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Feynman-x and Transverse Momentum Dependence ofD Meson Production
in 250 GeVp , K, and p Interactions with Nuclei
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We measure the differential cross sections with respect to Feynmanx (xF) and transverse momentum
(pT ) for p, K, and p-induced charm meson production using fully reconstructedD1, D0, and Ds

decays. The shapes of these cross sections are compared to the theoretical predictions for charm
quark production of next-to-leading order perturbative QCD using modern parametrizations of the
pion and nucleon parton distributions. We observe the differences expected in production induced by
projectiles with different gluon distributions, harder distributions being indicated for mesons than for
protons. [S0031-9007(96)01095-2]

PACS numbers: 13.85.Ni, 12.38.Qk, 25.40.Ve, 25.80.–e
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Perturbative QCD predictions of differential cross s
tions for charm quark production in hadronic collisi
depend, through the dominant gluon-gluon fusion pro
on the momentum distributions of the gluons in the
jectile and target particles [1]. Furthermore, the shap
these cross sections are relatively insensitive to the
cal uncertainties [2]. Although nonperturbative proces
particularly hadronization, additionally impact thexF and
pT distributions of charm hadrons, these effects are
sonably assumed to be independent of initial-state g
distributions. As a consequence, the shapes of thes
ferential cross sections should be sensitive to differe
in beam-particle gluon distributions.

In this Letter we report measurements, forp , K ,
and p beams, ofD meson differential cross sectio
versus xF and pT , the latter distributions forxF . 0.
Fermilab E769 is the first experiment in which cha
production induced byp, K, and p beams is studied
a common beam energy and using a single targe
spectrometer. Moreover, few published measuremen
charm differential cross-section distributions benefit f
full mass reconstruction and identification and momen
determination of secondary particles. In this categ
our data set represents a factor-of-2 improvement in
number ofp-induced charm decays; forK andp beams
tenfold and threefold increases in statistics, respecti
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are realized [3–5]. Note that the distributions presen
are absolutely normalized; results on the total forwa
cross sections of charm particles are presented in
preceding Letter [6].

D meson signals are obtained by combining the
cays D1 ! K2p1p1, D0 ! K2p1, D1

s ! f p1

(f ! K1K2), andD1
s ! Kps892d0K1 (Kp0

! K2p1).
Throughout this paper charge conjugate decays are
implied. Our previously published data forp2 beam [7]
have been augmented withp1 beam data for purposes o
comparison withK andp beam results.

The E769 data set was collected using collisio
of negatively and positively charged 250 GeV mix
secondary beams on a multifoil target of Be, Cu, A
and W. Event-by-event tagging, described in [6], allow
identification of the five beam particle types (p6, K6, and
p) used in this analysis. Detailed descriptions of the T
Spectrometer, our on-line triggers, and our off-line ev
reconstruction and secondary vertex filter are found in
and references quoted therein. Analysis cuts were app
to select events with one or more of the aforementioneD
decays. These cuts were based on vertex information
the transverse momenta of the decay tracks with res
to the direction of the parentD; this analysis is similar to
that presented forD1 andD0 decays in a previous pape
[7]. In addition, for Ds ! KpK decays, the absolut
© 1996 The American Physical Society
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value of the cosine of the angle between theDs and decay
pion directions (measured in theKp center-of-mass frame
was required to be.0.2. For Ds decays tof p (KpK),
the invariant mass of theKK (relevant Kp) pair was
required to be within 10 (50) MeV of thef (Kp) mass.
For all decays,̌Cerenkov information was used to exclu
identified pions as candidate kaons.

Particles produced in all target materials are combi
in this analysis. Consistent with previous findings [8,
D meson differential cross sections are assumed inde
dent of nuclear effects. The finalD meson data sample
used for this analysis are as follows:1665 6 54 events
for p beam (70%p2, 30%p1), 388 6 26 events forK
beam (30%K2, 70% K1), and 320 6 26 events forp
beam. For all three beams,D samples consist of approx
mately 50%D1, (40–45)%D0, and (5–10)%Ds.

