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HAL QCD approach to Nuclear/Astro physics
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Plan of my talk

. HAL QCD method

ll. Recent results (selected)
1.Dibaryons
2. Exotic hadron Zc(3900)

lll. Discussions



. HAL QCD method
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Our strategy in lattice QCD

consider (Equal-time) Nambu-Bethe-Salpeter (NBS) Wave function

ok(r) = (O|[N(x+r,0)N(x,0)|NN, Wg)

/ QCD eigen-state

N(z) = capeq®(2)q?(2)q°(z): local operator ~ “scheme”

energy W, = 2\/k2 + mi, < Wi =2my +m,  Elastic threshold

NN — NN only elastic scattering



Main idea

No interaction Outside
sin(kr — lm/2 + 6;(k
- p(r) = Y O ( /24 ))le(ﬂr)

kr T
[,m

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

We consider the inside region and extract information of interactions
there.



Potential

Non-local but energy-independent, defined from the NBS wave function

By construction

{potentia,l U(x,y) is faithful to QCD phase shift 5l(k)]

Note however that U(x,y) is not unique.




(Formal) proof of “existence”

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

Wi Wir <Win

U(x,y) = Z e — Ho Sﬁk(X)m;i/SOL (¥)

—1 . __
Mew: inverse of Mk = (¢k, Pxr)

inner product



Derivative expansion (approximation)

Ux,y) =V(x,V)é(x —y)

V(x,V) =Vo(r) + Vo (r)(o1 - 02) + Vr(r)Sia + Vis(r)L - S 4+ O(V?)

LO LO LO NLO NNLO

Sy = %(01 x)(0g ) — (01 - 03)

tensor operator SpPINS

e — Holpk(x)
Pk (X)

At LO we simply obtain Vio(x) =

* phase shifts and binding energy below inelastic threshold



Advantage of potential method

IDirect method |

Gyn(t) = (NE)N{#)N()N(0)) = Zge Fot 4+ Zje F2t 4. ..

Excitation energy

finite volume effect for scattering state ~
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t>1/(F1 — Ep) >~ 4 fm is needed to suppress excited states.
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Large separation is impossible due to the bad signhal-to-noise ratio.
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Failure of the direct method for baryons
L=3m L =06im L = &m L =00

Excited state contaminations A A A
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strong source operator dependence strong sink operator dependence



Fake plateau problem

IMock-up data| @ m, =0.5 GeV, L =4 fm (setup of YIKU2012)

R(t) = e 2P (1 + b e 0Pl 4 ¢ g7 0Fmal)

1
0Fel o T2 the lowest excitation energy of elastic scattering state

OF., = 50 MeV at L ~ 4 tm

b= 40.1 10 % contamination b=0 for a comparison
0Eine1 = 500 MeV  the inelastic energy from heavy pions A
¢ =0.01 1% contamination Inelastic region

sz +HM

A

Elastic region
2my 7
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increasing errors and fluctuations in time
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Improvement with potentials

F(r,t —ty) = (OIN(x+r,t)N(x,t)J (to)|0)

Ap ™V (r)e” Mt t0)

n

Normalized 4-pt function

R(r,t) = F(r,t)/Gn (1) ZAngp

— AW, t

/ Iy U(x, )" (y) = (Bw, — Ho)" (x)

dy U(x,y)9" (y) = (Ew, — Ho)¢™" (x)

AW, =W, —2mpy = 5 — (AW:)®
mn 4mN
| Voo

0 1 0?2
—ER(I’,t) — {HO + U — 4mN atQ } R(I’,t)

time corr.

Space corr. time corr.
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4-pt function

+ Inelastic contributions

a sum of many NBS wave functions

controlled by the same U



} R(r,t) = /d3r’ Ur,r)R(r',t) = Vo (r)R(r,t) + - - -

Potential
Ist 2nd 3rd
3rd term(relativistic correction) is negligible.
S L A A
- + ]
20 t -
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> -10 F h E
-20 [ —
' o lst term
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~40 b TR TR e
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This method overcomes the difficulty of the direct method.



Systematics: derivative expansion

T. Iritani, Talk at Lat2016, arXiv1610.09779[hep-lat].
T. Iritani, Talk at Lat2017



| Two source operators |

guark wall source vs guark smeared source

SMEARED SOURCE

Lattice setup 2+1 flavor QCD

a=0.09 fm (e~ = 2.2 GeV)

my = 0.51 GeV, my = 1.32 GeV, mg = 0.62 GeV, mz = 1.46 GeV



NBS wave function
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contributions from excited states
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O(100) MeV cancellation

time-dependent HAL method works well



Véﬁ
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Small difference * LO + NLO potential ?



LO + NLO potential

1 2=R¥(rt)  SR¥(rt)  HyR¥(rt)

" dm RX(r,t) RX(r,t) RX(r,t) X = Wall, Smear

V2R (r,t)
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singular behaviors disappear.



