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Introduction
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From Quarks to Nuclei and Neutron stars

= 3 . Derivation of hadron interaction
i JGeneralized baryon interaction
e SRR “Meson-meson,meson-baryon system
e oThree-body interaction
i B "% o
P g : Applications
— Uea
3 S _- JFew-body system
SRR P A JMedium heavy system
o\ »Neutron star EOS
Fm W" 1 PI—.
-100 |- AV18 rfm] fs 2N B N e
PRI B | . . 1 . S 1'|. ,"I.. et 5 L e g
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Technical improvements

>Unified Contraction Algorithm, X |s-
>Time dependent method,
JHigher partial waves

*-'_E.‘
T sl I‘.'n Bl
/;f;ﬂ’},‘

outer crust 0.3-0.5 km
-— ions, electrons

_

inner crust 1-2 knr
electrons, neutrons, nuclei

outer core ~ 9 km
neutron-proton Fermi liquid
few % electron Fermi gas

inner core 0-3 km
quark gluon plasma?

The process is independent of the experimental status
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Baryon interaction from LOCD |
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BB interaction from QCD

| QCD is the fundamental theory of strong interactions I
| QCD Lagrangian I
1

LQCDZQ(iYM DM_M)Q"‘ZFSVFWV

It is difficult to solve analytically the dynamics
of quarks and gluons because of its
non-perturbative nature at low-energies.

‘ Lattice QCD simulation I

o
%——’ - [..‘-1}'5_" ¥y : )
At .’_,.,\ l"L;
a2 & it A BB interaction
gt e e
“Non-perturbative calculation. ™
JIndependent of experimental situation. 10N
JHuge computer resource is required. i
'.,_ _:—"' - - v-:-- ";'.
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Baryon scattering on the lattice

In LQCD, the key quantity is baryon four-point correlator

<O|Ble(t,?)7(t0)|0>:A0‘P(7, Eo)e_EO(t_tO)'l'm |

B, ]
A
t
B, L
-

Imaginary time
Energy eigenvalues Wn and NBS (Nambu-Bethe-Salpeter) wave function
sin ( pr+d(E))
plf'

space

Asymptotic form of NBS wave function is
characterized by phase shift
C.-J.D.Lin et al.,NPB619 (2001) 467.

| Liuscher's finite volume method I | HAL QCD method I

Wn from temporal correlation Psi from spacial correlation
Wn from temporal correlation

Y(E,7)=A4

‘ S-matrix I
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Scattering observable from LQCD data ‘
Lattice QCD simulation | Luscher's finite volume method I

7 - — M. Luscher, NPB354(1991)531
(0B, B, (t,7)1(2,)]0)=A,W (7, E,)e ™" | ischer

Eigen energy is extracted
, from temporal correlation
| HAL QCD method I ‘ 1400 |

L

Ishii, Aoki, Hatsuda, PRL99 (2007) 022001 ] ve
NBS wave function \ g 1ws0p . ] =
E__ | ul..:,,l iiliii
S g 107 "plateau”
s - 250 : - ' :
f’R _ 1.*2 1 0 0.5 1 13 2
k1 3 s | P -0 t [fm]
2 [fm] 2 1 RS . : 47 . 1
P+ V2w (7,E)=0,(r>R) kn cOt8(kn) = 75 D 7
THEEE }JT'ﬁ.- T

‘ Scattering S-matrix I

eaU(x,y) is faithful to the S-matrix.

_ id(k)
oU(x,y) is energy independent but non-local. S=e
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Excited state contamination

Single baryon case I | Two baryon case I

CB(t):aOe_mB(t_t0)+ale_(MB+mn)(t_t0)+... CBB(t):boe_W0<t_t0)+b1€_W1(t_t0)+'--

th WOtsat

:>ane_ sat :}boe

—

\
m
! Elastic scattering
OE
AE$ )
tsatNm;lN]‘fm tSGtN(S W_lsz(L/Zﬂ)Z

In contrast to the determination of the single baryon mass,
The measurement of ground state energy is hindered by elastic excited states.
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Management of excited states

SE
AE$

Luscher's finite volume method I

M. Lischer, NPB354(1991)531

It is mandatory to find the well-optimized source operator
which strictly couples to the specific energy.

