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Introduction

BB interactions are inputs for nuclear structure, astrophysical phenomena

Once we obtain a “reliable” nuclear potential, ik
we apply them to the structure of (hyper-) nucleus Neutror g
and neutron star calcration. :

neutron matter

¢ AA, E hypernuclei
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How do we obtain the nuclear force?
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Introduction ‘

Baryon-baryon interactions are key to understand
nuclear structures and astrophysical phenomena

Traditional way to research the BB interaction / potential

| BB interaction (potential) I | BB phase shift I

Yo e — 80— ———T—————
] 1SO channel - [ e— virtual state 150
I ] &0 -1
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s [ | o .
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S s 2 25 Tisp [MeV]
NN interaction I Large amount of scattering data
to determine theoretical parameters

YN /YY interaction I More strangeness, more difficult to access experimentally.

Experimental data are scarce.

‘ Lattice QCD results for YN and YY interactions are highly awaited I
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QCD to hadronic interactions

Start with the fundamental theory,QCD, to obtain a “reliable” interaction I
u 1 a auv . .
Locp=qliy,D"—m)q+ ZFqu g | BB scattering phase shift I
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Lattice QCD simulation i\ s

: —u,%__ til | Luscher's finite volume method I
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The potential is proper for the phase shift by QCDJ
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Aoki, Hatsuda, Ishii, PTP123, 89 (2010).

Nambu-Bethe-Salpeter wave function

Definition : equal time NBS w.f.

Local composite interpolating operators I

f r—!O P—
p=udu n=udd I =sus E =sds

1
B=¢ “bc(q CYs%)q < A:\/G_ |[dsu+sud—2uds]

2= —usu Zoz—l—[dsu+usd] 3=

‘Four point correlatorIFBB( )=<O[T[Bl(7,t)Bz(O,t)(B B,) ] 0>:Z AW(E Fle
Dt satisfies the Helmholtz eq. in asymptotic region : ( ) ,F)=0
9In interaction region : (p +V2) F)=K(E,7)

NBS wave function has a same asymptotic form with quantum mechanics.
(NBS wave function is characterized from phase shift) A

p
- 4

= 4 sin (pr+98(E))
pr
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N. Ishii et al Phys. Lett. B712(2012)437

Time-dependent method

Let's start with the normalized four-point correlator.
B, B, -\ __ - my +m,
R, (t’r)_FBle(r’t)e( .
=AW(7, E,)e " 4w
E

= = £ 2 3
ou +ﬂ)‘P(r,EO):fU(r,r JW (7', E,)dr

N
(5
N
®

™
|
3
|
S
+

Each wave functions satisfy
Schroedinger eq. with proper energy

A single state saturation is not required!!
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BB interaction from NBS wave function

Nonlocality of U(r,r')

U(7’7’) — Vc(’”)"'Slz VT(’”)"'z'gsVLS(’”)"'z'ga VALS(’”)"'O(Vz)
= v(r) +L-S V ((r)+L-S5,V ,5(r)+O(V?)

Y

Effective central potential

For negative parity sectoryY

Flavor 8 rep (Parity-cdd Potentials)
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K. murano et al arXiv:1305.2293 [hep-lat] N.Ishii @ Lat2013 conference
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S.Aoki [HAL QCD collab.] Proc. Jpn. Acad., Ser. B, 87 509

Coupled channel Schrbdinger equation

| Preparation for the NBS wave function I Two-channel coupling case A

W“(E,?)e‘Et ) ;<0|(B132)“(t,F) £) | The same “in” state I C@ L

WEF)e ™ = Y (08,8, 6.7 |

Inside the interaction range I

In the leading order of derivative expansion of non-local potentiall (7.7 ')=V (#)8(7 '—7)

Factorization of kernel function

Coupled channel Schrodinger equation.

H_: reduced mass

2 2
(p“ +Y )wam:vz(mwaE>+V“B<F>‘PB<?,E>
20, 2u,

pP,: asymptotic momentum.

Asymptotic momentum are replaced by the time-derivative of R.

