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Charmed Nuclei

The possible existence of charmed nuclei (in analogy with hypernuclei) was
proposed soon after the discovery of charmed hadrons

<> This possibility motivated several author to study the properties of these
systems within different theoretical approaches, predicting a rich spectrum
& a wide range of atomic numbers

< Production mechanism of charmed nuclei by means of charm exchange or
associate charm production reactions were proposed in analogy to
hypernuclei production

<> However, experimental production of charmed nuclei is difficult (charmed
particles formed with large momentum, short lifetimes of D-meson beams)
& only 3 ambiguous candidates have been reported by an emulsion
experiment carried out in Dubna in the mid 1970s

<> Hopefully such difficulties will be overcome in the future GSI-FAIR and
JPARC facilities where the production of charge particles will be
sufficiently large to make the study of charmed nuclei possible

< In the last few years, different theoretical estimations (RMF, effective
largrangians, quark cluster model, ...) of charmed baryon properties in
nuclear matter & finite nuclei has bee done



The talk in few words

< Study of the structure of charmed nuclei. To such end:

= A Y_N ineraction based on a SU(4) extension of the meson-exchange YN A
potential of the Juelich group 1s used. Three models are considered

= A perturbative many-body approach is employed to obtain the A_ self-energy
in finite nuclei from which the A_s.p. bound states can be obtained

< Scattering observables are computed & compared with those predicted by
an Y N derived by Haidenbauer & Krein from the extrapolation to the

pion physical mass of recent results of the HAL QCD Collaboration

< A small spin-orbit splitting is found as in the case of hypernuclei

< The role of the Coulomb interaction & the A_N-Z N coupling is analyzed

In collaboration with: Angels Ramos & Estela Jiménez-Tejero (Barcelona)

For details see: PRC 99, 045208 (2019)




The Y_N interaction model

D,D*

________

Y_.N interaction based on a SU(4)
extension of YN potential A of the
Juelich group

Consist on single scalar (o), pseudoscalar (D)
& vector (w,p,D") meson exchange potetials.
Contribution of ] & 1 mesons neglected

<> BBP vertices

['BBP = gNNJ'r(Né%N) * 7-% + gAc.Z‘:r[i:‘ ' ;tAc + A:ic ) ;!']
—igs 5.2l x B0) - 7 + gnanl(NTD)A,
+AlD'N)] + gne.o[(NID) - E. + 1 (D'IN))

<> BBV vertices

Lpy = gvn,(N'TN) - b + ga, 1»:,,9[3.3;r - PA + Aj«i:c - p]
—igs.5.0(E] x o)+ b+ gnan [(NIDHA,
+ALDYN)] + gns. o [(N'TDY) - E,

+ Z1(D*EN)] + gvneN N

- & -

+ gA(.A,wAzAcw + 8r. T, * L.



Couplings constants: pseudoscalar & vector mesons

SU(4) symmetry is used to derive the relations between different coupling constants.
However, SU(4) is strongly broken due to the use of physical masses. Therefore,
SU(4) 1s rather used as a mathematical tool

< We deal with JP=1/2* baryons & JP=0- & 1- mesons belonging to 20°- & 15-plet
irrep of SU(4)

= Baryoncurrent: 20 @20 =1915;0 15, 020" 450459 84 175
\—Y—)

Two ways to obtain an SU(4)
scalar for the coupling 2¢ © 20 ® 15

= The two couplings can be related to the g & g usual symmetric (D) &
antisymmetric (F) octet representations of the baryon current in SU(3)

1 10 3
81s, =Z(7gD +\/§gF) = \/;g8(7_4a)’ 815, = \/%(\/ggD _SgF) = \/Egs (1—405)

ge: SU(3) octet strength coupling; a: F/(F+D) ratio



Couplings constants: pseudoscalar & vector mesons

< Baryon-Baryon-Pseudoscalar meson couplings

8asa = %gNNn (1 - O‘p)

BBP couplings can easily be obtained 85 50 =28unl,
by using SU(4) Clebsh-Gordan |
coefficients & the previous relations 8o =~ 5 8mir (1420, )

8ns,p = EnNa (1 - 2ap)

<> Baryon-Baryon-Vector meson couplings

BBYV couplings are obtained similarly

The physical o

2
8azp = ﬁgNNp (1 - av)
meson results from

gNNa) = gNNp (4av - 1)

gECECp = 2gNNpav

8A6Acw=glvi(6+3) the ideal mixing of

__1 142 ) the mathematical

Ena,p° ——ﬁgNNp( + O‘v) gzczcw=gNNp(2av—l) members g & , of
gNZCD* = gNNp (l_za\;) the 15-plet

Tensor couplings fgzg, are obtained applying SU(4) relations to the
“magnetic” coupling Gggv=L2semBEM



Couplings constants: scalar 6 meson

The o meson is not a member of any SU(4) muliplet. Therefore, is not
possible to invoke this symmetry to obtain the BBo couplings.

