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Challenges in Multi-Baryon Systems

measurement of ground state from temporal correlation
Cyn(®) = coexp(—E) V1) + ¢ exp(=E" V1) 4+ = ¢y exp(—E,' " 1)

* S/N problem (A: mass number) Pparisi 84, Lepage ‘89
S/N ~exp[-AX (my —(3/2)m,_) X 1]

ﬁcattering state contamination )
AE ~ p*/my ~ O(1/L*) < O(Agep)

»

L = o
Inelastic




2 Hadrons in Lattice QCD (1) Direct Method

» temporal correlation of the two-hadron
R(t) = Cpp(1)/{Cp()}”

e energy shift from plateau of

R(?) L
AE (1) = 1o > E5 . —2m
eff (7) gR(t+1) BB g
g.s. saturation is mandatory! 0l B [ T ook sarzy Shlft]
S 15 =
) M
ex.L =8 fm @ phys. mass S z g |
v 55| mip
SE, ~25MeV —t>10fm 4 = |
_10_
S/ N ~ exp[—2(my — (3/2)7’)’17[)1] 05 0 t1tsa] 20 25 30

510732  extremely difficult! 4



2 Hadrons in Lattice QCD (2) HAL QCD Method

Ishii-Aoki-Hatsuda ‘06 Hadrons to Atomic nuclei from Lattice QCD

* spatial correlation of the two-hadron

Nambu-Bethe- Salpete r wave func

v, (7) = (0| B(7)B(0)| B(k) B(—k); in)
* asymptoticregion r> R

W, (F) ~ Csin(kr — Iz /2 + 6(k))/(kr)
* interacting region r < R

(V2 + )y (F) = m / dr'U (7, r’ )l/fk(;’ )

energy-indep. & non-local potential & faithful to &
UF.r)= ) [E,— Hyly,®w: ()

1P1<Ph

HAL QCD method: NBS wave func. = U(r,r') = observables| 5




“Time-dependent” HAL QCD Method (1)

Ishii for HAL QCD ‘12

R(7, 1) = (O|T{BE + F,))B(X, 1) }J (0)|0) /{Cp(1)}>
=3 a,py, Fle”Wa2mpt 4 @(eAWint)

g.s. & scattering state NBS funcs. satisty

%, / [Ey, — Holyy, () = / dr'U 7, r )y, (

Y

%’) [EW1 o HO]WW1 (?) - /dr,U(?’ r,)le (')
%
(\y

(9(6—5Eine1t ) < (9(6—5Ee1f )

with elastic saturation (exponentially easier than g.s. saturation!)

* L o° 0 _ g R(F t)—/dﬁU(? MR, 1)
dmp 0t Ot 0 ’ ’ ’ 6




“Time-dependent” HAL QCD Method (2)

2 _mlren= | arUGE RGP,
dmg o2 ot 1) / rUe R

local pot. by velocity expansion of E-indep. & non-local pot. U(r,r’)
UF, ') = Vo) + Vi(PL - S + Vo(FV® + | 6GF — 1)

previous results by HAL QCD mainly employ
“leading order approximation” of wall-
UG, 1) = VORsF - 1)

type quark source
[:{ wallsrc.]
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NN Systems from Lattice QCD

* Inconsistency between these methods
e [t was a long-standing problem in lattice QCD.
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Fundamental Problem in Direct Method: Fake Plateau

Simple plateau fitting is challenging.

Normality Check Aoki's Talk (Wed)

ground state saturation requires
huge temporal correlation
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previous studies show “anomalous behavior.”
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Next: Reliability of the HAL QCD Method

Part I: Systematics in the HAL QCD Method

Ref.
Tl for HAL QCD Coll., PoS(Lattice 2016) 109, arXiv:1610.09763.
& in prep

1. convergence of velocity expansion

2. inelastic state contamination



Setup & Channel: Z5('S,) at m,_ = 0.51 GeV

better signal & the same SU(3) rep. as NN(lsO)

time-dep. HAL QCD method
1 0> o

— — —Hy| RG,H= | drUF )R, 1
Gmpor or 0 (r, 1) /" (r, r")R(r', 1)

local pot. by velocity expansion of E-indep. & non-local pot. U(r,r’)

LO approximation (standard in previous. HAL QCD works)
UF,r') = VO F)sF —r)

NZ2LO app_[oximati?n & Vor) ) )
U, r") = [V 2@ + V) FPAVA6F 1)

— Check: higher order correction of the HAL QCD pot.
by using wall-type & smeared-type quark sources

11




Time Dependence of the Spatial Correlation

wall src. — delocalized & weak t-dep.
smeared src. — localized & strong t-dep.

