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Ground state properties of charmed hypernuclei within a mean field approach
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Closed shell charmed hypernuclei 3 Li, )/ F, {! Sc, 3/ Cu, ’Sb, and 3”Bi are calculated within the Hartree-

Fock approach by using three different force sets derived from microscopic Brueckner-Hartree-Fock calculations
of A hypernuclei. Ground state properties (binding energies, A, separation energies, A single particle energies,
and A, densities) of charmed nuclei are examined. We confirm the results and conclusions of different models
from the literature, related to A hypernuclei. Due to the Coulomb repulsion between protons and the A, baryon,
charmed hypernuclei are most bound for 16 < A < 41, where }]{F can be considered as an excellent candidate to
determine charmed hypernuclei properties. The competition between the attractive nucleon- A, interaction and

the Coulomb repulsion is discussed, and we compare A and A, hypernuclei properties.
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I. INTRODUCTION

The discovery of charmed hadron A, [1-6], after the one of
the (strange) A hyperon [7], opened the possibility to produce
charmed hypernuclei, an extension of very exotic hypernuclei.
From a theory viewpoint, such systems were first discussed in
the seminal work of Dover and Kahana in 1977 [8], where
bound charmed nuclei were predicted, based on an interaction
potential generated by SU(4) symmetry. Meantime, experi-
mental efforts to investigate charmed nuclei were performed
in Dubna in the 1970s and 1980s [9-11]. In these experiments,
only three candidates were found, namely, ALLi, ABs and
A, N, where the separation energy of A. was measured to be
between 0 and 10 MeV [11]. It should be noted that these
results still remain to be confirmed. In the future, GSI-FAIR
[GSI Helmbholtzzentrum fiir Schwerionenforschung (Facility
for Antiproton and Ion Research)] and JPARC (Japan Proton
Accelerator Research Complex) facilities are expected to pro-
duce more charmed hypernuclei [12—-14].

The key ingredient in the theoretical description of
charmed hypernuclei is the nucleon-A. (NA.) interaction.
Historically, SU(4) flavor symmetry was considered in order
to determine N A, potential, similarly to the phenomenolog-
ical nucleon-nucleon (NN) and NA potentials. With such
potentials, the ground state properties were obtained using
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few-body methods [15-19]. However this method reaches
its limits as the nuclear mass number grows, and it be-
comes more relevant to consider density functional theory
(DFT) approaches. In the past few years, charmed hypernuclei
have been revisited, based on DFT, e.g., relativistic mean
field (RMF) model [20,21], quark meson coupling (QMC)
model [22-25], or the Brueckner-Hartree-Fock approach [26].
The results obtained from these DFT approaches differ, espe-
cially because of their different N A interaction. For instance,
the coupling constants between charmed baryons and mesons
are usually obtained from the quark counting rules in QMC
and RMF models. Another way for defining N A, interaction,
is to use lattice QCD simulation: the central part and the tensor
part of the N A, interaction have been calculated by the HAL
QCD Collaboration [27], where a (2 + 1)-flavor lattice QCD
has been done at (2.9 fm)® volume with considering however
a pion mass significantly larger than the physical one (m, =
410, 570, 700 MeV) for the 'Sy and 3S, - > D, channels. It was
found that A, hypernuclei can exist between A = 12 to A =
50 [27]. Then, Haidenbauer and Krein extrapolated the N A,
interaction from the HAL QCD one, with physical pion mass
and chiral effective field theory (chiral EFT) [28], where the
pion-mass dependence of components that constitute the N A,
potential up to next-to-leading order (pion-exchange diagrams
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and four-baryon contact terms) were obtained from lattice
QCD simulation of the HAL QCD Collaboration. Particularly,
the results of the HAL QCD Collaboration (phase shifts,
scattering lengths) were used for finding open parameters of
N A, interaction calculated by chiral EFT and the generated
N A, interaction was extrapolated to the physical pion mass
(m,; = 138 MeV). Vidaiia et al. have also calculated charmed
hypernuclei, using SU(4) extension of the meson-exchange
hyperon-nucleon potential of the Jiilich group [26], where
phase shifts of Model B and Model C are compatible with
the low energy region extrapolated by Haidenbauer and Krein.
Recently, charmed hypernuclei from Lito %?9B1 have been
calculated with a perturbative many body approach using the
N A, interaction developed by Haidenbauer et al. [29], where
the N A, interaction is generated by the extrapolation of lattice
QCD results to the physical pion mass [28]. On the contrary
to HAL QCD results [27], both Vidaifia et al. and Haidenbauer
et al. (see Refs. [26,29] for details) predicted bound A, hyper-
nuclei for the A > 50 region, where A, binding energies are
compatible with previous QMC calculations [22-24]. The A,
bound states of QMC calculations are inside the gap defined
between model A and Model C of Vidaiia et al. for the A < 50
region. However, the interactions calculated from the HAL
QCD with the chiral effective field theory [29] results in a less
attractive N A, potential compared to the interactions derived
from hyperon-nucleon potential of the Jiilich group [26]. As
an example for 209B1 charmed hypernucleus, the 1s single
particle state predlctlon differs by 7.2 + 1.5 MeV for Model
Cup to 49 + 1.5 MeV for Model A compared to chiral EFT.
Another recent calculation was done by Wu et al., with the
QMC model, where coupling constants are obtained from
both the naive quark counting rules and the HAL QCD pre-
dictions [25]. Wu et al. found that the origin of the differences
between these approaches is due to the different choice of
coupling constants. As a result, they confirm the results of
Vidafia et al. [26] by taking the coupling constant obtained
from the naive quark counting rules, where bound A, states
are calculated up to 2Ong and they also found compatible
results with HAL QCD Collaboration [27] by taking the cou-
pling constant obtained from HAL QCD simulation, where
bound A, states are only possible for the A < 52 region.

