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CKM matrix & lattice QCD

VCKM =

 Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb
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role of lattice determinations

CKM process lattice precision (%)

|Vus| K → `ν fK ∼ 0.5

K → π`ν f Kπ
+ (q2 = 0) ∼ 0.5

|Vus|/|Vud | K → µν/π → µν fK/fπ ∼ 0.5

|Vcd | D → `ν fDs
/fD ∼ 1.0

D → π`ν f Dπ
+,0(0) ∼ 5.0

|Vcs| Ds → `ν fDs
∼ 1.0

D → K`ν f DK
+ (0) ∼ 3.0

|Vub| B → τν fB ∼ 2.5

fBs
/fB ∼ 2.0

B → π`ν f Bπ
+ (q2) ∼ 3.5

|Vcb| B → D(∗)`ν F
B→D(∗) ∼ 1.5

V∗tq V
tq′ ; V∗cqV

cq′ εK B̂K ∼ 1.5

K → ππ → 30.0

V∗tq V
tq′ ∆md B̂Bs

/B̂Bd
; ξ ≤ 10.0

∆ms B̂Bs
≤ 5.0

I quark masses, BSM four-fermion operators, . . .



τ lepton

I (mτ/mµ)2 ∼ 300 (mτ/me)2 ∼ 107

I Decay width : B → `ν

Γ(B → `ν) =
G2
µ

8π
× |Vub|2 × M3

B

(
m`
MB

)2
[

1−
(

m`
MB

)2
]
× f 2

B

I alternative method to determine |Vub|

I helicity suppression : (m`/MB)2

I B → τν

BaBar, Belle : [∼ 15%]  Belle II : [∼ 5%]

I B → µν

B(B+ → µ+νµ) < 2.7× 10−6
[Belle, 1406.6356]  Belle II

B(B+ → µ+νµ) = (3.4± 0.3)× 10−7 SM



B-meson decay constants

I definition of decay constants

〈0|Aµ |Bq(p)〉 = pµB fBq

with q = u, d, s

I fB , fBs
: |Vub|, B(B → τν), rare leptonic decays, B − B̄ mixing, . . .

I fB : leptonic decays

B(B → τν) ∝ G2
F f 2

B |Vub|2

I fBs
: rare leptonic decays

B(Bs → µ
+
µ
−) ∝ MBs

f 2
Bs
|V∗tbVts|2

CMS, LHCb : [∼ 25%]



heavy quarks on the lattice

• lattice spacing : a

• lattice size : L

• pion masses : MPS

• number of flavours : Nf

a ∈ [0.05, 0.15] fm  1/a ∈ [1.3, 4.0] GeV

MPSL ≥ 4

I to control discretisation effects for heavy quark masses: mh < 1/a

mc ≈ 1.3 GeV mb ≈ 4.3 GeV amb > 1

I for heavy quarks:

O[a] = O|C.L. + c · (amh)2 + . . .
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how to treat bottom quark on the lattice?



heavy quarks on the lattice

I how to treat bottom quark on the lattice? effective theories

• heavy quark effective theory (HQET)

• relativistic action with heavy-quark interpretation

• relativistic charm quarks + LO HQET

• chain of ratios with mh ≥ mc + scaling laws of HQET  ratio method

• NRQCD
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I Nf = 2 + 1 + 1

fB = 186(4) MeV [2.2%] fBs = 224(5) MeV [2.2%]
fBs

fB
= 1.205(7) [0.6%]

I Nf = 2 + 1

fB = 190.5(4.2) MeV [2.2%] fBs = 227.7(4.5) MeV [2.0%]
fBs

fB
= 1.202(22) [1.8%]

I Nf = 2

fB = 189(8) MeV [4.2%] fBs = 228(8) MeV [3.5%]
fBs

fB
= 1.206(24) [2.0%]

[FLAG, 1310.8555]



Heavy Quark Effective Theory (HQET)

I 1/m expansion

I action

I 1/m terms : insertions on local operators  renormalizability order by order

I observables

I HQET on the lattice



HQET on the lattice [ALPHA]

I mixing : power divergences e.g. ψhD0ψ and ψhD0ψ

 δm = c(g)/a ∼ e1/(2b0g2) (c1g2 + c2g4 + . . . )

I uncontrolled truncation error in perturbation theory

I non-perturbative matching : determination of HQET parameters in small volume

[P. Fritzsch]



B-meson decays constants [ALPHA]

• Wilson fermions : O(a) improved
with non-perturbative cSW

[CLS; ALPHA, 1205.5380]