(01B, B,(t,7) T2 (£,)]0)= 4, W (7, E,)e” 57"

‘»E

By way of caution

If the optimization of source operator is not enough,
one encounters the “mirage plateau” and irrelevant observable
through the Luscher’s formula. T 1.0 et a1 1AL THEP1610(2016)101
T. Iritani et al. (HAL) PRD96{2017)034521
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N. Ishii et al Phys. Lett. B712(2012)437
Time-dependent HAL QCD method

Considering the normalized four-point correlator,
REE(1 7)= FB % (1,7 )e™ )"

=AW (7, Ep)e " g W(FE E e BT
Ju(F,7)w(F,E,)dr
SE
AEY

All elastic energies contribute
as a signal of energy indep. pot.

U(7,7') = {Vc<r)+S12 VT(F)]+lz.§sVLS<r>+Z.§a VALS<F)]+O(V2)

Derivative (velocity) expansion of U
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Luscher’'s method (coupled-channel) ‘

Lattice QCD simulation I ‘ Scattering S-matrix I

| 24, - T (B, +8,)
ne ivl—-me

. Y ilB,+5,) 2i8,
vl—-me ne

| Luscher's finite volume method I Relations of parameters

M. Lischer, NPB354(1991)531 . :
Assumption of Interaction
Two-channel S-matrix has 3-parameters

0,(E), &,(E), nE) Fixed form of K-matrix

These are related to the energy E by an eigenvalue equation (s-wave)

cos [jﬂ.ﬁﬂ;émf—bgi):nms [jﬂl—ﬂ.l—fmﬁﬁg)
1 47 1 1
tanA, K, sz_p: p—k:

Unlike the single channel case,
the number of equations is less than the number of parameters in S-matrix.

Extra-information (relation) is necessary to solve coupled channel scattering
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Coupled-channel HAL QCD method ‘

Lattice QCD simulation ‘ Scattering S-matrix I
e [HAL QCD method | - 2id BN
| S(E }_‘ ne V1-m'e

Zadian i! | S.Aoki et al [HAL] Proc. Jpn. Acad.,Ser.B,87 509 2 ilb,+d,) Jid,

N L]
L]
m
NG
\\\
L]

ivl—-me ] ne

,,J <0|( By)* (¢, 7)1(1,)|0)=4, (7,
(0[(B, B,) (¢, 7)1(2,)10)=C, W' (7,

A
f\"‘“t“*"“‘i' \“, T

NBS wave function for each channel

lpoc<F,Ei)e—Eit _ <0|(B1B2)a(7) |E1> Coupled-channel Schrodinger equation I

W7, E)e ™ = (0I(B,B,) (F) |E) | p2+ V2w (E,7)=[ d*y UL, 7) WP (E,

aU(x,y) is faithful to the S-matrix

8, 8p 1) = b
n W (F), W (F) beyond the threshold of channel p.

aU(x,y) is energy independent
) until the higher energy threshold opens.

pDerivative (velocity) expansion is used.
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Results

Kenji Sasaki (YITP Kyoto University) for HAL QCD Collaboration



Numerical setup ‘

» 2+1 flavor gauge configurations. ..
» lwasaki gauge action & O(a) improved Wilson quark action __J
v»a=0.084 [fm], a'=2333GeV. PACS Coll., PoS LAT2015, 075
» 96°x96 lattice, L = 8.12 [fm].

» 414 confs x 96 sources x 4 rotations.

» Wall source is considered to produce S-wave B-B state.
* Measurement

Mass [MeV]
— All of NN/YN/YY for central/tensor forces in P=(+) (S, D-waves) 146
T
S=0 S=-1 §=-2 S=-3  S=4 S=5 S=6
NN NA,NT  AA,AZ,ZE,NE A ZENQ EE E Q0 K 525
<€ >
LQCD m /m
2 better S/N pK 0.28
rich data
N 958+3
S
' o A 11402
“ 122312
i FR—— = 135411

K-computer + FX100@ RIKEN + HA-PACS@ sukuba
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S. Gongyo et al (HAL QCD) PRL120(2018)212001

Q0 J°(l) = 0°(0) state near the physical point

» N¢= 2+1 full QCD with L = 8fm, mz = 146 MeV m,= 1712 MeV
100 —y—— Potential I Py 180 — | Phase Shiftl .
g tasi7 —— | .o vas18 ——
s0f ¥ Va=16 —— . ta=16 ——
> [ fm, |
=
g U_ fm
50}
400 b 06—20 40 60 80 100 120
r[fm] EcmMeV]
®Short range repulsion and s O'Z
attractive pocket is found. = s
®Calculated phase shift indicates S
a bound QQ state % (5] I\
[Most strange dibaryon]. 5 2] CDsGotiomt s
®Physical QQ state in J°(I) = 0*(0) g 25] | QCD ——

is very close to unitary region. B2 3 4 5 6 7

Root-mean-square distance [fm]
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AA, NZ(1=0) 'S  potential

