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At RHIC energies, charm quarks are primarily produced in hard partonic scatterings
at early stages of ultra-relativistic heavy-ion collisions. This makes them an ideal probe
of the Quark-Gluon Plasma (QGP), as they experience the entire evolution of this hot
and dense medium. STAR is able to measure the production of charm quarks and their
interaction with the QGP through direct reconstruction of hadronic decays of D¥, DO,
Ds, and /\ét hadrons, enabled by the excellent track pointing resolution provided by the
Heavy Flavor Tracker.

In these proceedings, we present the most recent results on open charm hadron
production in Au4-Au collisions at /syn = 200 GeV from the STAR experiment. In
particular, we discuss the nuclear modification factors of D¥ and D° mesons which pro-
vide information on the charm quark energy loss in the QGP. We also present the Dg/D°
and /\ci/ DO yield ratios as functions of transverse momentum and collision centrality
which help us better understand the charm quark hadronization process in heavy-ion
collisions. The spectra of D?, D¥, Dy, and /\ét in 10-40% central Au+Au collisions are
used to calculate the total charm quark production cross section in Au+4Au collisions
which, compared to the charm quark cross section in p+p collisions, gives insight into
charm quark production in heavy-ion collisions.

Keywords: Quark-Gluon Plasma; open-charm hadrons; STAR Experiment.

PACS numbers:

1. Introduction

The STAR experiment is a versatile experimental facility located at Brookhaven
National Laboratory and is the only running experiment at the Relativistic Heavy-
Ton Collider (RHIC). One of the main goals of STAR’s physics program is to study
the properties of an extreme state of matter in which the quarks and gluons are no
longer bound inside hadrons - the Quark-Gluon Plasma (QGP). The QGP can be
created in ultra-relativistic heavy-ion collisions, as supported by previous measure-
ments from RHIC and the Large Hadron Collider (LHC) at CERN.

An example of such measurements is presented in Fig. [[]which shows the nuclear
modification factor (Raa) as a function of transverse momentum (pr) for various
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Fig. 1. Nuclear modification factor for different particle species. Shown are results from measure-
ments of 0 mesons in Pb+Pb collisions by the WA98 experiment2 and in Au+Au collisions by
PHENIX 3 as well as charged hadrons in Au+Au collisions by STAR® and in Pb+Pb collisions
by the ALICH? and CMSY experiments. The collision energies are indicated in the legend. The
measured data are compared to variety of model calculations ™12 Figure taken from Ref. |6l

particles. The Raa is defined as:

(dN/dpr)aa
Ncoll> (dN/de)pp 7

where (Ngon) is the mean number of binary collisions and (dN/dpr)aa and

Raa = < (1)

(dN/dpr)pp are measured invariant yields of given particle species in heavy-ion
collisions and p+p collisions, respectively. The Raa is defined so that if heavy-ion
collisions were just a simple superposition of p+p collisions, the Raa would be equal
to unity. This is clearly not the case for m° mesons and charged particles, as shown
in Fig. [[] The invariant spectra of the aforementioned particles are significantly
suppressed in heavy-ion collisions compared to that in the p+p collisions, which
can be explained by the energy loss of partons in the QGP.

The measurements described above are dominated by light-flavor hadrons which
can generally originate from the hard partonic scattering, i.e. from very early stage
of the heavy-ion collision, but at low pr also from hadronization of the QGP bulk.
It is difficult to distinguish experimentally from which source a given light flavor
hadron comes from. The situation is different for heavy flavor quarks, charm and
bottom, which are produced dominantly in hard partonic scatterings, before the
formation of the QGP. This means that they experience the whole evolution of the
medium, as illustrated in Fig. [2] which makes them an ideal probe of the QGP
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Fig. 2. Time evolution of a heavy-ion collision in the 2-t plane. Taken from Ref. 13| and modified.

properties.

One convenient way to access the information about heavy-quark production is
via reconstruction of open-heavy flavor hadrons. In these proceedings, we present a
summary of recent results from the measurements of open-charm hadron production
in Au+Au collisions at \/syn = 200 GeV by the STAR experiment. The following
section provides a brief overview of methods used for reconstruction of open-charm
hadrons and summarizes the latest results by STAR.

2. Open-charm hadrons at STAR

At STAR, the open-charm hadrons produced in Au+Au collisions at \/sny =
200 GeV are reconstructed topologically through their hadronic decays. This
method is possible thanks to the excellent vertex resolution enabled by the STAR’s
Heavy Flavor Tracker (HFT)2 which is a 4-layer silicon detector that was a part
of the STAR detector from the year 2014 to 2016. The HFT allowed STAR to mea-
sure invariant yields of four ground states of the open-charm hadrons: D°, D*, DF
mesons, and A, baryons.

