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Non-leptonic 𝑏 → 𝑐 decays

two kinds of non-leptonic 𝐵0 decays mediated by 𝑏 → 𝑐 transitions

color-suppressed topology color-allowed topology 

QCD factorization not applicable

power-suppressed

QCD factorization applicable 

no suppression 
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The simplest non-leptonic 𝐵 𝑠 decays

decays with four different flavors are the simplest 

and cleanest non-leptonic 𝐵 𝑠

⇓
no penguin or annihilation contributions

focus on ത𝐵𝑠
0 → 𝐷𝑠

(∗)+
𝜋− and ത𝐵0 → 𝐷(∗)+𝐾−

to test QCD factorization

other color allowed decays discussed 

in Daniel’s part of the talk

[Bordone/NG/Huber/Jung/van Dyk ’20]
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QCD factorization

QCD factorization: systematic method to compute amplitudes in non-leptonic 𝐵 decays in heavy-

quark limit (leading power in 
ΛQCD

𝑚𝑏
)

𝒜 ത𝐵0 → 𝐷+𝐾− ∝ 𝑓𝐾 𝐹0
𝐵→𝐷 𝑀𝐾

2 𝑎1 𝐷+𝐾− + 𝒪
ΛQCD

𝑚𝑏

improve theoretical predictions for ത𝐵𝑠
0 → 𝐷𝑠

(∗)+
𝜋− and ത𝐵0 → 𝐷(∗)+𝐾− branching fractions

• Wilson coefficients 𝑎1 computed at NNLO 

• update 𝐵 → 𝐷 ∗ and 𝐵𝑠 → 𝐷𝑠
∗

form factors

• estimate 
ΛQCD

𝑚𝑏
corrections for the first time

[Bordone/NG/Jung/van Dyk ’19]

[Huber/Kränkl/Li ’16]

[Bordone/NG/Huber/Jung/van Dyk ’20]
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Power corrections

1. no annihilation or penguin topologies in ത𝐵𝑠
0 → 𝐷𝑠

(∗)+
𝜋− and ത𝐵0 → 𝐷(∗)+𝐾−

2. no 
𝚲𝐐𝐂𝐃

𝒎𝒄
corrections since we use QCD form factors instead of soft form factors

3. no hard-collinear gluon between 𝑏 or 𝑐 quarks 

and the light meson at order 
ΛQCD

𝑚𝑏

4. soft-gluon exchange between the ത𝐵(𝑠)
0 𝐷(𝑠)

(∗)+
system 

and the light meson 𝐿
we estimate it with light-cone sum rules (LCSRs)
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our conservative estimates 𝐿 = {𝜋, 𝐾}

𝒜 หത𝐵𝑞
0 → 𝐷𝑞

+𝐿−
NLP

𝒜 หത𝐵𝑞
0 → 𝐷𝑞

+𝐿−
LP

≃ 0.06, 0.6 %

𝒜 หത𝐵𝑞
0 → 𝐷𝑞

∗+𝐿−
NLP

𝒜 หത𝐵𝑞
0 → 𝐷𝑞

∗+𝐿−
LP

≃ 0.04, 0.4 %

lower value correspond to our central value

upper value obtained by simply multiplying the central value by a factor of 10

update w.i.p. from Piscopo/Rusov

rescattering contribution is negligible

support the fact that ഥ𝑩𝒒
𝟎 → 𝑫𝒒

(∗)+
𝑳− decays are theoretically clean

Light-cone sum rules results

[Endo et al ’22]
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Theory prediction and comparison with data

discrepancy between 

measurements and 

theoretical predictions

improved FFs uncertainties

same results for the WC of 

QCDF as in Huber/Kränkl/Li

updated remaining inputs

→ 4𝜎

→ 5𝜎

→ 2𝜎

→ 3𝜎
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Possible explanations

1. large nonfactorizable contributions of 𝑂(15 − 20%) in the amplitude

⟶ excluded by our estimate at 4.4𝜎 level 

2. experimental issue ⟶ would imply problems in several (consistent) 

measurements (CLEO, BaBar, LHCb, Belle)