» Nt= 2+1 full QCD with L = 8.1fm, mz = 146 MeV

150 — : 150 ‘
' Varn(t=12) —— ¥NENE§E§%% e
VAM(IZ10) e VA NC(E=10) ——
VN\:M(t=09) —— T Vnznz(t=09) F——

| [am]

3 3
2 50 =
$ $
0
_50 L . | ‘ . | . | ‘ -
0 0.5 1 1.5 2 2.5 3
r[fm]
150 T \
; e D re ﬂ
‘i Vaanz(t=09) +—— —
100 - % I
. 1 AA—NE ®Coupled-¢hannel AA and NE potentials
2 50t : « : —NE. |
= are plotted.
> | | | s =
® Long range part of potential is almost
stable against the time slice.
oL
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AA and N= phase shift and inelasticity

AA phase shift I

210
L 210 u
180 t12
180 t11
tlo0
150 - 150 09 |
120
g, 120 - 90 .
o, 60
w 90 - 30 1
O 1 1
60 - 318 31.9 32 32.1 -
30 - -
O 1 1 1
0 10 20 30

oAA and NE phase shift is calculated.

eA sharp resonance is found
below the NE threshold for t=9 - 10.

180
£12
t11
150 180 £10 i
t09 —
150 |-
120 120 |
90 |-
90
60 -
30
60 -
O |
32 32.5
30 -

NE phase shiftl

50
312 3é.5
| Inelasticity I
0 1‘0 éO ?;0 4‘0 50
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AA and N= phase shift —comparison--

| AA phase shift I

t=09
t=10
t=11
t=12

180 i 60 . . .
T T : 1 _— — 1
210 150 Fss | 8=-2(=0)'8, S=-2(I1=0) 'Sg fss2
210 : | /b
180 |- t12 120 ' AA — ! BRI
180 ti1 _ Y s S ) Qog. T°°°
150 1 1% t09 I £ o s 0 O%ﬁﬁ\
120 P ) “© AN — Y
= - 90 . 60 EN (I=0) -=---
3 60 B0 =3 (I=0) -
w 90 | 39 . 30 SBpot ©
i i (’\_\ -60 L N ) L
60 - 31.8 319 32 32.1 | O e e a0 1000 0 200 400 600 800 1000
P (MeVic) Piap (MeV/c)
30 - . ..
Y.Fujiwara et al, PPNP58(2007)439
0 'S, EN'S, (I1=0)
0 10 70 e R
— . 60 - 80
|N: phase sh/ftl N
50 B
180 60
‘g‘ 50
150 180 %40
150 |- © 30
120 20 204
90 10 e
90 - 60 L B 0
T . 2057760 200 500 400 500 600 %0700 200 500 400 500 600
60 - 0 ‘ - Py, (MeVic) P (MeVic)
22 de > J. Haidenbauer et al, NPA954(2016)273
30 | 1
®O0ur results are compatible
i e . = ” = with the phenomenological ones.
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Vir) [MeV]

NN J/(l) = 07(1) and 17(0) state

4unn£.......4.0.0..:::.:..:..;:......... 4000
_ 300 |

3000 g 200 | 3000
o 100 | =

2000 ¢ 0 | 2 2000 |
¢ -100 ¢ E

1000 4 : = 1000
0

Repulsive core
observed

Strong Tensor Force is

r [fm]

clearly visible !

Attraction at
mid-long range

]

V(r) [MeV]
=

-200
[ T. Doi]

-100 '

400 ': —

200 |
100 ¢

-100 ©

V, (15=01): =08 s
Ve (15=01): t=09 —— -
.HFC {|5=ﬂ1 :': l=‘|l'J —— 4
vE (1S=01): t=11 :

AVi8[phen
t=08 r—a—
=09 r—t—

u'PEP[latJ —_—

=10 —t ]

t=11
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Impact on dense matter

LQCD YN/YY-forces + Phen NN-forces (AV18)
used in Brueckner-Hartree-Fock (BHF)

=» Single-particle energy of Hyperon in nuclear matter

(Only diagonal YN/YY forces in SU(3) irrep used)

Kenji Sasaki (YITP Kyoto University) for HAL QCD Collaboration



S=-2 interactions suitable to grasp
whole NN/YN/YY interactions

8X8=27+8s5+1+10"+10+8a

Central Force in Irrep-base (diagonal)

