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Basics of Lattice QCD
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- Path integral — Multiple integral

- Sample gauge configurations {U,};

accodring to e™¢/Z to use the Monte Carlo method.



2 hadron bound state ©

in finite size Box? @
(O|H(HH'(0)|0) = 2 (0] e H)e | n)(n|H'(0)|0) - 7
Numerically n
obtained — (0| H(0)| GS)|*eFcs'  H : Hadron operator

- Energy spectra are discretized in a finite box

and depend on the volume. -
- Energy levels below threshold can be
scattering states in infinite volume space.
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Scattering Phase Shift

cot 5(k) + i Scattering phase shift 6(k)

G — 2i6k) —
cot 5(k) — i Is defined through S matrix.

Bound states : Resonances

cot (k) = i < kot 5(k) = —v/—k? i Rapidly cross (k) = g
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(Virtual) Bound states

G = 2i0(p) _ coto(p) + i
coto(p) =i <> pcoto(p) = —4/—p cot 5(p) — i

There seems to be a singular
point below threshold due to
the lefthand cut.
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Nucleon-Nucleon scattering

. Levinson’s theorem tells us

shift at zero momentum §,0)

and the number of bound =
states »n are related as "

a,=+23.7 fm

E.[MeV]

é@ = nr. No bound state

. We can know n by tracing the behavior of §,(k).
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- We calculate scattering phase shifts by Luscher’s method.

- We access the low energy information by employing the

twisted boundary conditions.
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Luscher formula(ldim) 7%
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Solution for x| > R Assume the finite interaction range R.
. O k?
W(x) — e—lklxl + 6215(k)elk|x|, F=—
n

i i L L
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Quantization cond.

e20R kL — 1« §(k) + kL = 27n (n € Z)

- Finite volume gives rise the relation between §(k) and E.

- kIS discretized.



V(r)

Luscher formula(3dim) # .
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Luscher’s formula with PBC.
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As long as PBC is employed, §(k) is

obtained discontinuously. L ~ 2.4[fm]
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Luscher’s formula(l

Under the twisted boundary condltldn
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Luscher’s formula(3dim)

Under the twisted boundary condition (up to P wave).

One equation with two (§,, §;) unknown parameters.

cot 5y(k) — Ms(q) Mp(q)
MSp(q) cot §,(k) — Mpp(q)

i .
M¢(g) etc. are numerically calculable
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For some special 6
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to obtain k), 5,(k)

S, Ozaki. S. Sasaki, Phys. Rev. D87 (2013) 014506
= (0,0,0), (7,0,0), (. 71'0) (z, T, 7)

Step. 1 Zoo(1: ¢°) . : Effective range expansion
| cot oy(k) =

32 k2 cot (k) = LEIEIN @(k“)
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Using 5 — ((9, 0, 9) IﬂpUt by fit
Step.2 | M ()|

cotd(k) = M(m)(q)

cotog(k) — M ggll)(q)

Using 0 = (0,0,0) Input by fit

Slep.s \ 170D 12
cot 8y(k) = MOV (q) 4 [Msp (9|

cotoy(k) — Mégm)(q)



- 2+1 flavor 32° x 64 PACS-CS gauge configuration with

m_ =295, 411 MeV and L =2.9 fm.

- Clover action for up and down quarks.

- Relativistic heavy quark (RHQ) action for
charm and bottom quarks.

- Charm and Bottom quarks obey to twisted BCs.

- Using operators _ - . _
°  (arse) - (dyie) — (drse) - (ayie)
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Calculation according to the strategy

For DD* system with m_= 411 MeV
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The low energy behavior
can be obtained through
P wave calculations.




- Result of kcot (k)

m, Charm
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S wave scattering phase shifts

For m_=411 MeV For m_= 295 MeV
0.4 i ; i ; i ; i ; 0.4 i ; i ; i ; i

] mn=411 MeV, BB* _ _ ] mn=295 MeV, BB*

O m =411 MeV, DD* i O m_ =295 MeV, DD*
0.3F — 0.3F T - —

Scattering phase shifts get close to the behavior of a bound
state as m, gets smaller and heavy quark mass get heavier.
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P wave scattering phase shifts

For m_ =411 MeV
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' . |
0 20

40

E [MeV]

BB * system has large scattering phase shift compared

to the DD*.

0, [rad]

0.4

0.3

0.1

For m_= 295 MeV

L[ mn=295 MeV, BB*

O m_=295 MeV, DD*

I
0 20
E [MeV]



Summary

- S and P wave scattering phase shift are extracted
through Luscher’'s method under twisted BCs with

m_ =295, 411 MeV for DD* and BB* systems.

- We properly separated the S and P wave effects In
LUscher’s formula.

- qqid system seems to get close to a bound state as

m_— m. .. and heavy quark mass gets heavier.

phys

Prospects

- Calculation at lighter masses, more statistics.
- Specification of the bound state.



