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Nuclear physics and Quantum Choromodynamics(QCD) 2)

@ More than 40 years have been passed
since the establishment of QCD

& Meanwhile, nuclear physics and QCD
have made independent progress.

€ Now, these two start to merge.
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Lattice QCD at physical point




Lattice QCD simulation at Physical point

S>> “Berlin wall” at Lattice 2001 @Berlin

Progress of LQCD algorithm

A. Ukawa for CP-PACS and 1LOCD 10.0 T T T T T
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from ICRR seminar by Ukawa.

W) Lattice QCD simulation at the physical point is now possible.
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Lattice QCD simulation at Physical point

€ For multi-baryon systems at physical point,
spatial vol. should be as huge as possible.

€ Such gauge configurations have been generated by K computer.

96* lattice, a ~ 0.085 fm, L ~ 8.2 fm, m_~ 145 MeV
N.Ukita@LATTICE2015

€ Determination of baryon-baryon potentials at “phys. point”.

K computer (the 4t fastest in the world)

11.28 PFLOPS



Lattice QCD calculation of nuclear forces (General aspects)




HALQCD method [Aoki,Hatsuda, Ishii,PTP123(2010)89]
¥ Nambu-Bethe-Salpeter (NBS) wave func. /

(O|T [N(xX)N()]| N(+k)N(=k),in)
-k +k
@ Relation to S-matrix by the reduction formula

Bosonic notation
to avoid lengthy notations.

(N(p,)N(p,),out|N(+k)N(=k),in)

connected

=(izy?) [d*xd*x, e (O +m3 )™ (O, +m3 )(0|T [N (o )N () | NCGHON (=k),in)

€ Equal-time restriction of NBS wave func.
[C.-).D.Lin et al., NPB619,467(2001).]

p, (=)= lim Z (0T [N(E,x)N (5,0 | NHON (—k),in)

=Z;'(0|N(%,0)N(3,0)| N(+k)N(=k),in)

_ ot sin(kr+6(k)) .

~ p . as r=|x—y| - large (for S-wave)
r

s Exactly the same func. form as scat. wave func’s in Q.M.



HALQCD method: Def of the potential

@ Def. of potential from equal-time NBS wave func’s:

2my+my

Inelastic region

(K> I my—Ho )y, (F)= [d*r UG F )y, (7)

for 24/m; +k* <E, =2m, +m_

2my,

@ U(r,r’) is E-indep. (One can prove its existence.)

¥ U(r,r') reproduces the scattering phase 6(k),

(together with equal-time NBS wave func’s)

s sin(kr+68(k))
kr

Wk()_é_y):e

Elastic region

+--+ as r=|x-y| — large



HAL QCD method )

€ Ground state saturation becomes difficult for large spatial volume.
(=single state saturation)

2
1 (2r¢
AE=FE  —FE ~
Spatial momentum is discretized

due to the periodic BC.

=0(1/L°) 7 N
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HAL QCD method: Determination of potentials (10
We have a special strategy against the ground state saturation.
@ Def. R-correlator [Ishii et al.,PLB712(2012)437]

RG—F.0)= " <0‘T [ BG.0)BG.1)-BB(1=0)] o>

=Yy, (¥-5)-exp(~(E,-2m))-q,

€ HAL QCD potential satisfies Schroedinger eq. 2y +mx

Inelastic region

I Elastic region

(~H,+k Im)y, (F)=[dr'VFE )y, (7)

= R-corr. satisfies time-dependent Schroedinger-like eq.

—H + 1 o — J R(r t)—Jd3r'V(7 FOR(F 1)
°4mor* ot e ’ ’

[ Only Elastic saturation is needed.
Ground state saturation is not needed.
[ Elastic saturation is much easier than single state saturation.




HALQCD method (11)

€ The ground state saturation is not needed.

(O|TIN(Z,6)N(3,t)- NN(t = 0;0)] | 0) Ve(®)
B L _ _H,R#,X) (d/d)R@,X) 1 (d/ ot)* R(t,%)
- ;W"(x —V)-a,(0)-exp(=£,1) T R(LY) REF)  4m,  RGT)
6e-22 - 1 | T | T ]
5e-22 [ 3 - 15, central potential .
; - & at LO of deriv. expansion -
4e-22 - | : ]
2e-22 —
1e-22 f—
0 : L
0

r [fm]

Good agreement !
Different mixture of NBS waves are generated by differenta | = Our method works !

f(x,y,2)=1+« (cos(27rx / LY+cos(2ry/ L)+cos(2rz / L))



HAL QCD method [Murano et al., PTP125(2011)1225] (12)
@ General nonlocal potential is messy =» derivative expansion:
V(7 V)= V() + V(L +{V, (r),V*}+O(V*)

O(V;;tem
€ The convergence of deriv.exp. is found to be good !

