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1. Hadron Spectroscopy
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isospin splittings

 EM corrections
⇔ QED on finite/periodic lattice

• boundary condition / photon mass, field ⇒ Patella @ Lattice’16

 ‰ level needed ⇒ kaon, g-2 HVP

 mu ≠ md : straightforward 

C boundary condition: Polley ‘93
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C boundary condition: Polley ‘93
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ππ, ρ and σ

HALQCD method : on-going test on ρ (Kawai @ Lat’17)
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X(5568)
• Γ = 22(8) MeV,  JP unknown 
• in Bsπ+ D0’16,  not LHCb’16
• if 4 flavors bsdu ⊕ JP = 0+

⇒ decay only into Bsπ+

L 2.9fm=266MeVM π = 135MeVM π =

Lang et al. 1607.03185 New!
• map out finite V energies

• M, Γ, Lüscher formula 
⇒ energy not found

• deep BK bound state

do not support the existence of X(5568) w/ JP=0+

expected
here
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Zc
+(3900)

• MZc ～ M(DD*) + 20 MeV
• Γ = 40(8) MeV
• Y(4260) → π {J/ψπ, DD*}

BESIII ’13, Belle ’13, Xiao et al. ’13

• charged, 4 quarks ccud
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Prelovsek et al. ’13, ’15
Cheng et al. ’14
• Lüscher approach
• map out finite V energies

• MZc ～ M(DD*) + 20 MeV
• Γ = 40(8) MeV
• Y(4260) → π {J/ψπ, DD*}

BESIII ’13, Belle ’13, Xiao et al. ’13

• charged, 4 quarks ccud

Prelovsek et al. ‘15

J Ψπ

cη ρ

266MeVM π =

DD∗

2SΨ π
D D∗ ∗

1DΨ π
3Ψ π

2SΨ π

9



Zc
+(3900)

Prelovsek et al. ’13, ’15
Cheng et al. ’14
• Lüscher approach
• map out finite V energies

no extra energy level ～ Zc(3900),   kinematical origin?

• MZc ～ M(DD*) + 20 MeV
• Γ = 40(8) MeV
• Y(4260) → π {J/ψπ, DD*}
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• charged, 4 quarks ccud
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strong ⇒ peaks in J/ψπ, DD*

Zc
+(3900)

HALQCD 1602.03465 New!
• HALQCD method
• weak couplings among 

c c

c

J J
DD DD J∗ ∗

Ψ π− Ψπ ρη −ρη

− Ψπ−ρη

cDDDD J∗ ∗− π − ρηΨ
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strong ⇒ peaks in J/ψπ, DD*

Zc
+(3900)

HALQCD 1602.03465 New!
• HALQCD method
• weak couplings among 

suggesting Zc(3900), as a  
threshold cusp

need physical Mπ simulation

c c

c

J J
DD DD J∗ ∗

Ψ π− Ψπ ρη −ρη

− Ψπ−ρη

DD∗

J Ψπ

cDDDD J∗ ∗− π − ρηΨ
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summary on spectroscopy
 spectrum below thresholds

• fully realistic simulations,  impressive agreement w/ expr’t

 finer structure
• QED on the lattice,  ‰ isospin splittings becoming accessible

 heavy quarkonia / exotics 
• framework ready for coupled 2-body channels
• shed light on states above a few thresholds 
• simulations are still unphysical set-up, single a, large Mπ

• states above more thresholds technically challenging  
• general framework for 3-body under active construction
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⇒  isospin corrections /  hadronic decays

kaon physics 

Moulson @ CKM’16
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isospin corrections
 IR singularity!
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Carrasco et al. ‘15
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isospin corrections
 IR singularity! Lubicz et al. 1610.09668 New!Δ[ ΓKl2 / Γπl2 ]

lattice

ChPT

[ ] ( ) ( )2 2 0.0137 1 0.0112 213 (ChPΔ T)Kl lπ = − ⇔ −Γ Γ

systematically improvable / application to semileptonic decays

K
u
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higher orders involve unknown LECs