@ t=14 @ t=14
¢ t=13 ¢ t=13
A t=12 A t=12

| R(7,1) = Cgg (7, 1)/ {Cp(1)}*
— Z aann(’-;)e—AEnl‘

L mmmmm— STC

R(r, t)

R, smeared src.
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These correlators are mixtures of excited states.

time-dep. HAL QCD method is essential!
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1 (0*/0) )R (9/onR HyR

Vy o) =

& t=14 é t=14
o t=13 ¢ t=13
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R-corr. differs, but qualitatively the same behavior
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Systematic in LO Potential

e Wall src. = time-indep.

e Smeared src. =@ Wall src.

t-dep. implies systematics from truncation
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Higher Order Approximation (N2LO) (1)

U1y = V00 + VX000V | 6 — )

1 ( 02 / 02‘2) RWwall - (0 / or) Rwall - H, RWwall _ VN2LO(,,) . VNZLO(,,) V2 Rwall
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1 ( 0 / at2) RSmear - (0 / ot) RSmear - HO Rsmear B VN2LO(’,) . VN2LO(,,) /2 Rsmear
0 2
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® t=14 @ t=14
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Higher Order Approximation (N2LO) (2)

U1y = V00 + VX000V | 6 — )

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

S— V2 (r) VZ Rwall /smear (r)

dep. on shape of R

40 - % §—vAELo
- E $ V5O (wall src.) Vz-pOt.
> 20 ‘ V5O (smeared src.)
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' 40
N
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Phase Shift and Uncertainties in Velocity Expansion

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

works well at low energy. ol Lo
e V, correction at high energy o g | v(io el erco)
| S P 7
g

Vo(r) [MeV]

25 -
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Time-dependence of Potential (N2LO)

e N2LO velocity expansion U, ) ~ [VONZLO(r) + VZNZLO(r)Vzl s(r—r')

t-indep. => convergence of the velocity expansion up to N2LO

Systematics in velocity expansion are under control.
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Part I: Systematics in the HAL QCD Method

Ref.
Tl for HAL QCD Coll., PoS(Lattice 2016) 109, arXiv:1610.09763.

& in prep

1. convergence of velocity expansion

2. inelastic state contamination



<t 1500 smeared src.
t-dep. of the Wall src. :
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Intermission:
"Correct” finite volume method

analysis for two-baryon
in lattice QCD



Lischer’s Method from HAL QCD: G.S. Energy

» eigenvalue at finite box L3 with HAL QCD pot.
[Hy + Vy(r) + Vo(r)V*]¥ = AEY

scattering length
. tano(k)
ap, = lim
k—0
= 0.93(29) fm
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Lischer’s Method from HAL QCD: ERE Analysis

finite vol. energy shift AE; — kcot 6(k) by Liischer’s formula

ERE(NLO) works well
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Part Il: Diagnosis of the Fake Plateaux in the
Direct Method

Ref.
Tl for HAL QCD Coll., PoS(Lattice 2016) 109, arXiv:1610.09763.

& in prep.



Contamination and Fake Plateaux

§pat|a|(&Tempora|) Correlation Y R(7, 1)
_ T AEeff(t) = log =
SR 1+ 1)

l

Effective energy shift

§ ~ wall src. %—O 5 1 v
o | 4 I o il
o — o U 0
R Smeared src. >0 Yo -
2 &5 ¢ O
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r [fm] té > m . [I] L I
N O
5 CBB (7‘ t) L i EIJ [~]
R(F,1) = ’ =10 i
{ C (t) }2 1 ® wall src.
B 'I‘\'T [0 smeared src.
_ —AE t IS L . - - -
— Z an\Pn (Fe 7 " 00 05 1.0 15 2.0
n * t [fm]

Final Check: magnitudes of the contamination
& origin of the fake plateaux 26




W,(r) atL =48

Eigenfunctions & Eigenvalues

Solving Ho + V(r) in the finite box

‘ 4 wall src. ]

HAL QCD pot.
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Eigenmode Decomposition of the Spatial Correlator

W,(r)atL =48

finite volume eigenstates

determine overlap coeff.

RWall/smear (F. 1) = Z a;;vall/ Smearan (7) o AE,!
n
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of Excited States

RWall/smear (F.1) = Z a;lzvall/ smearlpn (7) o AE!
n

“smeared src.” has large overlaps with scat. states.
smear smear
O(a, ) ~ O(a, ™)

20 [ ® wallsrc. ¢ smearedsrc. 0

o0

N 45- ¢ ¢

1 4
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of Excited States

R(t) = Z b;;vall/ smeare—AEnt with b;;vall/ smear _ a:lzvall/smear Z ‘Pn (’7,)
! z

b,: magnitude of contamination in AE¢¢(?)

