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24 talks, 4 days — Thanks to all the speakers for excellent presentations
The WG2 Program



• Experimental measurements


• Lepton Flavor Universality ratio (measurements)


• Semileptonic decays and CKM metrology (measurements)


• Theory 


• Lattice QCD


• Heavy quark effective theory


• Combined analyses 

Outline

Disclaimer: 
I’m still absorbing the results/ideas 
from the many nice presentations.


Apologies for any omissions or 
mischaracterizations.


Apologies for missing/incomplete 
citations — please see the talks!




Lepton Flavor Universality

(Experimental Measurements)



Recent results on flavour anomalies and 
lepton flavour (universality) violation at CMS
Riccardo Manzoni

Form factors  
largest uncertainty



LFU tests in semileptonic decays at LHCb
Marta Calvi Run1 data set



LEPTON FLAVOR UNIVERSALITY AT BELLE (II)
Bob Kowalewski

First  measurement from Belle II!R(D*)



LEPTON FLAVOR UNIVERSALITY AT BELLE (II)
Bob Kowalewski

Compatible with SM value:  = 0.223  0.004Rτ/ℓ(X ) ±
K.Vos & M. Rahimi: arXiv:2207.03432



Semileptonic Decays

& CKM Metrology

(Experimental Measurements)



Recent measurements of inclusive SL decays
Markus Prim - Belle

• Gain insights on the inclusive-exclusive  puzzle  
with combined analysis


• Extract signal in bins of  and  for   
and other 


• Trade-off: large individual uncertainties on  
either incl. or excl. 


Vub

q2 Nπ B → πℓν
B → Xuℓν

Vub



CKM metrology with semileptonic B decays at LHCb

Blaise Delaney



Exclusive semileptonic B decays at Belle (II)
Christoph Schwanda





Exclusive semileptonic B decays at Belle (II)
Christoph Schwanda
• Use full Belle dataset and reconstruct 16 final states:

Results agree well with PDG average, except only bounds were set for D*0



LHCb prospects on semileptonic decays
Marcello Rotondo



LHCb prospects on semileptonic decays
Marcello Rotondo



LHCb prospects on semileptonic decays
Marcello Rotondo



Lattice QCD



Alejandro Vaquero
Lattice Determinations of B(s) → D⋆

(s)ℓν



Brian Colquhoun and  from JLQCDB → π B → D⋆

 Form FactorsB → πℓν



Chris BouchardRare  decays 
from lattice QCD

B → π/K
dΓ(B → πℓℓ)

dq2
←

FP
FA
FV



Ryan Kellerman
Inclusive decays from lattice QCD



Luka LeskovecLattice outlook on  and B → ρ B → K⋆

s [GeV]

q2
[G

eV
2 ]

Kinematic Coverage

• Qualitatively different methods are needed to 
handle resonances and/or multihadron final states


• Key challenge: understanding final-state 
interactions in a finite volume, mapping them to 
the infinite-volume quantities measured 
experimentally



Heavy Quark Effective Theory



K. Keri Vos
HQE in Inclusive SL decays (B2Xc)



K. Keri Vos
HQE in Inclusive SL decays (B2Xu)

Update BLNP! In progress!!



Markus PrimUpdated predictions for  
using the residual chiral expansion

R(D(⋆))

BLPRXP Form Factors for 𝐵 → 𝐷(∗)ℓ ҧ𝜈ℓ
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Supplemental power counting in the transverse residual momentum 𝐷⊥
→ Drastic reduction of the non-perturbative parameters

Expansion to order 𝒪 Τ1 𝑚𝑏,𝑐
2 , 𝒪 Τ1 (𝑚𝑏𝑚𝑐 )

Markus Prim 8

Number of non-
perturbative 
parameters under 
control

𝜂 𝑤 , 𝜒2 𝑤 , 𝜒3(𝑤)

𝜑1 𝑤 , 𝛽2 𝑤 , 𝛽3(𝑤)