In this work, we explore the ground state properties of
charmed hypernuclei with the nonrelativistic DFT approach,
where the N A interaction is fixed within the DFT framework.
One of the goals of this approach is to make a qualita-
tive comparison between different models, such as recent
QMC calculation from Wu et al. [25] or perturbative many
body approach, where the NA, interaction calculated from
hyperon-nucleon potential of the Jiilich group [26], and HAL
QCD simulation extrapolated to the physical pion mass using
chiral EFT as a guideline [29], starting from the lightest i Li
to the heaviest 209B1 charmed hypernuclei. In the Skyrme-
Hartree-Fock framework the NA channel is based on a
G-matrix calculation starting from various bare interactions:
NSC89, NSC97a, and NSC97f (Nijmegen soft core poten-
tials) [30]. The density functional, deduced from the G-matrix
calculation in uniform matter, will be generically named
as DF-NSC89, DF-NSC97a, and DF-NSC97f, hereafter, see

Ref. [31] for more details. The oldest DF-NSC89 functional
can reproduce with a good accuracy the experimental single
particle energies of A hyperon for light hypernuclei, such as
2 He or 13C, but for the heavier hypernuclei like 4' Ca or 2°Pb,
DF-NSC97a and DF-NSC97f give results close to the exper-
imental data [30,32]. In order to generate N A, interaction,
we use the approach introduced by Starkov et al., where the
similarity of the in-medium interaction between NA, and NA
channels is considered [33]. We detail this scheme in the next
section.

It should be noted that the notation of charmed nuclei could
be different from one work to another, whether the charge of
Aj is considered or not. In this work, we consider the chem-
ical convention, where the element name refers to the total
charge of the nucleus (including protons and A charges),
as well as the mass is the total mass counting nucleons and
hyperons). In the following, we will investigate i Li which
can be decomposed as [*He +A ], as well as | F ([160 +AcD,
A Sc ([*“Ca+Acl), Y Cu (PNi+A.], ‘{3Sb (["*Sn+A.D),
389Bi ([*®Pb +A.]). Such nuclei have been selected in the
present study since the nucleonic cores are all closed shell,
which allows to neglect deformation and pairing effects. They
are expected to be almost spherical, and the possible small
deformation coming from A, is neglected because of the dou-
bly neutron and proton closed shells. We therefore consider
an equal filling approximation (EFA) for the occupation prob-
ability of the 1s A, states [34]. Finally, we shall investigate
binding energies, single particle spectra, Coulomb repulsion,
and density distribution of A in related charm hypernuclei.