3. shift in the inputs (e.g.  𝑉𝑢𝑑 , 𝑉𝑢𝑠, 𝑉𝑐𝑏) ⟶ would probably violate CKM unitarity

4. BSM physics only explanation left ⟶ see next slide

5. a combination of the effects discussed above
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Is NP a viable option?

implies 𝑂(20%) tree-level corrections in 

𝑏 → 𝑐𝑢(𝑑/𝑠) transitions not observed so far

possibility explored in several works

⟹ BSM physics viable option 

(𝑊′ models…)

BSM explanation consistent with flavor observables

however strong constraints from dijet searches

[Bordone/Greljo/Marzocca/Fuentes-Martin ’21]

[Iguro/Kithahara ‘21]

[Fleischer et al. ’20]
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On the experimental side
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• Decay widths of 𝐵 → 𝐷(∗)ℎ can be estimated from their semileptonic counterpart

• Beneke et al: 𝑎1 = 1.05 (10.1016/S0550-3213(00)00559-9)

• Huber et al: 𝑎1(𝜋) = 1.071 ± 0.014, 𝑎1(𝐾) = 1.069 ± 0.013 (10.48550/JHEP09(2016)112)

• Previous studies (Fleischer et al. 10.1103/PhysRevD.83.014017) of |𝑎1| have not been 
performed within a single experiment which would cancel many systematic uncertainties

• 𝑆𝑈(3) symmetry implies that |𝑎1| should be consistent for ℎ = {𝜋, 𝐾}
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𝐵0 → 𝐷∗−ℓ+𝜈ℓ measurement
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• Semileptonic measurement is required for hadronic factorisation

• Helicity amplitudes 𝐻±,0 can be defined by two different parameterisations, BGL and CLN: 

BGL(𝑛𝑓 , 𝑛𝑔, 𝑛 )• BGL is defined with three power series

• No. free parameters set by non-zero coeffs

• Considered less model-dependent at higher order
C.G. Boyd, B. Grinstein, and R. F. Lebed, Phys. Rev. D 56, 6895 (1997).
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𝐵0 → 𝐷∗−ℓ+𝜈ℓ at Belle
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E. Waheed et al. (Belle 2019)
10.1103/PhysRevD.100.052007

• Belle 2019 (711 fb-1) untagged study using a forward-
folding approach

• 𝑉𝑐𝑏 consistent between BGL and CLN, form factor 
parameters compatible

• BGL fit must be truncated to order (𝑛𝑓 = 1, 𝑛𝑔 = 0,
𝑛ℱ1 = 2), in order to fit to the data alone without lattice 
input

w cos(𝜃ℓ)

Background 
contributions

Binned Data
Forward-folded fit 

using CLN

Ev
en

ts

𝐵 → 𝐷∗∗ Signal correlated Uncorrelated Fake ℓ Fake 𝐷∗ Continuum
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Fitting to the Belle data
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D. Ferlewicz, E. Waheed, P. Urquijo (2021)
10.1103/PhysRevD.103.073005

With updates using F-MILC results

• JLQCD and Fermilab-MILC provide first LQCD form factor 
calculations with 𝑤 ≠ 1 values for this mode.
• JLQCD (DOI 10.22323/1.363.0139): ℎ𝐴1 and ℎ𝑉 at 𝑤 = 1.04, 1.08

• Fermilab-MILC (arXiv 2105.14019): 𝑔, 𝑓, ℱ1 at 𝑤 = 1.03, 1.10, 1.17

• Belle data is combined with these calculations for new fit
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𝐵0 → 𝐷∗−ℓ+𝜈ℓ results
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• ℱ 1 𝜂𝐸𝑊 𝑉𝑐𝑏 = 35.22 ± 0.50 ± 0.84
(Taking BGL(2,2,2), F-MILC as nominal)
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ത𝐵0 → 𝐷∗+ℎ− measurement
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• New Belle (711 fb-1) ℬ( ത𝐵0 → 𝐷∗+𝜋−) and ℬ( ത𝐵0 → 𝐷∗+𝐾−) measurement, with 
𝐷∗+ → 𝐷0𝜋+ and 𝐷0 → 𝐾−𝜋+ or 𝐷0 → 𝐾−2𝜋+𝜋− (previous 10.4 fb-1)

