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Abstract. The PHENIX experiment has studied open heavy flavor production in /sy = 200 GeV p+p and
d+ Au collisions using the semi-leptonic decay into single muons. The results from these measurements and
the details of the analysis technique are presented. The results from p+ p collisions obtained at mid-rapidity
are compared to perturbative QCD calculations. The production of light mesons is the major background
source for the open flavor measurement using muons. The nuclear modification factor for light mesons were
measured in Cu+ Cu collisions at /s = 200 GeV is presented.

1 Introduction

The interaction of heavy quarks with the hot dense matter
created in heavy ion collisions at RHIC, is a very import-
ant probe to understand the properties of the produced
medium. It has been experimentally measured that the
neutral pions and charged hadrons are strongly suppressed
at high transverse momentum in high energy Au+ Au col-
lisions [1,2]. The suppression, which is absent in d+ Au
collisions at mid-rapidity, implies that hard scattered par-
tons traveling through the medium created in such colli-
sions experience considerable energy loss. The same effect
for heavy quarks is predicted to be smaller than for the
light quarks due to a suppression of the phase space for
gluon radiation for large masses of the quarks (the so called
“dead cone” effect [3]). Due to the interactions of heavy
quarks with the medium, the heavy flavor particles are ex-
pected to exhibit non-zero elliptic flow vy [4]. The strength
of the heavy quark flow in combination with the degree of
suppression of heavy flavor hadrons provide crucial infor-
mation on the the transport properties of the medium and
the energy loss mechanism [5].

Measurements of heavy quark production in proton—
proton (p+p) interactions at collider energies serve as
important tests for perturbative quantum chromodynam-
ics (pQCD). Bottom production at FNAL (y/s = 1.8 and
1.96 GeV/c) [6,7] is reasonably well described by a recent
fixed order next-to-leading logarithm (FONLL) calcula-
tion [8,9]. Charm production at FNAL, which has only
been measured at relatively high pr (> 5 GeV/¢), is about
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50% higher than the FONLL prediction [10]. However, the-
oretical and experimental uncertainties are large, such that
significant disagreement between theory and data cannot
be claimed.

Both PHENIX [21-26] and STAR [28] have made
statistical measurements of charm production via single-
electron spectra. STAR has also made a direct meas-
urement of charm production through reconstruction of
hadronic decay modes of D mesons [28]. In p+p colli-
sions PHENIX finds docz/dyly—o = 0.20+0.03(stat.) £
0.11(syst.). STAR finds a somewhat higher central value,
docz/ dyly=0 = 0.30 £ 0.04(stat.) £ 0.09(syst.), but the two
measurements are consistent within the stated errors. Both
measurements are noticeably higher than PYTHIA [29]
and FONLL [11]. Quantitative disagreement cannot be es-
tablished with current experimental and theoretical errors.

During the 2004 run of RHIC, PHENIX collected a high
statistics Au+ Au data sample and a minimum bias sam-
ple of 460 x 10° events was analyzed using the beam—beam
counter (BBC) as a trigger source. A factor of 100 statis-
tical improvement compared to the previously published
data [22] was achieved due to the larger integrated lumi-
nosity, a factor of two increase in acceptance and a reduc-
tion of the photonic background by removing of material
in the detector central region. For the p+ p results, the
low pr part come from the 9.8 x 10° minimum bias events
while the high pr part come from the events firing the
level-1 electron trigger (ERT) corresponding effectively to
2.3 x 10° minimum bias events. Comparing to the previ-
ously published results p+ p results [23], the luminosity is
increased five times and electron acceptance improved by
a factor of four. The total material budget of the PHENIX
detector corresponded to X ~ 0.7% X, radiation length
from the beam pipe (0.4%) and air (0.3%) which give us the
large signal to noise significantly, shown in Fig. 1.
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Fig. 1. Ratio of non-photonic to photonic electrons from
Au+ Au collisions in run 4 (black) and run 2 (blue) converter
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Fig. 2. “Non-photonic” electron for 0-10% centrality bin
compared with theoretical predictions. Theory curves (1)—(3)
from [36], (4) from [37]

