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the essence of flavour:
MASS

!



quark mixing

!

β decay

top decay

Charged currents (W exchange) mix generations
Masses and mixing arise from Yukawa matter-Higgs couplings



the CKM matrix

Weak and mass 
eigenstates

    λ~0.22,  while  A,   ρ,  η  are  O(1)  CKM matrix has strong hierarchy    

V is a unitary matrix, with only 4 
parameters (3 angles and 1 phase)



cp violation
• P (parity or mirror symmetry) is not a symmetry of  

nature because weak interactions differ for L and R 
fermions 

• C (charge conjugation) is the symmetry particle ↔ 
antiparticle, valid only in achiral theories (eg QED)

• CP is their combination. It is a symmetry in a chiral 
theory with real couplings.  CPT is conserved in any 
local QFT.

• CP violation is also required to account for the matter-
antimatter imbalance in the universe



Determination of A

λ known precisely, A can be determined 
from either Vcb or Vts

The road to Vcb:  semileptonic B decays
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The Unitarity Triangle
Unitarity determines several 
triangles in complex plane

Vtd cannot be accessed directly:
need FCNC loops sensitive to 
new physics eg Bd, Bs mixing 

area= measure 
of CPV

����
Vub

Vcb

����

|Vub| can be measured in tree level 
semileptonic B decays 

VijV
∗
ik = δjk

1 +
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ub
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cb
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VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0 all O(λ3

)all terms



ρ = 0.132 ± 0.020

The UT and Vub, Vcb

η = 0.354 ± 0.014 

sin2βcharmonium = 0.667 ± 0.021  recent results even better
getting to 5% accuracy 

without angles
Lattice QCD UTfit inputs:
ξ=1.24(3)   BK=0.731(36)
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Why precision CKM studies?

• The SM accomodates flavour & CP violation, but we 
have no theory of  flavour: what is the origin of  the 
observed masses and mixing?

• We expect New Physics at the EW scale. Most models 
predict additional flavour and CP violation. Is there 
anything beyond the CKM? Even without NP at LHC 
flavour physics may probe scales up to 103 TeV

• The CKM mechanism is very successful: NP must preserve 
agreement with data, leading to strong constraints

• To uncover small signals of  physics beyond CKM, we need 
precision tests, in many ways a challenge for our QCD 
understanding



Inclusive vs exclusive B 
decays

As we aim at high precision, things are not at all simple...

W*

( )



Inclusive decays: basics
• Simple idea: inclusive decay do not depend on final state, 

factorize long distance dynamics of  the meson. An OPE allows 
to express it in terms of  matrix elements of  local operators

• The Wilson coefficients are perturbative, matrix elements of  local 
ops parameterize non-pert physics: double series in αs, Λ/mb 

• Lowest order: decay of  a free b,  linear Λ/mb absent. Depends on 
mb,c, 2 parameters at O(1/mb2), 2 more at O(1/mb3)... 
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The total width in the OPE

OPE valid for inclusive enough measurements, away 
from perturbative singularities ➠ moments

Present implementations include all terms through      
O(αs2,1/mb3): mb,c, µ2π,G,  ρ3D,LS  6 parameters 

r =
m2

c

m2
b

Γ[B → Xclν̄] =Γ0 g(r)
�
1 +

αs

π
c1(r) +

α2
s

π2
c2(r)−

µ2
π

2m2
b

+ cG(r)
µ2
G

m2
b

+ cD(r)
ρ3D
m3

b

+ cLS(r)
ρ3LS

m3
b

+O

�
αs

µ2
π,G

m2
b

�
+O

� 1

m4
b

��

Γ0 =
G2

F |Vcb|2m5
b

192π3



Fitting OPE parameters to the 
moments 

Total rate gives |Vcb|, global shape parameters (moments of  the 
distributions) tell us about B structure, mb and mc 

 
OPE parameters describe universal properties of  the B meson and of 

the quarks → useful in many applications

mx spectrumEl spectrum



Theoretical errors dominate



higher orders corrections

• Purely perturbative corrections complete O(αs2) 
known.                                                          Melnikov, Czarnecki, Pak, PG

• Power corrections included up to 1/mb3, 1/mb4,5 
known but involve many new parameters, numerical relevance 
under study                                                    Mannel,Turczyk,Uraltsev

• Mixed perturbative corrections to power suppressed 
coefficients  partially known at O(αs/mb2) the rest under    
way                                            Becher, Boos, Lunghi, Ewerth, Nandi, PG

Quark-hadron duality is also assumed throughout



A strip in the mb-mc plane
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Constant values
of  s.l. width
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Semileptonic moments do not measure mb well. They rather identify a strip in (mb,mc) 
plane along which the minimum is shallow.

