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’%‘% J-PARC
Exploration of multi-strangeness world

& NAROVEHDEERBIRE X,
J-PARCIZHITHMEBOREERED—,

& £LLT.S=-1and -2 EUENEHNTLVS,
(strange VA —I DM IEZ T8 . EERITEEEID)

Accelerator-Driven

‘ *%?QCD—CIJ: Transmutation Experimental Facility
strange 74+ —2I DM IEZ L2, ST EMNRIZL D, LD
(#Eat/ A XD S T-8)

& __TIld. HPCl 2575 FRRE1 CH RSN
MIBRT—BERANT.,

S=-3 VD /NAROVEN
@%E%E%Eﬁ-d_éo S=0 L] ® ©

§S=-3 [ [ e ] =A-=3(I=1/2)
=3(I1=3/2)




Setup

RDsetup TR FQCDETEZ1TD

Q6 BF LAERINE=-"YIER"T —IBRAL(K computer T AK)
®1/a=2.3GeV,=8.1fm

&/ 7T—UBR %200

€ 48(source points) * 4(rotation)

@ bin size = 10(100 HMC traj.)

&®/\FOVEE:
m(pion) = 146 MeV
m(N) = 945 MeV

m(Lambda)= 1121 MeV
m(Sigma) = 1204 MeV
m(Xi) = 1335 MeV



=2 (1=3/2)




=2 (1=3/2) v

& Total spin singlet @ Total spin triplet
& JL—/\SuU(3) B[R &L —/\SU(3) 1R
27 ®IF 10* FRiH
(NN @ dineutron&[EL) (NN @ deuteron&RIL)

=3(I=3/2)

YEVAN
O



Time-dependent Schrédinger-like eq. (B EMNELSR) o

€ R-correlator

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

=2 v, (= 5)-exp(~(E, ~ms~m;))-a,
where y, (X —7)=(0[E(DZG)|n)

® EDRO2HMFIRILF—DE-TEER

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

where E =\m2+k* +\m; +k’

& E-JE{KTE HAL QCD 7R T )LDV T=9 Schrodinger eq.

m-my

(V ku]l/jk ()= jd3r’V(F O, (F) with U=

2u m- + my

=>» R-correlator [&. time-dependent Schrédinger-like eq. =9

V? 1 ) - ;
(Z‘LLD +@( t2 —(ma +mz)2)(Dt2 —(mE —mz)z)jR(l’,l‘):Jd3r"/(r,r )DIZR(I’ )

D,=0d,—m
ZHIZ&KY. ground state saturationMIA BTG, RTU IV ILEEFEIZETE TES

p—
i
M




Time-dependent Schrodinger-like eq.

FrEIZRE T 4D DBIEFT EA . RIEEAFAZREL=O.
CCTIE, SR EmALRZE AW HERER T T 5,

Vio_o R(F.t) = j d°r'V(F 7RG .t)
Z‘LL at ’ T ” ”



XiSigma (1=3/2) spin singlet

@ Total spin singlet

& JL—/\— SU(3) 1R
27 &RIH
(NNEREIC, dineutronéEBICFvRJIL)

=

=3(I=3/2)




=3(1=3/2, spin singlet)

Vi (r) [MeV] (ZX spin-singlet)

200 ——

150 }:

100 Fi

50 |

50 L

WIEBED R A&, BB D57

O EMHEMIREL. NNE

alC,
(TL—/\—SU3)BR:27 RIH)

® 1/a ~23GeV,L~8.1fm

¢ m ~146 MeV

€ 200 gauge confs. are used.

@ Binsize =10

@ 48 source points * 4 rotations
@ Point sink and wall source



=3 (1=3/2, spin singlet) X ELGIFR =

[deg]

ZX spin singlet
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27RID L& (SUB)DIEN) (1)

Vi (r) [MeV] (NN spin singlet)

200 ] 9
| 2 & FAK
150 | ] NNAYVKELY
100 |
®5h
ol NNOD#fEET/ A XH
| RELTELG DG,
0 =
50 Lu :
0 0.5 1 1.5 2
Vc(r) [MeV] (EX spin singlet) V(r) [MeV] (ZZ spin singlet)
200 —————————1——————1——+———
5 Y 15 —o— 200 ———mm—m———————————7——————
| 4000 e | g T i 4000 e -
5 5 13 —e— p— ]
: 3000 | P . 5 | ] 13 —e—
150 e =Y 1]~ s} ¢ 3000y —_ 1] 12—
_ o e 11 ; . 11
: 2000 r, 11 10 —— | i 2000 11 10 ——
i ‘a ] ; . )
100 1000 1- 100 [ { 1000 | 1
50 y 50 | |
0 - ol
-50 i _50 1
0 0 0.5 1 1.5 2




=% (1=3/2) spin triplet

& Total spin triplet

& JL—/\—SU(3) B[R
10* IR
(NNEREIC, deuteronEEICF v 2 J)L)

[F——= =< %] =3(I=3/2)




=3(1=3/2, spin triplet)

V(r) [MeV] (ZX spin triplet)
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50 Li