Carrasco et al. ‘15
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 fD(s) : fully controlled,  ΔfD(s) ～ 0.6%  ⇔ ΔΓ/2 ～ 2% (HFAG ’16)

Flavor Lattice Averaging Group (FLAG) 1607.00299

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

 fB(s) : ΔfB(s) ≲ 2%  ⇔ ΔBR/2 ～ 3% (Belle II, 50 ab-1)

 competitive to expr’t / isospin corr.s becoming relevant
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semileptonic decays
B→πlν :  new analysis by FLAG ‘16

LQCD ～ expr’t

modern studies
by 1-2 groups
B→π
RBC/UKQCD ‘15
FNAL/MILC ‘15
B→D
FNAL/MILC ‘15
HPQCD ‘15
B→D*
FNAL/MILC ‘15
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 expect new studies e.g. B→πlν JLQCD, FNAL/MILC @ Lat’17

 BSM, rare decays : e.g. B→π fT FNAL/MILC 1507.01618 

 B → D* @ nonzero recoil (dΓ/dw∝(w2-1)1/2)  (cf. FNAL/MILC @ Lat’17) 
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FNAL/MILC ‘15
B→D
FNAL/MILC ‘15
HPQCD ‘15
B→D*
FNAL/MILC ‘15

 expect new studies e.g. B→πlν JLQCD, FNAL/MILC @ Lat’17

 BSM, rare decays : e.g. B→π fT FNAL/MILC 1507.01618 

 B → D* @ nonzero recoil (dΓ/dw∝(w2-1)1/2)  (cf. FNAL/MILC @ Lat’17) 
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exclusive vs inclusive

B →π ν uB X→ ν

B D→ ν

cB X→ ν

B D∗→ ν
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exclusive vs inclusive

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

B →π ν uB X→ ν

B D→ ν

cB X→ ν

B D∗→ ν

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

• 2 param.s for w-dep.
⇒ systematic shift in |Vcb|

⇔ LQCD @ nonzero recoil

B D∗→ ν
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non “conventional” modes
RBC/UKQCD 1501.05373 HPQCD 1703.09728 New!

sB K→ ν

B →π ν

s sB D→ ν

+ ALPHA 1601.04277 New!    … and Bc decays Mathur@Lat’17
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non “conventional” modes

 key = feasibility of precision experiments: σ, BGs, ν

RBC/UKQCD 1501.05373 HPQCD 1703.09728 New!

sB K→ ν

B →π ν

s sB D→ ν

 statistics + systematics : equally or better controlled

+ ALPHA 1601.04277 New!    … and Bc decays Mathur@Lat’17
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semileptonic decays provide independent determination of |Vqq’|
• Detmold et al. ‘15:  Λb → plν, Λclν ⇒ |Vcb|/|Vub| 
• Meinel 1611.09696 New!:  Λc → Λlν ⇒ |Vcs| 

baryon decays
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semileptonic decays provide independent determination of |Vqq’|
• Detmold et al. ‘15:  Λb → plν, Λclν ⇒ |Vcb|/|Vub| 
• Meinel 1611.09696 New!:  Λc → Λlν ⇒ |Vcs| 

heavy Mπ, finite V?
⇒  systematics to be checked,  possible in relatively short term 

Λb → Λll rare decays
• FFs ⇒ dBR/dq2 and 

angular observables

baryon decays

lepton-side FB asymmetry

Detmold-Meinel 1602.01399 New!

2 2[ ]GeVq

• 3.3σ tension in AFB
l?

⇔ P5’ anomaly in B→K*ll
(LHCb ’13,…)
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inclusive decays
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D, B strong decays :  framework under development (long term)



inclusive decays

Hashimoto 1703.01881 New!

( ) ( )22 4 †2 0iqx
Fb Bq G M l iV B TW T J xd Bx e Jµ

µν −
µν µ νν= ⇔ =   ∫M

hadronic tensor forward scattering ME[ ]1 imW T−= −π

22
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inclusive decays

Hashimoto 1703.01881 New!

