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- BEiEEIEHITEIRERRETRIF

 LbaNfERBEEFIIEN (LHC) TR

- EiEESEEERIES: ILC, SPPC...

EaE/fEEG

- ERsEXHERNE, SSIFERENARKRE, tBNFI, ItRIEGHBFIHEN
ERrYICSIE(N (BES), EB%RfE-ETT ......

£37
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CDF | 80432 + 79 P e
- SHeREIER (CDEX, PandaX, fB%ZS......) ot aoass - &
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- BEREIIMNREINEHREEANTESR: B anomaly oo soets + o
- BFEEHCEREFIREREARAR, HEEERE—F) ALEPH 80440 = 51 g
- BFRENE, TRVESIRHERRETR o1 80076 2 I
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= AEXIIEN IR

- LHCRT—HENBENE (RINQCDEMBHITE)

EfRERLE (SHEFEMTHGEREITE)

- ERERMGERNE, SHSINERENEMEZ, tbBFII, ItRIEREFIENL
AIILSTEIY (BES), LHCb, BT, BHRME-EIT ...... (REEH, PAEAFF)

- SHIEYR (THQCDITEZFIFER. KEWF)

PSR T RO
- IBFEMBEMEEFX V. 25, KK RBRS ...
- BREEFHARENE: REXE, BERE =HESE ..... ¢ QCDZE(REEX ALK

- QCDEEEM, ......

® - k)
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EF6a5AHE (QCD)
o fER=X:

1 < B
Soes = fdA'X {—ZFSVF“VB 4 ZM{(I’)/“”DM — mf)wf}
f=1

XEFRSFORE, 52 A RAE I8 LA L X E H
%0 Du = 8“ = igAu,o

o ¥ ihE EQCD, neME A MER AHAH. FINEH —NEHAFS
BT RE

o Loy R MR, KRMNEFEZ LM+ 1418 B 5.

o S RMEBEMAERTE, A5 hizAddRTOMERET LA
19

o SHELIRFIGHIES IFHE(], QCDERESR. KF et E{EHAIERIE S
(ELUNSLACEY R EAEEscIEFNIRIC 1T RAINIEL)
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SFBHHIF(LQCD)
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- {KEEIR FQCDARERIHIRAR

- BFNFHEF)HEREHEPERN, BRstiteEERNE
wBEIIEBNF

- MAIEEFSQCDNEFHHES . RFIRFRER?

- BRQCDAHERIIAYE, ARIHAFRINEEQCDTER

- BHRSEHMQCD—tF

- HEBHSEY  (FBIEXN) MSR@)RER, BaER
HE (RS
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PHYSICAL REVIEW D VOLUME 10, NUMBER 8 15 OCTOBER 1974

REsEFaE/1%(LQCD, 1974)

Confinement of quarks*

Kenneth G. Wilson
— Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14850
b | | = (Received 12 June 1974)

A mechanism for total confinement of quarks, similar to that of Schwinger, is defined which requires
the existence of Abelian or non-Abelian gauge fields. It is shown how to quantize a gauge field theory
on a discrete lattice in Euclidean space-time, preserving exact gauge invariance and treating the gauge

— ) fields as angular variables (which makes a gauge-fixing term unnecessary). The lattice gauge theory has
a computable strong-coupling limit; in this limit the binding mechanism applies and there are no free
quarks. There is unfortunately no Lorentz (or Euclidean) invariance in the strong-coupling limit. The
strong-coupling expansion involves sums over all quark paths and sums over all surfaces (on the lattice)
joining quark paths. This structure is reminiscent of relativistic string models of hadrons.
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[Phys. Rev. D 10, 2445]

o o=—0 D TIT FIRPEEN N LT EERE

o EXNA—NEINERFL, X{BoltzmannREGFELT
- EARFRNAEEIARFE, BHEMETHN, BERY

BERIFEX

[ dxp(x)f(x) g B
()= T ) ~ ) f(x)

= Kenneth G. Wilson(1936-2013)
EHREY B i Nobel Prize in Physics 1982
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BREFENHZF ¢ o o e
o |

. HQCDMFE—/MEREA MMASTRFE, K x 17 T *
SESE ST = / (BEEHN) oo o o
- BEY  HMERSE . U0 v(x+ap)
- = AEY e
« BEIETH: .

Ou(x) = %[’L(X + afi) — ¥(x)], ¥(x)(x + afi) is gauge variant:

D) (x + aft) = V)VI(x)V(x + a)v(x + aft).

- ¥ BESEE L RIFELHASE TR (SE17#3)
i gE M+ T, 1
_ * _ nj¢Eizdr & (link variable)

D(x)U(x, p)(x + afi) is gauge invariant with U(x, p1) = e84 (x)
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BREFBINF

] wEy L
- REBRSET®RT E@%?ﬁeﬁﬁ'—iﬂfé%% SRR AL I POPE lﬂT .
U(x, 1) — V(x)U(x, 1) VT(x + afi) ’ M‘Zﬁ)’maﬁ)
= A = VAV = TV(90,V () GESBRT)
Rik: o (x)U(x, u)(x + aft) is gauge invariant with U(x, y) = e®34n(X) | v

+ EXHEME:

D.(x) = [U(x, p)ib(x + af) — ¥(x)] J ..

X1

© FRERPNEALE:

) S_trings of gluon fields sandwiched between 1) and v, e.g.,
U ) + af). B
@ Irace of loops of gluon fields, which can be used for the lattice }

2022/11/19 X|&RiE

version of fd""lxl:jyl-_jy. —



HielntE=FRE ¢ o o e
e ]

« I\77%& (plaquette) , x Wilson loop: = U IZT *°
Ug = U(x, p)U(x + afi, v)UT(x + ab, p) UT(x, ) o *
| . @D(.X)—fb.(X—i—a,L.L)
U(x, i) = e8aAu(x) — Uy = exp(l'gazFW(X)) Ux, 1)
Wilson plaquette action ( BEURZE)
1 o o
S5 = 7 / d4XFﬁU/FHV 2 Z [1 ——(Uq+ U&)] I X‘e J
° >%
* x Wilsonloop * HIEZEEBRSNAEHN—HF (Z—EHET) c o o e
- TAE S EBURZE B MRSEAERE B(X) (X + ap)
} | . A8 1 >< a
Sg =f I;y (1 —~= (gpﬁw(f) —~ ﬁnjy Lz )) + h.c )
= /

Tree-level Luescher-Weisz action

2022/11/19 X &Rl 12



HielntE=FRE
- EEESHEER, RESEMAR, THHHTEREIEERE

Luescher & Weisz, PLB158, 250 (1985)
Takaishi, PRD54, 1050 (1996)
de Forcrand et al., NPB577, 263 (2000)

a—1TREbF, B = ' BEEFE

- LT EERER . —

¢ — L - =A |, EEEEHR o —
— L =A |, BHiEEAs D —
HEA FOA

— - -A —-A , BEIREN
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EARFRAERE

Naive fermions (RE/EE/FEHXKXF)
- XFEEHHNESRH

5= / X (e +m)e | BRFEARRE—KRS
FEGERERE - ARS

o fE (naive) HiiE S EELAE:
Snafve s 34 Z

. THRBHBEE, SIOYREEY (SEEET 0 B X

- 2 : ?.r-"fl’er aft — ?.r-"jl-’x—a,& o
(I;ITX F};,u. 2 d + mt"fx t-,X cont

L ma=0

1 sin(p,a) .
Gnar've Y 3 +m latt
- Ht.l-! - ) ﬂ:tﬁ
p —
. . sin(p,a) . _
Gna}ve — 1V =+ m= IV pPp + M+ 0(32) — Gco:lvt i3 0(32) e 0 e

d
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EARFRAERE

- MEF— P=EET / i, ki -, L =7, T 2= E, EFERBRTE
- &K -7 -7, AlkFE
sm 5 . sin(m — paa .
G (p)= (P ) + iy ( - Pa2) +m = iy,p, + m+ O(a%)
Bu = (P1, P2, P3,m/a — pa)
= ,,,, BAlkE - = AHEF doubler
* %*?ﬂﬂﬁ?fﬂ%ﬁﬂ%ﬁi‘fﬁﬁ&%ﬁﬁﬁ’ﬁ9@ 1 anomaly Karsten & Smit, NPB].83.103(1981)

