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Introduction

Lattice QCD simulation connects the fundamental QCD with nuclear physics
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Introduction ‘

Study the hyperon-nucleon (YN) and hyperon-hyperon (YY) interactions
Impact on the (hyper-) nuclear physics and astrophysics

‘ Theory I ‘ Experiment I

Phenomenological model Difficult to perform collision experiment
Shortage of scattering data ——ie————— Co|lision data are scarce

Lattice QCD simulation More intensity

High performance for more data
for more data "

Massively parallel super computer

GeV o0 kO 50GeV o0 F0O
{25 Hz, 1MW) (0.75 MW)

Complete knowledge of generalized BB interaction
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Aim of this work ‘

‘ Study of baryon-baryon interactions with strangeness S=-2 I

»Quark mass dependence of BB potential
»The SU(3) breaking effects in BB interaction.

®» Structures of double-A hypernuelei and =-hypernuclei.

» Fate of “H-dibaryon™ at physical point.
Recent Lattice QCD studies Conclusions of the "NAGARA Event”

» HAL QCD' SU(3) limit K.Nakazawa and KEK-E176 & E373 collaborators
: S TE
BE = 30MeV mm=470MeV  A-N attraction " Ny
: N-/\ weak attraction q‘u Lk &
» NPLQCD: SU(3) breaking e -
m. 22m -6.9MeV T
BE = 13MeV m1mt= 390MeV P .

What happens on the physical point?
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SU(3) extension of B-B interaction

Two flavor (u, d) world Three flavor (u, d, s) world , oy /P\
0 B
—L _ . Z\ //\Z\ /Z
2%x2=1+3 8x8—J+8S+ J+§A+ +1OJ = =¢
h 4 D4
Flavor symmetric Flavor anti-symmetric
> Spin singlet Spin triplet
® Isospin (1)
o Hyper-charge (Strangeness)
Y=2(S=0)
pX'+3Z'p
~1(S=-1) | flavor symmetric
. p=’-5'p
Y=0(S=-2) flavor anti-symmetric
.
Isospin (1)
Y=-1(S=-3) ‘ ‘\ V
Y=-2(S=-4) sl
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Classification of B-B states with S=-2

Flavor-Symmetric : spin singlet

27 9

22

- —
“

1 O SU(3) breaking
SU@3) IR AA
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SU(3) breaking
[ Smm— S O
8a
®

N2
N INE |=1 states
: — | 8s, 27 mixing
22

|=0 states
1, 8s, 27 mixing

22

N2 | |=1 states
— | 8a, 10, 10* mixing
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S.Aoki [HAL QCD collab.] Proc. Jpn. Acad., Ser. B, 87 509

Coupled channel Schrbdinger equation

| The region inside the interaction range I Two-channel coupling case

In the leading order of velocity expansion of non-local potential,

Coupled channel Schrodinger equation.

2 2
poc V o= — o (= of—> o [ — B(—
Bt U (3 )= (R0 (3 £ )R )
We replace Y to R defined below
- - Et 2
R (%, E) = A‘P?(xt,{?)le o exp — Loy
m, e mp 2“@1

The asymptotic momentum are gi\Z/en as the time derivative of R
OR,(%, E) = LR (3,E)

2u,
(6, + VAR (7, E)| _|U(F) US(F)|[R(7, E)
(0.+V) R (7, E)| \U'(F) U%(7))\R*(7 E) U6e52M6V66

Here, unknown variables are transition potentials having 4 components
without considering the hermiticity of transition potentials.
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Numerical setup

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

»B=1.90, 8" =2.176 [GeV], 32°x64 lattice, L = 2.902 [fm].
VK = 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.
» The KEK computer system A resources are used.

