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Fig. 2.3 The mass spectrum and quantum numbers of the 1S, 1P , 1D, and 2S charmed
mesons are shown. The colored bands show the measured decay widths from D(ú)fi
decays. The narrow 1D and 2S masses and widths were measured by Ref. [4].
The broad 1D doublet is experimentally not verified yet: the mass is taken from
Ref. [77] and its width was estimated from the measured narrow 1D decay width
and the suppression associated with the emission of a low-momentum pion in a
partial wave L which is ¥ (|p̨fi|)2L+1, cf. Ref. [128]. The ratio of the suppression
factors from the narrow and broad 1D doublet then corresponds to an estimator
for the ratio of the corresponding widths. The 1P masses and widths are from
Ref. [106]. The solid lines show the allowed transitions into the 1S ground states:
red corresponds to the emission of a single fi or ÷, and the green line to the emission
of two pions. The blue line shows allowed transitions which involve the emission
of either a single pion or eta, or two pions.
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FIG. 2. The colored bands show the allowed 68% regions for m` = 0 (blue) and m` = m⌧ (orange) for the di↵erential decay
rates in Approximation C. The dashed (dotted) curves show the predictions of Ref. [9] for Approximations B1 (B2). The data
points correspond to the di↵erential semileptonic or nonleptonic branching fraction measurements described in the text.

Using the fit results, with the normalizations of the
subleading Isgur-Wise functions floated, in Approxima-
tion C we obtain

R(D⇤
2) = 0.07± 0.01 , eR(D⇤

2) = 0.17± 0.01 ,

R(D1) = 0.10± 0.01 , eR(D1) = 0.20± 0.01 ,

R(D⇤
1) = 0.06± 0.02 , eR(D⇤

1) = 0.18± 0.02 ,

R(D0) = 0.08± 0.03 , eR(D0) = 0.25± 0.03 , (34)

�2 / ndf Prob.

B1 6.1/6 0.42

B2 11.6/6 0.07

C 2.4/4 0.66

�2 / ndf Prob.

B1 10.1/5 0.07

B2 9.2/5 0.10

C 9.1/4 0.06

TABLE XI. The �2 values and fit probabilities for the Ap-
proximation B and C fits for the narrow 3

2

+
(left) and broad

1
2

+
states (right).

and for the ratio for the sum over all four D⇤⇤ states,

R(D⇤⇤) = 0.085± 0.010 . (35)

These values can be compared with the LLSW prediction,
including the lepton mass e↵ects in Eqs. (9), (10), and
(11). Using Eq. (13) for the Isgur-Wise functions for the
3
2

+
states, and the model prediction in Eq. (14) to relate

it to the 1
2

+
states, we find in Approximation B1 and B2,

respectively,

R(D⇤
2) = {0.072, 0.068}, eR(D⇤

2) = {0.159, 0.158},
R(D1) = {0.096, 0.099}, eR(D1) = {0.221, 0.231},
R(D⇤

1) = {0.092, 0.083}, eR(D⇤
1) = {0.200, 0.196},

R(D0) = {0.107, 0.118}, eR(D0) = {0.272, 0.275},
(36)

and for the sum of the four D⇤⇤ states,

R(D⇤⇤) = {0.0949, 0.0946} . (37)

The ranges spanned by these Approximation B1 and B2

results do not necessarily give conservative estimates of
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FIG. 2. The colored bands show the allowed 68% regions for m` = 0 (blue) and m` = m⌧ (orange) for the di↵erential decay
rates in Approximation C. The dashed (dotted) curves show the predictions of Ref. [9] for Approximations B1 (B2). The data
points correspond to the di↵erential semileptonic or nonleptonic branching fraction measurements described in the text.
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FIG. 2. The colored bands show the allowed 68% regions for m` = 0 (blue) and m` = m⌧ (orange) for the di↵erential decay
rates in Approximation C. The dashed (dotted) curves show the predictions of Ref. [9] for Approximations B1 (B2). The data
points correspond to the di↵erential semileptonic or nonleptonic branching fraction measurements described in the text.
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# 5Overview # 2

OverviewTABLE I. Branching fractions used in the simulation of B ! Xc`⌫` decays in this analysis. The
given values correspond to the isospin averaged branching fractions of the individual measurements
listed in Ref. [3]. The total B ! Xc`⌫` branching fraction is taken from Ref. [10].

Decay B(B+) B(B0)

B ! D `+ ⌫` (2.4± 0.1)⇥ 10�2 (2.2± 0.1)⇥ 10�2

B ! D⇤ `+ ⌫` (5.5± 0.1)⇥ 10�2 (5.1± 0.1)⇥ 10�2

B ! D1 `
+ ⌫` (6.6± 0.1)⇥ 10�3 (6.2± 0.1)⇥ 10�3

B ! D⇤
2 `

+ ⌫` (2.9± 0.3)⇥ 10�3 (2.7± 0.3)⇥ 10�3

B ! D⇤
0 `

+ ⌫` (4.2± 0.8)⇥ 10�3 (3.9± 0.7)⇥ 10�3

B ! D0
1 `

+ ⌫` (4.2± 0.9)⇥ 10�3 (3.9± 0.8)⇥ 10�3

B ! D⇡⇡ `+ ⌫` (0.6± 0.9)⇥ 10�3 (0.6± 0.9)⇥ 10�3

B ! D⇤⇡⇡ `+ ⌫` (2.2± 1.0)⇥ 10�3 (2.0± 1.0)⇥ 10�3

B ! D⌘ `+ ⌫` (4.0± 4.0)⇥ 10�3 (4.0± 4.0)⇥ 10�3

B ! D⇤⌘ `+ ⌫` (4.0± 4.0)⇥ 10�3 (4.0± 4.0)⇥ 10�3

B ! Xc`⌫` (10.8± 0.4)⇥ 10�2 (10.1± 0.4)⇥ 10�2

observed total rate of the B ! Xc`⌫` decays is filled with the unmeasured decay B !

D(⇤)⌘`⌫`. Since it’s a hypothetical contribution to the Xc spectrum, we assign a 100%
uncertainty on the branching fraction.

The simulation of all MC samples is performed in the following manner. Monte Carlo
(MC) samples of B meson decays are simulated using the EvtGen generator [11]. The sample
size corresponds to an integrated luminosity of 200 fb�1. The interactions of particles inside
the detector are simulated using Geant4 [12]. Electromagnetic final-state radiation (FSR)
is simulated using the PHOTOS [13] package. The simulation of the continuum background
process e+e� ! qq (q = u, d , s , c) is carried out with KKMC [14], interfaced with Pythia [15].
All recorded collisions and simulated events were analyzed in the basf2 framework [16] and
a summary of the track and ECL reconstruction algorithms can be found in Ref. [17] and
Ref. [18], respectively.
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fairly well known,

some tensions in


isospin assumption

broad states based 

mostly on


three measurements

(BaBar, Belle, DELPHI)

BaBar result

?

Additional Measurements: resonant + non-resonant B → D(*)πℓν̄ℓ

Note:  applies a selection to exclude B → Dπℓν̄ℓ B → D*( → Dπslow)ℓν̄ℓ

Note: these numbers do not include Frank Meier’s measurements



# 6Is there space for non-resonant  ?B → D*πℓν̄ℓ
# 9

Is there space for non-resonant  ? D(*)π

∑ ℬ(B → D**( → Dπ)ℓν̄ℓ) − ℬ(B → Dπℓν̄ℓ) = (0.03 ± 0.09) × 10−2

∑ ℬ(B → D**( → D*π)ℓν̄ℓ) − ℬ(B → D*πℓν̄ℓ) = (−0.11 ± 0.11) × 10−2

resonant D**(1P) → D(*)π non-resonant and resonant  D(*)π

not much space

But not that simple; there might be a sizable contribution we overlooked 
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FIG. 1. Strong decays of the D0 and D0⇤ into the 1S and 1P states involving, one or two pion emissions (left), and all decays
including the near o↵-shell transitions with a ⇢ and ⌘ (right). The style and opacity of the lines connecting the states indicate
the orbital angular momentum of the partial wave. The grey bands correspond to the measured widths of the 2S and 1P states.

nonresonant contribution [8] no longer needs to be large.
This would be a problem, because in the soft pion limit
a first principles calculation is possible [9], giving a too
small rate at this region of phase space. A large nonres-
onant rate at high D(⇤)⇡ invariant mass would disagree
with the inclusive lepton spectrum measurements and the
measured semi-exclusive B ! D(⇤)⇡`⌫̄ rate.

2) The D0(⇤) states decay to one of the D(⇤) states
either with one pion emission in a p-wave, or with two
pion emission in an s-wave. However, they can decay
with one pion emission in an s-wave to members of the
s⇡l
l = 1

2

+
states, and could thus enhance the observed

decay rate to the s⇡l
l = 1

2

+
states, and thus give rise to

the “1/2 vs. 3/2 puzzle”. The allowed strong decays are
illustrated in Figure 1 (including those only allowed by
the substantial widths of these particles). It is plausible
that the decay modes of the D0(⇤) to the 1S and 1P charm
meson states may be comparable.

3) With the relatively low mass of the D0(⇤) states, the
inclusive lepton spectrum can stay quite hard, in agree-
ment with the observations.

4) The B(B ! D(⇤)⇡`⌫̄) measurement quoted is not in
conflict with our hypothesis, since the decay of the D0(⇤)

would yield two or more pions most of the time.

III. THE B ! D0(⇤)`⌫̄ DECAY RATE

Since the quantum numbers of the D0(⇤) are the same
as those of the D(⇤), the theoretical expressions for the
decay rates in terms of the form factors, and the defi-
nitions of the form factors themselves, are identical to
the well known formulae for B ! D(⇤)`⌫̄ [10]. As for

B ! D(⇤)`⌫̄, in the mc,b � ⇤QCD limit, the six form
factors are determined by a single universal Isgur-Wise
function [11], which we denote by ⇠2(w). Here w = v · v0

is the recoil parameter, v is the velocity of the B meson,
and v0 is that of the D0(⇤). We define

d�D0⇤

dw
=

G2
F |Vcb|

2 m5
B

48⇡3
r3(1 � r)2

p
w2 � 1 (w + 1)2

⇥


1 +

4w

w + 1

1 � 2rw + r2

(1 � r)2

�⇥
F (w)

⇤2
, (2)

d�D0

dw
=

G2
F |Vcb|

2 m5
B

48⇡3
r3(1 + r)2 (w2

� 1)3/2
⇥
G(w)

⇤2
,

where, in each equation, r = mD0(⇤)/mB , and in the
mc,b � ⇤QCD limit F (w) = G(w) = ⇠2(w).

Heavy quark symmetry implies ⇠2(1) = 0, so the rate
near zero recoil comes entirely from ⇤QCD/mc,b correc-
tions. Away from w = 1, ⇠2(w) is no longer power
suppressed; however, since the kinematic range is only
1 < w < 1.3, the role of ⇤QCD/mc,b corrections, which
are no longer universal, can be very large [12]. Before
turning to model calculations, note that there is a qual-
itative argument that near w = 1 the slope of ⇠2(w),
and probably those of F (w) and G(w) as well, should be
positive. In B ! D0(⇤) transition, in the quark model,
the main e↵ect of the wave function of the brown muck
changing from the 1S to the 2S state is to increase the
expectation value of the distance from the heavy quark
of a spherically symmetric wave function. Thus the over-
lap of the initial and final state wave functions should
increase as w increases above 1.

It is not easy to calculate these B ! D0(⇤)`⌫̄ form fac-
tors. Below, we use estimates from a quark model pre-
diction [13], hoped to be trustable near w = 1, and from

HFLAV 2019 Averages for narrow D2

fπ = ℬ(D** → D(*)−π+)
ℬ(D** → D(*)π) = 2

3

measurements are scaled to a consistent set of input parameters and their uncertainties [485].
For both the B-factory and the LEP and Tevatron results, the B semileptonic signal yields

are extracted from a fit to the invariant mass distribution of the D(⇤)+⇡� system. The LEP and
Tevatron measurements are for the inclusive decays B ! D⇤⇤(D⇤⇡�)X`�⌫`. In the average
with the results from the B-Factories, we use these measurements assuming that no particles
are left in the X system. The BABAR tagged analysis of B ! D⇤

2`
�⌫` was performed selecting

D⇤
2 ! D⇡ decays. The BABAR result reported in Table 75 is translated in a branching fraction

for the D⇤
2 ! D⇤⇡ decay mode assuming B(D⇤

2 ! D⇡)/B(D⇤
2 ! D⇤⇡) = 1.54 ± 0.15 [21].

