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Introduction

BB interactions are crucial to investigate (hyper-)nuclear structures

®Advantageous for more strange quarks
®Signals getting worse

as increasing the number of light quarks.
@Complementary role to experiment.

Main topics of S=-2 multi baryon system
» H-dibaryon
» R.L. Jaffe, PRL 38 (1977) 195

» Double-A hypernuclei
0 K.Nakazawa et al, KEK-E176 Collaboration

E-hypernuclei
o K.Nakazawa et al, KEK-E373 Collaboration
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Baryon-baryon system with S=-2

Spin singlet states I Spin triplet states I

Isospin BB channels Isospin BB channels
0 AA  N= 3% =0 NE - —
=1 NE A — =1 NE AT 3IX
1=2 Yy _ _
‘ Relations between BB channels and SU(3) irreducible representations I
8x8=27+8 +1+10 +10 +8,

JP=0%, I=0

—J5 —J/8 27
V20 V8 V12
J15 —v24 -1

| JrP=1%, |=0 |

|Jp=1", I=1 |

NZ= 1
ZA
22

~J6

Features of flavor singlet interaction is integrated into the S=-2 JP=0", |=0 system.
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Keys to understand H-dibaryon

A strongly bound state predicted by Jaffe in 1977 using MIT bag model.

H-dibaryon state is
® SU(3) flavor singlet [uuddss], strangeness S=-2.
® spin and isospin equals to zero, and JP= 0*

P Strongly attractive interaction is expected in flavor singlet channel.
®Short range one-gluon exchange contributions
Strongly attractive Color Magnetic Interaction
»Symmetry of two-baryon system (Pauli principle)
Flavor singlet channel is free from Pauli blocking effect

27 8 1 10 10 8
Pauli mixed forbidden allowed mixed forbidden mixed
CMI repulsive repulsive attractive repulsive repulsive repulsive
P SU(3) breaking effects Oka, Shimizu and Yazaki NPA464 (1987)

® Threshold separation Non-trivial contributions
® Changes of interactions « i ibuti
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Hunting for H-dibaryon in SU(3) limit

Strongly attractive interaction is expected in flavor singlet channel.

: [ Mps = 1171 [MeV] srter .
of e VT H-dibaryon
[ — -10 | .
-200 | % i 1
: 2 | Mps=672[MeV] i !
_ 400 ] 5 20 [ Mps = 469 [MeV] —a— ]
o -600 [ ° > [ + Z
= ol . > 30 | :
> f -100 ¢ b= 71 MV vs 1 1 & | _
-1000 " : 11 % 4ol -
r* -150 - Mpg =837 [MeV] == 1 | - } _
-1200 P : Mps =672 [MeV] +-=-— | {1 3 S
[ -200 f 3 Mps=469[MeV] —=— 1 | @ 5ot ]
-1400 T —— - g
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'1600—'"'I"'III"'I""I""I""I""- _60‘.--I.--In--I---I-..I...I...I...I...
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 06 07 08 09 10 11 12 13 14 15
r[fm] Root-mean-square distance V{(r2) [fm]
T.Inoue et al[HAL QCD Coll.] NPA881(2012) 28
oStrongly attractive potential was found A A
in the flavor singlet channel. . | ex = 2EOMEY
“Bound state was found in this mass range MBB -
with SU(3) symmetry. NN .
_ _ myy AN Gomed)
What happens at the physical point? ———— & | =Z50me
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Works on H-dibaryon state

—| Theoretical status I

P. E. Shanahan et al
Several sort of calculations and results / PRL 107(2011) 092004
(bag models, NRQM, Quenched LQCD....)% i T A

m— Bound
. =0.02
‘ There were no conclusive result. I ol

Chiral extrapolations of recent LQCD data
Unbound or resonance

-| Experimental status I

eV)

By (C

E [MeV]

Y.Yamaguchi and T.Hyodo
hep-ph:1607.04053v1

1] ” »12 - + : »
"NAGARA Event” "2C(K,K*AA) reaction
K.Nakazawa et al KEK-E176 & E373 Collaboration C.J.Yoon et al KEK-PS E522 Collaboration
> > PRL87(2001)212502 - ’ PRC75(2007)022201(R)
7T - »m,22m —6.9MeV éﬁ H 5--";'Pf?;i%:};;;f;;_mm ®Significance of
'Q,_“ . »Deeply bound dibaryon = | - OFFM enh?ncem?\;lmts{/
- state is ruled out = s below 30 MeV.

