Hadron Interactions from Lattice QCD

Takumi Dol
(RIKEN Nishina Center / ITHEMS)
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The Odyssey from Quarks to Universe
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Neutron Stars / Supernovae
Nucleosynthesis

1st-principle Forces ab-initio nuclear calc.
\ Lattice QCD

Nuclei

et N Nuclear Physics
% N =S AINNE

. S directly based on QCD


http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/QCDvacuum/Focus1.jpg

Nuclear Forces: Foundation of nuclear physics

8o T | ' | I

[ . — virtual state 1 SD

B0 . =1
i mid-range ]
/ attraction
m _— -
short-range
20 I~ - -1
repulsion
0
20 | L L
0 100 200 300

T, [Mev]

NN phase shifts
from experiments

Ve (r) [MeVI]

o O O ©
300 T T T Tr T T r T T 1 T |' T T T T '| T ™7 T
150 channel
200 |
100
repulsive 2m, 3x, ... T
| core (G. P, ©, ...)
0 - —l - - — R
Bonn
Reid93
-100 AV18 -
: r [fm]
PO T W [ T | L T T S T 1
0 0.5 1 1.5 2 25

Phenomenological

Nuclear Forces

* Nuclear Forces play crucial roles

— Yet, no clear connection to QCD so far

Phen. NN potentials: #params = 30~40
€= QCD: #inputs =6 : quark masses (m,, my, mg, m_,, m,) & coupling a

Super Novae

Various
applications




Nuclear Forces =» Baryon Forces (incl. Hyperons)

3D Nuclear Chart n(udd) p(uud) J-PARC

Exploration of multi-strangeness world

Nucleons : u,d quarks
Hyperons : u, d, s quarks

Several
ﬁ known
-—

Renaissancein

Several Tens Strange World !
known

What is universal, and
§=-1 what is individual in baryon forces ?

Sfrangeness

.....

Neutron Number




Nuclear Forces = Thee-Nucleon Forces (3NF)

What is 3NF ? 3NF: Forces which
cannot be explained

‘ + + n by pair-wise 2NF

2NF

pL2D Nuclear Chart | . Paradigm Shift in

0 si200 Unstable Nuclei
- (New Magic Numbers !)
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M 1985 !
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€ Important role of 3NF

table isotopes
B 1084 T.Otsuka et al., PRL105(2010)032501
Be 1973
. Li 1966
106 1

| W unstable oxygenisotopes = r-process Nucleosynthesis

| | >
20 28 N

Precise ab initio calculations

show 3NF is indispensable RIBE/FRIB



Dense Matter € Interactions of
YN, YY, + NNN, YNN,... are crucial

 Neutron Stars, Supernovae
€= EoS of dense matter

~10km
1-2 Msolar

o Hyperon matter? ]
Gravity np.Z A e with Z-2n+e’, A2n 2'5 ‘ |
. | } | B +6620
- I—I—V HEI 2 N +0432
1.5 L I
Mo 1 ?)
How to sustain a neutron star -
against gravitational collapse ? %> |
0

Quark matter ?

G. Baym et al., Rep.Prog.Phys 81(2018)056902 S
Akmal et al.('98), Nishizaki et al.('02), Takatsuka et al.('08)



Observation of NS-NS merger (GW170817)

NS-NS merger
Impact on EoS
2.5- ]
| swo7a0+6620
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"0 15 :
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E |
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g _V18 ra———
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] ——Fss2cc
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] AFDMC
0.0 +rrr e

G. F. Burgio+, PPNP120(2021)103879

LIGO/Virgo
(KAGRA)

Gravitational Wave
& EM Wave observed

Nucleosynthesis of heavy
elements observed

Much more will come!



Nuclear/Hyperon Forces = Charmed Forces

light — afew MeV ~100MeV ~300 MeV ~1.3GeV  —~4.2 GeV
up,down strange A charm bottom
quarks quark QCD quark quark
;,n’} "\

chiral symmetry

Heavy quarks: New doorway to the mysteries of QCD

o heavy quark symmetry

Many new exotic particles being reported!

Events/5 MeV/c?

O T T
:c) signal region X (3 872) : :
15 — __:
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Hadron interactions crucial to understand these “signals” !

e.g., Zc(3900) from HAL LQCD -> threshold cusp
Y. Ikeda et al. (HAL), PRL117(2016)242001
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Hadrons to Atomic nuclel from Lattice QCD
(HAL QCD Collaboration)

Y. Akahoshi, S. Aoki,
Hadrons to Atomfc nuclei K. Murakami, H. Nemura (YITP)
T. Aoyama (KEK)
T. Doi, T. Hatsuda, T. Miyamoto, T. Sugiura (RIKEN)
T. M. Doi, N. Ishii, K. Sasaki (Osaka Univ.)
F. Etminan (Univ. of Birjand)
Y. Ikeda (Kyushu Univ.)
T. Inoue (Nihon Univ.)
Y. Lyu (Peking Univ.)
H. Tong (Tianjin Normal Univ.)

