PHYSICS IS ALL ABOUT THE DYNAMICS,
ON AND OFF THE LATTICE
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HIROSHIMA, 1990~

» 'letsuya joined the particle theory lab of Hiroshima
University, as the youngest taculty member.

* 'T'he head of the lab was 1aizo Muta, who had an

intention to study non-perturbative dynamics of
the EW symmetry breaking: techni-color, top-
condensation, NJL. model, ...

* lTetsuya was willing to learn new subjects (for him)
with us students. In fact, 1t was an 1deal learning
experiences... Memories with (always) lost mugs.




LATTICE GAUGE THEORY

* Muta gave me a theme: simulations of L
Lattice Gauge Theory (LGT). For me, LGT o T
was a kind ot toy to play with using
numerical ssmulations. 1 learned how to U
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Gauge theory of antisymmetric tensor fields
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R B - The compact lattice gauge theory of the second-rank antisymmetric tensor field in four dimensions is studied. We calculate the

® I t 11 t t d t th hypersurface tension by Monte Carlo simulation on a 10* lattice. It is found that the tension does not go to zero for a finite value
6 Suya Was a g aln Wl 1n g O S u y O g e e r) of the coupling constant. This suggests that the theory has the confinement phase only. This result is consistent with the result

obtained from the dilute gas approximation of the instanton. Some phenomenological implications on the string model are dis-

and gave me a homework: plaquette —

cube. I didn’t even know what the model

was representing. Memory remains with S,=Y ﬂ[l —cos( 5 9(p))] .
Tetsuya’s herpes. C "



STRONG COUPLING CONSTANT

0-20 L L ¥ L] l L ¥ R " L] Ll T ' Bl L4 L , L4 L] L4 l R R
[ (a) a(x/a) KS quark action ® Ref.[10]
0.18 O Ref. [11] 7]

letsuya joined a group of LQCD, later called
JLOCD. The first subject was a determination of L
as. It was the first attempt to do 1t including the o1
ettect of dynamical fermion.
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Manifestation of Sea Quark Effects in the Strong Coupling Constant in Lattice QCD : 1
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We demonstrate that sea quark effects of a magnitude expected from renormalization group ]
considerations are clearly visible in the strong coupling constant measured in current full QCD 0 * ] * .
simulations. Building on this result an estimate of a%(Mz) (MS denotes the modified minimal 0.1 1 10
subtraction scheme) is made employing the charmonium 1S-1P mass splitting calculated on full QCD u (GeV)

configurations generated with two flavors of dynamical Kogut-Susskind quarks to fix the scale.

as runs differently, indeed!



HEAVY QUARKS ON THE LATTICE

letsuya left us for a visit at Fermilab in 1993-94 (?).
His study there was about applications ot LLQCD
to pheno.

My Ph.D thesis was also about heavy quark
ettective theory (or called NRQCD) on the lattice.

A lot of “chat” on UNIX between US and Japan

about perturbative matching calculation. '1'hrough
such discussions, I learned that “lattice” 1s indeed a

kind of (lovely!) QF1.




» After a bunch ot works with younger students in
Hiroshima (I was already at KEK), 'letsuya joined

the JLOQCD collaboration for a calculation of

B—mlv form factors.
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Differential decay rate of B— 77l/v semileptonic decay with lattice nonrelativistic QCD
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We present a lattice QCD calculation of B— /v semileptonic decay form factors in the small pion recoil
momentum region. The calculation is performed on a quenched 16°X 48 lattice at 8=15.9 with the nonrelativ-
istic QCD action including the full 1/M terms. The form factors f;(v -k ) and f,(v-k,) defined in the heavy
quark effective theory for which the heavy quark scaling is manifest are adopted, and we find that the 1/M
correction to the scaling is small for the B meson. The dependence of the form factors on the light quark mass
and on the recoil energy is found to be mild, and we use a global fit of the form factors at various quark masses
and recoil energies to obtain model independent results for the physical differential decay rate. We find that the
B* pole contribution dominates the form factor f*(g?) for small pion recoil energy, and obtain the differential
decay rate integrated over the kinematic region ¢>>18 GeV? to be |V,,|*?X(1.18+0.37+0.08
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NEW DIRECTION: CHIRAL, TOPOLOGY

* Development of “chiral” lattice fermions (domain-

wall, overlap, etc., 1998~) opened new directions. Suppress or even prohibit the topology change

|
|
|

* (Connection to yP'L] simpler renormalization,

one way:
and of course, topology. 1—ReTrP,,, (x)/3
. o BZl—(l—ReTrP/;,,(x)B)/G’ when 1 —ReTrP,,(x)/3<e,
T . . . v otherwise ’
* Yet, its simulation was impractical, due to the cost
and the topology change. ~ and finally:

Hy (my)*

: : det

» 'letsuya (then at YI'l'P) together with his student ; [HW(mO)Z ,uz}
Hidenon Fukaya, started looking at the problem | p

from the viewpoint of theorist, not a lattice

practitioner.

Formed the basis of our next project:
dynamical overlap fermion



OVERLAP FERMION & TOPOLOGY

Exact chiral symmetry realized by
— “No,” 1t’s merely a finite volume eflect.