Tre \\ ke © sostall 0 T Larger statistics

. i
0 25 50 75 100 125
AA Invariant Mass-2M (ME:V,’C:)
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HAL QCD method (coupled-channel)
| NBS wave function I

W, 7)e " = (0|(B,B,)"(7) [E) LA Tu(ELTIWIE P)=0(EE)Y;
lPB(Ei:F)e_Eit = <O|<B1B2>B<F> E,) R?Bz(t,?):‘PBIBZ(?, E)e(_EJ’m‘erz)t

Leading order of velocity expansion and time-derivative method.
Modified coupled-channel Schrodinger equation

S.Aoki et al [HAL QCD Collab.] Proc. Jpn. Acad., Ser. B, 87 509
K.Sasaki et al [HAL QCD Collab.] PTEP no 11 (2015) 113B01

— Considering two different energy eigen states
| Potential l
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Numerical setup ‘

» 2+1 flavor gauge configurations.
» lwasaki gauge action & O(a) improved Wilson quark action
»a =0.086 [fm], a~' = 2.300 GeV. —
» 96°x96 lattice, L = 8.24 [fm].

» 414 confs x 28 sources x 4 rotations.

Mass [MeV]
. 146 2400 1 A
K 525 oo | 91MeV
m /m 0.28 118MeV
4 K o~
N 95612 = ! _t SEVRY
A 11214
12013 posh | t 42MeV M—
= 132843 e
=0 channel =1 channel
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AA, NE(1=0) 'S  potential (2ch calc.)

» Nt= 2+1 full QCD with L = 8fm, mz = 146 MeV Preliminary!

200

200

T T T T
VN\-N\(t=12) [ | : VN\-NE(t=12) —_
Vaa-anlt=11) ; ; ; Vaa-n=(t=11)
: : Vi (t=10) —e—s | I : : Varnz(t=10) +—a—i
150 [~ ¥ e Co o Va-m(t=09) F=—— —| 150 =g Coo Co Va-nz(t=09) F——i

100 100

V(r)[MeV]
V(r)[MeV]

0 0.5 1 1.5 2 2.5 3

®Potential calculated by only using e
AA and N= channels. 150 E v:;@:mg(t=09)s._._. |
® Long range part of potential is almost | '
stable against the time slice.
®Short range part of N= potential
changes as time t goes.
®AA-NE transition potential is
quite small in r > 0.7fm region 50

V(r)[MeV]

Kenji Sasaki (YITP, Kyoto University) for HAL QCD Collaboration



AA and NE phase shift and inelasticity

» Ni= 2+1 full QCD with L = 8fm, mz = 146 MeV

Preliminary!
h h'ﬁ T 1 T T T
AA phase shi —
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150 I ‘ 1 T T T T
095 |- . H "
= 120 08r ‘ _
(o))
ﬁ = 0.85
w 90 07 L =
076 - al
60
0.7
0.6 |
0.65
30 .
0.6
42 42.2 42. 426 428 43
0 0.5
0 10 20 30 40 50 0 10 20 30 40 50
E [MeV] E [MeV]
200 — T T 0
:I Vyz=pnz(t=09) ——
L ‘ : Viz-nz(fit) °
£ : f Vaps(t=09) ——
150 - oS R o Vinz(fit) —e— 30 |
o Varan(t=09) —e— s
= : : Vanpnlfit) =
= 100 - S5 O B S S—
I 5 3 5 5 : N
g % N N 8
= : 3 ; 5 ; S,
-90 L
120 | |NE phase Shiﬁl
0 10 20 30 40 50

Kenji Sasaki (YITP, Kyoto University) for HAL QCD Collaboration



AA and NE phase shift and inelasticity

» Ni= 2+1 full QCD with L = 8fm, mz = 146 MeV

o [deg]

V(r)[MeV]
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AA phase shift I
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150 -
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for HAL QCD Collat;é)-ration
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AA and NE phase shift and inelasticity

» Ni= 2+1 full QCD with L = 8fm, mz = 146 MeV

d [deg]

V(r)[MeV]

180 r
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d [deg]

for HAL QCD Collat;é)-ration
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AA and NE phase shift and inelasticity

» Nf= 2+1 full QCD with L = 8fm, mz = 146 MeV Preliminary!
T 1 T T T
AA phase shift —_— —
180 | M T | /ne/aStICIty I
B J ‘. 0.9 |
150 | ] 1 | . : ; r
_ 120} wf / ] 0.8 | O:: ‘ ' —m) 1
é jadl :J T | : 0.7 | O:K/
30 + M5 416 417 4138 4.9 42 4241 3 ;
O , I ‘ JI) 05 42 - 422 424 : 426 4[2.8
0 10 20 30 40 50 0 10 20 30 40 50
E [MeV] E [MeV]
0
®AA and NE phase shift is calculated
230 F
by using 2ch effective potential.
. = 60
®A sharp resonance is found -
-90 +

just below the NE threshold.

