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We have measured the cross sectioryof D** production inp p collisions at,/s = 1.8 TeV using
the Collider Detector at Fermilab. In this kinematic region, the Compton scattering pr@cessyc)
is expected to dominate and thus provide a direct link to the charm quark density in the proton. From
the45 = 18 y + D** candidates in 46.4 pb™' data sample, we have determined the production cross
section to be).38 + 0.15(stap * 0.11(sys) nb for the rapidity rangéy(D**)| < 1.2 and|y(y)| < 0.9,
and for the transverse momentum rangg(D**) > 6 GeV/c and 16 < py(y) < 40 GeV/c. 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 thethe ranges|y| < 0.9 and 16 < py < 40 GeV/c. The
production cross section foy + D** in pp collisions primary vertex of thep p interaction was required to be
at /s = 1.8 TeV. Our previous direct photon measure-within [z| < 60 cm. If there were two or more primary
ments have concentrated on inclusive photon productiomertices (multiple interactions) in an event, we selected the
and comparisons have been made to LO and NLO calclhighest quality vertex by using the number of associated
lations [1]. Here, to further test QCD, we have taken thetracks and their fitting qualities [7]. Th®** candidates
step of searching the inclusive photon sample for a morgvere required to come from this vertex. Approximately
specific processpp — yD**X. Although the charm is 110 X 103 events pass the cuts.
not a particularly heavy quark, the photenheavy quark In these photon candidate events, we reconstructed
(charm) predictions have been performed and are a topid** mesons using decays &*" — D%z [8], D° —
of theoretical interest [2]. At LO, in the kinematic re- K~ 7" (K7), or K-« 7+ 7 (K3w) and their charge
gion covered by Collider Detector at Fermilab (CDF), theconjugate modes. Hereafter charge conjugate modes are
Compton procestgec — 7yc) is expected to dominate and implied. We took all combinations of thré& -7r-7;) or
thus provide a direct check of the charm quark density irffive (K-7-7-7-7,) tracks in an event to form A** me-
the proton. A higher order calculation of the photen son, preserving the electric charge correlation between the
charm process was recently completed [3]. In additionm" andK~ mesons. Tracks were required to include hits
to a new test of QCD, measurement of the photon charrmmn two or more axial and in two or more stereo superlay-
cross section provides important input to the productiorers. The tracks were assumed to be alternatively a kaon or
cross section estimations for current and future high ena pion, and were required to pass the kinematic cuts listed
ergy hadron colliders. in Table I. The tracks forming ®° were constrained to

The data used in this analysis were collected with theome from a common point in space. Thg track was
CDF detector during 1992-1993. Events containing aonstrained to come from the primary vertex. Th&*
photon were selected by a trigger that required isolatedystem was required to haye > 6 GeV/c¢ to reduce the
clusters of electromagnetic energy with a 16 GeV transbackground due to random track combinations (combina-
verse energyEr = E sin@) threshold [1,4]. The proton toric background). For each combination, we calculated
fractional momentumx = 2E;/./s for this measurement the mass differencAm = m(D°x) — m(D°). To pre-
covers the rang®.018 < x < 0.044. This data sample vent double counting, we chose the ab& combination
contains approximately 800k events and corresponds twhose reconstructei® mass was closest to the world av-
an integrated luminosity’ = 16.4 = 0.6 pb™ . erageD” mass(= 1864.5 MeV/c?) [9]. If there were two

The CDF detector is described in detail elsewhere [5]or moreD** combinations withimAm < 168 MeV/c? in
Only the CDF detector systems relevant to this analyan event, we selected the combination which had the high-
sis are described here. Inside a 1.4 T solenoidal magestD*" pr.
netic field, the silicon vertex detector (SVX), the vertex Two categories of backgrounds were considered in
time projection chamber (VTX), and the central trackingorder to estimate the number of + D** candidates:
chamber (CTC) provide the tracking and momentum inthe photon background and the** background. The
formation for charged particles. The SVX consists of fourfraction of the photons in thé10 X 10° photon sample
layers of silicon strip detectors and covég$ < 25 cm.  was statistically determined by comparing the shower
The VTX is used to measure thgp interaction ver- profile, as measured in the CES, with the profile expected
tex position along the axis. The CTC is a cylindrical from electron test beam data [10]; this is done for each
drift chamber consisting of 84 layers that are groupedAm bin separately. The overall photon fraction for the
into five axial and four stereo superlayers [6], and coversample is typica(~51%) of more general analyses [1].
ing the pseudorapidity randey| < 1.2. Located outside Figure 1 shows thé\m distributions for the two com-
of the solenoid, the central electromagnetic calorimetebined D° decay channels and for a simulatBd™ back-
(CEM) has a projective tower geometry with a segmentaground before subtracting photon backgrounds. DFié
tion of A¢p X An = 15° X 0.11 and covergn| < 1.1.  background was simulated using® side band events
The central electromagnetic strip chamber (CES) is emwithin 60 < (mpo — 1864.5) < 120 MeV/c2.  The
bedded in the CEM at the shower maximum position to
measure electromagnetic shower profiles in both ¢he TABLE I. Kinematic cuts applied to tracks used in g™
andz directions. reconstruction.

