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A leading systematic for many analyses (not just semileptonic):

Some blocks are still missing…

Broad states based on 
3 measurements. 

(BaBar, Belle, DELPHI)

Fairly well known.

Some hints from  
BaBar & recent Belle 

result.
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Broad states based on 
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(BaBar, Belle, DELPHI)

A leading systematic for many analyses (not just semileptonic):

Fairly well known.

Some blocks are still missing…
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…or is it even 
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So what do we know about ?B → Dπℓν
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So what do we know about ?B → Dπℓν

Belle  
reports large 

falling 
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So what do we know about ?B → Dπℓν

Are we 
missing the 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So what do we know about ?B → Dπℓν

PRL 126 (2021) 19, 192001

B − → D +π −π −

LHCb

BW
UChPT

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.192001
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So what do we know about ?B → Dπℓν

B − → D +π −π −

LHCb

BW
UChPT

 a two- 
pole structure 
with masses of 

2.1 &  
2.45 GeV

D*0

PRL 126 (2021) 19, 192001


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.192001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.192001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.192001
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.192001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.192001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.192001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.192001
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A “how-to” for B → Dπℓν

~f(q2,M2
D⇡) = ⌦(M2

D⇡)~P (q2)
<latexit sha1_base64="tCrQ67ABWTGBMTkvDs55vKD4FmU=">AAACInicbVDLSgMxFM34rPU16tJNsAgtSJmpgroQirpwI1awWujUkknvtKGZh0mmUIZ+ixt/xY0LRV0JfozptAttPRA4nHMuN/e4EWdSWdaXMTM7N7+wmFnKLq+srq2bG5u3MowFhSoNeShqLpHAWQBVxRSHWiSA+C6HO7d7NvTveiAkC4Mb1Y+g4ZN2wDxGidJS0zx2ekATb5B/uC/tXTaTcydig/tSAZ9g58qHNsn/FtNwJQ0XmmbOKlop8DSxxySHxqg0zQ+nFdLYh0BRTqSs21akGgkRilEOg6wTS4gI7ZI21DUNiA+ykaQnDvCuVlrYC4V+gcKp+nsiIb6Ufd/VSZ+ojpz0huJ/Xj1W3lEjYUEUKwjoaJEXc6xCPOwLt5gAqnhfE0IF03/FtEMEoUq3mtUl2JMnT5PbUtHeL5auD3Ll03EdGbSNdlAe2egQldEFqqAqougRPaNX9GY8GS/Gu/E5is4Y45kt9AfG9w8T5qIg</latexit>
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Step #1: Coupled channel treatment

Numerically solve the integral equation for the 
Omnès matrix:

Im ⌦(s+ i✏) =
1

⇡

Z 1

sthr

T ⇤(s0)⌃(s0)⌦(s0)

s0 � s� i✏
ds0
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The Omnès Matrix describes the interactions 
between final state hadrons and the lineshapes of 
resonances:


•  is the T matrix and  contains the relevant 
phase-space factors


• Allows simultaneous extraction of: 
 ,  and 

T Σ

B → Dπℓν B → DsKℓν B → Dηℓν
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Hadron Spectrum: JHEP 10 (2016) 011
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Omnès matrix.

Step #2: Unitarity bounds

Generalize BGL unitarity bounds  
to multi-hadron final states. 
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Step #1: Coupled channel treatment

Numerically solve the integral equation for the 
Omnès matrix.

Step #2: Unitarity bounds

Generalize BGL unitarity bounds  
to multi-hadron final states. 

See Florian Herren’s talk.

https://indico.cern.ch/event/1345421/contributions/6040046/attachments/2933562/5152167/Challenges_FH.pdf
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Step #1: Coupled channel treatment

Numerically solve the integral equation for the 
Omnès matrix.

Step #2: Unitarity bounds

Step #3: Fit to -spectrumMDπ

Generalize BGL unitarity bounds  
to multi-hadron final states.  
See Florian Herren’s talk.

• Latest Belle results:  

• Combined fit to both charged modes.

• We do not include data above 2.55 GeV;


- To avoid influence from unknown 
higher resonances.


• Use PDG averages for   mass and 
width.

D*2

PRD 107 (2023) 9, 092003

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.092003
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Excellent agreement with data: 
/dof = 1.0 (134)χ2

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.092003
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• Recently, it was pointed out that virtual   
contributions should be taken into account  
in semileptonic decays.


• We introduce Blatt-Weisskopf damping  
factors and include  as fit parameter.


• Use FNAL/MILC  FFs and fit after  
integrating over the  invariant mass.

