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Background J-PARC
Exploration of multi-strangeness world

@ Experimental determination of hyperon interaction
is one of the most important subjects at J-PARC.

€ Main interest is S=-1 and -2 sectors.
(Exp. becomes more difficult N
as the number of strange quark increases.) .

Accelerater-Driven
Transmutation Experimental Facility

@ For LQCD, the calculation becomes easier
as the number of strange quarks increases.
(due to the reduction of statistical noise)

@ In this talk, we use “physical point” gauge configs.
to calculate
hyperon interaction in S=-3 sector

with increased statistics. S

S=-3 [ e *] =A-=x(I=1/2)
=3(1=3/2)

S=-4 @ @ ®



Setup

In this talk, we use
@ “physical point” gauge configs. on 964 lattice
generated by K computer (AICS)
[K.-l.Ishikawa eta I., [PACS Coll] PoS LATTICE2015(2016)075]
€®1/a=23GeV,L=8.1fm
€400 gauge configs.
€ 48(source points) * 4(rotation)
@ bin size = 20 (=100 HMC traj.)

& hadron masses:

m(pion) = 146 MeV
m(K) = 525 MeV
m(N) = 962 MeV

m(Lambda) = 1139 MeV
m(Sigma) = 1222 MeV
m(Xi) = 1356 MeV



two-baryon sector (S=-3)

@ 1=3/2 (XiSigma single channel)

[ total spin singlet

/

% irrep. 27
in flavor SU(3) limit
(same as dineutron)

=3(1=3/2)

[ total spin triplet

s 10* irrep.
in flavor SU(3) limit
(same as deutron)

=3(1=3/2)

& 1=1/2 (XiLambda-XiSigma coupled channel)

O total spin singlet

X/

** mixture of
27 & 8s irreps.
in flavor SU(3) limit

=A-S3(I=1/2)

O total spin triplet

** mixture of
10 & 8a irreps.
in flavor SU(3) limit

=A-=3(1=1/2)




XiSigma (1=3/2) single channel




Time-dep. Schrodinger-like eq. (for unequal mass system) ©)
¥ R-correlator

R(G—F,1) = emstm) <O‘T [2@EHEG.)-EX=0)] 0>

=X v, (F=5)-exp(~(E, ~ms~m;))-a,
where y, (X —7)=(0[E(DZ()|n)

€ An identity for two-particle energy in C.M. frame

KAE? = i(EZ _(ma +m2)2)(E2 —(mE _mz)z)

where E=m2+k’ +\m; +k’

& Schrodinger eq. satisfied by E-indep. HAL QCD potential

m-my

(V ku]wk F)=[dr Ve, ) with 1=

2u m- + my

=>» R-correlator satisfies time-dependent Schrédinger-like eq.

(Z;D +$( tz_(m5+mz)2)( —(mz —my) )jR(r t)= Jd r'V (7,7 )D’R(F',t)

D, =9,—m_—my

This eq. enables us to obtain the potential without relying on the ground state saturation




Time-dep. Schrodinger-like eq. (non-rela. approx.)

Numerical evaluation of 4th derivative is unstable

=>» we use non-relativistic approx. version

V: 9
21l Ot

R(GF.1) = j d*r'V(F 7RG 1)



XiSigma (1=3/2) spin singlet

@ Total spin singlet

@ 27 irrep. in flavor SU(3) limit
(same as dineutron)
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XiSigma(l=3/2, spin singlet)
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€ 1/a ~2333 MeV, L ~8.1fm
16 & m  ~146 MeV
15 —— 4 400 gauge confs. are used.
13 —-_ # Binsize = 20 (= 100 HMC traj.)

}% @ 48 source points * 4 rotations
€ Point sink and wall source

10 ——

€ Qualitative behavior is similar to dineutron channel (NN).
1 repulsive core at short distance surrounded by attraction



XiSigma(l=3/2, spin singlet) scattering phase shift

0, [deg]
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&€ Qualitative behavior is similar to dineutron channel
[ attractive

] no bound state
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flavor SU(3) breaking: other states in irrep. 27 (11)
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XiSigma (1=3/2) spin triplet

& Total spin triplet

@ Irrep. 10* in flavor SU(3) limit
(same as deuteron channel)

= ——= %] =3(I=3/2)




XiSigma (1=3/2, spin triplet) (13)
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€ Qualitative behaviors are similar
to the deuteron channel € 1/a ~2333 MeV, L ~8.1 fm
& m,~146 MeV

for both central and tensor potentials @ 400 gauge confs. are used.
@ Binsize = 20 (= 100 HMC traj.)
@ 48 source points * 4 rotations
@ Point sink and wall source



XiSigma (1=3/2, spin triplet) scattering phase shift (14)
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Flavor SU(3) breaking: other states in irrep. 10* . . (15)
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XiLambda-XiSigma coupled channel (I1=1/2)




Coupled ch. generalization of time-dep. Schrédinger-like eq. ()

@ coupled channel generalization of the time-dep. Schrédinger-like eq.

