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Impact of D** on B ➝ D*𝓁ν & R(D(*))
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• Experimentalist:

• What is in MC: 


• D** = D**(1P)

‣ Sometimes D**(2S)


• D** = D(*) pi non-resonant 
(Goity-Roberts-Model, hep-ph/
9406236)


• More Purist definition:

• Anything that is not in the 

ground-state 1S doublet

‣ 1P, 2S, 1F, …

‣ Non-resonant
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Let’s first clarify what we mean by D**
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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 +
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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
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• Little evidence they exist: 

!3

What do we know about non-resonant D(*)𝜋?

and the total B+ æ D(ú) fi l ‹l branching fraction2 is given by

B(B+ æ D(ú) fi l ‹l) = 3
2

1
B(B+ æ D≠ fi+ l ‹l) + B(B+ æ Dú ≠ fi+ l ‹l)

2
,

= (1.53 ± 0.14) ◊ 10≠2 . (5.115)

The branching fractions for the B æ Dúú(1P ) l ‹l background decays with Dúú(1P ) æ D(ú)fi
final states are

B(B+ æ D̄Õ0
1 l ‹l) ◊ B(DÕ

1 æ Dúfi) = (0.45 ± 0.086) ◊ 10≠2 , (5.116a)
B(B+ æ D̄0

0 l ‹l) ◊ B(D0 æ Dfi) = (0.41 ± 0.079) ◊ 10≠2 , (5.116b)
B(B+ æ D̄0

1 l ‹l) ◊ B(D1 æ Dúfi) = (0.43 ± 0.028) ◊ 10≠2 , (5.116c)
B(B+ æ D̄0

2 l ‹l) ◊ B(D2 æ D(ú)fi) = (0.41 ± 0.033) ◊ 10≠2 , (5.116d)

cf. Ref. [?]. By summing Eqs. (5.116a) - (5.116d), one obtains

B(B+ æ Dúú(1P ) l ‹l) ◊ B(Dúú(1P ) æ D(ú)fi) = (1.70 ± 0.12) ◊ 10≠2 . (5.117)

Comparing Eq. (5.115) with the summed branching fraction over exclusive 1P states Eq.
(5.117) indicates that the B æ D(ú) fi l ‹l branching fraction is predominantly saturated by
B æ Dúú(1P ) l ‹l contributions, i.e. the branching fractions of contributions from 2S and other
orbitally excited state states or non-resonant decays are of the order of magnitude of the error
budget of the di�erence of the sum over exclusive modes minus the inclusive measured branching
fraction. Subtracting Eqs. (5.115) and (5.117) results in

Ë
B(B+ æ Dúú(1P ) l ‹l) ◊ B(Dúú(1P ) æ D(ú)fi)

È

≠
Ë
B(B+ æ D(ú) fi l ‹l)

È
= (≠0.18 ± 0.18) ◊ 10≠2 .

(5.118)

For the nominal background description the branching fraction for contributions not originating
from 1P states is conservatively chosen to be

5
B(B+ æ Dúú(2S) l ‹l) ◊ B(Dúú(2S) æ D(ú)fi)

+B(B+ æ D(ú) fi l ‹l)nr + . . .
6

= (0.18 ± 0.18) ◊ 10≠2 ,

(5.119)

where the ellipsis denote contributions from higher orbital excited states. Sum rule calculations
and the measured mass moment distributions of inclusive b æ c transitions suggest that the
latter contribute insignificantly to the total decay rate and are thus neglected in the following
considerations, cf. Sec. 2.4. In the following, five ratios are derived, which are used to determine
the relative contributions of 1P , 2S and non-resonant decays to B+ æ D(ú) fi l ‹l such that the
summed branching fractions equal the world average given in Eq. (5.115).

It is convenient to parametrize the 2S and non-resonant contributions to B+ æ D fi l ‹l and

2The D(ú) state in the branching fraction denotes the summed contributions of the D and the Dú channel, i.e.
from D0, D+, D0 ú, and D+ ú final states.