LAt TUVILAL,

THERIRE (L NNERLC,

50

-100 L

& JL—/\—SU(3) 1R :10* RIF

(deuteronFv 1R JL)

V+(r) [MeV] (ZX spin triplet)

-50 |

® 1/a~23GeV,L~8.1fm
® m. ~146 MeV

pion
€ 200 gauge confs. are used.
@ Binsize = 10

@ 48 source points * 4 rotations
@ Point sink and wall source



=3(1=3/2, spin triplet) fIfH= (14
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ZX spin triplet ( ZX spin triplet (
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10* R D L (SU(B)DEE)

V(r) [MeV] (ZX spin triplet)
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NI FEETF 2RIl (1=1/2)




A-ZIEEETF o RIL (1=1/2)

@ spin singlet @ spin triplet
&L —/\—SU(3) 1E[E : &L —/\—SU(3) 1ER -
27 & 8s RIADRMIES 10 & 8a RIFDIRMFEE

(cf. 27 RIZIL . NNZED) (NNE—UIRREL)

e — — o Qe — — 9



faaFroRILIZ—iR{ESN 1= time-dep. Schrédinger-like eq. (18

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

J‘d3 , _A HA(_’ —’/) C VHA _Z(_’ _’,) DEEAREA(F,J;j)
= 7 .
§ V’Z _A(_> —’/) Vz_z(_’ _i,) Dinggz(’_;,at;j)

[

DEZREE (Fat; j)

[ D. R, (F ;)

where FERIZEHMTHS )
R\(G-3.6:0)= 2.7, "= (O[T [E(x,)AG.0)- T (= 0)]0)
R (3=3.:0)= 277, (0T [E(,0E(F.1)- T (t = 0)]0)
{ = exp(my—m,)

V2 2 1 2 2
DEAE—Dt;EA‘F—(Dt— —(mz+m,) )(DZ;EA—(mE—mA) )
2z, 8z
2
D= \Y D2 1 D2 2\( D2 2
Ez=2 z;52+8 ( z;Ez_(m5+mz) )( t;EZ_(mE_mZ) )
Hzs M=
Dz;EAEat_mE_mA b = 1
= =1/ mo+1/
Dz;EZ = at_ Mz — My m_l "
single state saturation MM REESN7ELTH. Mo = 1 m,

ELSRTUOvILERO NS,



However

FrEIZRE T 4 M O DBUEETEA . RIEAFARELT=O.
CCTIE, SEEXEmELRZE RN -HERER N T 5,

(VZ 9 )

— R\ (Fot;T) = Vip o IR, (15T )+ ¢V, (PR (15T
2z, at}

( B R, (r.;J)=e (=) VEZ;EA(F)REA(F at;j)+vaz;az(r)Raz(r 1.0 )
2=y at/



ZRF UAEABOBBIERT)  y()— 2% (x)
& NEIDIAFN, R-corr. DEREICHE,

p_oint-wall & vi/all-wall DYA=1:E{0) @& wall-wall DA ERCELA.
R T UbNORDD, AE T T LB RESD,

effective mass plot & ROMAEHE T, HBRIZEE

) ——i

g Z/
)

) 1

| , | @ wall-wall @ fit range AVXFELLY
¢ mnn O 10-15
e}

3000 | @b W
5 W

1l Z.
} 3 =102
% ¢«

r000 | AN & ¢ }:ﬂa | 0 15-20

SN L {7, =1050
500

®FX.1THD,




=A-ZX fE e F 2L (1=1/2) spin singlet

@ spin singlet

& flavor SU(3) limit:

mixture of of 27 & 8s irreps.

(cf. 27 irrep. contains NN)




A-ZIEEETF v R IL(1=1/2)

EMHEMREZ. JL—/\—SUR)EBE TEAEL LS

IL—I\—SUBHBRORT vl
(T.Inoue et al., NPA881(2012)28)
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=A-ZX R TF v 2R JU(1=1/2) spin singlet
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=A-Z3 S F v R )L(1=1/2) spin triplet

@ spin triplet

&L —/\—SU(3)1& R :
10 & 8a RIFDIEHHES
(NNE— BB RGL)



=A-ZE fEETF v R IL(1=1/2, spin triplet)

EHMIREE. JL—/\—SUR)IBIE TIEAELLS

IL—I\—SUBHBRORT vl
(T.Inoue et al., NPA881(2012)28)

}
f 32 lattice points (L ~ 3.8 fm)

by HAL QCD Coll.
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=N-ZI fG B F v JU(1=1/2, spin triplet) il J] (26)
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N-ZI B R T 2R IU(1=1/2, spin triplet) TV IL A

(27)
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mp N 28)
€ time-dependent Schrodinger-like eq.

2
[V——ijw,r):V<f,f'>R<f',r>
21 Ot

DEHIZE VT, R-corr.[TXDIIIZEFEEZINTL =, Cp(F—7.0)

R, )=Col % - = (o[ BG.0BG.»-BBI=0)]0)
& EREOHEETIE. RTESHA TS,
- _C..(r,t)
R(r.py= "2 %B(,y with €, ()= (0T [B(®)B0)]0)

(#FEH /A R DFvILEHFF)
=>» single baryon corr.ground state saturationM A ETHS !