RY®(1,7)=2 (0|B,(t,5+7) B,(t,%)1(0)|0) """

4 N
V6 \pur= V2 _ 6\
- o [— - )t TN R ’t o [—> - -
(7)) _| 2w o Rl G R ) e Ri(m))l
P (Pt VE(F ’ « (= ’ . A\ RS(F,t) RO(F ¢
Va(r)x Vi r) (l_i) 11( t) (V Q)R%(r,t) IZ(r ) IZ(r )
X 2u, Ot 2u, Ot
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Target of this work

Three flavor (u,d,s) world : broken SU(3) symmetry o 1
)]
NN(I=1) 7 §
7 / AN-ZN(I=1/2) / N5 (1=3/2) 0
5 AM-NZ-23(1=0) N=-AZ(1=1) 55 (1=2) &
o . 0 mS—®
>
g g————o
L =A-Z5(1=1/2) / =5(1=3/2)
==(1=1) .
Isospin
10* 0
” NN(I=0) , AN-ZN(I=1/2) /,_N,;(I;BQL ° 8 =
= =  N=-AZ-33(I=1) * 10 ®
i o @ ° CDD
=l N=(1=0) &
= A 2A-=5(=112) =2(1=3/2)
==(1=0)

®In order to extract N= interaction, we have to solve a coupled channel.
» Only N= (I=0) is single channel.
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Numerical setup ‘

» 2+1 flavor gauge configurations by PACS-CS collaboration.
» lwasaki gauge action & O(a) improved Wilson quark action

»a =0.08995(40) [fm], a™' = 2.194(10) GeV, determined with m_

» 32°x48 lattice, L = 2.8784 [fm], T = 4.3176 [fm].
» Kud = 0.1373316, Ks = 0.1367526 __J ..
» 402 confs x 24 sources.

» Flat wall source is considered to produce S-wave B-B state.

» BG/Q computer resources had been used.

Mass [MeV]
2810

Tt 509+1 A

R | ol al \ 21MeV |
m /m 0.83 = 2790 | 33MeV |

T K =

N 131943 2780 | 12MeV T

N\ 1383£2 2770 | ? 10MeV %% — |

1404:|:3 2760 1=0 ch | I=1 ch /IXZ
= 14562 =0 channe =1 channe
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Lists of channels

|=0 states

Spin
'S

0

°S

1

|=1 states

Spin

|=2 states

Spin

Strong attraction
BB channels SUWntation (H-dibaryon)

AM Nz sz 1 8s 27

A

Aattraction Strong repulsion
BB channels SU(3) represefntation
N= ~ N2 . 8s < imilar to
N= 22 N2 8a / 10 10* The NN potential
Repulsion
BB channels SU(3) representation
>3 - - 21
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N=(1=0) °S - channel ‘ N=, N2 (I=1) 780 channel
mn=510MeVI
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AA, NZ, 22 (1=0) 'S, channel

| mr= 510 MeVI

V [MeV]

®AIl diagonal element have a repulsive core.
22 —-22 potential is strongly repulsive.

®0Off-diagonal potentials are relatively strong.

®Existence of H-dibaryon can be seen
in A\ phase-shift as a sharp resonance.
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Off-diagonal elements
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V [MeV]

N=, Nz, 25 (I=1) °S, channel

I
| mr= 510 MeVI

Diagonal elements
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®AIll diagonal element have a repulsive core

®O0Off-diagonal potentials are are weak

and attractive pocket.

except for N=-23 transition.
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N= channel |mn=510MeVI

'S °S
0 1
6000 . . . . 3500 :
+ 150 . . 150 °
o ® =1 —e—
5000 3000 r . =0 —o—
[ ]
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YPotentials in spin-triplet channel have an attractive pocket.
YRepulsive cores in iso-singlet channel are not so high.

»Strongly repulsive potential is found in 1S0(I1=1).