[Strategy to check by E-dependence]

O We define H ) SKI PJOO .
_ r
V.(F;E)=E - OWEQ
W (r) 400 |
O If V(r;E) agrees in the region E, < E < E,
(1) We can identify 2001
Ve (r)=V.(F;E) ol
(2) O(V2)-term is small 0 1 >

N r[fm]
V(”a ) VC (I’) M good agreement ! -> good convergence

Comment: The current result is obtained based on an older method.
The result should be replaced by the new method. “time-dependent” Schrodinger-like eq.



HAL QCD method

€ Comparison of HAL QCD method and Luescher’s finite vol. method

o[°]

10 ||

nut scattering (1=2)

® & & N O
L L L

V=(1.84 fm)° +—=—i
V=(2.76 fm)°® —=—

. _ V=(3.7 fm)® =
-14 _i ..... - V=(5.5 fm)G ——
16 1

18 ||

20 U

0 50 100 150 200 250 300 350
EcmiMeV]

Ns=16,24,32,48, Nt=128, a=0.115 fm.
m,; = 940 MeV by Quenched QCD

[Kurth et al., JHEP 1312(2013)015.]

400

Good agreement !

(13)



Nuclear Forces




Nuclear Forces

& Nuclear Force at LO (parity-even sector):

(19)

Vv = Vesoo MPY + Voo (NP +V(1)S,, + O(V)

€ 2+1 flavor QCD result of nuclear forces for m =570 MeV.

V() [MeV]
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Central and tensor potentials (m, =570 MeV)

(r; 1S0) ——
- §§44301 L
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Qualitative behavior is good |
(Note: Quark mass is heavy)

&" Japan Lattice Oata Grid

2+1 flavor config
by PACS-CS Coll.
m(pion) = 570 MeV
m(N)=1412MeV

a~0.091 fm

— —f—

3‘2 lattice points i
L~291 fm



Nuclear Forces

Fit
V(1S0): My, =570 MeV
4000
: | lattice —e—

3500 ¢ o | fit{cubic) _
3000 : 40 n 1
2500 F: '
2000 F!

1500 E
1000 F:

500 F:
500 b

*» Qualitatively good !
(Attractive. No bound state.)

But significantly weak.

% Attraction shrinks as m_ decreases.

Reason:

Repulsive core grows more rapidly

than attractive pocket

in the region m ;.

=411-700 MeV.

[Ishii,PoS(CD12)(2013)025] (16)

1S, phase shift from Schrodinger eq.

Schroe@ger ed.
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Nuclear Forces (17)

@ Three-nucleon force is important in phenomenology

€ Quantitative understanding of nuclear spectra ®
o _ @
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Fig. 3. - GFMC computations of energies for the AV18 and AV18+IL2 Hamiltonians compared
with experiment.

@ Astrophysical applications: Neutron star and Super nova

: APR .
11614-2230
2 L |
15 i \ PSR1913+16
Mo . | 2N '
05
1 1 | L | L |
0 8 10 12 14

R (km)

@ Experimental information is limited



Nuclear Forces [T.Doi et al, PTP127,723(2012)] (18)
@ Three-nucleon potential (on the linear setup)

< -
- >

—
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linear setup &LLDG _]pe
\‘\ 2 flavor gauge config by CP-PACS Coll.
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Nuclear Forces 19

@ Nuclear Force up to NLO

VOFV) = VEL (NP + VEL (MPE + VP (1S, () + VIS (L5 + O(V?)

LO:0(V?) NLO:0(V!)

@ Spin orbit (LS) force is important in phenomenology.

Magic number (nuclei) 3P, neutron superfuluid (neutron star cooling)
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Nuclear Forces [K.Murano et al., PLB735(2014)19.] *°

@ Nuclear forces and LS force in parity-odd sector

aof 1% ' T Scattering phase shifts
4oy 15
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Potential method and direct method




Potential method and direct method

[T.Doi, PoS LAT2012,009]

@ A conflict in LQCD calculation of NN in heavy quark mass region.

50

a0 |

30

o

A E[MeV]

-20 +

=30 +

-40

20

”dl neutron

Fukuglta etal., Nf=0, [2] —— ]
NPLQCD, mlxed [3] —— ]
1 Aokietal,  Nif=0, 15] ]
S Yamazaki etal,, Nfz0, V(=) [7] —h—t ]
0 NPLQCD, Nf=2+1, V(c-o) [11] —o— ]
HALQCD, Nf=3, v ] —— ]
NPLQCD, Nf=3, Vpay [13
Yamazaki et al., Nf=2+1, V(=<) [8] —@&— |
‘{, HALQCD, Nf=2+1, V(=) [30] +
EXP. ¥
x DN = /\l = N ] =
o I 4 ‘}
I & WUHAL
‘R PACS-CS |
.................. NPL
0 0.2 0.4 0.6 0.8 1
2 2
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€ PACS-CS Coll. & NPL QCD Coll.