The paper is organized in the following way. Section II
details the Skyrme-Hartree-Fock framework and the calcu-
lation of the NA, interaction. In Sec. III, the ground state
properties of charmed hypernuclei are discussed. Finally, a
brief summary and some concluding remarks are given in
Sec. IV.

II. THEORETICAL FRAMEWORK

Considering a nonrelativistic system, composed of inter-
acting nucleons N and A’s, the total Hamiltonian reads

H= f}\, + fA +ﬁNN +I:I\NAL., (1)

where ﬁV(ZAC) are the kinetic energy operators for nucleons
(ALs) and Hyy(Hy,,) are the interaction operator terms acting
between N and N(N and A.) species.

A. Mean-field approximation

In the mean field approximation, the ground state of the
system is the tensor product [Wy) ® |W, ), where [Wy) (W)
is a slater determinant of the nucleon (A.) states. The to-
tal Hamiltonian (1) can be turned into a density functional
e(pN Pa.), function of the particle densities oy and p,,, as
H= f €(pn, pa,)d’r. The energy functional € is often ex-
pressed as [32,35]

ZmN W + 2mAL_

+ena. (PN, PA,) + €cout(Pps PA ), (2)

e(pn, pa.) = Ta, + enn(on)
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TABLE 1. Parameters of the functionals DF-NSC89, DF-
NSC97a, and DF-NSC97f.

Force o) [0%) o3 Oy U5 (073

DF-NSC89 327 1159 1163 335 1102 1660
DF-NSC97a 423 1899 3795 577 4017 11061
DF-NSC97f 384 1473 1933 635 1829 4100

where Ty (t5,) is the nucleonic (charmed hyperonic) ki-
netic energy density, €cou(0p, pa, ) is the Coulomb interaction
which depends on proton and A. densities, and eyy and ey,,
are the interaction terms of the energy density functional de-
scribing the NN and N A, channels.

In the following, the nucleonic terms will be deduced from
the well-known SLy5 Skyrme interaction [36], widely used
for the description of the structure of finite nuclei. The NA
interaction is given by a density functional ex,, adjusted to
BHF predictions in uniform matter [32,35],

ena(on, pa) = —fi(pn)onpa + fz(pzv)prf\/ 0)

In the N A channel, the spin-orbit doublets are experimentally
undistinguishable, typically around 100-200 keV [37,38], and
the spin-orbit interaction among A particles can safely be
neglected [39]. An interesting mechanism, based on the quark
substructure of hadrons explains the strong reduction of the
spin-orbit in the NA channel [40]. Even smaller spin-orbit
splitting could be expected for N A, channel, due to the large
mass of A, baryons (ms, = 2286.46 MeV, see Ref. [41] for
details) [14,40]. Therefore, we also omit spin-orbit interaction
in the case of the N A interaction.

We now recall the details of the N A channel, where the fol-
lowing density functionals are considered: DF-NSC89 [35],
DF-NSC97a [32], DF-NSC97f [32]. The functions f;_, in
Eq. (3) are expressed as

filon) = a1 — azpy + a3 Py, 4)
fpn) = og — aspy + aspd, ®)

where o) are constants given in Table I.
For the N A, interaction channel, we use a scaling relation
defined as

ena, = Keya, (6)

where the K factor is 0.8, from the estimation of coupling
constant of o and w mesons. This relation was introduced by
Starkov et al., [33] for the bare interaction: Formally, the limit
pn 1s going to zero for the matrix elements f; and f,. We hy-
pothesize that the density dependence of the matrix elements
/1 and f, still satisfies this limit at finite density py. It should
be noted that this procedure is simple, but somehow arbitrary,
and reflects the present lack of strong available constraints in
the N A, interaction channel.