JRelatively small AXA—Nz= transition potential would be help to stabilize a =-hypernucleus
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—= channel |mn=510MeVI
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| |so-singlet channel I

Potential of 10 irrep is expected to be repulsive due to the quark Pauli effect.

| Iso-triplet channel I

OEFT calculation found that the bound == state in 1S0 channel [1].
®Meson exchange model calculations: bound.[2] or unbound [3]
®Bound == state was found by Lattice QCD simulation at m=389MeV [4]

1). J. Haidenbauer Nucl.Phys.A881(2012)44 2). M. Yamaguchi PTP105(2001)627
3). Y. Fujiwara PPNP 58(2007)439 4). S.R. Beane PRD85(2012)054511
Search for the bound == state at the physical point is interesting!
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Summary and outlook

» We have investigated N= and == interactions from lattice QCD.

» In order to deal with a variety of interactions, we extend our method
to the coupled channel formalism.

» N= and == potentials are derived from NBS wave functions calculated
with PACS-CS configurations

» These interactions (potentials) will be used to explore
the =-hypernucleus and == hypernucleus.

» We need a well-established technique
to tackle for study of hypernucler system.

» We want to perform this simulation
at physical situation m /m =0.28.

©RIKEN
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Nuclear Force from Lattice QCD (21)

Comparison between the potential method and Lueshcer’'s method.

Tt scattering in | = 2 channel

o]
3

V={1.84 fm)" +—=—
V=(2.76 tm)® —=—

'12 ™ 1.":[3_?‘!111}3 [ —

-14 V=55 m)! -

16 | —

-18 | i "_x_"'"‘-———h___
_Eu ] ] ]

0 50 100 150 200 250 300 350 400
EcpiMeV]

Ns=16,24,32,48, Nt=128, a=0.115
m; = 940 MeV by Quenched QCD
Kurth et al., arXiv:1305.4462[hep-lat]



Effective Schrodinger equation with E-independent potential

K(X.E) z(\??-' +k*)w(¥:E) [START] local but E-dep pot. (L3xL? dof)

(1) We assume ¥ (x; E) for different E is linearly independent with each other.

(2) ¥ (x; E) has a “left inverse” as an integration operator as

E= _,,.,Imi, +k°

[ d3zy(z; ENY(T, E) = 276(E — E")

(3) K(x: E) can be factorized as o .

- =, U(x.y
P m, U(x.y)

o — 1 dE'F 3 ':'f — -+ j — 5
K(# E) = /—ﬁ (#: E') x /{i,ﬁa(y;bj-r;;(y;bj
¥

/@3 { . ”IJFIML ENG(F; L)}w(ﬁ;ﬁ)

(4) We are left with an effective Schrodinger equation with an|E-independent

("?} + K )yf{.?:E) = m_MJ‘d3_1 U(x.v)lw(y.E)

Intuitive

|

[GOAL] non-local but E-indep pot. (L3xL3 dof)

understanding
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mptotic of wayv nction
[C.-).D.Lin et al.. NPB619.467(2001)]

For simplicity, we consider BS wave function of two pions

N{ﬂq N(ﬁ){ N(@N (7). f?’-'::'

v, (®)=(0

complete SEI

. INGB) N )|+

. J‘(e ”’E (»)

4 o ﬂ|‘»{i}

(27)2E(P) * e

r-fpj” N(p)

F 1
|

| _ z' :Elrx e -{ﬁsf.i‘zl.: = _I(ﬁ:@)_ R
my —(2Ey(@)-Ey(P)) +p"—ic
L (”TJ "’E (PHEw{fi') (Ex (F'} E,(q)-ic)

Integral is dominated by the on-shell contribution E, (p) = E, (g)

N@N(-J). m> LI

- [-matrix becomes the on-shell T-matnx r{q}
; : e (5) = 22 () g™ |
| -5 1 iy (n) El'llf 2I |
=Zle"" +—le —1}]— +---
, 2i

The asymptotic form

= oo SIGT+6,(5)) This is analogous
V;(x)=26 = = (SWave) 45 a non-rela. wave function
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Energy indep. potential in coupled channel S.E. ‘
‘ Inside the interaction range, we can define the interaction kernel I

p’+V ¢+ V|[viX,E) v(%,E) _ | K%, E) Ki(%,E) IX|>R . 0
p+V ¢+ V)| (%,E) v(%,E)] |K)%,E) Kj(%,E)

Factorization of the interaction kernel A
KmE) K e, (0 vis|ve.e vee) | (4 ||
K.(%,E) K,(%,E) UL(%,5) U3 \v.(7,E) y(,E) - !