o

% attractive both for 1S, &3S,

/

% bound states both for 1S, & 3S,

/

s direct method

R/

** smearing source

AE [MeV]

50

40 |

30

o

-20 +

=30

-40

20

”deuteron

Fukuglta etal., Ni=0,
NPLQCD, mixed,
Aoki etal., Nf=0, [15] b
Yamazaki etal., Nf=0, V(=) [7] —b— ]
NPLQCD, Nf=2+1, V(=) [11] —— ]
HALQCD, Ni=3, Voo) 24 +
NPLQCD, Nf=3, max 13
Yamazaki et al., Nf=2+1, V(=) [8] n—o—- 1
HALQCD, EXP. Nf=2+1, V(=) [30] '—)&-

o | Y HAL
i % +§PACS:%CSE

[2] —v— ]
[3] —— 1]

4 HAL QCD Coll.

% attractive both for 1S, & 35,

0’0

% no bound states both for 1S, & 35,

R/

% potential method

/7

% wall source




Potential method and direct method [T.Iritani@LATTICE2015]

¥ We compare these two methods

O potential method (HAL QCD method) O direct method
4000 LT T T T T T 0'015 I ' ! ! I ! ! ' ] ! ' ! I ! ! ! I lc)
3500 F+ 100 TR 180 ] I ]
§ b v aS1aeDt) 00lFg ig
3000 | sof t Vinasiant) —— § e 0
2500 E : 0.005 [ ee _
= ¥ L o ]
$ 2000} I S i
= 1500 F L ®a ]
> 1000 . -0.005 - ——i—Ei%%% 1
500 E -0.01 L
0 F
500 & ' ' ' ' : R i e S RN —
0 0.5 1 15 2 25 .

Fig. Yamazaki et al. '15

(23)

We use the same gauge config’s as Yamazaki et al., PRD86,074514; PRD92,014501.

volume conf. smared src. meas. wall src. meas.

403 x 48 200 192 48
483 x 48 800 256 48
643 x 64 327 48 32

Table: Lattice configurations (we mainly use 483 x 48 volume)
m_=0.51GeV, m, =1.32GeV,m, =0.62GeV,m- =1.46GeV

/

% == channel is used for statistical reason.



Potential method and direct method [T.Iritani@LATTICE2015]

@ Key role is played by R-correlator:
R(F . t)=C_.(¥,t)/ C(t)

O direct method
R(t)=) R(F.t)=) a,exp(-AEt)= AE=E_

—2m-

[1]

0 potential method

2
[ pE —HojR<f,z>=J d*r'V (7RG 1)

Adm ot> ot

O R(r,t): smearing src. v.s. wall src.

smeared src.: i N %g' | & smearing source:
t=12 —— Shape changes with t.

wall src.: t =13
t=15

@ wall source:
Shape change less significant.

0 0.5 1 1.5 2 2.5 3
r [fm]

(24)



Potential method and direct method [T.Iritani@LATTICE2015]  @9)

& Effective mass plot of AE = Mgz — 2mz=
— 2 | | |
R)=C..(t)/C.(t)” wwww) .| . . o
5| dq
% . El.° I
e Be careful with effective mass plot 2 " g L] T
. . " " ( ¢
—> fictious “plateau” appears s | o
q q)@‘% % d
10 wall.src.EE(iSo) '—éi ‘}‘
- [ exp.src.Z2EZ(7S,) —e—
o at least t > 16 2.25(1.28) ——
o smared src. mgz tends to large oo T
Effective mass plot of C--(7) Effective mass plot of Cz(7)
2935 T T T m 1470 T 11 ) - j
wa .src. = —8
2930 r | 1 exp.src. &5 —e—
2925 ¢ Il ' 1465 |
S 2920 | 2 d - ‘L
2 9 :
2915 1 S, 1460 f EI]
1] g 4
o 2910 ] m o
g g
2905 t ] 1455
2900 pall.src.55(;Sy) ==
exp.src.EZ(7S,) —e— [IJ
2895 : ' ‘ ' 1450 .
5 10 15 20 5 10 15 20

¢ 10 "



Potential method and direct method [T.Iritani@LATTICE2015]  ¢5)

€ Potential construction by t-dep. HAL QCD method

€ time-dep. method works

_H,R(F.t) (d/J0)R(F.1) . (0/0t)° R(¥ ,t)
R(7r,t) R(r,1) AdmR(r 1)

O wall src.:
these three terms add up.

[0 smearing src.:
After a “miracle” cancellation of these three terms,

they add up to give a similar shape.

V()=

wall src. smeared src.