“from Lattice QCD

+

[20XXFEFHDIR] e E. Itou (RIKEN)
|. Kanamori (RIKEN)

K.-I. Ishikawa (Hiroshima Univ.)

from Quarks to Universe 200 O



https://www.google.co.jp/url?sa=i&rct=j&q=&esrc=s&source=imgres&cd=&cad=rja&uact=8&ved=0ahUKEwi35-rG59rMAhWBPZQKHdSzDqcQjRwIBw&url=https://www.youtube.com/watch?v%3De-QFj59PON4&psig=AFQjCNFAGYd4wJZdbFMbgLIViHhSf6rOAQ&ust=1463358014415076

e Qutline
—ntroduction
—| Theoretical framework

e Luscher’s formula
« HAL QCD method

 Reliablility test of LQCD methods

— (Results at heavy quark masses)

— Results near physical quark masses

— Summary / Prospects
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Luscher’s formula: Scatterings on the lattice

» Consider Schrodinger eq at asymptotic reg|on .
(V2 + )y (r) = mVi(r)in(r) |
Vi(r) =0 for r >R

— (periodic) Boundary Condition in finite V
=» constraint on energies of the system y

7 A\

— Energy E and phase shift (at E) are related

E =2vVm?2 + k2 (QFT: ¢y (r) — NBS w.f.) —
2 kL (LT Ty
k t5 — Z 1, 2 y T e— _:E
COLOE ﬁL 00( d ) d 27T 5!
Zoos: %) = /1= 2w P i
Large V expansion W

dra a a2 1

AEIEPQ?TL:Wde [1 Clz+C2(Z) +O(Ld)]

_ c1,Co: geometric constants
a. scattering length



[HAL QCD method]

o “Potential” defined through phase shifts (S-matrix)

 Nambu-Bethe-Salpeter (NBS) wave function

b(7) = (O|N(Z + P)N(D)|N (k)N (=k); W) :

(V2+E2)0(F) =0, r>R  w=2/m+#

— Wave function €=» phase shifts

Dy o ASNCET = I7/2 +(5(R))
~ T

(below inelastic threshold)

Extended to multi-particle systems

M.Luscher, NPB354(1991)531 Ishizuka, Pos LAT2009 (2009) 119
C.-J.Lin et al., NPB619(2001)467  Aoki-Hatsuda-Ishii PTP123(2010)89
CP-PACS Coll., PRD71(2005)094504 S-Aoki et al., PRD88(2013)014036




“Potential” as a representation of S-matrix

e Consider the wave function at “interacting region”

(V2 +K)u(r) =m [ ar'U(r. @), <R

— U(r,r’): faithful to the phase shift by construction @
e U(r,r'): NOT an observable, but well defined

e U(r,r'): E-independent, while non-local in general

— “Proof of Existence”: Explicit form can be given as

1 Nth

Ur, ') = = (Vi + k2)thn (PN bk (1) Now = [ariopnt)

m
n,n’

— Non-locality =» derivative expansion Okubo-Marshak(1958)

U(F, ") = [Ve(r) 4+ S12Vip(r) 4+ L - SVg(r) + O(V2)] 6(F — 1)

LO LO NLO NNLO

Aoki-Hatsuda-Ishii PTP123(2010)89 13

Check on convergence: K.Murano et al., PTP125(2011)1225

/




Three-Body Forces

S.Aoki et al. (HAL Coll.), PRD88(2013)014036

o Unltarlty of S-matrix Gongyo-Aoki PTEP2018(2018)093803

T[L](Q) — —m25:£5 (@) i 5[L](Q)

c.f. R.B. Newton (1974) for n = 3

Similar formula to 2-body system
(w/ diagonalization matrix U which includes dynamics)

e NBS wave function

VYa([z]) =in (Olp([z])|a)in =in (O|N(Z1)N(Z2) - - - N(Zn)|a)in

i n1(Q . )Sin(QAR — AL+ 0n(Qa)) }
Vi), ) (R, Qa) o [ZN] Uty (Qae™ M4 (OAR)D-D/2 Ui (@)
Similar asymptotic behavior to 2-body system arbitrary n-body

(non-rela approx.)
c.f. Finite V spectrum, n=3 only, relativistic: Hansen, Sharpe, Briceno, ...



The Challenge in multi-baryons on the lattice

Existence of elastic scatt. states

L=3m L=6fm [=8m L=o0
A A A
=>» (almost) No Excitation Energy Inelastic
L ) » = o NN
= LQCD method based on —— Elastic
G.S. saturation impossible — — L {NN]
. . . e Prob\em’y
Signal/Noise issue
S/N ~ exp|—A x (mn — 3/2m,) X t] Parisi(‘84), Lepage('89)

L=8fm @ physical point (Fy — Ey) =~ 25MeV = ¢ > 10fm
S/N ~ 1073

Direct method (naive plateau fitting at t —~ 1fm)
—> Does it really reliable?




Time-dependent HAL method

N.Ishii et al. (HAL QCD Coll.) PLB712(2012)437

E-indep of potential U(r,r’) = (excited) scatt states share the same U(r,r’)
They are not contaminations, but signals

Original (t-indep) HAL method
Gnn (7, t) = (O|N(7, t)N(G t)jsrc(to)m)

R(r,t) = Gyn(r,t)/GN(t) Z A, by, (r)e” (Wiz2m)t € Many states
contribute

[ @ owe () = (Bwy — Hotwa(r)
/ U (e, Ypw () = (Bw, — Ho)dw, (v)

New t-dep HAL method
All equations can be combined as

p , ’ 0 1 5’2 Inelastic
/d’r Ulr, 7 )R(r',t) = (—aﬁLR@—HO)R( t) I ———{NN

. . . Elasti
G.S”saturation - “Elastic state” saturation B
[Exponential Improvement] potential




Reliability test of LOCD methods

NN @ heavy quark masses

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

Inconsistent!

