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Studying charm production in relativistic heavy-ion collisions provides
the possibility to probe the properties of produced quark—gluon plasma.
In this paper, we review our work on charm quark energy loss, charmed
baryon to meson ratio, thermal charm production, and the production of
charmed multiquark hadrons in relativistic heavy-ion collisions.

PACS numbers: 25.75.—q, 25.75.Cj, 25.75.Dw

1. Introduction

Studying the production of hadrons consisting of heavy charm quarks is a
topic of great interest in relativistic heavy-ion collisions. This includes char-
monium suppression as a possible signature for the Quark—Gluon Plasma
(QGP) [1], the charm elliptic flow and quenching as a probe of the charm
quark interactions in QGP [2-4|, and the production of exotic charmed
tetraquark and pentaquark hadrons [5,6]. In this paper, we review our
work on charm quark energy loss |7], charmed baryon to meson ratio [8,9],
thermal charm production [10], and the production of charmed multiquark
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hadrons [6] in relativistic heavy-ion collisions. For charm quark energy loss
in QGP, the contribution of charm quark three-body scattering is found to
be non-negligible. For charmed baryon production, we have found in the
quark coalescence model that it is significantly enhanced in heavy-ion colli-
sions at RHIC than in proton—proton collisions, particularly if strong diquark
correlations exist in QGP. For thermal charm production, a next-to-leading
order calculation shows that it could be appreciably enhanced in heavy-ion
collisions at LHC as a result of the high temperature that is expected to
be reached in the produced QGP. For charmed multiquark hadrons, which
are likely to exist due to the color—spin interaction in diquarks, we have
estimated their yields in relativistic heavy-ion collisions using the quark co-
alescence model.

2. Charm quark energy loss

Studying charm quark energy loss offers the possibility to understand
both the interaction of charm quarks in QGP and the properties of QGP.
Experimentally, electrons from semi-lepton decays of charmed and bottomed
hadrons have been measured at RHIC [11,12|. Their suppression at high
transverse momentum was found to be as large as that for light hadrons and
could not be explained by radiative energy loss of heavy quarks in QGP.
Additional energy loss of heavy quarks due to two-body elastic scattering
has thus been suggested [13,14]. This effect is further enhanced if colorless
resonances are formed in charm quark scattering with light antiquarks [15].
Also, heavy quarks can lose energy as a result of collisional dissociation of
heavy mesons resulting from their fragmentations inside the QGP [16]. Since
the density of the partonic matter formed in heavy-ion collisions at RHIC is
large, ranging from about 1 fm~3 near hadronization to more than 10 fm~3
during the initial stage, three-body scattering may also contribute to heavy
quark energy loss in QGP. In Ref. |7], we have studied this effect.

For heavy quark elastic scattering with two light quarks or antiquarks
of different flavors, there are three topologically different diagrams in the
lowest-order QCD. Its momentum degradation in a QGP then depends on
the drag coefficient y(|p[,T) = >, ((]/\/l1|2> — <\Mi]2p'p’>/\p\2), where
p and p’ are, respectively, momenta of the heavy quark before and af-
ter a collision. The sum is over all scattering processes with |M;|? being
their squared amplitudes after averaging over the spins and colors of ini-
tial partons and summing over those of final partons. The symbol (---)
denotes average over the thermal distributions of scattered partons in the
QGP and integration over the momenta of all final-state partons. Using

the screening mass mp = g7 for space-like gluons, the thermal masses
my = my/V3 = mp/v6 for time-like light quarks and gluons, and the
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QCD coupling o = ¢?/47 = 0.3, we have found that heavy quark drag
coefficients in QGP due to these three-body processes are dominated by
t-channel gluon exchange diagrams. For other three-body elastic scattering
processes of heavy quarks by quarks and/or antiquarks with same flavors
or by gluons, we have assumed that they are also dominated by similar
diagrams. In the left window of Fig. 1, charm (upper panels) and bottom
(lower panels) quark drag coefficients due to all three-body elastic scattering
processes are shown by dash-dotted lines as functions of their momentum in
QGP at temperatures 7' = 200 and 300 MeV. Compared to drag coefficients
due to two-body elastic and radiative scatterings, which we have also calcu-
lated from respective lowest order Born diagrams, the drag coefficient from
three-body elastic scattering is comparable to that from two-body elastic
scattering (dotted lines), and both are more important than that due to
radiative scatterings (dashed lines) if the momentum of a charm quark is
below about 4 GeV /¢ and that of a bottom quark is below about 9 GeV/c.
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Fig.1. (Color online) Left panels: Charm and bottom quark drag coefficients as
functions of their momentuum in a QGP of temperature 7' = 200 or 7" = 300 MeV.
Right panel: Nuclear modification factor R4 4 for electrons from heavy quark de-
cays in central Au+ Au collisions at /sy = 200 GeV.

