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1. INTRODUCTION
CURRENT STATUS OF LATTICE QCD

Calculations of basic quantities are almost completed.

Hadron spectra BMW collaboration

Sciences 322(2008)1224
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Hadron spectra near physical point
PACS-CS Collaboration Phys. Rev. D79 (2009) 034503
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We are almost on the “physical point”.
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Rewelghtlng to phySical pOiIlt PACS-CS Collaboration, Phys. Rev. D81 (2010) 074503

Simulation at m, ~ 140 MeV by reweighting
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1+1+1 flavor QCD =g QED PACS-CS Collaboration, Phys. Rev. D86 (2012) 034507

Reweighting for u-d quark mass difference and QED

K’ toK' propagators

slope form experimental values  3.937(28) MeV
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Future directions of lattice QCD/gauge theories

e Heavy quark physics (charm, bottom)
e CKM matrix, BSM physics
e Hadron structure
e form factor, PDF of nucleon
e Finite temperature and density
e phase transitions, EoS, heavy-ion collisions, neutron stars
e dynamical models for BSM
e technicolor, extra-dimension
e Hadron interaction (This talk)
e nuclear physics from QCD
e Hyper-nuclei, J-PARC




Plan of my talk

. Introduction

. Strategy

. Nuclear potentials

. Repulsive core: Hyperon Interactions
. Extensions

. Conclusion




2. STRATEGY




How can we extract hadronic interaction from lattice QCD ?

Phenomenological NN potential

Ex. (~40 parameters to fit 5000 phase shift data)

I 1SO channel I One-pion exchange
i . S

| repulsive it
_ core

II Multi-pions
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Nuclear force is a basis for understanding ...

e Structure of ordinary and hyper nuclei e Ignition of Type II SuperNova

e Structure of neutron star

eutro

~ quark
Matter?

Can we extract a nuclear force in (lattice) QCD ?




e, adie. i

——

e

———

3 straegis to nuclear structure from lattice QCD

1. Extreme: calculate nuclear structure directly from lattice QCD
difficult to extract “physics” from results

Ab-Initio but (almost) impossible,

°H (="He)

difficult to apply results to other systems

3A quark lines

—mat
& L A: atomic number

large number of contractions/very noisy

t

some reduction (Doi-Endres, CPC 184(2013)117)
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2. Standard: calculate NN phase shift from lattice QCD

Ab-Initio for phase shift results can not be directly used to calculate nuclear structure

phase shift * nuclear potential * nuclear structure

(Liisher’s finite volume method for the phase shift)

two particles in the finite box(V = L?)
due to the interaction

ra— 2\/k2 4+ m?2 * ker Q%H (n € Z3) between two particles

7T~ scatterin meson width

* phase shift &;(kx) - | g( p. . . )
2
ﬁL _ MF1

= |k| generalize zeta-function MEF2

Ex. kcotdg(k) = Zoo(1; ¢°) CMF

sin’(3)=1=>aM_,

kL

ng

ETMC: Feng-Jansen-Renner, PLB684(2010)




3. Alternative: calculate “nuclear potential” from lattice QCD our strategy

Ab-Initio for potential “Physics” is clear
nuclear potential * nuclear structure

Difficulties for NN potentials

A. Interactions (2-body problem) are much more difficult than masses(1-body problem).

more complicated diagrams, larger volume,
more Monte-Carlo sampling, etc.

B. Definition of potential in quantum theories ?

classical V(Qf) * quantum V( :E) potential is an input

no classical NN potentials QCD VNN (CB ) ? output from QCD




Potentials in QCD ?

What are “potentials” in quantum field theories such as QCD ?

“Potentials” themselves can NOT be directly measured. analogy: running coupling in QCD

scheme dependent, Unitary transformation

experimental data of scattering phase shifts potentials, but not unique
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analogy: asymptotic freedom

observables such as scattering phase of potentials as long as they reproduce

“Potentials” are useful tools to extract ' One may adopt a convenient definition
shift. correct physics of QCD.
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Our strategy in lattice QCLC

Full details: Aoki, Hatsuda & Ishii, PTP123(2010)89.