102

Measurements to explicit states

Disclaimer: not the latest WA, but no new measurements emerge

Sum over all resonant & non-resonant  
final states
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• Surprisingly litte: 

• All knowledge comes from two 

measurements (both tagged):

• BaBar: arXiv:0808.0528


• Belle: arXiv:0711.3252


• Variable of choice: use MM2 and mass 
difference to fit individual contributions
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What do we know about D**(1P)?
5

TABLE I: m2
miss selection criteria.

Mode Selection Criteria
B−

→ D∗+π−ℓ−ν̄ℓ −0.25 < m2
miss < 0.25 GeV2/c4

B−
→ D+π−ℓ−ν̄ℓ −0.25 < m2

miss < 0.8 GeV2/c4

B0
→ D∗0π+ℓ−ν̄ℓ −0.2 < m2

miss < 0.35 GeV2/c4

B0
→ D0π+ℓ−ν̄ℓ −0.15 < m2

miss < 0.85 GeV2/c4

D(∗)0π+ℓ−ν̄ℓ decays starting from the corresponding
Btag + D(∗)ℓ− combinations. We select events with
only one additional reconstructed charged track, cor-
rectly matched to the D(∗) flavor, that has not been used
for the reconstruction of the Btag, the signal D(∗), or the
lepton. D(D∗) candidates are selected within 2σ (1.5-
2.5σ, depending on the D∗ decay mode) of the D mass
(D∗ −D mass difference), where the resolution σ is typi-
cally around 8 (1-7) MeV/c2. For the B0 → D(∗)0π+ℓ−ν̄ℓ
decay, we additionally require the invariant mass differ-
ence m(D0π+)−m(D0) to be greater than 0.18 GeV/c2

to veto B0 → D∗+ℓ−ν̄ℓ events.
Semileptonic B → D∗∗ℓ−ν̄ℓ decays are identi-

fied by the missing mass squared in the event,

m2
miss =

[

p(Υ (4S))− p(Btag)− p(D(∗)π)− p(ℓ)
]2
, de-

fined in terms of the particle four-momenta. For correctly
reconstructed signal events, the only missing particle is
the neutrino, and m2

miss peaks at zero. Other B semilep-
tonic decays, where one particle is not reconstructed
(feed-down) or is erroneously added to the charm candi-
date (feed-up), exhibit higher or lower values in m2

miss [7].
In feed-down cases where both a D and a D∗ candidate
have been reconstructed, we keep only the latter candi-
date.
The m2

miss selection criteria are listed in Table I. The
m2

miss region between 0.2 and 1 GeV2/c4 for B →
Dπℓ−ν̄ℓ events is dominated by feed-down from B →
D∗∗(→ D∗π)ℓ−ν̄ℓ semileptonic decays where the soft
pion from the D∗ decay is not reconstructed. In order
to retain these events we apply an asymmetric cut on
m2

miss for these modes.
The signal yields for the B → D∗∗ℓ−ν̄ℓ decays are

extracted through a simultaneous unbinned maximum
likelihood fit to the four m(D(∗)π) − m(D(∗)) distribu-
tions. With the current statistics, validation studies on
MC samples show that our sensitivity to non-resonant
B → D(∗)πℓ−ν̄ℓ decays is limited. Including hypothe-
ses for these components results in a fitted contribution
that is consistent with zero. Thus we assume that these
non-resonant contributions are negligible. The probabil-
ity that B → D∗∗(→ D∗π)ℓ−ν̄ℓ decays are reconstructed
as B → D∗∗(→ Dπ)ℓ−ν̄ℓ is determined with the MC sim-
ulation to be 26%(59%) for the B−(B0) sample and held
fixed in the fit.
The Probability Density Functions (PDFs) for the

D∗∗ signal components are determined using MC B →
D∗∗ℓ−ν̄ℓ signal events. A convolution of a Breit-Wigner

]2) [GeV/c(*))-M(Dπ
(*)M(D

0.4 0.6 0.8 1 1.20
5

10
15
20
25
30
35

]2) [GeV/c(*))-M(Dπ
(*)M(D

0.4 0.6 0.8 1 1.20
5

10
15
20
25
30
35 d)

)2
E

ve
nt

s/
(2

0 
M

eV
/c

10

20

30

40

50

)2
E

ve
nt

s/
(2

0 
M

eV
/c

10

20

30

40

50 c)