( ) ( )22 4 †2 0iqx
Fb Bq G M l iV B TW T J xd Bx e Jµ

µν −
µν µ νν= ⇔ =   ∫M

hadronic tensor forward scattering ME[ ]1 imW T−= −π

exploratory

• Bs→Xclν @ q2=0
• marginal agreement 

w/ O(1/M,αs
0) HQE

• q2≠0, B→Xc, Xu

[ ]0 GeVBM qω = −

22

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



inclusive decays
23

( ) ( ) ( )( )max
im1 v q T v q

d v q
v q v q

T v q
⋅

−∞

  ′= ⋅
⋅

⋅
′π ⋅ −

⋅ ∫

LQCD @ unphysical 
kinematics

max( )v q v q⋅ > ⋅

contour integral using 
expr’tal data
and pQCD

( )2v q q⋅ >

( )2v q q⋅ ≤

a key = contour integral under BGs and experimental cuts

see also Hansen, Meyer, Robaina 1704.08993 New!



B meson mixing

 x2-3 improvement:  more realistic (stat., a-1, Mπ), renorm.

FNAL/MILC 1602.03560 New!

24

td tsV V2
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B meson mixing

 x2-3 improvement:  more realistic (stat., a-1, Mπ), renorm.

FNAL/MILC 1602.03560 New!

 2σ tension in ΔMd, ΔMd /ΔMs ⇒ independent calculations?

 BSM and D-mixing MEs available FNAL/MILC 1706.04622 New!

24

td tsV V2
Bs Bsf B2

Bd Bdf B
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muon g-2 : HVP
• R(e+e-→hadrons) ⇒  Δaμ

HVP ～ 0.6% 
• purely theoretical estimate?

Lattice ’17: plenary Lehner

new results to control  
• stat. error
• a≠0, V≠∞, mq

• isospin
• charm
(also papers/talks by ETM,
PACS, Golterman et al.)

achieving 1 - 2% accuracy
combined w/ expr’t data 
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muon g-2 : LbL
• 4 point function

• model estimate aμ
LbL=10.5(2.6)x10-10

• dominant contributions in QCD in progress

…

( )s udO m m−
, ,u d s

RBC/UKQCD 1610.04603 New!              Gerardin et al. 1607.08174 New!

π→γ*γ* FF 

⇒ π pole
Knetcht-Nyfferer ’02

( )LbL 105.35 1.35 10stata −
µ = ×( )LbL 106.50 0.83 10stata −

µ = ×

good consistency  / systematically improvable



summary

 new ideas for inclusive decays
more R&D both in theory and experiment sides

27

 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→ππ
framework under active development for D (and B)



Backup slides
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isospin splittings
 ‰ level needed 
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isospin splittings
 ‰ level needed 

 mu ≠ md : 
straightforward 

29



isospin splittings

 EM corrections
⇔ QED on finite/periodic lattice
• boundary condition (QEDC)

• photon mass (QCDm)

• photon field (QED{TL,L,SF})

⇒ Patella @ Lattice’16

 ‰ level needed 

 mu ≠ md : 
straightforward 

C boundary condition: Polley ‘93

29



EM correction

BMW, 1406.4088

finite volume effects on MK0 and MK0
2-MK+

2

30



kaon (semi)leptonic decays

 precision frontier: ΔMEs ～0.3%  ⇔  Δ(BR,τ,SU(2)) ～ 0.2-0.6%

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

semileptonic,  f+(0)

 |Vud|2 + |Vus|2 + |Vub|2 - 1 = -5(5)x10-4 ⇒  NP @ O(10) TeV
 FF shape (ETM’16, JLQCD’17)   / isospin correction (next)

31



FF shape

ETM, 1602.04113

slopes of K→πlν FFs

JLQCD,  1705.00884

32



Λb decays

,0,

,0,

,,

f
g
h

+ ⊥

+ ⊥

+ ⊥
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inclusive decays
Hashimoto @ Lattice ‘17

expr’t
including

|Vcb|2

34
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