L q
15 %1, D
— Fr k] . — —— — — .
: B
[ P !’ i 1
=R . )
.-
| T -5
=
[ -HAd
-1 f Do 1
i bedl Buncicm
ey n |
R 3 4 € 1 § = 4 O 1 &
- ] r [fm] r [iml]

l l.:l d_,‘;q' - T - - - d'_:l - - - - - - - - - - - - - -
3S1 Dt iy Dt tHg Do =1l ——
3 = 100 Bz bincion — El i funcion —_— L St uncm ——

D1 ., 20 | | wl
* [
- 10* V¢ 1500 | | 10 Ve C_m 8a Vc
; “ * | = m I
= AT PR
il e )
= \ i 3
0 w o 7
b \s_ [ k!
A%
-5 el
2 a 4 E i z a i 2
- [im] r [fm] r [fm]

(off-diagonal component is small)
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S=-2 interactions suitable to grasp
whole NN/YN/YY interactions

Tensor Force in Irrep-base (diagonal) R ALIAE A e et
=il S1, Dy
351 Do ” Do

Lal
v [MEy] E
E B
|_'|.
o
A=
<
W ey
] & & =
H
o
S
i [uley]
k £ =

= We calculate single-particle energy of hyperon
in nuclear matter w/ LQCD baryon forces

(off-diagonal component neglected)

We fit by Virl=a,e ™ +a,e™ +a,|[1-e %" | = _ (central)

J:._.I' 3 3 I|{" o

Vir) :r1|l—|'” |I-r- +

— o . (tensor)
ar Jla,r/| T | @B r lagr)”| T

Kenji Sasaki (YITP Kyoto University) for HAL QCD Collaboration




Hyperon single-particle potentials

20 20 -3
¥ @p=0.17 [fm "]
i]
. I E
- -'-" e ~
- 0 e
:_‘-\.‘.
- s O
= s S
=] : ! = —
PNM SNM ~
o .l,l"'.
e
3 304
."'ﬁ % | ] = I
s 1 A r
p=017 Mm%, x=0 = p =017 ML =05 =
4 40
0 ' 2 3 4 (] 1 2 4
kIfm'] k[fm']

« obtained by using YN,YY forces form QCD.

« Results are compatible with experimental suggestion.

UJP(0)=~—-30, U=(0)""=-10, UZP(0)=+20 [MeV]
attraction attraction small repulsion

[ T. Inoue ]
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Summary

»Baryon interactions:
Bridge between particle/nuclear/astro-physics

»HAL QCD method crucial for a reliable calculation
» Direct method suffers from excited state contaminations

»The 1°* LQCD calculation for Baryon interactions
at almost physical point is reported

— m(pi) ~= 146 MeV, L ~= 8fm, 1/a ~= 2.3GeV
— Central/Tensor forces for NN/YN/YY in P=(+) channel

»Prospects:

— Exascale computing Era ~ 2020
— LS-forces, P=(-) channel, 3-baryon forces, etc., & EoS
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Vir) [MeV]

NN-forces in P=(-) channel

(mr=1.1 GeV)

Central, tensor & LS forces

1 3 3 3 3
P 1 P[}: P | = P 2 F 2
L |
400 | v
¥ :5.
200 %\
' [~
L] h-;
L1 % : [
0 ——*‘“ﬁh—"o—n—-
- o | H)
I
200 | ?.- I"'rC.E 1 —
=
. i (R e
-400 | | e
0 1 2

r [fm]

Superfluidity *P, in neutron star
€ => neutrino cooling

€= observation of Cas A NS

K.Murano et al.,,

phase shift (degres)

18

16 |
14 |
12 f
10 |

Phase shifts

0 p

mixing Earamstsr- i
a2 (EXP
T F (EXP
rmixing parameier (EMP) ——

j-‘II:.'::‘ l

I .15?‘H -,:_HHH CP

.'. _:-. - r
| R F
h’-\._. S T T T Y Y AT R TR

)

AR OMNE&EDD

100/ 150 200 250 300 350
Eiap = 2 K2imy [MeV]

.'I..
.'I..

Attractive in 3P,

PLB735(2014)19

Qualitatively good, but strength is weak
(We also observe potentials glow by lighter mass)

c.f. CalLat Coll. PLB765(2017)285

56
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3|\|-f0I'CGS (SNF)_ .}.\Tritnn channel

T, @

Nf=2, mz=0.76-1.1 GeV

Nf=2+1, mz=0.51 GeV

100

I I I'I'III[ = 'DTE GE“H‘r p———a e i - l I =08 ——
: m, = 0.93 GeV r—p— 1=09 +—a—i
- m, =113 GeV r—e— I F o 1
50 | h} : s0 | JH ;H J
| 1 100 . - : '

Vayg (r2) [MeV]
=
=

-50

_ _ TYY ) S
00 b e . .

