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B — X?v modelling & composition

B — X?v modelling is like the
Hundertwasserhaus:

Each individual process
o IS an important building block
- with its own characteristic shape
and style...

Together they form a wonky, yet
S beautiful, piece of architecture.

“y




Some blocks are still missing...

A leading systematic for many analyses (not just semileptonic):
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Fill the gap with current
“best guess”.
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So what do we know about B — Dx£v?
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o what do we know about B —» D#£1?




# 10

o what do we know about B —» D#£1?

Lower
B — Dg)k BF
from Belle
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o what do we know about B —» D#£1?

falling
componen
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o what do we know about B —» D#£1?

Are we
missing the
D* tail?




So what do we know about B — Dx£v?
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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
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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So what do we know about B — Dx£v?

D(;k a two-
pole structure
with masses of

2.1 &
2.45 GeV



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
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

A “how-to” for B - Dntv
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A “how-to” for B - Dntv

Numerically solve the integral equation for the
Omnes matrix:

1 OOT* /Z /Q /
IIHQ(S+Z€):—/ (S/) (S)(S)ds/
T Js, 8 —s5—ic
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A “how-to” for B - Dntv

Numerically solve the integral equation for the
Omnes matrix:

- Q(S N ie) _ l /oo T*(s/)Z(S/)Q(S/)dS/

I o s
s e S S 1€

The Omnes Matrix describes the interactions

between final state hadrons and the lineshapes of
resonances:

e T'is the T matrix and X contains the relevant
phase-space factors

e Allows simultaneous extraction of:
B - Dnfv,B - D,K{vand B — Dntv

#17
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A “how-to” for B - Dntv

Numerically solve the integral equation for the
Omnes matrix:

o0 * / /Q /
ImQ(S+i€):l/ T(S/)E(S),(S)ds’
T Js, 8 —s—ie

Dr Dn -- DK —
180 T I L |' !
s - : - : 135 [ = ]
The Omnes Matrix describes the interactions T ool :

L — ' -
between final state hadrons and the lineshapes of \E/ 45 E g ]
resonances: oL e S ]

e e e B e B A O
o Tis the T matrix and X contains the relevant Y i
phase-space factors S s0f :

S 2.0 .

. . o 1
* Allows simultaneous extraction of: = 1oL A _
0.0 £ e S S —————— Ty

B — Drtv, B — DK¢vand B — Dntv 2000 2100 2200 2300 2400 2500 2600

E (MeV)



https://www.sciencedirect.com/science/article/pii/S0370269317301399?via=ihub
https://link.springer.com/article/10.1007/JHEP10(2016)011
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A “how-to” for B - Dntv

Step #2: Unitarity bounds

Generalize BGL unitarity bounds
to multi-hadron final states.
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A “how-to” for B - Dnfv

Numerically solve the integral equation for the
Omnes matrix.

Step #2: Unitarity bounds

Generalize BGL unitarity bounds
to multi-hadron final states.

See Florian Herren'’s talk.

Theoretical fundamentals: Unrtarity bounds

Subthreshold poles

7] q°
— &} >

BD production

SL region

\/qi—qz—\/qlf—q%
\/q%—q2+\/q%—q8

2% q) =

1 [d
1256 o]
Tl Z

o0

. i 3 (4.2
f(z)—q)(z)B(z)Za,-z 1> ) |q

i=0 i=0

Mapping g~ to the dimensionless variable z
transforms integration region to unit circle

In this form it is evident that our FFs live in the
Hardy space H?

Insert Blaschke products to get rid of
subthreshold poles and zeroes in kinematic
factors

Series expansion (or orthogonal polynomials)

Semileptonic region: |z]| < 1

Ingredient 2: Convergent expansion



https://indico.cern.ch/event/1345421/contributions/6040046/attachments/2933562/5152167/Challenges_FH.pdf

A “how-to” for B - Dntv

Step #3: Fit to M, _-spectrum

Latest Belle results: PRD 107 (2023) 9, 092003

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 D;k mass and
width.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.092003
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A “how-to” for B - Dntv

S 2\ P2 5
f((] 7MD7T) — Q(MDw)P(q ) + Excellent agreement with data:
: y?/dof = 1.0 (134)