In uniform nuclear matter, the single particle energies read

27,2 272

k — matt d k —
en(k) _Zm]’t,+UN and e, (k) 2

+oR ()

TABLE II. The parameters of the A-effective mass.

Force M M2 M3 M
DF-NSC89 1.00 1.83 5.33 6.07
DF-NSC97a 0.98 1.72 3.18 0
DE-NSC97f 0.93 2.19 3.89 0

where the potentials vy and v, derive from the energy func-
tional as

de
v (on, pa) = U,flkyrme NA (8)
dpn
aGAA aGNA
V™ (o, pa) = . )
AR dpn  9pa

In the case of hypernuclei, the energy functional defined in
Eq. (3) is corrected by the effective mass term as (see Ref. [42]
and therein)

352 672\ *m
el = eyy — —pﬁ”(—) [—’Z ~ 1], (10)
N

10m N my,
3K 672\ *[m
nucl 5/3 A
€y = ENp — —— —_— — -1, (11
NA NA IOmA'OA (gA ) |:mi :| an

where the effective mass correction for the NA part can be
expressed as a polynomial in the nucleonic density py as [35]
m} (pn)
= = ooy + napy — mapy. (12

A

The values for the parameters (|4 are given in Table II. The
effective mass correction of nucleon is given from Skyrme
interaction [43].

B. Charmed hypernuclei

We now generate the A interaction for charmed hypernu-
clei, employing Eq. (6), which transforms the N A force into a
NA. force:

ena.(on, pa.) = —filpon)pnpa, + fz(PN)/ONPf\/(_37 (13)
where the functions f_, are

filpn) = of — aspy + o058, (14)

f(on) = af — a5 oy + agpy, (15)

where af_ are new constants for A.. These constants are
given in Table III, corresponding to K = 0.8 in Eq. (6). Here-
after we call these force sets as DF-NSC89-C, DF-NSC97a-C,
and DF-NSC97f-C. However, since nothing is known about

TABLE III. Parameters of the functionals DF-NSC89-C, DF-
NSC97a-C, and DF-NSC97{-C.

Force af as as ag os o
DF-NSC89-C  261.6 9272 9304 268  88l1.6 1328
DF-NSC97a-C 3384 1519.2 3036 461.6 3213.6 8848.8
DF-NSC97f-C  307.2 11784 15464 508 1463.2 3280
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effective mass for A., we use the same effective mass param-
eters than for the NA interaction defined in Eq. (12). Finally
the energy functional for N A interaction becomes

372 612\ *Tm
nucl __ _ S/3( 20 A —1 16
VAT NAT g, P f<gAc> [mz } (10

Since A, is a posmvely charged particle, one needs to
include Coulomb interaction to the total energy functional
defined in Eq. (2). Coulomb interaction is decomposed in
direct and exchange terms as

€Coul(;op’ ,OA(,) = Egoul + Egoul' (17)

The direct Coulomb term is

EcOul—Z / d’ d3r’pl<r> |p,(r> (18)
i#]

where i, j = p, A.. It should be noted that the pA. channel is
repulsive with respect to direct Coulomb interaction.

Considering the Slater approximation, the exchange term
reads

1
3/3\3
Edou = —ez—(—) f &r(py* +037). (19)
4\
The exchange term is attractive for all charged particles.

C. Hartree-Fock equations

We are now ready to extend our calculation to generate
ground state properties of charmed hypernuclei. The spheri-
cally symmetric Hartree-Fock (HF) framework is considered
for present single-charmed hypernuclei, close to doubly magic
nuclei. In the HF approach, the Schrodinger equation can be
obtained by minimizing the total energy defined in Eq. (2),
and using Skyrme model for the nucleonic part [36]. The usual
Schrodinger equation is then obtained (i = N, A.),

2
[—V i V +Vi(r) — iW;(r)(V x 0)} Via(r)
2mi(r)
— _ei,aWi,ot(r), (20)

where V; is the interaction potential and W; is the spin-orbit po-
tential [44] which is naturally obtained by Skyrme model [36].
Since the spin-orbit interaction is neglected for A, channel,
Wy, = 01in Eq. (20).

