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Introduction

> Hyperon effect on the neutron drip line
* Few body model
E. Hiyama, M. Kamimura, T. Motoba, T. Yamada, Y. Yamamoto, Phys. Rev. C 53, 2075 (1996).
e  Shell model
R. Wirth, R. Roth, Phys. Lett. B 779 (2018) 336—-341
e Skyrme Hartree-Fock model
X. R. Zhou, A. Polls, H. J. Schulze, and |. Vidana, Phys. Rev. C 78, 054306 (2008).
e Relativistic Hartree-Bogoliubov
D. Vretenar, W. Poschl, G. A. Lalazissis, and P. Ring, Phys. Rev. C 57, R1060(R) (1998).
H. F. Lv, J. Meng, S. Q. Zhang, and S. G. Zhou, Eur. Phys. J. A 17, 19 (2003).
> Hyperon drip line (multistrangeness)

e Skyrme Hartree-Fock model

J. Margueron, E. Khan, and F. Gulminelli, Phys. Rev. C 96, 054317 (2017).
* Hartree-Fock-Bogoliubov

H. Gluven, K. Bozkurt, E. Khan, and J. Margueron, Phys. Rev. C 98, 014318 (2018).
e Relativistic Hartree-Bogoliubov

H. F. Lv, J. Meng, Chinese Phys. Lett. 19, No. 12, 1775 (2002)

H. F. Lv, Chinese Phys. Lett. 25, 3613 (2008).

Y. T. Rong, P. Zhao, and S. G. Zhou, Phys. Lett. B 807, 135533 (2020).



DFT for hypernuclel

% Skyrme-like interaction
v" NN interaction D. Vautherin and D.M. Brink, PRC 5, 626 (1972).

1 /
’UNN(I'l — I‘2) = to (1 + ZIZ'()PO-) 5(1‘1 - I'2) + §t1 (1 + ZIflpo-) [k 25(1'1 — I'2) + 5(1‘1 - rg)kz]

+t2 (1 + ZEQPU) kﬁl . 5(1‘1 — I'Q)k + iWO(Ul + 0'2) . k?’(S(I'l — I'Q) X k, (1)

1 o [T1+T
G- (E1173,13) = gta (14 207 60—l (252 2)
v" NA interaction D. E. Lanskoy and Y. Yamamoto, PRC 55, 2330 (1997).

1

vAN(TA —TN) = té\(l + a:f)\Pg)(S(rA —ry)+ §t11\ [k'Q(S(rA —ry) +0(ry — rN)k:2]

+ YK S(rpa —rn) -k +iW K S(rpy —1n) - (on +0o8) X k (3)

(4)

3 ry +r
Vden—AN(TA; TN, ) = gté}(l +£U§\Pa)5(rA —ry)p” ( A 5 N) |

v AA interaction  D. E. Lanskoy, PRC 58, 3351 (1998).

1 o [T1+T
Vaa = >\05(7‘1—’f‘2)+§>\1 [K26(r1 — 12) 4 8(11 — r2)k?|+ A2k 6(r1—7a)k+A38(r1—72) pf ( : 5 2)
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Hyperon halo orbits in C hypernuclei

% Energy density functional
v NN interaction SIII, SLy4, SkM*

v' NA interaction LYs W =62MeVfm® ns 06 and Y. Yamamoto,

Lansk
R 55, 2330 (1997)

to reproduce the spin-orbit splitting of 1p states (0.152 MeV) in ';C
H. Kohri et al., Phys. Rev.C 65, 034607 (2002)

LY5r WA = 4.7 MeV fm®

Table 3.6: The calculated binding energies of }*C obtained by SkM* and Set V in Ref. [15] with
W& = 4.7 MeV fm®. The experiment data are taken from Ref. [24] [H. Kohri, et al., Phys. Rev. C
65, 9 (2002)]. All the values are in MeV.

A orbit eA By BY? Ba(s1/2) — Ba g
S1/2 —13.156 | 11.618 | 11.69 £ 0.12 ——
pip | —1782 | 0273\ 11.344 10.982 + 0.031(stat) + 0.056( syst)> 0.152
psp | —1.936 | 0.428 J 11.190 10.830 + 0.031(stat) = 0.056(syst)

Cal.
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Hyperon halo orblts iIn C hypernuclel
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Good agreement with
the present datal

Y.Z.,H. Sagawa,and E. Hiyama,
Phys. Rev. C 103, 034321 (2021) .