Figure 55 and 56 show the measurements and the resulting averages.

Table 74: Published and rescaled individual measurements and their averages for of the branch-
ing fraction B(B�

! D0
1`

�⌫`)⇥ B(D0
1 ! D⇤+⇡�).

Experiment B(B�
! D0

1(D
⇤+⇡�)`�⌫`)[%] B(B�

! D0
1(D

⇤+⇡�)`�⌫`)[%]
(rescaled) (published)

ALEPH [504] 0.436± 0.085stat ± 0.056syst 0.47± 0.10stat ± 0.07syst
OPAL [505] 0.568± 0.210stat ± 0.100syst 0.70± 0.21stat ± 0.10syst
CLEO [506] 0.349± 0.085stat ± 0.056syst 0.373± 0.085stat ± 0.057syst
D0 [507] 0.214± 0.018stat ± 0.035syst 0.219± 0.018stat ± 0.035syst
Belle Tagged B� [508] 0.430± 0.070stat ± 0.059syst 0.42± 0.07stat ± 0.07syst
Belle Tagged B0 [508] 0.593± 0.200stat ± 0.076syst 0.42± 0.07stat ± 0.07syst
BABAR Tagged [509] 0.277± 0.030stat ± 0.029syst 0.29± 0.03stat ± 0.03syst
BABAR Untagged B� [510] 0.293± 0.017stat ± 0.016syst 0.30± 0.02stat ± 0.02syst
BABAR Untagged B0 [510] 0.282± 0.026stat ± 0.023syst 0.30± 0.02stat ± 0.02syst
Average 0.281 ± 0.010 ± 0.015 �

2
/dof = 12.3/8 (CL=13.8%)

Table 75: Published and rescaled individual measurements and their averages for B(B�
!

D0
2`

�⌫`)⇥ B(D0
2 ! D⇤+⇡�).

Experiment B(B�
! D0

2(D
⇤+⇡�)`�⌫`)[%] B(B�

! D0
2(D

⇤+⇡�)`�⌫`)[%]
(rescaled) (published)

CLEO [506] 0.055± 0.066stat ± 0.011syst 0.059± 0.066stat ± 0.011syst
D0 [507] 0.086± 0.018stat ± 0.020syst 0.088± 0.018stat ± 0.020syst
Belle tagged [508] 0.190± 0.060stat ± 0.025syst 0.18± 0.06stat ± 0.03syst
BABAR tagged [509] 0.075± 0.013stat ± 0.009syst 0.078± 0.013stat ± 0.010syst
BABAR untagged B� [510] 0.087± 0.009stat ± 0.007syst 0.087± 0.013stat ± 0.007syst
BABAR untagged B0 [510] 0.065± 0.010stat ± 0.004syst 0.087± 0.013stat ± 0.007syst
Average 0.077 ± 0.006 ± 0.004 �

2
/dof = 5.4/5 (CL=36.7%)
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fD2
= ℬ(D2 → D−π+)

ℬ(D2 → D* −π+) = 1.54 ± 0.15

Used branching fraction

ratio for  over  D2 → D*π D2 → Dπ

ℬ(B+ → D2ℓν̄ℓ) = (0.29 ± 0.03) × 10−2Full BF:

Isospin factor for conjugate 

2-body pion modes:

https://arxiv.org/abs/1909.12524
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# 7
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FIG. 1. Strong decays of the D0 and D0⇤ into the 1S and 1P states involving, one or two pion emissions (left), and all decays
including the near o↵-shell transitions with a ⇢ and ⌘ (right). The style and opacity of the lines connecting the states indicate
the orbital angular momentum of the partial wave. The grey bands correspond to the measured widths of the 2S and 1P states.

nonresonant contribution [8] no longer needs to be large.
This would be a problem, because in the soft pion limit
a first principles calculation is possible [9], giving a too
small rate at this region of phase space. A large nonres-
onant rate at high D(⇤)⇡ invariant mass would disagree
with the inclusive lepton spectrum measurements and the
measured semi-exclusive B ! D(⇤)⇡`⌫̄ rate.

2) The D0(⇤) states decay to one of the D(⇤) states
either with one pion emission in a p-wave, or with two
pion emission in an s-wave. However, they can decay
with one pion emission in an s-wave to members of the
s⇡l
l = 1

2

+
states, and could thus enhance the observed

decay rate to the s⇡l
l = 1

2

+
states, and thus give rise to

the “1/2 vs. 3/2 puzzle”. The allowed strong decays are
illustrated in Figure 1 (including those only allowed by
the substantial widths of these particles). It is plausible
that the decay modes of the D0(⇤) to the 1S and 1P charm
meson states may be comparable.

3) With the relatively low mass of the D0(⇤) states, the
inclusive lepton spectrum can stay quite hard, in agree-
ment with the observations.

4) The B(B ! D(⇤)⇡`⌫̄) measurement quoted is not in
conflict with our hypothesis, since the decay of the D0(⇤)

would yield two or more pions most of the time.

III. THE B ! D0(⇤)`⌫̄ DECAY RATE

Since the quantum numbers of the D0(⇤) are the same
as those of the D(⇤), the theoretical expressions for the
decay rates in terms of the form factors, and the defi-
nitions of the form factors themselves, are identical to
the well known formulae for B ! D(⇤)`⌫̄ [10]. As for

B ! D(⇤)`⌫̄, in the mc,b � ⇤QCD limit, the six form
factors are determined by a single universal Isgur-Wise
function [11], which we denote by ⇠2(w). Here w = v · v0

is the recoil parameter, v is the velocity of the B meson,
and v0 is that of the D0(⇤). We define

d�D0⇤

dw
=

G2
F |Vcb|

2 m5
B

48⇡3
r3(1 � r)2

p
w2 � 1 (w + 1)2

⇥


1 +

4w

w + 1

1 � 2rw + r2

(1 � r)2

�⇥
F (w)

⇤2
, (2)

d�D0

dw
=

G2
F |Vcb|

2 m5
B

48⇡3
r3(1 + r)2 (w2

� 1)3/2
⇥
G(w)

⇤2
,

where, in each equation, r = mD0(⇤)/mB , and in the
mc,b � ⇤QCD limit F (w) = G(w) = ⇠2(w).

Heavy quark symmetry implies ⇠2(1) = 0, so the rate
near zero recoil comes entirely from ⇤QCD/mc,b correc-
tions. Away from w = 1, ⇠2(w) is no longer power
suppressed; however, since the kinematic range is only
1 < w < 1.3, the role of ⇤QCD/mc,b corrections, which
are no longer universal, can be very large [12]. Before
turning to model calculations, note that there is a qual-
itative argument that near w = 1 the slope of ⇠2(w),
and probably those of F (w) and G(w) as well, should be
positive. In B ! D0(⇤) transition, in the quark model,
the main e↵ect of the wave function of the brown muck
changing from the 1S to the 2S state is to increase the
expectation value of the distance from the heavy quark
of a spherically symmetric wave function. Thus the over-
lap of the initial and final state wave functions should
increase as w increases above 1.

It is not easy to calculate these B ! D0(⇤)`⌫̄ form fac-
tors. Below, we use estimates from a quark model pre-
diction [13], hoped to be trustable near w = 1, and from

HFLAV 2019 Averages for narrow D1

Isospin factor for conjugate 

2-body pion modes:

fπ = ℬ(D** → D(*)−π+)
ℬ(D** → D(*)π) = 2

3

measurements are scaled to a consistent set of input parameters and their uncertainties [485].
For both the B-factory and the LEP and Tevatron results, the B semileptonic signal yields

are extracted from a fit to the invariant mass distribution of the D(⇤)+⇡� system. The LEP and
Tevatron measurements are for the inclusive decays B ! D⇤⇤(D⇤⇡�)X`�⌫`. In the average
with the results from the B-Factories, we use these measurements assuming that no particles
are left in the X system. The BABAR tagged analysis of B ! D⇤

2`
�⌫` was performed selecting

D⇤
2 ! D⇡ decays. The BABAR result reported in Table 75 is translated in a branching fraction

for the D⇤
2 ! D⇤⇡ decay mode assuming B(D⇤

2 ! D⇡)/B(D⇤
2 ! D⇤⇡) = 1.54 ± 0.15 [21].

Figure 55 and 56 show the measurements and the resulting averages.

Table 74: Published and rescaled individual measurements and their averages for of the branch-
ing fraction B(B�

! D0
1`

�⌫`)⇥ B(D0
1 ! D⇤+⇡�).

Experiment B(B�
! D0

1(D
⇤+⇡�)`�⌫`)[%] B(B�

! D0
1(D

⇤+⇡�)`�⌫`)[%]
(rescaled) (published)

ALEPH [504] 0.436± 0.085stat ± 0.056syst 0.47± 0.10stat ± 0.07syst
OPAL [505] 0.568± 0.210stat ± 0.100syst 0.70± 0.21stat ± 0.10syst
CLEO [506] 0.349± 0.085stat ± 0.056syst 0.373± 0.085stat ± 0.057syst
D0 [507] 0.214± 0.018stat ± 0.035syst 0.219± 0.018stat ± 0.035syst
Belle Tagged B� [508] 0.430± 0.070stat ± 0.059syst 0.42± 0.07stat ± 0.07syst
Belle Tagged B0 [508] 0.593± 0.200stat ± 0.076syst 0.42± 0.07stat ± 0.07syst
BABAR Tagged [509] 0.277± 0.030stat ± 0.029syst 0.29± 0.03stat ± 0.03syst
BABAR Untagged B� [510] 0.293± 0.017stat ± 0.016syst 0.30± 0.02stat ± 0.02syst
BABAR Untagged B0 [510] 0.282± 0.026stat ± 0.023syst 0.30± 0.02stat ± 0.02syst
Average 0.281 ± 0.010 ± 0.015 �

2
/dof = 12.3/8 (CL=13.8%)

Table 75: Published and rescaled individual measurements and their averages for B(B�
!

D0
2`

�⌫`)⇥ B(D0
2 ! D⇤+⇡�).

Experiment B(B�
! D0

2(D
⇤+⇡�)`�⌫`)[%] B(B�

! D0
2(D

⇤+⇡�)`�⌫`)[%]
(rescaled) (published)

CLEO [506] 0.055± 0.066stat ± 0.011syst 0.059± 0.066stat ± 0.011syst
D0 [507] 0.086± 0.018stat ± 0.020syst 0.088± 0.018stat ± 0.020syst
Belle tagged [508] 0.190± 0.060stat ± 0.025syst 0.18± 0.06stat ± 0.03syst
BABAR tagged [509] 0.075± 0.013stat ± 0.009syst 0.078± 0.013stat ± 0.010syst
BABAR untagged B� [510] 0.087± 0.009stat ± 0.007syst 0.087± 0.013stat ± 0.007syst
BABAR untagged B0 [510] 0.065± 0.010stat ± 0.004syst 0.087± 0.013stat ± 0.007syst
Average 0.077 ± 0.006 ± 0.004 �

2
/dof = 5.4/5 (CL=36.7%)
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fππ = ℬ(D** → D(*)−π+π−)
ℬ(D** → D(*)ππ) = 1

2
± 1

6

Isospin factor for conjugate 

3-body pion modes:

uncertainties cover

assumptions for pure 3 body


decay and the decay via 

intermediate states

 ( , )ρ → ππ f0 → ππ

fD1
= ℬ(D1 → D−π+)

ℬ(D1 → D0 π+π−) = 2.32 ± 0.54

Measurements only consider two-body final states, but

there are also 3-body contributions:

ℬ(B+ → D1ℓν̄ℓ) = (0.66 ± 0.11) × 10−2Full BF:

https://arxiv.org/abs/1909.12524
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FIG. 1. Strong decays of the D0 and D0⇤ into the 1S and 1P states involving, one or two pion emissions (left), and all decays
including the near o↵-shell transitions with a ⇢ and ⌘ (right). The style and opacity of the lines connecting the states indicate
the orbital angular momentum of the partial wave. The grey bands correspond to the measured widths of the 2S and 1P states.

nonresonant contribution [8] no longer needs to be large.
This would be a problem, because in the soft pion limit
a first principles calculation is possible [9], giving a too
small rate at this region of phase space. A large nonres-
onant rate at high D(⇤)⇡ invariant mass would disagree
with the inclusive lepton spectrum measurements and the
measured semi-exclusive B ! D(⇤)⇡`⌫̄ rate.