5
10

15

20

25
30

35

40

5
10

15

20

25
30

35

40
b)

20

40

60

80

100

20

40

60

80

100
νl1D
νl1D’
νl2D*
νl0D*

background

a)

FIG. 1: (Color online) Fit to the m(D(∗)π) − m(D(∗)) dis-
tribution for a) B−

→ D∗+π−ℓ−ν̄ℓ, b) B−
→ D+π−ℓ−ν̄ℓ, c)

B0
→ D∗0π+ℓ−ν̄ℓ, and d) B0

→ D0π+ℓ−ν̄ℓ: the data (points
with error bars) are compared to the results of the overall fit
(sum of the solid distributions). The PDFs for the different
fit components are stacked and shown in different colors.

function with a Gaussian, whose resolution is determined
from the simulation, is used to model the D∗∗ resonances.
The D∗∗ masses and widths are fixed to measured val-
ues [5]. We rely on the MC prediction for the shape
of the combinatorial and continuum background. A non-
parametric KEYS function [18] is used to model this com-
ponent for the D∗πℓ−ν̄ℓ sample, while for the Dπℓ−ν̄ℓ
sample we use the convolution of an exponential with
a Gaussian to model the tail from virtual D∗ mesons.
The combinatorial and continuum background yields are
estimated from data. We fit the hadronic Btag mES dis-
tributions for B → D∗∗ℓ−ν̄ℓ events as described in [7],

??

6

Decay mode Branching fraction

B+ ! D̄⇤
2
0 l ⌫̄ (0.30± 0.04)⇥ 10�2

B+ ! D̄0
1 l ⌫̄ (0.67± 0.05)⇥ 10�2

B+ ! D̄⇤
1
0 l ⌫̄ (0.20± 0.05)⇥ 10�2

B+ ! D̄⇤
0
0 l ⌫̄ (0.44± 0.08)⇥ 10�2

TABLE V. The corrected world averages of the semileptonic
decay rates into excited charmed mesons [32]. The corrections
described in the text involve factors to account for missing
isospin conjugate modes and observed three-body decays.

w B+ ! D̄⇤
2
0 l ⌫̄ B+ ! D̄⇤

0
0 l ⌫̄

1.00� 1.08 0.06± 0.02 0.05± 0.02

1.08� 1.16 0.30± 0.05 0.02± 0.05

1.16� 1.24 0.38± 0.03 0.30± 0.08

1.24� 1.32 0.26± 0.06 0.30± 0.09

1.32� 1.40 — 0.33± 0.13

TABLE VI. The normalized di↵erential decay rates for B+ !
D̄⇤

2
0 l ⌫̄ and B+ ! D̄⇤

0
0 l ⌫̄ as functions of w [30].

Decays of the type D̄
⇤⇤ ! D̄

⇤
⇡⇡ have been searched

for [35], but no sizable contribution that could explain
the large reported B(B+ ! D̄

⇤ 0
⇡ ⇡ l ⌫̄) branching frac-

tion [34] have been observed. It seems likely that such
contributions originate either from higher excitations or
nonresonant semileptonic decays, which would not a↵ect
the predictions discussed in this paper. Table VI sum-
marizes the measured normalized di↵erential decay rates
of B+ ! D̄

⇤
2
0
l ⌫̄ and B

+ ! D̄
⇤
0
0
l ⌫̄ as functions of w.

Additional constraints on the form factors at maxi-
mal recoil come from nonleptonic B0 ! D

⇤⇤�
⇡
+ decays.

