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Neutron star core
= “An Interesting neutron-rich hypernuclear system”
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In this talk,

| will discuss production and spectroscopy of the
A and X hypernuclel, within the distorted-wave
Impulse approximation (DWIA) In a theoretical
viewpolint.

| will focus on

I.  DWIA calculations of the A (X) production spectra
with effective number and Green’s function
descriptions.

I1. application of coupled-channel Green’s function to
neutron-rich A () hypernuclei via £~ doorways in
the nuclear (n—,K*) reaction.

Hyperon-mixing




Distorted-wave impulse
approximation
(DWIA)



Distorted-wave Impulse Approximation (DWIA)

J. Hufner et al, NPA234 (1974) 429; E.H. Auerbach etal., Ann. Phys. (N.Y.) 148 (1983) 381,

C.B. Dover et al.,PRC22 (1980) 2073.
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(Complex) effective number

description

for (quasi-)bound states



(Complex) effective number description in DWIA

Integrated differential Lab Cross Sections
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Single-particle states for N and A

Schrodinger equations
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Wave functions of a nucleon in the target
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Binding energies of A single-particle states

D.J. Millener, C.B.Dover, A.Gal, PRC38(1988)2700
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Calculations for 12C = 12C atransitions

A=12 (n-1C, A- 11(:)

" thomev T T
(13132)\‘&

- E=15.02 MeV

=~ (1133/3);,

_“pﬂfz)ﬂ -0.66 MeV

~ -0.077 MeV
NS ZSIIVAR

1 1 1 1 |{ 1 1 1 1 | 1 1 1 1 | 1

Form factor

50 MeV

|
0 2 4 8 8
: T T T T | T T T T | T T T T | T T T T
3_ q=280MeV/c —
E - “~ q= 60MeV/c
C / n—1
C (13'1\},2 1;)3/2 YP_1-
; Ve g=500MeV/c
. ¥ /\_
2
C 7 \
C | | | | | | | | | | 1 | | | | ].] (T‘) }
0 2 6

oo
N (A) :
Fa) = [ R, 0t p VB, ()
(11“3/213-’.331,;2 JP=0+ | F(q) |
lOD : T T / T T T T | T T T T | T T T T E
s i §% o 1p N _ i -
ot b 21959 )P =1 | |
o /IV’ ! 3
- i lpA: 1ph o 25p_g+
1072 z—/ ! (10521052 5
-/ ]
_q [/ i
o 10 g— 3
G :
Eoon ]
1074 & —
i
% | .
10-5 (11)1;21;{,} 9 )JP 9+
I A / 4\ \
i q~60MeV/c q~280MeV/c q~500Me\{IC/ \
10_6 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1l ]II |II
0 100 200 300 400 500 600

q (MeV/c)



quﬂ

Effective number of neutrons
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Green’s function description

for continuum states

13



Green’s function description

Green fgfunction method | Morimatsu, Yazaki, NPA483 (1988) 493.
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A spectrum by (z+,K*) reaction at 1.2 GeV/c (6°)

Sensitivity of the spectrum to the A—nucleus potential parameters
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Optimal Fermi-averaging for an elementary T-matrix
T. Harada and Y.Hirabayashi, NPA744 (2004) 323.

“Optimal” cross section
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Elementary cross section of t*+n-2>K*+A reactions in nuclei

Optimal Fermi-averaging
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Remarks

The calculated spectra in the QF region
can explain the experimental data at
1.20 and 1.05GeV/c.

make the width look narrow

The o energy-dependence originates
from the nature of the “optimal
Fermi-averaging” t-matrix.

Need careful consideration for energy-
dependent of the elementary cross
section.



>~ S.p. potentials (fitted to the ¥~ atomic data) y
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>~ spectrum by (z—,K*) reaction at 1.2GeV/c

Study of X s.p. potentials for havier targets st 209Bi
[H.Noumi, et al. PRL89(2002)072301]
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= 3.9 i5 [
% 28Gj - (b) Si _
= sf (150 MeV, —40 MeV) sk (90 MeV,-10 MeV) .
£t - u
2 (V.E, W.Z) [ =
3‘ 25 0_ 0 2.5 N (VOE, WOE) =
s | =(90 MeV, ~40 MeV) : =(90 MeV, 40 MeV) =
5 af 1 2F 1
5 ? (10 MeV, -40 MeV) . . B
“ [ At i 5
@ 150 1.5F 3
O R i 1 _ : 13z
S gL D s i IR .
: :
o.5F 0.5F 4
(-10 MeV,-10 MeV) :