2) The D0(⇤) states decay to one of the D(⇤) states
either with one pion emission in a p-wave, or with two
pion emission in an s-wave. However, they can decay
with one pion emission in an s-wave to members of the
s⇡l
l = 1

2

+
states, and could thus enhance the observed

decay rate to the s⇡l
l = 1

2

+
states, and thus give rise to

the “1/2 vs. 3/2 puzzle”. The allowed strong decays are
illustrated in Figure 1 (including those only allowed by
the substantial widths of these particles). It is plausible
that the decay modes of the D0(⇤) to the 1S and 1P charm
meson states may be comparable.

3) With the relatively low mass of the D0(⇤) states, the
inclusive lepton spectrum can stay quite hard, in agree-
ment with the observations.

4) The B(B ! D(⇤)⇡`⌫̄) measurement quoted is not in
conflict with our hypothesis, since the decay of the D0(⇤)

would yield two or more pions most of the time.

III. THE B ! D0(⇤)`⌫̄ DECAY RATE

Since the quantum numbers of the D0(⇤) are the same
as those of the D(⇤), the theoretical expressions for the
decay rates in terms of the form factors, and the defi-
nitions of the form factors themselves, are identical to
the well known formulae for B ! D(⇤)`⌫̄ [10]. As for

B ! D(⇤)`⌫̄, in the mc,b � ⇤QCD limit, the six form
factors are determined by a single universal Isgur-Wise
function [11], which we denote by ⇠2(w). Here w = v · v0

is the recoil parameter, v is the velocity of the B meson,
and v0 is that of the D0(⇤). We define

d�D0⇤

dw
=

G2
F |Vcb|

2 m5
B

48⇡3
r3(1 � r)2

p
w2 � 1 (w + 1)2
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4w
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dw
=

G2
F |Vcb|

2 m5
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� 1)3/2
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,

where, in each equation, r = mD0(⇤)/mB , and in the
mc,b � ⇤QCD limit F (w) = G(w) = ⇠2(w).

Heavy quark symmetry implies ⇠2(1) = 0, so the rate
near zero recoil comes entirely from ⇤QCD/mc,b correc-
tions. Away from w = 1, ⇠2(w) is no longer power
suppressed; however, since the kinematic range is only
1 < w < 1.3, the role of ⇤QCD/mc,b corrections, which
are no longer universal, can be very large [12]. Before
turning to model calculations, note that there is a qual-
itative argument that near w = 1 the slope of ⇠2(w),
and probably those of F (w) and G(w) as well, should be
positive. In B ! D0(⇤) transition, in the quark model,
the main e↵ect of the wave function of the brown muck
changing from the 1S to the 2S state is to increase the
expectation value of the distance from the heavy quark
of a spherically symmetric wave function. Thus the over-
lap of the initial and final state wave functions should
increase as w increases above 1.

It is not easy to calculate these B ! D0(⇤)`⌫̄ form fac-
tors. Below, we use estimates from a quark model pre-
diction [13], hoped to be trustable near w = 1, and from

HFLAV 2019 Averages for broad statesTable 76: Published and rescaled individual measurements and their averages for B(B�
!

D
00
1 `

�⌫`)⇥ B(D
00
1 ! D⇤+⇡�).

Experiment B(B�
! D

00
1 (D

⇤+⇡�)`�⌫`)[%] B(B�
! D

00
1 (D

⇤+⇡�)`�⌫`)[%]
(rescaled) (published)

DELPHI [511] 0.73± 0.17stat ± 0.18syst 0.83± 0.17stat ± 0.18syst
Belle [508] �0.03± 0.06stat ± 0.07syst �0.03± 0.06stat ± 0.07syst
BABAR [509] 0.26± 0.04stat ± 0.04syst 0.27± 0.04stat ± 0.05syst
Average 0.19 ± 0.03 ± 0.04 �

2
/dof = 11.9/2 (CL=0.003%)

Table 77: Published and rescaled individual measurements and their averages for B(B�
!

D⇤0
0 `�⌫`)⇥ B(D⇤0

0 ! D+⇡�).

Experiment B(B�
! D⇤0

0 (D+⇡�)`�⌫`)[%] B(B�
! D⇤0

0 (D+⇡�)`�⌫`)[%]
(rescaled) (published)

Belle Tagged B� [508] 0.25± 0.04stat ± 0.06syst 0.24± 0.04stat ± 0.06syst
Belle Tagged B0 [508] 0.22± 0.08stat ± 0.06syst 0.24± 0.04stat ± 0.06syst
BABAR Tagged [509] 0.32± 0.04stat ± 0.05syst 0.26± 0.05stat ± 0.04syst
Average 0.28 ± 0.03 ± 0.04 �

2
/dof = 0.82/2 (CL=66.4%)

6.2 Inclusive CKM-favored decays

6.2.1 Global analysis of B ! Xc`�⌫`

The semileptonic decay width �(B ! Xc`�⌫`) has been calculated in the framework of the
operator production expansion (OPE) [57–59]. The result is a double-expansion in ⇤QCD/mb

and ↵s, which depends on a number of non-perturbative parameters. These parameters describe
the dynamics of the b-quark inside the B hadron and can be measured using observables in
B ! Xc`�⌫` decays, such as the moments of the lepton energy and the hadronic mass spectrum.

Two renormalization schemes are commonly used to defined the b-quark mass and other
theoretical quantities: the kinetic [512–515] and the 1S [516] schemes. An independent set of
theoretical expressions is available for each, with several non-perturbative parameters. The
non-perturbative parameters in the kinetic scheme are: the quark masses mb and mc, µ2

⇡
and

µ2
G

at O(1/m2
b
), and ⇢3

D
and ⇢3

LS
at O(1/m3

b
). In the 1S scheme, the parameters are: mb, �1 at

O(1/m2
b
), and ⇢1, ⌧1, ⌧2 and ⌧3 at O(1/m3

b
). Note that the numerical values of the kinetic and

1S b-quark masses cannot be compared without converting one or the other, or both, to the
same renormalization scheme.

We use two sets of inclusive observables in B ! Xc`�⌫` decays to constrain OPE parameters:
the moments of the hadronic system effective mass hMn

X
i of order n = 2, 4, 6, and the moments

of the charged lepton momentum hEn

`
i of order n = 0, 1, 2, 3. Moments are determined for

different values of Ecut, the lower limit on the lepton momentum. Moments derived from the
same spectrum with different value of Ecut are highly correlated. The list of measurements
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Table 76: Published and rescaled individual measurements and their averages for B(B�
!

D
00
1 `

�⌫`)⇥ B(D
00
1 ! D⇤+⇡�).

Experiment B(B�
! D

00
1 (D

⇤+⇡�)`�⌫`)[%] B(B�
! D

00
1 (D

⇤+⇡�)`�⌫`)[%]
(rescaled) (published)

DELPHI [511] 0.73± 0.17stat ± 0.18syst 0.83± 0.17stat ± 0.18syst
Belle [508] �0.03± 0.06stat ± 0.07syst �0.03± 0.06stat ± 0.07syst
BABAR [509] 0.26± 0.04stat ± 0.04syst 0.27± 0.04stat ± 0.05syst
Average 0.19 ± 0.03 ± 0.04 �

2
/dof = 11.9/2 (CL=0.003%)

Table 77: Published and rescaled individual measurements and their averages for B(B�
!

D⇤0
0 `�⌫`)⇥ B(D⇤0

0 ! D+⇡�).

Experiment B(B�
! D⇤0

0 (D+⇡�)`�⌫`)[%] B(B�
! D⇤0

0 (D+⇡�)`�⌫`)[%]
(rescaled) (published)

Belle Tagged B� [508] 0.25± 0.04stat ± 0.06syst 0.24± 0.04stat ± 0.06syst
Belle Tagged B0 [508] 0.22± 0.08stat ± 0.06syst 0.24± 0.04stat ± 0.06syst
BABAR Tagged [509] 0.32± 0.04stat ± 0.05syst 0.26± 0.05stat ± 0.04syst
Average 0.28 ± 0.03 ± 0.04 �

2
/dof = 0.82/2 (CL=66.4%)

6.2 Inclusive CKM-favored decays

6.2.1 Global analysis of B ! Xc`�⌫`

The semileptonic decay width �(B ! Xc`�⌫`) has been calculated in the framework of the
operator production expansion (OPE) [57–59]. The result is a double-expansion in ⇤QCD/mb

and ↵s, which depends on a number of non-perturbative parameters. These parameters describe
the dynamics of the b-quark inside the B hadron and can be measured using observables in
B ! Xc`�⌫` decays, such as the moments of the lepton energy and the hadronic mass spectrum.

Two renormalization schemes are commonly used to defined the b-quark mass and other
theoretical quantities: the kinetic [512–515] and the 1S [516] schemes. An independent set of
theoretical expressions is available for each, with several non-perturbative parameters. The
non-perturbative parameters in the kinetic scheme are: the quark masses mb and mc, µ2

⇡
and

µ2
G

at O(1/m2
b
), and ⇢3

D
and ⇢3

LS
at O(1/m3

b
). In the 1S scheme, the parameters are: mb, �1 at

O(1/m2
b
), and ⇢1, ⌧1, ⌧2 and ⌧3 at O(1/m3

b
). Note that the numerical values of the kinetic and

1S b-quark masses cannot be compared without converting one or the other, or both, to the
same renormalization scheme.

We use two sets of inclusive observables in B ! Xc`�⌫` decays to constrain OPE parameters:
the moments of the hadronic system effective mass hMn

X
i of order n = 2, 4, 6, and the moments

of the charged lepton momentum hEn

`
i of order n = 0, 1, 2, 3. Moments are determined for

different values of Ecut, the lower limit on the lepton momentum. Moments derived from the
same spectrum with different value of Ecut are highly correlated. The list of measurements
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Extremely poor agreement for D′�1

ℬ(B+ → D′�1( → D*− π+)ℓν̄ℓ) = (0.28 ± 0.06) × 10−2

Average w/o Belle

Isospin factor for missing 

2-body pion modes:

fπ = ℬ(D** → D(*)−π+)
ℬ(D** → D(*)π) = 2

3 ℬ(B+ → D0ℓν̄ℓ) = (0.42 ± 0.08) × 10−2

ℬ(B+ → D′�1ℓν̄ℓ) = (0.42 ± 0.09) × 10−2

Full BF:

https://arxiv.org/abs/1909.12524



# 10Charming or Strange & Charming?
PART 1: ONE CHARM QUARKExample: Strange-Charm states
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reconstruction after applying signal weights determined from a fit of the U distribution using the
sPlot technique.

reported in Table IX and the uncertainties introduced by the limited knowledge of the
D

⇤⇤ peak positions and width described above. In the fit to the m(D0
⇡
�) distribution the

yield of the D
⇤�
0 component is compatible with zero. Therefore, instead of calculating a

branching fraction, an upper limit at 90% confidence level (CL) is set. We create 2000 new
data samples by bootstrapping [44] the original data (randomly selecting events, each with
its corresponding weight, while allowing repetition of the events). The D

0
⇡
� mass fit is

performed for each sample. The 90% CL upper limit on the yield is the value that is higher
than that found in 90% of the samples in which a positive D

⇤�
0 yield is obtained. This yield

is then converted into the upper limit. The results for the decays via the D
⇤
2 resonance are

TABLE X: Fitted D⇤⇤ yields, statistical significances, and branching fractions for the D⇡ final state.
The statistical significance is calculated as S =

p
2�L, where �L is the di↵erence between the

log-likelihood value of the nominal fit and of a fit with the signal yield fixed to zero.

yield S branching fraction [%]

B0
! D⇤�

0 `+⌫` with D⇤�
0 ! D0⇡� - - <0.044 at 90% CL

B0
! D⇤�

2 `+⌫` with D⇤�
2 ! D0⇡� 457± 45 25.2 0.157± 0.015 (stat)± 0.005 (syst)

other B0
! D0⇡�`+⌫` 547± 45 - -

B+
! D⇤0

0 `+⌫` with D⇤0
0 ! D�⇡+ 180± 72 3.9 0.054± 0.022 (stat)± 0.005 (syst)

B+
! D⇤0

2 `+⌫` with D⇤0
2 ! D�⇡+ 590± 39 24.9 0.163± 0.011 (stat)± 0.007 (syst)

other B+
! D�⇡+`+⌫` 520± 70 - -

compatible with the world averages. They constitute the most precise measurements of
these branching fractions to date. On the other hand, the value for B (B+

! D
⇤0
0 `

+
⌫`) ⇥ B

(D⇤0
0 ! D

�
⇡
+) is significantly smaller than previous measurements. This applies even more

24
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tail from 
 ?D* → Dπ

or something even 
more exotic?

interference from non-
resonant S-Wave  ?D* → Dπ
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Figure 9: Projections of the data and fit results onto m(D�⇡+)min for B+ ! D�⇡+⇡+ candidates
observed by the LHCb collaboration [94] on (top left) linear and (bottom right) logarithmic y-axis
scales. Here, m(D�⇡+)min is the smaller of the two values of m(D�⇡+) for each B+ ! D�⇡+⇡+

candidate. A legend describing the various contributions is also given. The (bottom right)
Argand diagram of the D�⇡+ S-wave amplitude shows the expected phase motion corresponding
to the D⇤

0(2400)
0 resonance. The numbered points correspond to the spline knots.

