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Text Book

m Gattringer, Lang, “Quantum Chromodynamics
on the Lattice”

m DeGrand, DeTar, “Lattice Methods for Quantum
Chromodynamics”

m Montvay, Munster, “Quantum Fields on Lattice”
m Creutz, “Quarks, Gluons and Lattices”



Particle & Nuclear Physics

m [ experiment ] [QCD, Strong Interaction] [ Standard Model
theory]

[ KEK.JP]

m Goal : understand and check fundamental law of sub-atomic physics, Standard Model,
through many interplay between experiments and theory

m o interpret experimental results, one often needs to solve how sub-atomic particles,
quarks and gluons interacts each other.



Why study QCD ?

m Strong dynamics a
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s Make composite ”stuff” :

Baryons, mesons, exotics
[ spectroscopy , energy |

m To interpret experimental results
[ hadronic matrix elements]
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Quantum Chromo Dynamics (QCD)

eGluon : 100 times stronger coupling than electromagnetism, strong coupling constant a.
eQuark : quark mass mg

econfinement - only color neutral, White, can exist at low energy and low temperature
*Make composite objects and phenomena, large hierarchy of scale

¢ Inter nuclear force is also from QCD - how nuclei exist

(so far) there is no further sub-structure nor more

: fundamental law known
g) ‘ If we solve QCD (in principle) we know (almost) p
: everything very precisely U
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Non perturbative

Perturbation theory is a powerful tool, it’s origin of intuitive
understandings.

Feynman diagram is a perturbative expansion of amplitude

) u(p1,01) v IM|?2 = mn[(pl + m)V (P, — ma)V I Te[(P, — ma)vu(Py + m3)7s]

Convergence of perturbative series ? Precision of calculation ?

Mocexp(——2) =0+ 0g* + 0g* - -

Non-perturbative effects are responsible for many important
physics



Gluon on Lattice

m Lattice discretization for a non-perturbative
analysis of strong dynamics, (K.G. Wilson 1974

N

U(x), A, (x), z € R*: continuous infinity
quantum divergences: needs regularization and renormalization

e Discretized Euclidean space-time

? ? ¢ e lattice spacing a ~ 0.1 fm
0 (UV cut-off |p| < 7 /a)
P(n) Y(n+ 1)
L 4 L 4 L . .
Uy(n) e (n) :Fermion field (Grassmann number)

e U,(n) : Gauge field

gauge invariance g (x):SU(3)

Y(z) = g(2)Y(2),¥(z) = Y(2)g" (2),
Uz, p) = g(z)U(z, 1)g' (z + p) 8



m SU(3)-valued gauge filed U(x,p) “link field”

Uz, p) =exp(iaA,(x)) =1+1iaA,(x)+ ---

Tr [U(x, w)U(z + 2, v)UT (2 + 0, p)U (z,v)]

m Field strength

A~ A igaA, (x) iga(A,+ad,A) ,—iga(A,(x+0,A,) ,—igaA,
X :E7+M+V—Tr[eg e e e }
T T = Trexp [iga®(0,A, — 0, A4,) & g°a’[4,, A)])
1
| | A —J §g2a4Tr[F3U]
X T+ U
m Wilson’s plaquette action, B= 6 /g’

Sy = Zﬂ {1 - %Retr(Ug)} s 2!1]2 a* Ztr[FW(x)Z] + O(a®)
[] x
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Strong coupling constant

m Strong coupling constanta, =g/ 4
runs due to the gluon’s self coupling

m Asymptotic freedom

m Lattice coupling
B=6 /g’
B large <-> small a

0.5

03+

0.1+t

April 2012

v T decays (N'LO)

@ Lattice QCD (NNLO)

a DIS jets (NLO)

0 Heavy Quarkonia (NLO)

o e'e jets & shapes (res. NNLO)
e Z pole fit (N*LO)

N pp —> jets (NLO)

=QCD (M) =0.1184 +0.0007

1

10 Q [GeV] 100
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Static quark potential

m Infinity heavy quark
m Cornel parametrization v (;) = g+ L 4 ...
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String breaking

= [ G. Bali PRD71 (2005) 114513 ]
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Proton/neutron are made of Quarks

m Electron - nucleon scattering (1968 SLAC)

m Proton has a substructure seen by energetic electrons

m “three quarks for Muster Mark”
James Joyce Finnegan’s Wake

Electron scattering from carbon atom Electron scattering from proton
]