In an expanding fireball model, we have studied the momentum degrada-
tion of midrapidity heavy quarks in the QGP produced in central Au+ Au
collisions at center-of-mass energy /syy = 200 GeV. The initial heavy
quark transverse momentum pr spectra are obtained from those of p+p colli-
sions at same energy multiplied by the number of binary collisions (~ 960) in
Au+ Au collisions. For p+ p collisions, the charm quark pr spectrum is de-
termined from fitting the STAR charmed meson data for d+ Au collisions [17]
using the Peterson fragmentation function D(z) ~ 1/(z[1—1/z—¢/(1—2)]?)
with € = 0.02 for the charm quark, while that of bottom quarks is taken
from the pQCD predictions [18]. The py spectrum of electrons from decays
of resulting heavy charmed and bottomed mesons, with the latter obtained
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from bottom quarks using € = 0.002 in the Peterson fragmentation func-
tion, reproduces the measured one by the STAR collaboration for p 4+ p
collisions. Neglecting the dispersion of heavy quark transverse momentum
with respect to their mean values, which is the case for high transverse
momentum heavy quarks, the time evolution of the mean transverse mo-
mentum (pr) of a heavy quark in QGP is then approximately given by
d(prt)/dt = —y({pr),T)(pT). The heavy quark is fragmented into mesons
when it leaves the QGP or until the end of the QGP stage if it remains
inside. The resulting electron nuclear modification factor Ra4, defined as
the ratio of the electron p spectrum from decays of final heavy mesons to
that from initially produced ones, is shown in the right window of Fig. 1.
It is seen that including contributions from both two-body elastic and ra-
diative scattering gives an electron R4, (dashed line) that is about a factor
of two smaller than that due to two-body elastic scattering alone (dotted
line), similar to that found in Ref. [14] and still significantly above the ex-
perimental data from the PHENIX (filled triangles) [11] and STAR (open
squares) [12]| collaborations. Adding contributions from heavy quark three-
body elastic scattering further reduces the electron Rg4 (solid line). Since
studies based on both hydrodynamic [19] and transport [20] models have in-
dicated that the large elliptic flow observed in heavy-ion collisions at RHIC
is consistent with a produced QGP that is strongly coupled, i.e., it has
a small viscosity or involves large parton scattering cross-section. This is
further supported by results from lattice QCD studies that the QCD cou-
pling constant at temperatures achieved at RHIC is larger than that from
the perturbative QCD, i.e., as(T) = ¢*(T) /47 =~ 2.1ape(T) [21]. Using
this enhanced strong coupling constant, we have recalculated heavy quark
drag coefficients. The resulting electron R4 from heavy meson decays in
Au+ Au collisions at /syny = 200 GeV are shown in the right window of
Fig. 1 by the dash-dotted line and are seen to reproduce reasonably the
experimental data.

3. Charmed baryon to meson ratio

Another interesting phenomena in heavy-ion collisions at RHIC is the
possible enhancement of the ratios of heavy baryons to heavy mesons, espe-
cially if strong diquark (ud) correlations exist in the quark—gluon plasma |8].
The existence of diquark correlations in QGP can be probed by studying
their effects on A. production in relativistic heavy-ion collisions. Using the
quark coalescence model, we have recently studied the A./D® and A,/ B° ra-
tios in heavy-ion collisions by including also the resonance decay effects [9].
For the width parameters of hadron Wigner functions used in the coalescence
model, they are determined by requiring that the majority of heavy hadrons
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at low pp are formed from coalescence, and the remaining heavy quarks are
then converted to heavy hadrons via fragmentation as in pp collisions. For
central Au+ Au collisions at /sy = 200 GeV, the A./ D ratio is found
to be 1.34, which is about 10.3 larger than the prediction of the PYTHIA
model, and about a factor of 5.0 larger than that of the thermal model.
The enhancement of the A./DP ratio due to diquarks is about 1.6. For the
transverse momentum dependence of the A./D° ratio, we have found that it
peaks at pp ~ 2 GeV in the three-quark model and at pp ~ 0.8 GeV in the
diquark model as shown in the left window of Fig. 2. Therefore, the enhance-
ment of charmed baryon production over charmed meson production due to
diquarks can mostly be observed at low py region. These results are based
on a diquark mass of 445 MeV or a binding energy of 145 MeV. Because of
the thermal factor, the number of diquarks decreases as the diquark mass
increases, and this would reduce A. production and increase that of DY, re-
ducing thus the A./DP ratio. For example, if the diquark mass is 550 MeV,
the enhancement of the A./D° ratio due to diquarks would reduce from 1.6
to 1.3. The peak position in the ratio changes, however, very little. Similar
results are obtained for A, and B° and their ratio as shown in the right
window of Fig. 2. The enhanced A./D° ratio, which is expected to suppress
the electron R44 as the branching ratio of A, decay into electrons is smaller
than that of D°, does not lead, however, to additional suppression of the
electron Ra4 at large transverse momenta (> 5 GeV) [22], where the sup-
pression is mainly due to heavy quark energy loss in produced quark—gluon
plasma.
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Fig.2. Left window: spectra of (a) A. and (b) D°, and (c) the ratio A./D° in
midrapidity (|y| < 0.5) for central Au+ Au collisions at /5y = 200 GeV. Solid
lines are for the three-quark model and dashed lines are for the diquark model.
Results from the PYTHIA model are shown by filled circles. Right window: same
for bottomed hadrons.
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4. Thermal charm production