What is the most plausible systematics ?

HAL QCD method

Energy-indep potential: “signal” from all elastic states

Non-locality of potential: derivative expansion could
Introduce systematics

Direct method (= plateau fitting + Luscher’s formula)

Plateau fitting at t ~ 1fm (much less than 1/(E;-E,;))
=>» Excited states give “noises”



Examine the reliablility of
the HAL QCD method

Convergence of the derivative expansion of potential

LQCD data: ZE(1S;) @ mn=0.51GeV
wall source & smeared source

Same confs in Yamazaki et al.(‘12)

T. Iritani et al. (HAL) PRD99(2019)014514 18



Higher Order Approximation (N2LO) (2)

Ur,r) ~ [I«;}”gm(r) + VENELD(r)?E] 5(r—r')

wall src. —> small V2V2 correction
smeared src. —> large V,V2 correction

* V‘g(r)vﬁ RWEIUSH’IEEI‘ (1")

dep. on shape of R

A
40 | i i
_ ; + V5O (wall src.) Vz-pﬂt.
% 20 V5O (smeared src.) — |
$ - 1w
— 0
-
o
~ =20
-40 ; .
- e e e e
o0 058 10 158 20 25 30 35 00 05 10 15 20 25 30 35
| r [fm] 7



Phase Shift and Uncertainties in Velocity Expansion

» Wall src. LO approx. (standard of HAL QCD studies)

works well at low energy. wl L o
« V> correction at high ener : ¥
2 g gy > % b VY (wall sre.)
= o 4
25 < \ /
Sy =20
as
20 {| 3% % =13
8 =40 -
;15 :I: 358
D15 1%
o B
10 -
Y
;Ca 510 ¢
o []
T 2 i
T VLo 4 yyLoy
-0 1 , . . | | t=13
0.0 0.1 0.2 0.3 0.4 0.5 80 |

oo o5 1 15 20 25 30 35

(kfrmn)z r [fm] 18



Examine the reliablility of
the Direct method

LQCD data: Z=(1S;) @ mn=0.51GeV
wall source & smeared source

Same confs in Yamazaki et al.(‘12)

T. Iritani et al. (HAL Coll.) JHEP1610(2016)101
T. Iritani et al. (HAL Coll.) PRD96(2017)034521

21



Operator dependence in the direct method

Cop(t) = (O|T[T2E (1) T e (0)]]0)

w/ smeared src tuned in single-baryon

Study sink op dep

\752ifk — Z g(r) Z B(r'+ Z)B(Z)  usual direct method: g(r)=1 only

10

Effective Energy shift AE

g.(r) 15
15
10 gx(r)
v il |:|] [IJ '13 5 1: gS(r)

o - Y ¥ v ¥ ¥

11 12 13 14 15 10
t[a] sl | » -10
15795 11 12 13 14 15
t [a] -5 90 11 12 13 14 15
t[al]

All plateaux “look” reliable In reality, | shift data vertically “by hand”




AE¢(t) [MeV]

Operator dependence in the direct method

Cap(t) = (0T

2B

js?iﬁBk(t)jsrc (0)} |O>

w/ smeared src tuned in single-baryon

Study sink op dep

o

I
ul

|
[
o

I
[
un

|
N
o

I
N
(6

\752ifk — Z g(r) Z B(r'+ Z)B(Z)  usual direct method: g(r)=1 only

b

BRI A
Y oy oy Yy
® ® $ $ $ $
A A A 4 4 4
10 11 12 13 14 15

The results depend on
the choice of sink op
—> predictive power is lost!

T. Iritani et al. JHEP10(2016)101 + update




Anatomy of the Direct method
and
the consistency between
Luscher’s formula and HAL method

T. Iritani et al. (HAL) JHEP03(2019) 007
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=48

EE('S) V.(r) [MeV] L

Understand the origin of “pseudo—plateaux’

Potential Eigen-wave functions
. Il | | | l | | 0.02 o | ;HgAl o
| | wall t=15 i - . rd Al -
zz | wall t=13 Solve _Sch_ro_dlnger eg. 20d Al
10' \ | owallt=11 In Finite V 0.01 | o5
0
_10_ (_}
_20.
-30 | -0.01 : : : . * : :
0 5 10 15 20 25 30 35 40 45
%0 05 10 15 20 25 30 35 r
il Eigen-energies
n-th Al AE, [MeV]
0 -2.58(1
NBS correlator R(r,t) 1 52_49((2%
S 2 112.08(2)
_ smeared src.: i = %431 e 3 169.78(2)
F f=12 e 4 224.73(1)
smeare wall src.: t =13

t=15"

| | | J Decompose NBS correlator
0O 05 1 15 2 25 3 to each eigenstates




Decompose NBS correlator
to each eigenstates

<

smeared wall
NBS correlator R(r,t) | 0", -~ .. 10"
100 1A li a A A | 100 1o
Contribution from =107 1\ T J -10'1-1\ b
each (e(g:cfgg states =, [G-S- Excited States 52 C-S
107 107 ]
- Excited States
101, ‘ ‘ . . 104 L, ‘ ‘ . . .
0 50 100 150 200 250 0 50 100 150 200 250
AE, [MeV] AE, [MeV]
excited states NOT suppressed excited states suppressed
10° -
-1
Temporal-correlator 107
R(t) = Z, R(r,t) 102
L 4n-3 i
(R(t) w/ smeared has been ;510 ’ Blue: smeared
used in Direct method) 1074 >
-5
Contribution from 107 / Red: wall
each (excited) states 10° L, . . . . .
((@ t:og 0 50 100 150 200 250 26

