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Abstract. Charmed hadrons are interesting observables in heavy ion collisions. They are becoming more
accessible to experimental scrutiny at RHIC energies due to the increased production cross-section of
charm with the larger centre-of-mass energy available at RHIC compared to SPS. One source of interest
in charm production is due to the fact that gluon fusion dominates the charm production cross-section
at high energy. Hence, a measurement of charm hadrons is directly sensitive to the gluon distributions of
the colliding particles. In addition, any measurement of J/v¢ production at RHIC, and more importantly
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any observed suppression, must be compared to the overall production of ¢¢ pairs. A systematic study of
charmed hadrons in all collision systems available at RHIC is therefore an invaluable experimental tool
in the characterization of the matter produced at RHIC. In particular, d+Au collisions are a necessary
step for the comparison of any possible modification of charm production in Au+Au collisions. We present
preliminary results on D meson production from d+Au collisions in STAR at /s = 200 GeV.

PACS. 13.20.Fc, 13.25.Ft, 25.75.-q, 24.85.4+p

1 Introduction

Heavy flavour hadrons are of interest to study in heavy
ion collisions for several reasons. Due to the large mass of
the charm quark, it is possible to treat charm production
in perturbative calculations (see e.g. [1]). The total charm
yield is expected to be less sensitive to soft processes, mak-
ing charm observables a robust standard in hadronic col-
lisions to study QCD. For example, the suppression of the
charmonium states in central collisions at SPS energies,
and its interpretation have been the subject of detailed
scrutiny. The typical measurement involves measuring the
J /1 cross section in a given system and taking a ratio with
respect to Drell-Yan production in the same system [2]. At
RHIC energies, in order to normalize the charmonium pro-
duction, it will be necessary to measure not Drell-Yan but
the charm production cross section, o.z.

More recent theoretical questions have to do with the
production of heavy flavour per se. An enhancement of
charm via preequilibrium parton collisions has been sug-
gested as a probe of the thermalization time [3]. If a de-
confined region is formed at RHIC which still might have
a significant amount of interactions among the partonic
constituents (light quarks and gluons), it is possible that
heavy quarks produced in an initial hard scattering could
thermalize with the evolving medium. It would be hard to
imagine that charm quarks could thermalize if deconfine-
ment is not reached. Recently, a mechanism for speeding
up the thermalization of charm quarks in a QGP has been
proposed. Above the critical temperature (T, ~ 170 MeV,
hadron-like states might still survive [4-7]. The charm
quarks produced mainly in the first collisions might then
rescatter through these hadron-like resonances, where the
charm cross section for the scattering with these states is
expected to be larger than for normal hadrons. This ef-
fect would lead to a rapid thermalization of charm quarks
above T, modifying significantly their original kinemat-
ics. Therefore, not only the production cross-section but
the spectra of charmed hadrons have become of renewed
importance. A measurement of a large elliptic flow am-
plitude for charm quarks would in this context also be a
powerful indicator for significant in-medium interactions.
Preliminary results indicate that the elliptic flow of charm
quarks is as strong as it is for light quarks [8,9]. It would
be extremely unlikely to develop a strong elliptic flow in
the charm sector via only hadronic interactions, so this
would be evidence that the anisotropy is developed at the
partonic level.

A program of studying heavy flavour production is
therefore a crucial component of the characterization of
the matter produced at RHIC. A measurement of 0.z and

of the transverse momentum distribution of open-charm
in pp, d4+ Au and Au+ Au collisions is one of the first
tasks. In this paper, we present progress on the analysis
of open charm production in d + Au collisions.

2 Data analysis

The results presented here come from data taken dur-
ing the 2003 run at RHIC with the Solenoidal Tracker at
RHIC (STAR) experiment [10]. The measurements were
done with d + Au beams at /s, = 200 GeV. We used a
total of 15.7 million minimum bias d + Au events for the
offline analysis.

The main detector component used in this study was
the Time Projection Chamber (TPC). The details of the
detector can be found elsewhere (e.g. [11]). The TPC track
reconstruction provides information on the momenta of
the particles and, together with measurements of the ion-
ization energy loss (dFE/dx), identification of 7 and K
mesons up to ~ 700 MeV/c. We reconstructed the open
charm mesons through the decays D° — K~ + 7+ (B.R.
3.8%) and D**(2010) — D% + 7+ (B.R. 68%) [12] with a
subsequent decay of the D in the K ~n* channel, so the
combined B.R. = 2.6%. The charge-conjugate decays are
implied in all cases throughout this paper.