Charm quark production from the quark-gluon plasma formed in rela-
tivistic heavy-ion collisions was previously studied in Ref. [23] based on gluon
fusions in the leading-order QCD. Compared to the number of charm quarks
produced from initial hard scattering between incident nucleons, this study
shows that the number of thermally produced charm quarks is negligible
unless the temperature of the quark—gluon plasma is very high. We have re-
examined this problem in the next-to-leading order in QCD [10]. Specifically,
we have included the processes ¢+ ¢ — ¢+ ¢ and g+ g — c+ ¢ and their vir-
tual corrections as well as the processes ¢g+¢ — c+c+g and g+g — c+c+g.
The amplitudes for these processes were taken from Refs. [24,25] using mass-
less quarks and gluons, the QCD coupling constant ag(m.) ~ 0.37, and a
charm quark mass m. = 1.3 GeV. The charm quark production rate in
the quark—gluon plasma was then evaluated by integrating over the thermal
quark and gluon distributions in the quark—gluon plasma, which are taken
to have masses my = \/gmq =gT/ V2 with T being the temperature of the
quark—gluon plasma and g related to the thermal QCD coupling constant
as(27T) = g2 /47 of values ranging from ~ 0.23 for T' = 700 MeV to ~ 0.42
for T = 170 MeV. For both quark—antiquark annihilation and gluon—gluon
fusion, charm quark pair production cross-sections and their thermal aver-
ages are larger in the next-to-leading order than in the leading order and
depend sensitively on the temperature of the quark—gluon plasma. In the
left window of Fig. 3, we show the temperature dependence of the charm
quark pair production rates per unit volume from the leading order (dashed
line) and the next-to-leading order (solid line). Both are appreciable at high
temperatures with the latter larger than the former, and their ratio varies
from ~ 4.5 at low temperatures to ~ 1.8 at high temperatures as shown in
the inset in the figure. Since the initial temperature achieved in heavy-ion
collisions at RHIC is only about 350 MeV, thermal charm quark production
is thus unimportant.

This is different in heavy-ion collisions at LHC where the initial tem-
perature of the formed quark—gluon plasma is expected to be much higher.
To estimate the contribution of thermal charm quark production in cen-
tral Pb+ Pb collisions /syy = 5.5 TeV at LHC, we model the dynamics
of formed quark—gluon plasma by assuming that it evolves boost invari-
antly in the longitudinal direction but with an accelerated transverse ex-
pansion. Specifically, its volume expands in the proper time 7 according to
V(r) = mR%*(1)7c, where R(7) = Ry + a(T — 10)?/2 is the transverse radius
with an initial value Ry = 7 fm, the quark—gluon plasma formation time
70, and the transverse acceleration a = 0.1 ¢?/fm. Starting with an initial
temperature Ty = 700 MeV at 79 = 0.2 fm/¢, the time dependence of the
temperature is obtained from entropy conservation, leading to the critical
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temperature Tc = 170 MeV at proper time 7¢ = 6.4 fm/c. The initial num-
ber of charm pairs is taken to be dN./dy = 20 at midrapidity, which is
of similar magnitude as that estimated from initial hard nucleon—nucleon
collisions based on the next-to-leading order pQCD calculations. The total
number of charm pairs as a function of the proper time 7 is shown in the
right window of Fig. 3. As shown by the dashed line, including only the
leading-order contribution from two-body processes increases the number of
charm pairs by about 10% during the evolution of the quark—gluon plasma,
reaching a final value of about 22. Adding the next-leading-order contribu-
tion further increases the charm quark pair number by about 25% to about
27 as shown by the solid line. We have also found that thermal production
of charm quarks from the quark—gluon plasma becomes more important as
the initial number of charm quark pairs is smaller, e.g., the final numbers
are about 19, 27, and 45, respectively, for initial numbers of charm quark
pairs of 10, 20 and 40. The number of charm quark pairs produced from
the quark—gluon plasma would be reduced by a factor of about 3 if a larger
charm quark mass of 1.5 GeV or a lower initial temperature of Ty = 630 MeV
is used. The latter corresponds to an initial energy density similar to those
predicted by the AMPT model [26] and the Color Glass Condensate [27],
although both have considerable uncertainties. Thermal charm quark pro-
duction is, however, not much affected if gluons and quarks are taken to be
massless due to increase in their densities. On the other hand, increasing
the initial temperature to 750 MeV would enhance the thermally produced
charm quark pairs by about a factor of 2. Using a larger quark—gluon forma-
tion time of 7o = 0.5 fm/c reduces the initial temperature of the quark—gluon
plasma but not much the final number of charm quark pairs.
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Fig.3. (Color online) Left window: Charm quark production rate per unit volume
as a function of temperature. The inset gives the ratio between charm production
rates in the next-to-leading and the leading order. Right window: Time evolution
of charm quark pair numbers in central Pb + Pb collisions at /syny = 5.5 TeV.
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5. Charmed multiquark hadron production