Selection criteria:
• Pion ℒ𝐾/𝜋 < 0.6 (except slow pions)

• Kaon ℒ𝐾/𝜋 > 0.6

• 𝐷∗ candidates have Δ𝑀𝐷∗−𝐷 within ≈ 2.1MeV/c2 of mean

• 𝑀𝑏𝑐 > 5.27 GeV/c2

• −150 < Δ𝐸 𝑀𝑒𝑉 < 125

• Signal yields from simultaneous unbinned
maximum-likelihood fit of Δ𝐸 = 𝐸𝐵 − 𝐸𝑏𝑒𝑎𝑚
• 𝜋 signal PDF = double Gaussian + Crystal Ball

• 𝐾 signal PDF = Gaussian + Crystal Ball

• Common resolution factor for widths is used for fits to data: 𝜎𝑖
𝑑𝑎𝑡𝑎 = 𝛽𝜎𝑖

𝑤𝑖𝑑𝑡ℎ

J.F. Krohn et al. (Belle, 2022)
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ത𝐵0 → 𝐷∗+ℎ− measurement
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𝐷0 → 𝐾−𝜋+

channel

Pion-enriched 
sample

Kaon-enriched 
sample

Table of uncertainties for B.F. 
Values with † are propagated to 𝑅𝐷, 

otherwise are cancelled

Pion-enriched 
sample

Kaon-enriched 
sample

𝐷0 → 𝐾−3𝜋
channel
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ത𝐵0 → 𝐷∗+ℎ− measurement
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Hadronic factorisation measurement
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• Measuring |𝑎1| within a single experiment cancels out many systematic uncertainties:
• 𝐾/𝜋-ID, fit parameters, fit bias and MC statistical uncertainty remain for the hadronic mode

• ℓ-ID, 𝑒/𝜇 fake rates, ℬ(𝐷∗∗ ) and PDF related uncertainties for the semileptonic mode

Total error contributions
SM 

constants
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Hadronic factorisation measurement
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• Take ratio of 𝑎1 𝑞𝐴
2/ 𝑎1 𝑞𝐵

2 to test if this is a universal factor



ത𝐵0 → 𝐷+ℎ− measurement
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• New Belle (711 fb-1) ℬ( ത𝐵0 → 𝐷+𝜋−) and ℬ( ത𝐵0 →
𝐷+𝐾−) measurement, with 𝐷+ → 𝐾−𝜋+𝜋−, updating 
the 2001 (10.4 fb-1) result

• Similar selection criteria to ത𝐵0 → 𝐷∗+ℎ−, but with 𝐷
meson mass selected with ≈ 13 MeV/c2 of  known 𝑀𝐷+

• Simultaneous fit to pion- and kaon-enriched samples

E. Waheed et al. (Belle, 2022)
10.1103/PhysRevD.105.012003

Signal PDFs are 
double Gaussians 
with floated 
resolution factor
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ത𝐵0 → 𝐷+ℎ− results
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• Branching fractions and ratio consistent with previous measurements

• This channel is often used in control samples for CP-violation and 𝜙3 measurements

• Can be used with the previous Belle 𝐵0 → 𝐷−ℓ+𝜈 study to check consistency in |𝑎1|
measurements with reduced systematic uncertainties

Measurement Result 
(± 𝒔𝒕𝒂𝒕.± 𝒔𝒚𝒔. [± D branching fraction sys.]*)

Theory prediction
(Huber 2016)

ℬ( ത𝐵0 → 𝐷+𝜋−) 2.48 ± 0.01 ± 0.09 ± 0.04∗ × 10−3 (3.93 ± 0.43) × 10−3

ℬ( ത𝐵0 → 𝐷+𝐾−) (2.03 ± 0.05 ± 0.07 ± 0.03∗) × 10−4 3.01 ± 0.32 × 10−4

𝑅𝐷 ≈ tan2 𝜃𝐶
𝑓𝐾

𝑓𝜋

2 0.0819 ± 0.0020 ± 0.0023 0.077 ± 0.002
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ℬ and 𝒜𝐶𝑃 of 𝐵 → ഥ𝐷0𝜋
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T. Bloomfield et al. (Belle, 2022)
arXiv:2111.12337 

(accepted by PRD on 10/03)

Signal

𝐵 ത𝐵 bkg.