~a (- E' ~alo E' a(— a(—
fdx qiz(f’ ) qil;(f’ ) wz(faE) wl;<f:E) :2T56(E_E )
V) (%,E") Y(%,E')\We(X,E) ,(%,E)
Us(%,5) Uy(%,5)|_  dE|Ko(X,E) K(X,E)|[wi(7.E) y(3,E)
U.(%,y) UN%,3) ° 270|\KJ%,E) Ky(%,E)/\y2(y,E) v(y,E)

Energy independent potential in Schrbdinger equation.
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Interactions in SU(3) limit and dibaryon |



Setup for SU(3) limit situation

» 3 flavor gauge configurations generated by DDHMC/PHMC code.
» We appreciate PACS-CS collab for giving us their code sets.
» RG improved gauge action & O(a) improved clover quark action
»3=1.83, a’ =1.631 [GeV], 32°x32 lattice, L = 3.872 [fm].
» Five values of K _ are considered.

» Flat wall source is considered to produce S-wave B-B state.
» Numerical simulations are curried out at T2K-Tsukuba.

Ku ds # of confs M_ps [MeV] M b [MeV]
0.13660 420 1170.9(7) 2274(2)
0.13710 360 1015.2(6) 2031(2)
0.13760 480 836.8(5) 1749(1)
0.13800 360 672.3(6) 1484(2)
0.13840 720 468.6(7) 1161(2)

T.Inoue (HAL QCD collab.) PRL106 (2011) 162002
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Looking for H-dibaryon in SU(3) limit ‘

200 — o —m
; Mps = 1171 [MeV] seertonn .
0f H-dibaryon
i — -10}
200 | @
; =3 Mps = 672 [MeV] st
_400 1 5 20 Mps= 469 MeV] —a—
> 600 [ ° > '—{'—'
=, o o -30 | s
= -800 | 100:_ 11°9¢ - -
> 3 ! ps= 1171 [MeV] +- 1 | &
-1000 {* : 113 40t
[+ -150 | Mps = 837 [MeV] +——a— 11 E :
1200 [ : Mps = 672 [MeV] #8117 é e
[ 200 F ; Mps =469 [MeV] —=— 1 | -50 H
4400 |, 20T .
:{ 00 05 10 15 20 25 _
-1600 N N T T S T N ] 60 Lo e e
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3. 06 07 08 09 10 11 12 13 14 15
r [fm] Root-mean-square distance \/(rz) [fm]

Growth of kinetic energy of baryon pair could be quicker
than enhancement of attraction.

vPotential in flavor singlet channel is getting more attractive
as decreasing quark masses

»Ground state energies in all different quark masses are
below the free BB threshold.

oThere Is a 6g bound state in this mass range with SU(3) symmetry.
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Recent results for H-particle in Lattice QCD

1400 |
1200 |

1000 |

Mg [MeV]
(0]
S

(0]
o
o

400 |

200 |

-----------------------
IIIIIIII

)(5.5)
)

H binding energy [MeV]
849134
E $37.23.7)2.4
S 3
= #37.83.1)(4.1)
2 #33.6(4.8)(3.5)
S 4132(1.8)(4.0)
O 926.0(4.4)(4.8)
HAL o
IIIIIII NPL 1 A 1
0 200 400 600 800 1000 1200 1400
Mz [MeV]

»Summary of binding energies
of H-dibaryon from recent LQCD calc.

»S. R. Beane et al [NPLQCD colla.]
Phys. Rev. Lett. 106, 162001 (2011),
arXive: 1109.2889[hep-lat].

»The results of ours and NPLQCD
look consistent

®»Note that all results are still far away
from physical point.

®»No deeply bound H-dibaryon
from experiment

What happen at physical point?