150 F
50 | .
100 | -:

50 r

V. [MeV]
O
Vo [MeV]
(@)

_50 L

d/dt — -100
I lap. — |
—50 ) ) ) . tot?l. . -150 F

o 0.5 1 1.5 2 2.5 3 3.5
r [fm] :




Potential method and direct method [T.Iritani@LATTICE2015]  ¢7)

@ Potentials from smearing source and wall source

48x48 E==('s,) t=11 48x48 ==('s,) t=15
40 ' ' exp.vsrc:'t - T11 ; ] 40 F r r exp:srczrt - T15 '
wall.src: t = 11 — wall.src: t = 15
20 20
> >
2 0 2 0
Ay Ny
=20 t =20
-40 | ] -40 |
0 0.5 1 1.5 2 2.5 3 3.5 0 0.5 1 1.5 2 2.5 3 3.5
r [fm] r [fm]
s There is a deviation.
+* potential from wall src. does not have t-dependence.
potential from smearing src. has t-dependence.

s As t—>large, smearing src. result tends to converge to wall src. result.

% Deviation is due to the NLO in derivative expansion. (= NEXT SLIDE)

UG 7Y =(V,(F)+ VPV +--)8°(F =)



Potential method and direct method
@ Determination of NLO potential

[T.Iritani (NEW)] %

VFEV)=V, () +V(FIV +--

‘/O(r)R(’_;’t’ jsmear)+ ‘/I(F)VZR(F’t;jsmear) = ‘/tzrtT;Tar

80

Vo(r) at ¢t = 11
ef. Visti(r,11)
cf. ViaP'(r,11)

60

(*sg) [MeV]
('sy) [MeV]

N
- -
B

-

V,(r) 5=
® -
L R oV e
W
Vl (r)

|
>
o

0.5 1 1.5 2 2.5 3 3.5
r [fm]

Vo(NRE 13T a) ViV RGE T ) = Vol ()

1 9 9 .
= (47’” at/2 o al,/ _HOJR(r’t,;jwall)
1 9* 0 .
(ry = (Eﬁ—g—HojR(l’,t,jsmear)
400 r v, (r) a't. 11
200 r
0
200 r
400 r
-600
-800 r
1000 | % _ -
0 0.5 1 1.5 2 2.5 3 3.5

r [fm]

& Wall src: Deriv. exp. up to LO works:
€ smearing src: NLO is needed

& V.. '(r) and V" (r) are parameterized by V,(r ) and V,(r).

V(F,V) =V, (7F)+ VIFRT +---
VFEV)=V,(F)+V,(F)V> +---




Potential method and direct method

[T.Iritani@LATTICE2015]

@® “Potential method”

“wall source” at t = 12

1 source: ZZ(°Sg)

— ,
| ! 64 x 64 @ t = 12
40 : 403x48@1—17
48° x 48 @ t = 12 °

20

) IR

_40 -

V. [MeV]

0 0.5 1 1.5 2 2.5 3 3.5
r [fm]

is consistent with

the “direct method”

e Now, we have the potential V.==(7)
—> solve “finite volume” eigen energies!

e consistent with “wall src.” AE(t) fit
—2.25(1.28) MeV @ 483 x 48
e vol. dep. implies scattering states

energy eigenvalues g (2)
vol. E(gs.) [MeV] E(lst) [MeV] %4 ,|
403 —4.55(1.18) 75.63(1.31) ,53 p
483  —2.58(22) 52.87(33) ‘3 P e
643 —1.13(9) 28.71(9) o potentil “i‘?’%"%t
0.0x10° 5.0x10° 1.0x107 1.5x10° 2.0x107
/L

T ref. Charron for HAL QCD Coll. arXiv:1312.1032.

14 /15



Potential method and direct method

@ Local summary
@ |dentification of plateau in multi-nucl. syst. should be very careful.
0 Many cancellations are involved, which can lead to fake plateaux.
0 Some special technique should be developed against this problem.
(like time-dep. method in potential method.)

&€ “Potential method” is consistent with “direct method”.

Pot. withwallsrc. | € > |Direct with wall src.
A Finite vol. AE agree. A
t-dep. method with Copp.
NLO potential Ticy Fake plateaux
4 iV
Pot. with smear src. Direct with smear src.

@ For direct method with smear src, systematic uncertainties appear to be large.
=>» Results should be checked by
¢ Other method
¢ Other source.

This appliesto (i) Yamazakietal. & (ii) NPLQCD



Hyperon Forces




Determination of Hyperon Forces

& These two are complementary:

Experiment (J-PARC)

@ Experiment 2 Fey Body 2 Effective models

@ Excitation spectrum of hyper nuclei
Many body syst.—~ Two body pot.

@ Easier for smaller num. of strange quarks

5=0,-1,-2,-3,-4,-5,-6
|

easy difficult

¢ Nuclear force
Huge number of experimental data
—> High precision potential

LQCD (HAL QCD method)

@ Theory (LQCD with HAL QCD method)

@ Scattering phases
Two body syst.2>Two body pot.