0 =25 0 25 50 75 100 125 150 175 0 =25 -“. 25 50 75 100 125 150 175
-Bs(MCV) 'BI(MBV)

Woods-Saxon form

Vs AW, ]V =490 MeV
/////////ﬁ;m

U, = :
Z 1+ exp[(r - R) / a] 0 =& 0 EI!- 5:1 J:!- 'II:'II IE- 1!I|-|:| 175
R — ro ( A— 1)1/3fm WZ — —40 I\/IeV =8y (MeV)

a=0.67 fm r, =1.1fm Strong repulsion with large imaginary




Inclusive spectrum in 28Si(r-, K*) reaction at 1.2GeV/c

Exp. Data from P.K.Saha, H. Noumi, et al., PRC70(2004)044613
20 I | | | | I I | I I | | I I I 1 | I I I I |} I I

CROSS SECTION (ub/sr MeV)[EXP.]

[TvD](APIN 4s/q7) NOILDES SS0¥D

250 300 350 400 450
w (MeV)
Vg, Wy) = (+30, —40) MeV by y?/N-fitting NPA759 (2005) 143

T.Harada, Y.Hirabayashi,



Remarks

*The resultant spectra for (w*,K*) reactions can
reproduce fully the experimental data, including the

A bound and QF region, - A potential U, - Neutron star
- Fermi-averaging cross sections

*\We can explain simultaneously the data of the -
atoms and (n—,K*) reactions, including the X bound

and QF I’egiOn. - ¥ potential U, > Neutron star
- Repulsion inside the nuclear surface < Quark exchange
and an attraction outside the nucleus "™ BB neraction

» The DWIA calculations work very well in A, X
pl‘OdUCtIOﬂ SpeCtra- - (quasi-)bound states and continuum states

- Green’s function



Production of
a neutron-rich hypernucleus
by °Li(rmt~,K*) reactions



Dynamics in Hypernuclear Systems
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» Various effects on the hyperon mixing
» Related to the 3BF in nuclel



First production of neutron-rich A hypernuclel

10 - 10y :
B(7Z' , K+) A LI A spectrum by DCX (n~,K*) reaction at 1.2GeV/c
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The DCX (n—,K*) reaction at 1.2GeV/c can produce the neutron-rich A hypernucler
states, whereas the cross section is as small as 1/1000 of the (n*,K*) reaction.



(n—, K*) —Double Charge Exchange (DCX) Reaction

Two-step process:

_I_
" \\\ // K
— 0 \\ /
7T p—o>KA AL 4
\\ ///
Kop—) K+n S~ 7 p—K°A L’
b R e > A
AN KO 2 é\
p > P _.-"n
_ 0 D > >—C > n
7T p —> 7N K’p - K™n
0 \ / \/
T p—>KA v/
One-step process: - Hyperon-mixing ’ Kt
\\\ ”f’/
7 p—> KX MrpoKE| -
B S~~~ Doorway A > A
X p<>An D >
: p > P n >
via X~ doorways caused p > > ( .
by AN-ZN coupling \ A \




Coherent A-X coupling



A spectrum by DCX (z—,K*) reactions at 1.2GeV/c
Harada, Umeya,Hirabayashi, PRC79(2009)014603
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Status

» © H is one of the most interesting candidates to
investigate neutron-rich hypernuclei; B[°,H(0", )]
= 5.8 MeV caused by the coherent AX coupling.

Y. Akaishi, Khin Swe Myint, AIP Conf. Proc. 1011 (2008) 277.

 FINUDA collaboration reported a binding energy
of B(°\H)=4.5+1.2 MeV in °Li(K",, ©*)
reactions. M. Agnello, et al., PRL. 108 (2012) 042501.

* No peak is observed around the #\H + 2n threshold
in the °Li(n~, K*) ¢, H reaction at p_ =1.2 GeV/c by
J-PARC E10 collaboration.

H. Sugimura, Phys. Lett. B729 (2014) 39.
R. Honda, Ph.D. thesis, Tohoku University (2014).



Search for the °,H hypernucleus by °Li(n-, K*) reactions
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Our Purpose

We theoretically demonstrate the inclusive spectra

of the °Li(rt—, K*) reaction within a distorted-wave

impulse approximation, using a coupled (°H-A)

+(°He-X-) model with a spreading potential by the

one-step mechanism via 2.~ doorways.

