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(submitted to Physical Review Letters) 

We measure the differential cross-section with respect to Feynman-r (2~;) and 

transverse momentum (PT-) for charm meson production using targets of Be, Al, Cu 

and W. In the range 0.1 < I,L < 0.7, do/drF- is well fit by the form (1 - 2,~)” with 

n = 3.9 f 0.2. The difference between n values for D- and Df is 1.1 * 0.4. However, 

we find an asymmetry of 0.18 + 0.04 favoring the production of Dm compared to D+. 

In the lower PT range, < 2 GeV, do/dP.; 1s we!.I fit by the form exp(-b x RF) with 

b = 1.03 f 0.04 GeV-‘, while in the higher PT range, 0.8 to 3.6 GeV, it is weIl fit by 

the form exp(-b’ x Pr) with b’ = 2.76 * 0.06 GeV-‘. The shape of the differential 

cross-section has no significant dependence on atomic mass of the target material. 

PACS numbers: 12.38.Qk, 13.85.Ni 

Typeset Using REVTEA’ 



Although charm was co-discovered using hadronic interactions in 1974, the pro- 

duction mechanism is still not well established. In perturb&w &CD, charm is 

hadro-produced by gluon-gluon fusion and quark-anti-quark annihilation. The to- 

tal and differential cross sections for charm quark production have been calculated 

using perturb&w QCD by Nason, Dawson, and Ellis (NDE) including terms up 

to next-to-leading order (NLO) [I]. S ome measurements [2,3] of total cross-section 

and differential cross section in 5~ and l+ are consistent with the NDE predictions. 

However, other experiments [4-71 report either a total cross section larger than can 

be accommodated by NLO QCD and/or show large differences in the production of 

leading versus non-leading charm. (Leading charm particles have at least one valence 

quark that was transferred from the projectile.) To explain some of these measure- 

ments, Cambridge [8] and Brodsky et al. [9] postulated production from the charm 

component of the parton sea of hadrons. 

Fermilab experiment E769 addresses these issues with a high statistics study 

of exclusively reconstructed charm particles using 250 GeV secondary beams with 

identified T*, K* and p on thin foil targets of Be, Al, Cu and W. The data were 

collected during the 1987-88 running period. In this letter we report differential 

cross-sections measured using the decays Df + K-?r+rr’ and D” + K-T+ (and 

charge conjugates). Results on the total charm cross-section and the dependence on 

atomic mass and incident particle type are in preparation. 

The open-geometry spectrometer used in E769 was substantially the same as 

previously used in Fermilab photo-production experiment E691 [lo]. For E769, the 

spectrometer included an 11-plane silicon microstrip (SMD) vertex detector, 2 ana- 

lyzing magnets, 35 drift chambers, 2 multi-wire proportional chambers (MWPC’s), 2 

segmented, threshold Cerenkov counters, calorimeters, a muon detector, and a high- 

rate, microprocessor-based data acquisition system. For beam particle identification 
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we used a differential Cerenkov counter [DISC) and a transition radiation detector, 

the latter used for data taken with a positively charged beam. For beam tracking we 

used 8 MWPC’s and 2 SMD’s. More detailed descriptions of the apparatus are found 

in [ll] and references quoted therein. 

With the DISC set to tag kaons, the beam sample used in this analysis consisted 

of 94% x- with a contamination of 4% K- and 2% ij. The trigger required total 

transverse energy in the calorimeters > 5.5 GeV. This reduced the event rate by a 

factor of 3 while maintaining an efficiency of about 75% for charm. About 400 million 

events were recorded in the entire data set, 150 million of these from Y interactions. 

In off-line analysis we reconstructed the complete data sample. The analysis 

for charged tracks included pattern recognition, fitting, vertex reconstruction, and 

particle identification. We reduced the event sample by a factor of 14 by selecting 

events which had a pair of tracks forming a downstream vertex and whose separation 

from the primary vertex had a significance of at least 6 standard deviations (6~). 

We applied further analysis cuts to select events with either the charged or neutral 

decay. The significance of the vertex separation was required > 120 (66) for charged 

(neutral) decays. The direction of the D was calculated from the summed three- 

momenta of the decay products. The summed RF of the decay tracks, with p,~ 

measured relative to the direction of the parent, was required > 0.5 GeV’ (0.7 GeV’) 

for charged (neutral) decays. For neutral decays, the product of the summed P+ 

and the significance of the vertex separation was required > 11 GeV’. The distance 

between the primary vertex and the line of flight of the parent D was required < 80 ,~rn 

(100 pm) for charged (neutral) decays. The minimum of the set of distances from the 

decay vertex to each track not in the decay vertex was required > 60 nm for charged 

decays. We calculated the product over the decay tracks of terms which, for each 

decay track, is the ratio of its’ distance from the secondary vertex to its’ distance from 
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the primary vertex. This product was required < 0.006 (0.1) for charged (neutral) 

decays. Using the Cerenkov counters, we excluded identified pions as candidate kaons 

from charm decay. The resulting invariant mass plots for the two decay channels are 

shown in Fig. 1. 

