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lattice QCD with 2 4+ 1 dynamical flavors and quenched charm quarks we calculate second and fourth
order cumulants of net charm fluctuations and their correlations with other conserved charges such as
net baryon number, electric charge and strangeness. Analyzing appropriate ratios of these cumulants we
probe the nature of charmed degrees of freedom in the vicinity of the QCD chiral crossover region.
We show that for temperatures above the chiral crossover transition temperature, charmed degrees
of freedom can no longer be described by an uncorrelated gas of hadrons. This suggests that the
dissociation of open charm hadrons and the emergence of deconfined charm states sets in just near
the chiral crossover transition. Till the crossover region we compare these lattice QCD results with two
hadron resonance gas models—including only the experimentally established charmed resonances and
also including additional states predicted by quark model and lattice QCD calculations. This comparison
provides evidence for so far unobserved charmed hadrons that contribute to the thermodynamics in the
crossover region.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

1. Introduction Light quark bound states, on the other hand, dissolve already at
or close to the pseudo-critical temperature, T, reflecting the close

Bound states of heavy quarks, in particular the charmonium relation between the chiral crossover and deconfinement of light
state J/vy and its excitations as well as the heavier bottomonium quark degrees of freedom. This leads to a sudden change in the
states, are sensitive probes for deconfining features of the quark- bulk thermodynamic observables and is even more apparent in the
gluon plasma .(QGP) [1]. Different excitations 9f these states_ are behavior of fluctuations of conserved charges, i.e. baryon number,
expected to dissolve at different temperatures in the QGF, giving electric charge or strangeness [7,8]. The sudden change of ratios of

rise to a characteristic sequential melting pattern [2]. Recent lattice different moments (cumulants) of net-charge fluctuations and their
QCD calculations of thermal hadron correlation functions suggest correlations in the transition region directly reflects the change

that certain quarkonium states survive as bound states in the QGP
. . of degrees of freedom that carry the relevant conserved charges.
well beyond the pseudo-critical temperature of the chiral crossover . . ;
" . The total number of hadronic degrees of freedom, i.e. the detailed
transition T, = (154 £ 9) MeV [3]; the J/v¢ and its pseudo-scalar . . .
. . . hadronic mass spectrum also influences bulk thermodynamics. For
partner 7. disappear at about 1.5T. [4], while the heavier bot- . . 4
. . instance, the strong rise of the trace anomaly (¢ — 3P)/T*, found
tomonium ground states can survive even up to 2T, [5,6]. . . . . S
in lattice QCD calculations may be indicative for contributions of
yet unobserved hadron resonances [9].
* Corresponding author. Recently it has been shown that the large set of fourth or-
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fluctuations of conserved charges allows for a detailed analysis of
the change from hadronic to partonic degrees of freedom in differ-
ent charge sectors [10]. For instance, changes of degrees of free-
dom in the strange meson and baryon sectors of hadronic matter
can be analyzed separately by choosing appropriate combinations
of charge fluctuation observables. This led to the conclusion that
a description of strong interaction matter in terms of uncorrelated
hadronic degrees of freedom breaks down for all strange hadrons
in the chiral crossover region, i.e. at T < 160 MeV [10], which sug-
gests that strangeness gets dissolved at or close to T¢. This finding
has been confirmed with the analysis presented in [11].

A more intriguing question is what happens to the charmed
sector of the hadronic medium at the QCD transition tempera-
ture. While it seems to be established that charmonium states, i.e.
bound states with hidden charm, still exist in the QGP at tem-
peratures well above T, this may not be the case for heavy-light
mesons or baryons, i.e. open charm mesons (D, Ds) [12,13] or
charmed baryons (A¢, X¢, E¢, $2¢). To address this question we
calculate cumulants of net-charm fluctuations as well as correla-
tions between moments of net-charm fluctuations and moments
of net baryon number, electric charge or strangeness fluctuations.
Motivated by the approach outlined in Ref. [10] we analyze ra-
tios of observables that may, at low temperature, be interpreted
as contributions of open charm hadrons to the partial mesonic
or baryonic pressure of strong interaction matter. We show that
a description of net charm fluctuations in terms of models of un-
correlated hadrons breaks down at temperatures close to the chiral
crossover temperature. We furthermore show that at low temper-
atures the partial pressure calculated in the open charm sector
is larger than expected from hadron resonance gas (HRG) model
calculations based on all experimentally measured charmed reso-
nances as listed in the particle data tables [14]. It, however, agrees
well with an HRG based on charm resonances from quark model
[15-18] and lattice QCD calculations [19-21]. This points at the ex-
istence and thermodynamic importance of additional, experimen-
tally so far not established, open charm hadrons.