Uv(ne) ® Ua(ng)]  1p(x) = exp(—ifys)i(x),  1(x) = ¥(x) exp(—ifys)
* No-goEI (Nielsen and Ninomiya(1981)) : XBE=WPNEEF SREMBHEEMUTEHE

(& }_ ;h- ‘]) E %ﬁ& éfj : Nielsen & Ninomiya, NPB185.20(1981)
&J% .a,g}f/‘ii]I&—FDﬂf“ﬁP;:

LR AT AR (fEp £ 08T KiE)

A FAESTARPE: {5, M} =0,
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WilsonZE K+

////z R GEI

vV%*( wr=1) :

r 5 s lrx—l—.zq.(.!, 2 + Py aji
S = na;ve + E

o ¥ wART LA EWilsonlt, -

32
el ¢

% KL H T A

_ . sin(p,a 2r _ D8
G 1 — 1Y (ap ) -+ M ; ;SH’]Q(;)

@ fEatz T O,

GIR"I = ‘fr:';#-p# +tm+ Z pp& cont + O( )

o%f)a,:’.f_/ p47<t'_""/1\]£,

2r
Gy = i “Pﬁ—l—m—F:—FO( a)

2022/11/19 X &Rl

= Y S e & 4k
BR, BRSEZINE I
P AEXTFRME
ELERBR T, WilsonIiiiE
%

* WilsonIREIAFAEXS FRIE

BEBEMETFRE, €
HAMERE X VIR 5

= B, pionfIREASR
FTF
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WilsonZE K+

o HHIR £MO(a%)H K2 O(a).

1 A Sin(pﬂ»a) . 2
.~ — 1 2 Gna:ve = M o +m = IYuPy+ m-+ O(a )
naive Cont (a )
1 1 B ' o=
G Gcont (a) GW1 — ‘Mf'ﬂ-pﬁ- T T E Z Pi Gco%t + O(a)
7

o i il M #HWilsonfE = (Fe NEUIMAY IR RIAO ()M H IR E)
AT VAR BHGR £, (Be Nclover® 73 2 cloverfk &)

® SIAMSEY, EXIHEHE Uslz) f(2 +65)— U;[(;r — &) f(z — &)
A,[Lf(;r) — 2“

o, ] o T P By) — 278 zaH”’( — eu)f(x = ey)

® WilsonZiKFINhi B FF:

Dw(m) = vuAu +ral +m
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Staggered iy AT (Kogut#=Susskind, 1975) :
o I NERFEFRATFMERNZLAARZHIAL, RE T/ A%

)\.. =

N ;
o F16ANM4E T 4 4/ taste, HANH AN A 5% ;
o HF/\MiEF RS Y6y ) hypercubicé & £ (FF R X 45 /) — ma0
F) o
o — AP I AGvRia X} I W9 Ftaste. A taste symmetry breaking.
° f%%%li%%%”ﬁﬁ'gﬁ’ﬁU(l)a A Lt H B "N ..
e ¥(z) = Az)x(z), P) = x(@)Q(z) .
4
» XB: Qo) =]l0)™ @F =, REENATFEBRE ;
p=1
AT 1 = Qf(z)Q(x)

a,(z) = QN (2)7,Q0(x £ 1,) = (—1)Fr+et+ou-1 - (—1)Zv<p D a1 (z) =1

o AT IR REFE

2022/11/19 X &Rl 18




Staggered (3358) FKF
. METHRE, HRBXFEFABEIEY

Snaive — Sxs = a* Y | %(2) Y o () XEF I —XE =) | s on(@)

2 — T EE
- WHEXTFEAEERZEXNA, ANPEFN, TIAEXEIN

- EISAINEF, HFEI6A , BE—"E = NENBIANMNREE l !
- M164  HEH44"taste KB ” = ., =, haikin —L—O0—
1 ni.,mn2 . n3.n R 1 T

= NOZ 5(7n)an(2N‘|‘n) Yn = '}’11’}’22’)/33’)/44

n —O O {1} O—
AF—FEH, REEHETEK: _T ¥ T 1 T_

z, = 2N,(N, integers)

Sstag. = 3. S B (N) (v By + M9 (N) + -+ (BB
foN A Eblocked lattice I 3 Z 4

ry = 2N, +n,, where n, =0 or 1

« —BkAstaggered i KT RAXT R F 4 taste
« FMtasten B E/NBRENARMNE, BRZAREMMSEE, taste breaking effects



S6tee) = " b (2) (7. ® 1)9, I — Staggered (325 TR F

TP
+;b(“®1f +2MZU 1 @ y(x
- TEHIEMtasteZ |, staggered%*?ﬂﬁ‘a%#ﬂﬁiﬂ’ﬁ 514 , B TR TAIXSFRME:

Pz) — e0EY(z), Pn) — Pa)el*

© AL, EREMKEZE, WilsonF K TFH-XSHMATEN | ZEBMRFEXNRE

D=3 "a*(n) {Z [(% ® 1)d, — %(u ® H)Du} + M1 ]1} (n)
mn ‘u

« tasteZ: [g]HY £ S Etaste symmetry breaking

- WEHARE (NEERISESEEMTLY) o pE{Ktates symmetry breaking effects

- HistaggeredZ K FiEM—kES, TEXNFAKFITIATHRITR; MUK FITR
- SRREAFTH, pionFEAF

- HistaggeredZ K F Mzl h F55, HEMEER
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overlapZRKF

. overlap# K FHDiracE #EGinsparg-Wilson(%: sM + Mys = %M%M Ginsparg & Wilson, 1982

o PU—FB A RNBIATFEXT TR - + = AMEE, B I1EXI
* Ginsparg-Wilsonk & X B A
- + —_— —
Eittoverlap#E X FIEAEHREMT FIEXFRME

Y — exp(—ifhys(1 — ;M))lﬁa W — Yexp(—if(1 — iM)%)
o 2!’0

* Ginsparg-WilsonkxZtWoEHx -~ + T o=— | H: - _ - __ =

+ =
Ex = o, mu;ﬁ- + = — +
SRBREAN BNFERKFURREEFA B
+ — + T Neuberger, 1998
2022/11/19 X|&Pi& T ﬂngISOﬂ%%K?ﬁfFf 21




LEARFIEHE

« Domain wall fermion, IE{l;# EGinsparg-WilsonXx %
*  Wilson twisted mass fermion, JIAtwisted massTi, &% #{E1E )T H Fexceptional configuration

* Highly improved staggered fermion (HISQ)

@ Many fermion lattice actions:

o All go back to the continuum action as a — 0.
o Preserve local gauge symmetry.
e Each has advantages and disadvantages.

* staggered fermiontEHIERELR, {EH4FhtasteFltaste symmetry breaking, BRAAEATFHAREF
*  Wilson clover fermionfEft ¥, {BRIATFEXNFRME

*  Wilson twisted mass fermion®&ER B A iE X FRiE

« Domain wall fermionFloverlap fermion® RIFHIFAEXNTRMYE, EHEREMIEESH

BRTY Mg iR T, HERRETHETUA, HENRER—HF

2022/11/19 X|ZRilE

22



= QCDENEEL

_ fDAMO[/L M_l]det[M[A]]e—SG fDUO[U M_l]det[M[U]]e_SG

0 [ DA, det[M[A]]e—>¢ -~ [ DUdet[M[U]]e—>¢

[ DUOLU, M]eSer
- [ DUe S ’

Seff = Sg — In(det[M[U]]).

o R ZEMRY, RI0*&TF HH]: DU =1]],, dU(x,u), 4x10*/
HAET S, Ux, p) = 84T 320000 A5, A I ikt
H, BHE—ETMHIRI0NE, A 10320000557 K f=, Mission Impossible

- REREE #Ax/MEMHEBRER W FTHERFERTE
- TRARBFFESHBENME, RHBLEERN

QRN
HR T
A 0

AT, RBATEMA, R BIER R

« NPMASHE—ensemble (—&4H7) L] [ [ 1]
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= QCDENEEL

- BT—EETRE, TR

O; = O;[{U};, M1 [{U}]]

© XHSEHRBEEIR D T A ESHGE T
HR: gitigE /N (MRESZEGITHEZIE)

o R4~ % ik (Markovis) FAITEHES, AMEE—NE A
SER, 23— NE"E, RETTHEN LSS EEEAHGBE
SIS

o E—AS AN —ASEIEMHE LTI, vMNZxhA X
Bk (autocorrelation). ix Z P ATHSE ZF S H K

o NRIMH EMEEWN RN KXER—H, A RLAS TR F a4
REA—H, M H AR EQCDAH 7L eI — AN 5o

2022/11/19 X &Rl
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~ [, -[n [tn-
£=QCD - [ [ 11