Factorization should be a good approximation for B de-
cays into charmed mesons and a charged pion [36, 37].
Contributions that violate factorization are suppressed
by ⇤QCD divided by the energy of the pion in the B

restframe or by ↵s(mQ). Neglecting the pion mass, the
two-body decay rate, �⇡, is related to the di↵erential
decay rate d�sl/dw at maximal recoil for the analogous
semileptonic decay (with the ⇡ replaced by the l⌫̄ pair)

�⇡ =
3⇡2 |Vud|2 C2

f
2
⇡

m
2
B
r

✓
d�sl

dw

◆

wmax

. (26)

Here C is a combination of Wilson coe�cients of four-
quark operators and numerically |Vud|C is very close
to unity. Table VII summarizes the measured nonlep-
tonic rates, after all correction factors for missing isospin
and three-body decays are applied. The smallness of
B(B0 ! D

⇤
0
�
⇡
+) is puzzling [38, 39], and measure-

ments using the full BABAR and Belle data sets would
be worthwhile. It would also be interesting to measure
in Belle II the color suppressed B

0 ! D
⇤⇤ 0

⇡
0 rates,

for which soft collinear e↵ective theory (SCET) predicts
B(B0 ! D

⇤ 0
2 ⇡

0)/B(B0 ! D
0
1⇡

0) = 1 [40].

Decay mode Branching fraction

B0 ! D⇤
2
�⇡+ (0.59± 0.13)⇥ 10�3

B0 ! D�
1 ⇡+ (0.75± 0.16)⇥ 10�3

B0 ! D⇤
0
�⇡+ (0.09± 0.05)⇥ 10�3

TABLE VII. World averages of nonleptonic B0 ! D⇤⇤�⇡+

branching ratios [32], after the corrections described in the
text are applied.

The narrow and broad states semileptonic and nar-
row states nonleptonic inputs are analyzed to construct
a likelihood to determine the form factor parameters of
Approximation A, B and C. This is done separately for
the narrow 3

2

+
and broad 1

2

+
states.

A. Approximation A

The main parameters that determine Approximation A
are the normalization and slope of the leading Isgur-
Wise function for the narrow and broad states, {⌧(1),
⌧
0} and {⇣(1), ⇣

0}. In addition, the inclusion of one
or two subleading Isgur-Wise functions parameterizing
chromomagnetic contributions is explored. These are ex-
tracted by building a likelihood using experimental quan-
tities, which are less sensitive to the absence of sublead-
ing Isgur-Wise functions from matrix elements of sub-
leading currents in Approximation A (see, Appendix B).
These are the semileptonic branching fractions to the
narrow 3

2

+
states and the nonleptonic B

0 ! D
⇤
2
�
⇡
+

branching fraction. The constraint from the nonleptonic
B

0 ! D
�
1 ⇡

+ branching fraction is not included in the
fit, as the semileptonic rate to D1 near q2 = m

2
⇡
receives

large corrections from subleading Isgur-Wise functions
that do not enter Approximation A. Such contributions
only mildly a↵ect the total branching fraction. The anal-
ysis of the broad 1

2

+
states uses the measured semilep-

tonic branching fractions only.
Figure 1 (top left) shows the 68% and 95% confidence

regions for the normalization and slope of the leading
Isgur-Wise function for the narrow 3

2

+
states. The sce-

narios explored are: no chromomagnetic contributions,
one chromomagnetic term (either ⌘1, ⌘3, or ⌘b; note that
⌘b and ⌘1 are degenerate in Approximation A), or two
chromomagnetic terms (either ⌘1 or ⌘b with ⌘3) marginal-
ized. Table VIII summarizes the best fit points. There
is no sensitivity to disentangle the di↵erent chromomag-
netic contributions, and the fitted values are compati-
ble with zero. The extracted value for the slope of the
leading Isgur-Wise function is compatible with the �1.5
quark model prediction in all scenarios.
Figure 1 (top right) shows the 68% and 95% confidence

regions for the normalization and slope of the leading
Isgur-Wise function for the broad 1

2

+
states. The avail-

able experimental information only loosely constrains the
form factor parameters and introducing one chromomag-

∑ (B+ → D**(1P)ℓν̄ℓ) = (1.61 ± 0.11) × 10−2
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• Global analysis using HQET

• LLSW: realized that         shows 

up in form factors of D**(1P) 
decays

• LLSW Paper [hep-ph/9703213]


• Full lepton mass effects [arXiv:1606.09300] 

!5

D**(1P) Form Factors?

2

m (MeV) � (MeV) reference

2405± 36 274± 45 FOCUS [13]

2308± 36 276± 66 Belle [14]

2297± 22 273± 49 BABAR [15]

2360± 34 255± 57 LHCb [16]

2330± 15 270± 26 our average

TABLE II. Isospin averaged D⇤
0(2400) masses and widths.