Simulation at SU(3) broken point by our method is necessary.
We have to depart from the SU(3) line.

Kenji Sasaki (University of Tsukuba) for HAL QCD collaboration



Numerical setup ‘

» 2+1 flavor gauge configurations by PACS-CS collaboration.
» RG improved gauge action & O(a) improved Wilson quark action

»B=1.90, a" = 2.176 [GeV], 32°x64 lattice, L = 2.902 [fm]. I [ 4
»Kk_=0.13640 is fixed, k = 0.13700, 0.13727 and 0.13754 are chosen.

» Flat wall source is considered to produce S-wave B-B state. - &4
» The KEK computer system A resources are used.

Y REANEE R
of MeV

T 7011 5702 41142

K 789+l 7132 635+2 “ >70oMeV
m/m 089 0.80 0.65 woc M\ 2 3288MeV 2718MeV

oK N=: 3295MeV *%,

N | 15855 | 1411£12 | 1215412 @ oo '

A 16445 | 1504+£10 1351+ 8 . 3008MeV %,

1660+4  1531=11 | 140010 3021MeV
= 1710£5 1610+ 9 | 1503+ 7
u,d quark masses lighter o SU(3) breaking effects becomes larger
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/N and N= phase shifts

Esb1: mr= 701 MeV I | Esb2 : mr= 570 MeV I | Esb3 : mr= 411 MeV I
\ L —— | ' s A | (s
" | ,,
0 ‘ ” S~ 0 "
. .MMWM ..... MM p ,
" it ks . e .
0 5 10 \/s_g,\,:f[,\,.ev] 20 25 30 10 \IS_ZN:AS[MSV] 20 25 30 0 5 10 \IS_ZN:AS[MSV] 20 25 30
Preliminary!
sEsb1:
» Bound H-dibaryon
VEsb2:
2 H-dibaryon is near the AA threshold
Esb3:

» The H-dibaryon resonance energy is close to N= threshold..

» We can see the clear resonance shape in AA phase shifts for Esb2 and 3.
» The “binding energy” of H-dibaryon from N= threshold becomes smaller
as decreasing of quark masses.
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Three nucleon force on the tattice

T.D. et al. (HAL QCD Coll.) PTP127(2012)723
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-100
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0 0.5
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Nf=2 clover (CP-PACS), 1/a=1.27GeV,
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Vo . | 2N |
05 |
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+ t-dep method updates etc.

0 Triton channel
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Spin-2 NQ Dibaryon from Lattice QCD

E. Faisal et al submitted to NPA

t
s i NBS wave function for spin-2 NQ system
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AA, NZ, 52 (1=0) 'S, channel

Esb1 : mme= 701 MeV
Esb2 : mre= 570 MeV
Esb3 : mr= 411 MeV

Diagonal elements
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: All channels have repulsive core
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In this channel, our group found the “H-dibaryon” in the SU(3) limit.

Kenji Sasaki (University of Tsukuba) for HAL QCD collaboration



Comparison of potential matrices ‘

Transformation of potentials
from the particle basis to the SU(3) irreducible representation (irrep) basis.

SU(3) Clebsh-Gordan coefficients

1 > l AA> /VAA VANAE VAZAZ\ /V1
8> =U N5> , U VNAEA Ve VNZEZ Ut — Vg
27> ZZ> \VZAZA VZNZE Vs / \ Vi,

In the SU(3) irreducible representation basis,
the potential matrix should be diagonal in the SU(3) symmetric configuration.

Off-diagonal part of the potential matrix in the SU(3) irrep basis __—
would be an effectual measure of the SU(3) breaking effect.

We will see how the SU(3) symmetry of potential will be broken
by changing the u,d quark masses lighter.

Kenji Sasaki (University of Tsukuba) for HAL QCD collaboration
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V [MeV]

1,8, 27 (I=0) 'S channel

mre 701 MeV
mre 570 MeV
mre 411 MeV
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Mixture of singlet and octet

Is relatively larger than the others
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V

27 plet does not mix so much to the other representations

Kenji Sasaki (University of Tsukuba) for HAL QCD collaboration
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