To explore the sensitivity of our results to these couplings we consider
three different sets of values that together with the BBP & BBV coupling
define three models for the Y N interaction

= Model A: couplings NA .0 & NZ o are assumed to be equal,
respectively, to NAc and NXZo of the YN A Juelich potential

= Models B & C: couplings NA .0 & N2 o are reduced 15% (B)
and 20% (C) with respect to the NAc and N=o of the YN A
Juelich potential

= NNo coupling is taken for the three models equal to that used
in the YN A Juelich potential



Couplings constants: Summary

Model Vertex gBBM/V 4 fBBM/‘/ 47 ABBM (GCV)
A,B,C NNn 3.795 - 1.3
A,B,C AX.m 3.067 - 14
A,B,C X X.m 2.277 - 1.2
A, B,C NA.D —3.506 - 2.5
A,B,C NZ.D 1.518 - 2.5
A,B,C NNp 0.917 5.591 1.4
A,B,C AZ.p 0.000 4.509 1.16
A,B,C $.5.p0 1.834 3.372 1.41
A,B,C NNw 4472 0.000 1.5
A,B,C AAw 1.490 2.758 2.0
A,B,C T Xw 1.490 —2.907 2.0
A, B,C NA.D* —1.588 —5.175 2.5
A,B,C NX_.D* —-0.917 2.219 2.5
A, B,C NNo 2.385 - 1.7
A A0 2.138 - 1.0
A .50 U=1/2)  3.06l . 1.0
A .o (=3/2)  3.102 - 1.12
B AAo 1.817 - 1.0
B T.Eo (=1/2) 2601 - 1.0
B .0 (=3/2) 2636 = 1.12
C A0 1.710 = 1.0
C .50 (=1/2) 2448 - 1.0
C S.E.0 (I=3/2) 2481 = 1.12




70
60
50
40
30
20

Phase shift 8 [deg]

Scattering Observables

TTTT T T T TR
— Model A 1 n
== =  Model B SO—

Model C
LQCD extrapolation at m =138 MeV

E DA
| | 1 I 1 ] | | | | 1 I 1 P.ﬂ% l L
-10

0

-

10 20 30 40 50 60 70 80 90 100
C. M. kinetic energy E [MeV]

Phase shift 0 [deg]
Phase shift 0 [deg]

IIIIIIIIIIIIIIIIIII
3Sl

< Model A predicts a more attractive

AN interaction in the 'S, & S, p.w.
than the one derived by Haidenbauer
& Krein (HK) from the extrapolation
to the physical pion mass of recent
results of the HAL QCD Collaboration

Reduction of BBo coupling in Models
B & C leads to a better agreement with
the interaction derived by HK

HK predict a similar phase shift for
both p.w. This 1s not the case for
Models A, B & C which predict more

overall attraction in the 3S, p.w.

7" T~~~ b Model A Model B Model C HK
i - - e
............ _ ’ —2.60 —1.11 —0.84 —0.85...—1.00
) r, 2.86 4.40 5.38 2.88...2.61
.................... U a, —15.87 —-1.52 —0.99 —0.81...—0.098
NN e re 1.64 2.79 3.63 3.50...3.15
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Scheme of the Calculation
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Finite nucle1 hyperon-nucleon G-matrix

= Finite nuclel1 G-matrix =  Nuclear matter G-matrix

GFN=V+V(2) Gy GNM=V+V(2) Gy
E FN E NM

Eliminating V:

GFN =GNM +GNM [(2) _(Q) ]GFN
E)ey \E/yu

Truncating the expansion up second order:

Gy =Gy + Gy [(2) _(2) ]GNM
E)ey \E/yu




Finite nucleus A_ self-energy in the BHF approximation

. : A
Using Ggy as an effective 4 A, .
YN interaction, the finite N . N
nucleus A, self-energy 1is O ~ WQ +  as §
given as sum of a 1% order Goy G

. NM
term & a 2plh correction A A
NM
AC
< 18t order term
AC
/ . 1
N Vilka, K, 16, Jn) = 57 +1Z Z QT +1)
¢ T nplpjnty,
Q X ((kpIAJn) (uln jntz, ) T |Gl (kALAJA) (Maln jntz,) T )
G
NM
A . . . . .
c This contribution is real & energy-independent

