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The Vcb Puzzle
Exclusive vs. Inclusive determination of Vcb

B̄ → Xcℓν̄ B̄ → D(*)ℓν̄
Inclusive decay rate 

Measurement from B factories (Belle and Babar)

Prospects for  at LHCbΛb → Xcℓν̄

Exclusive decay rate 
 data from Belle


 data from LHCb
B̄ → D(*)ℓν̄
B̄s → D(*)

s

Vcb
Vcb



|Vincl
cb | = (42.2 ± 0.8) × 10−3

Inclusive Exclusive 

|Vexcl
cb | = (39.5 ± 0.9) × 10−3

Average from PDG 2020 

Large variability between determinations using different processes, 


FF parameterization, lattice input, etc… See next slides
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Almost 4σ



Exclusive Vcb: Theory prediction of dΓ/dw(B̄ → D*ℓν̄)

 product of initial and final velocitiesw = v ⋅ v′ 

dΓ
dw (B̄ → D*ℓν̄ℓ) =

G2
Fm5

B

48π3
Vcb

2 (w2 − 1)1/2 P(w)(ηewℱ(w))2

Phase space factor
EW corrections Form Factor

r = mD*/mB



Theory prediction of dΓ/dw(B̄ → D*ℓν̄)

•  from Heavy Quark Symmetry in the infinite quark mass limit (w=1 -> 0 recoil) 


•  extrapolated from  using parameterizations: 


• From analycity and unitarity constraints: Boyd, Grinstein, and Lebed param. (BGL) 
 

 ,  

• From BGL and using Heavy Quark Symmetry: Caprini, Lellouch, and Neubert param. (CLN) 
 

 (one parameter)

ℱ(1) = 1

ℱ(w) w = 1

F(z) =
1

PF(z)ϕF(z)

∞

∑
n=0

anzn z = ( w + 1 − 2)/( w + 1 + 2)

hA1
(w) = hA1

(1)[1 − 8ρ2z + (53ρ2 − 15) z2 + (231ρ2 − 91) z3]
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dw (B̄ → D*ℓν̄ℓ) =

G2
Fm5

B

48π3
Vcb

2 (w2 − 1)1/2 P(w)(ηewℱ(w))2



Theory prediction of dΓ/dw(B̄ → D*ℓν̄)

•  from Heavy Quark Symmetry in the infinite quark mass limit (w=1 -> 0 recoil) 


•  extrapolated from  using parameterizations: 


• From analycity and unitarity constraints: Boyd, Grinstein, and Lebed param. (BGL) 
 

 ,  

• From BGL and using Heavy Quark Symmetry: Caprini, Lellouch, and Neubert param. (CLN) 
 

 (one parameter)

ℱ(1) = 1

ℱ(w) w = 1

F(z) =
1

PF(z)ϕF(z)

∞

∑
n=0

anzn z = ( w + 1 − 2)/( w + 1 + 2)

hA1
(w) = hA1

(1)[1 − 8ρ2z + (53ρ2 − 15) z2 + (231ρ2 − 91) z3]

dΓ
dw (B̄ → D*ℓν̄ℓ) =

G2
Fm5

B

48π3
Vcb

2 (w2 − 1)1/2 P(w)(ηewℱ(w))2

Inconsistent with subleading terms in the  expansion1/mc/b

Typically used up to n=3



Theory prediction of dΓ/dw(B̄ → D*ℓν̄)

• From lattice,  (Fermilab/MILC + HPQCD)


• From sum rules,  (Gambino, Manuel, Uraltsev 
2012) -> yields results closer to exclusive measurements


• Typically fit to data provides :

ℱ(1) = 0.904 ± 0.012

ℱ(1) = 0.86 ± 0.01 ± 0.02

dΓ
dw (B̄ → D*ℓν̄ℓ) =

G2
Fm5

B

48π3
Vcb

2 (w2 − 1)1/2 P(w)(ηewℱ(w))2



Exclusive measurement by Belle Collab. - 2301.07529 

B → D*ℓν̄ℓ
Belle 2023 


With various FF parameterizations 

and LQCD inputs

Take home message: Vcb is theory dependent



Status of the  anomalies and recent datab → cℓν
LFUV tests

• 


• Longstanding tension , hinting at LFUV


• Particularly interesting in the light of hints of 
LFUV in neutral current B decays No LFUV in 
neutral current B decays anymore, but some

 anomalies are still standing. 