We performed a binned maximum likelihood fit to these mass plots using a gaus- 

Sian signal and a linear background. The widths were fixed according to the Monte 

Carlo simulation. The number of signal events is 700 & 24 for the charged D and 

607 & 29 for the neutral D. To determine the differential distributions, we made 

a mass plot for each bin of 5~ and PT and fit them as previously described. The 

gaussian widths are independent of Pr but range from 9 MeV at low zr to 16 MeV 

at high IF. 

The acceptance was calculated from a complete Monte Carlo simulation which 

included the effects of the resolution, geometry and efficiency of all detectors, inter- 

actions in the apparatus, and all analysis cuts. The event generator used a leading 

order (LO) QCD calculation for the charm quark pair, FRITIOF version 1.3 [13] to 

simulate the underlying interaction, and JETSET version 6.3 [12] to hadronize the 

partons. The acceptance for charged and neutral D’s is similar. As a function of zr, 

it varies between 2% and 6% in the range 0.0 to 0.8 with a maximum at 0.25. The 

acceptance in Pr increases from 4% to 8% over the range 0 to 4 GeV. Systematic 

errors in the acceptance include the uncertainties in trigger simulation and detector 

efficiencies. The systematic errors are small compared to statistical errors in the data 

and thus we quote only one error (statistical) in our results. 

Our measured du/dxr for charged and neutral particles combined is shown in 

Fig. 2. We performed a least-squares fit to the data using the functional form (1 -z,~)” 

which gives a good fit in the range 0.1 5 ZF 5 0.7 with n = 3.9 f 0.2. We also show 

the prediction of NDE for charm quark production for a quark mass of 1.5 GeV, 
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scaled to the data. A fit to these theory points over the same range yields n = 4.25. 

While the prediction matches the data well, we note that the effect of fragmentatiou 

of the quarks into mesons is not taken into account in the calculation of NDE. 

Our results for combined charged and neutral D’s are compared with those from 

other experiments in Table II. 0 ur values of n are consistent with those measured in 

NA32 (21 but our value for the difference in n between leading and non-leading charm 

(0.3 ?c 0.4) does not confirm the large difference suggested by the NA27 measurement 

of (6.1 zt 1.5) [7]. To best test for a leading particle effect versus ZF, we analyzed our 

z~ distributions separately for D- (leading) and D+ ( non-leading). We chose charged 

D’s because the leading/non-leading character is the same whether the charged D is 

directly produced or results from the decay of a D*, while this is not the case for the 

neutral D’s, We measure n(P) - n(D-) = 1.1 j, 0.4. 

We further test for a leading particle effect by calculating the asymmetry, 

A(~,Y) = b(z) - 4~)llb(+) +~Y)I, w h ere o(z) is the number of events with meson 

+ divided by the acceptance for meson z, as a function of ZF-, integrated over 5~ > 0. 

We obtain A(D-, D+) = 0.18 f 0.04 and A(D”,?) = -0.06 + 0.05. Thus we see a 

4.5~ asymmetry in the charged D channel but no effect in the neutral channel. 

Our results for dcr/dP; are plotted in Fig. 3. At high PT ( > 2 GeV) there is 

a significant deviation from the functional form exp(-b x P$), an effect not seen in 

experiments with smaller statistics. To compare our measurement with those from 

other experiments, we fit our data to the above form in a limited range as shown in 

Fig. 3 and in the tables. 

For k’~ > 0.8 GeV, du/dP; is well fit by the form exp(-b’ x PT). This is shown in 

Fig. 4 which also shows the prediction for charm quarks using LO QCD [14]. This is 

also well fit with the same functional form. In addition to the previous requirement, 

PT > 0.8 GeV, we restrict the fit range to PT < 2.4 GeV so that we can compare 6’ 

6 



values for various sub-samples, which were measured with lower statistics, as given 

in Table I. Fitting the theory points in the same range yields 6’ = 2.16 GeV-‘. For 

the full sample we use the larger range 0.8 < Pr < 3.6 GeV to obtain our best value 

of b’ = 2.761kO.06 GeV’. 