- GRFRTEIFES GBI YIR R

. EEMEIEIERTERR, URAENEE © BRILEDHFE

- FESHFEFTEETS: gluon fields | (FRIEZEHAIAIEES) [ ] [ [ 11~

- BRNESTEERE (AMNASEERANGE)SEFEaER—: ©oRl [ [ R
mixed action setup; Z : BB93iEEK (partially quenched)) B E], #RER A KIE

- RS REFEFEFXIAELS (REEIN, SEXEEESE)

- HUESINS: B[R FRENRZHIERT - HHEE- :

- BANETEENEE, HERCEHSE: BIE ITRRKE |, W X X X
SHIRER c WBEERF—ITEN

c IRESIR (RHHHIFZHREARE) TEWA=E  PB

WEERE [ [ ] L MO

hsSweEEs [ ]

PR R KBRS



BRQCD: BHiTELRISEE

f&=QCD RIFPIRsCEs
EE5HESE XJ1EH, 40
BHEERNAS BEPC

: 1 : 1

SrelEEF, HEiRE BRiEE, GNBESIII

1 1 : 1

SRS RS

HERQCDE{EH EINSIFE

—cml ERAMEMERE, (RALMEEE, s
T fREeEY, NESEEER s

2022/11/19 X &Rl



LQCDF IS *EEITR
- APE(Array Processor Exp.), B&EXHFSeERICITHEAIER (1984-2006)

+ BMELLIERZ. RIKEN BNLERAL, EFTEX
FURIBMEASHIETERITENQCDOC
(QCD on Chips, 2002-2003, 10Tflops)

- QCDOCKAkERKIBMAIBlueGene/L (IEERLIN

([EZE )

- FIFERAIERE (GPU) SEMESINENSIAR QSUNWAY
#: HERQCDEHBEMEETERAZ— 105 ”
- EFEREIZIZNEYE: BRES, XT=8, D 1evon - e
B =HRIE5e1 .\ LT
+ HERQCDHIBBEMMIIHITA Poeef et o0 men s
- SWLQCD, KMiZXLMik, Ef=Riz# .,.,.....23?5310.5?
— it SN RREH

2022/11/19 X|EAIE 5725 97



LQCDFIE 4EELTE
* RQCDHXNAZ XK (FAB)SHEITERIBN L E N /RE: 1987, 1995, 1998, 2006, 2018
- HESMHRITEESEEREANHREN A

NVIDIA/AS]: https://developer.nvidia.com/blog/nvidia-hopper-architecture-in-depth/

W A100 H100 H100 + NVLink Network

8x 35x 10x
o
o 30x
- 8x
f bx 25x
g 20x bx
dx
o 15x A
: X
g - 10x
Qo 2x
a >
& & & %) > < > N
b‘z}\\ '8"6(\ 0 ée%%e 'é"é\\“’é Q—i("% & Ib(q(‘f Q\?i RS (_g)i\ %SQ(-: & 'é&
\XQ g .':\’ \/L'\' g q;},t- Q"o( Q/@ Qf& c’;"&'%qé
e o) D
(o'é' Megatron Turing NLG 530B v N ,\b’s '\@ \!\é" n?\"’




SRt REXNE{ESA

« MILC (MIMD Lattice Collaboration), improved/highly improved staggered fermions
(HISQ), MILC code, generated many configurations, 2, 2+1 and 2+1+1 flavors

- UKQCD, a loose organization, domain wall fermions o

- RBC: Riken-BNL RC, Brookhaven NL, Columbia. Domain wall fermions D

« xQCD, overlap fermions on domain wall fermion/HISQ sea

- HPQCD, High Precision calculations, (highly) improved staggered valence on MILC
configurations

o
Y5 M AL

- ETMC, Europe, Wilson Twisted Mass fermions, 2 and 2+1+1 flavors
- PACS-CS=Tsukuba-centered collaboration, improved Wilson fermions

- BMW=Budapest, Marseille, Wuppertal, improved Wilson fermions, HISQ °°"n5,,af‘°¢
« Fermilab/MILC collaborations, asqtad staggered fermion, HISQ R
- CLQCD, China Lattice QCD, Wilson clover action SEEEEmzmms
- FLAG, Flavour Lattice Averaging Group, YEiE=4SRMIERELY, ELIFPDG EEEEEEEEEE
- LPC, Lattice Parton Collaboration HHHHe

- JLQCD, Japan LQCD. ...... CLQCD

2022/11/19 X &Rl 29



==QCD

- RFRE
- EBH8IE SIANBHIRE, UH{ERE, BLESHRR -
- ZHIERT > MeV, FEIMERIYIERESR

- BFRTREM - (pionRREEFIEMNBET) , BFBEK FJinKF
NFREWREK /7 (> B, - < %)

« BSMAER . . H™METER, EHEIRRIRE
- HRERE: SIEEHRNRE, HELESS5E, .. ...

- BAASH = MeV HESHESF
- By - 4fm ( #, EFEPRBSERFHNS, TREEEX)

- BSRkES = + + ,, , +  , (@FHEuF]d), 0 (FAGER)

2022/11/19 X BHiE (A) Quenched QCD: quark loops neglected

(B) Full QCD



LQCDfEER R TR

L B L L I AL AL N LA B LR

. BRGNS T e
C SABIEN, HSISSMIEN, MAGRGTIR, 5 et

IMBBIT AR i :
. BGHIEFRE; 3MULISES, JMETIEERIR S A
- FEMHICIMNE: SR NFREMKRAR A S U
o 2+1k, 2+1+10%, 2+1+1+10k GRBRZENIFER) 0 oy fermions B
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LQCDFAFAERIRE

- ZHBRT >

MeV, itBERFEINEEIMIERES

- BLYREIMERNBREFARINIE (Chiral perturbation theory) AI{&KHE
- RIZE, WBRERABSHREFLEINICHINEEEEE (Low energy constants)

@ In the quark massless limit, QCD has chiral symmetry. The small

quark mass is treated as a perturbation.

@ The effective degrees of freedom are the pseudoscalars. To first order

(U =-exp(ip/f), ¢: pseudoscalar fields, M = diag(my, mq, ms)),

Ly =

f

2
ZTr(au Uoru™) + B%Tr[M(U + UN).

f and B are low energy constants. (gq) = f?B.

* SUQQ)T e EER

S = — limy, .m0 {iu)
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SHZE, 2GeV

FLAG Review 2021, EPJC82 (2022) 10, 869 [arXiv:2111.09849]
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A o3 e
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H.*Hﬁ JRI%’C/UK8CD 15E
RB(\:,(IUK CD 14B
-‘| BMW 13
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HHEH MILC 10A
—H{ H— LQCD/TW%CD 10A
HHi LB(EC[BK CD 10A
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}VII% 08 i SUEB;-f!t
MILC Q9A, SU2)-fit
MILC 09
i Lo NOCD 08B
- {RBC/UKQC% 08
—+ il — FLAG average for N¢=2
E
il Ergshdds
M H 3
- o = TW§CD 11
A TWQCD 11A
= Jé_O D/TWQCD 10A
i Ay ernardoni 10
I_&!* ETM Q9C
ETM 08
HH— CI_EF%Z’\ID/QI’SW CD 08A
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« 1974%F1RH, Kenneth G. Wilson, Phys. Rev. D 10, 2445 (1974) }Ei@ i—[—ﬁ
o 1979FEF—NEEEI(ZEFISE), Michael Crutz, Phys. Rev. Lett. 42, 1390 (1979)

« ~2003fFEZ R, EMIEML (quenched approximation) #& = QCDAE#I
- 7HIX [ [ IR EEFEN, FEERBELR

[ "t ttn- L. [ 11~
[ [ 11~ B

« NTERBEXFHXEZNHR: 2UCRFFFEX (Hybrid Monte Carlo, HMC)
o BEEFIEREKITE F. Butler, H. Chen, J. Sexton, A. Vaccarino and D. Weingarten, Phys.Rev.Lett. 70

(1993) 2849-2852; Nucl.Phys. B430 (1994) 179-228
¢ ~1991-19924EFF4f: hep-lat (arXiv was founded by Paul Ginsparg in 1991)

» High Energy Physics - Experiment (hep-ex new, recent, search)