2. The charmed hadron resonance gas

While light quark fluctuations can be quite well described by
a hadron resonance gas [22] built up from experimentally mea-
sured resonances that are listed in the particle data tables [14]
it is not at all obvious that this suffices in the case of the heavy
open charm resonances. The particle data tables only list a few
measured open charm resonances. Many more are predicted in the
relativistic quark model [15-18] and lattice QCD [20,21] calcula-
tions. In fact, the large set of excited charmed mesons and baryons
found in lattice QCD calculations closely resembles the excitation
spectrum predicted in quark model calculations. It is expected that
many new open flavor states will be detected in upcoming ex-
periments at Jefferson Laboratory, FAIR and the LHC [16,23-25].
If these resonances are indeed part of the charmed hadron spec-
trum of QCD, they become excited thermally and contribute to the
thermodynamics of the charmed sector of a hadron resonance gas.
They will show up as intermediate states in the hadronization pro-
cess of a quark-gluon plasma formed in heavy ion collisions and
influence the abundances of various particle species [26]. Heavy-
light bound states also play an important role in the break-up of
quarkonium bound states. In lattice QCD calculations their contri-
bution becomes visible in the analysis of the heavy quark poten-
tial where they can help to explain the non-vanishing expectation
value of the Polyakov loop at low temperatures [27,28].

In order to explore the significance of a potentially large ad-
ditional set of open charm resonances in thermodynamic calcula-
tions at low temperature we have constructed HRG models based

on different sets of open charm resonances. In addition to the
HRG model that is based on all experimentally observed charmed
hadrons (PDG-HRG), we also construct an HRG model based on
a set of charmed hadrons calculated in a quark model (QM-HRG)
where we used the charmed meson [17] and charmed baryon [18]
spectrum calculated by Ebert et al.!

One may wonder whether all the resonances calculated in a
quark model exist or are stable and long-lived enough to con-
tribute to e.g. the pressure of charmed hadrons. However, as highly
excited states with masses much larger than the ground state
energy in a given quark flavor channel are strongly Boltzmann
suppressed, they play no significant role in thermodynamics. For
this reason we also need not consider multiple charmed baryons
or open charm hybrid states that have been identified in lattice
QCD calculations [20,21] but generally have masses more than
(0.8-1) GeV above those of the ground state resonances. We ex-
plore the impact of such heavy states by introducing different cut-
offs to the maximum mass up to which open charm resonances are
taken into account in the HRG model. For instance, QM-HRG-3 in-
cludes all charmed hadron resonances determined in quark model
calculations that have masses less than 3 GeV.

We calculate the open charm meson (Mc(T, ii)) and baryon
(Bc(T, 1)) pressure in units of T4, such that the total charm con-
tribution to the pressure is written as P¢(T, ji)/T* = Mc(T, i) +
Bc(T, ji). As the charmed states are all heavy compared to the
scale of the temperatures relevant for the discussion of the
thermodynamics in the vicinity of the QCD crossover transition,
a Boltzmann approximation is appropriate for all charmed hadrons,

(M 21( T
8i T 2(m;/T)

x cosh(Qifiq + Sifts + Cific),

. 1
Mc(T, [ =55 >

ieC-mesons

. 1 i 2
BT =55 3. gi(mT) Ka(mi/T)

ieC-baryons
x cosh(Bjflp + QifLq + Sifis + Cific). (1)

Here, L = (4B, [Lq, Is, ), = /T and g; are the degeneracy
factors for the different states with electric charge Q;, strangeness
S; and charm C;.

