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1. Hadron Spectroscopy
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Isospin splittings

® %o level needed = kaon, g-2 HVP . C boundary condition: Polley ‘93
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® EM corrections
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« boundary condition / photon mass, field = Patella @ Lattice’16
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Isospin splittings
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unstable particles

® finite V multi-particle state # V=00 in/out state

' t hase lost!
(BRI ) <R

® |attice correlator does contain information on interaction!

T EAB ( Pas pB)
(Osa (1) 0ia (0) ar #E,(Pa)+En(Ps)
/B A A A B
_ AB 4
- Zzn exp[—Ent] scattering matrix
n encoded in finite V
Ops (1) =0,(0,1) O5 (1, 1) energies

potential = Ishii et al. ‘07, HALQCD 12 = Luscher ‘86, 91
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Luscher method: successfully applied to 1 channel problems
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Luscher method: successfully applied to 1 channel problems

=1 77, e.g. RQCD 1512.08678 New! =0 7z7r, HS 1607.05900 New!

180
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“ o2 -

/4 +

0.01 0.03 0.05 0.07 0.09 0.11 0.13

600 650 700 750 800 850 900 950 100, p / GeV
E., MeV
o0, =>M_,0,...T, O bound state = broad resonance

HALQCD method : on-going test on p (Kawai @ Lat'17)
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heavy quarkonia / exotics

»(10650)" can decay to various final states
,(10610)’ = rigorous treatment is still challenging
see also, Francis et al., 1607.05214 New!
- “strongly-stable” udbb
X 5568
/\e g*%“é; it 15 LUscher method
X(3915) « 2-body coupled channel: OK
: 115 « >3-body : active development
Z_(3900)"

DL~ X (S572Z)

e.g. Prelovsek, - '13
Fermilab/MILC ‘14

¥ (3770)
e.g. Lang, -- ‘15

>

active studies above a few thresholds

e.g. Lang et al. "15

« unobserved M=3966(20), /=67(18) MeV
< Belle 1704.01872
“alternative y,(2P) candidate”



X(5568)

e ' =22(8) MeV, JP unknown

« in Bt DO’16, not LHCb'16

« if 4 flavors bsdu @ JP = 0*
— decay only into Bz*
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X(5568)

29 e ' = 22(8) MeV, JP unknown
I N it DO + in Bar* D016, not LHCh'16
& TS T L i 4 flavors Bsdu @ JP = 0F
R 10 _i expected = decay only into Byr?
B 1L iy here
i 1 s_._ B m, +/- 1 /2
LT b—e——55 Lang et al. 1607.03185 New!
- 1T . « map out finite V energies
__ (a)_' _ (b)_' > e M, I', LUscher formula

5.3 = energy not found

M_=266MeV M_=135MeV L=2.9fm

« deepBKboundstate

do not support the existence of X(5568) w/ J°=0*



Z +(3900)

M,. ~ M(DD*) + 20 MeV
I' = 40(8) MeV

Y (4260) — 7 {J/yr, DD*}
BESIII 13, Belle 13, Xiao et al. 13

charged, 4 quarks ceud
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Prelovsek et al. ‘15

* M,. ~ M(DD*) + 20 MeV
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no extra energy level ~ Z¢(3900), kinematical origin?



Z +(3900)

HALQCD 1602.03465 New!
« HALQCD method
e weak couplings among

J/Wrn-J3/¥n pn,—pn,
DD* - DD* J/¥n—pn,

strong = peaks in J/yr, DD*
DD"—-J/¥n DD"-pn,

10



Z +(3900)

10

HALQCD 1602.03465 New! (a)

BESIl n*Jhp —=—

This study mmsm J /‘P Tc

« HALQCD method

e weak couplings among
J/¥n-d/¥n pn,—pn,

dI/dM,,,, (arbitrary scale)

DD* - DD* J/¥n—pn,

strong = peaks in J/yr, DD*

DD"—-J/¥n DD"-pn,

This study

ﬁﬂ BESIII (D*D*?) —— |

it

dI'/dMpperp« (arbitrary scale)

3.85

4.00



Z +(3900)

10

HALQCD 1602.03465 New!