[y

1

0nm

. @D o
,Gé‘@ \ 001

1 1 1 1 1 1 0001 1 | 1
.02 .04 .06 0 1 2 3 4 5 6 7

Square of energy (GeV?2) Square of energy (GeV?2)

Relative cross section
-
S

o
—

[ Hyper Physics |

( Murray Gell-Mann)

F
( George Zweig)

14



Proton

+1

U
D

Charge:

R-ratio

o(e+e-—> hadrons) /

o(e+e-—> p+u-)

|

2

3

)

1

3

up quark, charge :

Neutron

e+

Charge:

2/3

down quark, charge: -1/3

“Ep- QEQ
e et g

L} mass 2.3(7)(5) MeV

D mass 4.8(5)(3) Mev

Six quarks, three colors (45/9)

e

3t
c
hadron Predicted by QCD for
) muon, five quarks, three colors

Five quarks, one color (11/9)

10 20 30 40 50
Energy in GeV

[ Hyper Physics |

3 internal d.o.f : color SU(3)
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R-ratio

Davier-Hoecker-Malaescu-Zhang, 2019
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Quark spin & chiral symmetry

m Dirac equation: quark, electron have two degrees of

c Kr

SPIN
Right handed L

*Massive particles (slower than speed of light)
< mixing between left and right spins
emassless particles (speed of light)
< NO mixing between left and right spins
Chiral symmetry

17



Fluctuation of QCD vacuum and
spontaneous breaking of Chiral symmetry

QCD is creating / annihilating
instantaneous
“lump” of chiral charges

induce effective mass for quark

quark “picks” this chiral charge,
which could be seen as
spontaneous breaking of chiral
symmetry

(Courtesy of Derek Leinweber, CSSM, University of Adelaide)

*--9



Origin of mass

QCD (T=0): quark and anti-quark creates a pair (chiral condensate) ,
which is energetically stable than nothing !

(Gq) = [242(04)(18) MeV]* ( 2010 JLQCD)

Produced quark an effective mass roughly about a third of proton masses
3x0.25 GeV ~ 1 GeV

c.f.

up down quark mass ~ a few MeV

At high temperature, chiral condensate decreases (Quark-Gluon Plasma)

yy/T”

0.002

0.0015

0.001

0.0005

T

L L | L - T
150 160 170 180 190 2

T (MeV) [201020 HotQCD] Y. Nambu J. Goldstone 15




(CERN]  cf) Higgs mechanism, or superconductor 2



fermion action

Lattice fermion and doublers

5= / P (D) Sp = a’ Z D) @ + mo) Y(x)

I on lattice 1 .
D= _{’Y,u(v + Vu)

— 1
S=a*) ot CON VR V@) = - [0 ptx + a) — 0]
Wilson fermion (breaks chiral sym)

— a
e Doubler problem S = E Yn [%Du - EDQ} Yn,
(Nielsen-Ninomiyg no-go theorem) n

S = /d”'p@(—p)ivusinpuw(p) S = /d“p@ [z’w sinp, + %Z (1- COSpu)] Y
—Tr 'LL
p(p)—>’i’7upu + O(a),
P = p)— — inp + % +0().

‘w(p) == 7/’}/# sin pu—yl:’yupu QCD Lagrangian
. Particle ~—l Fut ¥ G0 - igA) =

P(m —p) = iyusSin(m — pu)— — iYubp
: Doublers
U
16 fermions. (4 dim.)

© quark A gluon




Lattice quark types

m Staggered-types [MILC, HPQCD, BMWE, ... ]
Fast, high statistics, Highly Improved Staggered action (HISQ)
4 “taste”, taking [det D]1/4, Non-local action, Unitality ?

m 4D Wilson-types
[Alpha, PACS, BWWc, NPLQCD, PDNME, ....]

No taste problem, exact flavor symmetry, chiral symmetry broken, need
to tune to remove O(a) effects (clover term)

Twisted Wilson [ ETMC ]
Fast, automatic O(a), breaks isospin symmetry

m Domain-Wall Fermion (DWF) / Overlap

[ RBC/UKQCD, JLQCD, xQCD.... ]

(almost) exact chiral symmetry, automatic off-shell O(a) improved,
expensive

22



L. Int.mduCtion [ Slide from Eigo Shintani ]
Lattice works

RBC (HLO,HNLO) UKQCD (HLOHNLO) Mainz/CLS (HLO,HNLO)

BMW (HLO) RQCD (HLO)
ETMC (HLO)
T e
i‘:‘ ‘_VW\
&G ﬁ \i’ vﬂ 5
e "1‘-%..(."'&7' &

,’ln _ . \
< )y \‘ N e
HPQCD (HLO) k Al
‘k A
W

:) Y
HLO precision: <5 % (maybe updated) &

HNLO: ~ 10 % statistical accuracy



Domain Wall Quarks (for up, down, and strange)
[Kaplan, Shamir, Blum & Soni]

e 4D lattice quark utilizing an ‘‘extra dimension’’, L. (expensive)

e Almost perfect chiral symmetry

Small unphysical mixing for the Weak Matrix Elements
Error from discretization is small O(a®Agcp) ~ a few %.
Chiral extrapolation is simpler, continuum like.

e Unitary theory (at long distance).