The interaction potentials are extracted by taking the func-
tional derivative of the energy with respect to the densities.
Following the DFT framework, the nucleon potential reads

Skyrme + aeNA(» + i|: mp i|
dpN dpn L m} (on)
T, 3GE)R 5
X -z Pa,
2mAL, 5 2mA(_ ¢
+ vgoul.p(r) + vgoul,p(r)’ (21)
and the A, potential is given by

Wn(r) =

Va,(r) = o [ o 1] G B o
‘ 90, my (on) 2my,
+ Vo, (1) + Vo, (1) (22)

where v8,; () [VEy ()] is the direct (exchange) Coulomb
potential, which can be extracted by taking derivatives for
related density p; (i = p, A.). Direct Coulomb potential is

1
D 2 3.
vCoul,i(r)ze /d r Ir—r/|

where p¢, = p, + pa, is the charge density. We consider the
extension of the Slater approximation for multiple types of
charged particles, giving for the exchange Coulomb potential

2 3 1 3. \11/3
—e <;> / Srpa'?, 4

where i = p, A.. As mentioned above, the direct Coulomb
potential is always repulsive while the exchange Coulomb po-
tential is always attractive in the case of charmed hypernuclei.

Pen(x'), (23)

E
vCoul,i(r) =

III. RESULTS
A. Ground state properties of A, hypernuclei

In this section, starting from the lightest charmed hypernu-
clei i Li, we discuss the ground state properties of X F, ‘/‘\IL_SC,
W A, Cu, fgsb and 209B1

The dlfference on binding energy per baryon §B/A =
B/A(\T'Z 4+ 1) — B/A(*Z), and the A, separation energy
By, = E(’I‘\TIZ +1)— E(*Z), are calculated for f\(_Li, A F,
A Sc, ¥/ Cu, *Sb, and 3Bi charmed hypernuclei, in Fig. 1.
Charmed nuclei between }\71-7 and f\7 Cu are found to be more
bound than their core nuclei, for DF-NSC97a-C, in contrast
with the two other interactions. This is due to the more at-
tractive nature of DF-NSC97a-C (as the interactions depend
on the densities, differences are 3 MeV for the 1s channel of
2 _Liand 5 MeV for the Ls channel of 133Sb). The binding en-
ergy differences for DF-NSC97f-C are of intermediate values,
between DF-NSC97a-C and DF-NSC89-C. It also implies a
slightly stronger bound of }JF with respect to '°Q, in the case
of DF-NSC97f-C.

In the case of A, separation energies, shown in Fig. 1(b),
the general behavior as a function of A is similar for all
force sets, with a maximum difference of 6 MeV between
DF-NSC89-C and DF-NSC97a-C. The maximum A, separa-
tion energies are predicted to occur between XF and j‘\lt_Sc.
Despite the decreasing trend for the A > 41 region, A, sep-
aration energies indicate possible bound A, hypernuclei up
to 2°Bi. This is in contrast with Ref. [27], where its NA,
interaction (calculated from HAL QCD approach with larger
pion mass) predicts the existence of A, hypernuclei only up
to A = 58. The results of Ref. [25] are also shown in Fig. 1(b)
for comparison, where minimum and maximum limits are ob-
tained from QMF-NK3C’ and QMF-NK3C, respectively. The
main difference between QMF-NK3C' and QMF-NK3C is
that the coupling constants of QMF-NK3C’ are obtained from
the HAL QCD collaboration, while the coupling constants
of QMF-NK3C are obtained from the naive quark counting
rule, see Ref. [25]. Figure 1(b) shows that our results are
compatible with these predictions.

The A., neutron, and proton Fermi levels are displayed
in Fig. 2. As expected, small (order of keV) differences
are observed on the proton and neutron Fermi levels for
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20 |+ Wou et al., Phys. Rev. C 101,
024303 (2020).

