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Exclusive vs Inclusive determination of Vcb

2

B̄ → Xcℓν̄

B̄(s) → D(*)
(s) ℓν̄

Inclusive decay rate 
Measurement in B factories (BaBar, Belle, Belle II,…) 

Prospects for  at LHCbΛb → Xcℓν̄

Exclusive decay rate 
 measurements from B factories


 by LHCb
B̄ → D(*)ℓν̄

B̄s → D(*)
s

Vcb

Γ(b → cℓν̄) ∝ |Vcb |2

Xc = D, D*, D**, Dπ, . . .

TH input: HQE + optical theorem

TH input: lattice/HQE+exp/LCSR

Consistency tests of both SM predictions and measurements 



|V incl
cb | = (41.97 ± 0.48) × 10−3

Inclusive Exclusive 
|Vexcl

cb | = (39.62 ± 0.47) × 10−3

Average by HFLAV 2023

Large variability between determinations using different processes, 


FF parameterization, lattice input, etc… See next slides

From Bordone, Capdevila, Gambino ‘21

The Vcb Puzzle
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Almost 4σ

Finauri Gambino ‘23

See Marzia’s talk



Why look for New Physics in  ?B → Xcℓν̄
• There are still anomalies in some semileptonic  

decays, e.g.  (+ang.), and  

• Can the  puzzle in exclusive vs inclusive 
  be explained by NP? [Crivellin 

et al. 1407.1320] says no but performed a ‘zeroth 
order analysis’ only 

• Observables in inclusive and exclusive decays 
have different sensitivities to NP 

• Measurements of inclusive  observables 
use different analysis techniques from exclusive 
decays. Independent data + different systematics

B
BR(B → K(*)ℓℓ) R(D(*))

Vcb
b → cℓν̄ (ℓ = e, μ)

B → Xcℓν̄
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M. Jung, D. Straub (1801.01112)

See Martino’s talk



 in the SMB → Xcℓν̄
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HW =
4GF

2
Vcb(c̄γμPLb)(ℓ̄γμPLνℓ) =

4GF

2
Vcb(Jμ

q × Jℓ,μ)

γμPL γνPL
Tμν = +𝒪(αs)

dΓ(B̄ → Xcℓν̄ℓ) ∝ ∑
Xc

|⟨Xcℓν̄ℓ |HW | B̄⟩ |2 ∝ |Vcb |2 LμνWμν + 𝒪(αem)

Lμν ∝ ∑
spins

⟨ν̄ℓℓ |Jμ,ℓ |0⟩ ⟨ν̄ℓℓ |Jν,ℓ |0⟩†

known exactly
Wμν ∝ ∑

Xc

⟨Xc |Jμ
q | B̄⟩ ⟨Xc |Jν

q | B̄⟩
†

Wμν = −
1
π

ImTμν

Calculable via OPE in Heavy 
Quark Effective Theory (HQET)

2mBTμν(q) = − i∫ d4xe−i(pb−q)x ⟨B̄ |T [Jν
q(x)†Jμ

q (0)] | B̄⟩Optical Theorem

pb

q q

pb

At the  scale:b
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D3 (exact) D4  
related to higher dimensional  
parameters through EOM

D5: 2 parameters

D6: 2 parameters D7: 9 independent parameters 

D8: 18 (!) 

OPE of the forward scattering amplitude

Only 4 unknown HQE ME at order  !Λ3
QCD/m3

b

Mannel,Turczyk,Uraltsev 2010 
Mannel,Milutin,Vos 2023 
Finauri 2025



What can this calculation do?
• We obtain an expression for the triple differential decay rate:  

 

  

 
                                                

•  terms   is not physical.  

• The HQE is only valid for observables integrated over a range  
(smearing). Higher power contributions are enhanced if the integration range is too small.

dΓ
dEℓdEνdq2

= |Vcb |2 G2
F

m5
b

16π3 [fLP + fμπ
NLP

μπ2

m2
b

+ fμG
NLP

μ2
G

m2
b

+ fρLS
NNLP

ρ3
LS

m3
b

+ fρD
NNLP

ρ3
D

m3
b

+ 𝒪(Λ4
QCD/m4

b)]
μπ ∼ μG ∼ ρD ∼ ρLS ∼ ΛQCD ΛQCD/mb ∼ 0.1

𝒪(Λn
QCD/mn

b) ∝ δ(n−1)[(mbv − q)2 − m2
c ] →

dΓ
dEℓdEνdq2

ΔEℓ, ΔEν, Δq2 ≫ Λ(2)
QCD
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Observables

,  

 with lower cuts on . Ratio independent of . In practice central moments are used to 
reduce systematic errors  for  .  TH error explodes for . We use all 
moments with .  