" This s"[udy' =
(a) )
BESII n"Jhp —=—

T

« HALQCD method

e weak couplings among
J/¥n-d/¥n pn,—pn,

dI/dM,,,, (arbitrary scale)

DD* - DD* J/¥n—pn,

strong = peaks in J/yr, DD*

DD"—-J/¥n DD"-pn,

e NO S-matrix pole ~ Z.*

This study

ﬁﬂ BESIII (D*D*?) —— |

it

dI'/dMpperp« (arbitrary scale)

3.85

4.00



Z +(3900)

" This s"[udy' =
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HALQCD 1602.03465 New!
« HALQCD method
e weak couplings among

J/Wrn-J3/¥n pn,—pn,
DD* - DD* J/¥n—pn,
strong = peaks in J/yr, DD*
DD"—-J/¥n DD"-pn,

e NO S-matrix pole ~ Z.*

suggesting Z¢(3900), as a
threshold cusp

need physical M_ simulation

dI/dM,,,, (arbitrary scale)

dI'/dMpperp« (arbitrary scale)
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summary on spectroscopy

® spectrum below thresholds
« fully realistic simulations, impressive agreement w/ expr’t

® finer structure
 QED on the lattice, %o isospin splittings becoming accessible

® heavy quarkonia / exotics
« framework ready for coupled 2-body channels
e shed light on states above a few thresholds
« simulations are still unphysical set-up, single a, large M_
« states above more thresholds technically challenging
« general framework for 3-body under active construction
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kaon physics

“gold-plated” : w/o initial/final state interaction : 0.3-1.3%

Moulson @ CKM’16
( bor
( % < Koy | "
2 vl
fK 226 - ; P \ v
2 © R
\ W, \ \Q \Q\\ it with
( i flt _' unltarlty
K — nfv 0.224 | Il
VHS
A SO - Q) O 2 [
(KT T (@) V.
0.222 | _— %
0 K 0 '|....|..mf|..
K=K 0.965 0.97 0.975 V,,
2
BK —> €y, Z qu =O.9995(5)
g=d,s,b

= isospin corrections / hadronic decays



ISOSpin corrections

® IR singularity!

Carrasco et al. ‘15
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ISOSpin corrections

o IRsingularityl ~ AlZkie/ ]  Lubiczetal. 1610.09668 New!
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ISOSpIn corrections

e IR singularity! FK|2 12] Lubicz et al. 1610.09668 New!
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s O p=1.95L/a=24 @ $-2.10,L/a= 48 (FSE corr.)
u I + <> B=195 L/a=32 continuum hmit
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higher orders involve unknown LECs
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isospin corrections

. . ' I
o IR singularity! Om K,2 r12] Lubicz et at 1610.0?668 New!
) B=1.90,1/a=20 p=1.90,1/a=32 (FSE corr.) [T
B=1.90, L/a=24 B =195 L/a=24 (FSE cor. )

Carrasco et al. ‘15

u |*
p=2.10,L/a=48 — —fitatp=1.90
p

- D -
&
i O i
&
i > op=2.10,1/a= atf=1. 7
K M 0.00 [ physical point — —fitatp=1.95 |
@ - 1.90, L/a= 20 (FSE corr.) — —fitatp=2.10
- B - 1.90 (/a=- 24 (FSE corr.) -
= %

é—\
2 | lattice
,::ﬂ/v"“\"' ChPT |
-0.02 [ I N T N NN TN TN SN TN SN SN SN T U N SN SR SR SR N S S
0.1 0.2 0.3 0.4 0.5 0.6

M (GeV)

A[ly,/T,,]=-00137(13) < -0.0112(21)(ChPT)

higher orders involve unknown LECs

p=190, L/a=32 € [=1.95L/a=32 (FSEcorr)
p=195 L/a=24 ’ p=2.10,L/a=48 (FSE corr.)
B=195 L/a=32 = continuum limit

systematically improvable / application to semileptonic decays
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Lischer relation — 9y, / Lellouch-Luscher ‘01 — Ay, A,

RBC/UKQCD ‘15

re[s’/s]x104 =16.6(2.3) (ex)
<:>1.4(5.2)(4.4) (LQCD)

im[ A ][x10" =-1.9(1.2)(1.1)Gev
= — 67(56) (Ishizuka et al. '15)
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K—zarn

Lischer relation — 9y, / Lellouch-Luscher ‘01 — Ay, A,

RBC/UKQCD 15 KeIIy @ Lattice’l7 New!
[ [ | [ [ [ [ [ [ [ | [ I [ [ [
re[a’/a]x104 =16.6(2.3) (ex) o T R
- Q T o Eg et
<:>l.4(5.2)(4.4) (LQCD) L 6 ! i % INK ] |
im[ A ]x10" = -1.9(1.2)(1.1)Gev wonl 1 i Q, matrix element__
@—67(56) (Ishizuka et al. '15) [PRELIMINARY] 4
# Old + new (584 cfgs)
012 — 4 o Old (216 cfgs) ]
— Old fit
0.16 =~1/2 reduction of stat. error -
| | | | | Il | | [ | | | |

L1 1 |
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Lischer relation — 9y, / Lellouch-Luscher ‘01 — Ay, A,

RBC/UKQCD ‘15
re[a’/a]x104 =16.6(2.3) (ex)
<:>1.4(5.2)(4.4) (LQCD)

im[ A ]x10" =-1.9(1.2)(1.1) Gev
= — 67(56) (Ishizuka et al. '15)

» renormalization of Qg

o Wilson coefficients
(Kelly, Bruno @ Lat'17)

0

-0.08

-0.16

15

Kelly @ Lattice’l7 New!

