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form factor calculation: one example

Kaon semi-leptonic decay Vi,
- K—>7a+1l+v )
m(pr) K(pr)
tr t U

<7T(pf)|Vu(0)|K(pi)> — f+((]2)(pf + pi) + f—(QQ)(pf — ;)

a CKM matrix element Vs is obtained from

Vis [+ (0) = 0.2165(4)

average of [KL e3, KLus, Kses, Koz, and Ks 3] by Mouslon 2014



form factor calculation: one example
with unphysical ud mass simulation

RBC/ULQCD 2013
ool 'prhysi'caiiy heavy pion
0.99t =
B
Z
S,
__0.98} 2
S
<t
g
097‘ A A
v C
> 31,42
0.96}H == 1+f,(f free)
e 14 £, (F=123MeV) +(m2 —m2 )? (Ay + A, (mE +m2))
— 1+(mf -m?2)’ /mE (A + A, (m} +m?)) |

0.00 0.05 0.10 0.15 0.20
(mg—m?2)’ /m}[GeV?]



form factor calculation: one example
one big step forward: physical ud mass simulation

RBC/ULQCD 2013 RBC/ULQCD 2015
o unphysically heavy pion 1.005— N .
| - s
0.99} S N % 0.995¢ \ Ei
S.L [
large model dep. k|  — 0.990| NO model dep. 5
~ 0.98 5 8 or
- p—— = 0.985}
= <+
097/ 2 i "= 0.980]
V  Cigs
. 0.975/
0.96F|= = 1+/,(f free) o  A-ensembles
S L4 (f=128MeV) +(m —m? )P (g +A; (mf +m?)) 0.970¢ 1
— 1+(mi—m2 )’ /mp (A + A, (mf +m?)) | + C-ensembles \
0.00 0.05 0.10 0.15 0.20 0.965 000 005 010 015 020
(mig —m2)* /mj [GeV? | 2 2 \2 2 2
(mg—m; )" /mg /GeV

fw(o) — 0-9670(2O)sta(i_4g)model 7)FSE(17)cutoff

0.2%  04% 0.07% 0.2% K B
= 0.9670(20) (1_1112) : + (O) — 0'9685(34)stat (1;4)ﬁn1tevolume :




form factor calculation: one example
this Is a best understood quantity — average available

RBC/ULQCD 2015

FTAG2016 | | f,(0)

FLAG average for Ns=2+1+1 1005
H ETM 15C

FNAL/MILC 13E
FNAL/MILC 13C ]. .OOO'

FLAG average for N,=2+1

RBC/UKQCD 15A 0.995}

RBC/UKQCD 13

-
FNAL/MILC 121 .
e o990l NO model dep g
RBC/UKQCD 10 \O_/ U'

24141

N[ Tall

J—

7

Ne=2+4+1 Nf

RBC/UKQCD 07

N; =
i
T

non-lattice

0.985f
——— FBAG average for Ny=2 & _|_
—{ E$m 632 (stat. err. only) S~ 0980-
L] (R)g([:)?)lgm (stat. err. only) O 975_
- hacoos | é A-ensembles
H—0O—-H Ka;tn_er 08 [ggg 0 . 9 70 i
—— J(Z;Q]gil!]laorllo 05 2éC + C-ensembleS
—o— Bijnens 03 227] 0.965 1 1 1 1 -
A ~ Leutwyler 84 228 0.00 0.05 0.10 0.15 0.20
. . . . 2
0.94 0.96 0.98 1(l)0 | (m[2( _mf) /m[2( /G€V2
Flavour Lattice Averaging Group
WG to provide average of lattice results
issues: 2010, 2013, 2016, (2019 will be out soon) X
. . " ™ _
so far does not contain any baryonic quantities S+ 7(0) = 0.9685(34)stat (14)finite volume -
nucleon axial charge to be included in the next



form factor calculation: one example
to flavor physics pheno

— FTAG2016 | | f+ O FLAG2016

‘__i_ J:i FLAG average for Ne=2+1+1 ‘ 0_230% -
+ ETM 15C :

