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We have measured the cross section ofg 1 Dp6 production inp̄p collisions at
p

s  1.8 TeV using
the Collider Detector at Fermilab. In this kinematic region, the Compton scattering processsgc ! gcd
is expected to dominate and thus provide a direct link to the charm quark density in the proton. From
the 45 6 18 g 1 Dp6 candidates in a16.4 pb21 data sample, we have determined the production cross
section to be0.38 6 0.15sstatd 6 0.11ssystd nb for the rapidity rangejysDp6dj , 1.2 andjysgdj , 0.9,
and for the transverse momentum rangepT sDp6d . 6 GeVyc and 16 , pT sgd , 40 GeVyc. The
measured cross section is compared to a theoretical prediction. [S0031-9007(96)01872-8]

PACS numbers: 13.85.Ni, 13.85.Qk
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In this Letter we report the first measurement of t
production cross section forg 1 Dp6 in p̄p collisions
at

p
s  1.8 TeV. Our previous direct photon measur

ments have concentrated on inclusive photon produc
and comparisons have been made to LO and NLO ca
lations [1]. Here, to further test QCD, we have taken t
step of searching the inclusive photon sample for a m
specific process:̄pp ! gDp6X. Although the charm is
not a particularly heavy quark, the photon1 heavy quark
(charm) predictions have been performed and are a t
of theoretical interest [2]. At LO, in the kinematic re
gion covered by Collider Detector at Fermilab (CDF), t
Compton processs gc ! gcd is expected to dominate an
thus provide a direct check of the charm quark density
the proton. A higher order calculation of the photon1

charm process was recently completed [3]. In addit
to a new test of QCD, measurement of the photon ch
cross section provides important input to the product
cross section estimations for current and future high
ergy hadron colliders.

The data used in this analysis were collected with
CDF detector during 1992–1993. Events containing
photon were selected by a trigger that required isola
clusters of electromagnetic energy with a 16 GeV tra
verse energysET  E sinud threshold [1,4]. The proton
fractional momentumx  2ET y

p
s for this measuremen

covers the range0.018 , x , 0.044. This data sample
contains approximately 800k events and correspond
an integrated luminosityL  16.4 6 0.6 pb21.

The CDF detector is described in detail elsewhere
Only the CDF detector systems relevant to this ana
sis are described here. Inside a 1.4 T solenoidal m
netic field, the silicon vertex detector (SVX), the vert
time projection chamber (VTX), and the central tracki
chamber (CTC) provide the tracking and momentum
formation for charged particles. The SVX consists of fo
layers of silicon strip detectors and coversjzj , 25 cm.
The VTX is used to measure thēpp interaction ver-
tex position along thez axis. The CTC is a cylindrica
drift chamber consisting of 84 layers that are group
into five axial and four stereo superlayers [6], and cov
ing the pseudorapidity rangejhj , 1.2. Located outside
of the solenoid, the central electromagnetic calorime
(CEM) has a projective tower geometry with a segmen
tion of Df 3 Dh  15± 3 0.11 and coversjhj , 1.1.
The central electromagnetic strip chamber (CES) is e
bedded in the CEM at the shower maximum position
measure electromagnetic shower profiles in both thef

andz directions.
Events with isolated photons were selected by the sa

cuts used in the CDF inclusive photon cross sect
measurement [1]. These cuts have a combined efficie
for selecting photons of 37% and include an isolati
requirement ofET s0.7d , 2 GeV, whereET s0.7d is the
ET sum (excluding the photon) in a cone of radi
R 

p
sDhd2 1 sDfd2  0.7. We used photons within
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the rangesjyj , 0.9 and 16 , pT , 40 GeVyc. The
primary vertex of thep̄p interaction was required to be
within jzj , 60 cm. If there were two or more primary
vertices (multiple interactions) in an event, we selected t
highest quality vertex by using the number of associat
tracks and their fitting qualities [7]. TheDp6 candidates
were required to come from this vertex. Approximate
110 3 103 events pass the cuts.

In these photon candidate events, we reconstruc
Dp6 mesons using decays ofDp1 ! D0p1

s [8], D0 !

K2p1sKpd, or K2p1p1p2sK3pd and their charge
conjugate modes. Hereafter charge conjugate modes
implied. We took all combinations of threesK-p-psd or
five sK-p-p-p-psd tracks in an event to form aDp1 me-
son, preserving the electric charge correlation between
p1

s andK2 mesons. Tracks were required to include hi
in two or more axial and in two or more stereo superla
ers. The tracks were assumed to be alternatively a kao
a pion, and were required to pass the kinematic cuts lis
in Table I. The tracks forming aD0 were constrained to
come from a common point in space. Thep1

s track was
constrained to come from the primary vertex. TheDp1

system was required to havepT . 6 GeVyc to reduce the
background due to random track combinations (combin
toric background). For each combination, we calculat
the mass differenceDm ; msD0p1

s d 2 msD0d. To pre-
vent double counting, we chose the oneD0 combination
whose reconstructedD0 mass was closest to the world av
erageD0 masss 1864.5 MeVyc2d [9]. If there were two
or moreDp1 combinations withinDm , 168 MeVyc2 in
an event, we selected the combination which had the hi
estDp1 pT .