(1) To extract valuable information on the X-nucleus
potential for X-"He from the data of the J-PARC

E10 experiments. 5. regions

(2)To study the XA coupling effects related to the X-

mixing and the strengths of the A-°H potential in

6AH( 1 +exc.)' [nOt 6AH(O+g.S.)]

A regions




Coupled-channel calculations
In the DWIA

with the optimal Fermi-averaged t-matrix

Li(w, K*) reactions



Model for final states of the hypernucleus
Single-particle shell model wif.

1, GH) = 3 [BrCHLY 0], + Y [@rCHe el )],
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/2 - spreading potential for excited states
Hyperon-nucleus potentials -
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Coupled-channels DWIA calculation for one-step mechanism

2~ doorways

Coupled-channel Green's function - K*
© O (NG o e
Gw)=G"(w)+G"wUGW) D )
p X -
Ga(w) Gx(w Upn Ux p > D no
oy [P ex@) (v 1= > .
Gy (i.u) Gy (LU) Ux Us \ \
DWIA+CCGFM

Inclusive cross sections T. Harada, NPAG72(2000)181
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Differential cross sections for the T p>K*2- reactions
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Optimal Fermi-averaging for an elementary T-matrix
T. Harada and Y.Hirabayashi, NPA744 (2004) 323.

“Optimal” cross section
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Optimal Fermi-averaged T-Matrix On}sheIIT—matrix
fon _[ SIanHJ‘ depNt (EﬁN’ P, Pn)o(Py)
(P, 0,0) =
|, sin6do| ~pidpyo(py) oo
gin /
“On-energy-shell” equation w=FE —E = \/(DL +q)°+my — \/DLZ +my
given
S,A.Gurvitz, PRC33(1986)422: Optimal factorization P, t p;, = Pk TPy




Angular dependence of the optimal Fermi-av. cross section

“mp>K*X reactions” in the nucleus
.I.ED | | | | | | | 1 | | 1 | 1 | | 1 | 1 |

CROSS SECTION (ub/sr) [CAL.]

—100 —20 0 20 100 150
Es- (MeV)
> There exists a strong energy dependence in the amplitudes.



Results and discussion
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Study of the 2-nucleus potentials
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Too_y40 (nb/sr MeV) [EXP.]

Inclusive spectrum in °Li(zx—, K*) reaction at 1.2GeV/c
R. Honda, et al. (J-PARC E10 Collaboration), arXiv:1703.00623

].ED I I I I I I I I | | | | | | | | T T
- | | | | | B
00l x%/N =1.01 | Yz= *t20MeV,W,= ~20 MeV E
- !
i (fszl-lﬁ) a = 0.6 fm, R = 1.14/3 r::

!

g0 29-14° ave. /-
A _ =
i "H+A "He+X™ "H+X° [
60 |- ] l l N
. ' Aregion i Zregion 4/
o hole,
i e
20 — _
ok 5 atatt -

5800 5820 5840 5860 5880 5900 5920
Missing mass M_ (MEV;’::E) ﬂ



=
i
Lo}

[
]
[

Lo
Laie]

L'if.l

Tge_yye (Db/sT MeV) [EXP.

10 e -
i *+ -
» ; 411
N i ++fl g ]
ek 1!i5++ﬁ+t
I"‘ I P I
SR40 5BED 5BAO 5800

124 T

-
1) [
[ ) [ )

L=}
=

Ty_yq (nb/sr MeV) [EXF

DE40

(=
L]
T

Dependence of the calculated spectra for the °Li(n~,K™") reaction

R. Honda, et al. (J-PARC E10 Collaboration), arXiv:1703.00623

[ | Wy=-20 MeV is fixed

/N =101
{f,=1.15)

_’Hc-+*_:‘ "H+x"

L Vs dependence

Pr

Missmg roass Mo

[ | Vs=+20 MeV is fixed

IMeV /o)
T T

30

2N =101 LY

(f.=1.15) 4D ~ Sl 25
- J | H} ] 215
| E ..-:__" ¥, -l..._... BN
L W, dependence | - f+if’.- . 1 %10

: +’ S =
[ 'f : . _ 0
4t+ _+-H H*‘E*HH }
== l r T r : 1 | 1 1 1
SEA0 SHAD 5H00 5020
Missing rmass M, (HoV/c 3.0 MeV EWHM

=1.2 GeV/c
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The shape and magnitude of the spectrum
are sensitive to the strengths of (Vy, Wy).