N [
Il

= V d Vyq determined t b % for Ni=2+1 (+1

_ us dll ud determinead 1o su o TOr Nf=Z+ 1 (+

+

N | | | ] | n 2 -
il without assuming unitarity
pd

=
—— FLAG average for N¢=2 [1 Jattice results for £,(0), Nr=2+1+1
I:l ETM 10D (Stat err Only) 0220 - lattice results for fKt/f,,r, Ne=2+1+1

N U ETM 09A T [ | lattice results for £,(0), Ny=2+1

Ll_ (] QCDSF 07 (stat. err. only) I Iattice results for fie/fys, Np=2+1

Z H—{— F [1 Iattice results for £,(0), Ny=2

H{ - J B attice results for fie/fye, Np=2
M J ' - . . [ 1 lattice results for Nr=2+1+1 combined

8 ~ K U n Itarlty Sat | Sfl ed to ~~ 1 O L1 Iatt?ce results for Np=2+1 combined
S s ¢ : lattice results for Nr=2, combined

-l(_—U' o [ : nuclear g decay
- —&— Bijnens 03 —— . L . . . .
g —@— Leutwyler 84 228 0.96 0.97 0.98 0.99 1.00 1.01 1.02
€ 0.94 0.96 0.98 1.00 1 Via

unitary line with [Vua|?+|Vus|?+|Vup|?=1
with better determined |Vup| input

and using a similar relation with m and K decay constants (leptonic decay) on

Vus fK
Vud f7r
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Table 1 Summary of the main results of this review, grouped in terms
of Ny, the number of dynamical quark flavours in lattice simulations.

umn one can also read off the number of results that enter our averages
for each quantity. We emphasize that these numbers only give a very
rough indication of how thoroughly the quantity in question has been
explored on the lattice and recommend to consult the detailed tables
and figures in the relevant section for more significant information and
for explanations on the source of the quoted errors

Quark masses and the quark condensate are given in the MS scheme at
running scale u = 2 GeV or as indicated; the other quantities listed are
specified in the quoted sections. For each result we list the references
that entered the FLAG average or estimate. From the entries in this col-

Quantity Sects. Ny=2+1+1 Refs. Ny=2+1 Refs. Ny=2 Refs.

mg [MeV] 3.13 93.9(1.1) [4,5] 92.0(2.1) [6-10] 101(3) [11,12]
Myq [MeV] 3.1.3 3.70(17) [4] 3.373(80) [7-10,13] 3.6(2) [11]

My Mug 3.1.4 27.30(34) [4,14] 27.43(31) [6-8,10] 27.3(9) [11]

my [MeV] 3.1.5 2.36(24) [4] 2.16(9)(7) a 2.40(23) [16]

my [MeV] 3.1.5 5.03(26) [4] 4.68(14)(7) a 4.80(23) [16]

my /mg 3.1.5 0.470(56) [4] 0.46(2)(2) a 0.50(4) [16]

m.(3 GeV) [GeV] 3.2 0.996(25) [4,5] 0.987(6) [9,17] 1.03(4) [11]
me/myg 324 11.70(6) [4,5,14] 11.82(16) [17,18] 11.74(35) [11,132]
my, (mp) [GeV] 334 4.190(21) [5,19] 4.164(23) [9] 4.256(81) [20,21]
() 4.3 0.9704(24)(22) [22] 0.9677(27) [23,24] 0.9560(57)(62) [25]

=/ [t 4.3 1.193(3) [14,26,27] 1.192(5) [28-31] 1.205(6)(17) [32]

fot [MeV] 4.6 130.2(1.4) [28,29,31]

fr+ [MeV] 4.6 155.6(4) [14,26,27] 155.9(9) [28,29,31] 157.5(2.4) [32]