•Lepton energy and hadronic mass moments from Babar, CLEO, DELPHI, CDF, Belle 

•  moments from Belle and Belle II 

•We also include  

ℳn = ⟨Xn⟩ =
∫ dX dΓ

dX Xn

∫ dX dΓ
dX

X = Eℓ, q2, m2
Xc

Eℓ, q2 Vcb
≡ ⟨(X − ⟨X⟩)n⟩ n ≥ 2 n ≥ 4

n ≤ 3

q2
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Measured by Babar and Belle Fitted

See Raynette talk’s for critical assessment  
of the experimental results at Belle (II)



Fit strategy

1. Extract HQE matrix elements by fitting the kinematic moments and  
 
Fit parameters: (constrained), , BR  

2. Extract  from the total decay rate using the result of the fit

R*

mb, mc μ2
π , μ2

G, ρ3
LS, ρ3

D cℓν

|Vcb |
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ΓB→Xcℓν = |Vcb |2 f(mb, mc, μ2
π , μ2

G, ρ3
LS, ρ3

D) =
BRcℓν

τB



State-of-the-art SM calculation

10 Slide by Gael Finauri



SM result
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New result! 2507.22123

Updates: 

• Inclusion of  corrections  
in the -moments  

•  in the total decay 
width

α2
s

q2

αem



 with New PhysicsB → Xcℓν̄
• Assuming , no LFV, no RH neutrinos, dim 6 operators, the Hamiltonian is: 

• This introduces new terms to compute in the hadronic tensor OPE

ΛNP ≫ mW

HNP
W =

4GF

2
Vcb[(1+CVL)[c̄γμPLb][ℓ̄γμPLνℓ]+CVR

[c̄γμPRb][ℓ̄γμPLνℓ]+CT[c̄σμνPLb][ℓ̄σμνPLνℓ]

+CS[c̄b][ℓ̄PLνℓ]+CP[c̄γ5b][ℓ̄PLνℓ]]

Γ Γ′￼

TΓΓ′￼
= +𝒪(αs)

2mBTΓΓ′￼
= − i∫ d4xe−iqx ⟨B̄ |[JΓ′￼

(x)†JΓ(0)] | B̄⟩ Γ, Γ′￼ ∈ {γμPL, γμPR, σμνPL, 1, γ5}
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Ṽcb ≡ Vcb(1 + CVL), C̃X ≡ CX /(1 + CVL
)



 with New PhysicsB → Xcℓν̄
• Schematically, the result of the OPE looks like: 

• The SM only interferes with : only NP that contributes linearly to  

• We work with the following power counting:  and up to order  

• SM : , for  :  

•  :    

• Other NP : 

CVR dΓ

Ci
Γ × α j

s, i + j ≤ 2
1

m3
b

𝒪(1/m3
b) + 𝒪(αs/m2

b) + 𝒪(α2
s ) Γtot 𝒪(1/m3

b) + 𝒪(αs/m3
b) + 𝒪(α3

s )

CVR
𝒪(1/m3

b) + 𝒪(αs)

𝒪(1/m3
b)
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dΓ(B → Xcℓν̄)
dq2dEνdEℓ

∝ ∑
Γ,Γ′￼

WΓΓ′￼
LΓΓ′￼

WΓΓ′￼ =
CΓC*Γ′￼

mb
[( . . . ) + ( . . . )

μ2
π

m2
b

+ ( . . . )
μ2

G

m2
b

+ ( . . . )
ρ3

D

m3
b

+ ( . . . )
ρ3

LS

m3
b

+ . . .

αs[( . . . ) + ( . . . )
μ2

π

m2
b

+ . . . ]+

α2
s [ . . . ] + . . . ]

[Grossman et al. ],[Colangelo et al. ],[Fael et al. ] 9403376 1611.07387 2208.04282

[Blok et al. ],[Manohar et al. ],[Feger et al. ], [Kamali ]9307247 9308246 1003.4022 1811.07393



Fit setup
• 14 free parameters in the fit: 

•  

• Quark masses:  

• HQE matrix elements:  

• NP Wilson coefficients:  
 

• This is the first global fit for inclusive B decays with New Physics

BRcℓν̄

mb, mc

μ2
π , μ2

G, ρ3
LS, ρ3

D

aVR
, aT, aP, aS, c(δVR

), c(δS), c(δP)
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CX

1 + CVL

≡ aXeiδX

For  only 3 interference terms: mℓ = 0

Re(C*VR
CVL

), Re(C*S CT), Re(C*P CT)



Fit Results
With agnostic New Physics

χ2
NP/d.o.f. = 36.08/67

χ2
SM /d.o.f. = 42.58/74

SM compatible with the NP fit at the  
level. No preference for NP.