UL) U(R)

q@L) qR)

Origin of Proton mass

0 2 B
L2l Emergence of NG boson

mf 24
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[Herdoiza summer 2015+partial updates]

[ C. Pena, Moriond EW 2018] 25



Nf=2+1 DWF QCD ensemble
at physical quark mass

I i

\
481D X!
i * 1/a=2.36GeV 1/a=1.73 GeV .
321D (%!
LEFORNO :
* £ s . “h
l\X/l 32 ID fine ‘\X/'
- 64 | 48 | . 241D =7+
- 1/a=1 GeV-
u Iwasaki + _
Iwasaki + DSDR X
IYvasaki (IPIanneclll) X | | | |

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
a2/fm2



Lattice QCD calculation

Solve QCD numerically, and enable direct comparison to experimental results
Perform Feynman’s Path Integral to compute quantum expectation value of an observable O

/DU Dw( ) @D( ) —SG+¢(E+m)¢O[¢ w Uu]

To fit protons
space-time : L~ 5 fm, [ © AICS, Y. Kuramashi ]

To avoid large systematlc error
Lattice spacing : a ~ 0.1 fm

— Integration over ~ (50)* x4 x 8 ~ 100 Million variables

To compute proton mass, typically needs, at least

~ 100-1,000 Exa floating point operations
~ 10%0- 102" floating operations

~ 100 days on one rack of Blue Gene / Q
~ 100-1000 years on one desktop (if fits)

QCD and SM is the first principle (known to date) : stable problem
Need precise numerical results to confront big experimental results



Lattice QCD super computers

m ~ massively parallel computer (1K-10K CPUs)
m ~1-10PFLOPS (1-10 million times faster than PC)
m heeds very fast interconnections

BNL, Columbia, RIKEN, U of Edinburgh
+ IBM Watson Lab.

Rack
Node Card (32 compute cards, 5D optical link) (32 Node cards + I/0 drawers) 28



pictures : BNL machines

computer speed

|
10"
lanhe-
P flops Soadkuner g5
14 i O
10 NECES cmy
ASCI White ..ia.... & P
10 CP-PACS & P-PACS
NWT aab Ry
v 10 QCDPAX.... 8 QCDPAX \\
NEC 5X.2... 8.0
G f|OpS HitFujitsu VP200 o @ \
8 CRAY-1.....0.
10 ILLIAC-IV i GO / \
WV of
CDC6600 i © / ® PAX-128
6 5 E
M flops 10 IBM7030(Stretch)  io / ® PAXS-32
— LARC 03
10* /
IBM7047%7.76 @ PACS-9
IAS machine 8
e R ,‘
1 SR Bl 10° I =
L — 1940 50 1960 1970 1980 1990 2000 2010 20 15 racke (1/024Eé e rack) ~ 600GFlops
= year © BNL
i | QCDSP 0.6T flops 1998
A. Ukawa
CDC 6600/7600 40 M flops 1970s [ ]
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Lattice Gauge Theory Receipt

e QCD vacuum ensemble generation ~ Accelerator

‘;\\ A Belle Il
] e . A i
/4 - 7GeV26A
y \
&

e choice of gauge / sea quark actions

e Algorithms / Machines | capability machines

e for each parameters (a ', V, m*?)

e Physical observable measurements ~ Detector

e valence quark propagators (low eigenvectors), m s

e Hadron n-point green’s functions, matrix elements
(0) = /DUﬂininOe_SLGT/ (1)

e Renormalize and Chiral/Volume/continuum extrapolations

o Algorithms / Machines | capacity machines

— The final answers




LGT ensemble generation
( <-> Ising : spin configuration generation )
e Monte Carlo to Sample Important configurations of QCD action e~ QD

e Accumulate samples of QCD vacuum, typically O(100) ~ O(1,000) files of gauge
configuration U, (n) on disk (1 ~ 10 GB/conf).