• Nf = 2

• Wilson plaquette gauge action

• heavy quarks : non-perturbative HQET at O(1/mb)

• a = {0.08, 0.07, 0.05} fm

• L = {2.1, 3.2} fm , MPSL > 4

• Mπ ∈ {190, 630} MeV

• scale setting: fK



B-meson decays constants [ALPHA]
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[ALPHA, 1404.3590]



statistical errors

I autocorrelations : quenched, 643 × 32, a = 0.07 fm, HMC

I autocorrelation function : lattice spacing and φ
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Wilson clover action with relativistic heavy-quark
interpretation

based on the Fermilab approach

I rest frame heavy-light meson :
∣∣~ph
∣∣ ∼ ΛQCD � 1/a

I expansion in powers of a|~ph| while keeping all orders in amh and D0

I Symanzik improvement : coef. depend on amh

I discretization effects are parametrically similar to those of light quarks

I Relativistic Heavy Quark (RHQ) action : non-perturbative tuning of parameters of the

clover action

I tuning using Bs-meson: spin-averaged mass and hyperfine splitting ; equal rest and

kinetic masses

I improvement of the current : ZΦ = ρbl
A

√
Z ll

V Zbb
V

ρbl
A from PT : 1-loop tadpole improved



B-meson decays constants [RBC-UKQCD]

• domain-wall (Shamir) fermions [1011.0892]

• Iwasaki gauge action

• Nf = 2 + 1

• a = {0.08, 0.11} fm

• L = 2.6 fm , MPSL > 3.7

• Mπ ∈ {290, 420} MeV

• scale setting: MΩ
[RBC-UKQCD, 1404.4670]



B-meson decays constants [RBC-UKQCD]

I SU(2) HMχPT : unitary points

[RBC-UKQCD, 1404.4670]



B-meson decays constants [RBC-UKQCD]
I Relative contributions to the error

fB+ (%) fBs (%)

statistics 3.1 3.3

chiral-continuum extrapolation 4.4 5.9

lattice-scale uncertainty 1.5 1.5

light- and strange-quark mass uncertainty 0.1 0.1

RHQ parameter tuning 1.2 1.2

HQ discretization errors 1.7 1.7

LQ and gluon discretization errors 1.1 1.1

renormalization factor 1.7 1.7

finite volume 0.4 0.5

isospin-breaking and EM 0.7 0.7

total 6.3 7.6

fB0 = 199.5(12.6) MeV, fB+ = 195.6(14.9) MeV fBs
= 235.4(12.2) MeV

fBs
/fB0 = 1.197(50) [4%] fBs

/fB+ = 1.223(71) [6%]

[RBC-UKQCD, 1404.4670]

Ongoing : physical point results (Möbius DWF), AMA

see also [RBC-UKQCD, Aoki et al., 1406.6192] : f stat
B



ratio method [ETMC]

I series of quark masses : m(i+1)

h = λm(i)
h m(1)

h ≈ mc

λ ≈ 1.18

mh [GeV]

m
(12)

h
m

(11)

h
m

(10)

h
≡ mbm

(9)

h
m

(8)

h
m

(7)

h
m

(6)

h
m

(5)

h
m

(4)

h
m

(1)

h
≡ mc

6543210

I chain equation for observable O :

O(mb) ≡ O(m(10)

h ) = O(m(1)

h ) ×
O(m(2)

h )

O(m(1)

h )
× . . . ×

O(m(10)

h )

O(m(9)

h )

I ratios z :

z(m(i)
h ) ≡

O(m(i)
h )

O(m(i−1)

h )



ratio method [ETMC]

λ ≈ 1.18

I cut-off effects in ratios z :

z(m(i)
h ) ≡

O(m(i)
h )

O(m(i−1)

h )

≈ z(m(i)
h )
∣∣∣
C.L.

+ c · (λ2 − 1) ·
(

am(i)
h

)2
+ . . .

I choice of O : scaling law of HQET e.g. O = Φ = fH
√

MH

O(mh) = Ostat +
d

mh
+ . . .