@ Easier for larger num. of strange quarks

5=0,-1,-2,-3,-4,-5,-6
|

difficult easy

*¢* Nuclear force
Large statistical noise.
— Large computational resource

Best to collaborate

to make a high precision hyperon potentials.



Hyperon Forces

=N =1)

V (MeV)

quark mass dependence

900
800
700
600 |
500
400 ¢
300
200 ¢
100 ¢

V (MeV)

) S

r (fm)
Repulsive core grows with decreasing quark mass.
No significant change in the attraction.

Nemura, Ishii, Aoki, Hatsuda,
PLB673(2009)136.

(33)

900 F 100 g e
i Sog —O— -
8005 &0 S —&— 17 . .
700 | . & § o ; »Repulsive core is surrounded by
: 50 r ] . .
600 | o - e 3 attraction like NN case.
500 p %‘% 3
400 f e 2B SEeEES & B » Strong spin dependence
3004 4 283 of repulsive core.
200 F bl . : ]
100 _ i) .0 0.5 1.0 15 2.0_3
0 g oe60s68888:
0.0 1.0 1.5 2.0
r (fm)
100 e 00 0 P
» :::ié(l)?mgx : - 800 & mES’llMSV —o— 17
& i 600 ;=
o) 3 500 4
§ 400
300
200
100

0.0

0.5



Hyperon Forces [Nemura,PoS(LAT2011)] (34
Spin-singlet sector

‘ ) ) < ’ ) ’ . V ' o
0.04 | % Ve 004 | 4 C
) ¢
002t ! 002f ¢
1 > ' > )
SO § 000y # S 000 | k N
-0.02 | | -0.02 | -
-0.04 | AN, 'Sy, t-1,=8, 3pt -0.04 IN(1=3/2), 'S, t-t,=8, 3pt
00 05 10 15 20 25 00 05 10 15 20 25
r(fm) r(frr u I..
L D G Japan Lattice Oata Grid

2+1 flavor config by PACS-CS Coll.
m(pion) = 570 MeV, m(N)=1412MeV

> Repulsive core is surrounded by attraction like NN case.

» These two potentials looks similar.
(This may be due to small flavor SU(3) breaking.)

a~0.091 fm

e

.
v

13‘2 lattice points
L~291 fm



Hyperon Forces [Nemura,PoS(LAT2011)] (35)

Spin-triplet sector

v —— i : T
0.04 | Ve ] 0.04 | Vv -
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Japan Lattice Oata Grid

2+1 flavor config by PACS-CS Coll.
€ N-Lambda m(pion) = 570 MeV, m(N)=1412MeV

[0 Repulsive core is surrounded by attraction

O The attraction is deeper than 1S0
0 Weak tensor force (no one-pion exchange is allowed)

€ N-Sigma
0 Repulsive core at short distance

O No clear attractive well
(Repulsive nature is consistent with the quark model)

a~0.091 fm

e

TS‘Z lattice points B
L~ 291 fm



Hyperon Forces [T.Inoue et al, PTP124,591(2010)] (36)

>
H H = > W
@ Flavor SU(3) limit to understand a general trend 2883
i —
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& Strong flavor dependence
€ Short distance behaviors are consistent with quark Pauli blocking picture.



Hyperon Forces [T.Inoue et al., PRL106(2011)162002.] (37
€ Bound H-dibaryon in flavor SU(3) limit

Entirely attractive potential I‘.%ouvnd 'H-d‘lba'ryorm
40 r . - -
V(l) | Il binding energy [MeV]
0 1200 f #49.1(3.4(5.5)
-40 | 1000 } ,'g . 37203724
g ol g 800 | -§ ".__,o'37A8('3.1‘)(4.1)
S o > #33.6(4.8)(3.5)
- a A 13.2(1.8)(4.0
-120 | M:s = 1171 [MeV] - b._26(.0(4.(4})(4).8)
400 | 5
180 } M:s = 837 [MeV] +--aer |
Mys = 469 [MeV] — o 394 HAL e
200 L L N NPL A
0.0 0.5 1.0 1.5 20 25 0 : . . . . : .
r ifm] 0 200 400 600 800 1000 1200 1400
Mz [MeV]
. SU(3) lat Physical point
@ Flavor SU(3) breaking for real world. (3) g y P
=>» BB threshold splits into myy = 2380MeV
AN, NZ, 22 thresholds MBR /
=» Coupled channel system of \ myz = 2260MeV
m
H =
e = 2230MeV
AA—N=E-2X ? A



Hyperon Forces
@ Coupled ch. in finite volume:

@ In finite volume,
it is not easy to impose incoming B.C.’s separately.