* High Energy Physics - Lattice (hep-lat new, recent, search)

* High Energy Physics - Phenomenology (hep-ph new, recent, search)
* High Energy Physics - Theory (hep-th new, recent, search)
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M[MeV]

= QCDENEEL

* ~2003FEFiE, £QCDIEM (AfHE JIr i)
o 2-Bk(f&FFu, dB), 2+18k(u/d,s), 2+1+1BK(u/d, s, c)QCDHEHL
o EFERERAEVR, A75HZILDG (International Lattice Data Grid)

- BAEIERQCDM—EITHERELIAE

- BT ARVTESH TS

2000~
1500
1000

500

==K

—— experiment
== width
o input
¢ QCD

Science 2008, BMW
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EE-y URSH o 0E 5

REHPQCD); FFRFREZE(1+1+1+1KQED+QCD)

WET M
[ ] —
J H
g g H H B B
2400
[T T T T T T ]
2200 - -
N - ]
2000 — =
F— ]
1800 |~ —]
N 250-
1600 2 i E
1400 W M -] -
e f—im 2o § ]
g 1200 - —
~ 1000 | - -
I R +'} 4 il
800 |- ;ﬁ. L ]
600 - e =
L OB, ]
400 | .
200 -]
[ -oom- ]
o b | | | | | | | | | | | =
3 P K g om oy © ¢ N T = A ¥ o5 @

MILC,PACS-CS,BMW,RBC-UKQCD

,arXiv:1203.1204

AM [MeV]

10

= experihent
e QCD+QED
() prediction

Borsanyi et al., Science 2015
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E5QCD

s BYREBMMEPEESHKLZE (Hadronic Vacuum Polarization)

a,(SM)=a,(QED)+a,(Weak)+a,(Hadronic) —&— Lattice +—&— R‘r‘:itio
This work [ —il—
Q% = 116584718.9(1)x107 0.001 ppm Gérardin et al.3 |- Q
£y Davies et al.33 |- =
Weak — - :
da 153.6(1.0)><10‘“ 0.01 ppm Giusti et al.34 | =
z Blum et al.’® | =
/ Hadronic... I Borsanyi et al.™ - =
...Vacuum Polarization (HVP) 6845(40)x10-1! 0.37 ppm Davier et al.3 | —O—
a2 . [0.6%] Keshavarzi et al.4 | o1 :
.. Colangelo et al.5, | O No new;physics

Hoferichter et al.® - ! | i .
...Light-by-Light (HLbL
ght-by-Light ( ) 92(18)x10 0,15 pm 660 680 700 720 740

= LO-HVP 10
4 ( x10™)
o . +... [20%] G
\_ rg—?}@ J

Nature 2021, BMW Collab.

« XYZHXWHR R F454: PDF, RFBIE.....
- BREEFRZFEEQCD J/psiVEHNTET, BRERFERS
. BRIE ©
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BRIEW

International Symposium on Lattice Field Theory
o H kA B
o FAEXFARIE
o 12T 1%
o IRT LM
o A I%il A=A IR H ZLQCD
o ARVEAR A SR AT HAL
o F it LAY
B G Fe 2
° 555?525%5%51‘1?7&
o AR AREAR A Ay & ]
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2009.7.26-31

nII-h :

'!"E'ESE 508 lini JI¥E

th International

Symposium on
Lattice
Field Theory

Http:/lattice2019.ccnu.edu.ch

ERKRZE “BRETFEIFERME" BFHFERK
201946 H 24-7 H 12 A

N ZAR BT O3 T SRR T 2019 6 H 24 - 7
H 12 BAEAERORF 2 )0, BTN 7 ARG E R BB 1. W BB b 1
e R bt B BRTTTSRAT FE T 1 - A2 44 R 0 D T B A N AR 5%
TV Y [ B dkn 44 24 ARAL IR PR AE T
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BRIEW

2015.03H e K FFEEHE R QCDER

- ER#E=QCDK \ FATHEAE 23 H9H 220 AAEARITZE ) MBI HACDF AL
FREWLE

X2 4R ERQCDER .

I:FI *g,r‘l_iQCD%_EEE% http://conf. ccnu. edu. cn/ qcd2015/

20215108 30H #l 202111 H2H
A

B EFEBREFEINFIR

8-10 October 2022
Tsung-Dao Lee Institute
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FHERBERTHRIIGE

REBRR: ZARLHENMADE MR L AT
BH—ANEZHX, EETHR. BTHE. RREINE
BRIAEMFHA B BRI EELF T FIRE %
AR EETEHHF (LQCD) & 84h 7 ik Rt 3% T %
Fotr FLRETAF M.

BERR: BEETHRAM. BERILEHETE
#. WA A% Chroma+QUDA 44 £ F 1 # § 2LQCDA
A BATAA /d/s/ A 389 58 T/ B A48 L0 3
Fo BB Mo

EMBER: AXNGEARNE, T2HOH/HEY
FOMRE. HEBEE5MRAR, LREGFEAMLESL
hoo HERLECHAFEI A, I B & B(F Linuxfg
A%k, BFTNESETHRNTRELR.

|BAR: % £htps://indico.itp.ac.cn/event/132/ i M
R, MEMIEBHA202248R78 . A THRIENEETH
HERAR, REWFAREHEAR AT G, ARITHENEZ

FHE @ . BN TRAE RS AR #4771k,

et
IEEMEMAKRE
i © Rk
foE)@; . HEIREAY
- ERIBEAY
Lattice Parton : ig%’féiﬁ%gmﬁﬁﬁ
: ) o ’
Colinhggaiinn . BERERERYEH R
A

2022/08/22-26
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M= RER BT ERS

@ Meson (flavor non-singlet) 2-point correlators:

0 z

CFF(Xtvﬁ/) - Z<Q‘¢F(X)¢TF(O)‘Q>€_“6/)?7 F = , Ka K*v T

—

CDF — E]Fq’, [ = 75, 177i77i757 t
@ Using the completeness relation ) & r}%\n, k)(n, k| =1,
; k
(V5 = L3), we find (k; = 2mn;/(La), i=1,2,3, n;’ %)
1
2E5 V3

+ (excited state contributions).

(Qr ) [2e 5

Crr(xe,P') =

When p" = 0, we get the meson mass Ez—_g = mF.

2022/11/19 X &Rl

NTRER. NTF,
R 3% % & E AY
wEk (WETT)

dEidEims (7 )
RUILS, of AFHER 58
TREWRETEMKT

EXERRE

_ C(t)
Meg =i C(t+1)

I—00
s M




KEREBUTHE

. )
NRHEFAFR | - I

o Take ®r = dlu as an example,

(QOE(x)PL0)Q) = (Q]d?(x)M;u?(x)aE(0)I],dP(0)[S2)
= —(QIryu?(x)aP(0) ], dP(0)d?(x)|)
= <rUGu(X 0) r]l:lGd(O X) > conf

= (T G“(x, 0T G (0, )]} cont

where (- - ).onf means averaging over all configurations.

@ GY(x,0) on each configuration can be obtained from inverting an
equation

%UFH '}E%{ﬁ: — T!
MZP(U; x,y)G"(y,0)i¢ = dikbacOx0, or MG = I F: , =

. : R
on that configuration.
2022/11/18 1451 EOR. BEVUR..... (B5R{SMRLL) 39




R XBER AL

« BlanstFpion, BAITUER =

T A
- EZEFESELREE, KENBAEREA: =" = [ + - 7]
. TENX = - - " ¥ &E / B, %F = [ /7 + 1]
4% |\ i 45 BB
ENF A%
AT

B jal i t=[27, 37] ZjElf9 &
REWMI &S5 HIEAITEE
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R XBER AL

. MFEF, BIMETF, TUER O = eapcu’?(Crs)dP]uc

ISV8 N Ek= = — . -
K AFNENTHENFEIR: =- z
T T T T T T T T T T T T T T T T T Iﬁ_ = |
G_t}lﬁ ' ' 2
x proton, + g x proton
= o proton, - 2 O neutron
0.0001 O neutron, +| 8 —is il
o neufron.-| & L
E| L
8 & 3L
B -
1e-06 gﬁ- & -
e = 1
= g |
- =
1e-08 :ﬁ =
i
= 205
le10F 4
g ] |
B i [ R | | N R T IR NN ] 0 l ! | ! !
£ lzﬂ 10 20 30 40 1t‘3' 15
1
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BAR{SE
Eb S B BEAIR
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BF REFESME

HB PT:

_ 3831 3
32mf2 "

2 _ 38}?1
& 327Tf§T

3m: T1 2
T am |22 7 o
27 f- L4 my

52
— (CZ — 8C1 -+ 46‘3 T é’—g) log(m—w):|
my; A

my = mY, — dcym

m) — 4E, (A)m?