Consider “elastic scattering”

NN — NN NN—= 17\VT17—\J——|=~01'.her§ (NW NG == : AN

energy Wi = 2\/ k2 + m3i, < Win = 2mpy + my, Elastic threshold

Quantum Field Theoretical consideration

e S-matrix below inelastic threshold. Unitarity gives o 627;5

Step 1| define (Equal-time) Nambu-Bethe-Salpeter (NBS) Wave function
Spin model: Balog et al., 1999/2001

or(r) = (0|N(x+r,0)N(x,0)|NN, W)

/ QCD eigen-state

N(z) = €qpq%(x)q°(x)q°(z): local operator

“scheme”




Asymptotic behavior of NBS wave function

Lin et al., 2001; CP-PACS, 2004/2005

~

Bea )

NBS wave function

no interaction I = ‘I‘| — OO0

sin(kr — I /2 + 6,(k))

—>Al

kr
partial wave

scattering phase shift (phase of the S-matrix by
unitarity) in QCD !

scattering wave function in quantum mechanics

cf. Luescher’s finite volume method allowed k at L » 01(kn)




define non-local but energy-independent “potential” as

k= Tl
[Gk =2 H()] Pk (X) — /d3y U(X, Y)Spk (y) reduced mass

= k_2 e v non-local potential
214 24

We can construct a non-local but energy-independent potential easily as

€k

Wi Wy <Win inner product

ey i T A e o (G o) Mheser: 1verse of e = (¢, i)
k. Kk’

For vVVp < Wiy

[ U 3)on) = 3 len — Hol ook mep = e — Hol op(a)

Non-relativistic approximation is NOT used. We just take the specific (equal-time) frame.




Step 3 expand the non-local potential in terms of derivative as
U(x,y) = V(x,V)5(x - y)
V(X, V) == Vo(?“) S5 VJ(T)(O'l ' 0'2) - VT(T)Slg a VLs(T)L .S + O(VQ)

NLO NNLO

LO LO LO
3 SpIns

tensor operator S — T—Z(al X)(0g - x) — (01 - 02)

This expansion is a part of our “scheme” for potentials.

Step 4| extract the local potential at LO as

ex — Holpk(x)
P (X)

Step 5| solve the Schroedinger Eq. in the infinite volume with this potential.

VLo(x) =

* phase shifts and binding energy below inelastic threshold

We can check a size of errors of the LO in the expansion. (See later).




3. NUCLEAR POTENTIALS




Extraction of NBS wave function

NBS wave function Potential

pr(r) = (O|N(x +1,0)N(x,0)|NN, Wk» e — Holi(x) =/d3yU(X,Y)sok(y

4-pt Correlation function e NN
P(r,t —to) = (O]T{N(x + 1, )N (x,1)} 7 (10)|0)

complete set for NN
F(r,t —to) OIT{N(x +r,t)N(x,8)} ) [2N,W,,s1,52)(2N, Wy, s1,52|T (tc)[0) =+ - - -

n,si1,s82

Z An,Sl,SQ QOWWI (r)e_Wn(t_tO)a An781,82 o <2N7 W’nv S1, 32‘7(0) ’O>

n,si1,s82

ground state saturation at large t

hm F(I‘,t — tO) e AOQOWO (r)e_WO(t—tO) _|_ 0(6_ n;éO(t_tO))

(t—tog)—o00

NBS wave function

This is a standard method in lattice QCD and was employed for our first calculation.




Improved method Ishii et al. (HALQCD), PLB712(2012) 437

normalized 4-pt function R(r,t) = F(r, 15)/(6—7"”“\”5)2 e ZAnSOW” (r)e—AWnt

k2 (AW,)?

* AW, =W, —2my = Ry T3
| T
—QR(r,t) = {HO +/U et }R(r,t)

ot 4mN 8752

potential Leading Order

} IR —= /dgfr’ Ur,v)R(r',t) = Vo(r)R(x,t) + - -
total
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3rd term(relativistic
correction) is negligible.
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Ground state saturation is no more required ! (advantage over finite volume method.)




NN potential 2+1 flavor QCD, spin-singlet potential (PLB712(2012)437)

a=0.09fm, L=2.9fm my, >~ 700 MeV phenomenological potential
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Qualitative features of NN potential are reproduced !

(1)attractions at medium and long distances
(2)repulsion at short distance(repulsive core)

1st paper(quenched QCD): Ishii-Aoki-Hatsuda, PRL90(2007)0022001

This paper has been selected as one of 21 papers in Nature Research Highlights 2007.
(One from Physics, Two from Japan, the other is on “iPS” by Sinya Yamanaka et al. )




phase shift

exp
lattice
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It has a reasonable shape. The strength is weaker due to the heavier quark mass.