I scaling law of ratio z

z(mh) = 1 +
d̃ · (λ− 1)

mh
+ . . . −−−−−→

mh→∞
1



ratio method: implementation

chain equation for observable O :

O(mb) ≡ O(m(10)
h ) = O(m(1)

h ) ×
O(m(2)

h )

O(m(1)
h )
× . . . ×

O(m(10)
h )

O(m(9)
h )

1. determine O(m(1)
h ) in the charm region

2. determine z(m(i)
h ) , i = 2, . . . , 7 , for λ ≈ 1.18

3. use z(mh) −−−−−→
mh→∞

1 to reach mb

4. apply chain eq. to get O(mb)

properties:

I continuum limit taken at each step : regularisation independent

I does not require explicit computation in an effective theory

I not very computationally costly [multi-mass solver]



ETMC ensembles
• fermionic lattice action : Wilson twisted-mass

• Nf = 2 : u, d

• Nf = 2 + 1 + 1 : u, d, s, c

• physical input : Mπ , MK , fπ

expt
Nf = 2 + 1 + 1

Nf = 2

a[fm]

mPS [MeV]
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0.00
600500400300200100
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• mh ∈ [mc, 3mc]

• to isolate ground state : smearing  GEVP
[1308.1851, 1311.2837]



ratio method : fB , fBs

chain equation for observable O :

O(mb) ≡ O(m(10)
h ) = O(m(1)

h ) ×
O(m(2)

h )

O(m(1)
h )

× . . . ×
O(m(10)

h )

O(m(9)
h )

observables O

I fhs
√

Mhs  fBs

I fhs
√

mh  fBs

I fhs/fhl  fBs
/fB

I [ (fhs/fhl ) / (fsl/fll ) ] × (fK/fπ)  fBs
/fB

in practice, for O = fhs
√

Mhs :

z̃s(µh, λ) =
fhs(µh)

√
Mhs(µh)

fhs(µh/λ)
√

Mhs(µh/λ)
·

Cstat
A (µ∗, µh/λ)

Cstat
A (µ∗, µh)

chain equation :

z̃s(µ
(2)
h ) × z̃s(µ

(3)
h ) × . . . × z̃s(µ

(10)
h ) =

fhs(µ
(10)
h )

√
Mhs(µ

(10)
h )

fhs(µ
(1)
h )
√

Mhs(µ
(1)
h )
·
[ Cstat

A (µ∗, µ
(1)
h )

Cstat
A (µ∗, µ

(10)
h )

]



fBs Nf = 2
chain equation :

z̃s(µ
(2)
h ) × z̃s(µ

(3)
h ) × . . . × z̃s(µ

(10)
h ) =

fhs(µ
(10)
h )

√
Mhs(µ

(10)
h )

fhs(µ
(1)
h )
√

Mhs(µ
(1)
h )
·
[ Cstat

A (µ∗, µ
(1)
h )

Cstat
A (µ∗, µ

(10)
h )

]

1. triggering point : fhs(µ
(1)
h )
√

Mhs(µ
(1)
h )

CL - phys. point

β = 4.20

β = 4.05

β = 3.90

β = 3.80χ2/dof [dof ] = 0.2[9]

µℓ (GeV)

f h
s
√
M

h
s
(µ

(1
)

h
)
(G

eV
3
/
2
)

0.060.050.040.030.020.010.00

0.420

0.400

0.380

0.360

0.340

0.320

µ
(1)
h = µc



fBs Nf = 2
chain equation :

z̃s(µ
(2)
h ) × z̃s(µ

(3)
h ) × . . . × z̃s(µ

(10)
h ) =

fhs(µ
(10)
h )

√
Mhs(µ

(10)
h )

fhs(µ
(1)
h )
√

Mhs(µ
(1)
h )
·
[ Cstat

A (µ∗, µ
(1)
h )

Cstat
A (µ∗, µ

(10)
h )

]

2. ratios : z̃s(µ
(i)
h ) , i = 2, . . . , 7 , for λ = 1.1784 3. z̃s(µh) = 1 + η1

µh
+ η2
µ2

h

CL - phys. point

β = 4.20

β = 4.05

β = 3.90

β = 3.80χ2/dof [dof ] = 0.5[9]

µℓ (GeV)

z̃ s
(µ

(7
)

h
)
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1.02

1.00

µ̄−1
b χ2/dof [dof ] = 0.2[4]

1/µh (GeV−1)

z̃ s
(µ

h
)

0.90.80.70.60.50.40.30.20.10.0

1.04

1.02

1.00

µ
(7)
h ≈ 2.7µc 4. chain equation : fBs

= 228(5)(6) MeV



fBs/fB Nf = 2
O = Rf ≡ [ (fhs/fhl ) / (fsl/fll ) ] × (fK/fπ)

Lin. Fit (χ2/dof [dof ] = 0.9[9])

(HM)ChPT Fit (χ2/dof [dof ] = 0.9[9])
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β = 4.05