- =

Fa=

18]

| | | | I -

[ i %
4 Q, matrix element_
- [PRELIMINARY]

L]

# Old + new (584 cfgs)
o Old (216 cfgs)
— Old fit

- ~1/2 reduction of stat. error -

= significant reduction in a few years (?)

t

L

_tQ

L1 1 I
18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2
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K—zarn

Lischer relation — 9y, / Lellouch-Luscher ‘01 — Ay, A,

[ I I I I I I I I I I I I [ I I
re[a’/a]x104 =16.6(2.3) (ex) o T R
514(52)(44) wer | Q6 71 i S
: 1 L . ]
im[ A [x10" =-1.9(1.2)(1.1)Gev wonl Q, matrix element|
e —67(56) (Ishizuka et al. '15) [PRELIMINARY] 4
# Old + new (584 cfgs)

012 A4 o Oud (:’116 cfgs) —

» renormalization of Qg —
. Wilson coefficients 0.16 - ~1/2 reduction of stat. error -

| I I I I L1 | I I I | I | | I I
(KeIIy Bruno @ Lat’17) 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
’

t
= significant reduction in a few years (?)

tmt_ Q
2H,, insertions = long distance ¢,; K—avv, 7ll RBC/UKQCD ‘17




heavy meson decays
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" [GeV]
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heavy meson decays

“relativistic QCD action”

° mc<<a'1Smb = mQ<<mb

* good for charm

e bottom needs inter-/
extra-polation to m,

16

FLAG'16 average for fB(S

T T I ; | ! ! : ] I
-0 ETMI6 :
| A HPQCD 13 s
¢ RBC/UKQCD 14
" | & HPQCD 12 _
- | & HPQUD11A o
02| ® FNALMILC 11 A =
: ¢ RBOUKQeD1OC|, W
- | A HPQCD 09 3
. 4 A ]
A A :
0.1 *s =
I PN iy |
s o0 B
. © 2
* | | | | | | | | | | |
a X 100 [fm]
-1 -1
a = mb a = mC
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heavy meson decays

FLAG'16 average for fgq
“relativistic QCD action” e e e T .

| Q EIMI6 S
em. <atsm, = mg<my L|A& HQCDI3 ]
| ® RBC/UKQCD 14 ]

* good for charm A HPQCD 12
- | & HPQCDI1A 3
e bottom needs inter-/ — 02| ™ FNALMILC 11 A :

_ i ¢ RBC/UKQCD 10C | o &
extra-polation to m, g || HODe | :
g | A A ‘
£ ﬁ
k=
= 0.1+ 2 *s .
EFT-based (HQET, NRQCD) s e A _
: - o0 -
o directly at m_, m, ;s o |
= recent FFs, Bp's 0 * T T
Yo 10 20

 need matching to QCD, & x 100 [fm?]
often perturbative -1 -1
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heavy meson decays

FLAG'16 average for fgq
“relativistic QCD action” S s s e s p l

| QO ETMI6 -
em. Latsmy = mg<my A HQDI ;
| ® RBC/UKQCD 14 ]

* good for charm A HPQCD 12
- | & HPQCD11A .
 bottom needs inter-/ — 02| ™ ENALMILC 11 A -

_ 3 ¢ RBC/UKQCD 10C| o &
extra-polation to m, g || HODe | :
= @m,in5-10yrs(?) =~ . | 2 A _
=
EE 0.1 - ‘s A
EFT-based (HQET, NRQCD) s e A _
: - 00 -
o directly at m_, m, ;s o |
= recent FFs, Bp's 0 * T T
L L0 20

 need matching to QCD, & x 100 [fm?]
often perturbative -1 -1
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decay constants

Flavor Lattice Averaging Group (FLAG) 1607.00299

fo

S

FTAG2016 fo

FNAL/MILC 14A
ETM 14E

ETM 13F
FNAL/MILC 13
FNAL/MILC 12B

FLAG average for Ny =2+1+1

¥QCD 14

HPQCD 12A

FNAL/MILC 11

PACS-CS 11

oo HPQCD 10A
HPQCD/UKQCD 07

- FNAL/MILC 05

FLAG average for Ny =2+1

FLAG average for N =2

I TWQCD 14
ALPHA 13B
ETM 13B
ETM 11A

— ETM 09

180 200 220 240

230 250 270 MeV

+ RBC/UKQCD 1701.02644 New!

