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Lattice ©.CD =1st-principles calculation of ©.CD

1 . _
L = —ZGZ’UGZV + qv* (10, — gt* A)q — maq
\ee—————————
% strong coupling as=g2/4mt ~ 1, non-Abelian --> non-trivial vacuum...

path integral formulation

L A 7 = /[dU] ([dqdq] exp(—/d7d3m£E>

< > A
a

typically (30-100)* ~ 1058 sit loved
e gauge invariant ypically (30-100) sites employe

¢ non-perturbative
o well-defined Monte Carlo Simulations
s 1: WEaws \ /

iInput parameters

quarks g
on the sites

» quark mass myq
» gauge coupling g

gluons Uy=exp(iaA,) observables <O(rt)>
on the links » ensemble average of O




Single hadron spectroscopy from LQCD

% Low-lying hadrons on physical point (physical my)
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o0 v afew % accuracy achieved for single hadrons

= Next challenge in spectroscopy : hadron resonances



® Particle data group

Hadron resonances

http://www-pdg.lbl.gov/
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e Most hadrons are consistent with gqqq / qg®2 quantum number (non-trivial)
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® Only 10% is stable, others are unstable (resonances) and some can be fake..

® Understanding hadron resonances from QCD is important issue in hadron physics



http://www-pdg.lbl.gov
http://www-pdg.lbl.gov

Tetraquark candidate Z:(3900)

e’ T
® Expt. observations >,V\ L ‘7Mnd/w
Y(4260) 3-body decay o %(3900) b
» et + e --> Y(4260) --> 11 + Z:(3900)

= -+ J/P

BESII n*JAp

BESIII Coll., PRL110 (2013).
see also Belle Coll., PRL110 (2013).
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® peak in t*-J/P invariant mass (minimal quark content ccP2” udvra <--> tetraquark?)
e M ~ 3900, I ~ 60 MeV (Breit-Wigner, Flatte) --> just above DP2D* threshold
e JPC=1+" is most probable <--> couple to s-wave meson-meson states



Tetraquark candidate Z¢(3900)

% structure of Z:(3900) studied by models

- genuine resonance N
tetraquark J/U + 1t atom DPa'D* molecule
@ w -

Malanl et al.(‘13) Voloshin(‘08) Nieves et al.("11) + many others)

conclusion not achieved
~ Kinematical origin ~ = poor information on interactions
DbarD* threshold effect

% LQCD simulations for ZC(3900)

Chen et al.(‘14), Swanson(‘15)
\. /




Z(3900) on the lattice

4 Conventional approach: temporal correlation
= identify all relevant Wn(L) (n=0,1,2,3,...)

(0|®(z)®T(0)[0) = A1e™M17 + Age™""27 4 ...
- (W1, Wo, ... are eigen-energies)
» “ e.g., 4-quark operator 9
9 gt O(x) = q(x)q(z)q(x)q(x) (o
J - . y
v No positive evidence for Z(3900) in JFC=1+ . S o
(observed spectrum consistent with scat. states) O------ i‘@ @\\,
S. Prelovsek et al., PLB 727 (2013), PRD91 (2015). DbaD* —Q
S.-H. Lee et al., PoS Lattice2014 (2014). y SO AREEEEEEERE
o PR
w Why is the peak observed in expt.? /Py ©

» (broad) resonance? threshold effect?

w How can we find resonance in LQCD data? variational method



Strategy for studies of resonances from LQCD

] cl
Mt T Ut

lattice QCD | Conventional approach
i (0|®(z)®T(0)[0) = Are V17 + Age VT 4.

(W1, Wo, ... are eigen-energies)

e.g., 4-quark operator
®(x) = q(z)q(x)q(x)q(x) %!

\\ | '/,-’
- hadron resonances

% Resonance energy does NOT correspond to eigen-energy
% Resonances are embedded into coupled-channel scattering states
= Resonance energy is determined from pole of coupled-channel S-matrix



Strategy for studies of resonances from LQCD

lattice QCD ( Resonance search through scattering observable )

hadron interactions
(faithful to S-matrix)

——————

AAAAAA

scattering theory

contents

® hadron interactions & HAL QCD method
e tetraquark candidate Z¢(3900)

® dibaryon systems

hadron resonances

® summary



Hadronic interactions from LQCD

hadronic correlation function

4 — )
C(Z) (7?9 t) = <O|¢1 (7?9 t)¢2 (09 t)jT (t — O)|O>

— Z Anwn("? e_Wnt

)Sl

- HAL QCD Method (derive potential as representation of S-matrix)
» Pn(r) --> 2Pl kernel (Y = ¢ + GoU )

(V2 + k) ¥n(7) =21 | dFU (7, 7 )1py ()

\_

v

® Energy eigenvalue Wi(L)

T <

® NBS (Nambu-Bethe-Salpeter) wave function Pn(r) (--> sin(knr + d(kn)) / knr)
C.D. Lee et al., NPB619 (2001).