|n,in)=|NA,in),|NZ,in)
=>» Coupled ch. extension of the finite vol. method is NOT straightforward.
[S.He, et al., JHEPO7(2005)011]

€ Many solutions are proposed.
s M.Lage, et al., PLB681

+* V.Bernard et al., PLB681
A.M.Torres, et al., PRD85
M.Doring et al., JHEP1201
M.T.Hansen et al., PRD86
R.A.Briceno et al., PRD88
M.Doring et al., EPJA48
N.Li et al., PRD87

P.Guo et al., PRD88
J.-J.Wu et al., PRC90.
S.Aoki et al., PJAB87
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vaeron Forces [S.Aoki et al., Proc.Japan Acad.B87(2011)509.] (39)

€ Coupled ch. extension of HAL QCD method is straightforward.

i _ ~ : i _ 2, =2 2, =2
¥ (F7) <0|N(X)A(}7)|n,m> E=\/mN+pNA +\/mA+pNA
W\ AT Y= ~ . . 2, =2 2, =2

(0[N E)Z()|n.in) = \m},+ B +Am3 + B
“Coupled channel Schrodinger eq.”
NAN = = - = -
2Uyy 2y, _J‘d3r, Unana(F577) Uy oy (F,F) ' Va(r'sn)
Prs A . Unsna(F57) - Upsns (F,7) Wy (F'sn)
+ Vs (7in)
zluNZ 2:I'LNZ

O U(r,r) is state-independent, i.e.,
It works for any linear comb’s |[n,in>= |NA,in>a+ |NZ,in>.
=>» Extract U(r,r’) in the finite vol.

O Use U(r,r’) in the inifinite vol.
to obtain the NBS wave funcs. of these states separately. =» S-matrix.

O Again, the single state saturation is not needed for HAL QCD potential.



Hyperon Forces

[K.Sasaki@EMMI workshop(CERN)]

(40)

oy Esb1 : mn= 701 MeV
AA, NE, 32X ( I=0) 'S 5 channel Esb2 - m7= 570 MeV
Esb3 : mn= 411 MeV

Diagonal elements
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0 . - 0 - " 0
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\shallow attractive pocket Deeper attractive pocket Strongly repulsive _~
- All channels have repulsive core
Off-diagonal elements P
0 [ Eag— 0
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_ 10 OW | o o 1500
.§ -2000 =or .. . ’ v 1 .f: % .2000
2500 T e AA-NE 2500
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.200 +
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0 0.5 1 1.5 2
-4000 " " " N i -4000 i i i 2
0 0.5 1 15 2 25 0 05 1 15 2 25 0 0.5 1 15 2 25
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In this channel, our group found the “H-dibaryon” in the SU(3) limit.

Kenji Sasaki (University of Tsukuba) for HAL QCD collaboration




Hyperon Forces [K.Sasaki@EMMI workshop(CERN)]

AA and NE phase shifts

» Nf= 2+1 full QCD with L = 2.9fm Preliminary!

LL —
3 NX —e— 4

mzr =700 MeVI mr= 570 MeVI mr =410 MeVI

3+ NX —e—

8 [rad)
& [rad]

& [rad)
=

Il

0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25
Vs - 2M,, [MeV] Vs - 2M,, [MeV] Vs - 2M, [MeV]

Argand diagram for Strangeness S=-2 ‘So(l=0) channel

|

H-dibaryon resonance

Omm= 700 MeV : bound state 15}
“mz = 570 MeV : resonance near AJ_\ thresholdg 1 |m”= 410 MeVI
Smr= 410 MeV : resonance near N= threshold =

05

H-dibaryon is unlikely bound state

NZ thr?ﬁl/

0
-1 -0.5 0 0.5

n sin 28

Keniji Sasaki (University of Tsukuba) for HAL QCD collaboration

(41)



Hyperon Forces (42)

€ NN forces up to NLO
$=0 s=1 A=A = -~ =
Viy = Vesoo P + Ve (0P + V(1) (3(F -6 )(F 6 )— 6, -Gy )

Vi (ML (5 +5,)+ Vys(NL- (5, =5y) +O(V?)

NEW TERM: Anti-symmetric LS

@ Spin-orbit puzzle in AN sector

Conventional Nuclei A Hyper Nuclei
Large Spin-Orbit Splitting Small Spin-Orbit Splitting for A

s _....f:_,,,,,_"L_;‘i’E o — "Hypernuclear fine structure"
‘M‘[_“ '—"_'_-:—za,,,;gs) — (64)

-9 —:”// N ‘ o V— (K- ! T[- )

T — -

* —zp-—<:‘:‘::.—um,'—m—: :;: (38)
odd| — 1t —<“‘~~‘_"m o i 2 Only Ge can
2'"‘{—2: —ie-- dy (4) = (20) ——20 H Separate Y < 01Mev 5
=t e Tt e — ) J o Spllt by
A — A1z AN _spln-de_pendent
ods - o3z = (& A Interactions

0 — s ———mm o —15 —(2) — (2) — 2 |'1/2 A Q

Figure 2.5. Schematic nuclear levels of the shell model with spin orbit term.

