Lawrence Berkeley National Laboratory
LBL Publications

Title
Charmed nuclei and exotic charmed meson production at CBM@FAIR and ALICE@LHC

Permalink

bttgs:ééescholarshiQ.orgéucgitem42k90c78g

Journal
Physics Letters B, 881

ISSN
0370-2693

Authors

Chimruang, Thanaporn
Herold, Christoph
Limphirat, Ayut

Publication Date
2026-10-01

DOI
10.1016/j.physletb.2026.140854

Copyright Information
This work is made available under the terms of a Creative Commons Attribution
License, available at bttgs://creativecommons.orq/licenses/bv/4.0,|

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/2k90c78k
https://escholarship.org/uc/item/2k90c78k#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

Phys. Lett. B 881 (2026) 140854

journal homepage: www.elsevier.com/locate/physletb —

Contents lists available at ScienceDirect

Physics Letters B

Letter

Check for

Charmed nuclei and exotic charmed meson production at CBM@FAIR and

ALICE@LHC

Thanaporn Chimruang ¥ °, Christoph Herold
Jan Steinheimer (2 >¢, Benjamin Dénigus

Marcus Bleicher (2 &P

4, Ayut Limphirat
4 Tom Reichert

&% Yupeng Yan ¥ ?,
¢, Volodymyr Vovchenko &*,

aSchool of Physics, and Center of Excellence in High Energy Physics and Astrophysics, Suranaree University of Technology, Nakhon Ratchasima, 30000, Thailand
b GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, Planckstr. 1, Darmstadt, D-64291, Germany

¢ Frankfurt Institute for Advanced Studies, Ruth-Moufang-Str. 1, Frankfurt am Main, 60438, Germany

d Institut fiir Kernphysik, Goethe-Universitdt Frankfurt, Max-von-Laue-Str. 1, Frankfurt am Main, D-60438, Germany

© Theoretical Physics Department, CERN, 1211 Geneva 23, Switzerland
f Department of Physics, University of Houston, Houston, TX, 77204, USA

8 Institut fiir Theoretische Physik, Goethe-Universitdt Frankfurt, Max-von-Laue-Str. 1, Frankfurt am Main, D-60438, Germany
h Helmholtz Research Academy Hesse for FAIR (HFHF), GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, Campus Frankfurt, Max-von-Laue-Str. 12, Frankfurt

am Main, 60438, Germany

ARTICLE INFO ABSTRACT

Editor: Dr Francois Gelis

Keywords:

Charmed nuclei
Exotic charmed meson
UrQMD

Thermal-FIST model

We make predictions for the expected multiplicities of exotic charmed hadrons and charmed nuclei in Au+ Au
collisions at SIS100 and Pb +Pb collisions at LHC beam energies, using input on light hadron and charm pro-
duction from the UrQMD transport model, and applying the Thermal-FIST model. We demonstrate that the CBM
experiment has the capability to explore these states with production rates of 1 per second for y,,(1P)and y,,(1P),
and 3 per minute for X (3872) at the expected data taking rates. These rates should be seen as order-of-magnitude
estimates due to the extrapolation of the charm production mechanisms into the unknown high-baryon density

and subthreshold territory that FAIR explores. Due to the higher baryon density at CBM compared to the LHC,
charmed nuclei, if they exist, will be equally abundant at CBM as at the LHC, even though the total charm
production at CBM is much lower.

1. Introduction

Charmed hadrons are an important tool to test our understanding
of the strong interaction [1-4]. Especially the study of so-called exotic
states of charmed mesons can give new insights and dedicated exper-
imental programs exist, e.g., at BESIII [5] and LHCb [6]. A downside
of such programs is the rather small production probability of charmed
hadrons due to their large mass, even in high energy e*te~ or hadron-
hadron collisions. Another interesting topic relating to charmed physics
is the possible existence of charmed nuclei [7-9], i.e., atomic nuclei
containing at least one charmed hadron. Requiring the coalescence of
charmed baryons with at least one other baryon makes such states dif-
ficult to produce.

High-energy collisions of heavy nuclei, on the other hand, offer a
unique opportunity for producing exotic charmed hadrons as well as
charmed nuclei. Here, charm quarks are produced in the early stage of

* Corresponding author.

the reaction and their number is conserved throughout the evolution
of the fireball. Their distribution into various hadron species is then
determined at the chemical freeze-out [10,11]. In addition, due to the
large number of baryons involved in the collisions, the probability to
produce light nuclei in the collision zone is large enough to allow for
the formation of charmed nuclei [9,12].