1.2

A RIBERNEIE S
10k O(p®) HBYPT Xt R A~ [E A5 BE kL
. RT KR
°8f _, ,  + + T , 4 4 4 4 -
.00 .05 .10 .15 .20 .25 .00 .05 .10 .15 .20 .25 .30

2022/11/19 X|ZRilE

m“2 GeV?

ETMC, PRD78.014509(2008)
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= RKRERRE

@ 3-point correlators for B/B; — F: © ER4EF, TRXEKRHEAS
RAEETFRTHRK
J(y)

AT ERall-to-all =&\ T

# O/ \/\M} B93tE, T Msequential

T propagator3 J1i&

Crip(P ZZ (Qdg(%. T)J(7. t)PE(0)[Q) e PXeTY
- BEiEREN=S5MRERE

g =p— p', z can be set to 0 due to translation invariance. LbE, = H?l_.ll«‘l
@ By using the completeness relation twice, one sees that Crjg can give SI—IEe, KLEFE
us (B(p)[J(q)|F(p’)) at 0 < t < T once we know (2|®pF)|B(F)) BT | |

and Eg(r) from the 2-point correlators.

© BRESEREBHRE

— 00
—_ OO
—_— N o0 T
— | | | |
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75 CHR

- X, {BREFEHNFEFL) , EERAFHIRYE, 2017

c K=, (ETEXHELTE) F2&: E2QCD, BFEHARIE, 2018

* Christof Gattringer and Christian B. Lang, Quantum Chromodynamics on the
Lattice, Springer, 2010

* Thomas DeGrand and Carleton DeTar, Lattice methods for quantum
chromodynamics, World Scientific, 2006

* Press, Flannery, Teukolsky, Vetterling, Numerical recipes, modeling of data Z&77,
Cambridge University Press

* FLAG Review 2021, EPJC82 (2022) 10, 869 [arXiv:2111.09849]



=R

TR

 Flavor physics had helped us discover “new physics”
* Introduction of charm quark to suppress FCNC

« A third generation of quarks was needed to accommodate CP violation

- Large —  mixing suggested large top quark mass

 Precise measurements of processes at low energy scales are sensitive to new physics at
high scales (>TeV).

- Experiments: BES, BaBar, Belle, LHC ...



SZYIESLQCD

LQCD can calculate form factors and meson decay
constants appearing in weak decays of hadrons

Combined with experiments, they can give us CKM matrix
elements

Test the SM (is the CKM matrix unitary?)

Or use from elsewhere to compare QCD/SM results
with experiments

courtesy arXiv:2103.00908 J
SCR &

2022/11/19 X &Rl

T—(v K—/{v B—mnlv
K — mlv
Vcd Vcs Vcb
D—/{v D;,—/{v B— Dlv
D —nlv D— K{v B— D*lv
Vid Vis Vb

\Bd — B; B, < B

I EXCKMZEBETT

\ 263 % 5T EILQCDA Y

2 2
| my,

2
Glgn: T(P— fv) = GF| Va149,

2 19 2
1 — — &
- fomy Mp( M,%)
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Flavor Lattice Averaging Group

(FLAG) R IEHg S v EH 5715

Y=FmR—IRBRER
2010 Eur. Phys. J. C (2011) 71, 1695 (arXiv: 1011.4408)
2013 Eur. Phys. J. C (2014) 74, 2890 (arXiv: 1310.8555)
2016 Eur. Phys. J. C (2017) 77, 112 (arXiv: 1607.00299)
2019 Eur. Phys. J. C (2020) 80, 113 (arXiv: 1902.08191)
2021 Eur. Phys. J. C (2022) 82, 869 (arXiv: 2111.09849)

MIEXNRZFZRINERQCDERMIRFREMLTL
- ESHRIR

- FEIME

- AR

- EIFER

- ESRIFR=
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http://flag.unibe.ch/

« LECs

« quark masses

- decay constants

« form factors

« nucleon matrix
elements

Color-coding of systematic
errors:

v¢ has been estimated in a
satisfactory manner.

() reasonable, could be
improved.

i no estimation, or
unsatisfactory.

RSFBITHHY
GERMHREL
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ZYIEIEXE=QCD

- RSRRE
- TFREFEH

- BERFFRERTNAETF

- SRNEGHEEFTEEAEH

i
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. KERRE

SROR)RERIFERENERS T —
- RERRENFERMHiggsiEXRLEEE
LQCOIH AR/ RERMETRE, W , , , -
- WABETREMNXEEEH
. BERBEBAEK
LQCDit& moments of pseudoscalar-pseudoscalar
correlators , WL ES, TH(TUE), FH

; (AKRBEBERE
- IAAHE TR EEREXTH =)

G(1t) = a® (amg,)*(0ls5(x, 1)js5(0, 0)|0)

G, = ¥ (t/ay G

2022/11/19 X|ZRiE

ERMEERCRAS, LA TRS
ERES LN FRRBERRE

Inputs:
= GeV
— = . GeV
/ — GeV
Outputs:
= fm
= MeV

QCD Collaboration:
Y.-B. Yang et al., PRD92, 2015
ZL et al.,, PRD90, 2014 (

)

GeV
GeV
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FLAG Review 2021, EPIC82 (2022) 10, 869 [arXiv:2111.09849]

RERRE

i e
& $ ¢ &
< > 5 3 &
| S & § F & - -
Collaboration Refs. Ny Q @) V] <& e e (Me) me(3 GeV)
ETM 21A [204] 2+1+1 P - * * * 1.33922)(H (1007 1.036(17)(3)
HPQCD 20A 23] 2+1+1 A * % * * 1.2719(78) 0.9841(51)
HPQCD 18 [13] 24141 A W * * ¥ 1.2757(84) 0.9896(61)
FNAL/MILC/  [6] 2+1+1 A 3 * = = 1.273(4)(1)(10) 0.9837(43)(14)(33)(5)
TUMQCD 18
HPQCD 14A [14] 24141 A * kS * - 1.2715(95) 0.9851(63)
ETM 14A [22] 2+1+1 A * C # 1.347827)(195)  1.0557(22)(153)*
ETM 14 (7] 2+1+1 A o - o ¥ 1.348(46) 1.058(35)*
ALPHA 21 [227] 241 At * * * * 1.296(19) 1.007(16)
Petreczky 19 [26] 2+¢1 A = # * ¥ 1.265(10) 1.001(16)
Maezawa 16 [189] 2+1 A m * * * 1.267(12)
JLQCD 16 [25] 2+#1 A s % * = 1.2871(123) 1.0033(96)
xQCD 14 [24] 241 A C C o ¥ 1.304(5)(20) 1.006(5)(22)
HPQCD 10 [11] 241 A < * = 1.273(6) 0.986(6)
HPQCD 08B [202] 2+41 A : * o -~ 1.268(9) 0.986(10)
PDG [165] 1.27(2)

"We applied the running factor 0.7739(60) for 1+ = 3 GeV to 7. The errors are statistical, systematic, and the uncertainty in the running factor
* A running factor equal to 0.900 between the scales © = 2 GeV and u = 3 GeV was applied by us
TPublished after the FLAG deadline
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RERRE

Ne=24+14+1

Ni=2+1

(2016 FEFIER)
= . GeV

mc(Mc)

FLAG2021

FLAG average for Ny=2+1+1

—_1+—FM 21A

HPQCD 20A

HPQCD 18
FNAL/MILC/TUMQCD 18
HPQCD 14A

ETM 14A

ETM 14

FLAG average for N,=2+1

ALPHA 21
Petreczky 19
Maezawa 16
JLQCD 16
xQCD 14
HPQCD 10
HPQCD 08B

PDG

125 130 1.35

2022/11/19 X &Rl

1.40

GeV

FLAG Review 2021, EPJC82 (2022) 10, 869 [arXiv:2111.09849]

2R E UL TTEREN 5T 1Y

* HPQCD 20AERZE T B
{&1E (quenched QED)