The pointing accuracy obtained from the TPC is not
sufficient to distinguish displaced vertices of the D meson
decays (c7(D°) = 123 um) [12], so the analysis was imple-
mented using all possible combinations of track candidates
in the same event. For a background estimation, a similar
combination was done taking tracks from mixed events.
For the case of the D, the signal to background ratio
obtained with this method was found to be S/B = 1/600.

For the analysis of D%, we used tracks within |n| < 1
where 7 is the pseudorapidity. We also required the trans-
verse momentum, pr, of a track to be in the range 0.2 <
pr < 10 GeV/c, and the total momentum to be in the
range 0.3 < p < 10 GeV/c.

The invariant mass spectrum after subtraction of the
mixed event background was found to be well reproduced
by a gaussian plus a linear background. Simulation stud-
ies reproduced the features of the residual linear back-
ground. We attribute the residual background to correla-
tions present in the same events such as di-hadron cor-
relations from jet fragmentation which are not present
in the mixed event sample. The invariant mass spectrum
for the D° — K + m analysis after subtraction of the
mixed-event background is shown in Fig. 1, top panel.
The reconstructed invariant mass from the fit is 1.863 +
0.003 GeV/c?, consistent with the PDG value of 1.8646 +
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Fig. 1. The invariant mass distribution of the K + 7 system
(top panel) and of the K + 7+ 75 - K 4+ combination (bottom
panel), where 7, is the lowest momentum (i.e. “soft”) pion in
the decay

0.0005 GeV /c? [12]. The width is 13.842.8 MeV /c? which
is consistent with that expected from the momentum res-
olution obtained from detector simulations.

For the analysis of D*T, we took specialized runs with
a magnetic field strength of B = 0.25 T, half the nominal
value used in STAR. This was done to increase the de-
tector acceptance for the second pion in the decay, which
is typically very soft. The typical momentum of the soft
pion is ~ 50 MeV /¢ which is not enough for it to produce
a track with sufficient points (~ 20 or more) for accurate
reconstruction with a magnetic field of B = 0.5 T.

The track selection criteria for the D** were as fol-
lows. Tracks were accepted in the range |n| < 1.5. For
the reconstruction of the kaon and pion from the D° de-
cay, the momenta of the tracks used were restricted to the
range 0.3 < p < 10 GeV/c. The momentum of the soft
pion (7,) was restricted to the range 0.1 < p < 1.0 GeV/c
in order to ensure good reconstruction efficiency in the
full momentum range (the efficiency drops rapidly below
this cutoff). The ratio of the reconstructed D" momen-
tum to that of the soft pion was also restricted to be
p(D%)/p(ms) > 9.0. The D** reconstruction was done as
follows. First, a kaon and pion were used to find candidate
DO mesons by restricting them to have an invariant mass
in the range 1.82 < M(K7) < 1.90 GeV /c?. We then com-
bined these with a soft pion candidate which was also re-
quired to have an opposite charge sign to that of the kaon.
This produced a D** candidate having invariant mass
M (Knmg). The bottom panel of Fig. 1 shows the distribu-
tion of the mass difference M (Knrs)—M (K ) for the D**+
candidates after all cuts and a mixed event background
subtraction. The fit to the mass difference spectrum us-

ing a gaussian gives a mean of 146.37 £ 0.12 MeV /c?.
This is larger than the PDG value of mpst+ —Mpo =

145.421 £ 0.010 MeV /c? due to our imposed momentum
cutoff on 75 of p > 100 MeV /c.

To correct the yields, a standard embedding analysis
was performed. This consisted of simulated open charm
mesons inserted into real data events. The decay daugh-
ters are passed through the simulator of the detector re-
sponse and combined with a real event at the level of the
raw data. In this form, they can be processed through
the same reconstruction and analysis software. We find
that the reconstruction efficiency for D is in the range
40-60% (increasing with pr). The efficiency for D** re-
construction is much smaller than would be expected from
another 3-body decay because of the lower reconstruction
efficiency of the soft pion (e.g. it is 6% at the lowest mea-
sured D** pr).

3 Results and discussion

Figure 2 shows the invariant yield of DY and D*T as a
function of transverse momentum, after correcting the raw
yield of D° and D** for the reconstruction efficiency, ac-
ceptance, trigger efficiency and event vertex-finding effi-
ciency.