®Inelasticity is small. 120 | = phase Shiftl

0 10 20 30 40 50
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d [deg]

arbitrary

Breit-Wigner mass and width

180

150

120 ‘ :
60 |

30

0
40

10 -

0

» Ni= 2+1 full QCD with L = 8fm, mz = 146 MeV Preliminary!

| AA phase shift I —

| Time delay I

41.7 41.75 41.8 41.85 41.9 41.95 42

E [MeV]
%In the vicinity of resonance point,

I'/2
6(E):6B—arctan(E_E )
thus g
dd(E) r/2

dE (E—E.)+(T/2)

YFitting the time delay of AA scattering
by the Breit-Wigner type finction,

Resonance enargy and width I

=09
E.—E, =41.894+0.039] MeV ]
r = 0.099+0.059[ MeV']
t=10
E.—E, =41.917+0.056[ MeV]
r = 0.077+0.021[ MeV' ]
t=11
E.—E, =41.927+0.105] MeV]
r = 0.050+0.053[ MeV/ ]
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Invariant mass spectrum of AA channel ‘

» Ni= 2+1 full QCD with L = 8fm, mz = 146 MeV

EPJ Web of Conferences 66 (2014) 09015

4.0 wg 2o
3.5 i %EGD_
ol = 180 H(2250)
~ =160
E 25+ 1 8140 Simulated invariant mass
>“ Ll el - - - -
5 20 Under calculation...|  '#° PAANG
= 100
i 1.5 I B B[}_
1.0 - ' 60—
. _ 40
| a— -
0 T 0 200 400 600 800 1000 1200 P55 224 226 228 23 232 234 236

E-2mpp [MeV] IM(A A)(GeVic?)

®Sharp peak below N= threshold

»Direct comparison with our simulation results and experimental data
will be performed in near future?
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Summary

»H-dibaryon state is investigated using 414confs x 28src x 4rot.

»We perform AA-NE coupled channel calculation.
®»Sharp resonance is found just below the N= threshold.

» Resonance position and width from Breit-Wigner type fit

200 T | |
t=11 : i |
(210 —>emt Preliminary!
t=09 —@—
150 | o b SRR R RERHRRR .
S
D100 [ i @t i .
< é é
S - :
=
50 o — .
0
1 1
-200 -150 -100 -50 0 50
E-ME-MN[keV]

»We continue to study it by using higher statistical data.
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Derivation of hadronic interaction from QCD ‘

Start with the fundamental theory,QCD I
| Lattice QCD simulation I - —
n ‘ ‘ Luscher's finite volume method I

M. Luscher, NPB354(1991)531
1. Measure the discrete energy spectrum, E

2. Put the E into the formula which connects E and 6

Ble(tj;)EzEl(toMO>:A0\P(7:Eo)e

[HAL QCD method | /

Ishii, Aoki, Hatsuda, PRL99 (2007) 022001

1 [] 1 1
@ & ~ MO O
T T T T

1. Measure the NBS wave function, W

d[°]

-10 V=(1.84 fm)® —8—
V=(2.76 tm)® —=—

2. Calculate potential, V, through Schrodinger eq. a2 | 278y =

» | V=(5.5 fm)® —=—

46 || Guaranteed to be the same result
' T. Kurth et al JHEP 1312 (2013) 015
T. Iritani(HAL QCD) Lattice2015

3. Calculate observables by scattering theory

-18 i

o0 U
0 50 100 150 200 250 300 350 400

Ecm[Mew
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Nambu-Bethe-Salpeter wave function

Definition : equal time NBS w.f.