8.3 Speed

It is essential for the Laura++ amplitude analysis package to run quickly, since otherwise
the large data samples available in modern experiments can lead to unmanageably long
execution time. In this subsection some performance benchmarks are provided. More
specifically, a selection of the examples that are provided with the package (several of
which are based on analyses presented in the previous subsection) are run out of the box
on the same machine (an Intel Core i5-3570 3.4GHz quad-core CPU with 8Gbytes of
RAM). In each case, timings for both generation of 50 toy datasets and for fitting those
same 50 datasets are provided in Table 3. The fitting times are averaged over 20 fits with
randomised starting parameters. The scenario demonstrated in each example is as follows:

• GenFit3pi.cc
Example analysis of the symmetric final state B+ ! ⇡+⇡+⇡�, using
LauSimpleFitModel (i.e. not including e↵ects of CP violation). By default there
are 1500 signal events per experiment and the signal isobar model contains five

42
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resonant & non-resonant

?

Argand

?

Mass spectrum in B+ → D−π+π+
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Figure 9: Fit to the LHCb data for the angular moments hP0i, hP13i and hP2i for the B
� !

D
+
⇡
�
⇡
� reaction [92]. The largest error among hP1i and 14hP3i/9 in each bin is taken as the

error of hP1i � 14hP3i/9. The solid lines show the results of [83], with error bands corresponding
to the one-sigma uncertainties propagated from the input scattering amplitudes, while the dashed
lines stand for the LHCb fit using cubic splines for the S-wave [92].

The theoretical framework to analyse this process is based on the unitarized chiral e↵ective
Lagrangian, Eq. (10), where one pion is fast and the other participates in the D⇡ final-state
interactions (for more details, see Ref. [83]). To be specific, consider the reaction B

� ! D
+
⇡
�
⇡
�.

For su�ciently low energies in the D⇡ system, it su�ces to include the lowest partial waves
(S,P,D), so we can write the decay amplitude as

A(B� ! D
+
⇡
�
⇡
�) =

2X

L=0

p
2L+ 1AL(s)PL(z) , (26)

where A0,1,2(s) correspond to the amplitudes with D
+
⇡
� in the S- , P- and D-waves, respectively,

and PL(z) are the Legendre polynomials. For the P- and D-wave amplitudes we use the same
Breit-Wigner form as in the LHCb analysis [92], containing the D

⇤ and D
⇤(2680) mesons in the

P-wave and the D2(2460) in the D-wave. For the S-wave, however, we employ

A0(s) = A

⇢
E⇡


2 +G1(s)

✓
5

3
T

1/2
11

(s) +
1

3
T

3/2(s)

◆�

+
1

3
E⌘G2(s)T

1/2
21

(s) +

r
2

3
EK̄G3(s)T

1/2
31

(s)

�
+BE⌘G2(s)T

1/2
21

, (27)

where A and B are two independent couplings following from SU(3) flavor symmetry (i.e. combi-
nations of the LECs ci, A =

p
2(c1 + c4)/F� and B = 2

p
2(c2 + c6)/(3F�), with F� the GB decay

constant), and E⇡,⌘,K̄ are the energies of the light mesons. Further, the T
I
ij(s) are the S-wave

scattering amplitudes for the coupled-channel system with total isospin I, where i, j are channel
indices with 1, 2 and 3 referring to D⇡, D⌘ and DsK̄, respectively, and the Gi(s) are the corre-
sponding 2-point loop functions. These scattering amplitudes are again taken from Ref. [26] where
also all the other parameters were fixed. To filter out the S-wave, the following (combinations of)
angular moments are used:

hP0i / |A0|2 + |A1|2 + |A2|2 ,

hP2i / 2

5
|A1|2 +

2

7
|A2|2 +

2p
5
|A0||A2| cos(�2 � �0) ,

hP13i = hP1i �
14

9
hP3i /

2p
3
|A0||A1| cos(�1 � �0) , (28)

with �0, �1, �2 the S-, P-, D-wave phase shift, respectively. The best fit to the LHCb data is shown
in Fig. 9 together with their best fit provided by LHCb based on cubic splines (dashed lines).
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Figure 7: Left panel: Energy levels calculated in finite-volume unitarized chiral perturbation theory
with all LECs determined before (red bands representing the 1� uncertainties) in comparison to
the lattice QCD results of [78] (black circles). The dashed lines give the various free levels of the
two-particle systems D⇡, D⌘ and DsK̄. Right panel: Location of the two poles in the complex
energy plane for the lattice masses (red symbols) and physical masses (blue symbols). The black
diamond represents the PDG value. The various thresholds are indicated by the dotted lines.
Figures courtesy of Feng-Kun Guo.

4.1 Two-pole structure

Let us consider first the fine lattice QCD work by the Hadron Spectrum Collaboration, who
investigated coupled-channel D⇡, D⌘ and DsK̄ scattering with J

P = 0+ and I = 1/2 in three
lattice volumes, one value for the temporal and the spatial lattice spacing, respectively, at a pion
mass M⇡ = 391MeV and D-meson mass MD = 1885MeV [78]. They used various K-matrix type
extrapolations of the type

Kij =
⇣
g
(0)

i + g
(1)

i s

⌘⇣
g
(0)

j + g
(1)

j s

⌘ 1

m2 � s
+ �

(0)

ij + �
(1)

ij s , (23)

to find the poles in the complex plane, by fitting the parameters g, � to the computed energy levels,
and use the T -matrix to extract the poles. They found one S-wave pole at (2275.0 ± 0.9)MeV,
extremely close to the D⇡ threshold at 2276 MeV. This state is consistent with the D

⇤
0
(2300) of

the PDG. However, the extrapolations in Eq. (23) do not take into account chiral symmetry.
Therefore, this topic was revisited in Ref. [79], where the chiral Lagrangian, Eq. (9), together

with LECs from Ref. [26] was implemented within the finite volume formalism outlined in Sect. 2.5
to postdict in a parameter-free manner the energy levels measured by the Hadron Spectrum
Collaboration. The stunning result of this unitarized CHPT calculation is shown in the left panel
of Fig. 7, a very accurate postdiction of the lattice levels is achieved (note that this is not a
fit). Note further that the region above 2.7 GeV is beyond the range of applicability of this
NLO calculation. The level below the D⇡ threshold is interpreted in Ref. [78] as a bound state
associated to the D⇤

0
(2300) as stated before. The finite-volume UCHPT calculation also finds this

pole at M = 2264+8

�14
MeV and half-width �/2 = 0MeV, very similar to the results of Ref. [78].

However, there is a second pole at M = 2468+32

�25
MeV with �/2 = 113+18

�16
MeV, see also the right

panel of Fig. 7. Using chiral extrapolations, one can then evaluate the spectroscopic content of
the scattering amplitudes for the physical pion mass, collected in Tab. 1.

The bound state below the D⇡ threshold evolves into a resonance above it when the physical
masses are used, where the threshold is now at 2005 MeV. This behaviour is typical for S-wave
poles. The second pole moves very little and its couplings are rather independent of the meson
masses. It is a resonance located between the D⌘ and DsK̄ thresholds on the (110) Riemann
sheet, continuously connected to the phyical sheet. Thus, the D

⇤
0
(2300) of the RPP is produced

by two di↵erent poles, and in fact the lower pole solves the enigma discussed in the beginning of
this section. Note that this two-pole structure was observed earlier in Refs. [80, 81, 82] but only
explained properly in [79] as discussed next.

11

1) Lattice studies with non-physical pion masses 
imply the existence of a second pole: 

1st

2nd

2) Fit to Legendre moments of LHCb analysis with two poles:

Table 1: Position
p
s = M � i�/2 (in MeV) and couplings (in GeV) of the two poles in the (0,1/2)

sector using physical pion masses.

M (MeV) �/2 (MeV) |gD⇡| |gD⌘| |gDsK̄ |
2105+6

�8
102+10

�12
9.4+0.2

�0.2 1.8+0.7
�0.7 4.4+0.5

�0.5

2451+36

�26
134+7

�8
5.0+0.7

�0.4 6.3+0.8
�0.5 12.8+0.8

�0.6

Figure 8: Left panel: Pole paths in the complex plane when recovering the SU(3) limit (left
subpanel). Mass evolution of the di↵erent poles with x. Besides the two (0,1/2) poles, denoted
as high and low (blue dashed and green solid lines), the evolution of the (1,0) bound state, the
D

⇤
s0(2317) resonance (orange dot-dashed line), is shown (right subpanel). Figure courtesy of Feng-

Kun Guo. Right panel: Mass of the predicted sextet state M6 at the SU(3) symmetric point as
a function of the Goldstone boson mass M�. The inset shows the half-width of the resonance for
GB masses below 475 MeV.

Consider again the SU(3) limit, where the eight Goldstone bosons take the common value M0

and the three heavy D-mesons the common value MD0, so that departures from the SU(3) limit
are parameterized as

M�,i = M
phys

�,i + x(M0 �M
phys

�,i ) (i = 1, . . . 8) ,

MD,j = M
phys

D,j + x(MD0 �M
phys

D,j ) (j = 1, . . . 3) ,

with x = 0 and x = 1 corresponding to the physical and the SU(3) symmetric case, respectively,
and M0 = 0.49 GeV and MD0 = 1.95GeV. In that study, only one subtraction constant for all
channels was used and kept fixed with varying x. Note that in contrast to the work of Ref. [47]
discussed before, here a linear extrapolation formula is used for the GB masses, which is also
legitimate. As before, the two-pole nature is understood from group theory,

3̄⌦ 8 = 3̄� 6| {z }
attractive

�15 . (24)

This means one has attraction in the 3̄ and 6 irreducible representations (irreps) but repulsion in
the 15 irrep at leading order in the e↵ective potential. The most attractive irrep, the 3̄, admits
a cq̄ (q = u, d, s) configuration. At NLO, the potentials receive corrections, but the qualitative
features remain. The evolution from the SU(3) limit to the physical case is shown in the left panel
of Fig. 8. Shown are the two poles corresponding to the D

⇤
0
(2300) and its strange sibling, the

D
⇤
s0(2317). As one moves away from the SU(3) limit, the lower pole of the D

⇤
0
(2300) moves down

in the complex plane, restoring the expected ordering that the cū excitation should be lighter than
its cs̄ partner. It was already observed in Ref. [79] that the higher pole connects with a virtual
state in the sextet representation due to the weaker binding. This issue was further elaborated
on in Ref. [83], where the SU(3) limit was studied in more detail. In the right panel of Fig. 8 the
sextet pole is shown for varying GB masses. Below M� . 475 MeV, the pole is a resonance with

12

U PT predictionχ
The bands in Fig. 9 reflect the one-sigma errors of the parameters in the scattering amplitudes
determined in Ref. [26]. It is worthwhile to notice that in hP13i, where the D2(2460) does not
play any role, the data show a significant variation between 2.4 and 2.5 GeV. Theoretically this
feature can now be understood as a signal for the opening of the D

0
⌘ and D

+
s K

� thresholds
at 2.413 and 2.462 GeV, respectively, which leads to two cusps in the amplitude. This e↵ect is
amplified by the higher pole which is relatively close to the DsK̄ threshold on the unphysical sheet.
There is some discrepancy between the chiral amplitude and the data for hP13i at low energies:
Does this point at a deficit of the former? Fortunately the LHCb Collaboration provided more
detailed information on their S-wave amplitude in Ref. [92]: In the analysis of the data a series
of anchor points were defined where the strength and the phase of the S-wave amplitude were
extracted from the data. Then cubic splines were used to interpolate between these anchor points.
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FIG. 4. Comparison of the S-wave amplitude determined in
this work to the S-wave anchor points found in the experi-
mental analysis, shown as the data points [46]. The red line
gives the best fit results and the grey band quantifies the
uncertainties that emerged from the fitting procedure. The
fitting range extended up to 2.55 GeV. The dashed perpendic-
ular lines indicate the location of the D⌘ and DsK̄ threshold,
respectively.

the B ! D
(⇤)

⇡⇡ and B ! D
(⇤)
s K̄⇡ reactions. This

can be done at LHCb and Belle-II. We expect to see

nontrivial cusp structures at the D
(⇤)

⌘ and D
(⇤)
s K̄

thresholds in the former, and near-threshold en-

hancement in theD(⇤)
s K̄ spectrum in the latter [37].