—

Ne=2+1+

Ne=2+1

=2

Nt

17

FIAG2016 fi
T T T
- FLAG average for N;=2+1+1
H——= ETM 13E
i HPQCD 13
il FLAG average for N;=2 +1
I t t { RBC/UKQCD 141
—— RBC/UKQCD 142
: f { RBC/UKQCD 14A
il RBC/UKQCD 13A (stat. err. only)
s il o HPQCD 12
HlH HPQCD 12/ 11A
FNAL/MILC 11
— HPQCD 09

—
1

1
LT
1

LT

FLAG average for N;=2

ALPHA 14
ALPHA 13
ETM 13B, 13C
ALPHA 12A
ETM 12B
ALPHA 11
ETM 11A

ETM 09D

160 175 190 205 220 235 250

MeV

+ ETM 1603.04306 New!
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decay constants

Flavor Lattice Averaging Group (FLAG) 1607.00299

FG2016] 1D fo, — FIAG2016 fa
T T T T T T + T T T
‘__l_ FLAG average for Ny =2+1+1 ‘-_i- - FLAG average for N;=2+1+1
— FNAL/MILC 14A o~ — — ETM 13E
& ETM 14E I . HPQCD 13
I —H ETM 13F =
= FNAL/MILC 13 —l— FLAG average for N;=2+1
FNAL/MILC 12B H——H—— RBC/UKQCD 141
— —— RBC/UKQCD 142
FLAG average for Ny =2+1 ;5 ; . | RBC/UKQCD 14A
¥QCD 14 I = RBC/UKQCD 13A (stat. err. only)
+ HPQCD 12A HH = i i ! HPQCD 12
™~ - FNAL/MILC 11 H HHEH HPQCD 12/ 11A
Il O PACS-CS 11 0 $ FNAL/MILC 11
z I H HPQCD 10A - ] HPQCD 09
. EI‘SEI_CIBI/ILEE%CSD 07 . HH —— FLAG average for N;=2
i { ALPHA 14
FLAG average for N =2 o~ o, 1 ALPHA 13
Il —— ETM 13B, 13C
~ o TWQCD 14 HH p — ALPHA 12A
Il ALPHA 13B Z — ETM 128
r-d4 ETM 13B H—TF— ALPHA 11
ETM 11A — ETM 11A
—{HH ETM 09 I { } { ETM 09D
180 200 220 240 230 250 270 MeV 160 175 190 205 220 235 250 MeV

+ RBC/UKQCD 1701.02644 New! + ETM 1603.04306 New!

O fD(S) . fully controlled, AfD(S) ~ 0.6% & All2 ~ 2% (HFAG '16)
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decay constants

Flavor Lattice Averaging Group (FLAG) 1607.00299

FG2016] 1D fo, — FIAG2016 fg
T T T T T T + T T T
‘__l_ FLAG average for Ny =2+1+1 ‘-_i- - FLAG average for N;=2+1+1
— FNAL/MILC 14A o~ — ETM 13E
& ETM 14E I . HPQCD 13
Il 0 ETM 13F =
= FNAL/MILC 13 —l— FLAG average for N;=2+1
FNAL/MILC 12B - RBC/UKQCD 141
— — RBC/UKQCD 142
FLAG average for Ny=2+1 ;5 ; — . | RBC/UKQCD 14A
¥QCD 14 I — RBC/UKQCD 13A (stat. err. only)
+ HPQCD 12A HoH Z\.._ T HPQCD 12
o —m—  FNAUMILC 11 - il A
I Wiy PACS-CS11 ay 4_$ HPQCD 09
=z HH HPQCD 10A [
HPQCD/UKQCD 07 HH _
L FNAL/MILC 05 : —— FLAG average for N;=2
i : ALPHA 14
FLAG average for N =2 o~ o, ‘ ALPHA 13
Il —— ETM 13B, 13C
~ HH TWQCD 14 HH . 1 ALPHA 12A
I ALPHA 13B Z — ETM 128
= ETM 13B 11— ALPHA 11
ETM 11A f { ] ! ETM 11A
L ETM 09 | ] | ETM 09D
180 200 220 240 230 250 270 MeV 160 175 190 205 220 235 250 MeV

+ RBC/UKQCD 1701.02644 New! + ETM 1603.04306 New!
O fD(S) . fully controlled, AfD(S) ~ 0.6% & All2 ~ 2% (HFAG '16)
® g 1 Afg) = 2% & ABR/2 ~ 3% (Belle 11, 50 ab™!)
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decay constants