The LHCb measurement [16] is missing from the PDG.

s⇡l
l

Particles m (MeV) Particles m (MeV)
1
2

�
D, D⇤ 1973 B, B⇤ 5313

1
2

+
D⇤

0 , D
⇤
1 2403 B⇤

0 , B
⇤
1 —

3
2

+
D1, D

⇤
2 2445 B1, B

⇤
2 5734

TABLE III. Isospin and heavy quark spin symmetry averaged
masses of lightest B and D multiplets (with weights 2J + 1).

ory (HQET) matrix elements and the QCD dynamics.
The level of agreement between the measurements of the
masses and widths of the excited D states in the top
4 rows of Table I is not ideal. In particular, the mass
of the D

⇤
0(2400) varies in published papers by 100MeV,

as shown in Table II. The confidence level of our mass
average in the last row is 5%.

The masses of a heavy quark spin symmetry doublet
of hadrons, H±, with total spin J± = sl ± 1

2 can be
expressed in HQET as

mH± = mQ + ⇤̄H � �
H

1

2mQ

± n⌥ �
H

2

2mQ

+ . . . , (1)

where n± = 2J± +1 is the number of spin states of each
hadron, and the ellipsis denote terms suppressed by more
powers of ⇤QCD/mQ. The parameter ⇤̄H is the energy of
the light degrees of freedom in the mQ ! 1 limit, and
plays an important role, as it is related to the semilep-
tonic form factors [8, 9]. We use the notation ⇤̄, ⇤̄0, and

⇤̄⇤ for the 1
2

�
, 3

2

+
, and 1

2

+
doublets, respectively. The

�
H

1 and �
H

2 parameters are related to the heavy quark
kinetic energy and chromomagnetic energy in hadron H.

The current data suggest that the mD
⇤
1
� mD

⇤
0
mass

splitting is substantially larger than themD
⇤
2
�mD1 split-

ting. This possibility was not considered in Refs. [8, 9],
since at that time both of these mass splittings were
about 40MeV. The smallness of mD

⇤
2
�mD1 and mD

⇤
1
�

mD
⇤
0
compared to mD⇤ � mD ' 140MeV was taken as

an indication that the chromomagnetic operator matrix
elements are suppressed for the four D⇤⇤ states, in agree-
ment with quark model predictions. We explore the con-
sequences of relaxing this constraint.

The isospin and heavy quark spin symmetry averaged
masses in Table III and Eq. (1.10) in Ref. [9], which is
valid to O(⇤3

QCD/m
2
c,b
), yield ⇤̄0 � ⇤̄ = 0.40GeV (using

mb = 4.8GeV and mc = 1.4GeV, but the sensitivity to
this is small). While the masses of the broad D

⇤
0 and

Parameter ⇤̄ ⇤̄0 ⇤̄⇤ ⇤̄s ⇤̄0
s ⇤̄⇤

s

Value [GeV] 0.40 0.80 0.76 0.49 0.90 0.77

TABLE IV. The HQET parameter estimates used.

D
⇤
1 states changed substantially since the 1990s, their

2J + 1 weighted average mass is essentially unchanged
compared to Ref. [9]. We estimate ⇤̄0 � ⇤̄⇤ ' 0.04GeV
from Table III. We summarize the parameters used in
Table IV. The uncertainty of ⇤̄ is substantially greater
than that of ⇤̄0� ⇤̄ and ⇤̄0� ⇤̄⇤, but as we see below, our
results are less sensitive to ⇤̄ than to these di↵erences.
The parameters with s subscripts in Table IV are relevant
for Bs ! D

⇤⇤
s
`⌫̄ discussed in Sec. IV.