• Ratios of BR( ) are independent of Vcb 
but depend on the form factor parametrization 


• Hence in a global fit including RD-RD* and BRs 
must be consistent in the f.f. parametrization

RD(*) ≡
ℬ(B → D(*)τν̄)
ℬ(B → D(*)ℓν̄)

, ℓ = μ, e

∼ 3σ

b → sℓℓ

b → cℓν



• Other ratios are now available:


LHCb 2022:


LHCb 2017: 


CMS 2023:


Belle II 2023:  R(Xc) ≡
B(Bc → Xcτν)
B(Bc → Xcℓν)

Status of the  anomalies and recent datab → cℓν
LFUV tests

R(Λ+
c )SM = 0.332 ± 0.008

R(J/ψ)SM = 0.259 ± 0.004



Global fits for b->clv
EFT assuming NP in the tau sector only

ℋeff =
4GF

2
Vcb[(1 + CVL

) Oτ
VL

+ CVR
Oτ

VR

+CSR
Oτ

SR
+ CSL

Oτ
SL

+ CTOτ
T],

Oτ
VL,R

= (c̄γμPL,Rb)(τ̄γμPLντ)

Oτ
SL,R

= (c̄PL,Rb)(τ̄PLντ),

Oτ
T = (c̄σμνPLb)(τ̄σμνPLντ) .

Observables can conveniently be expressed in polynomials of WCs



Global fits for b->clv
Available data

+ 2023 data: CMS R(J/Psi), Belle II R(Xc), R(D*) 



Global fits for b->clv
Preliminary plots



To do

• State-of-the-art global fit of WET WCs of 


• Study the impact of f.f. parametrization on the fit result, account for it as a 
systematic uncertainty

b → cℓν

In collaboration with Peter Stangl and Marzia Bordone



Inclusive prediction for B → Xcℓν̄
• From the optical theorem:


• HQE :   


•  calculated perturbatively


•  are non perturbative


• Need to be determined with e.g. LQCD 


• Can be extracted from data


• Large n -> loss predictive power

∑
n,i

1
mn

b
𝒞n,i𝒪n+3,i

𝒞n,i ∝ yi, zi

⟨B(p) 𝒪n+3,i B(p)⟩

Γtot =
1

mB
Im∫ d4x ⟨B(p) T {ℋ†

eff(x)ℋeff(0)} B(p)⟩

r ≡ mc/mb



Inclusive prediction for B → Xcℓν̄

Parameters  are the non-perturbative input. 

Can be fitted on the moments of the distributions of: 
charged-lepton energy, hadronic invariant mass, …

μπ, μG, ρD, ρLS



QED effects in inclusive semi-leptonic B decays
Bigi, Bordone, Gambino et al. - 2309.02849

• Compute soft QED  correction to 
 including real and virtual 

corrections


•  Improvement over PHOTOS which is 
currently used by BaBar and Belle to 
subtract photon radiation


• Roughly decrease the value of  by 

O(α)
B → Xceν

Vcb
0.4 %



To do

• Inclusive Vcb: Generalize the correction to the moments of the hadronic and 
leptonic invariant mass distribution, these moments play an important role in 
the HQE global fits to experimental data 


• Exclusive Vcb: Similar computation needs to be done for EW and QED 
corrections to  B → D*ℓν

In collaboration with Paolo Gambino and Martin Jung



Thanks!



The Cabibbo-Kobayashi-Maskawa matrix

Wolfenstein parametrization

−ℒYukawa  = Yij
d Q̄i

LHdj
R + Yij

u Q̄i
LH̃uj

R +  h.c. 

+𝒪(λ4)

ρ̄ = ρ(1 − λ2/2 + . . . )
η̄ = η(1 − λ2/2 + . . . )

Mf
diag = Vf

LYfVf†
R (v/ 2) VCKM ≡ Vu

LVd†
L


