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Our strategy to Nuclear/Astro physics from QCD

Potentials from
lattice QCD

Veo(r) [MeV]

Nuclear Physics parameters of EFT
with these potentials

Neutron stars
Supernova explosion




1. HAL QCD method
--Overview--



HAL QCD strategy

NN — NN NN—NAN— o’r.herg Aoki, Hatsuda & Ishii, PTP123(2010)89.

Define a non-local but energy-independent potential below inelastic threshold in QCD

[ e — Ho| px(x) = /dgy U(x,y)ek(y) J € =§ Ho = _ZZQ

general Uk(x,y) — U(x,y) 0 i)

from Nambu-Bethe-Salpeter (NBS) wave function energy W = 2\/k2 +m2,
or(r) = (0|N(x+r,0)N(x,0)|NN, W)

r=|r| — o

— =30 sin(kr — zziz L)

5 (% scattering phase shift (phase of
l( ) the S-matrix by unitarity) in QCD.

» [ potential U(x,y) is faithful to QCD phase shift 5;(1@').]

no interaction _

[, m

Interactic




A non-local but energy-independent potential exists.

Proof
Wi , W, <Win
Ux,y)= Y  lex— Holox(X)m oot (¥)
k Kk’

inner product

Me k- inverse of Nk xk = (¥x, Pk’ )

For "W, < Wy, = 2my + m, (threshold energy)

[ U 3)op(y) = 3l ~ Hol orlaliicme. = [er — Hol ol



Derivative (velocity) expansion U(X, y) _ V(X, v)53 (X _ y)

V(x,V) = Vo(r) + V,(r)(o1 - 02) + Vr(r)Sia + Vig(r)L - S + O(V?)

LO LO LO NLO NNLO

3
tensor operator Sz = T—Q(al -x)(02 - X) — (01 02)

spins
At LO, for example, we simply have

ex — Holp(x)
Pk (X)
* phase shifts and binding energy below inelastic threshold

VLQ (X) —

Note truncation of the derivative expansion introduces some systematics,
which fortunately can be estimated explicitly.



Advantages

® milder finite volume corrections

e extension to coupled channel problems is easy. Inelastic scattering can be treated.
A+B —-C+ D

e extensions to 3-body potential /particle production are possible with non-relativistic
approximation, though numerically demanding.

A+B—-A+B+C

® ground state saturation is not required to extract the potential. (See later.)

Disadvantages

e higher numerical cost than the standard method in both Flops and Bytes.



2. Previous results



Extraction of potentials

Standard method

NBS wave function Potential
pk(r) = (0[N (x +1,0)N(x,0)|[NN, W) * lex — Holow(x) = /d3y U(x,y)er(y)

4

4-pt Correlation function source for NN
F(r,t —ty) = (0T{N(x +r,t)N(x,t)}J (t0)|0)

complete set for NN
F(r,t —tg) = (OT{N(x+1, )N 1)} > [2N, Wy, s51,82) (2N, Wy, 51, 59T (0)[0) + - - -

n,si1,s82

Z An,sl,sz prn (r)e_Wn(t_tO)a An,81,82 — <2N7 an S1, 52|7(0) |O>

n,si1,s82

ground state saturation at large t

llm F(I’,t — to) p— AOSDWO (r)e_WO(t_tO) _|_ 0(6_ n;éO(t_tO))

(t—to)—>oo

NBS wave function

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



Improved method (time-dependent method) | Ishii et al. (HALQCD), PLB712(2012) 437

normalized 4-pt function R(r,t)

Fr,0)/(e7™)2 = 37 A (r)e 2!

' AW, =W, — 2my = ”1?21 B (iz/ny
8Rl( t) {H /U "o }R( t)
S r7 — 0 _|_ _ I',
potential ot dmpy Ot?

Leading Order

1 2
—Hy — 0 - 0 R(r,t) = /dgr’ U(r,v")R(r',t) = Vo(r)R(x,t) + - - -
ot 4mN (‘%2 total

Ist 2nd 3rd

40_||||

: 1 :
30 | I =
- t
f

3rd term(relativistic correction)
IS negligible.

Veo(r) [MeV]
o
L
——
——
———
B a—
I

total A
st term —— 7
2nd term ———

1 I3r;d 1 tFr.lm 1 1 1 | :

0 0.5 1 1.5 2 2.5

Ground state saturation is no more required !
(advantage over the finite volume method.)



Remarks

excited state contributions become bigger
In the larger volume

1
ZSE?&:ZE

time-dependent HAL QCD method makes
this difficulty milder

AE ~m._

remaining t-dependence of the potential

2mN+mﬁ

2my,

Inelastic region

Elastic region

1. Inelastic contributions (including excited states of one baryon)

R(r,t)

= F(r,t)/Gn(t)?

2. Higher order terms in the derivative expansion



2+1 flavor QCD a=0.09fm, L=2.9fm M, =~ 700 MeV Ishii et al. (HALQCD), PLB712(2012) 437.

* phase shift

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

Qualitative features of NN potential *
are reproduced.

Need calculations at physical quark mass on

“K” computer.
:{> Doi’s Talk.




Convergence of velocity expansion

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

[Numerical check in quenched QCDJ K. Murano, N. Ishii, S. Aoki, T. Hatsuda PTP 125 (2011)1225.
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Higher order terms turn out to be very small at low energy in our scheme.