Strong suppression increasing with centrality was ob-
served in the production of “non-photonic” electrons in
Au+ Au collisions. The results on the nuclear modification
factor R4, shown in Fig. 2 may provide a significant con-
straint on the theoretical description of the heavy quark
energy loss mechanisms. While most energy loss calcula-
tions consider only radiative energy loss [13—17], recent
analyses suggest that collisional energy loss could con-
tribute significantly in the currently accessible momentum
range [18,19] — particularly for heavy quarks [5, 20]. Even
though currently the experimental statistical errors are
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large, there are rooms for improvements on the recent en-
ergy loss calculation [5,20].

Until now, open charm measurements at RHIC have
been limited to mid-rapidity. Measurements at forward
rapidity are interesting for a variety of reasons. First is
the need to constrain theoretical calculations over a wide
kinematic range. This is demonstrated by the theoretical
improvements motivated [12] by the observation of an in-
creasing discrepancy between theory and the DO meas-
urement of bottom production at large rapidity (y/s =
1.8TeV, pr > 5GeV/c, 2.4 <y, < 3.2), as deduced from
the production of hard muons [6]. Second, significant cold
nuclear effects have been seen in RHIC collisions at for-
ward rapidity. PHENIX [32] and BRAHMS [30, 31] have
both measured light hadron production in d+ Au collisions
at forward rapidity and have found significant deviations
from Rgay = 1. It will be interesting to see whether charm
production follows a similar pattern. Finally, open charm
production at forward rapidity needs to be understood
to fully interpret PHENIX J/v measurements at forward
rapidity [33-35].

In this paper we report on the PHENIX measurement
of inclusive muon candidates at forward rapidity , at /s =
200 GeV p+p, d+ Au and Cu+ Cu collisions with the de-
tail analysis technique. The prompt muon yield is sta-
tistically extracted by subtracting contributions from the
muon decay of light mesons (7’s and K’s) and the penetra-
tion of hadrons through the muon arm absorbers.

2 The PHENIX Experiment

The PHENIX experiment, shown in Fig. 3, is a large mul-
tipurpose set of detectors optimized for the measurement
of relatively rare electromagnetic probes (photons, muons,
and electrons) of proton spin structure and of the hot
dense matter created in ultrarelativistic heavy ion colli-
sions. The data acquisition system and multilevel triggers
are designed to handle the bandwidth extremes repre-
sented by p+ p collisions (relatively small events at large
rates) and Au+ Au collisions (large events at relatively
low rates) with little or no deadtime. Event characteriza-
tion devices, such as the beam—beam counters used in this
analysis, provide information on the collision vertex pos-
ition, start time, and centrality. The two muon arms cover
1.2 < |n] < 2.4 in pseudorapidity and d¢ = 27 in azimuth.
The two central arms cover |n| < 0.35 and d¢ = /2.

The muon arms are coaxial with the beam on oppo-
site sides of the collision vertex. By convention the arm
on the South (North) end of the interaction region is as-
signed negative (positive) z coordinates and rapidity. Each
muon arm is comprised of a muon tracker (MuTR) and
a muon identifier (MuID). The MuTR measures particle
momenta with a resolution of o, /p = 5% over the analyzed
kinematic range. The MulD allows coarse resolution track
reconstruction through five layers of chambers interleaved
with steel absorbers.