In this work, we provide estimates of the production cross sections
of several exotic charmed hadrons as well as charmed nuclei in Au+ Au
collisions at the future SIS100 and Pb+Pb collisions at the existing
LHC. Using the multiplicities of light hadrons and the most common
charmed hadrons as input, we can use the assumption of statistical
hadron production [11] to estimate the yields of exotic charmed hadrons
and charmed nuclei with the Thermal-FIST model [13]. Within the sta-
tistical hadronization model (SHM) [14], the system is described as a
thermalized hadron gas, and the partition function encodes the accessi-
ble states. This framework allows to predict the production yields and
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relative abundances of charmed hadrons [11,14], including open charm
mesons, charmed baryons, hidden charm states, and possible exotic con-
figurations.

Such predictions are highly relevant for upcoming experiments at
FAIR and GSI as well as at the LHC, where the observation of charm
and exotic bound states would provide valuable information on QCD in
extreme conditions [15].

The light and charmed hadron multiplicities are estimated for the
SIS100 beam energy range using the microscopic transport model
UrQMD [16-18] (for recent charm studies at FAIR energies within
UrQMD see e.g. [9,19]). At LHC energies we can rely on available data
from the ALICE experiment as input.

For the near- and subthreshold charm estimates at FAIR energies,
a word of caution is necessary, as they rely on various theoretical as-
sumptions due to the lack of experimental data: The physical model to
calculate charm production in Au+ Au reactions at near- and subthresh-
old energies relies on the assumption of the production of heavy reso-
nances, which collect the available energy of the system via multi-step
processes. The production and decay rates of these heavy baryonic reso-
nances are matched to describe the available data for charm production
in p+p reactions at \/m = 6.7 GeV (the only available data point for
charm production at very low collision energies) [9]. In a next step one
assumes that these heavy resonance states can also be excited by multi-
step process in nucleus-nucleus collisions and that their branching ratios
follow the usual phase space behavior. If these assumptions are satis-
fied, we can obtain an estimate on the initial total charm production
cross section from the simulation that can then be used in the statistical
model. Since detailed theoretical or experimental data on the interac-
tion of charm quarks with hadrons are essentially non-existing, we rely
on the statistical assumptions to calculate how the charm quarks are
redistributed among the available hadrons. We therefore regard these
calculations at FAIR energies as guidelines (i.e., order-of-magnitude esti-
mates) to motivate a charm program at FAIR rather than a highly precise
prediction of the different charm yields. It is clear that detailed predic-
tions of charmed hadrons at FAIR need further experimental input to
provide the necessary constraints for the simulations. E.g., measuring
D mesons and A, in p+p collisions just above their threshold would
already provide sufficient input for more precise predictions below the
threshold in A+ A collisions.

2. Methodology
2.1. Thermal hadron yields

The statistical hadronization model has been used in the past to de-
scribe the multiplicities of hadrons produced in A+ A, p+A as well as
p+p collisions over a wide range of beam energies [14,20-22]. It is
based on the assumption of chemical equilibrium where hadrons are
produced according to thermal weights at the chemical freeze-out stage
of the collision.

Due to the large mass of the charm quark, charm-anticharm pairs in nu-
clear collisions are predominantly created in initial hard partonic scat-
terings at high energies or by hadronic multi-step process at lower en-
ergies and their total number remains conserved during the subsequent
evolution of the system. At beam energies relevant for FAIR and even at
moderate LHC energies, the average number of charm pairs per event
is significantly smaller than unity. As a consequence, charm production
cannot be treated within the grand canonical ensemble but requires an
exact, canonical implementation of charm conservation.

In a general canonical statistical hadronization approach, the yields
of charmed hadrons, in equilibrium, would be suppressed relative to
their grand-canonical expectation. This suppression originates from ex-
act conservation of the charm quantum number within a finite correla-
tion volume (V,) and becomes increasingly important for small charm
multiplicities (similar to the effect observed for strangeness in small sys-
tems and beam energies close to the strangeness threshold [20,23]).