β = 3.90

β = 3.80

µ̄ℓ (GeV)

R
f
(µ

(1
)

h
)
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1.35

1.30

1.25

1.20

1.15

1.10

Rf = a(1)
h + b(1)

h µ` + D(1)
h a2

Rf = a(2)
h

[
1 + b(2)

h µ` +
[ 3(1 + 3ĝ2)

4
−

5

4

] 2B0µ`
(4πf0)2

log
( 2B0µ`

(4πf0)2

)]
+ D(2)

h a2

 
fBs

fB
= 1.206(10)(22)



statistical and systematic uncertainties
Nf = 2

source of uncertainty [%] fBs fBs/fB fB

stat. + fit (C.L. and chiral) 2.2 0.8 2.1

lat. scale 2.0 - 2.0

discr. effects 1.3 0.4 1.7

1/µh 1.0 0.1 1.1

chiral extr. trig. point - 1.7 1.7

total 3.4 2.0 4.0

I Nf = 2

fB = 189(8) MeV , fBs = 228(8) MeV ,
fBs

fB
= 1.206(24)

I Nf = 2 + 1 + 1 : [PRELIMINARY]

fB = 196(9) MeV , fBs = 235(9) MeV ,
fBs

fB
= 1.201(25)



B-meson decays constants [Fermilab-MILC]

• MILC ensembles : rooted asqtad
staggered fermions

• Nf = 2 + 1

• tadpole-improved gauge action

• Fermilab action for b quark

• a = {0.045, 0.15} fm

• L = [2.4, 5, 5] fm , MPSL > 3.8

• Mmin
π ≈ 174 MeV

• scale setting: fπ

Source fBs
/fB fB/fD

Statistics 0.4% 0.6%
Heavy-quark discretization 0.6% 0.8%
Light-quark discretization 0.1% 0.3%
Chiral extrapolation 0.6% 1.0%
Heavy-quark tuning 0.1% 1.7%
ZV 4

qq
0.0% —

ZV 4
QQ

— 0.2%
Finite volume 0.2% 0.3%
Higher-order ρA4

Qq
0.1% 4.1%

Total projected error 0.9% 4.7%

[PRELIMINARY, Fermilab-MILC, 1501.01991]

fBs
/fB+ = 1.229(26) [2%]

[Fermilab-MILC, 1112.3051]



comparison : fB, fBS

FLAG ‘13

FLAG ‘13
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Static limit of HQET: [Aoki et al., 1406.6192]

f stat
B = 219(17) MeV [8%] f stat

Bs
= 264(19) MeV [7%]

f stat
Bs

f stat
B

= 1.193(41) [3%]

[ALPHA, 1404.3590]

f stat
B = 190(5)(2)χ MeV [3%] f stat

Bs
= 226(6)(9)χ MeV [5%]

f stat
Bs

f stat
B

= 1.189(24)(30)χ [3%]



FLAG : |Vub|
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HFAG Inclusive

�→

�→ℓ (Belle)

�→ℓ (Babar)

�→

�→

|���|����

from |Vub| × 103

FLAG Nf = 2 B → τν 4.21(53)(18)
FLAG Nf = 2 + 1 B → τν 4.18(52)(9)
FLAG Nf = 2 + 1 + 1 B → τν 4.28(53)(9)
FLAG Nf = 2 + 1 B → π`ν (Babar) 3.37(21)
FLAG Nf = 2 + 1 B → π`ν (Belle) 3.47(22)

HFAG inclusive average B → Xu`ν 4.40(15)(20)

[FLAG, 1310.8555]



B̄ → D`ν̄` : τ lepton

I (mτ/mµ)2 ∼ 300 (mτ/me)2 ∼ 107

I matrix element

〈D(p′)|c̄γµb|B̄(p)〉 =

(
pµ + p′µ −

m2
B −m2

D

q2
qµ

)
f+(q2) +

m2
B −m2

D

q2
qµ f0(q2)

I differential decay rate

dB(B̄ → D`ν̄`)

dq2
= τB0

G2
F |Vcb|2

192π3m3
B

[
c`+(q2)|f+(q2)|2 + c`0 (q2)|f0(q2)|2

]

where
c`+(q2) = λ

3/2(q2
,m2

B,m2
D)

[
1−

3

2

m2
`

q2
+

1

2

(
m2
`

q2

)3]

c`0 (q2) = m2
` λ

1/2(q2
,m2

B,m2
D)