Results from calculations of open charm meson and baryon
pressures using different HRG models are shown in Fig. 1. The in-
fluence of additional states predicted by the quark model is clearly
visible already in the QCD crossover transition region. At T, differ-
ences between PDG-HRG (dashed lines) and QM-HRG (solid lines)
in the baryon sector are as large as 40% while they are negligible
in the meson sector. This reflects that the experimentally known
meson spectrum is more complete than the baryon spectrum.

In the open charm meson sector, the well established excita-
tions cover a mass range of about 700 MeV above the ground state
D, Ds-mesons. In the charmed baryon sector much less is known,
for instance, experimentally well known excitations of Z. range
up to 350 MeV above the ground state and in the doubly strange
charmed baryon sector only two £2. states separated by 100 MeV
are well established.

As a consequence of the limited knowledge of the charmed
baryon spectrum compared to the open charm meson spectrum,
the ratio of partial pressures in the baryon and meson sectors
differs strongly between the PDG-HRG and the QM-HRG. This is

! The thermodynamic considerations presented here are mainly sensitive to the
number of additional hadrons included in the calculations and not to the precise
values of their masses. Thus lattice QCD results on the charmed baryon spectra [21]
also lead to similar conclusions.
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Fig. 1. Partial pressure of open charm mesons (M., bottom), baryons (B., middle)
and the ratio Bc/Mc (top) in a gas of uncorrelated hadrons, using all open charm
resonances listed in the particle data table (PDG-HRG, dashed lines) [14] and using
additional charm resonances calculated in a relativistic quark model (QM-HRG, solid
lines) [17,18]. Also shown are results from HRG model calculations where the open
charm resonance spectrum is cut off at mass 3 GeV (QM-HRG-3) and 3.5 GeV (QM-
HRG-3.5). At temperatures below 160 MeV the latter coincides with the complete
QM-HRG model results to better than 1%.

shown in Fig. 1 (top). Significant differences between the QM-
HRG-3 and PDG-HRG results also indicate that almost half of the
enhanced contributions actually comes from additional charmed
baryons that are lighter than the heaviest PDG state. Similar con-
clusions can be drawn when analyzing partial pressures in the
strange-charmed hadron sector or the electrically charged charmed
hadron sectors.

3. Calculation of charm fluctuations in (2 + 1)-flavor lattice QCD

In order to detect changes in the relevant degrees of freedom
that are the carriers of charm quantum numbers at low and high
temperatures as well as to study their properties we calculate di-
mensionless generalized susceptibilities of conserved charges,

pasc _ 3P (g, fio. fis, fic)/T]
e ofiopl, Ao iz

Here P denotes the total pressure of the system. In the following
we also use the convention to drop a superscript in X’grgnsc when
the corresponding subscript is zero.

For our analysis of net charm fluctuations we use gauge field
configurations generated with the highly improved staggered quark
(HISQ) action [29]. Use of the HISQ action in the charm sectors in-
cludes the so-called e-term and thus makes our calculations free of
tree-level order (am.)* discretization errors [29], where m. is the
bare charm quark mass in units of the lattice spacing. These dy-
namical (2 4 1)-flavor QCD calculations have been carried out with
a strange quark mass (mjs) that has been tuned to its physical value
and light (u,d) quarks with mass m;/mg = 1/20. In the continuum
limit, the latter corresponds to a light pseudo-scalar mass of about
160 MeV. The charm quark sector is treated within the quenched
approximation, neglecting the effects of charm quark loops. Within
the temperature range relevant for the present study, the quenched
approximation for the charm quarks is very well justified. Various
lattice QCD calculations using dynamical charm have confirmed
that contributions of dynamical charm quarks to bulk thermody-
namic quantities, including the gluonic part of the trace anomaly

(2)

as well as the susceptibilities of light, strange and charm quarks,
remain negligible even up to temperatures as high as 300 MeV
[30,31]. We note that these quantities directly probe the influence
of virtual quark pairs on observables calculated at a fixed value of
the temperature. Unlike in these cases there is no simple observ-
able known that would allow us to directly calculate the pressure
at fixed temperature. This may be the reason for differences seen
in current calculations of the pressure [30,31] using quenched or
dynamical charm. In this work, we only use observables that are
of the former type and also do not require any multiplicative or
additive renormalization.