N.B. most of the effort is on the basis transformation \(kAgA I)uL i, )J> —|KLgLSJTM,)



< 2p1h correction c

This contribution 1s the sum of two terms: G

* The first, due to the piece Waptn(ka, ki, la, ja, @)

1 T
Gam(Q/E)pGyv, — g1VeS T > 2 2 f dqq* / dKK*QJ + 1)
rise to an 1maginary mhliintzy LLSIT Y'=AS

q dent part i X ((Kplajn)nnln jntz, ) T|GIK LqLSI T T Mr)
energy-depenaent part m x (K LqLSJITMr|G|(kal ja) hlh jatz,)T)
the A, self-energy h2K> h2q%(my +my)
2(mn +my) B 2mymy

x8(a)+eh— —myc/+mAc)

From which can be obtained the contribution to the real part of the self-
energy through a dispersion relation

o0
VO (en, Kr, Ln, i, ) = -
2p1h Kas kp s Las g, w)—;’P dw

—00

Iapin(ka, ky, In, ja, @)
o —w




The second, due to the Vz(i)lh(kj\c, Ky, o, )

p.leCC Gym(Q/E)ymGams = Z >y quq /dKK QT +1)
gives also a real & energy- I, LLSTT V=R,
independent contribution X ((Klajn)(nuln jntz,) T|GIK LgLST I T Mr)
to the A self-energy and X (KLqLSJJTMr|G|(kalaja)nnlnjntz)T)

. . 2 2 2 2 -1
avoids double counting of X Oy'y (Q_ aR  haimvumny +mA)
YN states 2my +my) A e

Summarizing, in the BHF approximation the finite nucleus A self-
energy 1s given by:

Sy ja (ko Ky, ©) = Vi j, (kas Ky @) + W j, (ka, Ky, 0) |

with

' ' . 1 ' . 2 ’ o
VI‘\J"\C(kAc’ kg\c’ w) — Vl (kAc, kAc’ IAC‘! JAC) + VZ(p)]h (kAc, k"\c’ IAC, JAC, w) — V2(p)lh (kAC, kAz IA: J‘\C) |

Wi (kn, Ky, @) = Waptkn, Ky Ia, s @)




A, single-particle bound states

A s.p. bound states can be obtained using the real part of the A, self-energy
as an effective Y -nucleus potential in the Schroedinger equation

Z(k,,| b, 28 + Zour(@ = &) + Velkp)holy) - = ey (haly)

solved by diagonalizing the Hamiltonian in a complete & orthonormal set of
regular basis functions within a spherical box of radius R,

Pty jam;, (F) = (Flknla jamj,) = Nuiy jin knP)Viyjsm;, ©,¢)

° N, A —> normalization constant

* N,.. ——> maximum number of basis states in the box

* Jija(k;r) —— Bessel functions for discrete momenta (j;, (k,Ry)=0)
. wlj\ iAmia(6,0) ———> spherical harmonics the including spin d.o.f.

* Woniamia=<K,lxjym;y > —— projection of the state [W> on the basis [k, j, m;,>

N.B. a self-consistent procedure is required for each eigenvalue



A, single-particle bound states: Energy

% He i He Lc vc ) Jo

Model A Model B Model C JA Model A Model B Model € JA Model A Model B Model C JA
s, —1358 ~3.24 -105 —149 -2726 -1020 -547 -784 3176 1247 -696 —10.04
;e —174 ~14.81 -2.13 ~1959  -432  -051 -033
Ipi,  —039 ~13.42 -103 ~1879 -3 ~0.35
1ds,2 -4.10 ~5.02
132 -2.13 ~6.96
20, ~3.59 -7.13