D1, D0, and Ds components ofD signals were
combined into common mass plots by shifting the mas
of the latter two to theD1 mass. Differential distributions
were determined by making such mass plots for each
of xF and p2

T . Binned maximum-likelihood fits, usin
Gaussian signals (center fixed toD1 mass, widths fixed
according to the Monte Carlo simulation) and line
backgrounds, were used to obtain signal estimates.
Gaussian widths are independent ofpT but range from
8 MeV at lowxF up to 20 MeV at highxF . Bin widths at
high pT were increased in order to expand the range o
which signals retained statistical significance.

Acceptances were calculated using a complete Mo
Carlo simulation of the experiment as described in [
The simulation models the effects of the resolution, g
metry, and efficiency of the spectrometer components
ficiencies associated with the transverse-energy trigg
and all analysis cuts. Integrated acceptances vary so
what for the different beams due to the different trigg
mixes and average drift chamber efficiencies charac
izing the corresponding data samples; their depende
on xF andpT , however, are quite stable. Differential a
ceptances are also found to be insensitive to the rela
mixture ofD1, D0, andDs assumed in the signals. Ov
the range20.1 , xF , 0.8, the acceptances start at le
than 1% for negativexF , peak at up to 6% atxF of 0.25,
and then drop to about a third of their maximum value
high xF . VersuspT , the acceptances rise from (2–4)%
(7–8)% in the range 0 to 4 GeV. Systematic errors in
acceptance shapes due to uncertainties in the trigger s
lation, detector efficiencies, and analysis cuts are all fo
to be small compared to statistical errors in the data;
sults are therefore given with only the latter quoted.

Data samples for theD1, D0, and Ds are combined
in order to obtain a high-statistics measurement of
dependence of charm quark production on the gl
distributions of the initial-state hadrons. In order
justify this procedure, differential cross-section results
each meson were obtained and compared. Consist
of distribution shapes was quantified by summing thex2
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of the difference in each bin, calculated while allowin
the overall relative normalization to float. In all case
the three charm mesons yielded consistent cross-sec
shapes versusxF andpT . The same procedure was use
to check the legitimacy of combining negativep and K
beam samples with corresponding positive beam samp
our data sample provides the first opportunity to ma
such comparisons. Again, the distribution shapes w
found to be consistent.

Our measurements ofD meson dsydxF and
dsydp2

T sxF . 0d for p, K , and p beams are shown
in Figs. 1 and 2, respectively; values for these cro
sections may be obtained through the electronic Phy
Auxiliary Publication Service [10]. Also shown are nex
to-leading order (NLO) QCD predictions for charm qua
production generated using the program of Manga
et al. [2] assuming HMRSB (SMRS2) parton distributio
functions for target nucleons and beam protons (pio
[11]. Theoretical parameters [charm quark mass (mc),
renormalization scale (mR), factorization scale (mF),
and LQCD ] were set to the default values used in [1
Normalizations of thep (p) beam theory curves are
floated for best fit to thep (p) beam data. It should
be emphasized that the theory has not been modifie
model nonperturbative effects such as intrinsic partonpT

and hadronization.
Remarkably,D mesondsydxF distributions induced

by p and p beams are well fit [x2 upper-tail probabili-
ties sUTPsd . 50%] by the corresponding predictions fo
charm quarks. These latter shapes are found to be in
sitive to variation of parameters typically used to gau
theoretical uncertainty (mc, mR, mF) [1,12]. Furthermore,
the p and p beam predictions fordsydxF are quite
distinct, the former being significantly harder and peaki
at 0.03 rather than being symmetric aboutxF of zero. Ac-
cordingly, thep andp beam data distribution shapes a
found to be inconsistent, with ax2 lower-tail probability
(LTP) greater than 99%. TheK beam data, in addition
to being consistent with thep beam data (UTP. 95%),
is well fit by the p beam theory, indicating similarity in
pion and kaon gluon distributions.