25 (b)
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0 N
0 50 100 150 200
A

FIG. 1. (a) The difference on binding energy per baryon §B/A,
with respect to one of the nucleus without the charmed baryon, and
(b) the A, separation energy B,, for DF-NSC89-C, DF-NSC97a-C,
and DF-NSC97{-C force sets.

all force sets. However, there is an average 5 MeV dif-
ference on A. Fermi energies between DF-NSC89-C and
DE-NSC97a-C, and 2 MeV difference between DF-NSC89-C
and DF-NSC97f-C. The A, Fermi energies are compatible
with the limits calculated by QMC model [25], and also the
perturbative many body approach based on N A interaction of
Jiilich group [26], but not with HAL QCD interaction extrapo-
lated to physical pion mass with chiral EFT [29]. For instance,
the A, Fermi energies of XF are between —24.30 MeV
to —1.95 MeV for the QMC model [25], —31.76 MeV to
—6.96 MeV for the perturbative many body approach based
on the NA interaction [26], and —5.18 MeV to —3.70 MeV
for the HAL QCD interaction extrapolated to physical pion
mass [29], while the energy of the ls state changes from
—8 MeV to —12 MeV in our case. Due to the Coulomb repul-
sion, the most bound charmed hypernucleus is X_F, where the
energy of the 1s state is —8 MeV for DF-NSC89-C, —12 MeV
for DF-NSC97a-C, and —8.5 MeV for DF-NSC97{-C. Since
}\7F is predicted with the lowest value for the binding energy,

T T T T T
4 - (a) _
5L 57
A I:' AECu-
S °r ‘'sc ]
() 17 o
=3 nF
E 8 ~ Q -
> AN
[ \
— \\
E -10F AN i
g ey
< a2l Moo emmmmmmm -7 J
—s— SLy5+DF-NSC89-C |
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14r . . . SLy5+DF-NSC97-C 1
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41 (b) ' ' " —=— SLy5+DF-NSC89-C |
- ® - SLy5+DF-NSC97a-C
SLy5+DF-NSC97{-C
> 6l -4 SLy5 for without A |
[¢]
2
[}
> 8f _
|
£
D -0t g
c
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14 F ]
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S et R
()
=
[}
> a
(0]
-
£
o - a
L.
[
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- & - SLy5+DF-NSC97a-C
SLy5+DF-NSC97f-C
-14 - -~4--- SLy5 for without A
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A

FIG. 2. The Fermi energies of (a) A., (b) neutrons and (c) pro-
tons for DF-NSC89-C, DF-NSC97a-C, and DF-NSC97{-C force
sets.

an unambiguous signature of the existence of charmed hyper-
nucleus may be found by producing this system. For charmed
nuclei heavier than XF, the binding energy decreases, result-
ing in less bound A. states, due to the Coulomb repulsion.
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This behavior is incompatible with the HAL QCD interaction
extrapolated to physical pion mass [29], where maximum A,
Fermi energies are calculated on }' Sc.

In order to investigate in more details this behavior, the
contributions of the kinetic energy, N A, interaction and the
Coulomb potential, to the A, separation energy are shown
in Fig. 3. For all charmed nuclei, DF-NSC97a-C predicts a
more bound system, compared to other interactions (A, total
on Fig. 3). The Coulomb repulsion has a increasing behavior
proportional to the mass number, while the N A, interaction
saturates around 17 Cu for all force sets. These effects explain
the smaller separation energies in heavier charmed nuclei than
41 ‘Sc. The saturation property of N A, interactions is compati-
ble with the results of HAL QCD for the A > 50 region [27].
However, the present N A, interactions are attractive enough
to create bound A, hypernuclei in the heavy mass region.
Due to the saturation behavior of NA., Ref. [27] suggests
that only light or medium-mass charmed hypernuclei could
really exist. This is also in contrast with the work of Vidafia
et al. and Haidenbauer et al. (see Refs. [26,29] for details)
where stronger NA, attraction were found, as in our case.
At variance with the present results, NA, interactions do
not saturate around A = 41 region in the work of Vidana
et al. and Haidenbauer et al., where N A . interactions were
obtained from the NA interaction of the Jiilich group, and
also the HAL QCD interaction extrapolated to the physical
pion mass [26,29].