1 e e e 1
o t im]
‘Ptﬂ“ﬁ““

Magnitude of 3NF is similar for all masses
Range of 3NF tend to get longer (?) for m(pi)=0.5GeV

Kernel: ~50% efficiency achieved !

af
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Backup
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B-B potentials in SU(3) limit

mz= 469MeV

3000 T T T T T T 3000 T T 500 T T T T T V T
V<27) 100 ; —v = V(SS) 100 V<1) c
2500 | E: ] 2500 | 0
50 | ] 50 | ,«W : . : ; :
2000 | 3 ] 2000 | I -500 |, 0 ]
4 0 - 0 —
3 > >
o § 1500 | : 2 1500 | 2 -1000 | 50 | 1
T  § 50 | 1 =~ ﬁ 50 | =
) 1000 1 . 1000 F 1 1 = -1500 | -100 | 1
. -100 F : ; |K“’d’s=0'|13760 B : 100 F, ; ) |Ku'd’s=0'|13760 B
ol Dlo-tos=1ii =il F ol | ael Olo= 05 0= sl 1o Eols | el 150 [ il =
. ; ‘ Ku95=013760
0 S 0 i 2500 [ 00 05— 10 15 20 25 ]
iR S o e TS Gl s e s WGE B e R SRR e SRR IR N Y plodRg 5 IR GIELE By sl D gl s e e
r [fm] r [fm] r [fm]
3000 . . , ; : : 3000 \ . , ; : :
3000 \ . . . . :
10%) BTN I 8a e P
WV 100 [ TARIRn VA0 o T ) yooF e
2500 ¢ Vil e ] 2500 | T Vit b 2500 | Vi eeeen
50f = ] e ] 50 [ s
2000 | ] 50001 " 1 2000 | xi ]
1 5 0 W 01 - 01
3 > 3
¥ 1500 [ . ] o 1500 | ]
w— | 1500 | ] =
¥ 50 b g 1 = 50 | ] = 50 % 1
Il 1000 | ] = = 1000 | ]
- Sl 58 B S Lo b e 100 | Ku0s=0.13760 1 ] S OHERE et = R S
Bein Dlo-tos=1ii =il F ol | il 00 05 10 15 20 25 ] ael Dl 0B 0. g5 Tol ol |
- .. 0 (it
00 05 10 15 20 25 30 35 e R s A e s s 00 05 10 15 20 25 30 35
floen i r [fm]

Two-flavors Three-flavors

®Quark Pauli principle can be seen at around short distances
v No repulsive core in flavor singlet state
v Strongest repulsion in flavor 8s state

®Possibility of bound H-dibaryon in flavor singlet channel.
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Nambu-Bethe-Salpeter wave function

Definition : equal time NBS w.f.

E : Total energy of the system = ral

Local composite interpolating operators

B,=¢"(¢)Cv,9,)q9.. D.=€"(4.C¥.9,)4..
M:(q_a yS Qa) """

, It satisfies the Helmholtz eq. in asymptotic region : [P+ V2w (E,F)=0

i i C.-J.D.Lin et al.,NPB619 (2001) 467.
»Using the reduction formula, (2001)

o - iDT d3 T ) iqr
N1} (E,r)=\/ZH1\/ZHz(ep +leg AE (E (—qu>_i6>eq )
¢ " TP\ Ta Tp

A _sin(pr+d8(E)) Phase shift is defined as
(@ L pr S=¢'°

NBS wave function has a same asymptotic form with quantum
mechanics.

YITP. Kyoto University) for HAL QCD Collaboration
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Aoki, Hatsuda, Ishii, PTP123, 89 (2010).

Potential in HAL QCD method

We define potentials which satisfy Schrodinger equation

(P+V e (E,7)=[ &’y Ul(3,5) W (E, )

Energy independent potential

P4V )W (E %)=K"(E, %)
K*(E,%)=[dE'K"(E", ")fd3y
=[d’y|[dE K (E", %)

=[ & yUi(z ,yw (E,)

We can define an energy independent potential but it is fully non-local.