U(Ff’?,) = Z (En T HO) lpn(r'?)";n(f’?,)

nN<MNih

--> phase shift, resonance pole, ...

~




Results on Z¢(3900) in 19(JPC)=1+(1+)

— P

wJ /¢

Y. Ikeda et al.. [HAL QCD]. PRL117. 242001 (2016).

light meson mass (MeV)
mn=411(1), 572(1), 701(1)
moe= 896(8), 1000(5), 1097(4)

charm meson mass (MeV)
Mnc= 2988(1), 3005(1), 3024(1)
mup= 3097(1), 3118(1), 3143(1)
mp= 1903(1), 1947(1), 2000(1)
mp= 2056(3), 2101(2), 2159(2)

e s-wave coupled-channel (rtJ/ - pnc - D°2'D*) potential
® 2-body observable
® comparison w/ expt. data
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* m=410MeV — )—

® mM=570MeV —Q—
® m.=700MeV —Q—J

@\/Pnc-DbarD*
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| Y

o strong VnJ/Lp,DbarD* & Vpnc,DbarD*

"» charm quark exchange process

o

00 05 10 15 20 25
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Mass spectra of Tt/ @-body scattering

% 2-body scattering ( the most ideal to understand Z:(3900) )

® rtd/YP invariant mass (mn=410MeV)

LN LT

0.018 . , .
‘\ T[J/Ll)'pﬂc-DbarD* ," diag. pot. only (x10) ——
Yo P SN g 0.016 + full pot. ———
~‘ ! ‘\ ! ‘\ o 0 0 " 0014
. 1! ' . — . i
= 0.012 |
35 0.01 |
E 0.008 |
Z:(3900) in expt. g 0.006 |
. T ~ 0.004 f

Y (4260)  .-°

e ™ 0.002 |
N <> Mg/
.- 0
< T /3 |

v Enhancement just above DP?'D* threshold

= effect of strong V™/¥, BbarD® (5ac) 5 v, Doard'—()

-

» line shape not Breit-Wigner

v Is Z:(3900) a conventional resonance? --> pole of S-matrix



Pole of S-matrix on complex energy plane

__ 0.014 | | o .
E 0.012 + e eeeesressensssssennassserenssesesfessesensasssenans . R 5 S -
£ 0.01 | ® nJ/Y invariant mass | "
=
wt 0.006 | =
E
0.002 | - - | - -
-
(@) g
34 ' 36 3.8 " 4 4.2 4.4
: We m. (GeV)
Im|z] | |
m —;— m m m _ : .
T } J /v I, _I_ Ne mp ‘?(mD s
S Z.(3900) Re[ z]
[1st, 1st, 1st] °

Aan, 1st, 1st] . .
; R If Zc is a copiventional resonance,
/ 2nd, 2nd, 1st] pole shou)d be around here
/[2nd, 2nd, 2nd] '




Pole of S-matrix (d/Y :2nd, pnc :2nd, DPaD*:2nd)
ﬂlm[z]

- My + My + . Mmp -+ mp- /
pole of S-matrix L/ R AN

_— R S o Z.(3900) Re[z]
Py ! [1st, 1st, 1st] R R R
\l\}/ — AQIld, 1st, 1St] ," ,'.. 'l, ..: ,l' ¢
l' .'. I’If Z i .
= /nd, 20d, 151 ' < c is resghance
'E B /[2nd, 2nd, 2nd] @ ‘
s L /Y threshold actual pole position
N
k = pNc threshold
- Dba'D* threshold

3750 =
Relz] (Scattering energy) [M4OOO -200 \((\\’L\%\
eV]

® Pole corresponding to “virtual state”
® Pole contribution to scat. observable is small (far from scat. axis)

e Z.(3900) is not a resonance but “threshold cusp” induced by strong Vm/¥:bbarb®




Invariant mass of 3-body decay

lkeda [HAL QCD], J. Phys. G45, 024002 (2018).

| This study WS-
. BESIIa*Jhyp

Z:(3900) in expt.

%
= |
Y (4260) s 1/
__. Mﬂj/zp Er-. s ~
(> = ‘H' e
J/ s
. t 1 H
3.8 4.0

= physical hadron masses employed to compare w/ expt.
= t-matrix for subsystem obtained from V-QCD(r)

e Expt. data well reproduced with cusp scenario

conclusion: Z:(3900) is threshold cusp caused by strong V™/¢: DbarD*



Octet BB forces & H-dibaryon

n(udd) p(uud) n(udd) p(uud)

VTN /o
N/ s/

=~ (dss) EY(uss) =~ (dss) E%(uss)

37 (dds) T (uus) 37 (dds) T (uus)

— (27 D 3D 1)sym. D (]‘O* © 10D S)anti—sym.