D*

rBW

D*
Dπ

23

Additional constraints

PRD 105 (2022) 1, 013004

FNAL/MILC: Eur. Phys. J. C 82 (2022) 12, 1141

• The  FFs are fitted to the spectra  
measured by Belle with loose constraints on:


-   decay rate


-  BFs


• Uncertainties could be decreased by  
implementing the HQET constraints 
present in the LLSW parametrization.

D*2

B → D*2 ( → Dπ)ℓν

B → D*2 ( → Dπ)π/K

Belle: PRD 77 (2008) 091503 BLR: PRD 97 (2018) 7, 075011

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.013004
https://link.springer.com/article/10.1140/epjc/s10052-022-10984-9
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.77.091503
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.075011


# 24

PRD 105 (2022) 1, 013004

• Recently, it was pointed out that virtual   
contributions should be taken into account  
in semileptonic decays.


• We introduce Blatt-Weisskopf damping  
factors and include  as fit parameter.


• Use FNAL/MILC  FFs and fit after  
integrating over the  invariant mass.

D*

rBW

D*
Dπ

FNAL/MILC: Eur. Phys. J. C 82 (2022) 12, 1141

• The  FFs are fitted to the spectra  
measured by Belle with loose constraints on:


-   decay rate


-  BFs


• Uncertainties could be decreased by  
implementing the HQET constraints 
present in the LLSW parametrization.

D*2

B → D*2 ( → Dπ)ℓν

B → D*2 ( → Dπ)π/K

Belle: PRD 77 (2008) 091503
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Results & predictions

- We find a significantly larger  yield than quoted  
by the PDG. 


- Our  and S-wave contributions drop off faster than  
the falling exponential used by Belle.


- S-Wave  decays cannot account for  
the gap between the inclusive BF and the sum of  
exclusive decays.


- By heavy quark symmetry  decays will  
also be subdominant.

D*2

D*

B → Dηℓν

B → D*ηℓν
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This work
2311.00864

103 ⇥ Br(B ! D2(! D⇡±)`±⌫`)
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B0

Theory

*

arXiv:2311.00864

Our paper:

https://arxiv.org/abs/2311.00864
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 and the  conundrum|Vub | B → ρℓν

• Recent Belle II results shown at Moriond EW 2024 report lower  value from  
decays than from .

|Vub | B → ρℓν
B → πℓν

arXiv:2407.17403

https://arxiv.org/abs/2407.17403
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 and the  conundrum|Vub | B → ρℓν

• Recent Belle II results shown at Moriond EW 2024 report lower  value from  
decays than from .

|Vub | B → ρℓν
B → πℓν

arXiv:2407.17403

You called, we answered!

https://arxiv.org/abs/2407.17403
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What do we have to work with?
• We collect measurements from many different sources for the lineshapes:


- P-wave (the dominant contribution),

- D-wave (the sub-dominant contribution),

- last, but not least, the S-wave.
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What do we have to work with?
• We collect measurements from many different sources for the lineshapes:


- P-wave (the dominant contribution),

- D-wave (the sub-dominant contribution),

- last, but not least, the S-wave.

Data from  production provides a high precision determination of the P-wave phase.e+e− → π+π−

Based on incredibly 
precise data! The phase 

starts at 0∘

For single-channel problems, this is everything we need for the Omnès factor.

JHEP 02 (2019) 006

https://link.springer.com/article/10.1007/JHEP02(2019)006
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What do we have to work with?
• We collect measurements from many different sources for the lineshapes:


- P-wave (the dominant contribution),

- D-wave (the sub-dominant contribution),

- last, but not least, the S-wave.

PRD 74 (2006) 014001
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Data from  scattering gives the necessary information to describe the  resonance.π+π− → π+π− f2(1270)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.74.014001
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What do we have to work with?
• We collect measurements from many different sources for the lineshapes:


- P-wave (the dominant contribution),

- D-wave (the sub-dominant contribution),

- last, but not least, the S-wave.

A coupled-channel analysis of   decays provide the last piece of the puzzle.B̄0
d/s → J/ψππ
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What do we have to work with?
• We collect measurements from many different sources for the lineshapes:


- P-wave (the dominant contribution),

- D-wave (the sub-dominant contribution),

- last, but not least, the S-wave.

A recent Belle measurement of  decays provides 2-D correlated spectra of  & . 

We fit to the 2-D spectra using the EOS package. 

B+ → π+π−ℓ+ν q2 Mπ+π−

PRD 103 (2021) 11, 112001

1-D spectra shown 
here for illustrative 

purposes only!

(Please give us 
more 2-D spectra!)

Thanks to Danny van Dyk and Méril Reboud for assistance.

https://eos.github.io/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112001
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Preliminary results
• We provide a complete description:


- Lineshapes, form factors, and correlated uncertainties.


• Currently working on refining the unitarity bounds by including additional processes.