AE, [MeV]



Understand the origin of “pseudo—plateaux’

We are now ready to “predict” the behavior of m(eff) of AE at any “t”

5t ]
. 1
SIS
D "....{,.;‘}U ) “prediction” reproduce
= . " the real data well
~ [ bf‘:'iuu..:z -i = e
"'<J1 B T
1 ¢ wall src.
® smeared. src.
—13 5 10 ] 15 20
5 O
> 0
)
S —5{
LL
< =10}
_15 | | | | I
0 20 o0 80 100 >

“pseudo-plateaux”

att— 1fm

t [a]

“real plateau”
att — 10fm

(E,-E,=50MeV)



Understand the origin of “pseudo—plateaux’

We are now ready to “predict” the behavior of m(eff) of AE at any “t”

5t [ ]
. 1
S sl
D % htelll s I “prediction” reproduce
= . " L] the real data well
~ [ b:'iu()‘”_‘g -i P || I
"'<J1 _— T
1 ¢ wall src.
® smeared. src.
—13 5 10 ] 15 20
5o — ' ! ' -
~
% 0 wall
2 -—5{ - :
L smeare
< =10} -
_15 | | | | |
0 20 40 60 80 100

t [a]

“pseudo-plateaux”

att— 1fm

“real plateau”

att — 10fm

(E,-E,=50MeV)
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ZZ(*Sp) VAr) [MeV] L

Operator optimized for 2-body system by HAL
« HAL method = HAL pot = 2-body wave func. @ finite V

o 2-body wave func. = optimized operator
— Applicable for sink and/or src op : Here we apply for sink op

e While utilizing info by HAL, formulation is Luscher’s method

wave func. y(r)

1.2 1

" HAL-optimized sink op
g 1.0 f R ——. * oy
I, 2B _ N\t 2B
Eo_s-'.‘ Jsmk - ZL (I)ZB(T‘-FJS)B(.L}
HAL QCD pot.

. 0.0 +=

0.0 05 1.0 15 20 25 3.0 35
Ix =yl

ground state

losliollel [l 1ol I

}”
3%}

['e]
T 1#*
| . . . ! . . [
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 -
r[fm] = 0
<.,
=,
>
-2+ 1st excited state




Effective energy shift AE from "HAL-optimized op”

HAL-optimized sink op =» projected to each state =» “True” plateaux

Ground State 1st excited state
5 100
cO o0
< < 80-
¢ $ |
- | & & @ % = 60 % <L ¢
s g | > £ -
v 51 W © P IN
= | =
= " a —
- * e
~£-10 E
T — AE ¢ g.s. proj. wall e 20 1
H ® direct wall src. B g.s.proj. smeared | {  1st proj. wall — AEF;
—15 - B direct smeared src. 04 $R  1st proj. smeared
1IU lll 1l2 1l3 1l4 1l5 lID lll 1I2 1l3 lld ll5
t [a] t|a]

HAL QCD pot = Luscher’s formula w/ proper projection

# Direct method w/ naive plateau fitting

Luscher’s formula requires state-projection (a la HAL) or variational calc




Reliability test of LOCD methods

NN @ heavy quark masses

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

Inconsistent!

T. Iritani et al. (HAL QCD Coll.) JHEP10(2016)101, PRD96(2017)034521,  _ _ _ _ _.
PRD99(2019)014514, JHE03(2019)007

Semi-improved calc w/ Luscher’s formula (Mainz2019) : unbound
Variational calc w/ Luscher’s formula (CalLat2020) : unbound

Variational calc w/ Luscher’s formula (NPL2021) : (unbound)

Issue was essentially settled



e Qutline

— Introduction

— Theoretical framework
e Luscher’s formula
« HAL QCD method

 Reliablility test of LQCD methods
— (Results at heavy quark masses)
— Results near physical quark masses

— Summary / Prospects
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e Baryon Forces from LOCD Ishii-Aoki-Hatsuda (2007)
* Exponentially better S/N Ishii et al. (2012)

» Coupled channel systems Aoki et al. (2011,13)

[Theory] = HAL QCD method

Baryon Interactions
near the Physical Point

[Hardware] [Software]