Phase shift at LO analysis

==(1Sy)N. =64 t=14
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some source dependence is also observed in phase shifts.



Phase shift at NLO analysis

phase shift 6¢(k) [deg.]

o
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NLO correction appears at high momentum.

v

Derivative expansion works well at NLO.
LO approximation from the wall source also works rather well.



Convergence of velocity expansion PTP 125 (2011)1225.
K. Murano, N. Ishii, S. Aoki, T. Hatsuda

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

[Numerlcal check in quenched QCD] a=0.137fm, L=4.0 fm My = 0.53 GeV
e PBC (E~0 MeV) e APBC (E~46 MeV)
NBS wave functions
PBC BS wave function APBC BS wave function
= P &
= X
" A
P W
1 B
5 0 gk
1 »
0 1
[fm] 1 52 _ 5
potentials

500
400
300
200
100
0

-100




Vc(r;1SO):PBC v.s. APBC t=9 (x=+-5 or y=+-5 or z=+-5) thase S IIﬂS from potentials
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Higher order terms turn out to be very

small at low energy in our scheme.

50(€k ~ O) 5O<€k ~ 92M6V)
exact exact

Note: convergence of the velocity expansion 00 (Ll Q) do(er, = 92MeV)

can be checked within this method. approx. approx.

(in contrast to convergence of ChPT,
convergence of perturbative QCD) Note: Old method.



2+1

flavor QCD a=0.09fm, L=2.9fm

m. >~ 700 MeV

NN potential

4 O [T T T T

1SO

20 |

10 |

Veo(r) [MeV]

0 [deg]

r [fm]

Qualitative features of NN potential
are reproduced.
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phase shift

L L L I AL L R eXp """"

. 1‘5; lattice ]
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E,ap [MeV]

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

No dineutron at heavier pion mass.



Frequently Asked Questions

[Q1] Scheme/Operator dependence of the potential

. The potential depends on the definition of the wave function, in particular,
on the choice of the nucleon operator N(x). (Scheme-dependence)

. local operator -> manifest causality
. a similar example: running coupling iIs scheme-dependent

. Moreover, the potential itself is NOT a physical observable. Therefore it is
NOT unigue and is naturally scheme-dependent.

. Observables: scattering phase shift of NN, binding energy of deuteron

QM: (wave function, potential) -> observables
QFT: (asymptotic field, vertex) -> observables
EFT: (choice of field, vertex) -> observables



. Is the scheme-dependent potential useful ? Yes |
. useful to understand/describe physics

. cf. running coupling: it is useful to understand the deep inelastic scattering
data (asymptotic freedom)

. good” scheme ?
. good convergence of the perturbative expansion for the running coupling
. good convergence of the velocity expansion for the potential 7
. local operator is found to be "good” (see later)

. completely local and energy-independent one is the best (Inverse
scattering method)



[Q2] Energy dependence of the potential

Non-local & Energy-independent Local & Energy-dependent

[ex — Ho] ok (x) = Vic(x) k(%)

e — Holox(®) = d*yU(x,y)pi(y)

non-locality can be determined order by order in the velocity expansion (“scheme”)
V(X7 v) — VO(T) + VU(T)(O'l . 0'2) + VT(T)SlQ -+ VLS(T)L .S + {VD(T), V2} + ...

[Q3] How good is the velocity expansion ?

(ex — Ho)wk(X)
Pk (X)

Leading order Vc(r) =

The local potential obtained at given energy may depend on its energy.
If the energy dependence of the potential is weak, the LO potential is good.

numerical check in quenched QCD



ll. Recent results
(selected)



1. Dibaryons



Dibaryon = a bound state with baryon nhumber B=2

Only deuteron is the dibaryon observed in Nature so far.

Other candidates.

H-dybaryon (uuddss)
Omega-Omega (ssssss)
N-Omega

Delta-Delta

Some of them are investigated in the potential method.



P29

(ssssss)

S. Gongyo et al. arXiv;1709.000654



Lattice QCD at physical pion mass

241 flavor QCD,(m7T ~ 145 Me\/) a~0.085 fm, L ~ &8 fm

K-computer [10PFlops]
()() potential * phase shift
100: | g IIIIIIIIIIIIIIIIIII t/é=l1l8 I —— ] 180 | t/a=18|—
50
% Z
= 0]
s |
50
1005 1 15 2 25 3 %0 20 40 60 80 100 120

EcmMeV]

Strong attraction * Vicinity of bound/unbound (~ unitary limit)



Bound state energy [MeV]

0.5

-0.51
-1.5¢1

251

The most strange (sss sss) dibaryon ?