1400

o | e @ BAMREIR = 10-15
= s R R R &
S @  MMBOp Tt it & NP2 t~15(T
> E 1100 _vH..H,.......9"fvv.vv”..v..“..’.i.i ; {H_ RS —_
A e B | i [XIZ plateau [Z3ET B,
o >
Q E 1000 F-° E
ED o 950 “Hl - =&, t ~15TIZ,
% bt TS 10 MeVCLHEL,



F&H
MBS —UBRMERAL:S=-3 BN NARAVRTU v )LERELAIEE
(m(pion)=146 MeV) DT D LN >F=#ER
O RFoivil
v’ Z3(1=3/2):  spin singlet and triplet
v' ZA-23(1=1/2) : spin singlet and triplet
O sRELRIFEE
v XiSigma(l=3/2): spin singlet and triplet

O EMMTIREL. JL—/\—SU3)IBE CIEAZ AT AE

€ Todo
& RETHE
Now: 200 conf x 4 rot x 48 src. pts.

<L x4

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

@ full time-dependent Schrodinger-like eq.
(ZRK D JE#B o 5 U Ll 2 $T )
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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 (), (F)= @Ry S F =F)  mons

I Elastic region
@ Proof: 2y

K (F)= (k) my — H, )y (F)

K.(7)= (021 n’_‘) K(F) [y Py (7)

3, d’k o, .,
= [dr { | oKW )}w,;(r )

—

(K2 /my = Hy )y o (F) = [ UG (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.




5 HALQCDDRT v )Lk F D FI A




HALQCD % [Aoki,Hatsuda, Ishii,PTP123(2010)89]:s3)
& Nambu-Bethe-Salpeter (NBS) ;& i B 24 * /

(O|T [N(xX)N()]| N(+k)N(=k),in)

& S-matrixEDBE{R (by LSZ reduction formula)
(N(P)IN(p,),0ut|N(+k)N (=k),in)

connected

= (iZI‘V”2 )2 Jd4x1d4x2 e (I:I1+m12V )eipzx2 (I:I2+m12v )<O’T | N(x))N(x, )]‘ N(+k)N(—k),in>

& BB ZINBS SR BRIk

v, (i =) =Zy (0[N (E.0)N(F.0)| N(+k)N(=k),in)

o) sin(kr+5(k)) o
kr
< non-rela. EF N FEDOEELREIR &2 <RI CRA%H

<+ BEIFRZINBSKBIRIRZEM T DIIICERLI=-ZAIEX,
ARELMBZEICBRGR AN ELD,

(K> /my—H, )y, (F)= [d*F UG F )y, (7

- as r= |55 — §| — large (for S-wave)



BE DA ETIE, ground state saturationZBEF IZITIHEHY
ground State Saturatlon Spatial momentum is discretized

due to the periodic BC.

C(t)= Zc exp Et] ~ coexp[ Et]
t> X i o= 0

— &I, ZREENKRSEHEREEICRS
(9 | BIEREAELS)

2
AE:EnH_EnN 1 (znj

my \ L

wiﬁi

\L:LO | LZZ*LO

— 0(1/L2)
- [1=3fm  [1=6fm [L=9fm [L=12fm -

AE 181.5MeV 453 MeV 20.2MeV 11.3 MeV




HALQCD;A Tl FigtREEDECoTERTUIPILEELSROONS @

[Ishii et al.,PLB712(2012)437]
X

® % : R-correlator
RG—F.1)= ™" <O‘T [ BG.OB(.1) BB(t=0)] 0>

=DV, (F=5)-exp(~(E, —2m)t)-a,
- Kk +k

O RTUURILA IREEICKLHEWNEZFALT.

Inelastic region

FERERNORT U IvILERDHIENE RS, |
> BBIKTEE! Schroedinger-like eq. | Etastic reion

2my,

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

@ Elastic saturation 12 (Th%, HWE LGS,
(Ground saturation D WA E[ET7RLN 1)

@ Elastic saturation [d. ground state saturation.& U EMIZEE,




4 : FhiiRREBAGELoTLVTH?

(36)

v JlIKuniquelZRES !

\l
7

(0| TIN(Z,6)N(7,t)- NN(t = 0;01)] | 0)
= E‘I/n(f —Y)-a (0) exp(—E 1)

66-22
+ ‘ ~.l.».|:, - N
b BEREOREHE

& L\Zab\éa*‘z’ta"%é ]
2e-22 | t=9 -
le-22 - =0.16 —— -

- «=0.08 ]

o [ L5 sy 05 [ =000 )
0 0.5 1 15 2 25
r [fm]

source BH%% :

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

Ve ()
_ HyR(t,%) (9/dt)R(t,X) N
~ R(.Y) R(1,%)

1 (9/9t)°R(t,%)
R(t,X)

4m,

I T | T T T T I T T T T I

1S, central potential
at LO of deriv. expansion

R
3
|

-10
20 E
30 F :
_40 F 1 | R [ 1 al=9'olol T | 1
0 0.5 1 1.5 2 25
r [fm]

Good agreement !
=» Our method works !