Hyperon halo orbits in C hypernuclei

A potenital (MeV)

I
N
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o

Y.Z.,H. Sagawa,and E. Hiyama, Phys. Rev. C 103, 034321 (2021)
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Hyperon halo orbits in Zr hypernuclel

s, [MeV]

neutron s.p. energy [MeV]

O Zr 1sotopes

Giant halo  Zr (A>124) ©
J. Meng and P. Ring, PRL 80, 460 (1998).

o

Y. Z., M. Matsuo, and J. Meng, PRC 86, 54318 (2012).
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Hyperon halo orbits in Zr hypernuclel
B Hartree-Fock-Bogoliubov (HFB) model

v NN interaction: SkI4 P.-G. Reinhard and H. Flocard, NPA 584, 467 (1995).

v NN pairing: DDDI

A(r) = %Vo [1 -1 (pq(r)) ] p(r), q=mnorp.
Po

V=-300 MeV fmm?, n=0.5, a=0.5, p,=0.16 fm=, E_ =70 MeV

M. Grasso et al. PRC 74(2006)64317.

v NA interaction: LY5r Y.Z., H. Sagawa, and E. Hiyama, Phys. Rev. C 103, 034321 (2021)
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Hyperon halo orblts In Zr hypernuclel

neutron potenital (MeV)
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In 136Zr, the diffusive neutron
potential can hold the weakly
bound p orbits, which

can hold up to 6 neutrons >
giant neutron halo

Y.Z.,H. Sagawa,and E. Hiyama, Prog.
Theor. Exp. Phys. 2022 023DO01 (2022)




Hyperon halo orbits in Zr hypernuclel

L 91zr 57y ,1\37'Zr ' : In 136Zr, the diffusive neutron
O m ="y e density leads to a diffusive
< [ hyperon potential also.
@) .
g/ -10 state S.p.e. v2 Trms
T | n 3py, —0.726 0.872 8.7611
< 3ps,  —0.986 0.926 8.3981
£ -20 2fs;2 0202 0.155 7.2496
a ' 2fr;5  —1.047 0.886 6.9517
< lhg/y  1.271 0.050 6.1079
_30 1hyy, —4.432 0.992 5.7730
total _ _ _ __ _ _ _ 5.4624
0' —— z'* e é —— 1'2 A -3, —0.370 0.500 ‘9.‘9822\
r (fm) ( 2d3;; —0.090 0.0 8.5794

SN 25,  —0.118 0.0 8.41487
1g7/5 = =6:870- — 00~ ~5.8904
lgg, —1.006 0.0 5.8721

5 almost degenerate weakly bound low-| orbits can hold up to 12 A hyperons
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Possible hyperon halo in O hypernuclel

B Hartree-Fock-Bogoliubov (HFB) model

v" NN interaction: SIII
1 N\ .
v NN pairing: DDDI  A(r) = AL [1 —1 (pq( ) ] p(r), q=mnorp.

Po

V= -458.4 MeV fin®, n=0.83, a=0.51, p;=0.08 fm?, E;,= 60 MeV  neutron drip line: 2*0
v NA interaction: LY5r WOA = 4.7 MeV fm®> YZetal.,, PRC 103, 034321 (2021)
v AA pairing: DDDI volume-type

V= -139 MeV fin’, =0, a=0.51, E,,= 60 MeV  H. Giiven, et al., PRC 98, 014318 (2018)

v" AA interaction:

1
VAA = ﬁ(’f‘l—’l’?)‘l‘i)\’-l [k’25(7'1 - 7'2) + 5(7’1 — ’I"g)k2]+%,5(T1—Tz)k+)\35(7'1—?2)p?v (rl R r2)

2
Ao= —76.2 MeV fm3 BYP = 19.07 + 0.08 4 0.07 MeV of 1} Be
)= 57.5 MeV fm® Ekawa et al., PTEP. 2019, 021D02 (2019)

=9 Trys A=0 or -100 MeV fm?
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Possible hyperon halo in O hypernuclel