This potential automatically reproduce the scattering phase shift

" Kenji Sasaki (YITP, Kyoto University) for HAL QCD Collaboration



From LQCD to NN phase shifts

Lat NN forces

‘ Phase shifts \

20
1 T T T S o 0]
\ 100 : : : Eqg
% i 1: - B . A oy = ]
2000 ..::l [ .-I - B e _ 5 Y lo gep
i) I | TR gn | 1! F"I"'-"-':‘- Sy O Erea )
50 1 5,0 ] - Hi g WA S BB -
1500 + '.‘: [ ib ] | )
- SR -
% 1000 ¢ .:II g ) I:'-_ o [T T -:__':._'.:.—- T § 40 - T
E ':‘1 i k R-_ - T.#__'_._‘-\. s [e——
Ban - "‘h- I I I ] e
N, % 20 | |
" 0.0 0.5 1,0 1.5 2.0
i] hrh\““: Y —
5o =(h 11240 (W =860, =1161 [MeVT R - B '."li"-
500 . K=l 13540 (M =469, Mp=1161 [MaVT) 0 = -
oe o5 }I.:] -2 20 [ | Kyt 0. 13840 (M py— 269, My= 1161 [MeV]) . ‘\k‘Q:I
¢ [l
) G0 100 150
(SU(3), m(PS)=0.47GeV)

200 250 300
Egr  [MeV]

NN : unbound (1S, 3S,-3D,)

T.Inoue et al. (HAL Coll.) PRL111(2013)112503

28
T.Inoue et al. (HAL Coll.), NPAS81(2012)28
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From LQCD to EoS / Neutron Star

Lat NN forces

EoS of nuclear matter

T TT T T T TT " T T T
T 1171 i) | 1171 Pav] | )
| 100 ] | 100 I
| .'I| E -_"\. | s | |'
anon Ll L 5 ]
[ il )
1 L 1l Ll
ﬁ-l:l ]

1500 ! 1 1 =0 ] BHF N APRIFul | =
k|
1

| fl [ r
2 i al B - z | i 1 &0 [
= w00 [ ) r ) E— e = | s . |}
* b N =) SNM ! PNM //
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o o i &
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-._‘_' ; _-- : an
. '--.._....._'- - e s e - P
™, ! :
!
Kt =lh 13340 (Wes=460, Mp=1161 [MeV]) - ) _T,_,_q""dsﬂ
-5|:||:| 1 i . 1 N i a0 ﬂ:v?:::l'.-'l J _|
0.0 0.5 1.0 1.5 2.0

r [frm] o0 as L g 2 A6 0 00 A& LD ; 5_r;“ ;
(SU(3), m(PS)=0.47GeV)

TOV N
E——

| . Neutron Star
02 | . \, M-R relation

M M)
J
T

T.Inoue et al. (HAL Coll.) PRL111(2013)112503 TRV TIT T FTITIR
0 i 2 3 4 g & 7 i a 1 1 12
T.Inoue et al. (HAL Coll.), PRC91(2015)011001

Kenji Sasaki (YITP Kyoto University) for HAL QCD Collaboration




From LQCD to Nuclei (160, 40Ca)

Lat NN forces

Density Distribution

2500 ; ; : SRR L
100 ——— - - 04F "~ 40 +='=+ BHF ]
2000 -.'::_Il [ :_II 1 ] N 2 ——— HF ]
:-: [ ) 0 L _ :T“_“'_-a_. — Gjm) + ADG{3) ]
1500 | Ij . i o 1 1 Ab initio ﬁE EI.E_— ]
E ool of b _ SCGF = 0ok =7 M, = 469 Mev/c? ]
E | L == = \ : !
& b ! S [ — 75 N
Goo W, . . S § L o)
N 00 05 1.0 1.5 2.0 0.1 0
D e —
'5'3'-'-'E_| D'5 . n',,,=|: ;:a‘u (M =48, 11J|.:||r.|[uel'..l'_'| S {}D —t— !1 E— é — 3 — 4 5 &
Lk . r “.m] - . r [fm]
(SU(3), m(PS)=0.47GeV) E} [MeV] ‘He 150y e
BHF [22] -8.1 -34.7 -112.7
Glw) + ADC(3)  -4.80(0.03) -17.9(0.3)(1.8) -75.4(6.7)(7.3)
C. Mcllroy et al., 1701.02607, PRC Exact Result [51]  -35.09 - -
Separation into *He clusters:  -2.46 (0.3)(1.8) 24.5(6.7)(7.5)
Particle Physics B Nuclear Physics
First-principles LQCD calc | [/ [ | Ab initio many-body calc .
HAL Coll. @ Japan ' Univ. of Surrey @ UK

Kenji Sasaki (YITP Kyoto University) for HAL QCD Collaboration



Interactions on the Lattice

* Direct method (Luscher’'s method)
— Phase shift & B.E. from temporal correlation in finite V