Flavor Lattice Averaging Group (FLAG) 1607.00299

FG2016] 1D fo, — FIAG2016 fa
T T T T T T + T T T
‘__l_ FLAG average for Ny =2+1+1 ‘-_i- - FLAG average for N;=2+1+1
— FNAL/MILC 14A o~ — — ETM 13E
& ETM 14E I . HPQCD 13
Il —— ETM 13F =
= FNAL/MILC 13 —l— FLAG average for N;=2+1
FNAL/MILC 12B e RBC/UKQCD 141
- —— RBC/UKQCD 142
FLAG average for Ny =2+1 ;5 ; — . | RBC/UKQCD 14A
¥QCD 14 I il RBC/UKQCD 13A (stat. err. only)
b pa 1 HPQCD 12
* HPQCD 12A A Z I HPQCD 12/ 11A
o~ . FNAL/MILC 11 H—
I HH PACS-CS 11 | FNAL/MILC 11
z HH HPQCD 10A [~ = ’ HPQCD 09
. EPSEE/EAIGLEE%CSD 07 . HH —— FLAG average for N;=2
i 1 ALPHA 14
FLAG average for N =2 o~ o, ‘ ALPHA 13
Il —— ETM 13B, 13C
~ HH TWQCD 14 HH . 1 ALPHA 12A
Il ALPHA 13B Z — ETM 128
= ETM 13B 11— ALPHA 11
ETM 11A f { ] ! ETM 11A
— ETM 09 [ [} | ETM 09D
180 200 220 240 230 250 270 MeV 160 175 190 205 220 235 250 MeV

+ RBC/UKQCD 1701.02644 New! + ETM 1603.04306 New!
O fD(S) . fully controlled, AfD(S) ~ 0.6% & All2 ~ 2% (HFAG '16)
® g 1 Afg) = 2% & ABR/2 ~ 3% (Belle 11, 50 ab™!)

® competitive to expr't / isospin corr.s becoming relevant
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semileptonic decays

B—zlv: new analysis by FLAG ‘16

N

1 .I:O 1

i

I
fo BCL fit
f+ BCL fit
f+ HPQCD 06
J+ FNAL/MILC 15
f+ RBC/UKQCD 15
fo FNAL/MILC 15
fo RBC/UKQCD 15
BaBar untagged 12bin
BaBar untagged 6bin
Belle tagged 13bin
Belle untagged 13bin
Belle tagged 7bin

i

g

HitiiH

Z (q2 3 topt)

0.1 0.2

0.3

LQCD ~ expr't

modern studies
by 1-2 groups
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RBC/UKQCD ‘15
FNAL/MILC ‘15
B—D
FNAL/MILC ‘15
HPQCD ‘15
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FNAL/MILC ‘15



18

semileptonic decays

B—zlv: new analysis by FLAG ‘16

| | | | fo BCL fit LQCD ~ expr’t
1.0 f+ BCL fit —
: g om 7y FRAL/MILC 15 e d di
f, LB TROED 15 12 modern studies
< U8 FRBO URGCD 15 o by 1-2 groups
= b e Bhin i
< } s e | S
% 0.6 - Belle tagged 7hin —— | RBC/UKQCD 15
» L) %I % FNAL/MILC ‘15
)
Ilf n % E

FNAL/MILC ‘15
N ﬁi% HPQCD ‘15
0.2 B—-D*

| | | FNAL/MILC ‘15
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

Z(qzatopt)
® expect new studies e.g. B—xlv JLQCD, FNAL/MILC @ Lat’17
® BSM, rare decays : e.g. B—r f; FNAL/MILC 1507.01618

® B — D* @ nonzero recoil (dI'/dwoc(w2-1)Y2) (cf. FNAL/MILC @ Lat'17)




B—zlv: new analysis by FLAG ‘16
| | | fo BCIIJ fit
1.0 3 f+ BCL fit ]
f+ HPQCD 06
{ " .I: " f+ FNAL/MILC 15 e
0 f+ RBC/UKQCD 15 44—
fo FNAL/MILC 15 e
— 0.8 fo RBC/UKQCD 15 F—a—
e BaBar untagged 12bin F—%—
= } BaBar untagged 6bin F%—
—~ Belle tagged 13bin F—%—|
RS 0.6 Belle untagged 13bin F—%— _|
= Belle tagged 7bin F—6—
& L) % %
= 1
R 04 | i
o i ¥ % 3 i ; g
f, %%
0.2
| | |
-0.3 -0.2 -0.1 0.0 0.1 0.2
Z(qza topt)