BT ->D nt{*v

Step #3: Fit to M, _-spectrum — Combined
—— B-D*Jv
B - (Dm)slv
801 B - D v
e |[atest Belle results: PRD 107 (2023) 9, 092003 ~ + Belle (2023)
e Combined fit to both charged modes. 3 o]
* We do not include data above 2.55 GeV; > c
€ 40 A
- To avoid influence from unknown Z
higher resonances. N ]l ]l +
 Use PDG averages for D; mass and ]l _'%,_ 'H@
' 1 T 0 ,
Wldth 0 I2i1 = 2.2 2.3 2.4 2.5

Mpr (GeV)


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.092003

Additional constraints

e Recently, it was pointed out that virtual D*
contributions should be taken into account
iIn semileptonic decays.

PRD 105 (2022) 1, 013004
T T I T T T ] T T T | T T T

g
=}
I

dB / dm (GeV™)

D7 | v broad

e
(=]
_
»n

0.01

0.005

vvvvv

2.8 3
m(Dr) (GeV)

* We introduce Blatt-Weisskopf damping
factors and include rgy, as fit parameter.

e Use FNAL/MILC D* FFs and fit after
integrating over the D invariant mass.

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

e The D;k FFs are fitted to the spectra
measured by Belle with loose constraints on:

- B— D;k( — Dr)fv decay rate
- B— D;k( — Dr)r/K BFs

B - D5* (- D)y

0.45

—— This work

0.40 A BLR |
Belle

0.351 -+ Phys.Rev.D77,
091503 (2008) |

1/rdr/dw
o o
N w
wm o

1.00 1.05 1.10 1.15 1.20 1.25 1.30
w

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

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
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Results & predictions Our paper:

arXiv:2311.00864
35 le—16 B - Dmilv
- We find a significantly larger D;k yield than quoted T Sombination
by the PDG. 3.0 B - (Dm)stv
B-Ds Ly
2.5 A
T
% 2.0 A
2
S 1.5
|-
©
1.0 A
R R S
0-0 T T T T T
0 2 4 6 8 10
q® (GeV?)
B+ —a—
BO —_— [ -
Theory —— L ~ 1 ?R?DHS ((2%029089)1503
e BaBar (2008)
PRL 101 (2008) 261802
R BaBar (2009)
— PRL 103 (2009) 051803
Belle(2023)
—— PRD 107 (2023) 9, 092003
—e— Orsay (2022)
PRD 105 (2022) 1, 013004
—e—i This work
0 0.5 1 1.5 2 2.5 3 3.5

103 x Br(B — Ds(— DnF)Fu)


https://arxiv.org/abs/2311.00864

# 26

Results & predictions Our paper:

arXiv:2311.00864
35 le—16 B - Dmnilv
- We find a significantly larger D>’ yield than quoted — Combination
by the PDG. 3.0 B - (Dm)stv

B-Ds Ly

- Our D* and S-wave contributions drop off faster than 2.5 1

the falling exponential used by Belle.
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1.5 A

dr/dg? (Gev—1)

1.0

0.5 1

——————————
_——’_'— S ~ao
- ~o
- ~
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PRL 101 (2008) 261802
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https://arxiv.org/abs/2311.00864

# 27

10? x Br(B — D§(— Drt)(*u)

Results & predictions our paper
arXiv:2311.00864
35 le—16 B - Drilv
- We find a significantly larger D;k yield than quoted — gimgipzﬂon
by the PDG. 3.0 B - (Dm)stv
B-Ds Ly
- Our D* and S-wave contributions drop off faster than 2.5 1
the falling exponential used by Belle. &
% 2.0 A
- S-Wave B — Dnfv decays cannot account for <
. . o
the gap between the inclusive BF and the sum of 2 157
exclusive decays. Lol
- By heavy quark symmetry B — D*;nZv decayswill | e
also be subdominant. R U .
>0 2 4 6 8 10
Prediction: Br(B — Dnv,) = (1.9 £ 1.7) X 10" 42 (GeVv?)
B
B P b -
: %; | Belle (2008) Hheory e | ‘ e
“ Theory PRD 77 (2008) 091503
BaBar (2008)
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|V .| and the B — pZv conundrum

e Recent Belle Il results shown at Moriond EW 2024 report lower |V , | value from B — p/v
decays than from B — #£'v.