Each MuTR arm consists of three stations of cathode
strip chambers installed in an eight-sided conical magnet.
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Fig. 3. PHENIX detector configuration for run 4

The radial magnetic field ([ Bdl=0.72 T m) bends par-
ticles in the azimuthal direction. Each station occupies
a plane perpendicular to the beam axis and consists of
multiple ionization gaps which have their charge imaged
on two cathode strip planes oriented with a small stereo
angle to provide two-dimensional information. An ioniz-
ing particle typically fires three adjacent strips in each
orientation. A fit to the charge distribution on adjacent
strips provides a position measurement with a resolution of
0 ~ 100 pm in the bend direction. The MuTR occupancy
is greatly reduced by front absorber layers: 20 cm of copper
plus 60 cm of iron. The nominal nuclear interaction lengths
of iron and copper are AF® = 16.7 cm and Af" = 15.3 cm.
Therefore the pre-MuTR absorber presents a total thick-
ness of 4.9/ cos @Ar, where 6 is the polar angle of a particle’s
trajectory.

Each MulD arm consists of five steel absorber plates,
the gaps of which are filled with Iarocci tubes operated
in proportional mode. Gaps are labeled 0—4 proceeding
downstream from the collision point. Digital readout of the
Tarocci tube anode signals provides coarse one-dimensional
hit position information (0 =9cm/v/12 = 2.6cm). The
tubes in each gap are housed in six individual panels, each
of which contains two layers of tubes (horizontally and
vertically oriented), thus providing two dimensional infor-
mation. The first MulD absorber plate (thickness = 20 cm
—south; 30 cm — north) also serves as the return yoke of the
MuTR magnet. Successive plates (identical for two arms)
are 10, 10, 20 and 20 cm thick, thus totaling 4.8/ cos O\
(5.4/ cosBAr) for the south (north) arm. Due to ioniza-
tion energy loss a particle must have p[GeV /c| > 2.31/ cosf
(2.45/ cos ) in order to penetrate to the most downstream
MulD gap (gap 4) of the south (north) arm.

3 How to extract muons from charm decay

Inclusive muon candidates, Ny, are those particles which
are successfully reconstructed to the last MulD gap (gap 4).
These consist of four components: 1) “decay muons”, Np,
which result from the decay of light hadrons (7 and K
mesons) before reaching the MuTR, 2) “punchthrough
hadrons”, Np, which penetrate the entire detector and
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are thus misidentified as muons 3) “background tracks”,
Np, which in p+p collisions are dominated by hadrons
which decay into a muon after reaching the MuTR, and
4) “prompt muons”, N,,, which are primarily due to the de-
cay of heavy flavor mesons. Figure 4 shows a schematic de-
piction of the relative yield per event of these different con-
tributions as a function of flightpath into the muon arms.
The number of hadrons is large and essentially indepen-
dent of flightpath until the first absorber layer is reached.
In each absorber layer these hadrons undergo strong inter-
actions with a probability 1 —exp(—L/\), where L is the
length of absorber material traversed, and A is the species
and prp-dependent nuclear interaction length. Such inter-
acting hadrons are effectively eliminated as possible muon
candidates. However, a small fraction of hadrons penetrate
the entire absorber thickness without a strong interation.
These punchthrough hadrons are indistinguishable from
a prompt muon. The decay lengths for 7’s (¢r = 780 cm)
and K’s (cr = 371 cm) are long compared to the flightpath
from the vertex to the absorber. Therefore, the fraction
of decay muons from these sources is relatively small, but
increases linearly with the flightpath until the first ab-
sorber layer is reached. A hadron which decays prior to the
pre-MuTR absorber into a muon that is inside the detec-
tor acceptance is indistinguishable from a prompt muon.
After the first absorber layer the number of decay muons
remains relatively constant since the parent hadrons are
exponentially absorbed. The small contribution from back-
ground tracks is not shown. Prompt muons (from e.g.
decay of open heavy flavor hadrons, quarkonia or light
vector mesons, and Drell-Yan) originate indistinguishably
close to the collision vertex. Thus, their yield is indepen-
dent of flightpath. Since inclusive muon candidates, by
definition, penetrate to MulD gap 4, we are measuring
the combined yield at z ~ 870 cm. Figure 5 shows a sam-
ple distribution of the inclusive muon candidate yield as
a function of collision vertex (zytx), and its decomposition
into the four different contributions. The yield of decay
muons is seen to have a linear dependence that is set to
0 at zytx = Zabs — A. Here z,ps = —40 cm is the upstream
face the pre-MuTR absorber (indicated by the thick solid