e By solving a classical QCD, with an occasional stochastic ‘‘hit’’: exactly oc e ~QCD

o Must generate sequentially {U{” — U{" — ..}, which needs capable machines.
Ny
1 _
(0) = 7 /DUM(:U)fl_[ldet(D +my)e 90
Prob(U,,) o det D, 4 s[U]e™>9

A * : P, Phi refresh

Trajectory 0

~N Trajectory 2

e’ec\
@

&

> [D. Leinweber]
e RHMC for odd flavor [Clark Kennedy]

IR NN AN e Solve short (long) modes more (less)
frequently [Hasenbush’s trick]
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LGT observable measurement
( <->detector)

e Measurements physical observables on the vacuum ensemble.

/DU Prob[U/,] x O[U,]

e Could do Analysis on many configurations independently (trivial parallel jobs) —
could also use PC Clusters

e We made hadron operator (EW operators) from quark, and let the quark propagates on
each of the generated QCD configuration (by solving the Dirac Eq)

e Obtain hadron mass or QCD matrix elements of operators

Euclidean 2pt Green function
O: hadron operator of target quantum #

= = t—o00 1 i B R
Cxy (tP) = Z<0x(t, D05 (0)e=PE.  Cxv()=F g 010X O)|Ho@) HoRIO} )0y "

Cxy (&) 55 (010 (0) [H3(3) (Hi (] O} (0) 0} HiP

Mg

= 2Ez
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Input parameters

Same as the continuum theory (coupling, quark mass)

coupling (lattice spacing a): for given B , measure one

hadron mass (e.g. Omega baryon) (a mQ ) = a X
1.672.45 GeV

quark mass m¢ : measure hadron masses (e.g.
charged/neutral m and K)

aM(amg,amy)=ax0.139 6 GeV

Bottom (& charm) quark needs special action for a
large a m, — effective quark actions
HQET, NRQCD, Fermilab action (needs matching)

33



APPLICATION - SPECTRUM -



Lattice calculation vs experiments : hadron masses

| Input from experiment

*2  Imasses of I, K, Q

{ to set

{1. up/down quark mas:
1 2. strange quark mass
| 3. coupling strength
(or lattice spacing)

0P pPpPpd B B
2500 T T T T ]
B -—
2000 — o -
- — B mesons offset by —4000 MeV
1500 |- —a -
N - E
> B O é *
) - “Oim _+ﬂ
-
\E/ - -y
1000 - e —
| . b
#ﬂ —
[ %
500 |~ oofn
» oo“o
0 | | | | | | | | | | | | | | |
T p K K M n w ¢ N A > = A > o= Q
7...Q: BMW, MILC, PACS-CS, M-’ RBC,

D, B: Fermilab, HPQCD, Mohler-Woloshyn

, Hadron Spectrum (w);

[ Kronfeld, 2012 ] 35



QCD+QED simulation

[T.Blumetal.]

= EM effects on PS decay , Statistically well resolved by +e/-e
frs v -9(a1 @) averaging.
2 | | m c.f. [Bijnens Danielsson 2006]
% Very preliminary _
2, 150 Mpi = 420 MeV 1 f7T+,NLO/F0 = 0.0039
5 | ]
% i %3’2/3) | fK—l-,NLO/FO = (0.0056
' Pi+ K+
S @s3,13 @343 | = EMturned on, but mu = md
‘féo.s* 1/3 1/3) \\ / 2/3 2/3)
L s f“ m Iwasaki-DWF Nf=2+1,
W o @ m (2.7 fm)3, a’~ 2.3 GeV
m, —mg EM
m  Proton / Neutron
mass difference EM effect NPLQCD 2.26(72)
m -m Effect proton neutron Zj_*xjx*Wall;r?r-L?]}]lditn?l.ZOlz I BLUM 251(71) 054(24)
( o a) 7 T S N g RM123 2.80(70)
N @ @ sh | e Nt 0 QCDSF-UKQCD  3.13(77)
20| ‘ ~ ® Nf=2+1 (2.7 fm)’
o 2 | Lo s psor] g 2.68(35)  0.54(24)
EQ 50 5: II ]
| DSDR DWF Nf=2+1 ® i
S N sy, 03 H — My — M,| = 2.14(42) MeV
T i @t~ 1.4 GeV S~ (experiment: 1.2933321(4) MeV)

(mg-m)/Zm (MeV)




AM [MeV]

10

(o))