𝜑1 𝑤

9/18/2023

Λ𝑏 → Λ𝑐ℓ ҧ𝜈ℓ 
• Only 2 subleading IW at 𝒪 1

𝑚𝑐
2  

for Λ𝑏 → Λ𝑐ℓ ҧ𝜈ℓ
• Fit without RC yields only 1 significant 

parameter contributing to subleading IW

• After application of the RC: 
only 1 free parameter remaining to 
describe the subleading IW functions: 𝜑1
→Ideal process to test if RC yields 

compatible results

Markus Prim 21

1812.07593

Preliminary

RC 𝑅 Λ𝑐 = 0.321 ± 0.004 

(no 𝒪 1
𝑚𝑏𝑚𝐶

 included)

(𝒪 1
𝑚𝑏𝑚𝐶

 included)

9/18/2023



Daniel Moreno TorresNLO QCD corrections to inclusive  
decay rate and spectrum up to 

B → Xcτν
1/m3

Q

Wilson coefficients Ci Hadronic parameters , , , μ2
π μ2

G ρ2
LS ρ3

D

For example:



Matteo Fael

New physics contributions to moments of inclusive 
 decaysb → c

, , and ΛQCD /mb αs (ν/ΛNP)2

HQE with NP effects

https://gitlab.com/vcb-inclusive/npinb2xclv

Open source code

https://gitlab.com/vcb-inclusive/kolya



Combined analyses



Ludovica Vittorio
Unitarity Constraints and the Dispersive Matrix



Florian Herren
Model-independent description of  decaysB → Dπℓν

• Unitarity bounds follow from a dispersion 
relation via a BGL-like analysis 


• Physics inputs:

• LQCD  (HadSpec Collaboration)

• Measured (w/mass) spectra from 

experiment (Belle)

• Reasonable (and systematically 

improvable) assumptions about 
higher partial waves.

Dπ



Blazenka Melicand the potential impact of new 
physics in exclusive  decays
|Vub |

b → uℓν

Low  
Region

q2

High  
Region

q2



Carolina Da Silva Bolognani

Combining lattice and sum rules to determine |Vub | / |Vcb |

= PDG 2022



Ipsita RayExtraction of the ratio from a 
combined study of the exclusive decays

|Vub | / |Vcb |

Correlations in the |Vub| and |Vcb| plane

Ipsita Ray CKM 2023

Comparative study for extraction of |Vub|/|Vcb|

|Vub|
|Vcb| = 0.079 ± 0.006 (from

�(�bæpµ‹)
�(�bæ�cµ‹) [LHCb 1504.01568])

Ipsita Ray CKM 2023

|Vub |excl ← {B → {π/ρ/ω}ℓν
B → Kμν

|Vcb |excl ← {B → D(⋆)ℓν
Bs → D(⋆)

s ℓν



Syuhei IguroGlobal fit to b → cτν

! → τν, !" → ττ, ! → &ττ

Summary of model prediction: correlation

See also Angelescu et al, 2103.12504, Athron et al 2104.03691 for the previous version of LQs

2210.10751 (v3 soon)

LQ

6
Model discrimination is possible via these correlated predictions 
Also, τ polarization in ( → 8(∗)9: is important @ Belle II  

Pull=4.3σ

based on ;%(∗) , =&%
∗

>'$ = −0.88 ± 0.88E

>'% = −0.2 Pull=3.8σ
G( = G

>'$ = −8.9>) = 0.19 Pull=3.9σ

>'$ = 8.4>) = −0.07 ± 0.58E Pull=4.0σ
Pull=4.1σ>*$ = 0.07 = >'%/(−3.7)× Q+,-%, '# = 0.54π

Relaxed (! → τν bound and shifted ;%(∗)

R±
S/
;0
T/
U0

Similar goodness of fit 

Sensitivity in other observables/systems? 
• All NP models → LHC study  
• Charged Higgs → contributes to  via   

•  leptoquark → connection to EDM
b → sℓℓ C9

U(1)

Reinterpreting the CMS (36/fb) 
 resonance search excludes 

charged Higgs with 
τν

mH+ > 400 GeV

Q: What about ? 
A: b-tagging suppresses the SM background 
and may help shrink  the window

mH+ < 400 GeV



Marco FedeleImpact of  on New Physics 
in  transitions

Λb → Λcτν
b → cτν

As a first step, we updated the sum rules due to update in  FFB → D*

Update of the sum rule

δΛc
= Re [(1 + Cτ

VL) (0.314 Cτ*
T − 0.003 Cτ*

SR )] + 0.014 ( |Cτ
SL

|2 + |Cτ
SR

|2 ) + 0.004 Re (Cτ
SL

Cτ*
SR ) − 1.30 |Cτ

T |2

ℛ(Λc)
ℛSM(Λc)