• Measuring the hadronic width of the D
⇤
s0(2317),

predicted to be of about 100 keV in the molecu-
lar scenario [32, 55], while much smaller otherwise.
This will be measured by the PANDA experiment.

• Checking the existence of the sextet pole in LQCD
with a relatively large SU(3) symmetric quark
mass.

• Searching for the predicted analogous bottom
positive-parity mesons both experimentally and in
LQCD.
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Appendix A: E↵ective Lagrangian

Here, we discuss briefly the e↵ective Lagrangian for the
weak decays B̄ to D with the emission of two light pseu-
doscalar mesons, induced by the Cabibbo-allowed tran-
sition b ! cūd. In the phase space region near the D⇡

threshold, chiral symmetry puts constraints on one of
the two pions while the other one moves fast and can
be treated as a matter field. Moreover, its interaction
with the other particles in the final state can be safely
neglected. Then the relevant chiral e↵ective Lagrangian
leading to Eq. (2) reads,

Le↵ = B̄
⇥
c1 (uµtM +Mtuµ) + c2 (uµM +Muµ) t

+c3 t (uµM +Muµ) + c4 (uµhMti+Mhuµti)
+c5 thMuµi+ c6h(Muµ + uµM) ti

⇤
@
µ
D

†
. (A.1)

Here, B̄ = (B�
, B̄

0
, B̄

0
s ) and D = (D0

, D
+
, D

+
s ) are the

fields for bottom and charm mesons, h. . .i denotes the
trace in the SU(3) light-flavor space, and uµ = i(u†

@µu�
u@µu

†) is the axial current derived from chiral symmetry.
The Goldstone Bosons are represented non-linearily via
u = exp

�
i�/(

p
2F )

�
, with

� =

0

B@

1p
2
⇡
0 + 1p

6
⌘ ⇡

+
K

+

⇡
� � 1p

2
⇡
0 + 1p

6
⌘ K

0

K
�

K̄
0 � 2p

6
⌘

1

CA , (A.2)

Figure 10: Comparison of the S-wave am-
plitude based on UCHPT to the S-wave an-
chor points found in the experimental anal-
ysis, shown as the data points [92]. The
red line gives the best fit results and the
grey band quantifies the uncertainties that
emerged from the fitting procedure. The
fitting range extends up to 2.55 GeV. The
dashed perpendicular lines indicate the loca-
tion of the D⌘ and DsK̄ threshold, respec-
tively.

In Fig. 10 the S-amplitude fixed as described above
is compared to the LHCb anchor points. Not only
shows this figure very clearly that the strength of
the S-wave amplitude largely determined by the fits
to lattice data is fully consistent with the one ex-
tracted from the data for B

� ! D
+
⇡
�
⇡
�, the

shown amplitude also shows the importance of the
D⌘ and DsK̄ cusps and thus also of the role of the
higher pole in the I = 1/2 and S = 0 channel even
more clearly than the angular moments discussed
above. This clearly highlights the importance of a
coupled-channel treatment for this reaction. An up-
dated analysis of the LHC Run-2 data is called for
to confirm the prominence of the two cusps.

LHCb presented also data on B
0
s ! D̄

0
K

�
⇡
+,

which are, however, less precise than the ones just
discussed. Using the same formalism as before, with
one di↵erent combination of the LECs ci and the
same resonances in the P- and D-wave as LHCb,
these data can be well described by a one parame-
ter fit, see Ref. [83] for more details. A combined
analysis including also data for B

0 ! D̄
0
⇡
�
⇡
+,

B
� ! D

+
⇡
�
K

� and B
0
s ! D̄

0
K

�
⇡
+ performed

in Ref. [93] gives further credit to this picture.

4.4 The K1 meson

Another state that o↵ered support to the two-pole
scenario even before the heavy-light mesons just dis-
cussed is the axial-vector meson K1(1270), which in the quark model is a kaonic excitation with
angular momentum one, I(JP ) = 1

2
(1+). The two-pole nature of the K1(1270) was first noted in

the study of the scattering of vector mesons o↵ the Goldstone bosons in a chiral unitary approach
at tree level [94]. This was further sharpened in Ref. [95]. There, the high-statistics data from
the WA3 experiment on K

�
p ! K

�
⇡
+
⇡
�
p, analyzed by the ACCMOR collaboration [96], were

reanalyzed and shown to favor a two-pole interpretation of the K1(1270). The authors of Ref. [95]
also reanalyzed the traditional K-matrix interpretation of the WA3 data and found that the good
fit of the data obtained there was due to large cancellations of terms of unclear physical inter-
pretation. It was recently shown how this two-pole scenario can show up in D-meson decays, in
particular D0 ! ⇡

+
V P and D

+ ! ⌫e
+
V P , where P and V are pseudoscalar and vector mesons,

respectively [97, 98].
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variation

Figure 9: Fit to the LHCb data for the angular moments hP0i, hP13i and hP2i for the B
� !

D
+
⇡
�
⇡
� reaction [92]. The largest error among hP1i and 14hP3i/9 in each bin is taken as the

error of hP1i � 14hP3i/9. The solid lines show the results of [83], with error bands corresponding
to the one-sigma uncertainties propagated from the input scattering amplitudes, while the dashed
lines stand for the LHCb fit using cubic splines for the S-wave [92].

The theoretical framework to analyse this process is based on the unitarized chiral e↵ective
Lagrangian, Eq. (10), where one pion is fast and the other participates in the D⇡ final-state
interactions (for more details, see Ref. [83]). To be specific, consider the reaction B

� ! D
+
⇡
�
⇡
�.

For su�ciently low energies in the D⇡ system, it su�ces to include the lowest partial waves
(S,P,D), so we can write the decay amplitude as

A(B� ! D
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�) =

2X
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p
2L+ 1AL(s)PL(z) , (26)

where A0,1,2(s) correspond to the amplitudes with D
+
⇡
� in the S- , P- and D-waves, respectively,

and PL(z) are the Legendre polynomials. For the P- and D-wave amplitudes we use the same
Breit-Wigner form as in the LHCb analysis [92], containing the D

⇤ and D
⇤(2680) mesons in the

P-wave and the D2(2460) in the D-wave. For the S-wave, however, we employ
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where A and B are two independent couplings following from SU(3) flavor symmetry (i.e. combi-
nations of the LECs ci, A =

p
2(c1 + c4)/F� and B = 2

p
2(c2 + c6)/(3F�), with F� the GB decay

constant), and E⇡,⌘,K̄ are the energies of the light mesons. Further, the T
I
ij(s) are the S-wave

scattering amplitudes for the coupled-channel system with total isospin I, where i, j are channel
indices with 1, 2 and 3 referring to D⇡, D⌘ and DsK̄, respectively, and the Gi(s) are the corre-
sponding 2-point loop functions. These scattering amplitudes are again taken from Ref. [26] where
also all the other parameters were fixed. To filter out the S-wave, the following (combinations of)
angular moments are used:

hP0i / |A0|2 + |A1|2 + |A2|2 ,

hP2i / 2

5
|A1|2 +

2

7
|A2|2 +

2p
5
|A0||A2| cos(�2 � �0) ,

hP13i = hP1i �
14

9
hP3i /

2p
3
|A0||A1| cos(�1 � �0) , (28)

with �0, �1, �2 the S-, P-, D-wave phase shift, respectively. The best fit to the LHCb data is shown
in Fig. 9 together with their best fit provided by LHCb based on cubic splines (dashed lines).
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two cusps indicating the 
presence of  Dη, DsK

extrapolated to 
physical pion masses



# 15Overlaying the line-shape

Can the information from hadronic decays be 
combined with the semileptonic spectrum?

A priori yes, but need to account for different 
production amplitudes of ,  and (Dπ)S−Wave D* D2

The poles and widths though are identical 
between both types of decays

Naive overlay of 
  line-

shape
B → Dππ

Markus Prim, Christoph Hanhart, 

Sebastian Neubert,  FB  (work in progress), 


see also next slide! (from Florian Herren, Raynette Van Tonder et al.)



# 16First (!) Fit to the semileptonic spectrum Florian Herren, Raynette Van Tonder et al. 

in preparation, shown at CKM 2023


Update: now out! arXiv:2311.00864,

Putting everything together

Fit to Belle (2022)

● Combined fit to both charge modes
● Do not include data above 2.55 GeV
● PDG averages for D2* mass and width
● Excellent agreement with data:

𝜒²/dof = 1.0 (134 dof)
● Compared to Belle, our D*+S-Wave 

contribution drops o  faster than the 
falling exponential in the analysis

● Larger D2* yield than PDG and Belle

17

Fit which includes tail of ,  and   :D* (Dπ)P−Wave D2 no interference in  due to different spinsmDπ

Putting everything together

23

Possible impact on inclusive 
analyses

● Harder q2-spectrum in the narrow 
& broad components

● Possibly resolves the small tension 
seen in the inclusive q2-spectrum

● S-Wave B→Dηℓ𝜈 decays can not 
account for the gap → B→D*ηℓ𝜈 
decays will also be subdominant

● N.B.: Endpoint of BLR will be 
washed out by MC generator

Combining with FNAL/MILC D* LQCD pred. 

& fit to experimental  spectrum: D2

q2

First fit to the semileptonic spectrum:

Using Omnes matrix for coupled-channel D-π scattering

https://arxiv.org/abs/2311.00864


# 17Open Questions:

Our entire parametrization of FFs relies on the narrow-width approximation 

 = on-shell to on-shell transition⟨B |Hμ |D**⟩

Non-trivial deviation from rate expressions : my understanding is

i.e. expression of rate near mode of BW  expression of rate in off-shell region≠

Can we derive from first principles expressions for this? 


Important for broad states, but also for    D* → Dπ

Putting everything together

Fit to Belle (2022)

● Combined fit to both charge modes
● Do not include data above 2.55 GeV
● PDG averages for D2* mass and width
● Excellent agreement with data:

𝜒²/dof = 1.0 (134 dof)
● Compared to Belle, our D*+S-Wave 

contribution drops o  faster than the 
falling exponential in the analysis

● Larger D2* yield than PDG and Belle

17

(Tail often parametrized as an exponential of a polynomial, float then 
slope and curvature)



# 18Going beyond narrow width

Narrow-width approximation

• Ignore longitudinal contributions

• Product of transverse amplitudes times lineshape (Breit-Wigner, Blatt-Weisskopf etc)


Cannot formally describe off-shell contributions, but critical for moderately/very broad states!


(Incorporating longitudinal piece inconsistent with form factor construction and/or effective theories (like HQET))


Partonic Approach (Robinson et al, soon on arXiv)

• On-shell recursion techniques for full amplitude 

• `holomorphic’ generalization of FFs/HQET

Hadronic Approach (Papucci et al, in progress) 

• On-shell recursion techniques for Isgur-Wise functions 

• Adaptation of Heavy Hadron Chiral Perturbation Theory 

https://arxiv.org/abs/0901.1291

Toy prediction of 

the line shape Measured 


line shape

of B → Dππ



# 19B → D(*)ππℓν̄ℓ
# 10

B → D(*)ππℓν̄ℓ

7

the primary MC samples using the bootstrapping
method [19], resulting in uncertainties ranging from
6.5% (D0⇡+⇡�`�⌫) to 21.1% (D⇤0⇡+⇡�`�⌫). We
estimate the uncertainty associated with modeling
the Fisher discriminants by using the uncorrected
shape of each simulated input distribution, one at
a time, before imposing the selection requirement.
The systematic uncertainty, given by the sum in
quadrature of the di↵erences with respect to the
nominal analysis, varies from 3.7% (D0⇡+⇡�`�⌫)
to 5.2% (D+⇡+⇡�`�⌫).

The ratios of branching fractions are calculated
from the fitted yields as

R(⇤)
⇡+⇡� =

N (⇤)
⇡+⇡�

N (⇤)
norm

✏(⇤)norm

✏(⇤)⇡+⇡�

, (1)

where ✏ refers to the corresponding e�ciency, which
is calculated from MC for the same type of B meson

(B� or B0) used in the two-pion signal (N (⇤)
⇡+⇡�) and

zero-pion normalization (N (⇤)
norm) yields. The results

are given in Table II. The dependence of the e�cien-
cies on the details of the hadronic B reconstruction
largely cancels in the ratio, as do some other asso-
ciated systematic uncertainties and possible biases.
Since semileptonic B decays proceed via a spectator
diagram, the semileptonic decay widths of neutral
and charged B mesons are expected to be equal.
We therefore determine combined values for the B�

and B0 channels: these are given in Table II. Also
shown are the corresponding B� branching fractions
obtained by using Ref. [4] for the branching fractions
of the normalization modes.