For the D° analysis, there was an additional correction
from a Monte Carlo study of the correlations introduced
by the misidentification of the kaon and pion. Statistical
errors are shown. The analysis measures both particles
and anti-particles, so the data are scaled down by a factor
of 2. This is done so that we can use the numbers from
the fit to the spectra to obtain the yield and then estimate
from it the c¢ cross section as described below. The D*T
data are scaled by the ratio D** /D which is obtained in
the following way. We fit the pr spectrum of both the D°

2
N
< Q

A

T

D'/D°=0.4+0.09+0.13

(1/21)(1/Npin) d2N/py dpr dy (GeVi/c)-
=)
Uf‘
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Fig. 2. The combined transverse momentum (pr) spectra of
DP (filled circles) and D** (open squares) from minimum bias
d + Au collisions. The D*' yields are scaled to the D° (see
text). The line is a power-law fit to the combined pr spectrum
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and D** to a power law with the form A(1 + pr/po)™™
with an additional free parameter for the D** /DO ratio.

We obtain a value of D*t/D% = 0.40 £ 0.094.¢ +
0.134yst. Within the large uncertainties, this is consistent
with the measured ratios from ete~, HERA [13], and
CDF at the Tevatron [14]. This is shown in Fig. 3. For
example, from the fragmentation fractions measured at
HERA [13] we find f(c — D°) = 0.66 = 0.057512 +6-09
and f(c — D*¥) = 0.26 £ 0.0279:05 7093 where the first
uncertainty is statistical, the second is systematic and the
third is from theory. Taking the ratio and taking into
account only the statistical error (which is probably a
good assumption, since the theoretical uncertainty should
cancel, as well as some of the systematics) would give
D*t /D% = 0.39 & 0.05.

Figure 2 shows the D** data scaled by the ratio ob-
tained in this manner, and the line is the power-law fit
used in the procedure. From the fit, we obtain an invari-
ant yield per unit of rapidity at y = 0 of dN/dy(D") =
0.0265 £ 0.00365¢at £ 0.0071gys;. The mean transverse mo-
mentum of the open charm mesons is also found from the
fit: (pr) = 1.32 £ 0.08ga4 £ 0.164y5, GeV/c. We can es-
timate the charm cross section o,z by the following pro-
cedure. We assume that the ratio DT/D° ~ D*+ /DO,
This assumption is consistent with the world average ete™
data. The fragmentation fraction of D*T in eTe™ colli-
sions is f(c — D*T) = 0.24 + 0.01 and the one for DT
is f(c — D) = 0.23 + 0.02 [13]. This gives a ratio of
D*t/D*T = 1.0 £ 0.1. (In other systems, this assumption
is slightly less justified: from the fragmentation fractions
measured at HERA in the same [13], the corresponding
ratio is D** /Dt = 1.3 £ 0.2, so the assumption carries
an additional systematic uncertainty of about 20%). This
provides an estimate for the yield of DT, which can then
be used to estimate o,z = 1.24(c(D%) + o(D7")) where
the factor 1.24 is used to take into account contributions
from Dg and charmed baryons (A, etc.). In [16], this is

used in DIS; we assume that it can also be applied here.
The DP cross section is estimated from the invariant yield
applying the following factors. To scale from dN/dy at
y = 0 to full phase space, we use a PYTHIA calcula-
tion [17] and obtain a factor of 4.7+ 0.7. We assume that
the charm yield in d 4+ Au scales with the number of bi-
nary collisions, Npjn. The mean number of binary colli-
sions for minimum bias d + Au collisions is estimated from
a Glauber model calculation: (Npi,) = 7.5 £ 0.4 [18]. Fi-
nally, we use the pp non single-diffractive minimum bias
cross section o,, = 42 mb. We estimate the D cross sec-
tion as opo = 4.7 X (dn/dy) x opp/{Npin). To get the es-
timate for o.z, we multiply this by 1.4 x 1.24 as discussed
above to take into account the D+ and contributions from
D, and A, obtaining 0.z = 1.2£0.2¢at £0.44ys¢ mb. This
is consistent with the results using the low pp D° data
only [20]. This is almost a factor of 2 larger than the one
quoted by PHENIX [19]. However, the PHENIX measure-
ment is done in pp collisions. If there is an enhancement
of the yield of D mesons in d + Au collisions (e.g. due to
the Cronin effect), the strict binary collision scaling will
not hold. A Cronin-like enhancement in d + Au collisions
would then lead to an apparent increase in the cross sec-
tion if one applies binary collision scaling. The current
data from STAR on the non-photonic electron nuclear
modification factor [21] are consistent with no enhance-
ment within errors, but can also allow for enhancements
of 30 or 40%, so more precise measurements of this would
be useful. Nevertheless, the discrepancy between this esti-
mate and the PHENIX measurement based on their elec-
tron spectrum is a 1.6 standard-deviation effect.