Binding energy

[ NP ]
QCD+Coulomb —%— |
. QCD —&— |
3 4 5 6

Root-mean-square distance [fm]

/



NQ

Potential Phase shift
- NQ(°S,) NQ(CS,) -
) gt il
¢ = 0.2 1 2
|l
%—50- foo.o - '||.
I 75 S F
_100 ’i ¥_0.2‘
| ¢ t=14 $ t=12
-125 -0.4 1 P t=13 t=11
=150 | -
0 1 2 3 4 0.0 0.5 1.0 1.5 2.0

New dibaryon in Heavy lon Collision ?

Preliminary ! Lattice QCD at physical pion mass



H-dibaryon

(uuddss)



flavor SU(3) singlet potential L attice QCD in the flavor SU(3) limit

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

0 fp——m————————— a [LON2 fm
myq L4410 MeV

-200

-400 |

V(r) [MeV]

600 | :

-800 |

-1000 %

_1200||||||
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

r [fm]

Force is attractive at all distances. Bound state ?



* oossibility of a bound state (H-dibaryon) AA — NE— XX

Inoue et al. (HAL QCD Coll.), PRL106(2011) 162002

O — 71 - - I - 1 1 1 1 T 1T T
: MPS= 1171 [MeV] R .

% Mps = 837 [MeV] +---a---s
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9 o -E. .
2 907 - 7
[0) i i 1
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Root-mean-square distance V{(r2) [fm]

An H-dibaryon exists in the flavor SU(3) limit.
Binding energy = 25-50 MeV at this range of quark mass. Real world 7
A mild quark mass dependence.



Deuteron
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Bound state energy E, [MeV]
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H-dibaryon with the flavor SU(3) breaking

SU(3) limit *

A
25-50 MeV
\/
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Preliminary results from HAL QCD Collaboration

Gauge ensembles

In unit
of MeV
i 701+£1 570+2 411+£2
K 789+1 713£2 635+2
m /m 0.89 0.80 0.65
N 158545 1411£12 1215+12
A 1644+5 1504£10 1351+ 8
1660+4 1531+11 1400+£10
= 1710£5 1610+ 9 1503+ 7

u,d quark masses lighter

Sasaki for HAL QCD Collaboration

thresholds
—
3200 %”’:,,
k3 2702MeV
s10c AA 2 3288MeV . 2718MeV

NZ : 3295MeV %,

300C

2900 3008MeV %,
3021MeV %,

%
%
%
%
%
ey
%,
%,

2800

2700
SU(3) breaking effects becomes larger



V [MeV]

V [MeV]

coupled channel 3x3 potentials

.
Diagonal elements
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d [deq]

AA and N= phase shift Preliminary !

Esb1 : ma= 701 MeV Esb2 : ma= 570 MeV Esb3 : ma= 411 MeV

200 5 — 200 O 200 5
5’1\\(3\ I “: T 5’;’; I
150 150 —— 150
A A 100 / 100
100 1YY = —/—— S
50 % 50 % 50
0 % p— 0 -/ o 0 T e
.50 ] \f At .50 " B e
0 5 10 1"5. ......... 20 25 30 0 5 10 15 20 25 .'.’.'.'_.L.C;O 0 5 10 15 20 25 T
Vs - 2M, [MeV] Vs - 2M, [MeV] \s - 2M, [MeV]
Bound H-dibaryon H as A A resonance H as A/ resonance
coupled to N = H as bound N = H as bound N =

This suggests that H-dibaryon becomes resonance at physical point.

Below or above N= 7
=> Simulation at physical point on K-computer

Physically, it is essential that H-dibaryon is a bound state in the flavor SU(3) limit.



2. Exotic hadron Zc(3900)



mass [GeV]
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| Quark model well describes observed
mass spectra below 3.8 GeV.

Several states above 3.8 GeV are not

1 discovered.

1 New (X)Y,Z) states, not predicted by
{ QM, are experimentally observed.

Exotic ?
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Quark model well describes observed
mass spectra below 3.8 GeV.

Several states above 3.8 GeV are not
discovered.

New (X,Y,Z) states, not predicted by
QM, are experimentally observed.

Exotic ?
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v All new states are found above 3.8 GeV

Quark model well describes observed
mass spectra below 3.8 GeV.

Several states above 3.8 GeV are not
discovered.

New (X,Y,Z) states, not predicted by
QM, are experimentally observed.

Exotic ?

z|Lowest open charm threshold (DrarD)Mis 3.75 GeV

2 All new states embedded in two-meson continuum(DbarD, DbarD* Dbar'D* ---)

zChannel coupling is a key to investigate X, Y, Z states



Tetra quark candidate Zc(3900)

BESIII Coll., PRL110 (2013). Belle Coll., PRL110 (2013).
et i | |
/4
e’ 20(3900) J/¢

100@— j t:"‘{_' 70
:‘ y . B::;wmm 60
Tt .y e (&
et +e” — Y (4260) — 7 + Z.(3900)

*re
........