Another e↵ect suppressed in the heavy quark limit and
neglected in Refs. [8, 9], is the mixing between D1 and
D

⇤
1 . It was recently argued that this could be substan-

tial [17]. However, even a small mixing of the D1 with
the much broader D⇤

1 would yield �D1 > �D
⇤
2
, in contra-

diction with the data, which suggests that this ⇤QCD/mc

e↵ect may be small [18–20]. Until the masses are unam-
biguously measured, we neglect the e↵ects of this mixing,
which we expect to be modest, and leave it for another
study, should future data suggest that it is important.
The rest of this paper is organized as follows. Sec-

tion II reviews the B ! D
⇤⇤

` ⌫̄ decays to the four states
collectively denoted

D
⇤⇤ = {D⇤

0 , D
⇤
1 , D1, D

⇤
2} , (2)

and provides expressions for these decay rates with the
full lepton mass dependence. In Sec. II B the expansion of
the form factors based on heavy quark symmetry [8, 9] is
briefly reviewed. Section III summarizes the experimen-
tal analysis to determine the leading Isgur-Wise function
normalization and slope, and we obtain predictions for
the ratios of semileptonic rates for ⌧ and light leptons,

R(D⇤⇤) =
B(B ! D

⇤⇤
⌧ ⌫̄)

B(B ! D⇤⇤l ⌫̄)
, l = e, µ . (3)

Section IV studies predictions for Bs ! D
⇤⇤
s
`⌫̄. Sec-

tion V explores extensions of the SM with scalar cur-
rents. Predictions for the rates and R(D⇤⇤) are derived
to illustrate the complementary sensitivity of each mode.
Section VI summarizes our main findings.
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The e↵ective SM Lagrangian describing b ! c ` ⌫̄ is
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with the projection operator PL = (1� �5)/2, GF is the
Fermi constant, and ` denotes any one of e, µ, ⌧ . The
matrix elements of the B ! D
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2297± 22 273± 49 BABAR [15]

2360± 34 255± 57 LHCb [16]

2330± 15 270± 26 our average
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The LHCb measurement [16] is missing from the PDG.

s⇡l
l

Particles m (MeV) Particles m (MeV)
1
2

�
D, D⇤ 1973 B, B⇤ 5313

1
2

+
D⇤

0 , D
⇤
1 2403 B⇤

0 , B
⇤
1 —

3
2

+
D1, D

⇤
2 2445 B1, B

⇤
2 5734
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TABLE IV. The HQET parameter estimates used.

D
⇤
1 states changed substantially since the 1990s, their

2J + 1 weighted average mass is essentially unchanged
compared to Ref. [9]. We estimate ⇤̄0 � ⇤̄⇤ ' 0.04GeV
from Table III. We summarize the parameters used in
Table IV. The uncertainty of ⇤̄ is substantially greater
than that of ⇤̄0� ⇤̄ and ⇤̄0� ⇤̄⇤, but as we see below, our
results are less sensitive to ⇤̄ than to these di↵erences.
The parameters with s subscripts in Table IV are relevant
for Bs ! D

⇤⇤
s
`⌫̄ discussed in Sec. IV.

Another e↵ect suppressed in the heavy quark limit and
neglected in Refs. [8, 9], is the mixing between D1 and
D

⇤
1 . It was recently argued that this could be substan-

tial [17]. However, even a small mixing of the D1 with
the much broader D⇤

1 would yield �D1 > �D
⇤
2
, in contra-

diction with the data, which suggests that this ⇤QCD/mc

e↵ect may be small [18–20]. Until the masses are unam-
biguously measured, we neglect the e↵ects of this mixing,
which we expect to be modest, and leave it for another
study, should future data suggest that it is important.
The rest of this paper is organized as follows. Sec-

tion II reviews the B ! D
⇤⇤

` ⌫̄ decays to the four states
collectively denoted

D
⇤⇤ = {D⇤

0 , D
⇤
1 , D1, D

⇤
2} , (2)

and provides expressions for these decay rates with the
full lepton mass dependence. In Sec. II B the expansion of
the form factors based on heavy quark symmetry [8, 9] is
briefly reviewed. Section III summarizes the experimen-
tal analysis to determine the leading Isgur-Wise function
normalization and slope, and we obtain predictions for
the ratios of semileptonic rates for ⌧ and light leptons,

R(D⇤⇤) =
B(B ! D

⇤⇤
⌧ ⌫̄)

B(B ! D⇤⇤l ⌫̄)
, l = e, µ . (3)

Section IV studies predictions for Bs ! D
⇤⇤
s
`⌫̄. Sec-

tion V explores extensions of the SM with scalar cur-
rents. Predictions for the rates and R(D⇤⇤) are derived
to illustrate the complementary sensitivity of each mode.
Section VI summarizes our main findings.