O_
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A ngell:ll/ smear (t) = 10g

1/0E,

Origin of Fake Plateaux and Saturation

g.s. saturation for smeared src. ~ 10 fm !!!

nalve expectation
~ 10ftm

bwall /smear
2. bn

exp(—AE, 1)

R(it+1) = 108 Zn b;;vall/smear

exp(—AE, (1 + 1))
"direct measurement” is reproduced by low-modes
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Wo(r) at L =48

=48

LIJ]_(I’) at L

Sink Op. Projection with Proper Eigenmode (1)

* “correct sink operator”

R™(0) = Y ¥, (1% = J(BE, DBG, 0 Tpp(0))/{Cp(1)’

—_
X,y
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Sink Op. Projection with Proper Eigenmode (2)

 "“correct sink operator” —> “true plateau” appears
R™(1) = Y W, (1% = J(BE, NBG, 0 Tpp(0))/{Cp(1))’

5 : 100
o0 o0
< 0 < 80 -
|l & I
- e & & % % $ = 60- & <£> \i
= & | > 3
o 51 N ) 0 V "~ O
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~ " g o
=10 <
LLGIJ — AEy (I) g.S. proj. wall LLGIJ 20 -
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HAL QCD = Liischer’s method with proper projection

# naive plateau fitting
33



Summary



Direct Method vs. HAL QCD Method

« HAL QCD method can control scattering states.
* We checked
* The velocity expansion of non-local pot. has good convergence at
low energies.
* Leading order expansion of the wall src.
(standard of HAL QCD studies) works well.
* The inelastic state contamination is under control.
* We show the origin of the fake plateau in the direct method comes

from the scattering state contamination.

« HAL QCD results at (almost) physical point
Next Talk by Takumi Doi
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Volume Dep. of the Fake Plateaux (1)
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Volume Dep. of the Fake Plateaux (2)

* Volume indep. does not mean ground state saturation.

* Volume dep. appears at later time.
smeared src.

4 1|—— AEo(L = 40) vV L=40
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Sink Operator Dependence of the Plateaux

* smeared src. depend on “sink”

e wall src. is stable

Cpp() = ) g(|% — F)(B(X. ) B(. ) Tpp(0))

X,y
. smeared src. . wall src.
| M gn=1 _ O gn=1
10 A  g(r)=1-0.8exp(—0.25r) 10 A  g(r)=1-0.8exp(—0.25r)
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= o > o I
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Liischer’s Finite Volume Method & Bound State

1 1

1. Lischer's formula kcotdy(k) = —
nL & |2 - (kL/2x)?

ne

2. Effective Range Expansion (ERE)

b cot S(k) 1 1 2 ex. physical quark mass
cot §o(k) = — + Sregek”™ + -+ NN(®S,) finite volume
’ 0.4 | — ERE i S
— V= (k/m,)*
< 02| ® pole
B L=12fm
3. Search bound state & | .. L
.y S o0L L=18fm ;
@ S-matrix's pole :; ----- L=21fm
_ [/ 12 £-02
ko cot 50(k0) = — —ko = )
& physical pole cond. 04— '
d d : , ! ’ S ! .
2 _(k cot 6,(k)) < & <—\/—k2> 02  -0.1 0.0 0.1 0.2
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Volume Independence of the Potential

* The potential from L = 40, 48 and 64 are consistent.

ii wall src.
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NN(1Sp) System at Mp; = 510 MeV (1) LO Approx.

Ur,r’) ~ VOLO(r)é(r —r')
« Quantitatively, the same as EZ ('So)

wall src. smeared src.
—> t-indep. —> t-dep. & N2LO effect
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NN('Sp) System at Mp; = 510 MeV (2) N2LO Approx.

Ur,r') = |V + VN0 V2 | s(r — 1)
e Quantitatively, the same as EZX (So)

good convergence of
LO approx. by wall src.

1
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5 1 [1 v
= 207 % [ V5O (wall src.)
< |
S or—i
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U —20-
= N2LO
Z 40 - [ % V2 ]
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NN('So) System at Mp; = 510 MeV (3) Phase Shift

« Quantitatively, the same as ZX ('So)
* NN('Sp) is unbound at this pion mass.

e Wall src. LO approx. is consistent at low energy
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NN('Sp) System at Mp; = 510 MeV (4) Proton Mass

* LO approx. wall src. potential is stable against time.

e |nelastic contamination is under control.
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Fake Plateaux for Binding System

mock potential w/ bound state

50 -
S 0
()
=,
—~ —50
=
>
-100 H
== = Qriginal potential
[— X4
-150 - - - - - -
00 0.5 1.0 15 20 25 3.0 3.
r [fm]
fake plateaux
(00) ® wallsrc.
T:- 0 B smearedsrc. [
- 101 — Ak
- ® 6 6 ¢ 6 6 ¢ 0 ¢ 0 o
> -20
=
-30
=g W E
by
)
Ly —50 -
<]
-60

15 25

5

¥

AEeff(t) [MeV], L =48

R-correlator

©c ©o o o o
= N W B~ O,

o
o

mock wave func.

o wall src. (x10°)
smeared src. (X 10%)
0 1 2 3
r [fm]
_g.S. CcO nvergence
- == wall src.
— = smeared src.
~— —— AE
‘/-/ ——————————
-
R
Rd
R4
7/
/
25 50 75 100 125
t [a]

150 46