In order to investigate the spatial properties of charmed
hypernuclei, A, density distributions are displayed in Fig. 4,
together with the proton and neutron distributions of the core
nuclei. For all charmed hypernuclei, DF-NSC97a-C gener-
ates more packed distributions in the center of the nucleus,
especially for the lightest case (f\rLi). Due to the Coulomb
repulsion, the A, distribution extends to larger radii, in heav-
ier hypernuclei. This dilution of the charmed baryon, in the
nucleus, impacts its density at the center, which can decrease
by a couple of orders of magnitude, from the lightest to the
heaviest charmed hypernuclei.

B. Comparison of A, vs A in hypernuclei

It could be relevant to compare the properties of hy-
pernuclei and charmed ones, to understand for instance the
respective role of the Coulomb interaction as well as of the
scaling NA, interaction factor K. On this purpose, A hy-
pernuclei are calculated with the same HF scheme, using
DF-NSC89, DF-NS97a, and DF-NSC97f force sets, as in-
troduced in Table I. Starting from 3 He, we compare 1O,
ACa, YNi, *Sn, and 3°Pb hypernuclei with their charmed
counterparts.

We first represent Fermi energies for A, and A in Fig. 5.
In the case of the lightest 3 3 L1- He pair, Fermi energies are
nearly identical, between the charmed and normal NSC force
sets. However, both A and A . Fermi levels increases (in abso-
lute value), up to the XO-X‘Li pair, where the Fermi energy
differences between A and A, are 5.02 MeV for NSC89,
5.92 MeV for NSC97a, and 5.81 MeV for NSC97f. But, as the
mass number increases, larger energy differences occur, due
to the Coulomb repulsion, especially after the A = 17 region.
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FIG. 3. Contributions of the kinetic energy, N A, interaction and
the Coulomb potential on the A. separation energy for (a) DF-
NSC89-C, (b) DF-NSC97a-C, and (c) DF-NSC97f-C force sets.

This leads to unbound state for Bi charmed hypernucleus
for DF-NSC89-C and DF- NSC97f C. The increasing effect
of the Coulomb repulsion is also the main reason Why Fis
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FIG. 4. The A, density distribution of (a) } Li, (b) }' Sc, and
(¢) ¥?Sb for DF-NSC89-C, DF-NSC97a-C, and DF-NSC97{-C force
sets.

an excellent test nucleus, to probe charmed hypernuclei: The
effect of the N A, interaction is expected to be noticeable and
therefore could be probed in order to constrain it. It should

T=— A SLy5+DF-NSC89-C (SLy5+DF-NSC89)
—e— A_: SLy5+DF-NSC97a-C (SLy5+DF-NSC97a) 0&
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S N
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FIG. 5. The Fermi energy of the A, (A) for the DF-NSC89-
C (DF-NSC89), DF-NSC97a-C (DF-NSC97a), and DF-NSC97f-C
(DF-NSC97f) force sets, in solid lines (dashed lines). Unbound hy-
pernuclei are displayed in the gray area (Unstable Zone).

be noted that DF-NSC97a-C has a large enough attraction,
to counter balance the Coulomb repulsion, leading to bound
3\059Bi charmed hypernucleus. Also, the maximum Fermi en-

ergy differences are spotted at 3\09Pb-3\(f?Bi pair: 26 MeV for
NSC89 (and also for NSC97a), and 32 MeV for NSCI7f.
Finally, the A, (A) single particle energies are displayed
in Fig. 6: For a light charmed hypernucleus f\rLi (f\He), for
a medium-mass charmed hypernucleus 4}\150 (‘,‘\ICa), and for
heavy charmed hypernucleus }\33Sb (}\33 Sn). In the i(Li case,
DF-NSC89-C and DF-NSC97f-C predict similar values for
the 1s state. However, DF-NSC97a-C differs by 2.72 MeV
from DF-NSC89-C and DF-NSC97f-C. Since the Coulomb
repulsion is rather weak for the case of i(Li, similar results

are obtained in the case of hypernuclei: in 3 He, there is 0.59
MeV difference between DF-NSC89 and DF-NSC97f, but
3.10 MeV between DF-NSC89 and DF-NSC97a. In addition,
DF-NSC89-C and DF-NSC97f-C do not allow for any excited
state in the irLi case, whereas DF-NSC97a-C allows for such
a state. 4