Two categories of backgrounds were considered
order to estimate the number ofg 1 Dp1 candidates:
the photon background and theDp1 background. The
fraction of the photons in the110 3 103 photon sample
was statistically determined by comparing the show
profile, as measured in the CES, with the profile expec
from electron test beam data [10]; this is done for ea
Dm bin separately. The overall photon fraction for th
sample is typicals,51%d of more general analyses [1].

Figure 1 shows theDm distributions for the two com-
bined D0 decay channels and for a simulatedDp1 back-
ground before subtracting photon backgrounds. TheDp1

background was simulated usingD0 side band events
within 60 , smD0 2 1864.5d , 120 MeVyc2. The

TABLE I. Kinematic cuts applied to tracks used in theDp1

reconstruction.

Kp K3p

pT of K . 1.0 1.7 GeVyc
Leading pionpT . 0.7 1.2 GeVyc

pT of p ’s . · · · 0.6 GeVyc
pT of p1

s . 0.4 0.45 GeVyc
jmD0 2 1864.5j , 30 30 MeVyc2
5007
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FIG. 1. The mass differencesDmd distributions using the
D0 reconstructions ofD0 ! K2p1 and D0 ! K2p1p1p2.
The open histogram shows the data, and the shaded histro
shows theDp1 background using theD0 side band events. Th
solid line is the fit to the data described in the text.

number of background events was normalized to the
in 150 , Dm , 168 MeVyc2. A Gaussian distribution
plus a simple background functiona 3 sDm 2 mpdb

were fitted to the data, wheremp is the pion mass; the re
sult of the fit is shown in the figure. The mean of the fitt
Gaussian distribution wasDm  s145.0 6 0.3d MeVyc2,
where the error is statistical only. This is cons
tent with the world average mass difference
mDps2010d1 2 mD0  s145.42 6 0.05d MeVyc2 [9].
The width, sDm  s0.7 6 0.2d MeVyc2, is consistent
with the expectation from a CDF detector simulation.
determine theg 1 Dp1 cross section we define the sign
region as144 , Dm , 147 MeVyc2. The number of
Dp1 background events in this region is determined us
the D0 side band described above under the assump
that the Dp1 background events have the sameDm
distribution as these combinatoric background eve
As shown in Fig. 1 we observe 151 candidateg 1 Dp1

events on a combinatoric background of 99 events be
the photon background subtraction. The probability t
the combinatoric background would fluctuate to give t
signal is 0.1%. After the photon background subtract
we observe 45 6 18 g 1 Dp1 candidates (99 6 18
events on a combinatoric background of 54 events).
probability that the combinatoric1 photon background
would fluctuate to give this signal is 1.2%.

We looked at the proper decay lengthsctd distribution
of the D0 candidates within our sample by selecti
the mass difference window144 , Dm , 147 MeVyc2.
From a total of 151 events in this window, we requir
at least 2 (3) tracks to include SVX information f
the Kp sK3pd channel, and observed 16 (47) even
5008
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FIG. 2. The proper decay length distribution of theD0

candidates in theg 1 Dp1 events. The dots show the da
where the errors on the data are statistical only. The sha
histrogram shows the background simulated by the side b
events, and the solid and dashed lines show the distribut
of the background plus Monte CarloD0 mesons originating
from prompt c-quark hadronization and fromb-quark decay,
respectively.

The ct distribution for these 63 events is shown
Fig. 2 together with that for Monte Carlo simulatedD0

mesons originating from promptc-quark hadronization,
b-quark decay, and background eventss150 , Dm ,

168 MeVyc2d, where the normalization was determine
from theDm distribution. Thect distribution observed in
the data is consistent with that of the simulatedD0 mesons
from the hadronization of directly producedc quarks.

The contributions tog 1 Dp1 production from gluon
splitting sqq̄ ! gg ! gcc̄d and b-quark decaysbg !

