World Scientific, Singapore, 1991), p.181. 

[ll] R. Brun et al. GEANT3. CERN DD/EE/84-1. 

[12] C. Peterson et al., Phys. Rev. D27, 105 (1983). 

[13] H. Schroder, personal communication. 

[14] F. Paige and S. D. Protopopescu, ISAJET Monte Carlo version 6.36, BNL Report 

No. BNL38034, 1986 (unpublished). 

[15] E.W.N.Glover, private communication. 

13 



Figure Captions 

1)The mass distribution of p+p- for the J/T) mass region. The data are shown 

as points and the solid curve is a fit to a Gaussian plus a constant background. 

2)The mass difference AM for the x. mass region. The data are shown as points 

and the curves are fits to a Gaussian plus the background shapes mentioned in 

the text. 
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