T T

NN ('So) NN ('So) : deuteron _—

H-dibaryon (AMA\-=N-22)? Jaffe (1977)



Generalized BB forces in flavor SU(3) limit

2 Full QCD in SU(3) limit : mr~0.47GeV, L=3.9 fm

Inoue et al. (HAL QCD), PRL106 (2011), NPA881 (2012).

% potentials in flavor symmetric channels, 27 + 8s + 1

NN 'So channels

(partially Pauli blocked)

8s channel
(Pauli forbidden)

H-dibaryon channel
(Pauli allowed)

3000 r

b 27) Y v

: V( 100 | : Ve —— -
2500 3 Y -
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,1w [ ‘A‘u_a,,=0.:|3840

500 | 4 0.0 0.5 1.0 1.5 20 25

S

-

]

l'u,d,s'o. 13840

0.5

1.0

1.5

20

25

0.0 0.5 1.0

15

r [fm)

20
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15
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25

H-dibaryon?

4 origin of repulsive core <--> Pauli principle

(+ gluon exchange)
see, Oka & Yazaki, NPA464 (1987)

3.0

35




Fate of H-dibaryon @ amost physical point

%** Ni=2+1 full QCD, mn~0.146GeV (almost physical), L~8.1fm (large volume)

150 22 '
Ve et=12] —— »repulsive (8s)
Vizn:(t=10) ——rl
VNEN=(t=09) et

100 -

» attractive (1)
» attractive (27)

=) 1 -1 —4/24 /15 127)
(|NE>>=<\/1_ V'8 20)(|83>)

1 NE-NS

V(r)[MeV]

2
v 40
|AA) V27T —/8 —+/5 1)
150 190 -
¥ Van:(t=12) i i Varan(t=12) =i
i VN\N:(t=11) VMM(t=11)
¥ Vaan:(t=10) ¢ i Varan(t=10) ——
Varn:(t=09) " Varan(t=09) e
100 100
> >
£ 50 < 50
= S
0 0
-50 -50
) 0 1 1 2 2 3 0 0 1 1 2 2.5 3

) Sasaki et al. [HAL QCD], in preparation.



Fate of H-dibaryon @ amost physical point

% AA and =N phase shifts

| AA phase shift I

210

5 [deg]

NE= phase shift

180

210
180
150
120

90

10

tl2
tll
t10 ———
t09

t10 e
t09

40

S(k) = (

,’7627251 i\/mei(51+52)
,i /1 _ 77267:(61—'_52) ,'7621:62

Original prediction of H-dibaryon

Jaffe (1977) based on quark model,
“Perhaps a Stable Dihyperon”

Answer from QCD for H-dibaryon

“Perhaps near threshold Dihyperon”




Extension to decuplet baryon Q2

O
® ON (°Sy) : 8x10=35+8+ 10 + 27

® QQ ('Sp) : 10x10=28 +27 + 35 + 10*

Both are Pauli allowed states




(2-dibaryon systems @ almost physical point

Iritani et al. [HAL QCD], PLB792 (2019). Gongyo, Sasaki et al. [HAL QCD], PRL120 (2018).
Sp 1 1003,
0 - t/a=18 —o—
: QO (130) ga=1g T
~100 - sof & a=1 ~
3 < |
2—200 1 ?‘: 0
< 3001 ¥ = q =
@) t/a =14 ,
> 400 t $ tla=13 -50 |
! D tla=12
-500 4 tla=11 X
I | | ¢ —) 10005 1 15 2 25 3
0.0 0.5 1.0 15 2.0 25 3.0 r(fm]
r [fm ]
il ® + attractive pocket
¢ entirely attractive » repulsive force by gluon exchange

Oka, Yazaki (1980)




(2-dibaryon systems @ almost physical point

Iritani et al. [HAL QCD], PLB792 (2019). Gongyo, Sasaki et al. [HAL QCD], PRL120 (2018).
T | 1003,
' t/a=18 ——
: P QQ (1S0)
-100 - so0b & a=16 —=— |
3 ¢
< 3001 ¥ <
O
o | ¥ 1.0 " ;
400 D QQ(*So) A NN(CS)
00 ¥ 0.8 - B NQECS :
500 2) W NN(*So) :
I . 5 2 2.5 3
00 05 0.6 - U
S 0.4
T O
= "8 &
kCl) 0.2 -
= -dibaryon near unitarity?
0.0 [
=().2
-0.4 1 i ‘ , '
1.0 T 2.0 2D 3.0

I eff .[fm]



Summary

lattice QCD hadron resonances

~°

hadronic
interactions

e Z:(3900) is threshold cusp induced by strong VPvarD’, nd/p
e H particle is very close to N= threshold

e Q-dibaryons are similar to deuteron



Future: from quarks to hadrons, nuclei & neutron stars

lattice QCD hadron resonances

1111111
i — — — — - -

hadronic
interactions

————————

EOS of
neutron stars




Collaboration w/ Prof. Emiko Hiyama
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