® expect new studies e.g. B—alv JLQCD, FNAL/MILC @
® BSM, rare decays :

semileptonic decays

e.g. B—x f; FNAL/
® B - D* @ nonzero recoil (dI'/dweoc(w

0.3

18

LQCD ~ expr't

modern studies
by 1-2 groups

Bor
RBC/UKQCD ‘15
FNAL/MILC ‘15
B—D
FNAL/MILC ‘15
HPQCD ‘15
B—D*
FNAL/MILC ‘15

cf. FNAL/MILC @ Lat'17)
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exclusive vs inclusive

IV | x 10°
wh
3.5 4.0 45

B> D/v

Bigi-Gambino-Schacht 17
c w/ new Belle data ‘17
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~
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« 2 param.s for W-dep.
= systematic shift in |V
& LQCD @ nonzero recoil
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8

Future lattice fits| x*/dof |Ves|
CLN 56.4/37[0.0407 (12

38 CLN+LCSR  |59.3/40(0.0406 (12
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L BOGLLALCSR  |31.4/36[0.0404 (13

N e
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exclusive vs inclusive

IV | x 10°
wh
3.5 4.0 45

B> D/v

Bigi-Gambino-Schacht 17
c w/ new Belle data ‘17

S

|
o
\)
>
~
<

r

« 2 param.s for W-dep.
= systematic shift in |V
& LQCD @ nonzero recoil

IV | x 10°
ch
8

Future lattice fits| x*/dof |Ves|
CLN 56.4/37[0.0407 (12

38 CLN+LCSR  |59.3/40(0.0406 (12
BGL 28.2/33]0.0409 (15

L BOGLLALCSR  |31.4/36[0.0404 (13

| |':;:|;:‘.-r;:;|;‘.':|
B — nlv B> X, /v

T |

N e

other excl. modes may help / inclusive decays on the lattice?



Vsl ? dldg? [ps'GeV2]

non “conventional” modes

RBC/UKQCD 1501.05373

0'5 LI L L
04 |

03 [

0.2

0.1

B, & K/lv

0 5 10 15 20 25

¢ [GeV?]
+ ALPHA 1601.04277 New!

Form factors

20

HPQCD 1703.09728 New!

B B. — D, f+
L2 mmm B D
1.1F
1L.0}F Bs —> Dsf\/
0.9k
0.8k
0.7
0ibs ) 1 6 S 10 D)
q2

-+ and B, decays Mathur@Lat'17
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non “conventional” modes

RBC/UKQCD 1501.05373 HPQCD 1703.09728 New!

0'5 _Illl | LI | LI L L L L | LU ||- 1,3 T T
ElliTin ] B B. - D,
| B— D

04 |

03 [

0.2

Form factors

WVael? dT/dg? | ps'GeV2]

0.1

B, & K/lv

0-IIIIIIIIIIIIIIIIIIIIIIII

0 5 10 15 20 25 | ;‘2
q [GeV?]
+ ALPHA 1601.04277 New! - and B, decays Mathur@Lat'17

® statistics + systematics : equally or better controlled

® key = feasibility of precision experiments: o, BGs, v



baryon decays

semileptonic decays provide independent determination of |V
« Detmold et al. ‘15: Ay — plv, Av = [V |l|V
« Meinel 1611.09696 New!: A, — Alv = |V

cs

CM'|

21



baryon decays

semileptonic decays provide independent determination of |V
+ Detmold et al. ‘15: Ay, — plv, Adv = [V ||V
. Meinel 1611.09696 New!: A, — Alv = |V

CM'|

Detmold-Meinel 1602.01399 New!

21

Ay, — All rare decays

« FFs = dBR/dg? and
angular observables b=l

0.4 / 3 17
* 'EqFB — EKlﬁ

—04| lepton-side FB asymmetry ===

oofbd oS _____ P ST PR PR
. . II

L

0.2 1 /

0 5 ﬂ]&KﬁVﬁﬁ
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baryon decays

semileptonic decays provide independent determination of |V
o Detmold et al. “15: A, — plv, Adv = |V ||V,
. Meinel 1611.09696 New!: A, — Alv = |V

CM'|

Detmold-Meinel 1602.01399 New!

Ay, — All rare decays '
0.4 ‘T‘r _ ﬁﬁr i

» FFs = dBR/dg? and AFB T 2fh e
angular observables il T Ay
o oofbd oS _____ 0 AR I B W
« 3.30 tension in Agg? | _+ |
& P anomaly in B—>K*|| -02 B f
(LHCb "13,-+) gl
—04| lepton-side FB asymmetry === _

| 1
0 5 10 g°[GeV?]15 20



21

baryon decays

semileptonic decays provide independent determination of |V
o Detmold et al. “15: A, — plv, Adv = |V ||V,
. Meinel 1611.09696 New!: A, — Alv = |V

CM'|

Detmold-Meinel 1602.01399 New!