The situation starts to change for the 4!Sc case, where
DF-NSC89-C and DF-NSC97{-C differ from each other, by
1.76 MeV for the 1s state. The gap, between the 1s and 1p
states, is 3.93 MeV for DF-NSC89-C, 4.43 MeV for DF-
NSC97{-C, and 4.68 MeV for DF-NSC97a-C. DF-NSC89-C
and DF-NSC97f-C allow only the 1p state while DF-NSC97a-
C also allows for a 14 state in addition. Therefore, a possible
spectroscopy of charmed hypernuclei, could allow to disen-
tangle between the various interations. In the case of §'Ca, 1s
state energy levels more bound because of the Coulomb repul-
sion: Such energy differences on the 1s state are 11.04 MeV
for NSC89, 17.02 MeV for NSC-97a, and 11.54 MeV for
NSC-97f. In the }Sb case, the predicted levels are differ-
ent for each force set: charmed nuclei are becoming less
bound due to the Coulomb repulsion. An average of 20 MeV
difference is predicted for the 1s state between \*3Sn and
}\33Sb. These results are in agreement with those previously
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FIG. 6. The A. (A) single particle spectrum of JLi( AHe) (a),
4Sc (3!Ca) (b), and }PSb ({¥*Sn) (c) for NSC89 NSC97a, and
NSC97f force sets. Unoccupied states are represented in dotted
(short-dotted) lines for the case of A, (A) hypernuclei.

obtained by RMF and QMC models [20,25]. More pre-
cisely, the present A, 1s state predictions are located between

those of QMF-NK3C and QMF-NK3C' [25], for all charmed
hypernuclei.

IV. CONCLUSIONS

In this work we have investigated the ground state
properties of charmed hypernuclei, close to doubly magic
closed-shell nuclei. We use the SLy5 Skyrme force for the NN
interaction and we generate N A, interactions from the NA
interactions obtained from microscopic Brueckner-Hartree-
Fock calculations.

Since A, is positively charged, the Coulomb interaction
plays an important role in the ground state properties of
charmed hypernuclei. Additionally, it is shown that NA, in-
teractions have a saturation property around X,Cu. Due to
these reasons A, is maximally bound for mass numbers be-
tween Y/ F and 4' Sc. }JF is an excellent candidate for the
expenmental measurements of charmed hypernuclei, since
the predictions from the different functionals considered in
this study are the largest one and the most different for this
system. For charmed hypernuclei heavier than 4 A, ! Sc, Coulomb
repulsion becomes comparable in absolute value with the at-
tractive N A, interactions, and charmed hypernuclei become
less and less bound as A increases, leading to unbound 209B1
(for DF-NSC89-C and DF-NSC97f-C interactions). Our re-
sults are in agreement with previous ones obtained by both
QMC calculations, such as Wu et al. [25], and by HAL QCD
collaboration (where the NA, interaction is calculated by
using significantly larger pion mass): f\ofBi is unbound and
the N A, interaction saturates in the mid-A region. However,
DF-NSC97a-C has a strong enough attraction to counter bal-
ance the Coulomb repulsion, leading to weakly bound 209B1
charmed hypernucleus. For the all mass region, 1s levels of
A, are inside the gap defined between Model A and Model
C from the perturbative many body approach motivated from
N A interactions of Jiilich group [26].

In addition, the gap between the 1s and 1d states is found
to be about 4 MeV for the majority of charmed hypernuclei.
As a final conclusion, the reason of the uncertainties in the
N A, interaction is mostly due to the lack of experimental
measurements. Our results, confronted to others, predict dif-
ferent behavior for charmed hypernuclei as function of the
mass number A, for which the future experimental facilities
will help in selecting among the best density functional ap-
proaches.
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