Physics Letters B 881 (2026) 140854

The canonical formulation of the statistical hadronization model is
based on the exact conservation of the relevant quantum numbers within
a finite correlation volume. In this approach, the partition function is
constructed by projecting the grand-canonical ensemble onto fixed val-
ues of the conserved charges. For a hadron resonance gas with conserved
baryon number B, electric charge Q, strangeness .5, and charm C, the
canonical partition function at a given temperature 7 and correlation
volume V, reads [20,24,25]:

2(B.0.5.C) = /d¢3/d¢Q/d¢s/d¢c

o <B¢B+Q¢Q+S¢S+C¢c)

[Zj oolZ/"em(qu>B+Qj¢Q+Sj¢S+CjQSC)]
n=1%j.

(@)
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Canonical corrections simplify considerably when the canonical
treatment is applied to charm conservation only (in this case, the baryon,
strangeness, and electric charge densities are regulated by the corre-
sponding chemical potentials). In the absence of multi-charm states, as
is the case here, and applying the Maxwell-Boltzmann approximation

(n=1),

1;(24/8€,8€) | s€
rCe = pCsee v +# U _Zl for C; = 1. 3)
Ip(24/5€,5€) \ S

Here
V Z Cgce ( 4)
ieCi=+1
where niC,gce is the grand-canonical density
Coce _ lal 5|1 diTm® omy\  1BBrHQOksS:
n; —quC22K2T€ r : ®)

Using Thermal-FIST we verified that the canonical corrections for
charges other than charm are negligible for A + A collisions studied here,
and that Eq. (3) provides an accurate description of charm yields. For
this reason, we treat other quantum numbers within a grand canonical
partition function and fix the relevant temperature and chemical poten-
tials using the standard chemical freeze-out systematics.

A unique feature about charm production in nuclear collisions is that,
even though their multiplicity is very small, the charmed quark pairs
are mainly produced in the early stage of the collision, and the total
abundance of charm + anti-charm quarks is larger than what one would
expect even for a grand canonical ensemble. Therefore, one assumes
that charm hadrons are only in thermal, not in chemical equilibrium. A
charm fugacity y, has to be introduced which is determined by the total
charm production cross section. Canonical corrections have to be added
in addition.

2.2. Model inputs: open and hidden charm yields

To make predictions for the statistical distribution of the charm
quarks among the produced hadrons, the two additional inputs (in addi-
tion to temperature and the baryon-chemical potential) need to be con-
strained: the charm suppression/enhancement factor y, and the charm
canonical radius R,. Typically one uses the total charm yield, and a hid-
den charm meson multiplicity as input.

Practically, there are two different ways to obtain these inputs: At
higher energies, like currently explored at the LHC, one conveniently
uses the measured multiplicities of light and charmed hadrons as input
for the thermal parameter fits. This is possible for experiments like AL-
ICE where an extensive set of measurements exists. Unfortunately, at
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Fig. 1. Input (symbols) and fitted (lines) light hadron multiplicities from the
UrQMD simulations of Au+ Au collisions at different centrality selections. For
the fits only hadron multiplicities without light nuclei where used.

lower energies and for reactions that have not yet been measured (like
in the present case for FAIR energies), we cannot rely on existing data.

Consequently, we use the available ALICE data [26-29] for our pre-
dictions at LHC beam energies on charm production in Pb + Pb collisions
at 5.02 TeV as input for the thermal fits. In the FAIR energy range, as a
replacement for the yet unavailable experimental data, we use estimates
based on the UrQMD model. The UrQMD transport model [16-18] has
been used successfully in the past to describe hadron multiplicities in
hadron and nuclear reactions over a wide range of beam energies. It is
based on hadronic degrees of freedom and the excitation and fragmen-
tation of color strings at higher energies. In the latest version, the im-
plemented hadron spectrum includes (strange and non-strange) meson
and baryon resonances up to masses of 4 GeV. The hadrons are prop-
agated via the Hamilton equations of motion, if nuclear potentials are
used. Without potentials, the hadrons follow straight line trajectories
(cascade mode). Typically, the collision of two nuclei consists of three
stages: I) initialization of the colliding nuclei, II) particle production,
decay, and subsequent rescattering, followed by III) the freeze-out/de-
coupling stages, where inelastic and finally all interactions cease.

