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Introduction

BB interactions are inputs for nuclear structure, astrophysical phenomena

Once we obtain a “proper” nuclear potential,
we apply them to the structure of (hyper-) nucleus
and neutron star calculation.
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How do we obtain the nuclear force?
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Introduction

Approaches to baryon-baryon interactions I

Meson exchange model |

Described by hadron dof Quark cluster model I

NN P /N Effective meson ex
0 + quark anti-symmetrization
O\ "
Repulsion is generated s Quark Pauli effects
by wmeson exchange and Color m_agqetic int.
phenomenological repul. core are taking into account
| Effective Field theory I | First principle calculation I
| Systematic calc. respecting with Direct derivation of nuclear force
symmetry of QCD 1 ) from QCD
e >< k{ - g ot )
| Short range int. = |
— parametrized by T Particularly
NLO | X ’:::{ }I 1:)::| [1 contact term - ' difficult problem...
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QCD to hadronic interactions
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Lattice QCD simulation

: —u,%__ til | Luscher's finite volume method I
A 59 ol ‘M. Liischer, NPB354(1991)531

P

Start with the fundamental theory,QCD, to obtain a “proper” interaction I

| BB scattering phase shift I
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The potential is proper for the phase shift by QC[U
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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

W(E,t,7) = 2, (0l(B,B,)"(¢,F) [E) 7)=0

4 »in asymptotic region :(p2+V2)‘P(E r
Ww(E,t,7)= > (0|(B,B,)(t,%) |E) »In interaction region :(p2+V2)‘I’(E,F) K(E,7)

X
X

Inside the interaction range I

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

Coupled channel Schrodinger equation.

H_: reduced mass

pP,: asymptotic momentum.

pr VP afs v (s o
TS Y (X,E)=V(X) " (X, E)+ V(X)) (XE)

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

RY*(¢,7)=2. (0|B,(t.%+7)B,(t,%)1(0)|0) """
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SU(3) classification for BB interaction ‘

Features of two-octet baryon system I

n—p =P

/ \ / \ / \ / \
S-N-T e E-NT-E
= P

Flavor symmetric 4 NN sector ‘ H-dibaryon state is expected I

3z
2 -
o | Short range repulsion I | Pauli forbidden state I Attractive CMI I
i ' Pauli all d t
Flavor anti-symmetric aull allowed system I
%)
O .
>
3 10 \ 10/
@

| Almost forbidden state I

Strangeness brought us deeper understanding of BB interaction.
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Looking for H-dibaryon in SU(3) limit

» 3 flavor gauge configurations with L = 3.872 [fm]..
» Flat wall source is considered to produce S-wave B-B state.
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oThere is a 6g bound state in this mass range with SU(3) symmetry.

Growth of kinetic energy of baryon pair could be quicker
than enhancement of attraction.
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Recent results for H-particle

Conclusions of the “NAGARA Event” Lattice QCD 3|mulat|ons
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Beyond SU(3) simulation is necessary
0 25 S50 75 100 125 toward the phySicaI pOint ”

AA Invariant Mass-2M, {N[L‘.V,."C:]'

Kenji Sasaki (University of Tsukuba) for HAL QCD collaboration



Strangeness S=-2 BB potential
beyond SU(3) limit



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
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u,d quark masses lighter o SU(3) breaking effects becomes larger
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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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In this channel, our group found the “H-dibaryon” in the SU(3) limit.
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Comparison of potential matrices

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

f‘i 1"‘1
NE >
vy

SU(3) Clebsh-Gordan coefficients

fVA_A Vs VA%\ v,
U VNA:A VN: VN;Z Ut_) V8
Vi Vi VT | Va

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.
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1,8, 27 (I=0) 'S channel
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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 —— [ ' L | mm““”””””“”'# Rty
3 T 3 |
0 ‘ ” S~ 0 "
1 'WMM IIIII N MMA;. . § | n..,,.“"l
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Preliminary!
»Esb1: R
> Bound H-dibaryon similar to the SU(3) symmetric case.
VEsb2:
o 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 energy of H-dibaryon becomes closer to the N= threshold
as decreasing of quark masses.
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Summary and outlook

» We have investigated S=-2 BB interactions focusing
on the H-dibaryon channel

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

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

» We found that the energy of H-dibaryon becomes closer to
the N= threshold as decreasing ud-quark masses.

» SU(3) breaking effects are still small
even in mn/mK=O.65 situation

but it would be change drastically
at physical situation m /m =0.28.

©RIKEN
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Esb1 : mme= 701 MeV

NZ, Az (I=1) 'S channel | Esbz:mmstoey

Esb3 : mre= 411 MeV

Diagonal elements Off-diagonal elements
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Small repulsive core

Potential shape is similar to NN potential Deep attractive pocket
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V [MeV]

NZz, 523, AZ (I=1) °S, channel

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

Diagonal elements
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Aoki, Hatsuda, Ishii, PTP123, 89 (2010).

Nambu-Bethe-Salpeter wave function

Definition : equal time NBS w.f.

E : Total energy of system

|Four point correlatorl F3132<7’f>:<0[T[Bl<7,f>Bz(0,f)(B B,) ]0>:Z AW(E Fle

D1t satisfies the Helmholtz eq in asymptotic region (p +V2) *):o
In interaction region : (p +V2) F)=K(E,F)
| Local composite interpolating operators I
r 0

p=udu n=udd E =sus E =sds

c _ 1
B=¢ (q Cysqb)q < A—\/g [dsu+sud—2uds

—

L 2"= —usu 20:—1—[dsu+usd] 3=

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

P
4

pPr
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Nuclear Force from Lattice QCD (21)

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

Tt scattering in | = 2 channel
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Ns=16,24,32,48, Nt=128, a=0.115
m; = 940 MeV by Quenched QCD
Kurth et al., arXiv:1305.4462[hep-lat]
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