Need calculations at physical quark mass.




|Eonvergence of velocity expansion

If the higher order terms are large, LO potentials determined from NBS wave functions
at different energy become different.(ct. LOC of ChPT).

M. ~ 0.53 GeV K. Murano, N. Ishii, S. Aoki, T. Hatsuda
Numerical check in quenched QCD P S B
e PBC (E~0MeV) e APBC (E~46 MeV)
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Ve(r;'Sy):PBC v.s. APBC =9 (x=+-5 or y=+-5 or z=+-5) p|hase st{n‘ts from poten’uals
" 100 [ — — If

- D1|

IV I
0[MeV . :

0.05lf

0 05 1 1.5 2
©

\-....w

05 4 15 5 1bo E15D Mzt:;:i 250 300 350
r[fm] _ | Ejan[MeV]

Higher order terms turn out to be very small at low energy in our scheme.

Need to be checked at lighter pion mass in 2+1 flavor QCD.

Note: convergence of the velocity expansion can be checked within this method.

(in contrast to convergence of ChPT, convergence of perturbative QCD)




4. REPULSIVE CORE

HYPERON INTERACTIONS




Origin of the repulsive core ?

quarks are “fermion” » two can not occupy the same position. (“Pauli principle”)

they have 3 colors(red,blue,green), 2 spin( T l ), 2 flavors(up,down)

6 quark can occupy the same position

S

but allowed color combinations are limited + interaction among quarks

o
» repulsive core ?




What happen if strange quarks are added ?

A(uds) - A(uds) interaction

all color combinations are allowed

Op

([ J
» no repulsive core ?




Our lattice QCD result

Inoue et al. (HAL QCD Coll.), Progress of Theoretical Physics 124(2010)591
flavor SU(3) limit

Moy = Mg = Mg

Indeed, attractive instead of
repulsive core appears.

Force is attractive at all distances. Bound state ?




This potential * One bound state (H-dibaryon) exists !

| Mps = 1171 [MEV] s .

- Mps = 1015 [MeV] —e— H-dibaryon
Mps = 837 [MeV] +---A---
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An H-dibaryon exists in the flavor SU(3) limit.
Binding energy = 25-50 MeV at this range of quark mass.
A mild quark mass dependence.




5. EXTENSION




Limitations of the potential method

1. Only for two particle scattering NN — NN

2. Only for elastic scattering W < Wiy,

In order to remove these limitations and extend the HAL QCD method to inelastic and/or
multi-particle scatterings, we have to show

Asymptotic behaviors of NBS wave functions for more than 2 particles

Existence of energy independent potentials above inelastic thresholds




| KeyPropertyr | | NBS wave functions for multi-particles

For Simplicity, tSmya Aoki, el’g I%ID arXiv.1303.2210 [hep-lat],
. . . O appear 11’1

(1) we consider scalar particles with “flavors” e

(2) we assume no bound state exists.

Unitarity constraint | 77T — T = ;77T

Jacobl momenta

parametrization o{[p®].|T|[P%ln)o = §(E* — EB)6® (P4 — PP)T([¢*],, [a°]»)

QX = (qX17 qX27 R an—1>

T([qA]na [qB]n) T(QA) QB)
> T (Qa, @B)Yr(Qg,)Yik(Qq,)

[L],[K]
hyper-spherical harmonic function L?Yi;(Q.) = L(L + D — 2)Yi;(Qs)

momentum in D=3(n-1) dim.

solution to the unitarity constraint with non-relativistic approximation

T (@, Q) = D Um(Q)Tin (@)U ey (Q),

[N

In3/2
mQ3n—5

T[L](Q) o

(@ sin 61 (@), “phase shift” o) (Q)




Lippmann-Schwinger equation in QFT

18Y01 50
E, — Eﬁ —+ e’