A recent study has already shown that the chemical freeze out pa-
rameters obtained from the UrQMD evolution, when including a realis-
tic equation of state, lie close to a global chemical freeze out line that is
compatible with the thermal model parameters [30,31]. It is therefore
reasonable to use the temperature and chemical potentials from a fit to
UrQMD as input for our predictions of expected hadron yields in the
SIS100 beam energy range.

To constrain the inputs of charmed hadron production y, and R,
needed for the statistical analysis, we use the open charmed hadron
multiplicity from A, to fix y, and the hidden charm hadron multiplicity
from J /¥ to fix R,. If data from FAIR become available, these estimates
could be replaced by actually measured yields.

In a previous work, we have discussed how the production of these
charmed hadrons at FAIR energies can be included in the UrQMD simu-
lations. To calculate charm production near and even below threshold, it
was implemented via the formation and decays of heavy resonances (in
analogy to ¢ production), with parameters fitted to elementary cross sec-
tions measured by experiment in p + p interactions slightly above thresh-
old [9]. While this approach is sufficient to predict the most common
charm states, it is not detailed enough to determine the production of
more exotic charmed states due to the lack of known branching ratios.

Physics Letters B 881 (2026) 140854
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That is why we have to rely on the statistical assumption to redistribute
the charm quarks.

3. Fit results - input and bulk

We start by demonstrating that the hadron yields from UrQMD can
indeed be described by a statistical thermal model. To show this, we
calculate the full set of final state hadrons and light clusters in UrQMD
and compare these to the outcome of the thermal fits for Au+ Au reac-
tions at four different centralities. Fig. 1 shows the results of the UrQMD
calculation (symbols) in comparison to the best fit using Thermal-FIST
(lines), fitted to hadron yields only and neglecting clusters in the fit.
The description of the UrQMD multiplicities is very good. In Fig. 2
we show the fit results (lines), now with the inclusion of the deuteron
(as the most abundant cluster) and compare again to the UrQMD re-
sults (symbols). We observe that a very good fit to the data is also
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possible in this case. However, differences show up in the yields of
light clusters, which is expected. This difference will later define the
systematic error for charmed nuclei. In the following, we will always
compare the fit without nuclei and the fit including nuclei in central
reactions.

As benchmark for the reproduction of the input charm yields, Fig. 3
shows a comparison of the thermal fit (lines) with the input multiplic-
ities (A, and J/¥) for charmed hadrons from UrQMD (symbols). As
expected, the fit is very good, simply because two parameters are fixed
with two inputs. The yields of D and D mesons shown are predicted and
show a sizable splitting, as a consequence of a high up environment.

To place the present results in the context of earlier calculations, we
compare them with the predictions from the statistical hadronization
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Fig. 7. Predicted (lines) charmed nuclei multiplicities in Au+ Au collisions at
different centralities as function of the beam energy.

approach in [32], which extend from y/syy =7 GeV to higher ener-
gies, and the HSD transport model [33]. Fig. 4 shows the multiplicities
of J/w, A,, Dy, and D, as a function of the center-of-mass energy for
central collisions, where we have extended our UrQMD simulations to
/snn =7 GeV. Although the calculations cover different energy inter-
vals, they exhibit a consistent energy dependence and reproduce the
same ordering of charm hadron yields. Our simulations have a larger
total charm cross section than the previous simulations, even though
the J/Psi production is fitted to the cross section in elementary p+p
reactions at that beam energy.

The total charm production cross section o,; in our work is in the
range between 107 and 3 - 1072 pb at /sy = 4 — 7 GeV, compared to
41072 ub at 7 GeV in [32]. The difference from the previous results is
mainly due to the enhanced charm production per participant in central
Au+ Au collisions compared to p+p in our simulations. This enhance-
ment is a result of the secondary reactions which become more rele-
vant as one approaches the elementary production threshold. The two
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Fig. 8. Multiplicities of charmed nuclei as a function of the baryon number for Au+ Au collisions at 4.0 4.5 and 5.0 GeV and for Pb + Pb collisions at the LHC (5.02
TeV). The lines are exponential fits to the Thermal-FIST predictions (shown as symbols) to depict the penalty factor. The left panel shows the predictions without

the deuteron in the fit, the right panel shows the predictions including the deuteron in the fit.

previous studies extrapolated the charm cross section in p+p to near
threshold, and thus it is lower than our results. Considering the over-
all uncertainty in the charm production cross section near threshold,
one can consider our predictions as more optimistic, while the previous
results represent more conservative estimates.