• The final results will be available in EOS for direct interfacing with future analyses.

Paper in progress!

Preliminary Preliminary
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Conclusion & Outlook
• We developed a powerful framework allowing for the complete description of processes 

with 2 hadrons in the final state,

• We improve the modelling of many processes of interest to ongoing experimental analyses:
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Conclusion & Outlook

-  and friends are not what we think 
they are. We need more spectra (not 
BFs) to disentangle different 
resonances.


- The  tail should be correctly 
handled in MC!

D*0

D*

B → D**ℓν

• We developed a powerful framework allowing for the complete description of processes 
with 2 hadrons in the final state,


• We improve the modelling of many processes of interest to ongoing experimental analyses:
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Conclusion & Outlook

-  and friends are not what we think 
they are. We need more spectra (not 
BFs) to disentangle different 
resonances.


- The  tail should be correctly 
handled in MC!

D*0

D*

B → D**ℓν

- We rule out the current “best guess” 
used to fill the semileptonic gap.  
 
(So stop saying it could fill the gap, 
prove it with direct experimental 
evidence.)

B → D(*)ηℓν B → Xcℓν&

• We developed a powerful framework allowing for the complete description of processes 
with 2 hadrons in the final state,


• We improve the modelling of many processes of interest to ongoing experimental analyses:
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Conclusion & Outlook

-  and friends are not what we think 
they are. We need more spectra (not 
BFs) to disentangle different 
resonances.


- The  tail should be correctly 
handled in MC!

D*0

D*

B → D**ℓν

- We rule out the current “best guess” 
used to fill the semileptonic gap.  
 
(So stop saying it could fill the gap, 
prove it with direct experimental 
evidence.)

B → D(*)ηℓν B → Xcℓν&

B → ρℓν & B → Xuℓν

- We provide lineshapes and form 
factors for all  decays.


- Looking forward to upcoming lattice 
results.


- It would be interesting to see LCSR 
calculations using our 
parametrization!

B → ππℓν

• We developed a powerful framework allowing for the complete description of processes 
with 2 hadrons in the final state,


• We improve the modelling of many processes of interest to ongoing experimental analyses:
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Conclusion & Outlook

-  and friends are not what we think 
they are. We need more spectra (not 
BFs) to disentangle different 
resonances.


- The  tail should be correctly 
handled in MC!

D*0

D*

B → D**ℓν

- We rule out the current “best guess” 
used to fill the semileptonic gap.  
 
(So stop saying it could fill the gap, 
prove it with direct experimental 
evidence.)

B → D(*)ηℓν B → Xcℓν&

B → ρℓν & B → Xuℓν

- We provide lineshapes and form 
factors for all  decays.


- Looking forward to upcoming lattice 
results.


- It would be interesting to see LCSR 
calculations using our 
parametrization!

B → ππℓν

Bs → DKℓν & B → ??ℓν

- Next on the menu:  can  
be treated similarly to .


- We’re always open to suggestions 
and fruitful collaborations! 

Bs → DKℓν
B → Dπℓν

• We developed a powerful framework allowing for the complete description of processes 
with 2 hadrons in the final state,


• We improve the modelling of many processes of interest to ongoing experimental analyses:



rayThank you for your attention!
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A tale of two ‘gap’ models
Model 1: 

Equidistribution of all final state particles in phase space

PRD 104, 112011 (2021)Provides better 
kinematic 

description

(Assign 100% BR uncertainty in systematics covariance matrix)

q2
<latexit sha1_base64="GipskatfPDoEFooHo0IJNhPepwI=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttLJvttl262cTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJlIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2TJxqxn0Wy1i3Qmq4FIr7KFDyVqI5jULJm+HoZuo3n7g2Ilb3OE54ENGBEn3BKFrJf3zIqpNuqexW3BnIMvFyUoYc9W7pq9OLWRpxhUxSY9qem2CQUY2CST4pdlLDE8pGdMDblioacRNks2Mn5NQqPdKPtS2FZKb+nshoZMw4Cm1nRHFoFr2p+J/XTrF/FWRCJSlyxeaL+qkkGJPp56QnNGcox5ZQpoW9lbAh1ZShzadoQ/AWX14mjWrFO69U7y7Ktes8jgIcwwmcgQeXUINbqIMPDAQ8wyu8Ocp5cd6dj3nripPPHMEfOJ8/xtqOqQ==</latexit>
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Model 2: 
Decay via intermediate broad          stateD⇤⇤
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The  phase-shiftω

90  degree phase = 
peak of  resonance

∘

ω

• Since the phases are known for both the  and , we follow standard procedures based 
on the works of Leutwyler to treat the -  interference.

ρ ω
ρ ω

The phase 
starts at 0∘