1
D = —[1 + yssgn(aHy)],

a PHYSICAL REVIEW D 76, 054508 (2007)

Finite volume QCD at fixed topological charge
¢ It haS %) dlSCOHtlHUlt% Whl Ch pose S d Sinya Aoki,'* Hidenori Fukaya,” Shoji Hashimoto,*” and Tetsuya Onogi®

'Graduate School of Pure and Applied Sciences, University of Tsukuba, Tsukuba 305-8571, Ibaraki Japan
2Riken BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973, USA

p rO bl e m O f 10 C all t}/’ 3Theoretical Physics Laboratory, RIKEN, Wako 351-0198, Japan

*High Energy Accelerator Research Organization (KEK), Tsukuba 305-0801, Japan

>School of High Energy Accelerator Science, The Graduate University for Advanced Studies (Sokendai), Tsukuba 305-0801, Japan
e It OCCUTS On the baCkground gauge ﬁ@ld ®Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan
(Received 5 July 2007; published 19 September 2007)
fO r Whl Ch the top Olo glC al Ch arge Q 1S not Wi{}rll aﬁr\:jz \lllolurpe thf% partitioq function of QCD With a given_ 0 i_s a sum of Qifferent topological sectors
ght primarily determined by the topological susceptibility. If a physical observable is evaluated

only in a fixed topological sector, the result deviates from the true expectation value by an amount

Well_ deﬁne d ) G hir al Symme try iS I‘el ate d to proportional to the inverse space-time volume 1/V. Using the saddle point expansion, we derive formulas

to express the correction due to the fixed topological charge in terms of a 1/V expansion. Applying this
formula, we propose a class of methods to determine the topological susceptibility in QCD from various

tOp Ology aS index theorem diCtates. correlation functions calculated in a fixed topological sector.
» (Can be avoided when () doesn’t change.
Any problem?

@) 1 Q°
Geren = G(0) + G*(0) ] ——— 5
2x,.V XV 2x7V

1
+ GW(0)—— + O(V73),
( )8)(%‘,2 (V=)



A LOT OF APPLICATIONS

topological susceptibility

C (1) =-—

1
Nf

+3 Q Q JLQCD&TWQCD (2007)
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even near m=0!



NUCLEON!

* No additive renormalization with overlap

fermmon. It enabled another direction of

studies: sigma terms, the strange quark
content, 1n particular.

2(N|5s|N)

.

N|uu + dd|N)’

» 'letsuya, together with his student Hiroshi

Ohki, mitiated

* Followed by ot

a computation.

them were pro

blematic, though.

nher groups, then. Many ot
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STRONG COUPLING CONSTANT

* Mostly done (at the time) through the QCD FIAG 2021 s

potential (or the Wilson-loop), but one can use any - FLAG estimate
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» Daiscussion started at letsuya’s ofhce.
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| learned a lot of things from our decades-long collaborations.

* LG, LOCD 1n particular, 1s not just a toy to play on computers. In
fact, 1t includes everything.

* Chiral symmetry 1s central to ¥SB, index theorem, topological
susceptibility... It works on the lattice! All new.

* Perturbative at short distances, even on the lattice, ot course!

— excited states, and inclusive processes
our (more recent) works



SHORT DISTANCES

Clurrent correlator

1.15

1.10

1.05

1.00

Ry, s

0.95

0.90

0.85

0.80

%%ﬁ@%
i ALEPH %}i ]
Perturbation ------ {Em
| B=4.17,am,=0.0070, am;=0.0300
B =4.35,am,=00042,am =0.0180 —s—
[3=4.47,amq=O,OO30,amS=().()15() L
0 01 02 03 04 05 06 0.7 0.8
IxI [fm]

Tomi et al. (2017)

0.9

6 GeV)

F(\;u=

Dirac spectrum

4.0

3.5

3.0

2.5

I
1

| | |

04,

2.0 3.0
Mu =6 GeV) [GeV]

Nakayama et al. (2018)

Borel transtormation

&)

I[I(M

~

— OPE

0.04 - ~
% lattice

e a~1=3.610 GeV

B . - - d a1=2.453GeV

0.02 A .

0/‘
0.01 - /
/
0.00 025 050 0.75 1.00 1.25 1.50 1.75  2.00

1/M? [GeV~]

Ishikawa et al. (2021)



SMEARED SPECTRUM

Correlation function: C(t) = / dw p(w)e™ " ~ <O|J6_ﬁt J|0)
0

Spectral function: p(w) 25(60 — Ex)|(X]J]|0)]* ~ (0|J&(w— H) J|0)

OO

Smearing: Aa dw' Sa (w,w") ~ (0]J Sa(w, H) J|0)

~ ko + ke H +koe ?H 4. 4 kye NH



Bailas, SH, Ishikawa, PTEP 2020, 4, 043B07 (2000); arXiv:2001.117/79

narrow when the smearing kernel is - wide
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INCLUSIVE PROCESSES

/ Gambino, SH (2020)
Differential decay rate: " Zf v

dT ~ |V 214 W, £

Structure function (or hadronic tensor):

pr = Z(QW)254(pB ol e pX)

2]\143< (pB)|JT(O)|X><X‘JV(O)‘B(pB)>

/\ ~

-> (B(0 )IJT( t) §(w — H) J,(g;0)|B(0))

Total decay rate:

[ o / ey / . V% o K )BT ()i — B)T(@)BO)

\ kinematical (phase-space) factor




Energy integral to be evaluated:

Arnax
[' ¢ / dq
0

= (B(0)|J(—q)K (H;q%).J(q)|B(0))

t smeared spectrum!

(B(0)|Jt(—q)e~"J(q)|B(0))

Compton amplitude obtained on the lattice:
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MORE CHALLENGES AHEAD

* QCD seems to be the theory at all distances: short and long. But,
harder to treat in the middle. Can we go without the factorization,

which 1s the basis of PDE, say?

* Related: Gan we approach the light-cone from Euclidean lattice?

 (smeared) Spectral function: more uses, including hadronic B decays.

We need letsuya’s insight on QF I one more time!