D. R_,(F,t;T) Jd3 | Vepar G { Vepas FoF) DEEAREA(,W,;;])
— r .
DEZREZ(r’t;j) é., VEZ;EA(? ’_;,) Vz 2(7 7,) th;azREz(’_;,at;j)

[

where (quite complicated)
R\(G-3.6:0)= 2.7, (O[T [E(x.)AG.0)- T (= 0)]0)
R (F=3.:0)= 2277, (0T [E(,0E(3.0)- T (t = 0)]0)
{ = exp(my—m,)

2
DEAszszfﬁAdri(D, —(m-+m,) )(Df;sA—(ma—mA)Z)
D = VD +L(D2.: —(mz+my) ) (D} — (me—my)’)
= 2,[152 =X 8“5 =X = z =X = z
D, -\ =d,—mz—m, W= 1
D,y =0,— mz —my =1 mo+1/m,
This eq. enables us to obtain the E-indep. HAL QCD potential Hee = 1/mEJ1r1/mZ

without relying on single state saturation



However

Numerical evaluation of 4t" time derivative is unstable

=» We use non-relativistic approx. version:

—— | Ry (Fot: T ) = Vg o (PR (15T )+ €V, (PR (71T
20z, Ot |

Vz a — —\my—my )t — =/ = =/
— R (r.t;J)=¢e (s Vesan (PR, (7 at;j)+vaz;52(r)Raz(r 1.0)
Uz Of



. . 1/2 (19)
Z factors of composite baryon fields W(x) N4 175 (x)

@ To define R-corr, Z factors for Lambda and Sigma are needed.

@ 2pt. corr. of point-wall and wall-wall | @ Simultaneous fit of wall-wall data
are used to obtain Z-factors. with pont-wall data.

effective mass plot @ The results depend on Z factors
though the combination

: ? ? T S(WwW) —e—
I kb T OWW
LT T A === Z/
s ] Zs
(PW) +—e—

€ Wall-wall data is quite noisy.
- Fit-range is hard to identify.
O fit range = 10-15
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XiLambda-XiSigma coupled channel: (I=1/2) spin singlet

@ spin singlet

& flavor SU(3) limit:
mixture of of 27 & 8s irreps.
(27 irrep. contains NN)
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XiLambda-XiSigma coupled channel (1=1/2) _ > 3
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XiLambda-XiSigma potentials are linear combinations of these two as
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XiLambda-XiSigma coupled channel(l=1/2) spin singlet

“phys. pt.” potential
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27 irrep. in flavor SU(3) limit
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8S irrep. in flavor SU(3) limit
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Once 8S is involved
O stat. noise becomes large
O t-dependence appears

(convergence of long

distance behavior is slow)



XiLambda-XiSigma coupled channel (I=1/2) spin triplet

@ spin triplet

& Flavor SU(3) limit:
Linear combination of 10 & 8a irreps.




XiLambda-XiSigma coupled channel(l=1/2, spin triplet) _o 3
oS 22
For qualitative understanding, we use g Q 8 5
i 6 z‘:l JL 1
Potentials in the flavor SU(3) limit i éi%%
Siifs i en 9
(T.Inoue et al., NPA881(2012)28) 132 Tattice points (L ~ 3.8 fm)
8A irrep.
P A SAERENABR AP NBRESRRAREAE
2500 v & “/’(/ {
50 F 1 |
2000 |
- 0 W ;
N i * !
* 1000 { 4
00 Kuan=0.13840 { |
500 00 05 10 15 20 25 |
0 ”":“ .......

XiLambda-XiSigma potentials are linear combinations of these two as
V10 +V8A Vlo _V8A
Vau EA VEA,EE 2 2
VEZ,EA VEZ,EZ Vlo - V8A Vlo + VSA
2 2




XiLambda-XiSigma coupled channel (1=1/2, spin triplet) central potential

(25)
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XiLambda-XiSigma coupled channel(l=1/2, spin triplet) tensor potential (26)
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Comment (27)

@ In the derivation of the time-dependent Schrodinger-like eq.