The line of constant physics for the charm quark has been
determined at zero temperature by calculating the spin-averaged
charmonium mass [32], %(mnc +3myj,y ). For this purpose we used
gauge field configurations generated by hotQCD on lattices of size
324 and 323 .48 in the range of gauge couplings, 6.39 < 8 =
10/g% < 7.15 [3,22]. On finite temperature lattices with temporal
extent N; = 8, this covers the temperature range’ 156.8 MeV <
T <330.2 MeV. On these lattices and for the slightly larger-than-
physical light quark mass value used in our calculations the tran-
sition temperature is 158(3) MeV, i.e. about 4 MeV larger than the
continuum extrapolated results at the physical values of the light
and strange quark masses [3]. We consider this difference of about
3% as the typical systematic error for all temperature values quoted
for our analysis, which is not extrapolated to the physical point in
the continuum limit.

The line of constant physics for the charm quark sector is well
parametrized by

—— coR(B) + c2R3(B)
1+daR%(B)

with R(B8) denoting the two-loop B-function of massless 3-flavor
QCD and cg = 56.0, c; = 1.16 x 10%, d, = 8.67 x 10°. On this
line the charm quark mass varies by less than 5%. The ratio of
charm and strange quark masses, m./ms, varies by about 10%, with
me/mg =12.42 at $ =6.39 and m./mg=11.28 at § =7.15.

For most of our calculations we use data sets on lattices of size
323 .8. A subset of these configurations has already been used for
the analysis of strangeness fluctuations [10]. These data sets have
been enlarged and now contain up to 16 700 configurations at the
lowest temperature, separated by 10 time units in rational hybrid
Monte Carlo updates. Some additional calculations have been per-
formed on coarser 24> - 6 lattices, with fixed m./m; = 12, in order
to check cut-off effects also in the charm quark sector. We summa-
rize the statistics exploited in this calculation in Table 1. We calcu-
late all the moments of net charm fluctuations needed to construct
up to fourth order cumulants that correlate net-charm fluctuations
with net baryon number, electric charge and strangeness fluctua-
tions. As the calculation of charm fluctuations is fast we can afford
to use on each gauge field configuration up to 6000 Gaussian dis-
tributed random source vectors for the inversion of the charmed
fermion matrix. This leaves us with statistical errors that mainly
arise from fluctuations in the light and strange quark sectors where
we have used 1500 random source vectors for the inversion of the
corresponding fermion matrices.

, (3)

4. Partial pressure of open charm hadrons from fluctuations and
correlations

Our analysis of higher order cumulants of net charm fluctu-

ations and their correlations with net baryon number, electric
charge and strangeness, closely follows the concepts developed

2 At finite lattice spacing fx has been used to set the temperature scale [22].
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Table 1
Number of configurations analyzed at different values of
the temperature and on different size lattices.

N =8 N =6

T [MeV] # conf T [MeV] # conf
156.8 16700

162.0 9520 162.3 7820
165.9 9000 166.7 3590
168.6 6130 170.2 5140
173.5 5510

178.3 5500

184.8 5730

189.6 4930

196.0 6000

207.3 1800

237.1 1600

273.9 1600

330.2 1600

for our analysis of strangeness fluctuations [10]. The large charm
quark mass, m: > T, however leads to some simplifications. First
of all, for temperatures a few times the QCD transition tempera-
ture, Boltzmann statistics is still a good approximation for a free
charm quark gas. In the high temperature phase we can thus
compare our results with cumulants derived from a free massive
quark-antiquark gas in the Boltzmann approximation,

Pc,free(mc/T, IEL/T)
T4

3 /me\? ig 2. .
== (7) 1<z<mc/T)cosh(% +3h0 + uc), 4)

where we used explicitly the quantum numbers of charm quarks.
Another simplification occurs at low temperatures, where we ex-
pect a hadron resonance gas to provide a good description of
cumulants of net charge fluctuations. At these temperatures, the
pressure of the hadronic medium receives contributions from
different open charm mesons and baryons. Using the fact that
these hadrons carry integer conserved charges for baryon number
(|B] < 1), electric charge (|Q | < 2), strangeness (|S| < 2) and charm
(]C] < 3), we can separate the total open charm contribution to the
pressure in terms of different mesonic (M¢) and baryonic (B¢ ;
with i =|C| =1, 2, 3) sectors,