In unit

Esb1|

Esb2|

Esb3|

of MeV
Tt 701+1 57042 41142
K 789+1 71342 635+2
mﬂ/mK 0.89 0.80 0.65
N 158545 1411£12 121512
N 164445 1504+10 1351+ 8
1660+4 1531+11 140010
= 1710£5 1610+ 9 1503+ 7

u,d quark masses lighter
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Lists of channels ‘

1=0 states Strong attraction
Spin BB channels SU(3 epresentatlon (H-dibaryon)
S, AN N= I3
S, - N=
|=1 states Aattraction Strong repulsion
Spin BB channels SU(3) repres tation
1 -
S.  N= imilar to
381 N= >3 83 0* The NN potential
|=2 states
Repulsmn
Spin BB channels SU(3) representation
S, I¥ - - 27
iS5
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Esb1

AN, N=Z, 525 (1=0) 'S . channel Esb2

Esb3
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\shallow attractive pocket Deeper attractive pocket Strongly repulsive _~

All channels have repulsive core
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Relatively weaker than the others

In this channel, our group found the “H-dibaryon” in the SU(3) limit.
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Esb1

NZ, Az (I=1) 'S channel Esb?

Esb3
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Potential shépe is 'Similar to NN potential Small repulsive core

Deep attractive pocket
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NZ, 522, AZ (I=1) °S_ channel
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Transitions from/to AZ channel is quite small
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Comparison of potential matrices ‘

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

SU(3) Clebsh-Gordan coefficients

1 > l AA> / AN VA]\;\E VAZAZ\ (V1
8> _ U NE.> ’ U VNAEA VNE VNZEZ Ut — V8
S ) V6 G ISt R

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) IR 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.
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V [MeV]

V [MeV]

Esb1

AN, N=Z, 525 (1=0) 'S . channel Esb2

Esb3
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Mixture of singlet and octet N— _/
Is relatively larger than the others V

27 plet does not mix so much to the other representations
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NZ, Az (I=1) 'S channel
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8_ and 27plet mixing is similar strength to the |=1 1So case
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Esb1

NZ, 522, AZ (I=1) °S_ channel Esb2

Esb3
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Repulsive core grow as decreasing quark mass
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Mixture of these three IRs get larger and larger as decreasing quark mass.
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Summaries and outlooks

» \We have investigated the S=-2 BB interactions from lattice QCD.

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

» Potentials are derived from NBS wave functions calculated with
PACS-CS configurations

» Quark mass dependence of potentials can be seen not in long range
region but in shot range region as an enhancement of repulsive core.

» Small mixture between different SU(3) IRs can be seen as
the flavor SU(3) breaking effect.

» SU(3) breaking effects are still small even in mm/mK=0.65 situation
but it would be change drastically at physical situation mm/mK=0.28.
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Energy independent potential in coupled channel

S.E.
‘ Inside the interaction range, we can define the interaction kernel I
P+V @+ V|| Wil E) w3 E)| | K3 E) Ky(%,E)
p’+V ¢+VI)\ (%, E) (3, E)| K3 E) K(3,E)
Factorization of the interaction kernel
K,(3,E) Ky(X,E) [ a Ua(3,7) UG 9)||we(3,E) w(3,E)
K,(%,E) K,(¥,E) Uy(3,7) U2, 2) )\ w3, E) w,(7,E)
na(= E' b= E' a(- b(-
[ ax lliz(ic, ) yz(f, ) wz(f,E) w2<f’E) —2nd(E—E)
b(x’E,) Wb<x’E') Wb(x;E) Wb(x’E>
Us(3.5) U3, 5)|_ ¢ de|Ki(3 E) Ko(3,E)|[i(3, E) (3, E)
Ua3,7) U3, 3)] 7 27\K,(%, E) K3, E)\u)(3,E) v,(3,E)

Energy independent potential in Schrbdinger equation.
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Hermiticity is roughly fine, but we need more statistics

Kenji Sasaki (Univ

kuba) for HAL QCD collaboration



Effective masses and eigen vectors
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NBS wave functions for (S,1)=(-2,0) channel.

| Wave functions with diagonalized souces I

Set 1:mrm= 875'

‘A/\, NE,ZZI
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m— Lo
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The qualitative behavior of wave functions are same as the result of SU(3)_ limit.
We can see a dependence on the sink operator due to the SU(3), breaking effect.
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Channel coupling

| Energy levels of baryon-baryon system in the real world I

2400

2300

2200

2100

2000

1900

1800

\
22(1=0) 23(I=1) 22(1=2)
NZ(=1) > small energy difference

N=(1=0) ____
— —— TNE(=1)
NA(I=1 =
( )NZ(I:1/2) AN(1=0) )
N(1=3/2)
NA(I=1/2) The effects of the neighboring states
can not be ignored.
NN(1=0)__NN(I=1)
S=0 S=-1 S=-2

We have to extend our method to the coupled channel formalism.

| NBS wave function I

W(t—t,, 7 ZZ<O|B (x+7 BB |m> ”°<

Source operator can generate some states (m_, m,, ...) with the same quantum number.

