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The nuclear dependence for 800 GeV /c proton production of neutral D) mesons

has been measured near zp = 0 in Experiment 789 at Fermilab. D mesons from



beryllium and gold targets were detected with a pair spectrometer and a silicon
vertex detector via their decay D — Kw. No nuclear dependence is found, with a
measured o = 1.02 £0.03 4 0.02, in contrast to the large suppression seen previously
for production of J/¢ and +’. The measured differential cross section, de/dzp, for
neutral D-meson production at < zp >= 0.031 is 58 + 3 £ 7 pb/nucleon. The
integrated cross section obtained by extrapolation of the measured cross section to

all zp is 17.7+ 0.9 4+ 3.4 ub/nucleon and is consistent with previous measurements.

PACS number: 25.40.Ve, 13.85.Ni, 24.85.+p
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A strong suppression of J/v> and T production has been observed in p-A collisions on heavy
relative to light nuclear targets[1-4]. Similar effects have been seen in heavy-ion collisions[5]. The
causes of this suppression are still unclear; for example, one of the models discussed involves the
conversion of J/1's into open-charm pairs (D D) through interaction with co-movers or with the
nucleus[6]. For D meson production this mechanism would be absent. Other mechanisms, such
as effects in the initial state or effects on the gluon structure function, might impact charmonium
production and open-charm production in similar ways. These issues have been the subject of a
vast amount of theoretical activity [6-11]. Data on the nuclear dependence of D-meson produc-
tion can help to identify the dynamics involved in these suppressions. Previous measurements for
proton production of DD mesons are few and did not explicitly reconstruct the D[12, 13].

We report results for D-meson production from Fermilab Experiment 789, in which over 4000
D® — Kr decays have been reconstructed from 800 GeV/c protons incident on beryllium and
gold targets. Throughout the paper, except where explicit charged decay products are listed, we
use D° to refer to both the D and its anti-particle, the DO

Experiment 789 used an upgraded version of the pair spectrometer in the Fermilab Meson
East beamline, previously used for experiments 605[14] and 772[1]. Thin strip targets of beryllium
and gold (either 160 pm high by 1.8 mm long or 110 gm high by 0.8 mm long) localized the
primary interaction point to a small region and downstream decays of neutral 1) mesons were
identified using a silicon vertex detector. The silicon vertex detector consisted of sixteen 50 um
pitch silicon strip detectors each 5 x 5 cm? in area and 300 um thick, covering an angular range
of 20 to 60 mr above and below the beam axis. The detectors were positioned between 37
and 94 cm downstream of the target and were oriented to measure either the y(vertical) or u/v
coordinates (£5° stereo angles). A total of 8,544 strips were individually read out via Fermilab
amplifier cards[15] and LBL discriminators[16]. A vertex processor[17] provided on-line rejection
of prompt target dihadron events by selecting only track pairs consistent with decay vertices at
least 1.02 mm downstream of the target and impact parameters of at least 51 um relative to the

target center. Rejection factors between 5 and 20 were achieved, depending on the luminosity.



For these data two magnetic-field settings of the first spectrometer magnet (SM12) were
used, 1000 amperes (1000A) and 900 amperes (900A). The nuclear-dependence measurement
is based only on the 900A runs, in which both beryllium and gold targets were used, while at
1000A substantial data were obtained only for the gold target. With beam rates between 0.5 and
1.9 x 10° protons/sec, and a typical targeting fraction of ~ 0.4, total per nucleon luminosities
of 17 pb~! (900A beryllium), 13 pb~! (900A gold), and 35 pb~! (1000A gold) were obtained.
This resulted in average multiplicities on each silicon plane between 5 and 13 hits per event.
Approximately 380 million events were recorded on tape.

Beam flux normalization was obtained from a four-element scintillator telescope viewing the
target at 90°, which was calibrated for each target by scanning the target vertically across the full
vertical extent of the beam. This determined the relationship between counts in the 90° monitor
and in the secondary-emission monitor (SEM) which intercepted the entire proton beam. The
90° monitor was then used to measure the actual proton flux incident on the target at its normal
vertical position. For the beryllium target a substantial target-out background was determined
and corrected for. This contributed about 4% to the relative uncertainty between the beryllium
and gold data. The SEM calibration, determined using activation techniques, was 1.0 £0.1 x 106
protons per SEM count.