Constraints from first 3
leptonic central moments

Fitted |Vcb| stable
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Using charm mass determinations
Recent sum rules determinations

converted to kin scheme

new SL fit
with mc constraint 

Kuhn et al 2009 Hoang et al 2011
Hoang (mb) 2002

Comparison and combination of  mb,c 
penalized by changes of  scheme.

New fit with Hoang et al
mc(3GeV)=0.998(29)GeV  leads to 

mbkin=4.56(2)GeV ➨ mb(mb)=4.19(4)GeV 

Inputs |Vcb| 103 mbkin χ2/ndf
b→c & 
b→sγ 41.94(43)(58) 4.574(32) 29.7/59

b→c &
mc 

41.88(44)(58) 4.560(23) 24.2/48

Schwanda,PG 2012



Exclusive decay  B→D*ℓν
At zero recoil, where rate vanishes, the ff is

Recent progress in measurement of slopes and shape parameters, exp error only ~2% 

The ff F(1) cannot be experimentally determined or constrained

Unquenched Lattice QCD (only group):   F(1) =0.902(17)   Laiho et al 2010

~1.9σ from inclusive determination     2.1% error

|Vcb|=39.6(0.7)(0.6)x10-3

F(1) = ηA

�
1 +O

�
1

m2
c

�
+ ...

�

B→Dlv has larger errors  |Vcb|=39.1(1.4)(1.3)x10-3  

Heavy quark sum rules imply a lower F(1)~0.86, in agreement 
with inclusive Vcb                                                          PG, Mannel, Uraltsev 



The total B→Xuℓν width

2 Calculation of C

Like all inclusive widths, the ratio C can be calculated using the OPE and expressed as a

double expansion in αs and inverse powers of the b quark mass, currently known through

O(α2
s) and O(Λ3

QCD/m3
b). C depends sensitively on the b and c quark masses, as well as on the

matrix elements of the dimension 5 and 6 operators. This is where the recent experimental

studies of the inclusive moments of B → Xceν̄ and B → Xsγ enter in a crucial way.

Indeed, the moments of various kinematic distributions provide information on the non-

perturbative parameters of the OPE. Global fits to the moments describe successfully a

variety of moments and allow for a 40− 50MeV determination of mc and mb, a ∼ 10− 20%

determination of the 1/m2
b and 1/m3

b matrix elements, and a ∼ 2% determination of |Vcb|
[2, 10]. There are different ways to take into account the available information, relying on

different assumptions and schemes. We work in the kinetic scheme [11], where a ‘hard’ cutoff

µ separates perturbative and non-perturbative effects respecting heavy quark relations, and

non-perturbative parameters are well-defined and perturbatively stable.

Our starting point are the NNLO expressions for the charmed and charmless total

semileptonic widths
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where αs ≡ α
(nf=5)
s (mb), r = (mc/mb)

2, g(r) = 1−8r+8r3−r4−12r2 ln r, and all the masses

and OPE parameters are defined in the kinetic scheme at finite mb with µ ∼ 1GeV. The

non-perturbative corrections have been computed in [12] and are expressed in terms of the

parameters µ2
π, µ2

G, ρ3
D, ρ3

LS. The matrix element of the Weak Annihilation (WA) operator

BWA ≡ �B|Ou
WA|B� is poorly known. It is here renormalized in the MS scheme at the scale

µWA, see [13, 14]. We recall that BWA vanishes in the factorization approximation, and that

WA is phenomenologically important only to the extent factorization is actually violated.

There is however an O(1) mixing between WA and Darwin operators, and at lowest order

in perturbation theory one has BWA(µ�) = BWA(µ) − ρ3
D/2π2 ln µ�/µ. As factorization may

hold only for a certain value µWA = µf for which BWA(µf ) = 0, a change of the scale µf

provides a rough measure of the (minimal) violation of factorization induced perturbatively.

We neglect intrinsic charm contributions [15]. WA uncertainties make a precise prediction

of C problematic at present. Fortunately, they cancel out in Eq.(1) since the radiative BR

cannot depend on the non-perturbative features of the charmless semileptonic decay.
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Using the results of  the fit, Vub 
could be extracted if  we had the 

total width...
Weak Annihilation, severely 
constrained from D decays, 
see Kamenik, PG,  arXiv:1004.0114



The problems with cuts
Experiments often use kinematic cuts to avoid the ~100x larger b→clν 

background:

   mX < MD             El > (MB
2-MD

2)/2MB             q2 > (MB-MD)2 ...
                   
The cuts destroy convergence of  the OPE that 
works so well in b→c. OPE expected to 
work only away from pert singularities 

Rate becomes sensitive to local
b-quark wave function properties 
like Fermi motion. Dominant non-
pert contributions can be resummed 
into a SHAPE FUNCTION f(k+). 
Equivalently the SF is seen to emerge from 
soft gluon resummation Luke



How to access the SF?