@ N\-spin dependent Spin-orbit force

VL(é\)(I”) = VLS (7’) + VALS (I’) ~0 = [S-ALS cancellation

<> Quark model =>» Strong cancellation
<> Meson exch. Model = Weak cancellation



Hyperon Forces

@ Parity-odd hyperon potentials in the flavor SU(3) limit.

V() [MeV]

V() [MeV]

@ Repulsive core for irreps. 27 and 102* (~NN).

@ Strong LS for irrep. 27 (~NN). Weak LS for irrep. 8.

1000
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500 o
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500

Flavor 27 rep (Parity-odd Potentials)
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0.5 1 1.5

Flavor 10° rep (Parity-odd Potentials)

— Vol) ——
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o, _—
‘~+ *- n+mn-w "
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-100

500

Flavor 10 rep (Parity-odd Potentials)

10rep (- NE(7 = MW ¥ i
MH*W
g
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Flavor 8 rep (Parity-odd Potentials)
4 Vois=ol) ——
8 rep S -
" Vgisl) ——
: ASE0 ——
¢ . 'l-.. [
0 C)..5 1 1.5

r [fm]

No repulsive core for irreps. 10 and 8.

(These are consistent with quark model)

@ Strong anti-symmetric LS (irrep. 8).

[N.Ishii@Lattice 2013]




Hyperon Forces

¥ A\N-3N coupled channel potentials (odd parity sector)
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Hyperon Forces [N.Ishii et al. coming soon] *”
(DAN sector of AN-2N coupled ch. potential (2effective AN potential
(parity-odd sector) after 2N ch. is integrated out.
VAN;AN (i") Vanan(r)
L - I 3{308 —— : 1000 Vals01 —e—
1000 T &;(r) oe=n o 800 M Vals\}l(sJ o
¥ VLS(r) G 600 \++$.
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S 500 net T S 400 pl
= : il = 200 :
S-—, ”:: i ; 0 $90000000000000000
- e a " 3 I T -200
o0 (il
-600
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Vi = ( v Cm)jp 521) included
Al N
n
2| N
n
N N
AN-ZN coupling is important




(46)

Baryon-baryon potentials at “physical point”

m,=145MeV &,

a=0.085fm

=z

L ~ 8.2fm



Baryon-baryon potentials at “physical point”

V(r) [MeV]
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* Vc: repulsive core
+ long-range attraction (?)

* Vi: tensor force clearly visible
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(47)

[T.Doi, Session 4a]

S=0 sector
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Baryon-baryon potentials at “physical point”

V(r) [MeV]
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(48)

[T.Doi, Session 4a]

S=-4 sector
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Baryon-baryon potentials at “physical point” (H.Nemura, Session 4al (49)

Very preliminary result of LN potential at the
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Baryon-baryon potentials at “physical point” [K.Sasaki, Session 4a] (0

$=-2 sector
AA, NEZ, 23 (1=0) 'S channel near the physical point

£
(O]
i 3
» Nf= 2+1 full QCD with L = 8fm, mz = 145 MeV Preliminary! =
o
Diagonal elements I Off-diagonal elements I =
q—
H 200 1+ | ANz =

il H

100 'H § 100 ft Bl o WP R R —— K [ | YT S ——————
Bt “[ O | AN
= 50 “'l 2 0 '5.”,;”;“‘ rm it duats i MR D £ Akl
S 1l S SRS
iy v
0 ||ﬂ|.._ 4, -100 ¢
Iiu'
-200 F
_50 1 1 1 1 1 1 I
0 0.5 1 1.5 2 2.5 0.5 1 1.5 2 2.5
r[fm] r[fm]

®All diagonal element have a repulsive core XXX potential is strongly repulsive.

®0Off-diagonal potentials are relatively strong except for AA—NE transition
®We need more statistics to discuss physical observables through this potential.

Tsukuba) for HAL QCD collaboration

Kenji Sasaki (University o,



Baryon-baryon potentials at “physical point” [K.Sasaki, Session 4a] 1)

AA and N= (1=0) 'S , Phase shift (2ch calculation)

» Ni= 2+1 full QCD with L = 8fm, mz = 145 MeV Preliminary!
200 : 5 t=09 ! 200 : : t=10
‘ : : :
150 Foo wl “H'Hwi ..... £ 50 F L T T T - ]
= 135 | RALTTTY I
S 100 - 7 | 3 100 f
o w 90 %]
45 4
%0 HHHH’ %0
023.5 2:;.6 2:I3.7 21;-8 25;-9 2I4 2‘:»-1 24.2 0235 23.6 23.7 23.8 23.9 24 24.1 24.2
Eem [MeV] Egm [MeV,
0 I i 1 i i ] 0 ﬁ{ 1 1 1 [ ] 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Ecm [MeV] Ecm [MeV]

®AA and NZ phase shift is calculated by using 2ch effective potential.
®For both cases, we found the sharp resonance just below the NE threshold.
®Time slice saturation should be checked.