N

Isospin-breaking spectrum

A = experiment

—— e QCD+QED| -
() prediction | |
° 5
AD |
——
AE .
AN o _
_¢
I Arg
—

BMWoc arXiv:1406.4088
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Ne=2+1+1

N¢=2+1

pheno.

m FLAG (Flavor Lattice Averaging Group

guark mass results

FLAG2019 FTAG2019 my/my
FLAG average for Nr=2+1+1 + 1 FLAG average for Ny =2+1+1
FNAL/MILC/TUMQCD 18 —
—.— ETM 14 + () MILC 18
o~
FLAG average for Ny =2+1 I = MiLC 17
If =. S
RBC/UKQCD 14B z }_DH_._’_ 2:4,\,1[ 213417
- RBC/UKQCD 12 ’_‘
—_F PACS-CS 12
—H Laiho 11 HHlHH FLAG average for Ny=2+1
- BMW 10A, 108
— PACS-CS 10 Bl BMW 16
— MILC 10A HH MILC 16
*'_ :;g/clﬁ’(ég[’ oA : —t{— QCDSF/UKQCD 15
——— Blum 10 o~ ———— PACS-CS 12
—{ PACS-CS 09 [L T Laiho 11
. HPQCD 09A pd —{ BMW 10A, 10B
—OT MILC 09A —
—O—H MILC 09 ' Blum 10
K PACS-CS 08 O MILC 09A
RBC/UKQCD 08 —t{ MILC 09
R — CP-PACS/JLQCD 07 {3} MILC 04, HPQCD/MILC/UKQCD 04
— HPQCD 05 FTAG2019 Mg
—— MILC 04, HPQCD/MILC/UKQCD (
' A PDG
— A PDG N ' . s s
—— Dominguez 09 + FLAG a 04 05 06
—— Narison 06 - HPQCD ..
Ty i Maltman 01 (-: FNAL/MILC/TUMQCD 18
* ! ! * HPQCD 14A
30 35 40 45 Mev I - ETh 14
b
FLAG average for Ne=2+1
B Maezawa 16
RBC/UKQCD 14B
HI1 RBC/UKQCD 12
— | —{}— PACS-CS 12
+ 1 BMW 10A, 10B
N —1+ PACS-CS 10
Il Lot HPQCD 10
L — RBC/UKQCD 10A
z 0 Blum 10
} PACS-CS 09
— HPQCD 09A
<& MILC 09A
—h— PDG
o @ Dominguez 09
c L Chetyrkin 06
[ L Jamin 06
< L 2 Narison 06
o () Vainshtein 78 38
80 90 100 MeV




MILC/UKQCD 04

&
s T
S. Aoki et al. 5 BLA@ Regieu2019 1902.08191
L F 9
. § \in .§' Ao tév Q’éo
& FF$S
Collaboration Ref. & & & & & 2@ Mud ms
Maezawa 16 B3] A * * K Kk d - 92.0(1.7)
RBC/UKQCD 14B°  [34] A * * * H d 3.31(4)(4) 90.3(0.9)(1.0)
RBC/UKQCD 12° 2] A *x O H K« d 3379(MN1)2)  92.3(1.9)(0.9)(0.4)(0.8)
PACS-CS 12* 35] A * m ®m K b 3.12(24)(8) 83.60(0.58)(2.23)
Laiho 11 6] C O * H O — 331(7NQ0)A7)  94.2(1.4)(3.2)(4.7)
BMW 10A, 10BT  [37,38] A % & Kk Kk ¢ 3.469(47)(48) 95.5(1.1)(1.5)
PACS-CS 10 39 A * ®m ®m K b 27827 86.7(2.3)
MILC 10A [40] C O * H O — 319(4)(5)(16) -
HPQCD 10** [41] A O * * — — 3396) 92.2(1.3)
RBC/UKQCD 10A [42] A O O K Kk a 359(13)(14)(8)  96.2(1.6)(0.2)(2.1)
Blum 101 O] A o ®m O K — 344(12)(22) 97.6(2.9)(5.5)
PACS-CS 09 43] A * m ®m K b 297(28)(3) 92.75(58)(95)
HPQCD 09A® [44 A O x K — — 3.40(7) 92.4(1.5)
MILC 09A [45] C O * K O — 3.25(1)(7)(16)(0) 89.0(0.2)(1.6)(4.5)(0.1)
MILC 09 46] A o x * o — 320)(1)(2)0) 88(0)(3)(4)(0)
PACS-CS 08 47 A * = = ®m — 2527(47) 72.72(78)
RBC/UKQCD 08 [48] A O m Kk K — 3.72(16)(33)(18)  107.3(4.4)(9.7)(4.9)
?EQZ%C(SW/ [49] A m X% A = — 35519)(*3 90.1(4.3)(7%
HPQCD 05 500 A o o o o — 3200)(2)2)(0)¢ 87(0)(4)(4)(0)*
MILC 04, HPQCD/™ (o) 51 o o o m - 280DE)0)  76(0)(3)(7)0)