»1/3 [MeV] 5.2.1 280(8)(15) [33] 274(3) [10,13,34,35] 266(10) [33,36-38]
Fp/F 5.2.1 1.076(2)(2) [39] 1.064(7) [10,29,34,35,40] 1.073(15) [36-38,41]
03 522 3.70(7)(26) [39] 2.81(64) [10,29,34,35,40] 3.41(82) [36,37,41]
4 522 4.67(3)(10) [39] 4.10(45) [10,29,34,35,40] 4.51(26) [36,37,41]
s 522 15.1(1.2) [37,41]
Bk 6.1 0.717(18)(16) [42] 0.7625(97) [10,43-45] 0.727(22)(12) [46]

4 This is a FLAG estimate, based on x PT and the isospin averaged up- and down-quark mass m,q [7-10,13]
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Table 2 Summary of the main results of this review, grouped in terms
of Ny, the number of dynamical quark flavours in lattice simulations.
The quantities listed are specified in the quoted sections. For each result

we list the references that entered the FLAG average or estimate. From
the entries in this colimn ane can also read off the nimber of reqnlts that

enter our averages for each quantity. We emphasize that these numbers
only give a very rough indication of how thoroughly the quantity in
question has been explored on the lattice and recommend to consult the

detailed tables and figures in the relevant section for more significant
information and for exnlanation< on the conrce of the anoted errors

Quantity \|/—1= == e il ~ s.
. =0 ODXRNTYIBTCEEL

fp [MeV] ]

fp, [MeV] ]
oo FEARREYPEE T %RETKE>TND

+

fPE0) 0 J/\ -

£5 [MeV] 1 /o /( @ :E) @ :E) (T75 %) ,57.58]
fz. [MeV] .57.58]
1./ f3 8.1 1.205(7) [52] 1.201(16) [48,53-55] 1.206(23) [20,57,58]
f,\/ Bs, [MeV] 8.2 219(14) [54,59] 216(10) [20]

fp.+/ Bs, [MeV] 8.2 270(16) [54,59] 262(10) [20]

Bg, 8.2 1.26(9) [54,59] 1.30(6) [20]

éBs 8.2 1 21774 r<A 201 132(5) [20]
£ 8.2 N — 1.225(31) [20]

B, /B, 8.2 'fm @ E j: t 71_ % ), ? 1.007(21) [20]
Quantity Sects. NPF=2FTand Ny =2+ 1+1 ——

<5> 2L (Mz) 9.9 0.1182(12) [5,9,61-63]
A% [MeV] 9.9 211(14) [5,9.61-63]
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Ni=8 spectrum — o: flavor singlet scalar

* 0 is a candidate of Higgs in a successful walking technicolor theory

- observed hierarchy of spectrum (parametrically)

* Mn=Mo<Mp (N=8)
* unlikely due to “heavy quark”

- also in other (near) conformal th.

I

=

* Ni=12, N=2 sextet, SU(2) 2 ad,..
- contrast to QCD (physical point)
* Mn < Mg <Mp (~Ni=2+1)
* Mr =135 MeV
« but, far from our

- this continues to - mp = 770 MeV
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* Mg = 400~550 MeV

M

updated from Phys.Rev.D96(2017)
m¢=0.009 (lightest) 1s new

1 2016
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“chiral fermion”

- Domain-wall fermion: Kaplan 92, Furman-Shamir 95
- HED4RITER— D5 RIT
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* Overlap fermion
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GL-DW  gluonic charge on DW
gluonic charge on OV

Xt(mf) for Nf:2 1=220 MeV OV index on DW

OV-OV 0OV index on OV ensemble

32°x12, B=4.3
2e+08 I | I I | I | | | | Y

ud quark DHDHFRDETY

S

1.5e+08 - @.@ a\VAe\VARE —— =
HUREHFENCSTHhHo5
< ‘—l—' 0 Mud >
g 16+08 |- L - =
22 F B¢ HR [C— KRB ERt%

= 71K ? -

5e+07 [ E
- axion window DB U %...
0 @":::I: ]

0 5 0 15 20 25 30
* m, [MeV]

physical ud



“““““““““““

ooooo
................

TFRSEEE N=2 QCD .

. -Q
. / physical pt.
chiral symmetry Ms | 5
restored
...................... I(.:._/
| 1st order line ? 0 - o
chiral symmetry .
broken |
chiral symmetry

m -SU(2)

e test If there is any 1st order transition line there 7
® nvestigating the symmetry at m—0
*SUQ2)xr or SUQ)xrx U(1)a ?