gb ! gcXd processes were estimated using two Mon
Carlo programs,PYTHIA [11] and HERWIG [12], each
followed by a CDF detector simulation. The fractio
of our candidates involving gluon splitting is estimate
by both PYTHIA and HERWIG to be 7%. We have made
an independent check of this fraction from the inclusi
jet data sample in which we reconstructedDp1 mesons.
Assuming all of the Dp1 mesons came from gluon
splitting, we estimate as12 6 4d% contribution from
gluon splitting in the photon sample, after correcting f
the different gluon fractions in the two samples. T
fraction of b-quark decay processes that contribute to
g 1 Dp1 cross section is expected to be small [13]. Bo
Monte Carlo programs estimate this fraction to be on
3%. The contribution ofcc̄ pair production was studied
using PYTHIA. We obtained an upper limit of 2% a
95% C.L. for the contribution to ourg 1 Dp1 candidate
events.
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To measure the cross section for theg 1 Dp1 pro-
duction, the reconstruction efficiency ofg 1 Dp1 events
was determined using thePYTHIA Monte Carlo program
and the data. Compton scattering, gluon splitting, a
b-quark decay processes were all considered [14].
trigger efficiency (etrig) for photons in the region o
pT . 16 GeVyc and jyj , 0.9 is 0.80 6 0.03 [1,10].
This was obtained from electron events collected w
a lower ET trigger. The photon selection cut efficienc
s´seld is 0.37 6 0.01 [1]. The Dp1 detection efficien-
cies s´recd are 0.46 6 0.01 and 0.24 6 0.01 for the Kp

and K3p channels. These were estimated from sim
lated and real events. Effects such as density of
in the tracking devices (or possible correlations betwe
the photon andDp1 selection) were measured by embe
ding tracks from simulatedDp1 mesons in real photon
events on the opposite side of photon candidates in
muthal angle and randomly injyj , 1.2. The overall
efficienciess´  ´trig 3 ´sel 3 ´recd were estimated to
be´Kp  0.136 6 0.018 and´K3p  0.071 6 0.011 for
theKp andK3p channels, respectively, where the erro
quoted include systematic effects which are dominated
the tracking efficiency estimations.

The cross section was calculated using

sspp̄ ! gDp1Xd 
Nsg 1 Dp1d

BD0ps s´KpBKp 1 ´K3pBK3p dL
,

whereNsg 1 Dp1d is the number of theg 1 Dp1 candi-
dates,BD0ps s 68.1 6 1.6%d denotes the branching ra
tio of the Dp1 ! D0p1

s decay,BKp s 3.84 6 0.13%d
denotes the branching ratio of theD0 ! K2p1 de-
cay, and BK3p s 7.5 6 0.4%d denotes the branchin
ratio of the D0 ! K2p1p1p2 decay. We used the
world average values [9] for the decay branching
tios. The g 1 Dp1 production cross section is mea
sured to be 0.38 6 0.15 6 0.11 nb for the rapidity
rangejysDp1dj , 1.2 andjysgdj , 0.9 and for the trans-
verse momentum rangepT sDp1d . 6 GeVyc and 16 ,

pT sgd , 40 GeVyc, where the first uncertainty is statist
cal and the second is systematic.

The contributions to the systematic uncertainty a
summarized in Table II. The uncertainty in subtracti
the photon background was determined to be 9% by c
paring the measured inclusive photon cross sections
tained by two different background subtraction schem
[1]. The uncertainty associated with theDp1 reconstruc-
tion includes the following effects: (1) the difference
the track environment around aDp1 between real data an
simulated data; (2) theDp1 pT spectrum difference due t
fragmentation, renormalization scale, relative fraction
the processes involved (Compton scattering, gluon s
ting, andb-quark decay), and parton distribution functio
models. Three different parton distribution functions we
used to estimate the model dependence of theDp1 pT

spectrum: CTEQ2M [15], MRSD0′, and MRSD-0 [16].
The largest variation between these acceptance estim
was 4.7%sKpd and 5.3%sK3pd. The uncertainty on
nd
he

th
y

u-
its
en
-

zi-

rs
by

a-
-

re
g
m-
ob-
es

of
lit-
n
re

ates

TABLE II. Systematic uncertainties on the cross section.

Source Contribution

Luminosity 3.6%
g background subtraction 9%
Dp1 background subtraction 25%
Branching ratio of theDp1 decay 2.4%
Branching ratio of theD0 decays 3.4%
Reconstruction efficiency 11%

Total systematic uncertainty 29%

the Dp1 background subtraction (25%) comes from th
variation allowed in the shape of the backgroundDm dis-
tribution and is dominated by the statistics on theD0 side
band events. The total systematic uncertainty is 29%
the measured cross section.

The measured cross section can be compared t
theoretical prediction calculated withPYTHIA including
the Compton scattering, the gluon splitting, and t
b-quark decay processes. The calculated cross sect
with the parton distribution functions CTEQ2M, MRSD0′,
and MRSD-′ were 0.21, 0.22, and 0.18 nb, respective
where the photonpT was taken as the renormaliza
tion and factorization scales. ThePYTHIA prediction
for the cross section is consistent with, although som
what lower than, the measurement within the experime
tal uncertainties0.38 6 0.15sstatd 6 0.11ssystd nb. The
ø1s disagreement between thePYTHIA predictions and
the measurement could be an indication that impro
ments in the theoretical predictions such as higher or
effects or modifications to the charm quark density a
needed. Studies underway using additional channels [
and the most recent theoretical predictions [3] will pr
vide more insight into this issue.
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