Prediction based on 
resummed pQCD

DGE, ADFR

OPE constraints +
parameterization

without/with resummation

GGOU, BLNP

Fit radiative data (and b→ulv)
SIMBA
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Functional forms

About 100 forms considered in 
GGOU, large variety, double max 

discarded. Small uncertainty 
(1-2%) on Vub  

A more systematic method
by Ligeti et al.  arXiv:0807.1926 
Plot shows 9 SFs that satisfy all 

the first three moments
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A global comparison 0907.5386, Phys Rept

DGE

ADFR

BLNP

GGOU

GGOU

✴  common inputs (except ADFR) 
✴  Overall good agreement  SPREAD WITHIN 

THEORY ERRORS
✴  NNLO BLNP still missing: will push it up a bit
✴  Systematic offset of  central values: 

normalization? to be investigated

only theory errors 
(without common parametric)
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 0.46 + 0.22 - 0.29±3.93 

) 2, q
X

BELLE sim. ann. (m
 0.46 + 0.23 - 0.26±4.37 

) eBELLE (E
 0.44 + 0.17 - 0.22±4.75 

) eBABAR (E
 0.24 + 0.18 - 0.24±4.29 

BELLE multivariate (p*)  
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X
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 0.24 + 0.09 - 0.10±4.35 

BABAR (p*>1.3GeV) 
 0.27 + 0.10 - 0.11±4.33 

Average +/- exp + theory - theory
 0.15 + 0.12 - 0.14±4.39 

HFAG
End Of 2011

P. Gambino, P. Giordano, G. Ossola, N. Uraltsev 
JHEP 0710:058,2007 (GGOU)

/dof = 11.2/10 (CL = 34.00 %)2"

Vub in the GGOU approach      

Good consistency & small th error.

4.7% total error

PG,Giordano,Ossola,Uraltsev

very strong dependence on mb

recent experimental results 
are theoretically cleanest

but signal simulation relies on 
theoretical models



Perturbative effects

O(αs) implemented by all groups 
                                     De Fazio,Neubert

Running coupling O(αs2β0)  PG,Gardi,Ridolfi

in GGOU, DGE lead to -5% & +2%, 
resp.  in |Vub| 

Greub,Neubert,Pecjak  arXiv:0909.1609

complete O(αs2) in the SF region (2008)
 

Asatrian,Greub,Pecjak-Bonciani,Ferroglia-
Beneke,Huber, Li - G. Bell

O(αs2) in SF region leads to up to 8% 
increase of   Vub in BLNP: most likely an 

artefact of  that approach. O(αs2) in the full 
phase space necessary

Not yet included in HFAG averages 
Offset appears related to resummation



exclusive Vub from B→πlν

 Precision is improved by fitting 
lattice/LCSR together with data

Experimental data are not well consistent

Here there is no preferred point in phase space. Lattice and 
light-cone sum rules estimate form factor. 

Recent lattice based: |Vub| = (3.25± 0.31)× 10−3

Recent sum-rules based: 
Khodjamirian, Mannel,Offen,Wang 2011

see also Ball & Bharucha

MILC collaboration



Inclusive: 5-6% total error

2.7-3σ from B→πlν (MILC-FNAL)

2σ from B→πlν (LCSR, Siegen)
2.5-3σ from UTFit 2011    

in summary

Average |Vub|x103

 DGE 4.45(15)ex
+15-16

 BLNP 4.40(15)ex+19-21

 GGOU 4.39(15)ex
+12-14

HFAG 2012

Exclusive: 10-15% total error

|Vub| = (3.25± 0.31)× 10−3

UT fit (without direct Vub):
Vub=3.62(14) 10-3



New physics?

Buras, Gemmler, Isidori  1007.1993

LR models can explain a difference 
between inclusive and exclusive Vub 
determinations             Chen,Nam 

Also in MSSM             Crivellin

BUT the RH currents affect 
predominantly the exclusive Vub, 
making the conflict between Vub and 
sin2β (ψKS) stronger...



(semi)leptonic decays to τ
• fB Vub can also be extracted in the SM from B→τν, a rare 

decay mode measured at the B factories, which presently 
tends to prefer a high Vub

• In the case of  tau leptons charged scalars (eg from an 
extended Higgs sector) can contribute at tree-level. These 
decays are therefore sensitive probes of  this New Physics.

• Recently BaBar measured                                                                                                                                       
finding 2-3σ excess over the                                                                            
SM. However, it is hard to                                                                     
find a NP model that can explain this result 



Conclusions

• Semileptonic B decays provide us with a lot of  information: Vcb,Vub, 
constraints on mb,c (consistent with sum rules)

• New HFAG fit improves input determination for Vub

• Inclusive Vub ~2-3σ from exclusive one and UT fit

• No sign of  inconsistency in the theoretical picture

• Strange new results in tau channel

• A resolution of  these apparent tensions may have to wait new data 
from the super B factories in Japan and Italy       