M.Luscher, CMP104(1986)177
CMP105({1986)153
NPB354(1991)531

« HAL QCD method
— “Potential” from spacial (& temporal) correlation
— Phase shift & B.E. by solving Schrodinger eq in infinite V

Ishii-Aoki-Hatsuda, PRL99(2007)022001, PTP123(2010)89
HAL QCD Coll., PTEP2012(2012)01A105

Kenji Sasaki (YITP Kyoto University) for HAL QCD Collaboration



Luscher’s formula: Scatterings on the lattice

 Consider Schrodinger eq at asymptotic region

(V2 + Fafg}-r;';k:(r) = mVi(r)yYr(r)
L}g (T) = D fDr J :‘} !g L AT TL TS
— (periodic) Boundary Condition In finite V 27/” \
=» constraint on energies of the system Z

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

bk = 2\/?}12 + k2 (QFT: ¢p(r) — NBS w.f.) et

; B '—'lk':- s ?ﬂ

koot = gl 4=y, g

rotef)= 7 T ey ot

Large V expansion AR e
sp=b-am -1 g o (2) w@}

. C1,Ca. gE‘.DHlELI‘iC constants
a: scattering length

Kenji Sasaki (YITP Kyoto University) for HAL QCD Collaboration




Luscher’s formula: Scatterings on the lattice

%

NBS equation in (3+1)-dimension:

(V2 4+ k%) (r) = mVi(r)vg(r)

Wave function at |x|> R

e
Wi (1) = Apsin(kr + 0 ker
for infinite L: poo(r) = Agsin(kr + 5(k)) /(kr)
Wave function at [x|> R wj(r) = L} ff j PR
for finite L with PBC: LY e =k
1 k

= ﬂcm'im S Jolkr) + r”u'{ﬂu‘"} ' I:jE::-I [e’-r-r]j

Quantization condition _ kL
for finite L with PBC: kcoto(k) = \/: 7 Zoo(1;4°), q= o
|
Z"HI:F(‘" fj" :I \-"'{E Z;.; m
nes

Lucsher’'sformulain (3+1)-D

Kenji Sasaki (YITP Kyoto University) for HAL QCD Collaboration



Practical procedure w/ Luscher’s formula

« Calculate the energy spectrum of 2-hadron on finite V lattice
— Temporal correlation in Euclidean time = energy

« Convert the energy shift to phase shift by Luscher's formula
E — AFE = FE — 2m (effect of int.) — k (asymp. mom.) — 0g

— Determination of energies
» Take t >> 1/(E,-E,) and find a “plateau” (G.S. saturation)

1400
G(t) :
Feg(t) = In ‘ y | e
LH( ) I |iG(t—|— l) t—roc v E 1350 [ °
:';; :ull'a-L'—I—'—rHliii_
g 0y “plateau”
1250 | ' ' :
0 0.5 1 15 2

t [fm]

Kenji Sasaki (YITP Kyoto University) for HAL QCD Collaboration



[HAL QCD method]
+ “"Potential” defined through phase shifts (S-matrix)

 Nambu-Bethe-Salpeter (NBS) wave function

|¢(T—g = (O|N(Z + F)N(Z)|N(k)N(—k); W) i e
32l L
(V24 E2)0(F) =0, >R  w=2/m2++ ° {MZ
E: \_ — Hc = E
— Wave function €=» phase shifts "‘_E
sin(kr — Im/2 +H6(k) g

P(r) ~ A .

T

(below inelastic threshold)

Extended to multi-particle systems

M.Luscher, NPB354(1991)531 Ishizuka, Pos LAT2009 (2009) 119
C.-1.Lin et al., NPB619(2001)467 Aoki-Hatsuda-Ishii PTP123(2010)89

CP-PACS Coll., PRD71(2005)004504 S-Aoki et al., PRD88(2013)014036
Kenji Sasaki (YITP Kyoto University) for HAL QCD Collaboration




"Potential” as a representation of S-matrix

Consider the wave function at “interacting region”
(V2 + k2)d(r) = m ] dr'U(r m(r"), r<R

— U(r,r): faithful to the phase shift by construction @ L
« U(r,r'): NOT an observable, but well defined \P
« U(r,r'): E-independent, while non-local in general

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

Tith

Ulr,r') = EZ(vé n E‘:i}’ﬁ’:’n[ }\iml (1) Naw —]:.'-m.--.',;-r;-r.-,.-[r]