E : Total energy of the system < ral

Local composite interpolating operators

B.=€"(q.Cy,9,)9.. D.e=¢€¢"(q,C¥.q,)4..
MZ(q_a qua) .....

b1t satisfies the Helmholtz eq. in asymptotic region : [P+ V)W (E,7)=0

_JUSing the reduction formula, C.-J.D.Lin et al.,NPB619 (2001) 467.

o - ip-7 d3 I 2 ar
w(E,7) =¢ZH1¢ZHZ(QP +f21§ AE,(E (—qu>—“> . )
¢ " TP\ Ta TP

— W(E,7)= A sin(pr+d(E)) Phase shift is defined as

f% L pr S=e"°

NBS wave function has a same asymptotic form with quantum mechanics.

(NBS wave function is characterized from phase shift)
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Aoki, Hatsuda, Ishii, PTP123, 89 (2010).

Potential in HAL QCD method

We define potentials which satisfy Schrodinger equation

Energy independent potential

P+ VP W (E,7)=K“(E,7)

We can define an energy independent potential but it is fully non-local.

This potential automatically reproduce the scattering phase shift
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N. Ishii et al Phys. Lett. B712(2012)437

Time-dependent method

Start with the normalized four-point correlator.
Each wave functions satisfy

RlBle(t, ?):FBIB2(ZL T )e<ml+m2)t Schrédinger eq. with proper energy
=4, W(F, Ep)e T T e 4 W(F L E e BT

of G .

+Hg Cn(rl) / Carit) [MeV]
o

+
2u 2un
2
En_ml_mzmﬁ 402‘ .
A single state saturation is not required!! oo i
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BB interaction from NBS wave function

Derivative (velocity) expansion of U is performed to deal with its nonlocality.

®For the case of oct-oct system,

(7.7) LV "'Sle )-+lz.§sVLS(r)+L.Sa VALS(F)]+O(V2)

S

Leadlng order part

®For the case of dec-oct and dec-dec system,

U(F,7') = [Velr)+S,V,(r )+S Vo r r)+0 (Spinop’) |+ O(V?)

-
Leadlng order part |
-2 772
= (v (r)|+0(V?) (7 50)% — o512 4+ (7 5502 = 552V )

We consider the effective central potential which contains
not only the genuine central potential but also tensor parts.
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V(r)[MeV]

AA, NE, XX (I=0) 'S, channel (t=11)

» Nf= 2+1 full QCD with L = 8fm, mz = 145 MeV Preliminary!
‘ Diagonal elements I Off-diagonal elements I
300 T I i i i | |U T T T _ T
| ‘ | | |  N=z-3:
= 200 |‘|| R ATAD D e
250 |- I i M-NZ ——
200 | 100 L ull ‘
e : L
il | |
100 - | = ‘ ‘
50 IEEE 100 |4 (1}
0 ‘ ‘ ‘ ‘
-50 | | i I i i \ \ i i
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
rifm] rifm]

® Albdiag cexallte|pavent htive\aldepuisive conpating I the tatialipte s trasagly repulsive.
®Diagonal N= potential is more attractive than the AA potential.

®We need more statistics to discuss physical observables through this potential.
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1, 8, 27plet (1=0) 'S channel (t=11)

» Ni= 2+1 full QCD with L = 8fm, mz = 145 MeV Preliminary!
‘ Diagonal elements I ‘ Off-diagonal elements I
j T T T Ioctet‘ | | I I 27-8
- W = = ‘ ] e
[ | | L] :
100 % L} 100 | {J{i i |
> >
= o0 % 0 - NI : T
100 Lo b 2100 k1l . MR ................. _______________ ______________
200 - -200 || .
0 6.5 ‘1 1‘.5 é 5.5 3 0 05 ‘1 1I.5 |2 2.5 3
rifm] rifm]

®Potential of flavor singlet channel does not have a repulsive core
®Potential of flavor octet channel is strongly repulsive which reflects Pauli effect.

®Off-diagonal potentials are visible only in r<1fm region.
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Phase shufts and time delay

» Ni= 2+1 full QCD with L = 8fm, mn = 145 MeV Preliminary!

180 ' ' ‘ '
Wl E.=41.894+0.0389]
g =T =0.0990+0.0593| MeV |
=
30
0
40 1
> 30+ . ! ! : : )
| ,=41.917+0.0564] Me¥ T
" o eV |
041.7 41l.75 41].8 411.85 411.9 41.95
E [MeV] =
0
40 |
> 30t
S
5 20F
©
10 b
041.7 41.75 418 41.85 411.9 41.95 42
E [MeV] .
> 30
s
& 20Ff
©
10 F
041.7 41.75 418 41.85 419 41.95 42

E [MeV
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