Small energy difference becomes the origin of mixture of energy eigen states
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Optimization of the source operator.

| Variational method l

Linear combination of several independent operators
X
H(T)=2, v J(T)

Forming the effective mass of this operator
(I(T+T,)1'(T))
(T)1'(T))

——Lln Z(XBVO(VBCO(B(T+TD)

T, 2s VeV Cop(T)

m(TD)z—T In
D

with the correlation matrix defined as

C

_ £ Flat wall sink was considered
B (T)= <J(X<T) JB (O)> to symmetrize the correlation matrix

Search the stationary point of m against v

Diagonalization

We can obtain the source operators [O, 11,
which strongly couples to the ground state, 1* excited state, ... .
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V [MeV]

NZ, 522, AZ (I=1) °S_ channel
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Mixture of these three IRs get larger and larger as decreasing quark mass.

Kenji Sasaki (Universi

of Tsukuba) for HAL QCD collaboration




Baryon operators

P = Eclczc3<CYS)dld26d3(x u(€,)d(€,)u(E;)
Ry = Eclczc3(CYS)d]d26d3(x u<gl>d(§2)d(§3)

- = Eclczc3<CYS)d1d26d30( M(EI)S(Ez)u(§3>

N
Zg - = Eclczc3<CYS)d1d26d30( \]IZ: [d<§1)5<§2)u<§3)+u(§1)5(gz)d<§3)]
2, =~ Eclczc3<CYS)d1d26d3a d(ﬁl)s(g2>d<§3)

ANy =— Ec1c2c3<CY5)d1d26d3u \/é: [d<§1)S<§2)”<§3)+S<§1)”(Ez)d<§3)_2”(§1)d<§2)5(§3)]

[11 [1]

(?( — Eclczc3(Cy5>dld26d3(x S(§1>M(§2>S(E3>
o_( = Eclczc3(Cy5)d1d26d3(x S(El)d(§2)s(g3)

« With corrected phase T=—¢'"=—(ds—sd)=sd—ds
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Isospin combinations of BB operator

(AN <= Flavor symmetric
= - Lo L o
< NE =+ 2p._. 271._.
sy =rists lsoso Lo
. 3 3 3
|=1 operstors
( —_ 1 - I o
E =+ pE +7nk
N 2p 2n
) >3 =+ ;—Z+Z_— ;—Z_Z+< Flavor anti-symmetric
LA
|=2 operstors
l v o |, |4 cogo, |1 o- o+
D2 =4 =2 X =2 X =2 X
6 6 6
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Irreducible BB source operator

Kenji Sasaki (University of Tsukuba) for HAL QCD collaboration



N. Ishii [HAL QCD coll.] PLB712 (2012) 437

Determination of the energy part

Using four-point correlator W with an optimized source such as,
W (%, E)=AY (%, E)e "

The coupled channel Schrodinger equation can be rewritten as

2
pO( X - - - - - - -
TR W (X, E)=V (E)W (X, E)HV (X)W (3, E)+V (o (X)W (X, E)
Define W (3. E) )
- I x: X
R.(Xx,E) = o exp(—(E—M(x)t):exp _ Py
Ca<t)‘ 2“0(
Taking time derivative of R, .
pz Product of single baryon correlators
O R.(X,E) = —5—R.(X,E) e ar—
U, Source optimization is not necessary !
Thus the potential matrix can be obtained as
VIR (Wan(F E)) W ya(F,Ey) Wys(FEg)| [=Cor0RyA(F, Eo)=Hy W 4\ (%, Eo)
VA]\?EGU =|WanlZ E)) Wys(X,E) Wss(3 E)) C\\OR\(X,E)—H W, \(%,E,)
VAZAZ(_') WirlE, Ey) Wys(XE,) Wys(X,E,) —C,\OR, \(X,E,)-H,W, (X, E,)

The asymptotic momentum (energy shift) is determined
through the time derivative of R-correlator.

Kenji Sasaki (University of Tsukuba) for HAL QCD collaboration
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