R
EiY

IR TH: Columbia Plot = X A D A DIE

(o @)
h S/ca/ pot.
A2 /\—\
Ms | % /L— — R
0
O Mud o0

U, d 877T 7@Fl$ Mu<img <K ms</\QoD<<mc<mb<<mt

loriginal Columbia plot: Brown et al 1990]



Ni=2+1TH[X

JEE e AR R T

* Ni=0: —KRE:#% S~
- BERBIEFELS N> TVWS K

NREBAWT, ChZ=#ERRUTWES

14

M- TWBZ &

.

- staggered (Wuppertal 2006)

- fthD1

FAETH kEE7R U

N

» BERRAA ZILHIEZ D O Muo
7 7O—F TIERE

s CARBRXZEEBEZXI NN
REBFIE K < BD>TWLWEWL

4



« R[E] D IEHERR K

0

QCD BB REMHEE DR Ni=2+1 Lattice
« Nf=2+1 BN TR T NIL K
/ physical pt.
- QCD DiE#Z Ms | ¢
- B DEEIZDEFEE. REDDH S, \

Mud

o0

- FIEFR(u=0)D p>0 NDEHEUVAZFANSZ—(T,NEFERRDIATADRIT S

Ly &=

- KEE

Lml

1 CHhH 5 |



=9 (E N=2

Qu

« Ni=2+1 physical pt. ) 53=EL) ?

* Mms~100 MeV —
« T=0 Tl s DH B4 U TR R

- boundary DR & U TIXER

* N=2

- Wilson, staggered: RHEE

» BRE IR T A T ILFRE

=U(1)a [E118 % TRE[JLQCD16]

= — RERZDBEEEMHE — y(m)ICTRO?
[Pisarski&Wilczek]

@

Ms

2222222

.............

777777

RS

/ physical pt.




— REBICE ESBBEN?

'OSmf<mc:

« —DODHREMEE UT: Ni=3D—

« MMIBANDEE

0

ms*

—wEstE e .
RELTZMEE & ED é
| ?
HEZILNS g
(G
?
/ physical pt.

Mud .~ O Mudg (ole)




NRO Y AIVELRE (F— V0% A2 RIE )

_— N/
l /DD,\X/—I—\
( ) _ 1 T ,ul/pJFlatFlat
q(x 5 Lre v Foo
327 32x12 beta=4.23 m=0.005 (T=191 MeV)
9 . ;
lat
e after WF )
/i .
6 F S 1 r ¥ g %
Q :
5t S 0 . I i
=
4 r . &0 b o ¥ %
31 - ;
7 L h ] 2 F
1 1 ] sl
8 6 4 2 0 2 4 6 8 -3 2 1 0 1 2

|OVindexl|

Q=) aq(*) charge
Q%)
v

Xt = susceptibility



=R, AR DR T
NAROY ADIVEZE (m) (T —REBRIILED
Jui_f:o o o

2, B=4.
%e+08 ———0—— 7 —
® -0 GL-DW
GL-OV
OV-DW
1.5e+08 ¢ -© OV-OV
%
= 1e+08
x
5e+07
SO Q‘:::::@:y .......
00 v 5 10 15 20 25 30
f



R R 2
32°%x12, B=4.3

E V=323 SEEDT A H A 26*?8 esEE

! -
= o UE I R 2
+07 |- =
uva ) R qg: |
* f:%):t&j] %T@ IZE m— DR (C — % dess @
\ -/ % R _ : @ T
* a=0.07 fm = 26+07 |- cororl i
- O LZ\ g P
|

25

e a=0.11 fm & L& 05
e ERZE(Fa2?

- 1=220 MeV

m BEETIFTWE
T EEE TR L




4
1, IMeV']

1.5x10°

1.0x108

5.0x10"

0.0

OV-OV

Results of y«(m) at T=220 MeV; multiple volume

Statistics in trajectory
~30k, 30k, 10k
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