+ RERREBS/TEMT R FY

= + +
B = . GeV
= GeV
= +
N = . GeV
= GeV

o =E:~1%
- {BEESTPDG
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FLAG Review 2021, EPJC82 (2022) 10, 869 [arXiv:2111.09849]

. GTRSERELLE

FTAG2021 Mc/Ms - ETM&{E4HEY  EEHPQCD.
FNAL/MILC/TUMQCDRYm =
i FLAG average for Ne=2+1+1
+ - BE / BEEHENGERE
‘TT_ L1 ’ ETM 21A . .
= | FNAL/MILC/TUMQCD 18 AL
HillH HPQCD 14A s TRERERFEZWIRGT
ol IR T (#EEHE. EELELHFE)
i FLAG average for N;=2+1
n Ne=2Z4141: mce/ms = 11.768(34)
‘ﬁi —H Maezawa 16
NEs | IR I Ne=2+4+1: me/ms=11.82(16)
—— HPQCD 09A F= ' G EERgE T S

11.0 11.5 12.0 12.5
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s RETERSARTTHIRNELESERTHECKMETT,
o HRIEKRILBRBEMSTBAETHNRTER
-/ (MeV) p— s ]
— — -3
300 —___ g
250
I /TRt R

Kronfeld, 1203.1204

2022/11/19 X &Rl

filzn

2013 ZHIEITER

R : 2+1Ek4% S FE19(FNAL/MILC,
HPQCD, PACS-CS)

i : S F1Y(BaBar, Belle, CLEO-c)
FEA: ETMC 2B RTHE, RITAFY
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BIrRNTFREE

- B kA
a arXiv:2103.00908
© ®X  The local current — on the
|~ | = , = , lattice needs renormalization
- FIASRTIEMEERXKXRE (PCAC) = + , A5

+ |~ | =

ERFHERERFUBRREIRCEHTR: =
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. HEBRQCDER
- ETRRN FREEBAILQCDIH EHEETIAT1 %X, Hign

FAaG2021  fp (> . - 4 .
our average for N,.=2+1+1 —_—
+ FNAL/MILC 17 — ' ' MeV
: ETMLaE = .. MeV
2 . ENAL/MILC 13
FNAL/MILC 12B i = + +
our average for Ne=24+1 —
+QCD 20A _ ' ' MeV
fechigeos = Mev
I HPQCD 12A
@ FNAL/MILC 11
- ] H_D_HPACS/-CS 11 HH * PDG2016 (CPC40)Z
HH HPQCD 10A
HPQCD/UKQCD 07
- FNSL/M/ILCQOS |—D L = . : MeV
- our average for Ny=2 > s
glalas.ubr:??amian 19 ¢ *ﬁlﬁ%%g %%E ZW _ﬁ
o~ ossiler
i o | e o PDG2020 [PTEP2020.083C01]:
| ETM 13B _
i - | 1=4. . MeV
180 200 220 240 230 250 270 Me | I= .. MeV

FLAG Review 2021, [arXiv:2111.09849]

2022/11/19 &l BESIIIFER: = : . . MeV [PRL127.171801.2021]
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and their ratios

V 4 1

01204 OV () {F)ve

/ (. 2Gev) <0|(q<0)a“Vq'<0))(u)\vmm=if€£<u> (elp” — eph)

G 22 Ap3
Determine CKM elements Uipisen) = 18 Ve fD;‘f My,

not easy to be measured

2
1 R
M2

Dy

- Leptonic decay BRs are small; - expected soon (BESIII, Belle)

Test the accuracy of HQET: / = + /

) (s

2
My

M3,

/ for and areinputs for LCSR in calculations of - form factors at low

Input parameters for QCD factorization in studies of nonleptonic B decays, e.g.,

2022/11/19 X &Rl
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Lattice setup

 2+1-flavor ensemble [RBC/UKQCD
Collab., PRD93.074505, 2016]
* Physical sea quark mass:
— . MeV
* 45 configurations

chiQCD, Chin. Phys. C45, no.4 (2021) 023109, arXiv:2008.05208

L3 xT 483 x 96
a 1 (GeV) 1.730(4)

Nconf 45
m™0.0017, 0.0024, 0.0030, 0.0060
me/MeV  114(2), 135(2), 149(2), 208(2)
m v 0.0580, 0.0650

et 0.6800, 0.7000, 0.7200, 0.7400

* Overlap valence and domain wall fermion sea

* Partial quenching effects are small:
* 4 light val. quark masses:  — —
. = ./ .7 .7/.

* 2 strange val. quark masses, slightly <

2022/11/19 X &Rl

= . [chiQCD, PRD86.014501, 2012]
MeV
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. & are extracted from pseudoscalar density 2-point functions
* To fix the physical light and strange valence quark masses

/MeV 114(2) 135(2) 149(2) 208(2)
/MeV 130.3(9) 131.0(9) 131.6(8)  ---

A linear interp. in gives = . MeV
« Consistent with the RBC/UKQCD result on the same ensemble [arXiv:1411.7017 (hep-lat)]
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D-meson 2-point functions

« Coulomb gauge wall source propagators are used to improve overlapping with
the ground state

« Sink operators are with spacial displacement

—

= :local operator
« Same =|"| averaged to get the correct
1 S,
Cp(r,t) = A D " (004, (Z,1;HOST(0)]0),

— | =
T, |Fl=r

Cy(r,t) = Y {0104, (Z,t7)08MT(0)[0)

&5, [F|=r

C™ (1) = (00" (HO™¥(0)]0)

3N,

2022/11/19 X|ZRilE



Data analysis

1. Simultaneous correlated fittings to several correlators
Common parameter:
2. Fit combined correlators

Adjust and to get the best mass plateau
v'The two methods give consistent

v'The result of is insensitive to

Combine the spectral weights from , and to get the decay constants



Mass plateau, = [ /7 +
.=0.7200 )
13} m=0.065 o .~
1.2m-
3 !
s @
L 11F
i |
09 1 1 L . 1
5 10 15 20 25
t/a
« Black circles: , = =, + ,
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: —— <10%(5%) for V(PS) mesons

: varied to get stable results,

/dof

1.4

1.3

1.1

m.=0.7200

ms=0.065

1.0

10

t/a

15

25
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Interp./extrap. to physical point

, = — and are used to set the physical quark masses (, , )

Our quark masses are close to their physical values

Linear Interp./extrap. in and

For a meson mass or decay constant:

; g, :
A(myq, mg,m) = APRY) 4 by Am_(myq) + bgATTZﬁS(TTIS) +b3Amp, (m,)

A= - LA = - LA = -

« Supported by the data with good /dof

2022/11/19 X &Rl
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Interp./extrap. to physical point

1.20

1.18

1.16

al’l’lD*

1.14

1.1%2

1.10

—0.005 0.000 0.005 0.010
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X am_,=0.74

I
e

¢ am =0.72

T 1

+ am_=0.70

I I | ‘ |11 1 ‘ I ’ L1 1 1 ‘ I Y |

0O am,=0.68
O physical point

T T 7

| | I | 1 1 1 I |

ampe

1.20 —

1.16 —

am _=0.74

aln

=0.72
=0.70

]
C
C

am_=0.68

physical point

X
&
+ am
O
@

.

—0.01
agAmgs

0.00

0.01
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gféﬁ?"" 3 gg chiQCD, Chin. Phys. C45, no.4 (2021) 023109, arXiv:2008.05208

/MeV  213(2)(4) 234(3)(5) 249(5)(5) 274(5)(5) 241(9)(2)

/ 0.91(3)(2) 0.92(3)(2)
. «| |=4591 105 MeV (PDG2018) | |=0215551 |5 49 exp
 First lattice QCD results for / ElTMlc ilgl o s
2—flavor
 1st error from stat. and interp./extrap. (& Z-factors)
—o— Blossier et al. '18
> Dominant errors from Z-factors (~3%) and finite (~2%) a—zlayer
> IEEEIEEHITERE i Rever
« Heavy quark symmetry breaking (~10%) o "o~ this work
/ - 1/ 2+ 1—flavor
/ =110)@), 7/ =1103)Q) T I e
« SU(3) flavor symmetry breaking (~17%) | | |

/ =1.163 14 23 , / =117 2 2 200 250 300 Sok
o: fpe/MeV O: fD;/MeV
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T I | T T I T T T { T T T T
ETMC ‘12 S —e— ETMC '12
2—flavor 2—flavor

Blossier et al. '18 — T Gambino et al. '19
5. Havor 2—flavor
- Blossier et al. '18
- HPQCD '14 2—flavor
2+1—flavor
— HPQCD '14
2+ 1—flavor
—— —— this work
24+ 1—flavor O whig wapk
2+ 1—flavor
—— —o— ETMC '17 ,
2+1+1—flavor o ETMC '17
2+1+1—flavor

1 1 1 | | | 1 1 | 1 1 | ‘ I 1 | ‘ 1 | ‘ l 1 1 1

200 250 300 350 1.0 1.2 1.4

o: fp./MeV O: fp:/MeV fp:/Tp,

2022/11/19 X &Rl

Becirevic et al., JHEPO2 (2012) 042

Gambino et al., J. Phys. Conf. Ser.
1137, 012005 (2019)

Blossier, Heitger, Post
PRD98.054506 (2018)

HPQCD, PRL112.212002 (2014)
ETMC, PRD96.034524 (2017)

this work: chiQCD, Chin. Phys.
C45, no.4 (2021) 023109

Large sea quark effects from the Strange quark?