0.7σ
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Fit Results
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With agnostic New Physics

• HQE parameters are SM-like 

• All single NP WCs are compatible with zero 
within the C.L. interval (  for ) 

• Upper bounds competitive with bounds from 
exclusive decays 

• Important correlation between  and  
gives the profiled  a large uncertainty:

68 % < 95 % aS

aT Ṽcb
Ṽcb

| Ṽcb | = 35.3+4.4
−3.6 ⋅ 10−3 😬

Δχ2 < 2.30
Δχ2 < 5.99



Why is the error on  so large?Ṽcb
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Here we take:

 with  GeV< Eℓ > Ecut
ℓ = 1

The predictions for each observables can be written  
as a quartic polynomial in NP WC:

Total decay rate

« Flat direction » in the fit for  and  which allow for large shifts in  and aS ∼ 3aT c(δS) = − 1 aS, aT | Ṽcb |
aP ∼ 3aT c(δP) = 1 aP



Single Mediator NP models
• We also investigate 5 single-mediator scenarios which only contribute to some of 

the 5 WCs in the WET Hamiltonian
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Leptoquarks

Charged scalar

 TeVμ = ΛNP = 1  GeVμ = 5
running and matching to WETSMEFT WET

(Vector-like quark doublet)



Fit Results
Legend: 

I - Vector-like quark  
II - Charged scalar  
III -  LQ  
IV -  LQ  
V - ,  LQ  
NP - All WCs 
         68% C.L. interval 
         Best-fit point 

« Flat direction » in the fit for 
 and  

found at the best fit point for 
 in ‘NP’

(CVR
)

(CS, CP)
S1 (CT, CSL

= − 7CT)
R2 (CT, CSL

= 7CT)
U1 V2 (CSR

)

aS ∼ 3aT c(δS) = − 1

aS, aT
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Most distributions are non-Gaussian!
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1D profile likelihoods
• 1D profile likelihoods of WCs 

are non-Gaussian 

• E.g.  ( ) is compatible with 
 at the  level in ‘NP’ (I), 

• is moderately affected in 
single mediator models 

• Only scenario I (slightly) prefers 
a complex NP WC ( )

aS aVR

0 2σ

| Ṽcb |

CVR
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Back to the Vcb puzzle
E.g. for NP in Re(CVR

)
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New!

Re(CVR
)

M. Jung, D. Straub (1801.01112)

C.L.68 %
C.L.95 %

Δχ2

Exclusive bounds need to be updated and included in a global fit!



Outlook
• We perform a state-of-the-art calculation of  with New Physics 

• First global fit of inclusive  with model-independent New Physics 

• Provide new and competitive constraints on New Physics in  transitions 

• Perspectives:  

•  radiative corrections to all New Physics contributions (very soon) 

• Global fit including exclusive  decays  

• Implementation in flavio/EOS/other?

B → Xcℓν̄

B → Xcℓν̄

b → cℓν̄

𝒪(αs)

b → cℓν̄

22
Thank you!



Appendix
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Exclusive Vcb: Theory prediction of dΓ/dw(B̄ → D*ℓν̄)
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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 product of initial and final velocitiesw = v ⋅ v′￼

FF definition:

3 ways to obtain the FFs : 
• HQET + experiment + lattice for normalization 

• Lattice only (In tension with the experiment driven determination) 

• Light-Cone Sum Rules (not very accurate for  decays) b → c



Measurement of B → Xcℓν̄

• B factories:  

• High hermeticity detector 

• Low background and no pile up 

• Excellent PID 

• BUT fewer B produced compared to p-p collider: 

• ~390M  pairs at SuperKEKB/Belle II 

• >  b-hadrons produced at LHCb 

• Open questions (non-exhaustive):  

• Experimental correlation between moments is currently 
unknown (but non-zero)  

• ‘Gap’ between sum of inclusive modes (used to generate 
simulated events) and measured total decay rate 

e+e− → Υ(4S) → B̄B

BB̄

1012

At B factories - e.g. Belle II at SuperKEKB
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Image credit: Stefano Moreta

Vub

Vcb

2

∼ 0.8 %

Total reconstruction, then subtraction of B → Xuℓν̄



vs complex Ṽcb CVR
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