Possible enhancement of charm quark production from the quark—gluon
plasma formed in heavy-ion collisions at LHC provides the opportunity to
search for exotic charmed multiquark hadrons that might be formed during
the hadronization of the quark-gluon plasma. Possible existence of stable
multiquark hadrons that consist of heavy quarks can be understood in terms
of arguments based on the simplified form of the color—spin interaction [28],
Cy ZDJ- §;-5j/m;mj, where m and § are the mass and spin of the constituent
quarks ¢ and j. The strength of the color—spin interaction Cpr should depend
on the wave function and the exact form of the interaction as well as the color
structure of either the quark—quark or quark—antiquark pair. This simple
form with C'y = Cp for a diquark and C = C)y for a quark—antiquark pair
can capture some of the essential physics in hadron masses. With the con-
stituent quark masses m, 4 = 300 MeV, m, = 500 MeV, m, = 1500 MeV,
and mp = 4700 MeV, the mass splittings between many hadrons and their
spin flipped partners can be reasonably described with Cg/m2 = 193 MeV
and Cy7/m2 = 635 MeV. The mass difference between a tetraquark meson
with identical diquarks T}, 4, (udg1G2) and the sum of vector meson M*(ugq)
and pseudo scalar meson M (dgz) masses due to the color—spin interaction

3CgB 1 Cp 1 Cpnp 3 Cum

is then given by ~Zmz T T2 " Armamay T Lmamar Since this mass dif-

ference decreases as ¢ and go become heavy, tetraquark mesons T¢.(udcc)
and Ty, (udbb) are bound by 79 MeV and 124 MeV, respectively. This is
contrary to the tetraquark meson Ts(udss), which is unbound by 63 MeV.
Essentially the same results have been obtained in the full constituent quark
model calculation [29,30] and the QCD sum-rule calculation [31]. Similar
considerations can be applied to tetraquark baryons Oy, (udusq). It is then
found that the tetraquark baryon Og.(udusc) is bounded relative to N Dg
by 30 MeV and X'D by 69 MeV, while it is unbound relative to AD by only
8 MeV. For the tetraquark baryon O (udusb), it is bounded by 68, 133,
and 56 MeV relative to NBg, 2’ B, and AB, respectively.

Using the quark coalescence model, we have estimated the yields of these
exotic multiquark hadrons in heavy-ion collisions at both RHIC and LHC.
Because of the expected large charm quark number in central Pb + Pb col-
lisions at LHC, the abundance of the tetraquark meson 7. and pentaquark
baryon O, are about 10~* and 1073, respectively. We have also discussed
their decay modes to illustrate how they can be identified in heavy-ion colli-
sions. In our studies, we have not taken into account the hadronic effect on
the abundance of these charmed exotics, as hadronic reactions that affect
their annihilation and production are unknown. Since the yields of 7., and
O.s from the coalescence model is significantly smaller than those expected
from the statistical hadronization model, including the hadronic effect is
expected to increase their yields substantially and reduces the differences
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from the predictions from the quark coalescence model and the statistical
hadronization model. We thus expect that the open and hidden charmed
hadron physics will be an interesting subject in the forthcoming heavy-ion
collision experiments.

6. Summary

We have found that because of the high density in the QGP, charm en-
ergy loss due to three-body scattering becomes non-negligible. Including
this effect helps explain the observed small nuclear modification factor of
non-photonic electrons from heavy meson decays in these collisions. The
formation of the QGP at RHIC also enhances significantly the production
of charmed A, relative to that of D°, particularly if strong diquark correla-
tions exist in the QGP. We have also shown that because of the high initial
temperature that is expected to be achieved in the quark—gluon plasma
produced in heavy-ion collisions at LHC, thermal charm quark production
may be important. This provides the possibility to search for possible exotic
charmed multiquark hadrons such as T¢.(udéc) and O4.(udusc). Verification
of the existence of these exotic hadrons will open a new frontier in charmed
hadron spectroscopy.
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