More checks are needed
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HPQCD, PRL 112, 212002 (2014)

26;41(1/)’1 "
Z(Di(p'.e)[V*|Ds(p)) = — T exppPtV(q”)
D, D:
0
r 4'|é|3 ’VS<O) - 2Vc(0)|2 bl
*5,Dy) — Q
Db =TS (M, + M, )? 9 . EEREBEN

= . keV

B -  2XHRTK{E4.2(7)% BABAR, PRD72.091101(2005)

& SEFE: 0070 28 keV

Gy

2\ 2 .
Ciprarn = |V 22 M3, (1 ==L ) (1 +—L

MeV ) B,

- BESIIAgEREENMRENFHERZNUNE -

2022/11/19 X &Rl

g
D! M D:

=241 x10°keV mmmm)p Br=34 14 x107°
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B

Dudek et al. ‘06

quenched

T Becirevic '14
e—flavor, tmQCD
—h= Bailas et al. ‘17
gd—flavor, clover
g HPQCD ‘10
2+ 1—flaveor
1 | | | | 1 | | 1
400 450 200
fm/MEV

| : * ]
- Dudek et al. 06
quenched
Becirevic '14
d—flavor, tmQCD
— Bailas et al. 17
2—flavor, clover
—— HPQCD 12
2+ 1—flavor
HPQCD ‘20, gQED
e+1+1, HISQ
| | | | 1 1 | |
400 450 500
fU@/MeV

Becirevic '14

2 —tlavor, tmQCD

HPQCD ‘20
2+1—flavor

400
f1,4(MS, 2 GeV)




ENFFEFTE (HEIE)

-, - SRFH@E=E| |F |
dT'(D — K(v)

dq?

¢ %E%%E? +

o Hf i” ”3 f”
(KV‘“D>f+(Q')(pi§+pié Ly )+m<q o g

2

3 2
= (known) |pg|” [Ves| ‘ffﬁK(qz)‘

¥F = L BHREF HNRETRE IRITEEMSEBIELLTF )

- He®=TE: - . -
J(y)

- ESETISNE: | K/ C/ \Q D

= -, BRER3-HENSUE (ALK
1) = RAKEREE]
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ERETHESITE

- HEH FE HNEEBLEHR, S5IATIMRE

* The local current — on the
° ol Al =
—i-ﬂﬁﬁ " [HPQCD] lattice needs renormalization
 F/HPCVC: = — R
DK/ 2 Ml%_M%(
(KIS|D) = f3 =" (¢*) 7 2=
J(y)
FUBRFBXTE = |\ E/ITEERLELK
K D
CETHEE B HELGN 4 :
TR = SR EUHBRRE F, Fian: = RcHREREN

— —r — — T - e

- 00

— 00
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Ne=24+1+1

Ni=2+1

Ne=2

FLAG Review 2021, [arXiv:2111.09849]

2022/11/19 X &Rl

FLAG2021 f?L"(O) f?LK(O)
—— FLAG average for N,=2+1+1 [ ]
HPQCD 21A [ ]
—il— ETM 17D —
—l— FLAG average for Ny=2 +1 il
H—{H JLQCD 17B H—1—+
-HElH HPQCD 11/ 10B -l
>—'—[|II—'—-| FNAL/MILC 04 >—'—[f—«—|
——1—— ETM 11B ETMC, LAT2010 T
0.55 0.65 0.75 065 0.75 0.85

2+1+1KEER

° —_
+

[ETM 17D:
PRD96 (2017) 054514, 1706.03017]

. = [ETM 17D:
PRD96 (2017) 054514, 1706.03017.
HPQCD 21A: PRD104 (2021)
034505, 2104.09883]

2+1REE R
* JLQCD 17: LAT2017 [1711.11235]
* FNAL/MILC/HPQCD 04: — /&R,

XF500 MeV
. . = [HPQCD 11,
PRD84,114505, 1109.1501]
. . = [HPQCD 10B,

PRD82,114506, 1008.4562]
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(IR 3TEgs g ~ -
S 1T

. HEESTEEST | . ,
. (BESTTEESHEERTE)IEEE, EEg o N N

,\
%
=,

t:\
>

. [HPQCD, PRD90, 1311.6669]
- BRTE -binFHBEE, CEEZUMNE, -

. ST AR E TR 021 R)
Mg RIS, RRERAE, FUBRELA ‘ O Q 0
. EIRHETF , , ; . z—expansion

o 2+1BR; WMIEEE; HISUMMES RA/EHE FRRH TR REEE
« FIBABAR, CLEO - HIZ&RMILE (fEiXspectator quark

HIRE M AR /D

-~ [Bali, Collins, Durr, Kanamori, PRD91,014503 (2015) 1406.5449]
© 2+1Rk; —4EEE: ~0.075 fm
c BITRESRRER: = 370F1470 MeV
- HETIEERHE
- AREERMITE
- MMk pansatzZ2Hb K

2022/11/19 X &Rl
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REFFERE
5 [S. Meinel, PRL (2017), 1611.09696]
- 2+10%; FAIMEEE; = ~139 -- 352 MeV(4/PEYUE);
Gh)EER: 6 MAREF
z-expansion
-~/ * 7 [S. Meinel, PRD97 (2018) 034511, 1712.05783]
2+10k, domain-wall fermions;: FA/MZEIE;
= ~230 -- 350 MeV (3/BYE/HBIE) ;
) XEiR + IREiR IREF
modified BCL z-expansion
- [Meinel & Rendon, PRD105 (2022) 054511, 2107.13140]
2+10%; FEAMBIE; = ~303, 340, 431 MeV;
Gh)KER + KER FIREF
5 [Q.-A. Zhang et al., Chin. Phys. C46, 011002 (2022), 2103.07064]
2+ 10kclover fermions; FMEEE; = ~290, 300 MeV; FTFEIMtE
() XEiT BREF

« Zz-expansion

2022/11/19 X &Rl
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()X ER6NMREF

— IEXIEL c53 +hFa3  JeF63

a =0, my; =135 MeV, m,, = 689 MeV

€,

B(A. — Aﬁw) = 0'0380(19)LQCD(M)TAC: {
{“ 0.0369(19).qcp(11)s, . £

=
S. Meinel, PRL(2017) 1611.09696
- L[HIM| 1A - BIEBN—H
0.0363(38)(20), (= e
+ _ ) )
BlAe = AlMwy) = { 0.0349(46)(27), £ = p.

BESIII, PRL(2015) 1510.02610
BESIII, PLB(2017) 1611.04382

AAYBESIIZER
BESIII, 2207.14149 - T = usinga4.5 ~ datasample
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S lHn My

A\N

7

N A St

S. Meinel, PRD97 (2018) 034511, 1712.05783

| Jc1a dc2a

C54  wHF23  HeF43  HF63 a=0, my; =135MeV

fi(Ac = N)

2022/11/19 X &Rl

L 1 ! L
0.2 0.4 0.6 0.8

a*/d>...