The decay channels used for the reconstruction of the aforementioned open-
charm hadrons are summarized in Tab. [ These decay channels were chosen, as
their decay topology can be easily identified utilizing the HFT and at the same time,
they have relatively large branching ratios (BR). The topological selection criteria
were optimized using supervised machine learning techniques implemented in the
ROOT TMVA (Toolkit for Multivariate Analysis) packagé™ in order to maximize
the signal significance. The invariant yields of open-charm hadrons were extracted
as a function of pr and collision centrality. More details about the reconstruction
of individual hadrons can be found in Refs. [I7H19l

The measured invariant yield of DY mesons is used to calculate the R . Figure
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Table 1. List of open-charm hadrons measured at STAR
using the HFT. The left column contains decay channels
used for reconstruction, c7 is the mean lifetime of a given
hadron, and BR is the branching ratio. Charge conjugate
particles are measured as well. Values are taken from Ref.

6
Decay channel cr [um] BR [%)]
D° — K—nt 122.9+0.4 3.89+0.04
Dt — K—mtt 311.8+2.1 8.98+0.28
DS = ¢t - K- K+nt  151.2+1.2 2.27+0.08
AY 5 K-ntp 59.9 £1.8 6.35+0.33

m* 0-12% STAR 200 GeV
O h*0-5% ALICE 2.76 TeV

<

Fig. 3. Nuclear modification factor of D? mesons as a function of pp measured in 0-10% central
Au+Au collisions at /syn = 200GeV by the STAR experiment. The data are compared to
two model calculations2H22l to measurement of m* mesons in central Au+Au collisions at the
same energy by STAR23 and to measurements of charged hadrons?4 and D mesons%? in Pb+Pb
collisions at /sNn = 2.76 TeV by ALICE. The STAR DO p4p reference is taken from Ref. [26.
Figure taken from Ref. |17|

shows the D” meson Raa as a function of pr in central Au+Au collisions at /sy =
200 GeV. The suppression of the high-pt D® mesons is similar to that of 7 mesons
in Au+Au collisions at the same energy? which suggests that the charm quarks
loose a significant fraction of their initial energies inside the QGP medium. The

data are also compared to two model calculations???Z and to measurements of
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charged hadrons and D mesons in central Pb+Pb collisions at /syn = 2.76 TeV by
ALICE 2229 Degpite very different collision energies, the suppression of D mesons
appears to be very similar at RHIC and the LHC.
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Fig. 4. Raa of DO mesons as a function of pt measured in 0-10% (a), 10-40% (b), and 40-80%
(c) central Au+Au collisions at /sNn = 200 GeV by the STAR experiment utilizing the HFT
(2014)4" and without the HFT (2010/11)27 The p+p reference is taken from Ref. [26, Figure
taken from Ref. [17.

It is also interesting to investigate the centrality dependence of the D® meson
Raa which is shown in Fig. 4l In the region of pr > 3GeV/c, the suppression
gets weaker when going from central to peripheral collisions, again supporting that
the suppression is caused by energy loss of the charm quarks inside the QGP. For
pr < 3GeV /e, on the other hand, the suppression does not depend on the centrality
and is significant in all three studied centrality classes. As will be discussed later,
this observation is important for understanding the charm quark hadronization in
heavy-ion collisions.

The same dependence of the suppression on collision centrality is observed for
DT mesons, as can be seen in Fig. |5l which shows the Raa (top) and (D1 +
D)/(D° + DO) yield ratio (bottom) as a function of pp measured in 0-10% and
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Fig. 5. Raa (top) and (DT 4+D~) /(D +D0) yield ratio (bottom) as a function of pr measured in
0-10% and 10-40% central Au+Au collisions at /sy = 200 GeV by the STAR experiment. The
p+p reference for the Ra a is taken from Ref. and the D meson yields in Au+Au collisions for
the yield ratios are taken from Ref. The yield ratios are in a good agreement with PYTHIA 8
calculation 28

10-40% central Au+Au collisions at \/sxn = 200 GeV. The suppression of D* and
D° mesons is consistent within the uncertainties and their yield ratio measured in
Au+Au collisions is consistent with that from PYTHIA 8 calculation. This suggests
that the suppression mechanism for both D° and D* mesons is the same.

The suppression of the pr-integrated yields of D® and D* mesons is observed
in all studied centralities, which is not expected from a simple scaling of charm
quark production in p+p collisions with the number of binary collisions. This is
not expected from a simple scaling of charm quark production in Au+Au collisions
with number-of-binary collisions. Therefore, STAR has further investigated the total
charm quark production cross section in Au+Au collisions by measuring production
yields of other open-charm hadron species, namely A. baryons and DI mesons.
Figure |§| shows the (AF + A7)/(DY + DY) yield ratio as a function of Ny (i.e.
collision centrality) measured in Au+Au collisions at /sxy = 200 GeV™ The
data show an enhancement of A, baryons in central Au+Au collisions with respect
to PYTHIA 8, both without (green triangle) and with (pink triangle) color re-
connection (CR). The centrality dependence of the yield ratio is well described by
the Catania model incorporating coalescence and fragmentation hadronization of
charm quarks29
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Fig. 6. The (A +AZ)/(D°+D0) yield ratio as a function of Npary measured in Au+Au collisions
at /syn = 200GeV by the STAR experiment. The data are compared to Catania model calcu-
lations?? and to PYTHIA calculations with (pink triangle) and without (green triangle) color re-
connection (CR). Measurements of baryon-to-meson ratios for strangé2? and light-flavor3ll hadrons
are shown for comparison. Figure taken from Ref. [18|