Before diving deeper into the predictions, we want to briefly discuss
the resulting freeze out line from our inputs. In Fig. 5, the chemical
freeze-out lines for the four different centralities (from bottom to top
the centralities go from central to peripheral) are shown as colored lines
with symbols (indicating the different beam energies used). These are
compared to a global fit to different experiments [22,34-40] (mostly
central reactions) shown as a magenta line [22]. We observe two things:

1. The temperature and chemical potential increases as we move from
central to more peripheral collisions. This has also been observed in
experiments at higher beam energies (see e.g. [41]).

2. As expected and shown earlier, including the light nuclei will in-
crease the freeze out temperature and chemical potentials leading to
slightly different predictions. This is demonstrated by the red dashed
line which corresponds to the fit to central (0-10%) UrQMD colli-
sions including the light nuclei in the fit (similar results have been
discussed for instance in [42]).

4. Statistical model predictions for (exotic) charm states

Finally, we can move on to predictions of (exotic) charmed hadrons
and charmed nuclei states. The list of hadrons and nuclei we have se-
lected for the current study is shown in Table 1 together with their mass
and quantum numbers (the spin degeneracy is given as d;). The first
states, denoted with brackets {}, are the charmed nuclei. We assume
that the binding energies of charmed nuclei are negligible relative to
their mass.

We begin our discussion with Fig. 6, which summarizes our pre-
dictions for the multiplicities of X(3872), DY, #.(15), x.o(1P), x.;(1P),
T+, and I} in central Au+ Au reactions in the FAIR energy range from

Table 1

List of particles and nuclei with masses, spin degener-
acy and conserved quantum numbers investigated in this

study.

Particle Mass[GeV] Q B S C IC| dy
{pnA,} 4.163 2 3 0 1 1 2
{nA.} 3.225 1 2 0 1 1 3
{pnnA_} 5.102 2 4 0 1 1 1
{aD™} 5.596 1 4 0 -1 1 3
X(3872) 3.872 0 0 0 0 2 3
D: 1.968 1 0 1 1 1 1
7.(1S) 2.984 0 0 0 0 2 1
Zo(1P)  3.414 0 0o 0 o0 2 1
za(IP)  3.510 o0 0o 0 0 2 3
2:’* 2.454 2 1 0 1 1 2
=t 2.453 1 1 0 1 1 2
Table 2

Predicted particle multiplicities for central collisions of

Au+Au (at /syy =5 GeV) and Pb+Pb (at /syy =

5.02 TeV).

System Au+Au Pb+Pb Pb+Pb [11]
SN 5 GeV 5.02 TeV 5.02 TeV

{pnA, } 2.15% 1077 4.91%107° -
{nA.} 125% 1073 0.002 -
{pnnA,} 276 x107° 1.93x 10710
{aD™} 540x 10710 2.8x 107!
X(3872) 5.71x107° 0.0015 0.0027
D} 3.57x 1073 291 2.06
7.(1S) 4.76 x 107° 0.132 -
Zeo(1P) 1.09% 1077 0.010 -
X (1P) 1.40x 1077 0.016 0.009
T 6.66 x 1073 0.159 -
=+ 6.39% 1073 0.134 -
20 - - 0.139
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\/m =4 -5 GeV. As expected, the most abundant charmed hadrons
(after the A,) are the X, states as they are the lightest states and couple
to the high baryon density. They are followed by the D, state and the 7,.
For the highest energy, multiplicites between 10~ — 10~* are predicted
per event. The next group, with multiplicites on the order of 1077, is
given by the y states followed by the X state with an estimated multi-
plicity around 10~ per event. Thus, even studies of these exotic charm
states seem feasible for the CBM experiment.

Next, we turn to the speculated charmed nuclei and investigate the
yields of {pnA,}, {nA.}, {pnnA.}, and {aD~}. In Fig. 7, these are shown
as a function of energy and centrality. For the lightest charm nucleus
({nA.}), we obtain multiplicities on the order of 10~7 per event for cen-
tral events at the highest CBM energy for Au beams. As expected from
the study of normal light nuclei, the addition of another nucleon comes
with a penalty factor of approx 50-100 [43] in this energy regime,
which is also what we observe. All explored charmed nuclei states have
multiplicities above 10~!° per event and can therefore be explored in
CBM@FAIR due to the unprecedented luminosity available.