A, — All rare decays '
0.4 ‘T‘r _ ﬁﬁr i

» FFs = dBR/dg? and AFB T 2fh e
angular observables il T Ay
o oofbd oS _____ 0 AR I B W
« 3.30 tension in Agg? | _+ |
& P anomaly in B—>K*|| -02 B f
(LHCb "13,-+) gl
—04| lepton-side FB asymmetry === _

.. 0 5 1||:| 2 GevZ ]_I.’j 20
heavy M_, finite V? o [GeV]

= systematics to be checked, possible in relatively short term



Inclusive decays

D, B strong decays : framework under development (long term)
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Inclusive decays

D, B strong decays : framework under development (long term)
Hashimoto 1703.01881 New!
M =N| G W, = T, =ifd*xe™ (B[T[3](x)3,(0)]B)

hadronic tensor W =—x¢ im[T] forward scattering ME
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Inclusive decays

Hashimoto 1703.01881 New!
M =N| G W, = T, =ifd*xe™ (B[T[3](x)3,(0)]B)

™(®) [GeV']

hadronic tensor

W :—Tc_lim[T]

-5
-
£2%%7
gs= b
g22

i

X
o
N
=
~
=
M=

L1

llllI[l

0=M, ¢ [GeV]

2

D, B strong decays : framework under development (long term)

forward scattering ME

exploratory
* B.—X. /v @ g°=0

e marginal agreement
w/ O(1/M,0.%) HQE

. G220, BX,, X,



inclusive decays

LQCD @ unphysical contour integral using
kinematics expr'tal data (V-Q>\/q7)
v-q>(v-q) and pQCD (v-a< o’

LA

a key = contour integral under BGs and experimental cuts

see also Hansen, Meyer, Robaina 1704.08993 New!
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B meson

FNAL/MILC 1602.03560 New!

fBzd BBd fBZS BBS

| |
== - this work
RBC 14
Fermilab/MILC 12
= —: Fermilab/MILC 11
e+ +—a— HPQCD 09
Nf: 2+1
e HEH ETM 13
Nfz 2
] ] | ' ]
0.04 006 0.08 0.1
GeV?

mixing

‘th ‘/ ‘Vts‘
_ 1 » r T
AM
this work o
PDG S
BoKmuu | =
CKM unitarity:
full -
tree ——

L 0.18 0.

19 0.20 0.21 0.22 0.23

® x2-3 improvement: more realistic (stat., a1, M_), renorm.




B meson

FNAL/MILC 1602.03560 New!
fBzd BBd fBZS BBS

| |
== - this work
RBC 14
Fermilab/MILC 12
= —: Fermilab/MILC 11
e+ +—a— HPQCD 09
Nf: 2+1
e HEH ETM 13
Nfz
] ] | ' ]
0.04 006 0.08 0.1
GeV?

mixing

‘th ‘/ ‘Vts‘
_ | I 3 |
AMq.
this work o o]
PDG S
B*K(n)uﬂf I =
CKM unitarity:
full HH
free —+—

L 0.18 0.19 0.20 0.21 0.22 0.23

® x2-3 improvement: more realistic (stat., a1, M_), renorm.

® 20 tension in AMy, AM,/AM, = independent calculations?

24



B meson

FNAL/MILC 1602.03560 New!

fBzd BBd fBZS BBS

| |
= = H
S —=
e —B—
Nf:2+1
o HEH
Nf:2
] ] | ' ]
0.04 0.06 0.08 0.1
GeV?

this work

RBC 14
Fermilab/MILC 12
Fermilab/MILC 11

HPQCD 09

ETM 13

mixing

‘th ‘/ ‘Vts‘
_ | I 3 |
AMq.
this work o o]
PDG S
B*K(n)uﬂf I =
CKM unitarity:
full HH
free —+—

L 0.18 0.19 0.20 0.21 0.22 0.23

® x2-3 improvement: more realistic (stat., a1, M_), renorm.

® 20 tension in AMy, AM,/AM, = independent calculations?

® BSM and D-mixing MEs available FNAL/MILC 1706.04622 New!
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muon g-2 : HVP

* R(e*e—hadrons) = Aa VF~ 0.6%

e purely theoretical estimate?

25
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muon ¢-2 : HVP

Y
 R(e*e—hadrons) = Aa V¥~ 0.6%
U e purely theoretical estimate?
Lattice "17: plenary Lehner
[ [ \ [ \ \ [
RBC/UKQCD 2012 |- : §
new results to control ETMC 2013 L , : B
. stat. error HPQCD 2016 | —— Q\‘\ §
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* 4 point function

« model estimate a,-*-=10.5(2.6)x1010

e dominant contributions in QCD in progress
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muon g-2 : LbL

Y.
e 4 point function
« model estimate a,-*-=10.5(2.6)x1010
e dominant contributions in QCD in progress
H
Gerardin et al. 1607.08174 New! RBC/UKQCD 1610.04603 New!