Continuum

Rare 𝐵

𝐵0 → ഥ𝐷0𝜋0

channel

• Updated (from 2002 21.3 fb-1) measurements of ℬ(𝐵0 → ഥ𝐷0𝜋0) and ℬ(𝐵+ → ഥ𝐷0𝜋+) with 
full Belle data set (711 fb-1), with a 2- and 3-body D meson decay

• 𝐵0 → ഥ𝐷0𝜋0 decay is colour-suppressed compared to charged final states

• Yield, 𝒜𝐶𝑃 extracted from unbinned extended maximum-likelihood fit to 𝑀𝑏𝑐 , Δ𝐸 and a 
neural net output for continuum suppression.

Continuum 
suppression 
neural net using 
event shape 
variables and B-
meson flavour 
tagging algorithm
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ℬ and 𝒜𝐶𝑃 of 𝐵 → ഥ𝐷0𝜋 results
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• First measurement of 𝒜𝐶𝑃 with neutral mode!

• Expect negligible direct CP-violation in neutral 
mode ⇒ good test of BSM

Measurement Result (± 𝒔𝒕𝒂𝒕.± 𝒔𝒚𝒔. )

ℬ(𝐵0 → ഥ𝐷0𝜋0) 2.70 ± 0.06 ± 0.10 × 10−4

ℬ(𝐵+ → ഥ𝐷0𝜋+) (4.53 ± 0.02 ± 0.15) × 10−3

𝒜𝐶𝑃(𝐵
0 → ഥ𝐷0𝜋0) 0.42 ± 2.05 ± 1.22 %

𝒜𝐶𝑃(𝐵
+ → ഥ𝐷0𝜋+) 0.19 ± 0.36 ± 0.57 %

23



Conclusion
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• Effort is needed to compute power corrections

• Interpretations of the tension suggest large power-corrections (… or BSM)

• Four papers from Belle (and one phenomenology paper) out recently/soon:

• LQCD calculations of semileptonic decays used to improve fits for 𝐵 → 𝐷∗ℓ𝜈

• ℬ(𝐵 → 𝐷 ∗ ℎ) results deviate from predictions
• 𝑎1(𝜋) = 0.884 ± 0.016, 𝑎1(𝐾) = 0.913 ± 0.024

• New ത𝐵0 → 𝐷ℎ Belle results are available to further test SM |𝑎1| predictions. 

Measurement of |𝑉𝑐𝑏| from 𝐵 → 𝐷∗ℓ𝜈 at Belle
E. Waheed et al. (Belle 2019)

10.1103/PhysRevD.100.052007

Revisiting fits to 𝐵 → 𝐷∗ℓ𝜈
D. Ferlewicz, E. Waheed, P. Urquijo (2021)

10.1103/PhysRevD.103.073005

Measurements of ℬ(𝐵 → 𝐷 ∗ ℎ) and QCD factorisation
J.F. Krohn et al. (Belle, 2022)

New result, submitting to PRD

ℬ and 𝒜 of 𝐵 → ഥ𝐷𝜋
T. Bloomfield et al. (Belle, 2022)

arXiv:2111.12337 (for PRD)
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Study of 𝐵 → 𝐷ℎ decays at Belle
E. Waheed et al. (Belle, 2022)

10.1103/PhysRevD.105.012003
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Back up slides



B→D*lν Decay
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• Exclusive |𝑉𝑐𝑏| measurements have historically had some model 
dependence

• Differential decay rate for l = e, μ, is a function of four observables: 
hadronic recoil (w) and three angles (𝜃ℓ, 𝜃𝑉 , 𝜒)