2
(V— — i)R(F,t) =V(#,F")R(F 1)
21 Ot

R-corr. is defined as

. Cpp(X—y,1)
_ F.t S
R )= Cns %_MB[ - <0]T[B(x,z)3(y,t)-33(r - 0)]\0>
@ |n an actual calc., we replace it by
. C,..(r,t)
R(r,t)= "B8% ° .
7+4) Vo with C,(n= (0T [B()B(O)]0)
(to reduce the statistical noise)
=» Ground state saturation of single baryon corr. is required .
1400 . , .: I @ The region we used for the
» P I pe potentials
e e e e e ~
© - | t=10-16
O 4300 fror - (due to statistical reason)

c Eﬁ i i

o) i

S @ Plateaux t~15

o 5 | l

= % e e IBAEER ; 1 @ Xiis not in the plateau region

2 1100 : : — att ~15. (~10 MeV smaller)
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Summary

@ “physical point” LQCD results (m(pion)=146 MeV)
for hyperon-potentials and scattering phase shift in the S=-3 sector.

O Potentials
v' XiSigma(1=3/2) : spin singlet and triplet
v' XiLambda-XiSigma(l=1/2) : spin singlet and triplet

0 scattering phase shift
v XiSigma(l=3/2): spin singlet and triplet

O Qualitative behaviors are understood by considering the flavor SU(3) limit

€ Todo
€ Improvement of statistics
Now: 400 conf x 4 rot x 48 src. pts.

0 e

Future: 400 conf x 4 rot x 96 src. pts.

@ full time-dependent Schrodinger-like eq.
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HALQCD method [Aoki,Hatsuda, Ishii,PTP123(2010)89]20)
¥ Nambu-Bethe-Salpeter (NBS) wave func. oA

(O[T [NCON)| NN (=k),in) P
Kk +k

@ Relation with S-matrix (by LSZ reduction formula)
(N(p,)N(p,),out| N(+k)N(~k),in)

connected

= (iZ;]”2 )2 Jd4x1d4x2 e (I:I1+m]2v )eipzx2 (I:I2+m12v )<O’T | N(x))N(x, )]‘ N(+k)N(—k),in>

€ equal-time NBS wave func.
v, (i 5) = Zy (0[N G0N0 N(+kN(=k),in)

00 sin(kr+6(k))
kr
+» Exactly the same func. form as non-rela. Q.M. scat. wave func.

** We demand that the potential reproduces the NBS wave.
— Potential is faithful to the scattering phase shift.

(K> /my—H, )y, (F)= [d*F UG 7w, (7

+-.-- as r= |)_é — 55| — large (for S-wave)




HALQCD method (31)
@ Proof of existence of E-indep. U(r,r’)

€ Assumption:
Linear indep. of NBS wave func’s for E < Eth.

=>» Dual basis exists _ _
Inelastic region

[dry Py, (F)= Ry F =F)  mons

I Elastic region
@ Proof: 2y

K (F)= (k) my - H, )y (F)

K.(7)= (021 n’_‘) K7 [y Py (7)

3, d’k o, .,
= [dr { | o KW )}w,;(r )

—

(K2 /my = Hy )y o (F) = [d'rU 7w (7)

., d’k’ o~ )
U(r, /)= J K. (F)y . (F) U(r,r’) does not depenc! onE |
(2m) because of the integration of k.




Potential is determined without relying on the ground state saturation (32)

@ Def: R-correlator [Ishii et al.,PLB712(2012)437]
X y

RGE-y,t)=e" <O‘T [ BG.0BG.1) BB(t=0)] 0> \%
= 2, (F=3) exp(~(E, ~2m1) ///\
” kn ” i -k +k

Inelastic region

@ Using the fact that our potential does not depend on E,
we determine the potential from the time-evolution ,, .,

> time-dep. Schroedinger-like eq. Elastic region

sz

—H + L o — L R(r t)—Jd%’V(? R ,t)
°amor® ot e ’ ’

€ We need Elastic saturation.
(We do not need Ground saturation)

@ Elastic saturation is easier than ground state saturation.




Example: Potential is determined uniquely 133,
even in the presence of excited state contamination.

(O|T[N(Z,)N(3,1)- NN(t = 0;c0)]| 0) V)

_ oL _ H,R(t,x) B (d/ dt)R(¢,X) 1 (9/9t)*R(t,%)
6e-22 : 40 }i\ T | | | ]
5e-22 [ 30 £ 15, central potential E

[ 20 1 at LO of deriv. expansion -
4e-22 ~ R 53‘» . - i .

: f Several mixture of :
3e-22 [ . = 3

& excited states ! ':
2e-22 | t=9 .
1e-22 | @=0.16 ——

. @=0.08 1

ol | | C 0=0,00 — .
¢ 8 ! 12 2 0 05 1 1.5 2 25

r [fm]

Good agreement !
source function: =» Our method works !

f(x,y,z)=14+w (cos(27rx / LY+cos(2ry/ L)+cos(2mz / L))