= 0.280 ℛ(D)
ℛSM(D) + 0.720 ℛ(D*)

ℛSM(D*) + δΛc
with

Coefficients slightly changed, overall stability of the sum rule

ℛ(Λc) ≃ ℛSM(Λc)(0.280 ℛ(D)
ℛSM(D) + 0.720 ℛ(D*)

ℛSM(D*) )
= ℛSM(Λc)(1.172 ± 0.038)
= 0.380 ± 0.012 ± 0.005 to be compared with

R(Λc)exp = 0.242 ± 0.076

R(Λc)exp′ 
= (0.285 ± 0.073) 0.04

Vcb

2

2211.14172
MF, Blanke, Crivellin, Iguro, Kitahara, Nierste, Watanabe 7

14
2305.15457
MF, Blanke, Crivellin, Iguro, Nierste, Simula, Vittorio

The DM FF approach is 
capable to address tension in 

 (and  incl. vs 
excl. discrepancy), but 

however in tension with new 
 and  data!

R(D*) |Vcb |

Fℓ
L Aℓ

FB

Not all that glitters is gold…

As a first step, we updated the sum rules due to update in  FFB → D*

Update of the sum rule

δΛc
= Re [(1 + Cτ

VL) (0.314 Cτ*
T − 0.003 Cτ*

SR )] + 0.014 ( |Cτ
SL

|2 + |Cτ
SR

|2 ) + 0.004 Re (Cτ
SL

Cτ*
SR ) − 1.30 |Cτ

T |2

ℛ(Λc)
ℛSM(Λc)

= 0.280 ℛ(D)
ℛSM(D) + 0.720 ℛ(D*)

ℛSM(D*) + δΛc
with

Coefficients slightly changed, overall stability of the sum rule

ℛ(Λc) ≃ ℛSM(Λc)(0.280 ℛ(D)
ℛSM(D) + 0.720 ℛ(D*)

ℛSM(D*) )
= ℛSM(Λc)(1.172 ± 0.038)
= 0.380 ± 0.012 ± 0.005 to be compared with

R(Λc)exp = 0.242 ± 0.076

R(Λc)exp′ 
= (0.285 ± 0.073) 0.04

Vcb

2

2211.14172
MF, Blanke, Crivellin, Iguro, Kitahara, Nierste, Watanabe 7



• CMS starting to use parked data to add LFU to existing program. 
Proof of concept now, but will improve steadily with time.


• Belle II first , Belle II first measurement of  at a b-
factory


• Move toward differential measurements / studying full angular 
dependence


• Marcelo - multi-hadron final states


• Additional precise measurements of familiar quantities [e.g., 
]

R(D⋆) Rτ/ℓ(X)

R(D)

Some impressions - Experimental measurements
Toward a summary



• : Major progress since last CKM: new calculations 
of form factors for at nonzero recoil from Fermilab-MILC, 
HPQCD, and JLQCD


• Updated calculations are underway for many channels: 
, 


• Frontiers of lattice QCD include:


• Multi-hadron final states, e.g., 


• Inclusive SL decays

B → D(⋆)ℓν

B → D(⋆) B → π/K

B → ρℓν

Some impressions - Lattice QCD
Toward a summary



• Progress toward extending to higher orders, including


• Partonic  corrections (Matteo Fael)


• Subleading  corrections (Daniel Moreno)


• Effects of New Physics operators


• New ideas about constraining non-perturbative inputs


• Residual chiral expansion


• RPI quantities → New determination of

𝒪(α3
s )

𝒪(αsρD)

|Vcb |incl
q2

Some impressions - HQET
Toward a summary



• Vibrant effort to synthesis our best knowledge of experimental 
and theoretical quantities


• Combining lattice QCD form factors


• Combining lattice-QCD and LCSR form factors


• Global fits to theoretical results and experimental 
measurements


• Exploiting the constrains of analyticity and unitarity

Some impressions - Combined analyses
Toward a summary