The predicted separation betweenp and p beam-
induced charm production is not as pronounced
dsydp2

T as it is for dsydxF ; the p beam distribution
is expected to be somewhat harder. These shapes,
ther, show a dependence on moderate variations inmc

(60.3 GeV) which is similar for both beams and on th
order of the difference between them. Over the ran
for which there isK and p beam data (p2

T , 8 GeV2),
the data distributions for the three beams are found
have consistent shapes (UTPs. 20%); theK andp beam
shapes are fit well by either theory curve. Thep beam
data distribution, however, while fit well (UTP. 15%)
by the theoretical distribution generated usingp parton
distributions for the beam, is inconsistent with thep beam
theory (LTP. 99%).
2393
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FIG. 1(color). MeasuredD meson (D1, D2, D0, D
0, D1

s , and D2
s ) dsydxF for production induced byp, K, and p beams

and NLO QCD predictions [2] for charm quarks (p and p beams). In addition to the statistical errors shown, there are ove
normalization errors of about 6%, 6%, and 9% forp, K, andp results, respectively. The abscissas of some data points are sli
offset to make them easily visible. Arrows indicate 90% confidence level upper limits.
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Various parametrizations ofdsydxF and dsydp2
T

have appeared in the literature and have been u
to compare measurements from different experime
The form s1 2 xFdn gives good fits to our measure
distributions for positivexF , but the n values returned
show a systematic dependence on the lower boundar
2394
ed
s.

of

the fit range chosen. Fordsydp2
T , the forms exps2bp2

T d
and exps2b0pT d are used to fit the distributions at low
and highpT , respectively. The former, while fitting the
relatively low-statisticsK and p beam results well, does
not adequately describe thepT dependence of thep beam
distribution, even over the limited rangepT , 2 GeV;
FIG. 2(color). MeasuredD meson (D1, D2, D0, D
0, D1

s , andD2
s ) dsydp2

T sxF . 0d for production induced byp, K, andp
beams and NLO QCD predictions [2] for charm quarks (p andp beams). See explanation in Fig. 1 caption.
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ments
TABLE I. D mesona production parameters (described in text) from fits to E769 data compared with previous measure
[3–5]. E769 values ofn, b, andb0 shown correspond to fit ranges ofxF . 0, pT , 2 GeV, andpT . 1 GeV, respectively. See
text for discussions of fit quality and dependence of production parameters on fit range.

Beam Expt. Pbeam (GeV) Target(s) n b sGeV22d b0 sGeV21d
p6 E769 250 Be, Al, Cu, W 4.03 6 0.18 1.08 6 0.05 2.74 6 0.09
p2 NA32 230 Cu 3.7 6 0.2 6 0.4 0.83 6 0.03 6 0.02
p2 NA27 360 H 3.8 6 0.6 6 0.4 0.8310.18

20.16

K6 E769 250 Be, Al, Cu, W 3.8 6 0.4 1.05 6 0.09 3.0 6 0.3
K2 NA32 230 Cu 3.611.08

20.99 6 0.36 1.3610.32
20.26 6 0.04

p E769 250 Be, Al, Cu, W 6.1 6 0.7 1.08 6 0.09 3.0 6 0.3
p NA32 200 Si 5.512.1

21.8 1.410.6
20.4

p NA27 400 H 4.9 6 0.5 6 0.4 0.99 6 0.09

aFor E769, this includesD1, D2, D0, D
0, D1

s , andD2
s ; for other experiments, onlyD1, D2, D0, andD

0 are included.
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the b parameter also shows sensitivity to the fit ran
used. The form exps2b0pT d, on the other hand, fits al
distributions well over the rangepT . 1 GeV. Despite
the limitations of these parametrizations, in Table I w
present production parameters resulting from least-squ
fits to our measured differential cross sections, compa
with previous measurements from experiments with be
energies close to our own. Frixioneet al. [13] have
introduced thedsydp2

T parametrizationsam2
c 1 p2

T d2b.
This form is found to fit our measured distributions we
over the entirepT range. Forp beam, the resulting
parameter values (withmc ­ 1.5 GeV) are a ­ 1.4 6

0.3 andb ­ 5.0 6 0.6.
In summary, we have measured differential cross s

tions for D meson production with sufficient sensitivit
to observe their dependence on the gluon distributio
of the projectile particles, thereby providing new ev
dence of the relative hardness of the gluons in pions
kaons compared to those in protons. The agreement
tween experiment and theory reinforces the applicabi
of a perturbative framework for high-energy productio
of charm.
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