TABLE II: Branching fraction ratios R(⇤)
⇡+⇡� for the

D(⇤)⇡+⇡�`�⌫ channels and corresponding isospin-
averaged values. The first uncertainty is statistical and
the second is systematic. The rightmost column gives
the corresponding branching fractions, where the third
uncertainty comes from the branching fraction of the
normalization mode. The isospin-averaged results are
quoted as B� branching fractions.

Channel R(⇤)
⇡+⇡� ⇥ 103 B ⇥ 105

D0⇡+⇡�`�⌫ 71± 13± 8 161± 30± 18± 8

D+⇡+⇡�`�⌫ 58± 18± 12 127± 39± 26± 7

D⇤0⇡+⇡�`�⌫ 14± 7± 4 80± 40± 23± 3

D⇤+⇡+⇡�`�⌫ 28± 8± 6 138± 39± 30± 3

D⇡+⇡�`�⌫ 67± 10± 8 152± 23± 18± 7

D⇤⇡+⇡�`�⌫ 19± 5± 4 108± 28± 23± 4

In conclusion, the decays B ! D(⇤)(n⇡)`�⌫ with
n = 0 or 2 are studied in events with a fully re-
constructed second B meson. We obtain the first
observation of B ! D0⇡+⇡�`�⌫ decays and first
evidence for B ! D(⇤)+⇡+⇡�`�⌫ decays. The
branching ratios of B ! D(⇤)⇡+⇡�`�⌫ decays
relative to the corresponding B ! D(⇤)`�⌫ de-
cays are measured. To estimate the total B !
D(⇤)⇡⇡`�⌫ branching fraction we use isospin sym-
metry and consider in turn each of the B ! Xc`�⌫
decay models discussed above. We find B(B !
D(⇤)⇡+⇡�`�⌫)/B(B ! D(⇤)⇡⇡`�⌫) = 0.50 ± 0.17,
where the uncertainty is one half the observed spread
from the investigated models, which implies B(B !
D⇡⇡`�⌫) + B(B ! D⇤⇡⇡`�⌫) = (0.52+0.14

�0.07
+0.27
�0.13)%,

where the first uncertainty is the total experimental
uncertainty and the second is due to the unknown
fraction of B ! D(⇤)⇡+⇡�`�⌫ in B ! D(⇤)⇡⇡`�⌫
decays. This corresponds to between one-quarter
and one-half of the di↵erence between the sum of the
previously measured exclusive B meson semileptonic
decays to charm final states and the corresponding
inclusive semileptonic branching fraction.
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How much of   is saturated by ?B → Dππℓν̄ℓ B → D1( → Dππ)ℓν̄ℓ

most of it

fππ = ℬ(D** → D(*)−π+π−)
ℬ(D** → D(*)ππ) = 1

2
± 1

6

Isospin factor for conjugate 

3-body pion modes:

ℬ(B+ → Dππℓν̄ℓ) − ℬ(B+ → D1( → Dππ)ℓν̄ℓ) = 0.06 ± 0.09

ℬ(B+ → Dππℓν̄ℓ) = (0.06 ± 0.09) × 10−2
Full BF:

ℬ(B+ → D*ππℓν̄ℓ) = (0.22 ± 0.10) × 10−2

Here  only contains the

non-  contributions

B → Dππℓν̄ℓ
D1

https://arxiv.org/abs/1507.08303

Note: does not include Frank’s measurement yet

(need to average it with BaBar)



# 11

The ‘Gap’

ℬ(B+ → Xc ℓν̄ℓ) − ℬ(B+ → D(*) ℓν̄ℓ) − ℬ(B+ → D**(1P) ℓν̄ℓ) − ℬ(B+ → D(*)ππ ℓν̄ℓ) = ℬ(B+ → XGap
c ℓν̄ℓ)

Consistently counted 
 contributionD1 → Dππ

ℬ(B+ → XGap
c ℓν̄ℓ) = (0.8 ± 0.5) × 10−2

Since we have no clue what populates this ‘gap’ a 100% error 
seems prudent, a possible candidate is B → D(*)ηℓν̄ℓ

TABLE I. Branching fractions used in the simulation of B ! Xc`⌫` decays in this analysis. The
given values correspond to the isospin averaged branching fractions of the individual measurements
listed in Ref. [3]. The total B ! Xc`⌫` branching fraction is taken from Ref. [10].

Decay B(B+) B(B0)

B ! D `+ ⌫` (2.4± 0.1)⇥ 10�2 (2.2± 0.1)⇥ 10�2

B ! D⇤ `+ ⌫` (5.5± 0.1)⇥ 10�2 (5.1± 0.1)⇥ 10�2

B ! D1 `
+ ⌫` (6.6± 0.1)⇥ 10�3 (6.2± 0.1)⇥ 10�3

B ! D⇤
2 `

+ ⌫` (2.9± 0.3)⇥ 10�3 (2.7± 0.3)⇥ 10�3

B ! D⇤
0 `

+ ⌫` (4.2± 0.8)⇥ 10�3 (3.9± 0.7)⇥ 10�3

B ! D0
1 `

+ ⌫` (4.2± 0.9)⇥ 10�3 (3.9± 0.8)⇥ 10�3

B ! D⇡⇡ `+ ⌫` (0.6± 0.9)⇥ 10�3 (0.6± 0.9)⇥ 10�3

B ! D⇤⇡⇡ `+ ⌫` (2.2± 1.0)⇥ 10�3 (2.0± 1.0)⇥ 10�3

B ! D⌘ `+ ⌫` (4.0± 4.0)⇥ 10�3 (4.0± 4.0)⇥ 10�3

B ! D⇤⌘ `+ ⌫` (4.0± 4.0)⇥ 10�3 (4.0± 4.0)⇥ 10�3

B ! Xc`⌫` (10.8± 0.4)⇥ 10�2 (10.1± 0.4)⇥ 10�2

observed total rate of the B ! Xc`⌫` decays is filled with the unmeasured decay B !

D(⇤)⌘`⌫`. Since it’s a hypothetical contribution to the Xc spectrum, we assign a 100%
uncertainty on the branching fraction.

The simulation of all MC samples is performed in the following manner. Monte Carlo
(MC) samples of B meson decays are simulated using the EvtGen generator [11]. The sample
size corresponds to an integrated luminosity of 200 fb�1. The interactions of particles inside
the detector are simulated using Geant4 [12]. Electromagnetic final-state radiation (FSR)
is simulated using the PHOTOS [13] package. The simulation of the continuum background
process e+e� ! qq (q = u, d , s , c) is carried out with KKMC [14], interfaced with Pythia [15].
All recorded collisions and simulated events were analyzed in the basf2 framework [16] and
a summary of the track and ECL reconstruction algorithms can be found in Ref. [17] and
Ref. [18], respectively.
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1.  Measure the    spectra B → D(*)πℓν̄ℓ {q2, cos θV, mD*π}

cos θV

Spin 1

mDπ ≈ mD*

Spin 0

cos θV

Spin 1

mDπ ≈ 2.2 GeV

Spin 2

Spin 0

cos θV

mDπ ≈ 2.4 GeV

Can disentangle different states :

Important to do this in 2D or 3D — maybe can be done untagged?

Can extract with this the  spectrum for the different spin types, can e.g. study of size of 

break down of on-shell assumptions of 

q2

B → D*ℓν̄ℓ

The  spectrum is extremely important to improve our knowledge on  q2 B → D**(1P)ℓν̄ℓ
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Figure 9: Projections of the data and fit results onto m(D�⇡+)min for B+ ! D�⇡+⇡+ candidates
observed by the LHCb collaboration [94] on (top left) linear and (bottom right) logarithmic y-axis
scales. Here, m(D�⇡+)min is the smaller of the two values of m(D�⇡+) for each B+ ! D�⇡+⇡+

candidate. A legend describing the various contributions is also given. The (bottom right)
Argand diagram of the D�⇡+ S-wave amplitude shows the expected phase motion corresponding
to the D⇤

0(2400)
0 resonance. The numbered points correspond to the spline knots.

8.3 Speed

It is essential for the Laura++ amplitude analysis package to run quickly, since otherwise
the large data samples available in modern experiments can lead to unmanageably long
execution time. In this subsection some performance benchmarks are provided. More
specifically, a selection of the examples that are provided with the package (several of
which are based on analyses presented in the previous subsection) are run out of the box
on the same machine (an Intel Core i5-3570 3.4GHz quad-core CPU with 8Gbytes of
RAM). In each case, timings for both generation of 50 toy datasets and for fitting those
same 50 datasets are provided in Table 3. The fitting times are averaged over 20 fits with
randomised starting parameters. The scenario demonstrated in each example is as follows:

• GenFit3pi.cc
Example analysis of the symmetric final state B+ ! ⇡+⇡+⇡�, using
LauSimpleFitModel (i.e. not including e↵ects of CP violation). By default there
are 1500 signal events per experiment and the signal isobar model contains five
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2.  Combined analysis / interpretation of  and B → D(*)πℓν̄ℓ B → D(*)ππ

Precision on 

pole positions


and widths

What we

want to determine

Use precision of hadronic analyses and combine it with 
semileptonic modes to determine BFs. 


Huge difference in sensitivity to determine poles and widths

The second pole could be a molecule state, we should study it
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2.  Combined analysis / interpretation of  and B → D(*)πℓν̄ℓ B → D(*)ππ

Use precision of hadronic analyses and combine it with 
semileptonic modes to determine BFs. 


Huge difference in sensitivity to determine poles and widths

We should study the nature of the second 

pole. Is it indeed something exotic? Or another 

(expected) higher state?
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3.a   Searches for the missing and exotic   contributionsB → Xℓν̄ℓ # 2

OverviewTABLE I. Branching fractions used in the simulation of B ! Xc`⌫` decays in this analysis. The
given values correspond to the isospin averaged branching fractions of the individual measurements
listed in Ref. [3]. The total B ! Xc`⌫` branching fraction is taken from Ref. [10].

Decay B(B+) B(B0)

B ! D `+ ⌫` (2.4± 0.1)⇥ 10�2 (2.2± 0.1)⇥ 10�2

B ! D⇤ `+ ⌫` (5.5± 0.1)⇥ 10�2 (5.1± 0.1)⇥ 10�2

B ! D1 `
+ ⌫` (6.6± 0.1)⇥ 10�3 (6.2± 0.1)⇥ 10�3

B ! D⇤
2 `

+ ⌫` (2.9± 0.3)⇥ 10�3 (2.7± 0.3)⇥ 10�3

B ! D⇤
0 `

+ ⌫` (4.2± 0.8)⇥ 10�3 (3.9± 0.7)⇥ 10�3

B ! D0
1 `

+ ⌫` (4.2± 0.9)⇥ 10�3 (3.9± 0.8)⇥ 10�3

B ! D⇡⇡ `+ ⌫` (0.6± 0.9)⇥ 10�3 (0.6± 0.9)⇥ 10�3

B ! D⇤⇡⇡ `+ ⌫` (2.2± 1.0)⇥ 10�3 (2.0± 1.0)⇥ 10�3

B ! D⌘ `+ ⌫` (4.0± 4.0)⇥ 10�3 (4.0± 4.0)⇥ 10�3

B ! D⇤⌘ `+ ⌫` (4.0± 4.0)⇥ 10�3 (4.0± 4.0)⇥ 10�3

B ! Xc`⌫` (10.8± 0.4)⇥ 10�2 (10.1± 0.4)⇥ 10�2

observed total rate of the B ! Xc`⌫` decays is filled with the unmeasured decay B !

D(⇤)⌘`⌫`. Since it’s a hypothetical contribution to the Xc spectrum, we assign a 100%
uncertainty on the branching fraction.

The simulation of all MC samples is performed in the following manner. Monte Carlo
(MC) samples of B meson decays are simulated using the EvtGen generator [11]. The sample
size corresponds to an integrated luminosity of 200 fb�1. The interactions of particles inside
the detector are simulated using Geant4 [12]. Electromagnetic final-state radiation (FSR)
is simulated using the PHOTOS [13] package. The simulation of the continuum background
process e+e� ! qq (q = u, d , s , c) is carried out with KKMC [14], interfaced with Pythia [15].
All recorded collisions and simulated events were analyzed in the basf2 framework [16] and
a summary of the track and ECL reconstruction algorithms can be found in Ref. [17] and
Ref. [18], respectively.
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fairly well known,

some tensions in


isospin assumption

broad states based 

mostly on


three measurements

(BaBar, Belle, DELPHI)

BaBar result

?