— Non-locality = derivative expansion Okubo-Marshak(1958)
U(#,r7) = [Ve(r) + S12Vp(r) 4+ L+ SVis(r) + O(V?)|6(F — ')
LO LO NLO NNLO

Aoki-Hatsuda-Ishii PTP123(2010)89 11
Check on convergence: K.Murano et al,, FTP125(2011)1225

Kenji Sasaki (YITP Kyoto University) for HAL QCD Collaboration



New method to diagnose LQCD data in plateau method
- “Sanity check” with Luscher’s finite volume formula --

Iritani et al. [HAL QCD], arXiv:1703.07210.

see also talk by Aoki (Thur.)
1. extract k cot d(k) through Liischer’s formula

-~

_‘“

e Lischer’s finite V formula
» energy AE --> momentum k --> k cot o(k)

{118 (T = R}
k cot ﬁ{k) e Z fiz — (FﬂL}E'ﬂ')z == phﬂSE shift Erk}

.

2. combine the results with effective range expansion (ERE)

( 1\ 1]: T = T T LT
e Effective range expansion (ERE) ____NNCS:) finiie £

1 1 .,
kcotd(k) = — + E-rck 4+ ...
L a )

e An example of w/ Liischer’s formula (dotted lines)

for bound state problem
e |[f the energy is extracted correctly, all data should be

alined on ERE line at low-energy

Kenji Sasaki (YITP Kyoto University) for HAL QCD Collaboration 41



“Sanity check” for all existing data

An exotic example Iritani et al. [HAL QCD], arXiv:1703.07210.

1 1
[ kcotd(k) = — + E'rckz 4 ... ]
il

0.0 1 = i | i (i) inconsistent ERE for k?<0 and for k?>0
__.a;:"'"_'_“" [ | (i) singular parameterizations — r. ~ +oo
(iii) unphysical residue at pole position

= indicate the problem in LQCD data

~ YIKU2012 NN('Sy)

(i) inconsistent ERE, (jiii) unphysical residue (ii) singular behavior

Aenjl Sasakl (Y11 F AyOoto university) 1or HAL WLD vollaporation




Scattering observables from LQCD

X ] i (N (x. t)Na(y.£) T lT (0) .;'.ZE_,-..T (0))
T (0N (x)N2(v)nya, e” Bl
[l
. ; LN lr,t) — z b, (r)e” Bint
\_ j R T
Imaginary time
Finite Volume Method HAL QCD Method

E, (L)
— phase shift, binding energy
Luescher, Nucl. Phys. B354 (1991) 531

d(rt) > 2PI kernel (T=U+GUT)
—> phase shift, binding energy

Ishii, Aoki & Hatsuda, PRL 99 (2007) 022001
Ishii et al. [HAL QCD Coll.], PLB 712 (2012) 437




Demonstration of plateau method by mock-up data

“Mirage in temporal correlation functions for baryon-baryon interactions in lattice QCD”
Iritani, Doi et al. [HAL QCD], JHEP10 (2016) 101.

10% contamination
from elastic states | L MIETERs [ EICICRINR TR -Ri11
with 10% contamination

Fake plateaux or “Mirage” appear
att~1fm

e/ =0.01, 8 /b =0.1
e/ =0.01, b /b =0

e1/by =0.01, by /b = — 0.1

o |
P 4+ 8 T
Specooe " ¥OY

8 -]
| .-'.Ili| — (1.1, ||.I:|_'||_|| —{]. 1
oy by =001, 506 =0

] _."|I,I = |:_I_ ||] % |'-.'._-"|I.l| —

0.5 1.0

t[fm]

Kenji Sasaki (YITP Kyoto University) for HAL QCD Collaboration 44



Hyperon onset (just for a demonstration)

X, = 3.8% 68% 89% 1l%

- HNSM!! 400 “NSM"__E_'______ ==
! AVI8 NN / o el o YN onl
No NNN \
% - / E 250 Ef
= : 2np = :'._"_“
/ - - e __;:L
v ,-;f" / 150 S A : H// Lj:,_
i R
100 / e 100 ff,./
- .I"'f .-""f L f/ ______..-"'f A
&0 .Ir"’ . _d__ﬂﬂf".f " & II|| --_fdll_.-" :
Mo wle=20 2 Py —— e o
0 2 3 £ 0 2 4
P ol P (pal
« “NSM" is matter w/ n, p, e, J under B-eq and Q=0.
[Missing]
P-wave/LS forces 4
[ T. Inoue ] 3-baryon forces -

Kenji Sasaki (YITP Kyoto University) for HAL QCD Collaboration
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