= K-computer [10PFlops] = Unified Contraction Algorithm

+ FX100 [1PFlops] @ RIKEN

- Exponential speedup  Doi-Endres (2013)
+ HA-PACS [1PFlops] @ Tsukuba

- HPCI Field 5 / Post K Priority Issue 9

H/°He : x192
1He . x20736
5Be . x101




Nf = 2 + 1 gauge configs

Lattice QCD Setup

— clover fermion + lwasaki gauge w/ stout smearing

|
|
|
1
— V=(8.1fm)*, a=0.085fm (1/a = 2.3 GeV) : C
— m(pi) ~= 146 MeV, m(K) ~= 525 MeV 'B’I
— #traj ~= 2000 generated v Taemavil =7
PACS Coll., PoS LAT2015, 075 L7 L=8fm
Measurement

— All of NN/YN/YY for central/tensor forces in P=(+) (S, D-waves)

Predictions for Hyperon forces

S=0 S=-1 S=-2 S=-3 S=—4 S=-5 S=
NN  NANZ  AAALSENE  ASIENQ EE  EQ QO

EXP better S/N

rich data ‘




Birds-eye View
classification w/ flavor SU(3)-irrep base

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

Z-(dds) Z'(uus) X Z(dds) ¥ +(uus)

=(dss) =%(uss) =-(dss) Z=‘(uss)

+83+1+\O/*+10+8a

anti-symmetric

symmetric

NN channel

c.f. Exact SU(3) limit LOCD calc @ heavy masses

T.Inoue et al. (HAL.), PTP124(2010)591 35
T.Inoue et al. (HAL.), NPA881(2012)28



Diagonal Potentials in SU(3)f-irrep base in S=-2

(only) S= -2 can access all irreps

T.Inoue (HAL), AIP Conf. Proc. 2130 (2019) 020002
off-diag pot relatively small

27-plet, 'Sg Concion — | } fs-plet, 'Sp e
! |
l

180

i

Wirk [MeY

r =}

plet, 3Dy, Vi Funeaion
— _'n.5|| [0-plet, ST, W Funct
Q IIII
o i T |l
| = —
o

27,10%*:

8s,10:
NN-type

strong repulsive core

Quark Pauli repulsion + OGE for short range

Virk | Me¥

attractive core !

Virl [Me¥]
t & ¥ - ¥ B E =E 2 E E
iy i ]
i | |

r[ém]

1s: deep attractive pocket
8a: weak repulsive core

M.Oka et al., NPA464(1987)700



Candidates of di-baryons

8 x 8 <(27)+ 8s +(1)+(10) + 10 + 8a

dineutron, == etc. H-dibaryon Deuteron
(J=0) (J=0) (J=1)

There may also exist S= -2 hypernuclei
relevant to these strong attractions

=» Detailed study w/ SU(3) breaking effects
(particle-base)
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AA, N= (effective) 2x2 coupled channel analysis

125 125
VIR | twa=11 VIR | ta=11
1009 VA(5SSo)| | wa=12 1009 Vi (*"So)| | wa=12
75 1 |  ta=13 75 1 |  ta=13
; 50 1 ; 50 1
U o5, U o5,
= =
= 0 = 0
—25 —25
~501 ~501
_?5 T T T T T _?5 T T T T T
0.0 0.5 1.0 15 2.0 25 3.0 0.0 0.5 1.0 15 2.0 25 3.0
fm] fm]
125 125
T |  ta=11 R |  tva=11
1009 Var(*"So)| | wa=12 100 VR=(32So)| | wa=12
75 1 |  ta=13 75 1 |  ta=13
— 50 1 —
o o
s ] s
> 01 =>
—25
_50.
_?5 T T T T T T T T T
0.0 0.5 1.0 15 2.0 25 3.0 0.0 0.5 1.0 15 2.0 25 3.0

r[fm] r[fm]

NZE (1S,) channel is attractive

NZ-AA coupling is small K. Sasaki et al., (HAL Coll.), NPA998(2020)12137




AA, N= 2x2 coupled channel analysis

90 1.0
e ta=11
80 M(11
N 6™ (*So) t/a=12 oo
t/a=13
60
— 0.8
D 50
]
S, 40 <
Q 0.7
30
- oo oo
10 t/a=13
05 10 20 30 40 50 058 10 20 30 40 50
Ecmu[MeV] Ecm[MeV]
ay = -0.81(23)(+0.00/-0.13) [fm]
r.q = 5.47(78)(+0.09/-0.55) [fm] %
80 6NE(1150)
70
msyy = 2380MeV 60
E’ 50
S, 40
Q

my= = 2260MeV ] o ta=12
NE — unitary limit 10 ta=13
— ” . - 0 ; ; , i
remnant of “H-dibaryon 0 o0 3 s

Ecmu[MeV]
map = 2230MeV

(N.B. NE = 1rep 50%, 27rep 30% in SU(3))



Recent experimental progress
on =—Hypernuclei

= _l4N 4 WS+ Theoretical _
= . Present data Coulomb predictions. .
e
0F 2L :
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M. Yoshimoto et al.,
PTEP2021, 073D02

Attractive N=—int well established
Small N=E—AA coupling indicated 40




Baryon-Baryon correlation in HIC

NE% (ka, kp)
Cas(Q) = ~
(Relative A (kA )N B (kB)
& Momentum) #-@

_—
—
.---".'..l

No

1,
CAB(Q) { Correlation

others Interaction
Interferenc
e

etc

BB-correlation Fig. from K. Morita

€= BB- (final state) interaction

Ratio of correlation between small/large K. Morita et al., PRC94(2016)031901
source size is useful to mask Coulomb effect K. Morita et al., PRC102(2020)015201



Femtoscopy from nucleus collisions

Cy

35 ¢
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HALQCD with R = 1.05 fm
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ALICE pp 13 TeV (corrected) —e—
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HAL QCD with R = 1.27 fm

| Quantum statistics with B =1.27 fm .orooer

LL forrmula with R =127 fm ———
ALICE pPb 502 TeV —s—
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1
100

0

(Fig from ALICE)

— pE‘.‘

LOCD prediction confirmed

by experiment!