Ny
Inchusive
Muon

log (particle flux)

Z(cm) | t {

0 40 770
Fig. 4. Schematic depiction of the relative flux of muon can-
didates as a function of flightpath into the muon arm absorber
(the event vertex is at zvtx = 0). See text for details
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Fig. 5. Sample zytx distribution of different sources of in-
clusive muon candidates. Crosses show inclusive muon can-
didates, filled circles show decay muons, open circles show
punchthrough hadrons, open squares show background tracks,
and open diamonds show the sum of these three hadronic
sources. The prompt muon yield is obtained from the difference
between the yield of inclusive muon candidates and the yield of
hadronic sources

line), and A is the species and pr-dependent nuclear in-
teraction length. Muons originating from meson decays
downstream of this location have no z,ix dependence, and
form the majority of the small contribution from back-
ground tracks. The yield of punchthrough hadrons and
prompt muons also have no z,i, dependence. Note that
the ratio of different contributions to the inclusive muon
candidate spectrum is pt dependent.

In order to extract the cross section for charm produc-
tion we first need to determine the yield of prompt muons,
N, (pr), the amount beyond that due to light hadrons
and fake backgrounds. We obtain the yield of inclusive
muon candidates vs. pr and zytx, corrected for accept-
ance and efficiency: Ni(pr, zvtx). We use hadrons which
stop in MulD gap 3 , together with simulations of hadron
penetration in the MulD absorber, to obtain the yield of
punchthrough hadrons in MulD gap 4: Np(pT, Zvtx). The
yield of fake tracks, Ng(pr, zvtx), determined from simula-
tions , is found to be small.

The yield of prompt muons is determined by subtract-
ing the contributions from hadrons and fake backgrounds
and averaging over zyx bins:

Nytx
1 . .
Nﬂ(pT): N. . E NI(pT7Z;]/tx)_ND(pT7Z;7/tX)
vix oy

— Np (pTa thx) — N (pT, Zitx) )

where 1/2nprdprdn is implicit in all terms of the equa-
tion. We convert this into a cross section via

d?o,(pr) _ Ug_%c d®N,(pr)
2rprdprdy  egpct 2mprdprdn

(1)

Here oppc is the cross section of the BBC trigger for p+p
interactions and egp” is the efficiency of the BBC trig-
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ger for events in which a charm quark is created and decays
into a muon. Substituting n — y introduces negligible error
due to the small mass of the muon. Systematic errors are
determined for each component and combined into a term
that applies to the overall normalization and a term that
applies to the pr dependence of the spectrum.

4 Results

4.1 p—+ p collisions

The invariant differential cross section of excess leptons
are shown with PYTHIA and fixed-order plus next-to-
leading-log (FONLL [44]) calculation in Figs. 6 and 7. The
PYTHIA and FONLL calculation includes heavy quark
production via LO (leading order)/NLO (next to leading
order) pQCD calculation and its subsequent decay into lep-
tons. The calculations underpredict the data at high pt
within marginal uncertainties.

The plot for prompt muons includes fit of electron spec-
tra, and shows the excess lepton spectra at y =0 and at
y = 1.65 are similar over the observed pr range. The un-
derprediction of the data by the calculation at forward
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Fig. 6. The non-photonic single electron spectra from the
p+p collisions at /syny = 200 GeV and comparison with the
FONLL prediction [44]



D.J. Kim: Open heavy flavor production from single muons in PHENIX at RHIC

p+p —> W + X (Ns = 200 GeV, y = -1.65)

'\ -
"L - = Normalization
N'> 10°E uncertainty Syst.em.atic
Vb R S[Lylstlc: )
@) . — (e + e)/2fit (y=0)
= TR B~y 0 e FONLL(Min/Max)
S0 T, TR L e pythia
"’Q ? e,
"\3 -
mb 10-5?
= F
o E T ey
10-6? e
- PHENIX PRELIMINARY e 7
7 \ | |
107 15 2 25

3
[ [GeV/c]

Fig. 7. The prompt muon spectra is shown with the non-
photonic single electron spectra from the p+p collisions at
V3NN =200 GeV, compared with PYTHIA and FONLL calcu-
lation [44]

rapidity is even stronger than the one at mid-rapidity due
to the stronger rapidity dependence of production in the
calculations.