If charm production is due to short distmce collisions and fragmentation, then 

there should be little dependence of the IF, PT, or I’$ distributions on the atomic mws 

of the target material. To test this hypothesis, we fit these distributions separately 

for Be, Al, Cu and W. The values of n, 6’ and b are given in Table I. We see no 

significant dependence of these parameters on atomic mass. 

This research was supported by the U.S. Department of Energy, the U.S. National 

Science Foundation, the Brazilian Conselho National de Desenvolvimento Cientifico 

e Tecnolbgico, and the National Research Council of Canada. 
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TABLES 

TABLE I. Production parameters (described in the text) from fits to E769 data. Errors 

quoted are statistical only since systematic errors are small in comparison. Values and 

errors are rounded off to the number of decimal places shown. 

Fit Range 0.1 < IF‘ < 0.7 0.0 < P; < 4.0 GeV’ 0.8 < Pr. < 2.4 GeV 

Target Meson n b (GeV-‘) b’ (GeV-‘) 

All 

All 

All 

All 

All 

All 

All 

Be 

Al 

CU 

w 

D+,D-,D”,8 

D-,D” 

D+,s’ 

D- 

D+ 

D+,D- 

D”,S 

D+D-D”i? 7 , 7 

Dt D- D” 3’ 7 7 I 

Dt D- D” 3’ 7 7 1 

D+ D- D” 3 t 7 1 

3.9 + 0.2 

3.7 It 0.3 

4.0 i- 0.3 

3.3 It 0.3 

4.4 It 0.3 

3.7 5 0.2 

4.2 + 0.3 

3.7 f 0.6 

3.2 + 0.4 

4.7 lk 0.4 

4.2 rt 0.4 

1.03 + 0.04 

1.07 + 0.05 

0.99 f 0.05 

1.05 f 0.14 

0.92 f 0.06 

0.99 * 0.04 

1.08 f 0.06 

1.11% 0.11 

0.97 zt 0.08 

1.18 h 0.06 

1.04 5 0.08 

2.66 l 0.08 

2.67 5 0.11 

2.66 i 0.12 

2.67 i 0.13 

2.55 + 0.15 

2.62 zt 0.10 

2.72 f 0.14 

3.07 f 0.23 

2.52 ix 0.21 

3.18 I’C 0.19 

2.05 zk 0.23 
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TABLE II. Production parameters for incident x- and for neutral and charged D 

mesons, combined, from this experiment compared to other measurements. 

Expt. 

%,m (GeV) 

Target(s) 

E769 NA32 NA27 

250 230 360 

Be, Al, CU H 

cu, w 

zy Fit Range 

n(all) 

n(D-, D”) 

n(D+,?) 

Fit Range in 

I?;. (GeV’) 

0.1 to 0.7 0.0 to 0.8 0.0 to 0.9 

3.910.2 3.74&0.23*0.37 3.8zkO.63 

3.7f0.3 3.23+“~?“+0.32 -il.26 1.8+‘.” 41.5 

4.010.3 4.34+“?6*0.43 --i,..lo 7.9+;:; 

0 to 4 0 to 10 0 to 4.5 

b(all)(GeV-‘) 1.03*0.04 0.83+0.03&0.02 1,18+“.‘” 
-II.16 

b(D-, D”) 1.07Lko.05 0.74f0.04rt0.02 

b(D+,p) 0.9910.05 0.95f0.05rt0.03 
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FIGURES 

FIG. 1. Invariant mass distribution for (left plot) D’ + K-xfr+ (+ c.c.) and (right 

plot) 0’ + K-x+ (+ C.C.). 

FIG. 2. Measured &Y/&F and comparison with the NLO QCD prediction for quarks 

[l]. The arrow indicates 90% C.L. upper limit. The solid (dashed-dotted) curve is from a 

fit to the measurements (theory) over the range 0.1 to 0.7, and the dashed (dotted) curve 

shows the extrapolation of this fit over the full range. 

FIG. 3. Measured da/P;. versus F; and a fit over the range 0 to 4 GeV2 (solid curve), 

extrapolated to the full range (dashed curve). Th e arrows indicate 90% C.L. upper limits. 

FIG. 4. Measured da/P;. versus PT and comparison with the LO QCD prediction for 

quarks [14]. The solid (dashed-dotted) curve is a fit to the measurements (theory) over the 

range 0.8 to 2.4 GeV, and the dashed (dotted) curve shows the extrapolation of this fit over 

the full range. 
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