_ o
Simultaneous measurements of B - z=¢*v, B* - p% v <>

Preliminary

e Further split into e and 4 modes to provide cross check
e Additional stability tests done by removing higher/lower g2 bins NEW!!

arXiv:2407.17403

Preliminary

1 pilnu HFLAV
inclusive HFLAV
rholnu [2104.05739v2]

total LQCD

total LQCD + LCSR
electron LQCD
electron LQCD + LCSR
muon LQCD

muon LQCD + LCSR
total LCSR

electron LCSR

muon LCSR

< B°->nity
@ B*-p%*ty,

Vio| Bsmeve, = (3.93 £ 0.09 £ 0.13 & 0.19) x 103
LQCD

|+ |Vub| B=smew, = (3.73 £0.07 £ 0.07 £ 0.16) x 1073
LQCD+LCSR

Vsl Bospew, = (319 £0.12 £ 0.17 £ 0.26) x 1073
LCSR

* Leading systematic unc. are the modelling of
continuum and non-resonant B — X, v decays

* Overall theoretical uncertainty dominating

2.0 2.9

Lu Cao (DESY)

4.0 4.5



https://arxiv.org/abs/2407.17403

|V .| and the B — pZv conundrum
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e Recent Belle Il results shown at Moriond EW 2024 report lower |V , | value from B — p/v
decays than from B — #£'v.

_ o
Simultaneous measurements of B - z=¢*v, B* - p% v <>

electron LQCD

electron LQCD + LCSR

e Further split into e and ¥ modes to provide cross check Preliminary
e Additional stability tests done by removing higher/lower g2 bins NEW!!
Preliminary arXiv:2407.17403
2 pilnu HFLAV - B>ty g
inclusive HFLAV e Bt pty, 5 ’Vub|B—>7r£1/e = (3.93 +0.09 = 0.13 + 0.19) X 10_3
rholnu [2104.05739v2] : g LQCD
B’ > n ¢ty / .
total LQCD N _» Vsl B=swew, = (3.73 £0.07 £ 0.07 £ 0.16) x 10
total LQCD + LCSR . LQCD+LCSR

Vsl Bospew, = (319 £0.12 £ 0.17 £ 0.26) x 1073

* Leading systematic unc. are the modelling of
continuum and non-resonant B — X £v decays

* Overall theoretical uncertainty dominating

muon LQCD ® LCSR
muon LQCD + LCSR Bt > p0f+y | /
total LCSR -— — |
electron LCSR -
muon LCSR ¢
2.0 2.0 3.0 3.5 4.0 4.5
I Vub I ( 1 03 )

‘\ You called, we answered!


https://arxiv.org/abs/2407.17403

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 ete™ — ntn~ production provides a high precision determination of the P-wave phase.

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

[ (s)[?

50

45 |
40 |
35 |-
30
25
20 |
15
10 +

Fit result for the VFF |EY (s)|?

Total error
Fit error
NAT

SND
CMD-2
BaBar
KLOEOS8
KLOE10
KLOE12

Based on incredibly
precise datal

—0.2

0.2

0.4
s [GeV?|

0.6

0.8

d1(s) [°]

180

160 |
140 +
120
100
80
60
40

20
0

Fit result for the 77 P-wave phase shift 1

Systemat{c error { } | |
Fit error : | 3
| | |
I |
| |
| | T
|
| | .
| |
| | |
| |
| |
| | |
| |
The phase /50 NG,
- / starts at 0° | | -
! 1 \ [
0.2 04 0.6 0.8 1 1.2
Vs [GeV]

JHEP 02 (2019) 006
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https://link.springer.com/article/10.1007/JHEP02(2019)006

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 z77n~ — z7 7z~ scattering gives the necessary information to describe the f,(1270) resonance.

125

100

75

50

25

- PYO05

Protopopescu et al. (Tab. VI)
Hyams et al (Sol ---)

Estabrooks & Martin
Protopopescu et al. (Tab.XIII)

Hyamsetal. C73) | e i

New DO fit

90° degree phase =
peak of Breit-Wigner
resonance

PRD 74 (2006) 014001
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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),

A coupled-channel analysis of Bg/s — J/yrr decays provide the last piece of the puzzle.