Events / 0.01 GeV/c?
a3
Events / 0.02 GeV/c?
5

8T - 38 38 40 87 38 89 4 A1 A2
Mo (/) (GeV/c?) M, (RJ/y) (GeV/c?)

peak in 7*.J /1) invariant mass (minimal quark content ccud) terra quark candidate

M + iT" ~ 3900 + i60 MeV (Breit-Wigner) just above DbarD* threshold

interpretations
tetraquark J/P + 1 atom DP2'D* molecule DbaD* threshold effect
» U
00 @ ) @
Maiani et al.(‘13) Voloshin(‘08) Nieves et al.(‘11) + many others Chen et al.(‘14), Swanson(‘15)

genuine state kinematical origin



coupled channel potential and Z:(3900)
Y. lkeda et al. [HAL QCD], PRL117, 24001 (2016)

coupled channel potential V4 g (7) A
' ' \
A

A, B =nJ/y, pne, DD*

_DLBL
Z:(3900)

DD* p=cu (spin 0) DL dc (spin 1)

Yoichi lkeda (Osaka U.)

a LOD9 fm, L [ 2P fm

PNe Ne=cc(spin0) P = du (spin 1) mp = 411,572,701 MeV

7TJ/¢ 7w = du (spin 0) J/v = cc (spin 1)
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3 x 3 potential matrix (w.J/v) — pn. — DDY
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3 x 3 potential matrix (w.J/v) — pnc. — DDY
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= charm quark exchange process




Structure of Z:(3900)

S-wave J/P — pne — DD "oupled channel scattering

1. invariant mass distribution of 2-body scattering (D) (D)

Nye ¢ (flax) - o(W) o< Im f (W) J/$(DY) |  J/p(DY)
2. pole position of S-matrix ( >

bound state (1st sheet)

® pole position --> binding energy
® residue --> coupling to scattering state

resonance (2nd sheet)

® analytic continuation onto 2nd sheet
3 ® pole position --> resonance energy
® residue --> coupling to scat. state, partial decay

2nd shec,.—'} resonance




Invariant mass distribution

mJ /1) invariant mass
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w Enhancement just above DParD* threshold in both amplitudes

2 effect of strong off-diagonal parts (black—>off-diagonal=0)

2 peak is not the Breit-Wigner shape

kK

s Zc(3900) conventional resonance ?

—> pole of S-matrix



Pole of S-matrix (M3/y:2nd, pne:2nd, DD =3nd)
ﬂIm[Z]

pole of S-matrix [ T My L o

Lst, 1st, 1st]

- _\ /_ ond, 1st, 1st] ¢ o S -
/ K - ',1f Zc is resohance...

/[2nd, 2nd, 1st]

/ [2nd, 2nd, 2nd] @
nid/P threshold pole position

pNc threshold
DbarD* threshold

o~ v e

Z:(3900) is not a resonance but
“threshold cusp” induced by
strong channel couplings

yvePole corresponds to “virtual state”

w Pole contribution to scat. observable
IS small (far from scat. axis)




dr/dM,;, (arbitrary unit)

Comparison with experimental data

spectrum of Y(4260) 3-body decay

Y (4260)

BESIII Coll., PRL110, 252001, (2013).
Belle Coll., PRL110, 252002, (2013).
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Y (4260) - wrJ /v, 7DD"

AUy i = 2m)*0(W3 — Ex (D) — E¢(37))d°pad® @5 | Ty —nt £ (Bres T3 W3) |2

3-body T-matrix

Ty msfPr s Wa) = Y LOX 2T
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@ J /¢ (D") _I_ Y (4260) x'o ,"' 7,
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(2 parameters) J/$(D™)

t-matrix from potential matrix

employ physical hadron masses for a comparison with experimental data
zpotential matrix is used to calculate t-matrix in subsystem

2 fix free parameters by fitting Y(4260) —m m J/ ¢ experimental data



Invariant mass of 3-body decay

dr/dMm,,,, (arbitrary unit)

This study W ' ' _
' BES:,T::J,:: £ 1 Data are well described by 2 parameters
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' g ; F 3 4 Z:(3900) is threshold cusp caused by
strong channel coupling
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lll. Discussion



Currently the HAL QCD Potential method is the only way to investigate
baryon interactions reliably in lattice QCD.

Nuclear potentials, Hyperon potentials and more

Omega-Omega: shallow bound state at physical point

H-dibaryon: bound state at SU(3) limit, resonance with SU(3) breaking

. physical point simulation Is on-going on K-computer

Application to exotic hadron: Zc(3900) is the threshold effect

Other applications (rho & sigma resonances, heavy baryons, Tetra
quark, Pena quark, 3 body forces and more)
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