®3ch calculation(need more statistics)




Summary




Summary (53)

€ Determination of BB potentials at “physical point” LQCD.
(M,in=145 MeV, L~8.2 fm, 96* lattice, a~0.085fm)
** Currently ongoing. (Number of src. points: 4*20 =» 4*96)
** We have presented some of the preliminary results.

& Potential method v.s. direct method
** These two are consistent.
** We have to be very careful against the ground state saturation.
Many cancellations are involved, which can lead to fake plateaux.
¢ For direct method with smear src., systematic uncertainty appear to be large.
Results should be checked by other method / other source.

This applies to the results of (i) Yamazaki group (ii) NPL QCD

€ LQCD calculation of BB potentials (General Aspects)
** Potentials faithful to the scattering observable.
+» Special strategy against the problem of the ground state saturation:
The potenital method does not need ground state saturation.
** Wide range of application
NN, NY, YY, NNN, negative parity, LS and anti-symmetric LS potential, etc.
[Results involving decuplet baryons =» K.Sasaki@MPMBI2015[Sept.12(Sat)]]
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HALQCD method (55)
@ Proof of existence of E-indep. U(r,r’)

€ Assumption:
Linear indep. of NBS wave func’s for E < Eth.
=>» Dual basis exists

[dry (), (F)= @Ry S F =F)  mons

@ Proof: 2y
K (F)= (k) my — H, )y (F)

Inelastic region

I Elastic region

K.(7)= (021 n’_‘) K(F) [y Py (7)

3, d’k o, .,
= [dr { | oKW )}w,;(r )

I
(K21 my = Hy )y ()= [dr UG 7w (F)

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




Nuclear Force from Lattice QCD (56)

Volume dependence of the potential.
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Nuclear Forces [Inoue et al.,NPA881(2012)28] (57)
Similar behavior is seen in NF=3 calculation (flavor SU(3) limit)

“* mMp=672-1171 MeV:  attraction shrinks as decreasing quark mass.
“* mp=469-672 MeV: turning point: attraction starts to increase.

/

% m,=0 -469 MeV: attraction increase (< Our expectation !)

60

T ' ' ' : ' ' ‘

Y 1 Mps = 1171 [MeV] ——

N NN S, ’

50 1 7

|

40 | \\ Mps = 672 [MeV] —— ]
» . \1,\ = 469 [MeV] L

30 | . Partial-Wave-Analysis ---- |

0 [Deg]

20

10 |

0 F

-10 L - : - - ' e
0 50 100 150 200 250 300 350

Tiap [MeV]

¢ For the similar thing to happen for NF=2+1,pion mass has to be smaller.
Nuclear force for NF=3 is generally more attractive than NF=2+1.

3 (N,=2+1)

#(Goldstone mode) =
8 (N.=3)



Nuclear Forces (58)
€ Momentum wall source
T op(P) = 2 Do (X15X,,X)15(Xy X5, X)) exp(ify (X5 — )_56))

Xy X

Po(X),X,,X3) = abc(u (x)Cysd, (x2))uca(x3)
g (X, . X5,X) = €, (10, (X, )CY 5, (x5))d .5 (x,)

@ Cubic group irrep. theory to access p-wave sector

Tos(1 D)= E Y x(e") Twpls p)SM<g*>Sﬁ,3<g‘l>

ge0,
[K.Murano et al., PLB735(2014)19.]



HAL QCD method: Determination of potentials (59)

We have a special strategy for the ground state saturation.
@ Def. R-correlator

[Ishii et al. PLB712(2012)437]
RG—F.1)= ™" <O‘T[B(3C’,I)B(§,t) BB(1=0)] o>

=¥, (F=¥)-exp(—(E,~2m))-a,

Xx—y)=(0|B(X)B(y)n
€ Two-particle energy in CM frame satisfies Wk”( ) < | 2 (y)| >

2
E=odm+k = o L (g_om)(E-2m)

m 4m
€ HAL QCD potential satisfies Schroedinger eq.

Inelastic region

2my +m
I Elastic region

(-H,+ k. Im)y, (F)= jd3r'V(7",7') v, (F)

2my,

@ R-corr. satisfies time-dependent Schroedinger-like eq.

~H. + L o — L R(F t)—jd%’V(F YR ,t)
4mor® ot e ’ ’

0 Only Elastic saturation is needed.(Ground state saturation is not needed.)
O Elastic saturation is much easier than single state saturation.