3

2

m4
B

q2

(
1−

m2
`

q2

)2 (
1−

m2
D

m2
B

)2

λ(q2
,m2

B,m2
D) = [q2 − (mB + mD)2][q2 − (mB −mD)2]

I τ lepton : coupling to a scalar non-SM particle can be probed



B̄ → D`ν̄` : τ lepton

m2
` ≤ q2 ≤ (mB −mD)2 = 11.63 GeV2 . f+(0) = f0(0)

I phase space:

dashed is scalar and solid is vector blue is τ and red is µ
[Becirevic et al., 1206.4977]

I ratio:

R(D) =
B(B̄ → Dτν̄τ )

B(B̄ → Dµν̄µ)

depends on f0(q2)/f+(q2)



B → D`ν [Fermilab-MILC]

• MILC ensembles : rooted asqtad staggered fermions

• Nf = 2 + 1

• tadpole-improved gauge action

• Fermilab action for b and c quarks

• a = {0.045, 0.15} fm

• L = [2.4, 5, 5] fm , MPSL > 3.8

• Mmin
π ≈ 174 MeV

• scale setting: fπ

[Fermilab-MILC, 1503.07237]



B → D`ν [Fermilab-MILC]

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

0 0.02 0.04 0.06

fo
rm

fa
ct
or

z

p = 0.99

f+
f0

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

0 0.02 0.04 0.06
fo
rm

fa
ct
or

z

p = 0.40

f+
f0

BaBar 2009

BGL parametrisation [Fermilab-MILC, 1501.0199]



B → D`ν [Fermilab-MILC]

Source f+(%) f0(%)
Statistics+matching+χPT cont. extrap. 1.2 1.1

(Statistics) (0.7) (0.7)
(Matching) (0.7) (0.7)
(χPT/cont. extrap.) (0.6) (0.5)

Heavy-quark discretization 0.4 0.4
Lattice scale r1 0.2 0.2
Total error 1.2 1.1

w = 1.16
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[Fermilab-MILC, 1501.0199] Ongoing : reduce heavy quark discretisation
effects  Oktay-Kronfeld action [Fermilab-MILC; SWME]



R(D) and R(D∗): comparison

R(D) =
B(B̄ → Dτν̄τ )

B(B̄ → Dµν̄µ)

R(D) = 0.299(11) Fermilab-MILC (2015) + BaBar B-tagged (2009)

R(D) = 0.316(12)(07) Fermilab-MILC (2012)

R(D) = 0.300(08) [PRELIMINARY] HPQCD (2015) more details in [talk by Carlos Pena]

R(D) = 0.440(58)(42) BaBar (2012) i.e. 2σ from Fermilab-MILC (2015)

R(D∗) =
B(B̄ → D∗τν̄τ )

B(B̄ → D∗µν̄µ)

in addition to hA1
(w), it requires the other form factors Belle II

R(D∗) = 0.252(3) Fajfer et al. (2012)

R(D∗) = 0.332(24)(18) BaBar (2012) i.e. 2.7σ



B̄ → D`ν̄` : coupling to tensor operator

I matrix element

〈D(p′)|c̄σµνb|B̄(p)〉 = −i
(

pµp′ν − p′µpν
) 2 fT (q2, µ)

mB + mD

I differential decay rate in generic New Physics scenario:

dB(B̄ → D`ν̄`)

dq2
= |Vcb|2B0|f+(q2)|2

{
|1 + gV |2c`+(q2) + |gT (µ)|2c`T (q2)

∣∣∣∣∣ fT (q2, µ)

f+(q2)

∣∣∣∣∣
2

+ c`TV (q2) Re

[
(1 + gV )g∗T (µ)

fT (q2, µ)

f+(q2)

]

+

∣∣∣∣∣(1 + gV )−
q2

m`

gS (µ)

mb(µ)−mc(µ)

∣∣∣∣∣
2

c`0 (q2)

∣∣∣∣∣ f0(q2)

f+(q2)

∣∣∣∣∣
2}

I Bs → Ds`ν :

fT (q2
0 ,mb)/f+(q2

0) = 1.08(7) ; f0(q2
0)/f+(q2

0) = 0.77(2) for q2
0 = 11.5 GeV2

Nf = 2 Wilson twisted mass fermions with ratio method [Atoui et al., 1310.5238]



conclusion

• currently, lattice QCD can determine B-meson decay constants

with a few % accuracy

• no significant effect of s and c sea quarks with current level

of accuracy for the decay constants

• scalar form factor is available for various

semileptonic decays : B → π`ν, Λb → Λc`ν, . . .