P Mot )+ Be(T,
3
=Mc(T, 1)+ ) _ Bci(T, ). (5)

i=1

In this work, we further motivate the decomposition of the open
charm pressure in terms of partial pressures in different electric
charge and strangeness sectors. In such cases, we decompose the
corresponding partial pressures as

Pc x(T, ji) . .
XTi‘lM = Mc,jxj=1(T, ) + Bc,jxj=1(T, i)
+ Bc,xj=2(T. 1), X=Q,5S. (6)

Due to the large charm quark mass, the masses of charmed
baryons with |C| =2 or 3 are substantially larger than those
of the |C| =1 hadrons; e.g. A =mc—y — Mc=1 =~ 1.2 GeV. Even
at T ~ 200 MeV, i.e. well beyond the validity range of any HRG
model, the contribution of a |C| =2 hadron to P¢(T, ji)/T* thus
is suppressed by a factor exp(—A/T) ~ 107> relative to that of a
corresponding |C| = 1 hadron. The latter thus will dominate the to-
tal partial charm pressure, Pc(T, i)/T4 ~ Mc(T, i) + Bc 1(T, ii).

Similarly the baryon contributions to the charged and strange par-
tial charm pressures will be dominated by |C| =1 baryons only.

The dominance of the |C| =1 sector in all fluctuation observ-
ables involving open charm hadrons is immediately apparent from
the temperature dependence of second and fourth order cumulants
of net-charm fluctuations, ch and va as well as the correlations
between moments of net baryon number and charm fluctuations
(BC-correlations). As long as the strong interaction medium can
be described by a gas of uncorrelated hadrons these observables
have simple interpretations in terms of partial pressure contribu-
tions Mc and Bc; evaluated at i =0,

XS =Mc+Bci1+2"Bca+3"Bcs~Mc+Bc,
Xo< =Bc,1+2"Bca+3"Bcs > Bt (7)

where n,m > 0 and n or n +m are even, respectively. Here and
in the following we often omit the arguments of the functions
Mc(T,0), Bci(T,0).

The quantity (x5 — x5)/12 is an upper bound for the con-
tribution to the pressure from the |C| > 1 channels in the open
charm sector. For all temperature values analyzed by us, we find
that this quantity is less than 0.2% of ch . In fact, for temperatures
T <200 MeV the difference vanishes within errors. This may easily
be understood as this difference is only sensitive to contributions
of baryons with charm |C|=2,3; i.e. x{ — x5 =12Bc2+72Bc3
in a gas of uncorrelated hadrons. We thus conclude that up to
negligible corrections all cumulants of net-charm fluctuations, ch ,
with n > 0 and even, directly give the total open charm contri-
bution to the pressure in an HRG, P¢ = P¢(T, 0) >~ ch- Moreover,
each of the off-diagonal BC-correlations, x,3¢, with n+m > 0 and
even, approximates well the partial pressure of charmed baryons,
Bc = Bc(T, 0) = x2S In Fig. 2 (right) we show lattice QCD data
for X4C/X2C. In the crossover region this ratio is close to unity. This
confirms that at low temperature the charm fluctuations ch and
X4C indeed are equally good representatives for the open charm
partial pressure.

5. Melting of open charm hadrons

In order to determine the validity range of an uncorrelated
hadron resonance gas model description of the open charm sector
of QCD, without using details of the open charm hadron spectrum,
we analyze ratios of cumulants of correlations between net charm
fluctuations and net-baryon number fluctuations (BC-correlations)
as well as cumulants of net charm fluctuations (ch ).