4.2 d+ Au collisions

The non-photonic electron production in d+ Au collisions
in the mid-rapidity exhibits scaling with N indicating
point-like interactions [24].

Figure 8 shows nuclear modification factor defined as

d20.d+Au—>,u,+X >/(d20.p+p—>,u,+X )
dprdn dprdn

1
Raau(pr,n) = (2 197

(2)

for the prompt muons.

Rgay for deutron-going (forward)/Au-going (back-
ward) side are smaller (suppression)/larger (enhancement)
than 1 (Ncon scaling) within large uncertainties.

4.3 Cu+ Cu collisions

The measurement of open charm production in various col-
lision species at different energies is important to study the
properties of matter formed in the early stage of relativistic
heavy ion collisions, especially to understand charm en-
ergy loss. The RHIC facility provided Cu+ Cu collisions at
Vsnn =200, 62 and 22 GeV in 2005. This lighter colliding
system compared with Au+ Au can give much better Npar¢
and Ncon precision in the lower Ny, region, and the com-
parison between two different colliding energies may give
us a better systematic understanding of charm production.

The nuclear modication factor R4 of the muons from
light meson decay in minimum bias collisions shown in
Fig. 9 has been measured with the limited statistics at this
moment (7% out of the total 3nb~!) in Cu+ Cu collisions
at /s =200 GeV, p+ p reference is taken from [27]. Within
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Fig. 8. Ryay for the prompt muons, d+ Au collisions at
VNN = 200 GeV

the statistical and systematical errors, the R44 is very
close to the measurement in the mid-rapidity [45, 46].

Also the light meson yield as a function of rapidity
shown in Fig. 10 has been measured, shows the moderate
Gaussian distribution. One of the major 1st background
source is measured and the method is well estiblished.
With the large set of p+ p data from RHIC run 5 (3.8 pb~1)
taken during 2004-2005, we will be able to reduce the
systematic uncertainty on measuring the 2nd major back-
ground in higher transverse momentum, which is described
in Sect. 3.

5 Summary

The invariant differential cross section for muon candi-
date production at forward rapidity (1.5 < |n| < 1.8) has
been measured by the PHENIX experiment over the trans-
verse momentum range 1 < pr <3 GeV/cin /s = 200 GeV
p+p collisions at RHIC. After statistically subtracting
contributions to the muon candidate yield from light
hadrons an excess remains. This excess is attributed to the
semileptonic decays of hadrons carrying heavy flavor, i.e.
charm quarks or, at high pr, bottom quarks. The result-
ing muon spectrum from heavy flavor decays is compared
to PYTHIA and a next-to-leading order perturbative
QCD calculation. FONLL, current NLO pQCD calculation
(semileptonic decays of charm and bottom hadrons), un-
derpredicts the measured excess for p+ p collisions within
marginal uncertainties. Efforts to reduce the uncertain-
ties are in progress with the large data set of RHIC run 5.
PHENIX measured Rgau(pr) of the prompt muons and
the light mesons at forwasrd/backward rapidities for d +
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Au collisions. Modification of the N, scaling is seen at
forward /backward rapidities within large uncertainties.

The systematic uncertainty in this analysis is domi-
nated by uncertainty on the determination of the fractional
contribution of decay muons. This will be improved with
higher statistics data set which were taken in 2005. Cur-
rently we have measured the light meson spectrum with
7% of Cu+ Cu minimum bias collisions at /s = 200 GeV
which is shown in Sect. 4.3.
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