• B → D∗`ν : extend computation to other form factors  R(D∗)

• challenges : simulations at very fine lattice spacings,

control of statistical error, isospin and QED effects, unstable hadrons, . . .





fB : Nf = 2 + 1 + 1 [FLAG]

[FLAG, 1310.8555]



fB : Nf = 2 + 1 + 1 [FLAG]
[FLAG, 1310.8555]



fB : Nf = 2 + 1 [HPQCD]

[HPQCD, 1202.4914]

• fermionic lattice action :HISQ (val) / asqtad (sea)

• Nf = 2 + 1 : u, d, s

• combination of NRQCD (fBS
/fB) and HISQ (fB) results

fB = 0.191(9)GeV, fBs
= 0.228(10)GeV, fBs

/fB = 1.188(18)

[
fBs

fB

]−1

NRQCD
× f (HISQ)

Bs
≡ fB = 0.189(4)GeV [2%]



fB : Nf = 2 + 1 + 1 [HPQCD]

[HPQCD, 1302.2644]

• fermionic lattice action :HISQ

• Nf = 2 + 1 + 1 : u, d, s, c

• NRQCD

• ensembles at the physical point

fB = 0.186(4) GeV, fBs
= 0.224(5) GeV, fBs

/fB = 1.205(7)



f stat
B static [Aoki et al.]

f stat
B : [RBC-UKQCD, Aoki et al., 1406.6192]

• fermionic lattice action : domain-wall (Shamir) fermions

• Nf = 2 + 1 : u, d, s

• static quarks

• a = {0.08, 0.11} fm

• L = 2.6 fm , MPSL > 3.7

• Mπ ∈ {290, 420} MeV

fB fBs
fBs
/fB

Statistics 2.99 1.81 1.65
Chiral/continuum extrapolation 3.54 1.98 2.66

Finite volume effect 0.82 0.0 1.00
Discretization 1.0 1.0 0.2

One-loop renormalization 6.0 6.0 0.0
gB∗Bπ 0.24 0.00 0.00
Scale 1.82 1.85 0.04

Physical quark mass 0.05 0.01 0.06
Off-physical sea s quark mass 0.84 0.69 0.79

Fit-range 0.44 2.31 0.26
Total systematic error 7.38 7.09 2.97

Total error (incl. statistical) 7.96 7.32 3.40

f stat
B = 219(17) MeV [8%] f stat

Bs
= 264(19) MeV [7%]

f stat
Bs

f stat
B

= 1.193(41) [3%]



HQET on the lattice [ALPHA]

Source fBs
fB fBs

/fB f stat
Bs

f stat
B f stat

Bs
/f stat

B
A3 0.20 % 0.19 % 0.00 % 1.22 % 1.10 % 0.00 %
A4 5.94 % 9.36 % 14.27 % 8.06 % 2.76 % 14.36 %
A5 1.17 % 6.51 % 7.37 % 2.01 % 0.91 % 3.10 %
B6 3.32 % 2.99 % 0.00 % 2.70 % 1.44 % 0.26 %
E5 1.15 % 1.28 % 0.21 % 1.00 % 0.95 % 0.01 %
F6 1.70 % 2.21 % 6.44 % 1.85 % 2.62 % 9.65 %
F7 15.41 % 5.79 % 37.01 % 14.89 % 3.02 % 40.32 %
G8 13.96 % 12.81 % 0.00 % 15.36 % 13.26 % 0.00 %
N5 5.91 % 5.43 % 0.00 % 9.17 % 7.94 % 0.00 %
N6 19.42 % 13.78 % 29.87 % 8.35 % 24.10 % 28.61 %
O7 16.03 % 25.46 % 4.80 % 19.91 % 27.66 % 3.58 %
ω 14.02 % 12.72 % 0.01 % 8.35 % 7.21 % 0.00 %
ZA 1.77 % 1.46 % 0.01 % 7.13 % 7.04 % 0.09 %

fB = 186(13)(2)χ MeV [7%] fBs
= 224(14)(2)χ MeV [6%]

fBs

fB
= 1.203(62)(19)χ [5%]

f stat
B = 190(5)(2)χ MeV [3%] f stat

Bs
= 226(6)(9)χ MeV [5%]

f stat
Bs

f stat
B

= 1.189(24)(30)χ [3%]

[ALPHA, 1404.3590]



correlation between sin(2β) and B(B → τν)



B → π`ν

for more details see [talk by Daping Du]



for more details see [talk by Carlos Pena]