\ (Vy, Wy) = (+20, —20) MeV

¥2IN = 1.01 with f, (N=65)

The y2/N-value distribution in Vy, Wy

vy (MeV)




Remarks

B The calculated DWIA spectrum can fully explain the
experimental data of the °Li(n~, K*) reaction at 1.2 GeV/c.

B The optimal Fermi-averaged t-matrix of tp—K*X"~
reactions Is essential to describe the energy and angular
dependence of the data.

80 ' T

B The results show that the X-°He Y S
potential has the repulsive and NN,
absorptive components with
(Vy, Wy)= (+20 MeV, —20 MeV)
with the WS potential.
D> (Vy, Wy) = (+34, —34) MeV for N.M.

40 - ‘\ '\

Re Ug(r) (MeV)

& (Vy, W) = (+30, —40) MeV for 28Si
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Production of

the neutron-rich A hypernucleus
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One-step process
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via X~ doorways caused
by AN-ZN coupling N A




Schematic illustration of °,H production in the °Li(z~,K*) reaction
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One-step mechanism
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Calculated XA coupling folding potentials in ° AHA)

\ using shell-mode (s3p)®L configurations for the core nucleus.
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- Shell-model with spsd model space
- Central effective YN interaction (D2’g)

» The coupling strengths of
py < s, are so large, as well as

Sy < Sy. —
47



Single-particle density distributions of A and ¥~ in °,H(1")
(Vs an s Van an) = (-900 MeV -fm?, 500 MeV - fm3)
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P (tot)=0.32% [P.(s,)=0.13%, P, (p,)=0.17%]



Case

> (OO

Integrated cross section and X~ mixing probability

| 6 -
7S n an (MeV) Ba(§H) Py (%) AH(17)
S =1 S =0 (MeV) s¥ s dy, 9000 total
anraaomant
MHI COTTTOuTTU
0 0 1.492 0.00 0.00 0.00 0.00
—450 250 1.576 0.03 0.04 0.00 0.07
—900 500 1.841 0.13 0.17 0.02 0.32
—1350 750 2.328 0.34 0.41 0.04 0.79
—1800 1000 3.100 0.68 0.82 0.08 1.58
oy an (MeV) Ba(8H) do /dS) (nb/sr)
S =1 S=0 (MeV) syt Pyt total
0 0 1.492 0.00 0.00 0.00
— 450 250 1.576 0.03 0.01 0.04
—900 500 1.841 0.16 0.06 0.22
—1350 750 2.328 0.44 0.15 0.59
—1800 1000 3.100 1.00 0.32 1.32

Cross sections:
do/dQ =0.22 nb/sr

>~ mixing probabilities:
P._(tot) =0.32% [P, (s;)=0.13%,

Py (pg) =0.17%]



Production cross section of °Li(n—,K") reactions | Hyperon-mixing
6
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Dependence of the spectrum on V, in the A->H potential

mV, =-19,-24,-28 MeV because the structure of °H is 6 H(1")
still uncertain experimentally.
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» The shallow potential V, =—-19 MeV is favored to be compared with the data.
> The shape of the spectrum is so sensitive to the structure of the °H resonance.



S umima ry Hyperon-mixing

B The calculated spectrum of the SH by the one-step
mechanism via X~ doorways can explain the data of the
DCX SLi(n~, K*) reaction at 1.20GeV/c . s-p

> (Vg, Wy)= (+20 MeV, 20 MeV) .
» X~ mixing probability \ AN-EN
Pz ~0.4 % for 6AH(1+exc.)- P ,;,% coupling
[P._(s,)=0.11%, P, (p,)=0.17%] R
» Shallow A potential for °H, /
(V, =~—-19 MeV) is favored. _

B Our phenomenological calculations provide the ability to
extract the production mechanism from the data.



Conclusion

* We have investigated the calculated spectrum of the
neutron-rich ¢, H hypernuclei by the one-step
mechanism via X~ doorways in the °Li(n~,K™)
reaction at 1.20 GeV/c.

The results suggest that

¢ (Vy, Wy)= (+20 MeV, —20 MeV)
e Py (tot) = 0.4 % for 6, H(1*,.)
e V, =-19 MeV (shallow) for the °H resonance

* The sensitivity to the coupling potential parameters
implies that the nuclear (n~,K") reactions provide a
high ability for the theoretical analysis of precise
wave functions in the neutron-rich A hypernuclei.



Thank you very much
for your attention.