As motivated in the previous section, a consequence of the
dominance of the |C| =1 charmed baryon sector in thermody-
namic considerations is that, to a good approximation, BC-corre-
lations in the hadronic phase obey simple relations as

anf ~ X]Bf, n+m > 2 and even. (8)

The ratio of any two of these susceptibilities, ie. x5¢/x5¢

thus will be unity in a hadron resonance gas irrespective of its
composition and the details of the baryon resonance spectrum.
In Fig. 2 (left) we show the ratio X1B3C/X232C. It clearly suggests
that above the crossover region, an uncorrelated gas of charmed
baryons does no longer provide an appropriate description of the
BC-correlations. Also shown in this figure is the ratio x&C/xEC. It
is consistent with unity for all temperatures because the relation
X = xBC not only holds in a non-interacting charmed hadron
gas (Eq. (8)), but also is valid in an uncorrelated charmed quark
gas, as is easily seen from Eq. (4). Higher order derivatives with
respect to baryon chemical potentials, on the other hand, distin-
guish between the hadronic and partonic phases. E.g., one finds
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Fig. 2. The left hand figure shows two ratios of fourth order baryon-charm (BC) correlations. In an uncorrelated hadron gas both ratios receive contributions only from
charmed baryons. Similarly, for the right hand figure the ratio x{ /x5 is dominated by and (x5 — x25)/(x§ — x£F) only receives contributions from open charm mesons.
The horizontal lines on the right hand side of both figures show the infinite temperature non-interacting charm quark gas limits of the respective quantities. The shaded
region indicates the chiral crossover temperature at the physical pion mass in the continuum limit, T, = (154 £+ 9) MeV, determined from the maximum of the chiral
susceptibility [3]. Calculations have been performed on lattices of size 323 - 8 (filled symbols) and 243 - 6 (open symbols).
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Fig. 3. Ratios of baryon-electric charge (BQ ), baryon-strangeness (BS) and baryon-
charm (BC) correlations calculated on lattices of size 323 - 8. In the case of BQ and
BS correlations we show results from the (2 + 1)-flavor calculations where B and Q
do not contain any charm contribution. These data are taken from Refs. [10,33]. The
shaded region shows the chiral crossover region as in Fig. 2. Horizontal lines on the
right side show corresponding results for an uncorrelated quark gas. It should be
noted that this limiting value is not defined for Xflq/xflq since the denominator
as well as the numerator vanishes in perturbation theory up to O(g%).

that for n being odd, x2C/xE¢ =1 in a hadron gas and 3'~" in an
uncorrelated charm quark gas.

Subtracting any of the BC-correlations from the quadratic or
quartic charm fluctuations provides an approximation for the open
charm meson pressure in a gas of uncorrelated hadrons. We thus
expect for instance, the relation

Mc=X§ = X{5 = x5 — X35 (9)
to hold at low temperatures. Their ratio thus should be unity
at low temperatures as long as the HRG description is valid.
Fig. 2 (right) shows the ratio of the two observables introduced
in Eq. (9). It is obvious from the figure that also in the meson sec-
tor, an HRG model description breaks down in the crossover region
at or close to Tk.

The behavior seen in Fig. 2 for correlations between net
charm fluctuations and net baryon number fluctuations, in fact,
is quite similar to the behavior seen in the strangeness sector
(BS-correlations) [10] as well as in the light quark sector which
dominates the correlations between net electric charge and net
baryon number (BQ -correlations) [22]. In Fig. 3 we show a com-
parison of ratios of cumulants of such correlations. For the BS and
BQ correlations with the lighter quarks we have two additional

data points below 156 MeV. In the charm sector we choose a ra-
tio of cumulants involving higher order derivatives in the charm
sector as correlations involving only first order derivatives have
large statistical errors. These ratios all should be unity in a gas
of uncorrelated hadrons. It is apparent from Fig. 3 that such a
description breaks down for charge correlations involving light,
strange, or charm quarks in or just above the chiral crossover re-
gion.