Too = o{B|V|a)m,  0lBlTla)e = 273(Ea — Ep)Tap.
off-shell on-shell off-shell

a)o + [ d8

(Ho + V)|oin = Ealo)in, full
H0|Oz>0 = Ea'()é>0. free

NBS wave functions n-scalar fields with different flavors

\Ijg([a}]) — in<0“70n([33],0)|05>in, gpn([w]’t) :T{g%(mz,t)}

P () = o0l oo+ [ dp SETEN 0T




D-dimensional hyper-coordinates

PIQR

Q4 — @ +ie

U (R,Q,) = C |e T(Q,Q.4)|

Expansion in terms of hyper-spherical harmonic function

27TD/2

(D

SR D= ) Z i i (QR) Yi;(Qr) Y (Qq),

hyper-spherical Bessel function

R QA = Z \IJL] [K R QA) [L] (QR)Y[K](QQA)a

Asymptotic behavior of NBS wave functions R — o0

(27) D72

~ (Ot

D 1 YU[L][N QA) (QA)UN][K](QA)

(QaR)
X \/g sin (QAR =S AL s 5[N](QA))

scattering wave with “phase shift” !




Energy-independent potential above inelastic thresholds

Letus consider NN — NN,NN~

Wth == QmN X 2m7'('
Ay = [Wth7W )

7 e = il e i
Ap = [Wththh)

ZNSOWCO (wO
ZnZx oW . (2o, @1

ZNSOWcl (330

li
e
s
i

ZNZU2SDW01 (3307 L1

0
0

<
<
<
(0

energy W € Aq

2 operators 2 states

‘NN7W760>
|NN—|-7T,W,61>

other quantum numbers

QO%C , ([X]Z) i(j): number of 7’s in the operator(state)
Pl




coupled channel equation

(B — H)olie, = 2 [ ] Hd?’ynvkl 2, [y)) el (9)), Ko € (0,1)

[=0,1

non-local potential matrix

We can prove an existence of non-local potential matrix using non-relativistic approximatio

p - 7
: +ngﬁ « W = \/m% + P+ \/md + P+ y/m2 + k.
=il

v total ener
non-relativistic M P1+py+> ki =0

approx. for n=1

Kinetic energy

The construction of U can easily be generalizedto NN +nm — NN + km
andto AA — AANE XY




Non-local potential U describes all QCD processes.

Quantum mechanics with energy-
independent non-local coupled channel
potentials for stable particles

QFT(QCD) at given energy

Wtotal N,N,TF,°--

A, p, - resonance Nm,wm, -

NN, AA, - ..
D.H.---

deuteron, H,... bound-state ?




H-dibaryon with the flavor SU(3) breaking

SU(3) limit I Real world My = Mg 7# M

2.2
A 2386 MeV
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s 129 MeV

25-50 MeV

| Mps = 1171 [MeV] wos i
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L Mps = 672 [MeV] »--&--
i Mps = 469 [MeV] +--a--

Bound state energy E, [MeV]
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In unit Esb 1 I Esb 2 I Esb 3 I | Esb 1 I Esbh 2 I Esh 3 I

3300 —

%
k3
%
%,
%
.
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of MeV
T 701+1 570+2 411+£2

K 789+1 71342 63542 1 2702MeV
0.89 0.80 065 Gauge ensembles . AA:3288MeV S71aMeY

NE : 3295MeV %, 2800MeV
158545 141112 | 1215%12 ™ 33 : 3320MeV

16445 150410 1351+ 8 3008MeV %, -

166044 153111 | 140010 3021MeV %,
3062MeV %,

1710+5 1610+ 9 | 1503+ 7

u,d quark masses lighter SU(3) breaking effects becomes larger

3200

coupled channel 3x3 potentials ——

I Diagonal elements !
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AA and NZ phase shift Preliminary !

Esb1 : ma= 701 MeV Esb2 : mna= 570 MeV Esb3 : ma= 411 MeV
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Bound H-dibaryon Resonance H Resonance H

This suggests H-dibaryon becomes resonance at physical point.




Three nucleon force (TNF)

Doi et al. (HAL QCD), PTP 127 (2012) 723

Ll Linear setup
(1,2) pair 15 ol S-wave only
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scalar/isoscalar TNF is observed at short distance.

further study is needed to confirm this result.




6. CONCLUSION

the potential method (HAL QCD method) is new but very useful to investigate

not only the nuclear force but also general baryonic interactions in (lattice)
QCD.

some understanding of repulsive cores

the method can be easily applied also to meson-baryon and meson-meson
interactions.

Our strategy

Potentials from Nuclear Physics * Neutron stars

lattice QCD with these potentials Supernova explosion

Neutron
matter

quark
Matter?