Additional Measurements: resonant + non-resonant B → D(*)πℓν̄ℓ

Note:  applies a selection to exclude B → Dπℓν̄ℓ B → D*( → Dπslow)ℓν̄ℓ

Dedicated searches

 for , 


, 

…

B → D(*)ηℓν̄ℓ
B → D(*)nπℓν̄ℓ

Are there (potentially) any other exotic states 

in what we have not measured?



# 25What should we measure in the intermediate term with Belle II

3.b   Find what is missing:   with hadronic taggingB → D(*)Xℓν̄ℓ

Ch. Oswald  – Semileptonic B/Bs decays at Belle – ICHEP2012 11

Summary

● Inclusive vs. Exclusive puzzle:

– Full semilept. width described by semi-inclusive modes:

first separate
measurement

● Study of inclusive semileptonic decays of the

                study
above 2.4 GeV

Semi exclusive measurement from Belle  (shown at ICHEP 2012)

Ch. Oswald  – Semileptonic B/Bs decays at Belle – ICHEP2012 11

Summary

● Inclusive vs. Exclusive puzzle:

– Full semilept. width described by semi-inclusive modes:

first separate
measurement

● Study of inclusive semileptonic decays of the

                study
above 2.4 GeV

https://indico.cern.ch/event/181298/contributions/309049/attachments/243226/340452/20120705_semilep_belle_oswald.pdf

We can look into the ROE and study how many pions, kaons, etc. there are and 

determine individual resonant + non-resonant contributions 



# 26What we should stop doing
# 5

D**(1P) → D(*)π
2

FIG. 1. Strong decays of the D0 and D0⇤ into the 1S and 1P states involving, one or two pion emissions (left), and all decays
including the near o↵-shell transitions with a ⇢ and ⌘ (right). The style and opacity of the lines connecting the states indicate
the orbital angular momentum of the partial wave. The grey bands correspond to the measured widths of the 2S and 1P states.

nonresonant contribution [8] no longer needs to be large.
This would be a problem, because in the soft pion limit
a first principles calculation is possible [9], giving a too
small rate at this region of phase space. A large nonres-
onant rate at high D(⇤)⇡ invariant mass would disagree
with the inclusive lepton spectrum measurements and the
measured semi-exclusive B ! D(⇤)⇡`⌫̄ rate.

2) The D0(⇤) states decay to one of the D(⇤) states
either with one pion emission in a p-wave, or with two
pion emission in an s-wave. However, they can decay
with one pion emission in an s-wave to members of the
s⇡l
l = 1

2

+
states, and could thus enhance the observed

decay rate to the s⇡l
l = 1

2

+
states, and thus give rise to

the “1/2 vs. 3/2 puzzle”. The allowed strong decays are
illustrated in Figure 1 (including those only allowed by
the substantial widths of these particles). It is plausible
that the decay modes of the D0(⇤) to the 1S and 1P charm
meson states may be comparable.

3) With the relatively low mass of the D0(⇤) states, the
inclusive lepton spectrum can stay quite hard, in agree-
ment with the observations.

4) The B(B ! D(⇤)⇡`⌫̄) measurement quoted is not in
conflict with our hypothesis, since the decay of the D0(⇤)

would yield two or more pions most of the time.

III. THE B ! D0(⇤)`⌫̄ DECAY RATE

Since the quantum numbers of the D0(⇤) are the same
as those of the D(⇤), the theoretical expressions for the
decay rates in terms of the form factors, and the defi-
nitions of the form factors themselves, are identical to
the well known formulae for B ! D(⇤)`⌫̄ [10]. As for

B ! D(⇤)`⌫̄, in the mc,b � ⇤QCD limit, the six form
factors are determined by a single universal Isgur-Wise
function [11], which we denote by ⇠2(w). Here w = v · v0

is the recoil parameter, v is the velocity of the B meson,
and v0 is that of the D0(⇤). We define

d�D0⇤

dw
=

G2
F |Vcb|

2 m5
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1 � 2rw + r2

(1 � r)2
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F (w)
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, (2)
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dw
=

G2
F |Vcb|

2 m5
B

48⇡3
r3(1 + r)2 (w2

� 1)3/2
⇥
G(w)

⇤2
,

where, in each equation, r = mD0(⇤)/mB , and in the
mc,b � ⇤QCD limit F (w) = G(w) = ⇠2(w).

Heavy quark symmetry implies ⇠2(1) = 0, so the rate
near zero recoil comes entirely from ⇤QCD/mc,b correc-
tions. Away from w = 1, ⇠2(w) is no longer power
suppressed; however, since the kinematic range is only
1 < w < 1.3, the role of ⇤QCD/mc,b corrections, which
are no longer universal, can be very large [12]. Before
turning to model calculations, note that there is a qual-
itative argument that near w = 1 the slope of ⇠2(w),
and probably those of F (w) and G(w) as well, should be
positive. In B ! D0(⇤) transition, in the quark model,
the main e↵ect of the wave function of the brown muck
changing from the 1S to the 2S state is to increase the
expectation value of the distance from the heavy quark
of a spherically symmetric wave function. Thus the over-
lap of the initial and final state wave functions should
increase as w increases above 1.

It is not easy to calculate these B ! D0(⇤)`⌫̄ form fac-
tors. Below, we use estimates from a quark model pre-
diction [13], hoped to be trustable near w = 1, and from

HFLAV 2019 Averages for broad statesTable 76: Published and rescaled individual measurements and their averages for B(B�
!

D
00
1 `

�⌫`)⇥ B(D
00
1 ! D⇤+⇡�).

Experiment B(B�
! D

00
1 (D

⇤+⇡�)`�⌫`)[%] B(B�
! D

00
1 (D

⇤+⇡�)`�⌫`)[%]
(rescaled) (published)

DELPHI [511] 0.73± 0.17stat ± 0.18syst 0.83± 0.17stat ± 0.18syst
Belle [508] �0.03± 0.06stat ± 0.07syst �0.03± 0.06stat ± 0.07syst
BABAR [509] 0.26± 0.04stat ± 0.04syst 0.27± 0.04stat ± 0.05syst
Average 0.19 ± 0.03 ± 0.04 �

2
/dof = 11.9/2 (CL=0.003%)

Table 77: Published and rescaled individual measurements and their averages for B(B�
!

D⇤0
0 `�⌫`)⇥ B(D⇤0

0 ! D+⇡�).

Experiment B(B�
! D⇤0

0 (D+⇡�)`�⌫`)[%] B(B�
! D⇤0

0 (D+⇡�)`�⌫`)[%]
(rescaled) (published)

Belle Tagged B� [508] 0.25± 0.04stat ± 0.06syst 0.24± 0.04stat ± 0.06syst
Belle Tagged B0 [508] 0.22± 0.08stat ± 0.06syst 0.24± 0.04stat ± 0.06syst
BABAR Tagged [509] 0.32± 0.04stat ± 0.05syst 0.26± 0.05stat ± 0.04syst
Average 0.28 ± 0.03 ± 0.04 �

2
/dof = 0.82/2 (CL=66.4%)

6.2 Inclusive CKM-favored decays

6.2.1 Global analysis of B ! Xc`�⌫`

The semileptonic decay width �(B ! Xc`�⌫`) has been calculated in the framework of the
operator production expansion (OPE) [57–59]. The result is a double-expansion in ⇤QCD/mb

and ↵s, which depends on a number of non-perturbative parameters. These parameters describe
the dynamics of the b-quark inside the B hadron and can be measured using observables in
B ! Xc`�⌫` decays, such as the moments of the lepton energy and the hadronic mass spectrum.

Two renormalization schemes are commonly used to defined the b-quark mass and other
theoretical quantities: the kinetic [512–515] and the 1S [516] schemes. An independent set of
theoretical expressions is available for each, with several non-perturbative parameters. The
non-perturbative parameters in the kinetic scheme are: the quark masses mb and mc, µ2

⇡
and

µ2
G

at O(1/m2
b
), and ⇢3

D
and ⇢3

LS
at O(1/m3

b
). In the 1S scheme, the parameters are: mb, �1 at

O(1/m2
b
), and ⇢1, ⌧1, ⌧2 and ⌧3 at O(1/m3

b
). Note that the numerical values of the kinetic and

1S b-quark masses cannot be compared without converting one or the other, or both, to the
same renormalization scheme.

We use two sets of inclusive observables in B ! Xc`�⌫` decays to constrain OPE parameters:
the moments of the hadronic system effective mass hMn

X
i of order n = 2, 4, 6, and the moments

of the charged lepton momentum hEn

`
i of order n = 0, 1, 2, 3. Moments are determined for

different values of Ecut, the lower limit on the lepton momentum. Moments derived from the
same spectrum with different value of Ecut are highly correlated. The list of measurements

157

Table 76: Published and rescaled individual measurements and their averages for B(B�
!

D
00
1 `

�⌫`)⇥ B(D
00
1 ! D⇤+⇡�).

Experiment B(B�
! D

00
1 (D

⇤+⇡�)`�⌫`)[%] B(B�
! D

00
1 (D

⇤+⇡�)`�⌫`)[%]
(rescaled) (published)

DELPHI [511] 0.73± 0.17stat ± 0.18syst 0.83± 0.17stat ± 0.18syst
Belle [508] �0.03± 0.06stat ± 0.07syst �0.03± 0.06stat ± 0.07syst
BABAR [509] 0.26± 0.04stat ± 0.04syst 0.27± 0.04stat ± 0.05syst
Average 0.19 ± 0.03 ± 0.04 �

2
/dof = 11.9/2 (CL=0.003%)
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/dof = 0.82/2 (CL=66.4%)
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and ↵s, which depends on a number of non-perturbative parameters. These parameters describe
the dynamics of the b-quark inside the B hadron and can be measured using observables in
B ! Xc`�⌫` decays, such as the moments of the lepton energy and the hadronic mass spectrum.

Two renormalization schemes are commonly used to defined the b-quark mass and other
theoretical quantities: the kinetic [512–515] and the 1S [516] schemes. An independent set of
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Extremely poor agreement for D′�1

ℬ(B+ → D′�1( → D*− π+)ℓν̄ℓ) = (0.28 ± 0.06) × 10−2

Average w/o Belle

Isospin factor for missing 

2-body pion modes:

fπ = ℬ(D** → D(*)−π+)
ℬ(D** → D(*)π) = 2

3 ℬ(B+ → D0ℓν̄ℓ) = (0.42 ± 0.08) × 10−2

ℬ(B+ → D′�1ℓν̄ℓ) = (0.42 ± 0.09) × 10−2

Full BF:

https://arxiv.org/abs/1909.12524

# 5

D**(1P) → D(*)π
2

FIG. 1. Strong decays of the D0 and D0⇤ into the 1S and 1P states involving, one or two pion emissions (left), and all decays
including the near o↵-shell transitions with a ⇢ and ⌘ (right). The style and opacity of the lines connecting the states indicate
the orbital angular momentum of the partial wave. The grey bands correspond to the measured widths of the 2S and 1P states.

nonresonant contribution [8] no longer needs to be large.
This would be a problem, because in the soft pion limit
a first principles calculation is possible [9], giving a too
small rate at this region of phase space. A large nonres-
onant rate at high D(⇤)⇡ invariant mass would disagree
with the inclusive lepton spectrum measurements and the
measured semi-exclusive B ! D(⇤)⇡`⌫̄ rate.

2) The D0(⇤) states decay to one of the D(⇤) states
either with one pion emission in a p-wave, or with two
pion emission in an s-wave. However, they can decay
with one pion emission in an s-wave to members of the
s⇡l
l = 1

2

+
states, and could thus enhance the observed

decay rate to the s⇡l
l = 1

2

+
states, and thus give rise to

the “1/2 vs. 3/2 puzzle”. The allowed strong decays are
illustrated in Figure 1 (including those only allowed by
the substantial widths of these particles). It is plausible
that the decay modes of the D0(⇤) to the 1S and 1P charm
meson states may be comparable.

3) With the relatively low mass of the D0(⇤) states, the
inclusive lepton spectrum can stay quite hard, in agree-
ment with the observations.

4) The B(B ! D(⇤)⇡`⌫̄) measurement quoted is not in
conflict with our hypothesis, since the decay of the D0(⇤)

would yield two or more pions most of the time.