v AA interaction

1
Vaa = )\05(7‘1—7‘2)-{-5)\1 [k’25(7°1 —7r9)+6(r1 — 7’2)’{:2]—|-%’5(7-1_7-2)]6_*_)\35(,’.1_7,2)/)% ("'1 + Tz)

2
=0 MeV fm® A= -100 MeV fm®
- 24 + N - 24+ N
30F nAO 30F nAO
SII volume AA pairing Sl volume AA pairing
25 LYSr Vo= —139 MeV fm3 25 LYSr Vo= — 139 MeV fm3
X Ao = —76.2 MeV fm3 X Ao = —76.2 MeV fm?3
-y o A1 = +57.5 MeV fm? -y o A1 = +57.5 MeV fm?
% 20 [ Az =0 MeV fm? %, 20 " Ai = —100 MeV fm>
= 15F = 15F
S F —e— HFB < —e— HFB
< f
N 10F —-o-- HF W 10F —-o-- HF
5F 5F
0 \ 0 0
L L L M L M L L | L " M 1 M | M 1 N 1 M |
4 8 12 16 20 4 8 12 16 20
N A\ N N\

!' With more attractive p-wave interaction,
the hyperon drip line could be extended.



Possible hyperon halo in O hypernuclel

v AA interaction

1
Vaa = )\05(7‘1—7‘2)-{-5)\1 [k’25(7°1 —7r9)+6(r1 — 7’2)’{:2]—|-%’5(7’»1_7»2)]6_*_)\35(,’,1_7,2)/)% (”'1 + Tz)

2
A= 0 MeV fm5 A= -100 MeV fm?
o:—“_—_ ----------------------------------------- %d ---------- 0: —:+T2=*=]:_g=
S [ 24+np > S | 24+NQo 25
o b NA v _sE NA
= 7t = [
; [ — ke 1p ; _"-7-=t.==*=
o —10F o —-10F e 1p
o | 2 | T
q_f _15:_ A =0 MeV fm?> ) _15:_ 5
% . S L/ A = —100 MeV fm
: 1s n i o —
—20F —20F o
< _ < i — e _15
M IR DR B P ||||_
4 8 12 16 20 4 8 12 16 20
number of A hyperons N number of A hyperons N

! 2s and 1d orbits are pulled down from the continuum to

the weakly bound states as hyperon number increases.
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Possible hyperon halo in O hypernuclel

v AA interaction

1
Vaa = )\05(7‘1—7‘2)-{-5)\1 [k’25(7°1 —7r9)+6(r1 — 7’2)’{:2]—|-%’5(7’»1_7»2)]6_*_)\35(,’,1_7,2)/)% (”'1 + Tz)

2
M= 0 MeV fm? A= -100 MeV fm5
1.6F 1.6 24+NO
14 ] 24 +NI>I\O - NA
ol oI Lar Sl
L.2r 1.2r LYSr
; 1.0F LY5r ; 1.0k
Q - Q
E 0.8F = 0.8}
< _ volume AA pairing < _ volume AA pairing
< 0'6. Vo= — 139 MeV fm3 < 0'6. Vo= — 139 MeV fm3
0.4}F Ao = —76.2 MeV fm? 0.4}k Ao= —76.2 MeV fm?3
L A1 = +57.5 MeV fm> I A1 = +57.5 MeV fm?>
0.2k A> =0 MeV fm? 02k A= —100 MeV fm?
0'0...|...|...|...|,,_|_, O'O...|...|...|...|...|..
4 8 12 16 20 4 8 12 16 20
N A N A\

! Obvious hyperon shell closure at N=2, 8, 20




Possible hyperon halo in O hypernuclel

A= -100 MeV fm®
» Hyperon density distribution

10°

244NO SIll LYSr

244 NO Sl LY5r

A, = —100 MeV fm?
volume AA pairing 102

Vo= — 139 MeV fm3

~ 0.10 Ao = —76.2 MeV fm? — N=2HFB

™ /\1—+575Merm55 o —— N=8HFB
A2 = —100 MeV fm ! . N=

£ 0.08 2 c N =10 HFB

Y s 1074 —— N =18 HFB

~ —— N=2HFB Nt o N=10HF

S 0.06 —— N=8HFB < _

Q = Q ---- N=18 HF
—— N=10HFB

0.04 N =18 HFB 10-6
0.02F
—8........I...I..\\l.\\.\\
0.00 10 5 10 15 20 25
r (fm)

! Obvious increase of the hyperon density from N=8 to N=10
! "pairing anti-halo” effect
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Possible hyperon halo in O hypernuclel