— For QCD:

F [Mmin/Mx ga]? exp{4 — My min[L(Mz min)max } < 1, or at least three volumes
O [Mymin/M; 5ia)* exp{3 — M min[L(My min)|max} < 1, or at least two volumes

m otherwise
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Quark flavor physics PR

‘0| @

m Cabibbo, Kobayashi and Maskawa (CKM) advocated quark “flavor”
could change by emitting W boson (flavor mixing).

m up quark could change into the three down type quarks
with mixing amplitude, called
CKM matrix element V(ui)

down : V(ud),

strange : V(us),
bottom : V(ub)
m Due to preservation of total probability,
[V(ud) 2+ |V(us)|%+ [V(ub)|* = 1
(CKM unitarity condition)

m [f this equation is not fulfilled, something.4
new and unknown, such as 7th quark
(or 4th generation) may be responsible” Za+

)




Sub-percent accuracy on Physical point

m charged m and K meson decay into muon and neutrino

G2 m2
(P — ) = 8—71:1"]23 m3 Mp (1 - M—g
P

2
) ’Vqqu ’2 (experiment)

<O‘4717u75QQ‘P(p)> — ip,ufP (lattice)

B=0.8T

IK

fr

2004 Marciano

"= 0.27673 (29)exp (23)sn

INFN-JINR-CERN (PS 179)

Experiment(FLAG2019)
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N =2+1 Ne=2+1+1

=2

N¢

/Tt FLAG2019 1:+(O)
FTAG2019 fK /fﬂ - , . . ,
T T T T
FLAG average for Ne=2+1+1 — —l FLAG average for Ng=2+1+1
EI%IQL{I\‘/‘I'IELC 17 (il_ H H FNAL/MILC 18
FNAL/MILC 14A I A= ETM 16
——1 ETM 13F “ HlH FNAL/MILC 13E
HPQCD 13A zZ HHHH FNAL/MILC 13C
MILC T1( )
HH stat. err. on
—— ETM 10E (stat. er. only) i FLAG average for Ne=2+1
FLAG average for N¢=2+1 ‘_T_ H— LLSCC/BKI(;CD 15A
l: -
—— CDSF/UKQCD 16
: —i | 8urr 16/ Q N —{H RBC/UKQCD 13
i EE%H&SEB %4213 Il - FNAL/MILC 12!
— o
f Laiho 11 Z H—{ JLQCD 12
MILC 10 — JLQCD 11
_ ] LRLé)(SBg(\)/VC%C]I?OkO ——{ RBC/UKQCD 10
! = 'Hu ' BMW 10 RBC/UKQCD 07
—CH MILC 09A
H—1 3 MILC 09 N —— FLAG average for N¢ =2
: ] — Aubin 08 I
b - {} - ! RBC/UKQCD 08 4 — — ETM 10D (stat. err. only)
HPQCD/UKQCD 07 Z —— ETM 09A
—H MILC 04 )
—— FLAG average for Ny =2 L H—@— Kastner 08
HH ETM 14D (stat. err. only) 4"3 f { Cirigliano 05
é%:aHiAOIILDB(A Iy) (0 —— Jamin 04
stat. err. on - — i
—— ETM 09 y & Bijnens 03
L { 1 QCDSF/UKQCD 07 o —— Leutwyler 84
| L L 1 C 1 L | L
1.14 1.18 1.22 1.26 0.95 0.97 0.99 1.01
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A stringent check of Standard Model

Together with similar analysis on K meson semileptonic decay

K* > nP+1+ v

Super allowed Beta decay for [ Hardy&Townerl

|Via| = 0.97420(21)
V(ub) is negligible

Very precise check for Standard Model,

CKM unitarity [FLAG 2019]

IV(ud) |2+ |V(us)|Z+ |V(ub)]|?
= 0.9797(74) [2.7 0] (KI2+KI3)

= 0.99884(53) [2.2 6] (KI3+ B)
= 0.99986(46) [0.3 6] (KL2+ B)