Mass spectra for the three target and magnetic-field combinations are shown in Fig. 1.
Background dihadron events from the target are rejected by requiring that events have a proper-
lifetime significance, 7 /o, greater than 7.2, where 7 is the proper lifetime of the downstream decay
and o is the corresponding uncertainty (typically ~ 0.08ps). Each plot contains two entries per
event, one assuming D° — 77K~ and the other D° — 7~ K*. Since the correct decay-product
assignment gives a sharp peak in mass with ¢ ~ 5 MeV/c? while the incorrect assignment gives
o ~ 50 MeV/c?, only the correct assumption contributes to the clear peak at the D° mass of
1.86 GeV/c® The continuum background underneath the peak is mostly from target hadron
pairs misidentified as downstream events by the vertex detector. Since the rates in the silicon

vertex detector are higher at 900A for gold than for beryllium, this continuum background is



higher by approximately a factor of 1.6 for gold due to the increased tracking confusion in the
silicon detector. To obtain the sum of the D° and DO yields, the spectra were fit with a narrow
gaussian and a wide gaussian, representing the correct particle and decay assumption and the
incorrect assumption, respectively, with a polynomial background underneath these peaks. The
wide peak was constrained to have the same number of counts as the narrow peak, since in this
summed spectrum each D° or DO event will give one entry in each peak. In order to determine
the asymmetry between D° and D° production another fit was done which allowed the D° and
DO to vary independently. A simultaneous fit to separate mass spectra for the two assumptions
was done, similar to that described above, except that the narrow peak in each spectrum is
constrained to the same area as the wide peak in the other spectrum.

The top panel in Fig. 1 shows the 900A beryllium mass spectrum for the loosest vertex
cut. Several different lifetime-significance cuts have been studied to verify that no unexpected
systematic effects from this cut occur. Detailed monte-carlo simulations of the system are used to
determine the acceptance, including the effects of low-momentum pion tracks from the target in
the silicon vertex detector, random hits in all the detectors, multiple scattering and decay of the
produced particles, and efficiencies of all the detectors. The acceptances, including efficiencies,
are about 1.4 x 1073 (900A) and 6.4 x 10~* (1000A). Additional vertex efficiences resulting from
the lifetime significance cut of 7.2 used in Fig. 1 are about 0.19 (900A) and 0.24 (1000A). We
use a D° lifetime of 0.420 + 0.008 ps [18] and for the D° zx and pr distributions we use the
average of the results obtained using the forms of Ref. [19] and Ref. [20]. The difference in
acceptance obtained using these two parameterizations is about 10%. The efficiency of the level-
one trigger was evaluated using prescaled minimum-bias triggers and was found to be 0.42 +
0.04 (900A) and 0.46 £ 0.04 (1000A). The additional efficiency factor from the vertex processor
was evaluated by studying level-one triggers which were forced to pass the processor and was
found to vary between 0.70 and 0.74.

We have checked our data against the published D° lifetime by determining the normalized

D yields corrected for acceptance effects in five bins of proper lifetime. All three samples give



lifetimes consistent with the value used above. A fit to our combined data sample, shown in Fig.
2, yields a lifetime of 0.413 £ 0.018 ps.
The nuclear-dependence ratio from the 900A data is

_ o(Au)/197
f==TBe)s

= 1.06 + 0.11(stat.) + 0.07(syst.),
corresponding to o = 1.02 £ 0.03 & 0.02, where « is the parameter obtained by representing
the dependence of the cross section on atomic mass (A) as o(A) = g9A®. The uncertainty
in the ratio is dominated by fitting and statistics (£10%), processor efficiency (+4%), and
the relative luminosity (£4%). No asymmetry between D° and D° production is seen, with
o(D°)/a(D°) = 0.97 £ 0.12. Our data cover the ranges 0.0 < =y < 0.08 with < 25 >= 0.031
and 0.0 < pr < 1.1 GeV/c with < pr >= 0.50 GeV/c. Using a D° — K7 branching ratio of
0.0365 £ 0.0021[18] and assuming no nuclear dependence, we obtain a differential cross section
for neutral D-meson production of do/dzp(D°)+do/dzr(D°) = 584347 pb/nucleon per unit
zr. The main uncertainties in this result include the proton beam flux (+10%), the D° — Kr
branching ratio (£5.8%), fitting and statistics (+4.9%), the trigger efficiency (£3.2%), the D°
lifetime (£3%), and the processor efficiency (+2%). Using the average acceptance obtained
from the pr and zy parameterizations of Refs. [19] and [20] to integrate over all 2z and pr, we
can also obtain the total cross section: o(D°) + o(D°) = 17.7 £ 0.9 + 3.4 pb/nucleon. This
result includes an additional uncertainty of +15%, corresponding to the difference between the
two parameterizations and their uncertainties. We have also studied the variation in « over our
range in xr and pr. The results, shown in Table 1, exhibit no dependence on pr and a slight but
statistically insignificant decrease between the smaller and larger bin in 2. Finally, our measured
do [dpr for our best statistics data set, the one at 1000A, is shown in Fig. 3. A fit to the
standard form do/dpr o pre=""7" gives n = 0.91 +0.12 (GeV /c)~2.