— AA

Y. Kamiya et al.,
PRC105(2022)014915

" See also ALICE Coll., PLB797(2019)134822,
PRL123(2019)112002, Nature 588(2020)232



K. Sasaki et al., (HAL Coll.), NPA998(2020)12137
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Spin-lIsospin dependence of N= potentials
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Prediction of N= scattering phase shifts

E. Hiyama et al., PRL124(2020)092501

180T ' ' - - T 180

150: b) HAL QCD ] - - a) ESC08c
I t/a=12 -

1201 . 1201

do]
o

Phase shift (deg.)
D
o
/
Phase shift (deg.)
(0)]
o

©
o

30 1381 3331\ 30;
Ol o — =
B 31 SO
~30
—-60 : L : L . L : L . —60- L L L L
0 10 20 30 40 50 0 10 20 30 40 50
Ecm (MGV) Ecm (MeV)
[HAL] [Nijmegen (ESC08c)]
=0, S=0: attractive =0, S=0: repulsive
=0, S=1: weakly attractive =0, S=1: attractive
=1, S=0: weakly repulsive =1, S=0: repulsive
I=1, S=1: weakly attractive I=1, S=1: strongly attractive



S= -2 Light Hypernucleil from LOCD

a) NNNZ (T=0) b) NNNZ (T=1)
_B. (MeV) Bz (MeV)
‘L ESCO08c HAL QCD “ ESCO08c HAL QCD
3H/3He + = 3H/3He + = unbound
n+

—0.36 (16)(26)

E-tetrabaryon!

0
@ |

FLs -
1020 Y=

Guiding experiments E. Hiyama et al., PRL124(2020)092501

HIC@LHC, J-PARC, ... 45



“Super-super heavy nuclei”: Dense matter from LQCD
Hyperon single-particle potential

3y H @D:ﬂ.l?[ﬁn_g]

i l ': +1'i-+- H
’ f 4 & e "'# R T _.rfl":x-zl:'zl'z Z
t *H-" o S 'xtf"-"lf':"+--;;++'-++***‘*”'H =
tl AR 1 | S
. H%‘ R | D
3 o 3 == =
£ s & CBH—«HHH = f’* &
2 RS gy 2 =
Sy H+:+++‘_*{. o | B f’ | D
i el | | /y*? | -
+_{__;+ﬂ. PNM : -2 | ,..'-"' SNM | Q
H‘Jf' + 3 Ty 11 H Z
A0 A Z ._fa} E"H : } A
E | A L :
| p=iL17 [fn L s =0 = —_— : P17 [ L x=05 B —m— | T. Inoue (HAL C0||_)
4p | 4p |
il i 2 3 4 il | 2 3 + PoS INPC2016, 277
k[fm '] k[fm ]

* obtained by using YN,YY S-wave forces form QCD.
* Results are compatible with experlmental suggestmn

Exp ' E"'. Exp ~Exp
U®(0) =30, U-(0) _?_, UE?(0) 24207 [MeV]

attraction attraction small repulsn:rn 49

(YN/YY pot from SU(3)f-irrep diag used) [ T. Inoue ] 46



Hyperon onset iIn NSM  (just for fun)

X, = 5.1% 3% 125% 16%
450 450 |

.. NSM

M) |

. f nly
- UIEX NNN :
=0 BHF 300 |
= 250 | " ]
sl 2 |
=, 200 o 20 |
150 : L5dF .
10 : 1 |
an | 50 |
' i}
M,» 0 My» " | 2 1

P gl

« Resultindicate A, X7, Z” appear around p = 3.0 - 4.0 pg
* However,

* YN¥12-and YNN force could be imj [Challenges]

- We may need to compare with more s| precision for |S|<=1 piF

3-baryon forces
[ T. Inoue ] P-wave/LS forces 4




AN-XN Vc potential in 35,—2D, '(aco21)
Very preliminary result of LN potential at the
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3N-forces (3NF)

Nf=2, mn=0.76-1.1 GeV

100 B m'ﬂ=ﬂ.7 _ 100 B
: m, = 0.93 GeV r—e— . _
3 mﬂ=1.13 GeV ey | |
50 & hl . 50 L
| F,pﬁ E | |
0 T‘ h » 0

-50 | 1 50 |

Vang (r2) [MeV]

00 Lo 100 L

0 0.5 1
ry [fm]

e,

Triton channel

>

Nf=2+1, mn=0.51 GeV

=08 r——e— |
=09 r—a— |

Magnitude of 3NF is similar for all masses
Range of 3NF tend to be enlarged for m(pi)=0.5GeV

ry [fm]

Next challenge: Calc of P-wave 2BF : better subtraction of 2BF in 3-body systems
YNN (w/o or w/ P-wave 2BF) : gauge conf generation on Fugaku