7. (0) =0.6 —— 5.0 ———————
rn (0)—05 _— 5pn -------- -

K — Y- 4.5 - .
I (0) =04 ——- -

mr-only /

phase

Reality

0.4 0.6 0.8 1.0 1.2 1.4 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Vs [GeV] V5 [GeV]

JHEP 02 (2016) 009


https://link.springer.com/article/10.1007/JHEP02(2016)009
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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 BT — 77z~ ¢tv decays provides 2-D correlated spectra of g* & M, __.
We fit to the 2-D spectra using the EOS package.

< = — 30
% 90:— R B .
S gob 1-D spectra shown 2 f (Please give us
o E —p- here for illustrative ? 257 more 2-D spectral)
X TOE purposes only! e I A
v anF X agld
=" 605— T 20: -+~
< 50 < =
= = 15 -
> 40__ +_ : —g—
5 30— + E 101 + <H>
T 20t S F
@ o + 2 s
g 10: ++ +++ + % C i
@ oF-- e % .................. < - B
q :I | | 1 | | | 1 | | | 1 | | | 1 | | I 1 | | [ 1 | | I | | 1 I | | 1 I T | 1 1 | I 1 | 1 1 | | 1 | 1 | | 1 1 | I 1 | 1 1 |
04 06 08 1 12 14 16 18 2 % 5 10 15 20, 5725
M... [GeV] q- [GeV7]

PRD 103 (2021) 11, 112001 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

Preliminary results

# 36

Paper In progress!

* \We provide a complete description:

- Lineshapes, form factors, and correlated uncertainties.

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

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

0.0014

0.0012 A

—

0.0010 -

0.0008 1

0.0006 -

dB(Bt = ntn ) /dM,, [GeV™!
=
B

0.0002 A

0.0000 -

Preliminary

N=2, M=1

N=2, M=1, S-wave [
N=2, M=1, P-wave
N=2, M=1, D-wave |
HH  Belle 2020
|- ‘
TS =2 N
0.8 0 12 14
M, [GeV]

3.0

2.9 1

o ,
N=2 M=1
. N=2 M=1, S-wave
Preliminary N=2 M=1, P-wave
T — N=2 M=1, D-wave |

HH  Belle 2020

¢* [GeV?]

.2,0.
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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

* 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:

B — D**¢fy

- D(;k and friends are not what we think

they are. We need more spectra (not
BFs) to disentangle different
resonances.

- The D* tail should be correctly
handled in MC!
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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:

B —» D**¢v B->DYytv & B- XLu
- Dy and friends are not what we think - We rule out the current “best guess”
they are. We need more spectra (not used to fill the semileptonic gap.
BFs) to disentangle different
resonances. (So stop saying it could fill the gap,
- The D* tail should be correctly prove it with direct experimental

handled in MC! evidence.)
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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:

B — D**fy B->DYytv & B- XLu
- D(;k and friends are not what we think - We rule out the current “best guess”
they are. We need more spectra (not used to fill the semileptonic gap.
BFs) to disentangle different
resonances. (So stop saying it could fill the gap,

- The D* tail should be correctly g\r/ci)(;/eenlégv)lth direct experimental
handled in MC! '

B-ptv & B-X/v

- We provide lineshapes and form
factors for all B - nzx£v decays.

- Looking forward to upcoming lattice
results.

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



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:

B — D**fy B->DYytv & B- XLu
- D(;k and friends are not what we think - We rule out the current “best guess”
they are. We need more spectra (not used to fill the semileptonic gap.
BFs) to disentangle different
resonances. (So stop saying it could fill the gap,
- The D* tail should be correctly g\r/ci)(;/eenlégv)lth direct experimental
handled in MC! '
B—-ptv & B->X[v B,—>DKfv & B -7

- We provide lineshapes and form

factors for all B - nzx£v decays. - Next on the menu: B, — DKZv can

be treated similarly to B - Drtv.
- Looking forward to upcoming lattice

results. - We’re always open to suggestions

_ _ and fruitful collaborations!
- It would be interesting to see LCSR

calculations using our
parametrization!
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A tale of two ‘gap’ models
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Model 1:

Equidistribution of all final state particles in phase space

Model 2:

Decay via intermediate broad D™ state
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B(B)
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o

o
~

o°
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The o phase-shift

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

Isoscalar three-pion phase-shift
180

160 -

140 -

120 4 90° degree phase =
peak of @ resonance
100 A

[#]

60 A

40 -

The phase
i / starts at 0°
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