A= -100 MeV fm®

» RMS radius of neutron, proton and hyperon

3.6
L ©
34l 24 + O ‘;’,' o\\o\

SlifLysr ‘ ! quick increase of
w21 ' hyperon RMS radius,
v
S 30k - even larger than
G volume AA pairing
< 2.8 2 A2 = — 100 Mg¥/'fm3 ! “pairing anti-halo”
= |

2.6 neutron effCCT
X —¥— proton

> 4k —eo— A HFB

' i --o-- A HF

2.21 1 1 PR T W T T TR T N T

0o 4 8 12 16 20




Possible hyperon halo in O hypernuclel

A= -100 MeV fm®

» Density of neutron, proton and hyperon in *75A

244100 A, = —100 MeV fmS

— 0.12 — neutron
r? —— proton
E 008 —— AHFB
>0 ———- AHF
i
(V)]
CICJ
S 0.04

0.00

r (fm)

10

10A0

o°

24+ 10

10/\O

A> = —100 MeV fm?

—— neutron
—— proton
—— A HFB
---- N HF

M .1I0. L 2
r (fm)

PR R M "
15 20 25

! Large tail of hyperon density in HF cal. > large hyperon RMS radius

! "pairing anti-halo"” effect
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Possible hyperon halo in O hypernuclel

o
A= -100 MeV fmn’ O’

O
. ca 24+18
» Density of neutron, proton and hyperon in “7500 © o
()
Oo
10°

24+180  2,= —100 MeVv fm® 244180 2, = - 100 MeV fm*
— 0.12 —— neutron - -2
™ — proton o 10 — neutron
- —— A HFB e —— proton
= 0.08 o = ~ —— A HFB
4? N\ HF 10 4 e AHF
n
c
B 0.04

0.00

PR 3 2 Ve b o aN\s 2 1 3 N, s 3 3 3
5 10 15 20 25
r (fm)

! The weakly bound levels can hold up to N=10 hyperons, which may
form the hyperon halo.
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Summary

« Skyrme energy density functional theory for hypernucleus
including AN interaction (with spin-orbit interaction) and AA
interaction was developed. The spin-orbit splitting and the AA

binding energy data was reproduced.
* We studied the possible halo orbits of A hyperon in C, Zr and O
1sotopes.

v C, halo orbits: 1p, 2s (neutron-rich)

v’ Zr, halo orbits: 3s, 2d, 1g, almost degenerate. They can
hold even more hyperons than neutrons in the giant
neutron halo.

v 240 + A hyperon: AA interaction and pairing are important
to determine the A drip line and the A halo.

/,
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Appendix




Introduction Nuclear Landscape

stable nuclei ~300 nuclei
unstable nucle1 observed so far ~2700 nuclei
drip-lines (limit of existence) (theoretical predictions) ~8000 nuclei

120 "
. Stable nuclei
A Known nuclei
—.—D Drip line
N 80F @ 8,=2 Mev.\“\é
§ - SV-min
£
-}
C
c | _ | 4#Fsvrsrunnunss
o el
< L
& 40 B . IIE:::.
7 = 08 Liilunnns
Z =20pd aniia- oo
rfmze N =50 Two-n drip line S, = B(A,Z) - B(A—-2,Z) =0
- - 20
O 1 1 L 1 1 L 1 L 1 1 1 1 L 1
0 40 80 120 160 200 240 280

Neutron number, N J Erler et al. Nature 486, 509 (2012)




Hyperon halo orbits in C hypernuclei

% El transition from Ip to ls state 1
B(EL J; = J§) =

(ARl

. 2J; +1
I A I :
of (Fl1Qrlley = (fller Yr(6,¢)|l%)
Z _ 7 2 . 1 .i
= YU BRI g = 2 i) @i+ ) ( v {)
+ [ 1 n —= 0 =
GE) I -16F 3] 2 2
é. ! sk e —— T . >
g e d Ul = [ RaG)rRabr
[ -20F 1] 0
—30 I -22 : :__ (E1)
P B, €A :—ZMAG/(AMN+MA)
0 4 8 12
r (fm)
13C Cal. A(lpy, > 1s;,): B(E1)=0.103 €2 fm?
11 1F 517, _ 2 finn2
Be Exp. n (2 > 5 ): B(E1)=0.099 £ 0.010 e~ fm
T. Nakamura et al., Phys. Lett. B 394, 11 (1997). 26/30



Hyperon halo orbits in Zr hypernuclei

B Hartree-Fock-Bogoliubov (HFB) model
NN interaction: SkI4 P.-G. Reinhard and H. Flocard, NPA 584, 467 (1995).