T.D. et al. (HAL Coll.) PTP127(2012)723 49
Aoki-Doi Front.Phys.8 (2020) 307



Candidates of di-baryons

8 x 8 <(27)+ 8s +1)+(10% + 10 + 8

dineutron, == etc. H-dibaryon Deuteron

(3=0) (3=0) (I=1)
8 x 10 = 35 +(8)+ 10 + 27
NQ (JZZ) Goldman et al. (‘87)
Oka (‘'88)

Aﬂ‘\—ﬂ:-—‘r_:—/':r A‘E‘\—ﬂ:-—‘f—/-:r
N X N/ 10x 10 =(28)+ 27 + (109 + 35

QO (J=0)  AA (J=3)

‘ Dyson-Xuong (‘64)
Zhang et al. (97) Kamae-Fujita (‘77)
Oka-Yazaki (‘80)



NQ system (°S,)

0
-100
>
2 5001 Potentials
=, H
<300 ¥ ST
[®) t/a =
- —400 1 ¢ tla=13
f tla=12
-500 L. A tla=11

00 05 10 15 20 25 30
r [fm]

(Quasi) Bound state
[— Unitary limit ]

Bya = 1.54(0.30)(Tg ) MeV
Bya- = 246(0.34)(7)5]) MeV

T. Iritani et al. (HAL Coll.), PLB792(2019)284
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60 1

phase shift 6q [deg]
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Phase Shifts
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:-+: 08 4
200 ]
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ALICE Coll., Nature 588 (2020) 232



“Most Strange” Dibaryon

(20

100 nni ...........................

50 1

V(r)[MeV]
o

0051152253
r[fm]

“di-Omega”
[— Unitary limit]

could be searched in LHC RUN3

S. Gongyo et al. (HAL Coll.), PRL120(2018)212001
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“Most Charming” Dibaryon: €. Q...

V(r) [MeV]

150_""I""I""I""I""I""
C ) tla=27
100 F Qccchcc (150) ] tla=26 -
"\ potential (QCD) I tla=25
50 .
0|/
—50}
—100f 4

-15¢ b :
00 05 110 15 20 25 3.0
r[fm]

Attraction short-ranged

Color-magnetic int suppressed
by (my/m_)?~0.1

Dibaryon closest to the unitarity

Y. Lyu, H. Tong et al.,

PRL127(2021)072003
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Hadron Interactions from Lattice QCD

Where are we going?

Challenges, new development and future prospects
w/ new supercomputer “Fugaku’

54



New calc on Fugaku: physical point simulation!

Fugaku (E&) : 440 PFlops

Successor of K-computer /]%\

Developed since 2014-, Fuga k i
Full operation since 2021-

Codesign of hardware/software S
(LQCD was one of 9 targets) Fastest in the world! (2020-)

Our Efficiency = ~17% (w/ naive double prec count)

Pion mass | confby ko> | Kaon mass

Conf by K B> | i \/@1

T.11.
Biiti

40

[ E. Itou+ ] We are on the physical point!



S/N improvement by partial wave decomposition

T. Miyamoto et al. (HAL Coll.), PRD101(2020)074514

* Cubic group irrep on lattice o} VI w01 ]
¥ Mn= eV ——

- sys err by mixing of partial waves [ e eSS MeV e

1500 0
e Partial wave decomposition \§\10& 0

=
can cure the problem S
500 F D
C. W. Misner, Class. Quantum Grav. 21 (2004) S$243-S247 s 00020008 0810 12 AT
0 *2¥ gy o
- - . 0.0 0.2 0.4 OTB Oj8 ‘ITO 1?2 1?4 1?6
A;* -irrep in cubic group ¢ ffm]
€ L=0,4, ..
N S
Iy \s
cubic We have cubic \ |
trans. -\ - more info ! trans. flx L
\ f 4 : \ PR
* D i 1 D
N(‘% Same r but < _*\t Xﬂ
e not cubic trans. =
| |
[ 1 [ 1

= Partial wave decomposition 6




Effective NA central potential in I=1/2, 'S, channel

w/o0 partial wave decomp. w/ partial wave decomp.
200 . 150 lov2 cen effective ML ML 200
1507 150 }
1001 100{
S 50 < 50
v [
Z 0 Z 0 e
- - T
S —501 "‘:;' —50-
—100+ —~100+
—150+ —~150-
[ T S T R R R S S B
o t=12
- - - o t=11
Significant Improvement! L =10
t =9

[ T. M. Doi ] (N.B. improvement in phase shifts would be much milder) =8



New method to examine sys err in HAL potential

(}So) V(r) [MeV] L = 48

|
o
o

00 05 10 15 20 25 30 35

r [fm]

Solve in FV l

Eigen energies
= FV spectrum

nth Al AE, [MeV]

0 -2.58(1)

1 52.49(2)

2 112.08(2)

3 169.78(2 :

2 224_738 Consistency

Check!

T. Iritani et al. (HAL), JHEP03(2019)007

w0l Solve WhAL
x 0.02 3rd Al
» = HALQCD pot. Schrodinger eq. 2nd Al
i in Finite V st
I 0.01 |

>

Eigen wave functions

-0.01

0 5 10152{4‘!2530354045
R
Optimized (sink) op
Tame = Y_¥'(r) ) B+ )B(7)

.