Previous measurements of a for D-meson production have yielded values between 0.75 and
1.04. Recent results from E769 for 250 GeV/c pions yielded o = 1.00 & 0.05 + 0.02 [21],
in agreement with our result. Other measurements for 340 GeV/c pions from WA82[22] at

<zp > = 0.24 gave 0.92 £ 0.06 for all D’s and 1.03 £ 0.11 for D° — K, also roughly in
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agreement. Both of these measurements cover a much wider range in zy than do ours. Older
results from beam-dump measurements using prompt single muons[12] or prompt neutrinos[13]
yielded values of o substantially below one. These measurements all have acceptance primarily
in the large xp region above zr = 0.5. They are also more indirect measurements, since the D
mesons are not explicitly reconstructed, and rely upon several large corrections. Finally, we recall
the nuclear dependences of J/%) and ¢’ production from Refs. [1, 23], which show an increasing
suppression for larger xp. Several of the mechanisms which can produce large suppressions
have strong dependences on zp. At large enough zr of a single detected D meson, the
(momentum fraction of the target parton) corresponding to the DD pair can be very small and
may be influenced by shadowing of the gluon structure function. Following Ref. [24], the strength
of gluon shadowing must be less than that for sea quarks and could cause, at most, a reduction
in o for the total D cross section to 0.96. However, the effect in a particular region in z, could
be more dramatic. We have used the correlation measurements of E653[25] to estimate that
the range of z; in our data lies above 0.05, well above the shadowing region. However, for the
beam-dump measurements discussed above with 2z > 0.5, the DD x, would be substantially
smaller, and shadowing may be causing all or part of the large suppression seen in these results.

Another model which predicts a strong suppression at large zr, and could also explain the
difference between the low- and high-z» measurements of the nuclear dependence, is intrinsic
charm[6]. This model gives an effect which depends strongly on zr. Used within a two-component
model which also includes the standard gluon-fusion picture modified by shadowing and various
final-state effects, it appears to be able to explain the bulk of charm-production data. However,
recent measurements by our group of J/+ production at very large z[23] disagree with the
shape of the x5 distribution predicted by this model.

Two previous measurements of the 800 GeV/c proton production cross section for neutral D
mesons have been reported: E653 reported 383413 ub [19], while E743 reported 2212 +5.5 ub
[20]. Our result is consistent with both but agrees best with that of E743.

In conclusion, the lack of nuclear dependence in the production of neutral D mesons suggests



that the strong dependence seen in the production of J/v and ¢’ is not the result of initial state
effects or of nuclear modification of the gluon structure functions outside of the shadowing region.
Other data on D-meson production that lie primarily in the large-z - region, along with our results
and those from several pion-beam experiments which lie primarily in the low-z region, suggest
that shadowing or possibly intrinsic charm may play important roles in determining the nuclear
dependences of open- and closed-charm production.

We wish to thank J. Appel, S. Brodsky, M. Strikman, and R. Vogt for useful discussions
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FIGURES

FIG. 1. Invariant mass spectra for the three target and magnet-current configurations: 900
ampere SM12 magnet current (900A) for the beryllium (Be) and gold (Au) targets and 1000 ampere
current (1000A) for the gold target. The peak at 1.86 GeV/c? corresponds to D° — K~ 7t and
DY — K* 7~ events. The bottom three panels are for the nominal lifetime significance cut

(r/o > 7.2). The top panel illustrates the degradation in peak to background ratio for the 900A

Be data with a looser lifetime significance cut (7/0 > 3.5).

FIG.2. Differential cross section per nucleon, do/dr(D°) + do/dr(ljo), versus proper lifetime
(7). Uncertainties shown are statistical only and do not include an additional systematic uncertainty

of 12.8%. The solid line represents the fit used to obtain a D + DO lifetime of 0.413 + 0.018 ps.

FIG. 3. Differential cross section per nucleon, do/dpr(D°) + do/dpy(DP), versus pr for our
1000A data. Uncertainties shown are statistical only and do not include an additional systematic

uncertainty of 12.8%. The solid line represents the fit described in the text.
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TABLES

TABLEI. Dependence of o for D° production on 25 and pr. Uncertainties shown are statistical

only and do not include an additional systematic uncertainty of 6%.

<pr >
<xp > a (GeV/c) a
0.021 1.10 £+ 0.04 0.31 1.05 £ 0.04
0.053 0.95 + 0.05 0.75 1.05 £ 0.05
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