We now compare the discovery reach of CBM to the possibilities of
ALICE at the LHC. These are two extreme scenarios for charm nuclei
production: At the LHC, while the initial charm yield is high (increasing
charm nuclei formation), low baryon densities and high temperatures
decrease the formation probability of charmed nuclei. At FAIR ener-
gies, on the other hand, the initial charm yield is very low (decreasing
charm nuclei formation), but very high baryon densities and low tem-
peratures increase the formation probability. To explore the influence
of these counter-acting effects, Fig. 8 shows the expected multiplicity
of the charmed light nuclei as a function of the baryon number for the
three different beam energies in the SIS100 beam energy range and for
Pb +Pb collisions at 5.02 TeV center-of-mass energy at the LHC. Let us
clarify that the predictions for the LHC are done using measured ALICE
multiplicities as input for Thermal-FIST, while in the case of FAIR, we
have to rely on the model predictions as input.

The left panel of Fig. 8 shows the results without including the
deuterons in the thermal fit and the right panel of Fig. 8 includes the
deuterons in the fit. In general, including the deuteron in the fit leads to a
small enhancement of light charmed nuclei production. However, what
is even more interesting is the comparison of the predictions for SIS100
compared to the LHC. While for very light charmed nuclei (4 < 3) the
production is suppressed compared to the LHC by up to 3 orders of mag-
nitude, this suppression is completely compensated by the increased
baryon density for charmed nuclei with A > 4, resulting in an almost
equal probability to produce heavier charmed nuclei.

In the following Table 2 we have summarized the predicted multi-
plicities, integrated over all phase space, for central collisions of Au+ Au
(at \/m =5 GeV) and Pb+Pb (at \/m = 5.02 TeV). The table also
lists the corresponding available LHC yields from statistical hadroniza-
tion in ref. [11]. The predicted multiplicities are generally of the same
order of magnitude as previous statistical-hadronization calculations, in-
dicating that the present implementation yields results consistent with
earlier studies at LHC energies.

5. Summary and discussion

We have presented first predictions for the production of exotic
charmed hadrons and light charmed nuclei in heavy ion collisions at
the upcoming CBM experiment. We further demonstrated the poten-
tial to observe charmed nuclei at the ALICE experiment which is cur-
rently taking data at CERN. The predictions were made by employing
the Thermal-FIST model which assumes statistical hadronization and us-
ing either UrQMD model input (in the case of FAIR) or measured light
flavor and charm multiplicities (in the case of ALICE). In both cases, the
production rate of even the heavier A =4 ({pnnA_}) charmed nuclei is
on the order of 10~ (and for the molecular state {« D~} on the order of
10~11), while for lighter charm clusters, multiplicities above 108 (4 = 3)
are reached. Given a planned collision rate of 10’Hz at CBM, this yields
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approx 1000 {pnnA,} nuclei per day. Regarding the production of light
charmed nuclei, we find that the reduced production rate of the A, at
the SIS100 can be balanced by the higher baryon density which leads to
almost identical production rates at the LHC and SIS100 for charmed nu-
clei with A = 4. We emphasize that the multiplicities quoted in this work
correspond to produced yields integrated over phase space. They do not
include decay branching ratios, detector acceptance, reconstruction ef-
ficiencies, or analysis-selection losses. This is particularly important for
the loosely bound exotic and nuclear charm states considered here, for
which experimentally reconstructible yields may be substantially below
the produced multiplicities.

We have further predicted the multiplicities of the exotic charmed
mesons (most of them currently under investigation at BESIII) X (3872),
ZXeo(1P), and y,,(1P), and have demonstrated that CBM also has the ca-
pability to explore these states with a production rate of 1 per second for
xec0(1P) and y,;(1P) and a rate of 3 per minute in the case of X(3872).

These novel predictions can guide the planned experimental pro-
grams at CBM and ALICE to make feasibility studies on the detectability
of the discussed exotic nuclear states. The study of the charmed exotic
and nuclear states discussed in this work has the potential to shed new
light into the physics of the strong interaction.
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