3 Ca 1Ca A 4 P s ro

Model A Model B ModelC  JA  Model A Moéel B ModelC  JA  Model A Model B ModelC M
15,2 —4109 —168¢  -960 -17.33 —44.76 —1846 —10S81 -—246! -5252 —2033 -1032 -3141
Ipy:  —3239 —1041 -4.13 =767 3960 1427 -675 —17.66 —4906 —I18.28 ~-882 -21.59
Ipz  —31.60 ~9.67 -342 =778 -3924 1400 -649 1758 -4884 —I8.10 ~-864 -2758
1ds:  -23.10 ~391 3374 -963 -257 -9.12 4237 -1294 ~425 -19.24
1dy; 2184 -2.7 ~33.17 -9.01 -195 -89 4197 -1258 ~188 ~19.20
1fin  —1354 2706  —465 -135 -3747  -9.1l ~-059 1051
1fin  —1182 -2629  -380 -1.13  -37.07 865 ~0.10 —10.41
267 —2047 ~2.74 ~31.12 ~805 -1.29 -660 -4051 -10.20 113 -17.43
2 —1020 -22.81 -2.23 -03%  -39.21 ~9.28 ~003 ~7.68
2p2 924 -2224  -145 ~038 3805 -9.06 ~7.60
2ds;  —-204 ~14.62 ~30.28 536 ~4.85
24,;  ~095 -14.02 ~26.83 -475 -4.79
2fen ~7.50 ~22.57
2fen ~6.81 -22.10
35, ~1.15 - - - —~13.41 - - - ~2380  —1.51 - -3.59
3P - - - - -5.65 - - - -22.32 - - -
3pe - - - - ~5.61 - - - -21.9% - - -
sz - - - - - - - - ~19.0% - - -
3y - - - - - - - - ~18.33 - - -
3o - - - - - - - - e - -
3Men - - - - - - - - -5.02 - - -
45, - - - - - - - - -14.31 - - -
i - - - - - - - - -1.19 - - -
i - - - - - - - - ~0.78 - - -
ey - - - - - - - - ~0.68 - - -
Ss12 - - - - - - - - -0.52 - - -

<> Model A: more

attractive A_N
Interaction —> more
bound s.p states & a
larger number than B

& C

But in the lack of exp.
data we cannot say a
priori which model is
better

< Small spin-orbit

splitting as in the case
of A-hypernuclei

Since M, > M, the
level spacing of A,
S.p. energies 1s
smaller that for the
corresponding
hypernuclei




Energy of the A single-particle bound state 1s , [MeV]
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Effect of the Coulomb interaction

<>

The Coulomb contribution increases because of
the increase of the number of protons with Z

The kinetic energy contribution decreases with A
because the wave function becomes more & more
spread due to the larger extension of the nuclear
density over which the A_ wants to be distributed

The increase of the nuclear density lead to a more
attractive A, self-energy that translates into a
more negative contribution of the Y _N interaction

The total energy decreases by several MeV in the
low-mass-number region and tends to saturate for
heavier nuclei. This i1s due to a compensation
between the attraction of the Y N interaction &
the Coulomb repulsion

< Despite the Coulomb repulsion, even the less

attractive of out Y N interaction models (C) is
able to bind the A, in all the nuclei considered



Effect of the AN - 2 N coupling

17ACO

Model A Model B Model C JA
L5y —31.54 (-31.76) —12.57 (-12.47) —7.11 (-6.96) —8.78 (-10.04)
1pap —19.69 (-19.99) —4.37 (-432) —0.58 (-051) - (033
1p1y2 —18.45 (-18.79) —3.24 (322) - ~  (-035)
1d5."'2 —8.71 (-9.02) - — =
1ds 2 —6.62 (-6.96) - _ _
2512 —7.02 (-7.13) - _ 2

= A N: 3224 MeV
Channels located at: ¢ ©

= >.N:3394 MeV

< The effect the AN - 2 N is negligible as expected since the two channels are
separated by ~ 170 MeV. Compared to the ~80 MeV separation of AN - XN

<> The elimination of the coupling leads, in the case of models B & C to more
attraction, contrary to what happens for model A and hypernuclei
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A single-particle bound states: probability density

distribution of the s, state
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<> A similar discussion can be done for the other s.p states

< The probabitity
density at the center
decreases & becomes
more distributed over
the whole nucleus
when moving from
light to heavy nuclei
due to the increase of
the nuclear density.

As expected Coulomb
repulsion pushes the A,
away from the center of
the nucleus. (Results
when the Coulomb
interaction is swifted
off are shown by the
thin solid, dashed and
dotted lines)



The Message (again) of this Talk

< Study of the structure of charmed nuclei. To such end:

= A Y_N ineraction based on a SU(4) extension of the meson-exchange YN A
potential of the Juelich group 1s used. Three models are considered

= A perturbative many-body approach is employed to obtain the A_ self-energy
in finite nucleil from which the A_s.p. bound states can be obtained

< Scattering observables are computed & compared with those predicted by
an Y N derived by Haidenbauer & Krein from the extrapolation to the

pion physical mass of recent results of the HAL QCD Collaboration

< A small spin-orbit splitting is found as in the case of hypernuclei

< The role of the Coulomb interaction & the A_N-Z N coupling is analyzed
= Despite the Coulomb repulsion it is found that even the less attractive of our
Y N interaction models 1s able to bind the A, in all the nuclei considered

= The effect of the AN-ZcN coupling is negligible due to the large mas
difference between A, & X,



< You for your time & attention

<~ My collaborators: Angels Ramos
& Estela Jimeénez-Tejero