The enhancement with respect to PYTHIA is also observed in pt dependence of
the (A+ + AZ)/(D° +DO) yield ratio, which is shown in Fig. @ The observed ratio
shows similar dependence and magnitude as baryon-to-meson ratios of stranges!
and light flavor hadrons®!/ The lower panel shows comparisons to model calcu-
lations. The enhancement increases towards lower pr, which is again reasonably
well described by the Catania model incorporating coalescence and fragmentation
hadronization of charm quarks“? The data, with support of the models, suggest
that coalescence hadronization of charm quarks inside the QGP plays a significant
role in Au+Au collisions at /syn = 200 GeV and has profound impacts on ratios
of the open-charm hadron species.

This observation is further supported by the measurement of the (D:‘ +
D;)/(D® + DY) yield ratio as a function of pr and collision centrality X as shown
in Fig. [§| Similar to the A, baryon, the D meson yields are enhanced with re-
spect to the PYTHIA baseline. The observed enhancement is again consistent with
significant contribution of coalescence hadronization of charm quarks inside the
QGP.

At this point, the obvious question to ask is, whether the observed enhance-
ments of A, baryons and D;t mesons can compensate the suppression of D? and
D* mesons. This is checked by calculating the total production cross section of
the individual open-charm hadrons, which can be then used to calculate the total
charm quark production cross section in Au+Au collisions at /syy = 200 GeV, as
summarized in Tab. [2| The measured cross section in 10-40% central Au+Au colli-
sions is consistent with that measured in p+p collisions at /s = 200 GeV within the
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Fig. 7. The (AT +AZ)/(D° 4 DO) yield ratio as a function of pp measured in Au+Au collisions at
/3NN = 200 GeV by the STAR experiment. The data are compared to (a) baryon-to-meson ratios
of strange3! and light-flavor® hadrons and (b) to multiple model calculations2232M23 Figure
taken from Ref. |18l

Table 2. Total open charm hadron cross section as measured in 10-
40% central Au+Au collisions and in p+p collisions at 200 GeV.

Collision system Hadron do/dy [pb]
DO 41 + 1 (stat.) £+ 5 (sys.)
+

AutAu at 200 GeV D 18 4+ 1 (stat.) £ 3 (sys.)

Centrality: 10-40% Ds 15 % 1 (stat.) £5 (sys.)
Y 0 Ac 78 & 13 (stat.) = 28 (sys.)
Total: 152 £ 13 (stat.) & 29 (sys.)
p+p at 200 GeV Total: 130 £ 30 (stat.) + 26 (sys.)

uncertainties. This indicates that the total charm quark production cross section
follows the number of binary collision scaling in Au+Au collisions, as expected. On
the other hand, the cross sections of individual open-charm hadrons are modified in
Au+Au collisions compared to p+p collisions due to the coalescence hadronization
of the charm quarks inside the QGP medium which leads to re-distribution of the
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Fig. 8. (DF 4+ D;)/(D® 4+ DY) yield ratio as a function of pr measured in four different centrality
classes of Au+Au collisions at /syn = 200 GeV by the STAR experiment. The data are compared
to multiple model calculations2233H35 Figure taken from Ref. 19}

charm quarks among different open-charm hadron species.

3. Summary

The STAR experiment has studied the production of open-charm hadrons in
Au+Au collisions in detail. This is possible thanks to the excellent vertex resolution
provided by the HF T detector which enables topological reconstruction of hadronic
decays of the open-charm hadrons. As a result, STAR has measured invariant yields
of DY, D*, DZ mesons, and A. baryons in Au+Au collisions at V/SnN = 200 GeV.
The DY and D* mesons with pp > 3GeV/c are observed to be suppressed in
0-10% central Au+Au collisions which is consistent with the energy loss of charm
quarks inside the QGP medium. The suppression gets smaller going from central to
peripheral collisions, which further supports that the modification is due to the pres-
ence of the hot and dense medium. The D° and D* mesons with pr < 3 GeV/c, on
the other hand, show significant suppression independent of the collision centrality.
This turns out to be important for understanding the charm quark hadronization
in heavy-ion collisions. The modification mechanisms are the same for both D and
D* mesons, as the (DT +D7) /(D + DY) yield ratio measured in Au+Au collisions
is consistent with the PYTHIA calculation within the entire measured pr range.
In contrast to the D° and D¥ mesons, the A. baryons and DF mesons
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are found to be enhanced with respect to the PYTHA baseline. The measured
(AF+AZ)/(D°+D0) and (DF +D;)/(D°+DO) yield ratios are compared to model
calculations incorporating both fragmentation and coalescence hadronization of the
charm quarks. Those models describe the data reasonably well, supporting impor-
tance of the coalescence hadronization of charm quarks inside the QGP medium at
RHIC.

The total charm production cross section per binary nucleon-nucleon collision
in Au+Au collisions is consistent with the value measured in p+p collisions, while
the QGP causes a re-distribution of the charm quarks among the different open-
charm hadron species due to coalescence hadronization of the charm quarks inside
the QGP.
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