1 —mp te—Ef . (D)[ty]
Crv,D(te,ty; D) = D e DT TRGEIVE

0.227

FTAG2019

Vis

leptons

0.2261
0.225f
0.224}

30.223
SR

0.222

[T 1attice results for f,(0), N;=2+1+1
I attice results for f-/f.+, Ny=2+1+1

0.221 [ lattice results for f(0), Ny=2+1
[0 Jattice results for fy-/f,:, Ny=2+1

0.220 [ 1attice results for N;=2+1+1 combined | |

) [ 1attice results for N;=2+1 combined
nuclear 3 decay
0.219 : ' : —
0.955 0.960 0.965 0.970 0.975 0.980
Vi

X (01O (ta, )| K+(B)) (K4 (B) Vi (0)| D;(3)){D; (0)| O (0)]0).
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® 1— had + v experimental spectrum

® Lattice vector/axial vacuum

polarization suppressing
quark-hadron duality violation

Inclusive tau decay [rrL 18]
[ Hiroshi Ohki ]
m A hew way to combine

Unitarity and analytic continuation at work !

- pQCD OPE

M(s),s< O

Lattice HVPs

Im(s)
‘ spectral data ‘

Im M(s),s>0
Re(s)

m Traditional analysis currently gives
- 3.4 ¢ tention in V,

m  All our new results are consistent with
CKM unitarity and has smaller errors

m  Also tinput
for muon g-2

e q - u,d
A A A A s
e u,d

»

isospin rotation

~ W W i
'”‘v\)«'”\.,J.O"«V_s“\‘_ L P
7 N\ d

Im{ﬁ—W{
~

V-A current
(Hadronic) vacuum polarization function I1(Q?)

Comparison to |Vus| from others

—e—! K,;.PDG 2016
—o— F[Kuz]
—e—i 3-family unitarity, HT14 IV _|
—— 1T FB FESR, HFAG 14
—— T FB FESR, HLMZ15
. 2
—a— T, lattice [N=3,C=0.3 GeV']
N 7, lattice [N=4, C=0.7 GeV"]
) ) Our result
—— T, lattice [N=5, C=0.9 GeV]
H 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 H
0.215 0.22 0.225 0.23 0.235 0.24
A
us
All our results are consistent with each other within 1 o error,
as well as to CKM unitarity.
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Muon g-2

3 PRLs including an Editors’ suggestion
BNL Press Release on 6/13/2018

New Muon g-2 @ FNAL, J-PARC
to confirm ~4 ¢ difference
from SM prediction

[Lehner, Blum, et al. ]

hadronic contributions needed for BSM discovery 012 . .
T T EgEEET o1
- : 0.08 -
% 025 0.06 |-
i [;:/ 0.02 |- } |

‘ ‘ ‘ ‘ e e e e w0 1;4 o 18w 2 2w = 0 5 10 15 2 25 30 35
ETMC 2013 | . - :
HPQCD 2016 |- L N & e T p
. pw N S .
Mainz 2017 |- - , ] T R AT HLbL: x 1000 speed up
BMW 2017 |- e S
RBC/UKQCD 2018 |- —— - at physical quark mass
RBC/UKQCD 2018 - ) . :
HLMNT 2011 | o - Q Q
DHMZ 2012 | e - |
H I
DHMZ 2017 | e . ftlal b 4 A @ @ @
Jegerlehner 2017 HEH . AT I
No new physics |- —a— N R 3 e | (a) V (b) S (¢) T (d) D1 (e) D2
| | | | | |
610 630 650 670 690 710 730 750 e

10
a, x 10

Most precise published result

|

‘ 2 CMD2, SND APLUTO

! :, +MEA # Crystal Ball % @ Q

® yy2

o (H)F (g) D3
vOM2, BABAR ¢ DHHM

4 DASPII,CLEOD, CUSB, MAC, CELLO,MARK J [

Cross-check each other b onn | HVP:disconnected, QED & strong isospin
and get the precise and reliable T

theoretical guidance to g-2 experiments breaking in the first principle calculation




HVP results
[ Christoph Lehner Lat19]

ETMC 2013 — | — Lattice - Pure Lattice (RBC/UKQCD

HPQCD 2016 | —H— i 715.4 (16.3)(9.2) [2.6%)]
Mainz 2017 -+ = — |

BMW 2017 | — i _—

RBC/UKQCD 2018 | ]
ETMC 2018 | — -

SK 2019 | ———— -
FNAL/HPQCD/MILC 2019 |- — -

Mainz 2019 |- — | Lat+R-ratio Hybrid

RBC/UKQCD 2018 [~~~ ~ ~ " T TLafice s Rralo®] 692.5 (1.4)(2.3) [0.39%]