Events with isolated photons were selected by the same K K3
cuts used in the CDF inclusive photon cross section

measurement [1]. These cuts have a combined efficiencx pr of K > 1.0 1.7 GeV/c
for selecting photons of 37% and include an isolation -€2ding pionpr = 0.7 12 GeV/c
requirement ofE;(0.7) < 2 GeV, whereE;(0.7) is the pr 0‘; 7S i o4 825 gezﬁc
Er sum (excluding the photon) in a cone of radius ImliT—Ol78T84.5| - 30 30 M:V/gz

= /(An)? + (Ap)? = 0.7. We used photons within
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DY reconstructions oD°? — K~ 7+t andD® —» K 7 7 7. FIG. 2. The proper decay length distribution of thg°

The open histogram shows the data, and the shaded histrogregandidates in they + D** events. The dots show the data
shows theD** background using th®° side band events. The Wwhere the errors on the data are statistical only. The shaded
solid line is the fit to the data described in the text. histrogram shows the background simulated by the side band
events, and the solid and dashed lines show the distributions
of the background plus Monte Carld® mesons originating
number of background events was normalized to the datiom Promptc-quark hadronization and frorb-quark decay,
in 150 < Am < 168 MeV/c2. A Gaussian distribution respectively.
plus a simple background function X (Am — m,)?
were fitted to the data, where, is the pion mass; the re-
sult of the fit is shown in the figure. The mean of the fittedThe c7 distribution for these 63 events is shown in
Gaussian distribution wasm = (145.0 = 0.3) MeV/c?,  Fig. 2 together with that for Monte Carlo simulatéf
where the error is statistical only. This is consis-mesons originating from prompt-quark hadronization,
tent with the world average mass difference ofb-quark decay, and background everisO < Am <
mp-010)+ — mpo = (145.42 = 0.05) MeV/c? [9]. 168 MeV/c?), where the normalization was determined
The width, oa,, = (0.7 = 0.2) MeV/c?, is consistent from theAm distribution. Thecr distribution observed in
with the expectation from a CDF detector simulation. Tothe data is consistent with that of the simulaitimesons
determine they + D** cross section we define the signal from the hadronization of directly producedjuarks.
region asl44 < Am < 147 MeV/c?. The number of The contributions toy + D** production from gluon
D** background events in this region is determined usingplitting (4G — yg — ycc) and b-quark decay(bg —
the D° side band described above under the assumptioph — ycX) processes were estimated using two Monte
that the D** background events have the same:  Carlo programs,PYTHIA [11] and HERwWIG [12], each
distribution as these combinatoric background eventdollowed by a CDF detector simulation. The fraction
As shown in Fig. 1 we observe 151 candidater D**  of our candidates involving gluon splitting is estimated
events on a combinatoric background of 99 events beforby both PYTHIA and HERWIG to be 7%. We have made
the photon background subtraction. The probability thaan independent check of this fraction from the inclusive
the combinatoric background would fluctuate to give thisjet data sample in which we reconstructBd™ mesons.
signal is 0.1%. After the photon background subtractionAssuming all of the D** mesons came from gluon
we observe45 + 18 y + D*" candidates 99 = 18  splitting, we estimate &12 + 4)% contribution from
events on a combinatoric background of 54 events). Thgluon splitting in the photon sample, after correcting for
probability that the combinatorie- photon backgrounds the different gluon fractions in the two samples. The
would fluctuate to give this signal is 1.2%. fraction of b-quark decay processes that contribute to the
We looked at the proper decay lendthr) distribution ¢ + D** cross section is expected to be small [13]. Both
of the D° candidates within our sample by selectingMonte Carlo programs estimate this fraction to be only
the mass difference window44 < Am < 147 MeV/c?.  3%. The contribution of:¢ pair production was studied
From a total of 151 events in this window, we requiredusing PYTHIA. We obtained an upper limit of 2% at
at least 2 (3) tracks to include SVX information for 95% C.L. for the contribution to ouy + D** candidate
the K7 (K3) channel, and observed 16 (47) events.events.
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To measure the cross section for tige+ D** pro- TABLE Il. Systematic uncertainties on the cross section.
duction, the reconstruction efficiency ¢f + D** events R
was determined using thevTHIA Monte Carlo program _>0urce Contribution
and the data. Compton scattering, gluon splitting, and Luminosity 3.6%
b-quark decay processes were all considered [14]. They background subtraction 9%
trigger efficiency €i,) for photons in the region of D** background subtraction 25%
pr > 16 GeV/c and |y| < 0.9 is 0.80 = 0.03 [1,10]. Branching ratio of theD*" decay 2.4%
This was obtained from electron events collected with Branching ratio of theD” decays 3.4%
a lower E; trigger. The photon selection cut efficiency Reconstruction efficiency 11%
(6s1) is 0.37 = 0.01 [1]. The D** detection efficien-  Total systematic uncertainty 29%