6. Abundance of open charm hadrons

We now turn to the analysis of ratios of charge correlations
and fluctuations that are, in contrast to the ratios shown in Fig. 2,
sensitive to some details of the open charm hadron spectrum. We
construct partial pressure components for the electrically charged

charmed mesons and the strange-charm mesons, Mqc =~ X%C —

x2S and Msc =~ x3€ — xBSC, respectively. We also consider the

partial pressure of all open charm mesons Mc = x5 — x{s as mo-
tivated in Eq. (9). Using these observables we construct ratios with
cumulants, which in an HRG receive contributions only from dif-
ferent charmed baryon sectors in the numerator,

BC BQC BSC
RBC — X13 RQC _ X112 RSC — X112 (10)
13 — ’ 13 — ’ 13 — .
Mc Mqc Msc

In an HRG, the first ratio just gives the ratio of charmed baryon
and meson pressure, (ng)HRG = Bc/Mc. In the two other cases,
the numerator is a weighted sum of partial charmed baryon pres-
sures in charge sectors |X| =1 and |X| =2 with X =Q and S,
respectively. These ratios are shown in Fig. 4.

HRG model predictions for these ratios strongly depend on
the relative abundance of the charmed baryons over open charm
mesons. Shown in Fig. 4 are results obtained from the PDG-HRG
calculation (dashed lines) and the QM-HRG (solid lines). Clearly
in the temperature range of the QCD crossover transition, the
lattice QCD data for these ratios are much above the PDG-HRG
model results. In all the cases, the deviation from the PDG-HRG
at T =160 MeV is 40% or larger. As discussed in Section 2, this
may not be too surprising as only a few charmed baryons have so
far been listed in the particle data tables. The lattice QCD results
instead show good agreement with an HRG constructed from open
charm meson and baryon spectra calculated in a relativistic quark
model [17,18]. The difference in PDG-HRG and QM-HRG model cal-
culations mainly arises from the baryon sector (see Fig. 1). The
observables shown in Fig. 4 thus provide first-principles evidence
for a substantial contribution of experimentally so far unobserved
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Fig. 4. Thermodynamic contributions of all charmed baryons, R%C (top), all charged

charmed baryons, R%C (middle) and all strange charmed baryons, ng (bottom)
relative to that of corresponding charmed mesons (see Eq. (10)). The dashed lines
(PDG-HRG) are predictions for an uncorrelated hadron gas using only the PDG
states. The solid lines (QM-HRG) are similar HRG predictions including also the
states predicted by the quark model of Refs. [17,18]. The dotted lines (QM-HRG-
3) are the same QM predictions, but only including states having masses <3 GeV.
The shaded region shows the QCD crossover region as in Fig. 2. The horizontal lines
on the right hand side denote the infinite temperature non-interacting charm quark
gas limits for the respective quantities. The lattice QCD data have been obtained on
lattices of size 323 - 8 (filled symbols) and 24° - 6 (open symbols).

charmed baryons to the pressure of a hadron resonance gas.> This
is also consistent with a large set of additional charmed baryon
resonances that are predicted in lattice QCD calculations [21].

7. Conclusions

We have calculated second and fourth order cumulants of
net charm fluctuations and their correlations with fluctuations of
other conserved charges, i.e. baryon number, electric charge and
strangeness. Ratios of such cumulants indicate that a description of
the thermodynamics of open charm degrees of freedom in terms
of an uncorrelated charmed hadron gas is valid only up to tem-
peratures close to the chiral crossover transition temperature. This
suggests that open charm hadrons start to dissolve already close
to the chiral crossover. Moreover, observables that are sensitive to
the ratio of the partial open charm meson and baryon pressures
as well as their counterparts in the electrically charged charm sec-
tor and the strange-charm sector suggest that a large number of
so far experimentally not measured open charm hadrons will con-
tribute to bulk thermodynamics close to the melting temperature.
This should be taken into account when analyzing the hadroniza-
tion of charmed hadrons in heavy ion collision experiments.

So far our analysis has been performed by treating the charm
quark sector in quenched approximation using fully dynamical
(24 1)-flavor gauge field configurations as thermal heat bath. This,
in fact, seems to be appropriate for the situation met in heavy ion

3 It should be obvious that this contribution to the pressure nonetheless is
strongly suppressed relative to the contribution of the non-charmed sector in HRG
models.

collisions, where charm quarks are not generated thermally but are
embedded into the thermal heat bath of light and strange quarks
through hard collisions at early stages of the collision. We also
do not expect that the cumulant ratios analyzed here will change
significantly by treating also the charm sector dynamically. This,
however, should be verified in future calculations.
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