NN pairing: Ar) = lVO [1 -7 (p"(r)> ] p(r), g=norp.

2 Lo
V=-300 MeV fm?3, n=0.5, a=0.5, p,=0.16 fm?3, E_,=70 MeV M. Grasso et al. PRC 74(2006)64317.

NA interaction: LY5r Y.Z., H. Sagawa, and E. Hiyama, Phys. Rev. C 103, 034321 (2021)

AA interaction: SAAl A,= —312.6 MeV fm3 D. E. Lanskoy, PRC 58, 3351 (1998).
to reproduce the data of NAGARA event: ,S{He
K. Nakazawa and H. Takahashi, PTPS 185, 335 (2010).

SAAlr A= —50.0 MeV fm® A =57.5MeVim> ),=0

Table 1. The calculated double-A binding energy BS%; and the gain energy A B for several light double-
A hypernuclei together with the experimental data [35,37]. All the energies are in MeV.

Nuclide B‘X“}\ Bji‘xt' A Bj\ak A Bi(/;zt.

¢ \He 7.564 691 + 0.16 NAGARA) 0.536  0.67 + 0.17 : ABapx = Bapa — 2By

11 Be 18.594  20.86 + 3.06 (MIKAGE) 0.478  2.64 + 3.09 | l
22.12 + 2.67 (MIKAGE) 3.90 + 2.71 | By = B(M2)-B(Az)
20.83 + 1.27 (HIDA) 2.61 + 1.34 | s ]
19.07 + 0.11 (MINO) 1.87 + 0.37 Baa = B(33°Z2) - B("2)1

KaB 22.221 23.3 + 0.7 (KEK-E176) 0.435 06+08  ——=m—m—m=====-= J




Hyperon halo orbits in Zr hypernuclel

Table 2  Bulk properties of Zr isotopes with one or two A hyperons: rms radius
1< Trms, A o (fm), the average pairing gap A,,A, (MeV), single- or double-A binding
energies By (y) (MeV), and double-A gain energy ABxa (MeV). The A hyperon(s) is placed

in the ground state 1s;/5 orbit.

ri . Thms rh A, A, Byay ABaa
NZr  4.2674 4.1588 0.000 0.915
?\IZr 4.2608 4.1515 3.1346 0.000 0.901 23.468

)
P Zr 42543 4.1445 3.1197 0.000 0.889 47.123 |0.188

147r  4.8000 4.4112 0.953 0.796 much
157, 47934 4.4036 3.3059 0.953 0.785 23.868 smaller
167, 47870 4.3962 3.2897 0.952 0.773 47.905 |0.169 | Than
136Zr  5.4649 4.5415 0.620 0.602 asHe

B377r 5.4585 4.5328 3.4003 0.593 0.579 24.074
1387r 54520 4.5244 3.3823 0.568 0.556 48.315 |0.168

DDDI nn (pp) pairing are included by the HFB calculation
1 pq(r>)“] i V,=-300 MeV fm?, n=0.5, a=0.5
A ==V |1 — , = . 2 > >
(r)=3% [ ! ( oo ) P A= 016 fm, B, =70 MeV

M Grasso, S Yoshida, N Sandulescu, and N Van Giai. PRC 74(2006)64317. 28
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Hyperon halo orbits in Zr hypernuclel

Giant Hyperon halo outside
the giant neutron halo

o 10 20 30 a0
r (fm)

Y.Z.,H. Sagawa,and E. Hiyama, Prog. Theor. Exp. Phys. 2022 023DO01 (2022)
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Possible hyperon halo in O hypernuclel

A= -100 MeV fm®
0.06
24 +NI>I\O volume AA pairing
0.05k Vo= — 139 MeV fm?3
SHILYSr 5 = —762 Mev fm?

A1 = +57.5 MeV fm?
Ay = — 100 MeV fm?

—— N =10 HFB
—— N=18 HFB

10°

24+ N
A0 Sl LY5r

volume AA pairing

—_— N =
—_ N =

Vo= — 139 MeV fm?3
A = —100 MeV fm?

10 HFB
18 HFB