III. THE B ! D0(⇤)`⌫̄ DECAY RATE

Since the quantum numbers of the D0(⇤) are the same
as those of the D(⇤), the theoretical expressions for the
decay rates in terms of the form factors, and the defi-
nitions of the form factors themselves, are identical to
the well known formulae for B ! D(⇤)`⌫̄ [10]. As for

B ! D(⇤)`⌫̄, in the mc,b � ⇤QCD limit, the six form
factors are determined by a single universal Isgur-Wise
function [11], which we denote by ⇠2(w). Here w = v · v0

is the recoil parameter, v is the velocity of the B meson,
and v0 is that of the D0(⇤). We define
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where, in each equation, r = mD0(⇤)/mB , and in the
mc,b � ⇤QCD limit F (w) = G(w) = ⇠2(w).

Heavy quark symmetry implies ⇠2(1) = 0, so the rate
near zero recoil comes entirely from ⇤QCD/mc,b correc-
tions. Away from w = 1, ⇠2(w) is no longer power
suppressed; however, since the kinematic range is only
1 < w < 1.3, the role of ⇤QCD/mc,b corrections, which
are no longer universal, can be very large [12]. Before
turning to model calculations, note that there is a qual-
itative argument that near w = 1 the slope of ⇠2(w),
and probably those of F (w) and G(w) as well, should be
positive. In B ! D0(⇤) transition, in the quark model,
the main e↵ect of the wave function of the brown muck
changing from the 1S to the 2S state is to increase the
expectation value of the distance from the heavy quark
of a spherically symmetric wave function. Thus the over-
lap of the initial and final state wave functions should
increase as w increases above 1.

It is not easy to calculate these B ! D0(⇤)`⌫̄ form fac-
tors. Below, we use estimates from a quark model pre-
diction [13], hoped to be trustable near w = 1, and from

HFLAV 2019 Averages for broad statesTable 76: Published and rescaled individual measurements and their averages for B(B�
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(rescaled) (published)

DELPHI [511] 0.73± 0.17stat ± 0.18syst 0.83± 0.17stat ± 0.18syst
Belle [508] �0.03± 0.06stat ± 0.07syst �0.03± 0.06stat ± 0.07syst
BABAR [509] 0.26± 0.04stat ± 0.04syst 0.27± 0.04stat ± 0.05syst
Average 0.19 ± 0.03 ± 0.04 �

2
/dof = 11.9/2 (CL=0.003%)

Table 77: Published and rescaled individual measurements and their averages for B(B�
!

D⇤0
0 `�⌫`)⇥ B(D⇤0

0 ! D+⇡�).

Experiment B(B�
! D⇤0

0 (D+⇡�)`�⌫`)[%] B(B�
! D⇤0

0 (D+⇡�)`�⌫`)[%]
(rescaled) (published)

Belle Tagged B� [508] 0.25± 0.04stat ± 0.06syst 0.24± 0.04stat ± 0.06syst
Belle Tagged B0 [508] 0.22± 0.08stat ± 0.06syst 0.24± 0.04stat ± 0.06syst
BABAR Tagged [509] 0.32± 0.04stat ± 0.05syst 0.26± 0.05stat ± 0.04syst
Average 0.28 ± 0.03 ± 0.04 �

2
/dof = 0.82/2 (CL=66.4%)

6.2 Inclusive CKM-favored decays

6.2.1 Global analysis of B ! Xc`�⌫`

The semileptonic decay width �(B ! Xc`�⌫`) has been calculated in the framework of the
operator production expansion (OPE) [57–59]. The result is a double-expansion in ⇤QCD/mb

and ↵s, which depends on a number of non-perturbative parameters. These parameters describe
the dynamics of the b-quark inside the B hadron and can be measured using observables in
B ! Xc`�⌫` decays, such as the moments of the lepton energy and the hadronic mass spectrum.

Two renormalization schemes are commonly used to defined the b-quark mass and other
theoretical quantities: the kinetic [512–515] and the 1S [516] schemes. An independent set of
theoretical expressions is available for each, with several non-perturbative parameters. The
non-perturbative parameters in the kinetic scheme are: the quark masses mb and mc, µ2

⇡
and

µ2
G

at O(1/m2
b
), and ⇢3

D
and ⇢3

LS
at O(1/m3

b
). In the 1S scheme, the parameters are: mb, �1 at

O(1/m2
b
), and ⇢1, ⌧1, ⌧2 and ⌧3 at O(1/m3

b
). Note that the numerical values of the kinetic and

1S b-quark masses cannot be compared without converting one or the other, or both, to the
same renormalization scheme.

We use two sets of inclusive observables in B ! Xc`�⌫` decays to constrain OPE parameters:
the moments of the hadronic system effective mass hMn

X
i of order n = 2, 4, 6, and the moments

of the charged lepton momentum hEn

`
i of order n = 0, 1, 2, 3. Moments are determined for

different values of Ecut, the lower limit on the lepton momentum. Moments derived from the
same spectrum with different value of Ecut are highly correlated. The list of measurements
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Table 76: Published and rescaled individual measurements and their averages for B(B�
!

D
00
1 `

�⌫`)⇥ B(D
00
1 ! D⇤+⇡�).

Experiment B(B�
! D

00
1 (D

⇤+⇡�)`�⌫`)[%] B(B�
! D

00
1 (D

⇤+⇡�)`�⌫`)[%]
(rescaled) (published)
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BABAR [509] 0.26± 0.04stat ± 0.04syst 0.27± 0.04stat ± 0.05syst
Average 0.19 ± 0.03 ± 0.04 �

2
/dof = 11.9/2 (CL=0.003%)

Table 77: Published and rescaled individual measurements and their averages for B(B�
!

D⇤0
0 `�⌫`)⇥ B(D⇤0

0 ! D+⇡�).

Experiment B(B�
! D⇤0

0 (D+⇡�)`�⌫`)[%] B(B�
! D⇤0

0 (D+⇡�)`�⌫`)[%]
(rescaled) (published)

Belle Tagged B� [508] 0.25± 0.04stat ± 0.06syst 0.24± 0.04stat ± 0.06syst
Belle Tagged B0 [508] 0.22± 0.08stat ± 0.06syst 0.24± 0.04stat ± 0.06syst
BABAR Tagged [509] 0.32± 0.04stat ± 0.05syst 0.26± 0.05stat ± 0.04syst
Average 0.28 ± 0.03 ± 0.04 �

2
/dof = 0.82/2 (CL=66.4%)
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6.2.1 Global analysis of B ! Xc`�⌫`

The semileptonic decay width �(B ! Xc`�⌫`) has been calculated in the framework of the
operator production expansion (OPE) [57–59]. The result is a double-expansion in ⇤QCD/mb

and ↵s, which depends on a number of non-perturbative parameters. These parameters describe
the dynamics of the b-quark inside the B hadron and can be measured using observables in
B ! Xc`�⌫` decays, such as the moments of the lepton energy and the hadronic mass spectrum.

Two renormalization schemes are commonly used to defined the b-quark mass and other
theoretical quantities: the kinetic [512–515] and the 1S [516] schemes. An independent set of
theoretical expressions is available for each, with several non-perturbative parameters. The
non-perturbative parameters in the kinetic scheme are: the quark masses mb and mc, µ2

⇡
and

µ2
G

at O(1/m2
b
), and ⇢3

D
and ⇢3

LS
at O(1/m3

b
). In the 1S scheme, the parameters are: mb, �1 at

O(1/m2
b
), and ⇢1, ⌧1, ⌧2 and ⌧3 at O(1/m3

b
). Note that the numerical values of the kinetic and

1S b-quark masses cannot be compared without converting one or the other, or both, to the
same renormalization scheme.

We use two sets of inclusive observables in B ! Xc`�⌫` decays to constrain OPE parameters:
the moments of the hadronic system effective mass hMn

X
i of order n = 2, 4, 6, and the moments

of the charged lepton momentum hEn

`
i of order n = 0, 1, 2, 3. Moments are determined for

different values of Ecut, the lower limit on the lepton momentum. Moments derived from the
same spectrum with different value of Ecut are highly correlated. The list of measurements
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Extremely poor agreement for D′�1

ℬ(B+ → D′�1( → D*− π+)ℓν̄ℓ) = (0.28 ± 0.06) × 10−2

Average w/o Belle

Isospin factor for missing 

2-body pion modes:

fπ = ℬ(D** → D(*)−π+)
ℬ(D** → D(*)π) = 2

3 ℬ(B+ → D0ℓν̄ℓ) = (0.42 ± 0.08) × 10−2

ℬ(B+ → D′�1ℓν̄ℓ) = (0.42 ± 0.09) × 10−2

Full BF:

https://arxiv.org/abs/1909.12524

Many problematic points in past 
measurements of broad states

Disagreement maybe a sign 

of complicated pictures

0

10

20

30

40

50

60

70

80

 )2
C

an
di

da
te

s 
/ (

 0
.0

07
5 

G
eV

/c

2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8
)2) (GeV/c−π0Dm(

5−

0

5

Pu
ll

Belle B0
! D0⇡�`+⌫`

Total

D⇤�
2

other D0⇡�

20

40

60

80

100

120

 )2
C

an
di

da
te

s 
/ (

 0
.0

07
5 

G
eV

/c

2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8
)2) (GeV/c+π−m(D

5−

0

5

Pu
ll

Belle B+
! D�⇡+`+⌫`

Total

D⇤0
2

D⇤0
0

other D�⇡+

FIG. 15: Invariant m(D⇡) mass distribution of B0
! D0⇡�`+⌫` (left) and B+

! D�⇡+`+⌫` (right)
reconstruction after applying signal weights determined from a fit of the U distribution using the
sPlot technique.

reported in Table IX and the uncertainties introduced by the limited knowledge of the
D

⇤⇤ peak positions and width described above. In the fit to the m(D0
⇡
�) distribution the

yield of the D
⇤�
0 component is compatible with zero. Therefore, instead of calculating a

branching fraction, an upper limit at 90% confidence level (CL) is set. We create 2000 new
data samples by bootstrapping [44] the original data (randomly selecting events, each with
its corresponding weight, while allowing repetition of the events). The D

0
⇡
� mass fit is

performed for each sample. The 90% CL upper limit on the yield is the value that is higher
than that found in 90% of the samples in which a positive D

⇤�
0 yield is obtained. This yield

is then converted into the upper limit. The results for the decays via the D
⇤
2 resonance are

TABLE X: Fitted D⇤⇤ yields, statistical significances, and branching fractions for the D⇡ final state.
The statistical significance is calculated as S =

p
2�L, where �L is the di↵erence between the

log-likelihood value of the nominal fit and of a fit with the signal yield fixed to zero.

yield S branching fraction [%]

B0
! D⇤�

0 `+⌫` with D⇤�
0 ! D0⇡� - - <0.044 at 90% CL

B0
! D⇤�

2 `+⌫` with D⇤�
2 ! D0⇡� 457± 45 25.2 0.157± 0.015 (stat)± 0.005 (syst)

other B0
! D0⇡�`+⌫` 547± 45 - -

B+
! D⇤0

0 `+⌫` with D⇤0
0 ! D�⇡+ 180± 72 3.9 0.054± 0.022 (stat)± 0.005 (syst)

B+
! D⇤0

2 `+⌫` with D⇤0
2 ! D�⇡+ 590± 39 24.9 0.163± 0.011 (stat)± 0.007 (syst)

other B+
! D�⇡+`+⌫` 520± 70 - -

compatible with the world averages. They constitute the most precise measurements of
these branching fractions to date. On the other hand, the value for B (B+

! D
⇤0
0 `

+
⌫`) ⇥ B

(D⇤0
0 ! D

�
⇡
+) is significantly smaller than previous measurements. This applies even more
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We have fairly good measurements of 
resonant + non-resonant  
which are not affected

B → D(*)πℓν̄ℓ

To determine the size of the ‘gap’ in our MC, we should just use 

ℬ(B → Xgap
c ℓν̄ℓ) = ℬ(B → Xcℓν̄ℓ) − ℬ(B → D(*)ℓν̄ℓ) − ℬ(B → D(*)πℓν̄ℓ) − ℬ(B → D(*)ππℓν̄ℓ)

We need to comment on this 
somehow in the next HFLAV / 
PDG update, not sure the 
averages hold much meaning

New Belle result



# 27What we should stop doing

We treated  for a long time just as a background that 
needs to be studied

B → D**ℓν̄ℓ

There exist (internally in experiments) much more cross checks on 
how well our models are describing (or not describing) the data.

Going forward it would be useful if we become more conscious on providing 

useful information that document and help improve our understanding. 

B → D(*)τν̄τe.g. in often dedicated sidebands are studied or used; 
not many make it into our final publication 