Recent comparison: Iritani’s talk



Potential vs. Finite volume
Kurth, Ishii, Doi, Aoki & Hatsuda, JHEP 1312(2013)015

I = 2 7wm scattering in quenched QCD

O | | | | | | |
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This establishes a validity of the potential method and shows a good convergence
of the velocity expansion.




A E [MeV]

Potential vs. Direct

“di-neutron”
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HAL (potential) method (HAL) :

Direct method (PACS-CS (Yamazaki et al.)/NPL/CalLat):

> Iritani’s talk

Which is correct ?

Reviewed in T.Doi, PoS LAT2012,009 (+ updates)
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A E [MeV]

Potential vs. Direct

Reviewed in T.Doi, PoS LAT2012,009 (+ updates)
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Which is correct ? > Iritani’s talk



Potential vs. Direct

Reviewed in T.Doi, PoS LAT2012,009 (+ updates)

HAL (potential) method (HAL) :
Direct method (PACS-CS (Yamazaki et al.)/NPL/CalLat):

Which is correct ?

> Iritani’s talk
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V(r) [MeV]

full QCD LO Tensor potential

quenched QCD
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« NO repulsive core in the

tensor potential.

. the tensor potential is
enhanced in full QCD



V(r) [MeV]

LO Tensor potential

full QCD
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Fig. 3.7. The contributions from o
and p (dashed) to the T = 0 tensor
potential. The solid line is the full
potential. The dash-dot lines are
obtained when the cutoff is omitted.




V{r; °S,-°D,) [MeV]
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Quark mass dependence (full QCD)

Quark mass dependence

5 m =411 MeV —e—

o —570 MeV —e— 7
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. the tensor potential increases as the pion mass decreases.

. manifestation of one-pion-exchange ?



Negative parity potentials

a=0.16 fm, L = 2.5 fm, m, = 1100 MeV Murano et al. (HAL QCD), PLB735(2014)19
400
200
> =
= 2
= S
-200 |
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tensor potential Is very weak.
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3. Recent results



Bound state energy E;, [MeV]
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coupled channel analysis is needed.

S. Aoki, et al. , Proc. Jpn. Acad. Ser. B, 87 (2011) 5009.



Results from HAL QCD Collaboration

Sasaki for HAL QCD Collaboration

Ny =241 full QCD with L = 2.9 fm

2800

Gauge ensembles thresholds
—
In unit
of MeV
X 701+l 5702 al122
K 78941 71342 635+2 2702MeV
m/m_ 0.89 0.80 0.65 o AA : 3288MeV . 2718MeV
" K N= :3295MeV *,
N 1585+5 141112 1215%12 ™ '
A 16445  1504+£10 1351+ 8 200 3008MeV %,
16604  1531=11  1400£10 SUZIEEY

1710£5 1610+ 9 1503+ 7

[1]

2700

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



V [MeV]

coupled channel 3x3 potentials
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3 [rad]

AA and N= phase shift

Preliminary !

mm =700 MeV mm = 570 MeV mm =410 MeV

% T I
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JAVAY
H |
W, \._.'
faanest ! TTEPRRTRNY | | M #W -1 [t |'l||||
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H as resonance H as resonance near
Bound H-dibaryon B
_ near/\ /A threshold N = threshold
coupled to N= B
(H as bound N=) (H as bound N=)

This suggests that H-dibaryon becomes resonance at physical point.
Below or above N= 7 Need simulation at physical point.

> Doi’s talk




Z.(3900)

A tetraquark candidate Y. Ikeda, et al. , arXiv:1602.03465[hep-lat]

Y (4260)

D*D*(4014)
4112(1), 4202(11), 4318(I1I) [MeV]

1Z.(3900) |
DD*(3877)
3959(1), 4048(II), 4159(III1) [MeV]

pnc(3759)
3883(1), 4005(I1), 4121(IIT) [MeV]

coupled channel analysis
IS heeded.

7.7 /(3236)
3508(1), 3688(II), 3843(III) [MeV]

(J79)

m, ~ 410 (Case I), 570 (Case II), 700 (Case I1I) MeV
L ~291fm, a ~0.09 fm
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pole of S matrix
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— (mp +mp+) = —167(94) — 183(46)i

Zpole

Its contribution to the two-body amplitudes
IS highly suppressed.



fits to experimental data Case |

model Y (4260) — 7 + nJ /¢, 7 + DD*

TY =85, gy W) = Z OY =7 fit parameters
a=nJ/y,DD*
Taﬁ(@aaiﬁaﬁ; W3)(7 ‘
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4. Summary

e HAL QCD strategy is a very powerful one for “nuclear physics from lattice QCD".
e work well also for multi-channel scatterings

® More results
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Doi’s talk
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Back-up:
Some applications to
nuclear physics



Three nuclear force (3NF)

NBS wave function

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

Van(x1 — x3,%2 — x3) = » Van(x; — x;) + Vanr(X1 — X3, X2 — X3)
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scalar/isoscalar 3NF is seen at short distance.
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NN potentials
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Nuclear matter shows the saturation at the lightest pion
mass, but the saturation point deviates from the
empirical one obtained by Weizsacker mass formula.

No saturation for Neutron matter.



Pressure of Neutron matter

M. Baldo, F. Burgio, H.-J.Schulze,

Phys.Rev. C61, 058801
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Our Neutron matter becomes harder as the pion mass decreases,
but it is still softer than phenomenological models.



Neutron star M-R relation
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m, = 470 MeV
Single particle level Total energy | Radius
15 1P 25 1D Eo Eo/A <7“2>
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