FV spectrum
from
Optimized
temporal corr




Example: Comparison of FV spectrum for di-Omegas

ststss (150) Qccchcc (150)
— Tt [ . :
S 5T 1 /% .......... T FF
Q L {4 @
= 1=
= 1
qLij: 0 -_ ..... e .............. m .............. o R m.ﬁ. .......................... ] quJ: - E m @ % % _-
< —= I = i 4 < 7\ -
5l AE, i AE, B g.s. proj. i
[ AE, $ AE, $ 1st proj. ]
| & w/o proj. w/o pro;j.
_10 1 1 1 1 1/ 1 1 1 1 1
14 15 16 17 25 26 27 28 29
AE of g.s. from HAL po AEfrom opt. t-corr for g.s.

AE of 1st from HAL pot AE from opt. t-corr for 1st.

Good agreement!
Sys err in HAL pot under control

Q. Q.. . g.s. dominant
Q

Q - 1st. dominant Y. Lyu et al., arXiv:2201.02782
ccc " '

CccC



Toward P-wave int by all-to-all method

LapH method M. Peardon et al., PRD80(2009)054506

3
A®(z, y; U) = Z {Uﬂh{m}d(y, z+ k) + [,-’f“(y)*ri(-y.r —k) - 20(x, yjd‘”b}
k=1

1=0 A1 0 v]
)\-2 TJ%

=|(v1 w2 -}- wy) . .
/ 0 v/ \ol,

/
Approximate all-to-all prop by N, low-modes in gauge covariant Laplacian

New improvement: Free LapH method T Sugiura et al.,, PoS LAT2021,565

3

gauge cov. Laplacian = free Laplacian  A(@.y) =) {f‘i{y-r + k) + 6(y, @ — k) — 25(a. y}}
k=1

Comput. Cost can be reduced from O(Nc™4 x N*4) = Nc! Nc O(N/™3)
—> Typically O(100) speedup!

Explicit calc for NN in progress

[T. Sugiura] =» P-wave Iint, LS-forces, better systematics



Resonances, Exotics

d d
Challenge: calc of guark-annihilation diagram T'“) (ﬁ
€-> all-to-all propagator required i u

" d g |

space

X O(L/\4) COSt imaginary time
e.g., I=1 pipi system

Hybrid method (low-modes + stochastic estimate) is noisy
Y. Akahoshi et al., (HAL Coll.), (‘19, ‘20)

New method w/ one-end trick

Naive method One-end trick

X1 4 X1 1 McNeile-Michael (2006)
X9 X2

@ : noise vector

space
space

time time

# of noise vectors: 2 (naive method) -> 1 (one-end trick) = x1/10 stat error!




Study of 1=1 pipi system: phase shifts

200
1501 m(pi) —= 0.40GeV
m(rho) ~= 0.89GeV
— 125/
o
S 100-
w 751
50- B LO p-type t=14
e LO nn-type t=18 maSS & TCTC
25- B N2LO Q(P )
0 Mr PACS-CS 2011 & N2LO, direct
| : A N2LO, BW fit
850 900 HH  PACS-CS (2011)
_ . E
Rho-resonance from N2LO analysis & 10 -
mass: consistent w/ FV method
width: improvement of N2LO necessary 5 =t
0

Y. Akahoshi et al., PRD104(2021)054510 B vy



2019 2020 2021 2022 2030s

T e —————
<€ >

From “near the physical point”
To “on the physical point”

(uncertainty from quark mass dep
~ B.E. of dibaryon, hypernuclei)

. _ P-wave
Config generation L S-forces
Dibaryons 3-body forces
Hyperon forces
Charmed forces
K comp €=~ 8yr Fugaku €=~ 2yr Exotics, Resonances
(K: 5.5yr + HOKUSALI: 2.5yr) (S/D-waves)
—_—>

440 PFlops



2020 2021 2022 2030s

YN, YY, (YNN) J-PARC ExHEF (2028(?)-)
Exotic hyper-nuclei

HIAF (2024-)
GW in NS merger
NS radius > EoS
3NF (1=1/2, 3/2) FRIB (2022-)
r-process in NS merger FAIR (2025(?)-)

Baryon correlation

Exotic hadrons LHC RUNS3 (2022-24)

Exotic hadrons

K-computer


http://de.wikipedia.org/wiki/Datei:The_entire_view_of_J-PARC.jpg

Summary

Renaissance in particle/nuclear/astro-physics
— Observations of neutron stars (LIGO-Virgo-KAGRA, NICER, ...)
— Experiments of hadrons/nuclei - J-PARC, LHC, Belle II, ...

— Theory by LQCD calc of hadron interactions

The 1st LQCD for Baryon Interactions near the phys. point
— Central/Tensor forces for NN/YN/YY in P=(+) channel
— Dibaryons, Applications to Hypernuclei, EoS

Prospects

— Baryon forces on the physical point by Fugaku supercomputer
— Dibaryons, Hypernuclei, charmed systems

— Partial wave decomposition, all-to-all methods

— Future: P=(-) channel, LS-forces, 3-baryon forces, etc., & EoS

— Resonances & Exotics -
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