• Belle 2019 untagged study (doi.org/10.1103/PhysRevD.100.052007) performed fits for {H±, H0} defined in 
both CLN and BGL parameterisations

w cos(𝜃ℓ) cos(𝜃𝑉) 𝜒

Background 
contributions

Binned Data
Forward-folded fit 

using CLNEv
en

ts

𝐵 → 𝐷∗∗ Signal correlated Uncorrelated Fake ℓ Fake 𝐷∗ Continuum

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052007
https://linkinghub.elsevier.com/retrieve/pii/S0550321398003502
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.56.6895


CLN parameterisation
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• Helicity amplitudes defined in terms of form factors and form 
factor ratios to represent full form factor expression ℱ2(𝑤)

• Standard CLN has four free parameters

• QCD sum rule constraints can be removed 
to add 𝑅′1 1 and 𝑅′2 1 as new free 
parameters in ratios (CLNnoR)

• Heavy quark symmetry can then also be 
removed to add curvature term 𝑐𝐷∗ in 
ℎ𝐴1(𝑤) (CLNnoHQS)

[𝜂𝐸𝑊ℎ𝐴1 1 ] 𝑉𝑐𝑏 : Overall normalisation

𝜌2: Slope term
𝑅1 1 : Ratio 1 term at w=1
𝑅2 1 : Ratio 2 term at w=1



BGL parameterisation
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• The helicity amplitudes in BGL are defined by power series

• Each coefficient 𝑎𝑛
𝑖 is a free parameter

• Setting ෤𝑎𝑛
𝑖 = 𝜂𝐸𝑊|𝑉𝑐𝑏|𝑎𝑛

𝑖 reduces normalisation D.O.F.

• Another free parameter removed through

• , where            = 

BGL(𝑛𝑓, 𝑛𝑔, 𝑛 )



Variation from covariance
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• Standard χ2 minimisation algorithm for fitting expected results from theory, Nexp, to observed data, Nobs, 
given covariance in data, C:

• High systematic correlations related to the overall normalisation may 
cause a bias in the fit results

• The measured systematic covariance matrix cannot be added to the
statistical covariance matrix in a naïve way

PDG 2018: 4.9%

Lower 𝜒2

values

• Need a way to avoid bias by 
separating the covariance 
matrices while maintaining 
covariance properties 
⇒ Cholesky decomposition



Belle semileptonic results
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The Cholesky decomposition toy MC

N. GUBERNARI, D. FERLEWICZ BEYOND THE ANOMALIES III 27/04/2022 

• Separate statistical and systematic covariance matrices

• Include systematic uncertainty via toy MC method and 
Cholesky decomposition

• Generate 𝑁𝑜𝑏𝑠
′ and minimise 𝜒2 many times to obtain 

distribution of free parameter values (𝒞 = 𝒞𝑠𝑡𝑎𝑡. in 𝜒2

formula)

• Assume a Gaussian to obtain mean value and sys. uncertainty

𝑢 = 𝑔𝑎𝑢𝑠 𝜇 = 0, 𝜎 = 1 1×40

𝒞40×40 = 𝐿𝐿𝑇 =[      ] [      ]
Positive definite 

covariance matrix Lower triangular 
matrix

Upper triangular 
matrix

ℱ 1 ηEW Vcb

𝜇

𝜎

• Results obtained through this 
method agree with 2019 Belle 
study while using the measured 
systematic covariance matrix

CLN



Updated input values
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𝐵0 → 𝐷∗−ℓ+𝜈ℓ results

N. GUBERNARI, D. FERLEWICZ BEYOND THE ANOMALIES III 27/04/2022 

• In all cases for the Fermilab-MILC results, 
the 𝜒2 goodness-of-fit parameter has 
increase compared to JLQCD, and 
particularly so in CLN. 

• This phenomenon was also present in the 
original study by the collaboration. 

• On investigation, it appears that the cause 
of this is the presence of large terms in the 
inverse of the covariance matrix of LQCD 
points

• This has little effect on the value of |𝑉𝑐𝑏|, 
and comparisons of form factor 
parameters, with an overall agreement 
with JLQCD within uncertainty.



Hadronic factorisation measurement
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𝑆𝑈(3) symmetry test
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• Take ratio of 𝑎1 𝑞𝐴
2/ 𝑎1 𝑞𝐵

2 to test if this is a universal factor
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