HLMNT 2011 |- T

DHMZ 2012 |- HEH
HEH
STH

KNT18
_ 693.3(2.5) [0.36%)]

DHMZ 2017 |
Jegerlehner 2017 |
KNT 2018 |- =] |

No new physics [ - .
Pry | | | | | . | No New Physics

610 630 650 670 690 710 730 750
a, x 10"
Significant improvements is in progress for statistical error using 2m and 4m (!)
states in addition to EM current (GEVP, GS-parametrization)

Pure Lattice HVP 5x10-10 this year, 1x10-19 for long term
Check BABAR-KLOE tention by windown method, consolidate error at 3x101%
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Using QED,
[ Hayakawa Uno PTP 2008]

QED; continuum and infinite volume extrapolation (ume: .. 2019 (preliminary)

[ Blum et al. Moriond2019 ]

35 T T T 0 T T T 14 l l I

12 -

10 - -

a, X 1010

ay X 1010
=~ (@) oo
: 4/7
|

0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
1/(muL)2 1/(muL)2 1/<mﬂL)2

o Iwasaki ensembles: a — 0 (c; = 0, conn. extrap.: up to 1 fm, 483 for r > 1 fm)
@ |-DSDR ensembles: L — oo (by = 0)

— a;HLbL — (2761 + 3-5lstat + 0'32sys,az) X 10_10
y agltht = —20.20 4 5.65¢a¢ x 107
aZILbL = 7.41 £ 6.32tat & 0.3245 2 ¥ 1010

Fy(a,L) = Fy (1 = (C—l)2> (1—cya?)

m,, L



K - ©t © Decays

quark flavor mixing (strange quark -> down quark ) in
Cabibbo Kobayashi Maskawa Theory (2008 Nobel prize)

First direct methods (Lellouch Luscher formula)
PRL 108, 141601 (2012)

Finer lattice spacing
~15% error -> ~5% error

Nobelprize

Realistic kinematics for
|=0 by G-parity boundary condition

40 years old home work : € /¢

K. K, mass difference rare Kaon decay ?

2012 Ken Wilson Lattice Award
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K-> nn decay on lattice

Relates energy on finite volume E.; (V) to phase shift 0 to obtain
complex Amp(K—mm) = |A;| e (Luscher, Lellouch-Luscher)

W/\/\/\/M/ Phase shift 6

Momentum of pions are controlled by boundary condition (anti-periodic or
G-parity b.c.)

Mixing and Renormalization of operator is done using non-perturbative
renormalization (NPR)

Chiral Symmetry is curtail
|I=2 channel is under control, 1=0 is still a challenge due to disconnected

diagrams. [ PRL (2015). update this year ]

Re (6_) = 1.38(5.15)(4.43) x 1074 O@
€/ sm
/s

/
cf. Re (6—) = 16.6(2.3) x 1074 typed
Xp

€




B physics

m Provide crucial theoretical
guidance for B factories
(LHCb and Belle-1l), CKM physics
® Semileptonic form factor B—m Ll v

®* 1 — 2 transition (FCNC)
B— Kmml*l-, mmm l*v
® |Vcs| from A.— A [ Meinel, PRL (2017) ]

® |Vub| from A,—p decay

0.40

0.35

—_

8 0.30|
Belle (sl)

0.25 SMy

Belle (had)

0.20
0.2 0.3 0.4 0.5 0.6

R(D)

[ Soni’s lecture , next ]

Vud

Vus
T — v K —lv
Fmmly
Vcd 'I Vcs ‘l

D — v \ DS—>l1/ll
D —rwlv M) — Ko

b Je

7
J b -
B>D1v: t , Hefr g
snk u
Np—— p
_ —_ —___77»\\‘\\
gsm — BBDTV) a0 6008
b %B(B — De~V,)
g — BBIDTVY) oo 0003
HB(B — D*e~V,) 50




Summary & Conclusions

LQCD provides non-perturbative ab-initio analysis of QFT.
Systematically improvable.

LQCD now delivers a lot of promised results essential to make
experiments meaningful, enables a lot of important physics analysis
which has not been possible before.

Wide spectrum of important studies in Particle and Nuclear Physics.
Many basic quantities are determined < 1% ! Precision with reliable
error/

Hot topics : B physics, muon g-2, multi-hadron including K—mm, EW
box, CP violation in Nucleon (EDM), ...

Stay tuned ! Thank you !
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