B(A, > netv,)

= (0.410£0.026, ocp £0.012,, +£0.002)y )%

B(A. = ni*v,)

= (0.400+0.026; ocp £0.012;, +0.002y,_ )%

- KESEPFURPHRF, FARIFEENE

- AHEIESITRELER

I'A.—netv,)
|Vca'|2

= (0.405£0.016,; +0.020,y,) ps~*

(REXRBRAAEF)

Reference Method T'(A. = ne v )|V q|* [ps7'] L(A; = nptu )| Veal* [ps']
Ivanov et al. [1] Quark model 0.26

Pervin et al. [2] Quark model 0.203, 0.269

Gutsche et al. [5] Quark model 0.20 0.19

Lii et al. [6] SU(3) symmetry 0.289 4+ 0.035

Faustov and Galkin [7] Quark model 0.265 0.260

Li et al. 8] Light-cone sum rules 0.267 = 0.011

This work Lattice QCD 0.405 £ 0.026 0.396 4+ 0.025
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Meinel & Rendon, PRD105 (2022)
054511, 2107.13140

« RETH KA

w=uv-v = (m%\C + mA. — qz)/(2mAcmA*)

:RECDNEE i

jg;afo

1 — / =0

pole

where the factors

f 2 mfzrphys f a2 A2
{l—i—C (4Jrf,,) + Dy, A]
FHESME 7 BB

BESIII reports the first evidence (4 ) of
BESIII, 2207.11483

2022/11/19 X &Rl

‘ fcot  ¢coos & Food

a=10, my;=135MeV

10

T
1.08 1.10

w

B(A7 — A(1520)e™ v,)

Constituent quark model [7]
Molecular state [8]
Nonrelativistic quark model [9]
Lattice QCD [11, 12]
Measurement

1.01
0.60
0.512 £ 0.082
0.99 = 0.51 +=0.10

V.s| = 1.3+ 0.35 + 0.1.0cD
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)

—
—

fiE,

.ﬂP(Er

=)

LE,

2.0 1 i
1.8 M 0.7 3
1 ]
1.6 uff 06 { §I )
Lal 080 ~, { § s080
g 5108 @ 0.5 + s108
-02 00 02 04 06 08 10 -02 00 02 04 06 08 10
0.9
0.8 B I —
[|] 0.8 4 I
0.7 1 I i 1 | I
T I 07 I [
0.6 4 . [lr 0.6 I I
§ 080 i Il § s080
0.5 ¥ s108 © 054 F si08
0.4+ | , . . ; 7 . . . . .
Lo02 00 02 04 06 08 10 -02 00 02 04 06 08 10
II le 0.7 : T A} ’J
0.8 , _ =
sl f ] ?
- 061 ¢
0.6 1 I [1]
1 § s080 % § s080
04 I s108 | I s108
-02 00 02 04 06 08 10 02 00 02 04 06 08 10
- 0/ G
1 nmﬂx
. 2x I f 2 2\
z-expansion Jf(q)= E (cn +dya)lz(q)]

Q.-A. Zhang et al., Chin. Phys. C46, 011002 (2022), 2103.07064

2022/11/19 X &Rl

f
1—q2/(m],)?

n=0

!

BRI

& BelleSSIEER

Biee(E) = Eetv,) = (1.72£0.10+0.12 £ 0.50)%
Bpele(Z0 — E p*v,) = (1.71£0.17 £0.13 £ 0.50)%
[Ves| = 0.834(0.051 )g¢at, (0.056) 551 (0.127 ).

ZHEALICESSEER
BariceEL = Z7e*v,) = (2.43+£0.25+0.35+0.72)%

[Vesl = 0.983(0.060)stat, (0.065)syst. (0. 167 )exp.
XEREXS

Vie—@— i1
Vie @+ i T

2(g%) =
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# |

| |= MeV, | |= . . MeV PDG2020, PTEP2020, 083C01
+ | | = + | | = . HFLAV, EPJC81(2021) 226, 1909.12524
. o = A S FLAG 2021 IVch IVCSI
#412idiE, LQCDIRZELLSEWIRE D
L our estimate for Ne=2 4141
(2+1, 2+1+1Ek) " HPQCD 21A
" HPQCD 21A (¢?=0)
NFEFIR, LQCDIRELLLIRIRE i 4 ETM 17D/Riggio 17 s
Y Z BRI ™
HHlHH =
. our estimate for N¢=2+1 -
EREREFE KEREFFEE | ] RBC/UKQCD 17 -
+ Meinel 16 bt
1= i CD 14
iz | M Deus
EFHIERE, TRIREES e I ———
o S — our estimate for Ny=2
_ 3 Balasubramanian 19 H—-
CKMAIEHE (5=17) # ~ WELmZ - my  EMIm i
(2 +1 I]*) '_'E —e——  neutrino scattering
- . 19 - _ e 'g ) CKM unitarity PY
|Lcd| + |I'r:s| i ch| —1= “01{3) =

2022/11/19 X &Rl

020 0.22 0.24

0.951.001.05

FLAG Review 2021, [arXiv:2111.09849]
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D-meson mixing

D-mixing #{doubly CabibboE{E ( |

T >k 19 CPREER

In the SUSY basis, they are:

2022/11/19 X|ZRilE

&

u

u

C

| ) , long distance contribution dominates

&

u

u

al

C

{BFrAEE BB long distance contribution® FYCPREIAT] 2B, FrIATT IEEHFIEdlocal BERF

5
B R ZIRE (dimenson-6):  Hef = %Z Ci(1)Qi(u)
=l

(g =
Q) =

Q3
o

Qs =

1% [ alL — 75)2"); ARERE,
c?(1 —ys)¢?], RE B
(1 —ys)£),
c(1+ys5)¢"],
e (1 +y5)¢7), 1



D-meson mixing

« ETMC (2Rk, $5E3-5%, bag parameters, 4a’s; PRD90(2014), 1403.7302)

« ETMC (2+1+1Bk, 4-8%, 3a’s; PRD92(2015), 1505.06639)

B By B3 By B
(|
| ETMC 12 e = .= o =
Z
=
_|_
~  ETMC 15 il vl . - - A
o RS
~ (this paper)
|
Z
D et %ty e %9 7e7%,
B B> Bs B, 5
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Isospin-breaking effects

. BEEAFIN1%E, EFEEER RN R - de Divitiis et al., PRD87.114505.2013
- FFERREE: - 7 % - BREE: -, T-
- QEDW¥R: % - 2IRETMCES
« 1+1+1+1ERQED+QCD#&E#) [Borsanyi et al., Science 2015] * Giusti et al., Lattice2017
- EERE: -, - e C BEE -, -, O
« Wilson-clover,4 [. - . ]fm ) ’
o — / / / * 2+1+1D*ETMCQE?§\

« Di Carlo et al., PRD100.034514.2019

- *, "R, 2+1+1RETMCATS
-« HPQCD, PRD102.054511.2020
- Quenched QED - 4, = . . MeV

- BERATEHE - HISQ{ERE

- HiSRTEH « 2+1+1EMILCATS

« 3ERQED+QCDtSE#E [Horsley et al., J. Phys. G 2016]
- REE: -, T-
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SN IERFRFRINESR

o HBRitER, BIERIHE—1BARREINERT: BRRIER
o —iRi, BfFRNIEFIEM B RERIAHIRIITSIERYA& Bk

®Nonperturbative: not using lattice perturbation theoy (LPT)
®Lattice Perturbation Theory
»Complicative, most calculation at 1-loop
»Converges slowly
e®Schrodinger functional [Liischer et al., NPB384(1992)168, lat/9207009]
eUsing Ward Identities Sint, NPB421(1994)135, lat/9312079
E.g., from = for chiral fermions
ORI/(S)MOM [Martinelli et al., NPB445,81,1995, arXiv:hep-lat/9411010]
Regularization Independent (RI)

Momentum subtraction scheme (MOM)

2022/11/19 X &Rl
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RI/(S)MOM

« Why RI?
« Works with both dimensional regularization and lattice regulator
« Matchto  scheme (continuum perturbation theory)

* (S)MOM: imposed on off-shell Green functions

q =DpP1 — P2

—_—

= (tree-level) + (1-loop) + ......

P1

P2

Nonperturbative: Perturbative

Lattice simulation

(quark massless limit)



RI/(S)MOM
SMBEN R AOEEN A =1 — o

« RI/MOM (forwardt&#ifiZd) D1 D

« RI/SMOM (S: symmetric)

[2112.11140]

E—R 1B
Interpolating MOM

[ ]
(MOM)
(SMOM)

« Nonperturbative effects are more suppressed in SMOM (1/ vs. 1/ ) [Aoki et al.,

PRD78.054510(2008)]
« Nonperturbative effects: infrared effects

« Irrelevant to ultraviolet behavior, need to be subtracted

« Conversion ratio / may converge faster than 7/ , true for

[PRD82.114001, 054017(2010)]
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