Oo(m,-m,)

T—-Y*y* FF

= T pole
" Knetcht-Nyfferer ‘02

Y
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muon g-2 : LbL

Y.
e 4 point function
« model estimate a,-*-=10.5(2.6)x1010
e dominant contributions in QCD in progress
U
Gerardin et al. 1607.08174 New! RBC/UKQCD 1610.04603 New!

Oo(m,-m,)

T—-Y*y* FF

= T pole
" Knetcht-Nyfferer ‘02

- -
> r

a"" =6.50(0.83)__ x107 a"" =5.35(1.35)__ x107"

sta

good consistency / systematically improvable



summary

® substantial progress for the search of new physics in
collaboration with flavor factories (Belle II, LHCb, BESIII, ---)

® “gold-plated” quantities: calculated with fully controlled errors
expecting more studies on semileptonic, rare decays, mixing

® continuous efforts for K—zx

framework under active development for D (and B)

® new ideas for inclusive decays
more R&D both in theory and experiment sides
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® %o level needed

Isospin splittings
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® %o level needed
®m,£#my :
straightforward

Isospin splittings
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Isospin splittings

® %o level needed

®m,£#my :
straightforward

29

® EM corrections 0
< QED on finite/periodic lattice

e boundary condition (QED,)
e photon mass (QcD,,)

« photon field (QED | sr)
= Patella @ Lattice’1l6

S

C boundary condition: Polley ‘93
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EM correction
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kaon (semi)leptonic decays

Flavor Lattice Averaging Group (FLAG) ‘16 Moulson @ CKM’16

FTAG2016 _ | fo/fﬂi | 4

us

FLAG average for Ne=2+1+1
ETM 14E
FNALJMLLC 14A

MIE D38 0.226 -

MILC 11 (stat err onIY
ETM 10E ( nly)

24+14+1

N¢=

FLAG average for Ne=2+1

BMW 16
RBC/UKQCD 14B
EBC:’UK1 CD 12

MILC 1

JRQCD;'TW CD 10
BC/UKQCD 10A

BMW 0.224 |- I ‘

<+ fit with
unitarity

Ne=2+1

h(ﬂCD/TWQCD 09A (stat. err. only)
ILC 09A

%

s
Aubin 08

PACS-CS 08, 08A
RBC/UKQCD 08

(EasoIKach o7 semileptonic, f,.(0) ]

MILC 04

FLAG average for Ny=2
ETM 14D (stat err. only)
ALPH

BGR 11

ETM 10D (stat. only)
ETM 09

QCDSF/UKQCD 07

. I s B A B T | A | S
1.14 1.18 1.22 1.26 0.965 0.97 0.975 Vud

0.222

N =2

Aenun

I/ud -

® precision frontier: AMEs ~0.3% < A(BR,7,SU(2)) ~ 0.2-0.6%
® |V, 2+ |V°+ [Vy|?- 1 = -5(5)x10* = NP @ O(10) TeV
® FF shape (ETM'16, JLQCD’17) / isospin correction (next)



log(C)

slopes of K—zlv FFs

0.26

0.24

0.22

0.20

FF shape

ETM, 1602.04113
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JLQCD, 1705.00884
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A\, decays

HrC14 =024 Co4 C53 rFHF23 HHF43 R F63 ————————— a =0, m, = 135 MeV, m,, = 689 MeV ‘

f+(Ap— A)

0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

+,0,1
g+,0,i

+,, L

- dB
L2 dg2

AN VAL

(1077 GeV™?]
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e Wﬁ
-

(]

10
GeV?]

15 20
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Inclusive decays
Hashimoto @ Lattice ‘17
Decay amplitude: | M|? = |VQQ|2G%~..fl-:f;_;vl*“"lflzjW (function of v-q and q?)
Structure function:

W =Y _(21)*6*(pp — q — px)—(B(pB)l 10)|X)(X|J,(0)|B(pp))

X 2Mp
v*q f{ 1 [(v@)max T (v - o
; o=y / a q')ﬁ\\
/ % (unphysical cut) exprt
-l o including
= (ME+a2—my) N i (2Mp + Mx)? — 2 — M) o
cb

calculable on the lattice

Matrix element: in the unphysical kinematical regime

T,

'y = /d‘ixe-f‘ff ! (B|T{J}(z)J,(0)}B)

2Mp

June 21, 2017 S. Hashimoto (KEK/SOKENDAI) Page 7
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