cies (gr.) are0.46 = 0.01 and0.24 = 0.01 for the K=
and K37 channels. These were estimated from simu-
lated and real events. Effects such as density of hitthe D** background subtraction (25%) comes from the
in the tracking devices (or possible correlations betweenariation allowed in the shape of the backgrouxw dis-
the photon and>** selection) were measured by embed-tribution and is dominated by the statistics on iside
ding tracks from simulated** mesons in real photon band events. The total systematic uncertainty is 29% on
events on the opposite side of photon candidates in azthe measured cross section.
muthal angle and randomly ify| < 1.2. The overall The measured cross section can be compared to a
efficiencies(e = euig X &1 X £rc) Were estimated to theoretical prediction calculated withYTHIA including
beekx, = 0.136 * 0.018 andegs, = 0.071 = 0.011 for the Compton scattering, the gluon splitting, and the
the K7 andK 37 channels, respectively, where the errorsb-quark decay processes. The calculated cross sections
quoted include systematic effects which are dominated byvith the parton distribution functions CTEQ2M, MRSDO
the tracking efficiency estimations. and MRSD* were 0.21, 0.22, and 0.18 nb, respectively,
The cross section was calculated using where the photonpr was taken as the renormaliza-
ot tion and factorization scales. TheyTHIA prediction
N(y + D*") L . .
,  for the cross section is consistent with, although some-
Bpom,(exnBxn + ex37Brin) L what lower than, the measurement within the experimen-
whereN(y + D*')is the number of they + D*" candi- tal uncertaintie$).38 * 0.15(stat) = 0.11(syst) nb. The
dates,Bpo,, (= 68.1 = 1.6%) denotes the branching ra- =lo disagreement between tlrrTHIA predictions and
tio of the D** — D%z decay,Bx, (= 3.84 = 0.13%)  the measurement could be an indication that improve-
denotes the branching ratio of thB® — K~ 7+ de- ments in the theoretical predictions such as higher order
cay, andBgs, (= 7.5 + 0.4%) denotes the branching effects or modifications to the charm quark density are
ratio of the D° - K~ 777~ decay. We used the needed. Studies underway using additional channels [17]
world average values [9] for the decay branching ra-and the most recent theoretical predictions [3] will pro-
tios. The y + D*' production cross section is mea- vide more insight into this issue.
sured to be0.38 = 0.15 = 0.11 nb for the rapidity We thank the Fermilab staff and the technical staffs of
range|y(D**)| < 1.2 and|y(y)| < 0.9 and for the trans- the participating institutions for their vital contributions.
verse momentum rangg;(D*") > 6 GeV/c and16 <  This work was supported by the U.S. Department of
pr(y) < 40 GeV/c, where the first uncertainty is statisti- Energy and National Science Foundation; the Italian
cal and the second is systematic. Istituto Nazionale di Fisica Nucleare; the Ministry of
The contributions to the systematic uncertainty areEducation, Science and Culture of Japan; the Natural
summarized in Table Il. The uncertainty in subtractingSciences and Engineering Research Council of Canada;
the photon background was determined to be 9% by conthe National Science Council of the Republic of China;
paring the measured inclusive photon cross sections ofthe A.P. Sloan Foundation; and the Alexander von
tained by two different background subtraction schemeglumboldt-Stiftung.
[1]. The uncertainty associated with tliE* reconstruc-
tion includes the following effects: (1) the difference in
the track environment around * between real data and
simulated data; (2) thB** p; spectrum difference due to ~_ *Visitor.
fragmentation, renormalization scale, relative fraction of E} E- ébifétfr'{éfhé’sn IZIez\gnLe;qydaE26§§s(1lg§2 rev. Lett. B
the processes involved (Compton scattering, gluon split- e L ' ' ’ ' : '
ting,pandb—quark decay),(and Sarton distribu%iog functitr))n 221, 403 (1989); M. Stratmann and W. Vogelsang, Phys.

\ T ES . Rev. D52, 1535 (1995).
models. Three different parton distribution functions were [3] E.L. Berger and L.E. Gordon, Phys. Rev. B, 2279

o(pp — yD""X) =

used to estimate the model dependence of g pr (1996); B. Baily, E.L. Berger, and L.E. Gordon, in
spectrum: CTEQ2M [15], MRSDPand MRSD* [16]. Proceedings of the DPF96 Meeting of the American
The largest variation between these acceptance estimates Physical Society, Minneapolis, Minnesota, 1996 (to be
was 4.7%(K#) and 5.3%(K37). The uncertainty on published).
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[4]

At CDF, thez axis lies along the proton beam axis and its Report No. CERN-TH 6488, 1992. We used version 5.6

origin is the nominal center of the detectof. indicates of PYTHIA.
the polar angle, andp indicates the azimuthal angle. [12] G. Marchesini and B. Webber, Nucl. PhyB310 461
The pseudorapidityp is defined asp = — In(tang). y (1988).
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