As a way to check the consistency of the STAR results,
we compared the open charm meson reconstruction data
to the single electron spectrum. There were two analyses
done to measure the spectrum at low pr. One analysis was
performed doing a combined identification using a small
acceptance Time-of-Flight prototype (TOF) together with
TPC information (momentum and dF/dx)[20]. The small
azimuthal acceptance (A¢ = 0.1) limited the reach to
pr=3 GeV/c. A separate analysis using only dF/dx infor-
mation was also performed to profit from the large TPC
acceptance, allowing statistics to reach pr=4 GeV/c. For
high pr, the STAR Barrel Electromagnetic Calorimeter
was also used to identify electrons. The high pt electron
analysis is discussed in [21]. The directly measured sin-
gle electron spectrum was corrected for photonic sources.
These are mainly produced by photon conversions in the
detector material and by 7° Dalitz decays. By reconstruct-
ing the invariant mass and opening angle distributions of
ete™ pairs, together with estimates for the reconstruc-
tion efficiency of these sources estimated from simulation
(~ 60% efficiency for electrons with pr > 1 GeV/¢), it is
possible to measure the contribution from these photonic
sources and subtract them from the directly measured
electrons. Contributions from the semi-leptonic decays of
n,w, p, ¢ and K mesons were estimated from simulations.

The resulting “non-photonic” electron spectrum is ex-
pected to be dominated by the semi-leptonic decay of
heavy quarks. From the open charm prt spectrum, we
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Fig. 4. The single electron pr spectrum measured by STAR.
The lines represent the signal expected from the semi-leptonic
decay of charm inferred from a fit to the measured pr spec-
trum of D mesons (Fig. 2), the shaded band is the systematic
uncertainty

can estimate the contribution to the electron spectrum
from semi-leptonic charm decays. Figure 4 shows the back-
ground subtracted non-photonic electron spectrum mea-
sured in d + Au (circles) and pp (triangles) collisions. The
pp data measured in STAR corresponds to the non single-
diffractive (NSD) part of the pp cross section. The filled
symbols are from the combined analysis of TOF + TPC
data; open symbols are from TPC only data.

The dashed lines on the figure are the spectra obtained
from the open charm meson pr spectra by generating
semi-leptonic decays. This is done in the following way.
We take as input the pr distribution of the D mesons.
We assume that within our acceptance (|y| < 1), the ra-
pidity distribution is flat. We then simulate D meson de-
cays in which there is an electron in the final state (e.g.
DY — K~etv, with B.R. 3.58%, D* — K~ n'*v, with
B.R 1.1%, etc.). We use 4 such semi-leptonic decay chains
for D° and 2 for the DT. This will produce an electron
spectrum from the decay of charm mesons which we use to
compare to the measured non-photonic electron spectrum.
The shaded region shows the systematic uncertainty in the
shape of the electron spectra derived from the open charm
data. The line for the pp data is the same as the one for
the d + Au data but scaled down by (Npi,) = 7.5. Within
the uncertainties, the electron data up to pr ~ 4 GeV/c
can be described well by the contributions from charm
decays.

4 Conclusions and outlook

We have presented measurements of D and D** produc-
tion in d 4+ Au collisions at RHIC. The identification of
pions and kaons in the TPC allows for a reconstruction of
open charm mesons. We are currently studying the feasi-
bility of reconstructing additional decay modes. The D°
and D*T pr spectrum can be fit to a power-law shape,

from which we obtain D**/D° ~ 0.4. The yield of D°
can also be used to obtain an estimate for the charm cross
section under the assumption that binary collision scaling
holds. We estimate 0.z ~ 1.18 mb. On one hand, this is
larger than the PHENIX measurement by about a factor
of 2; on the other hand, the difference is only significant to
1.60. To resolve these discrepancies, reconstruction of the
non-photonic electron spectrum at /s, =200 GeV from
both STAR and PHENIX would be useful to remove am-
biguities related to the obtention of the electron spectrum
from that of open charm. In addition, reconstruction of
open charm mesons in pp in order to test the assumption
of the scaling with binary collisions is desirable. The large
value of the charm cross section is also very difficult to
reconcile with NLO pQCD calculations [22]. The exper-
imental effects which might cause such discrepancies are
being actively investigated.
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