II. THE B ! D⇤⇤` ⌫̄ DECAYS IN THE SM

The e↵ective SM Lagrangian describing b ! c ` ⌫̄ is

Le↵ = �4GFp
2

Vcb

�
c̄ �µPLb

��
⌫̄ �

µ
PL`

�
+ h.c. , (4)

with the projection operator PL = (1� �5)/2, GF is the
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matrix elements of the B ! D
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freedom in infinite mass limit

Related to heavy quark kinetic energy

Λ̄H

4

{fA ! gA, fV1 ! gV1 , fV2 ! gV2 , fV3 ! gV3}, and for B ! D
⇤
0`⌫̄ we find

d�D
⇤
0

dw d cos ✓
= 3�0 r

3
p

w2 � 1
�
1� 2rw + r

2 � ⇢`

�2
⇢
sin2 ✓

[g+(1 + r)� g�(1� r)]2 (w2 � 1) + ⇢`[g2+(w + 1) + g
2
�(w � 1)]

(1 + r2 � 2rw)2

+ (1 + cos2 ✓) ⇢`

⇥
g
2
+(w + 1) + g

2
�(w � 1)

⇤�
w � 2r + r

2
w
�
� 2g�g+(1� r

2)(w2 � 1)

(1 + r2 � 2rw)3

� 2 cos ✓ ⇢`
p

w2 � 1
[g+(1 + r)� g�(1� r)] [g�(1 + r)(w � 1)� g+(1� r)(w + 1)]

(1 + r2 � 2rw)3

�
. (11)

The sin2 ✓ terms are the helicity zero rates, while the
1 + cos2 ✓ and cos ✓ terms determine the helicity � = ±1
rates. The decay rates for |�| = 1 vanish for massless
leptons at maximal recoil, wmax = (1 + r

2 � ⇢⌧ )/(2r), as
implied by the (1� 2rw + r

2 � ⇢⌧ ) factors.
At zero recoil, the leading contributions to the ma-

trix elements of the weak currents are determined by
fV1(1), gV1(1), and g+(1), which are of order ⇤QCD/mc,b.
The contributions of other form factors are suppressed
by powers of w � 1. The model independent result is
that these numerically significant O(⇤QCD/mc,b) e↵ects
at w = 1 are determined in terms of hadron masses and
the leading Isgur-Wise function, without dependence on
any subleading O(⇤QCD/mc,b) Isgur-Wise functions [8].
The results in Eqs. (9)–(11) show that this holds even for
⇢` 6= 0, and treating ⇢` = O(1), since
p
6 fV1(w) = �

⇥
w

2 � 1 + 8 "c(⇤̄
0 � ⇤̄)

⇤
⌧(w) + . . . ,

g+(w) = �3

2
("c + "b) (⇤̄

⇤ � ⇤̄) ⇣(w) + . . . , (12)

gV1(w) =
⇥
w � 1 + ("c � 3 "b) (⇤̄

⇤ � ⇤̄)
⇤
⇣(w) + . . . ,

where "c,b = 1/2mc,b and the ellipses denote O["c,b(w �
1)], O[(w � 1)↵s], and higher order terms. In contrast,
Eqs. (A1) – (A4) in Appendix A show that the other
form factors depend on subleading Isgur-Wise functions,
even at w = 1. The B ! D

⇤⇤
⌧ ⌫̄ rate and R(D⇤⇤) were

previously studied using QCD sum rule calculation of the
leading Isgur-Wise function [21].

B. Form factors and approximations

Heavy quark symmetry [7] implies that in the mc,b �
⇤QCD limit the form factors defined in Eqs. (5) and (6)
are determined by a single universal Isgur-Wise function,
which we denote by ⌧(w) and ⇣(w), respectively, for the
3
2

+
and 1

2

+
states.1 In the mc,b � ⇤QCD limit, the con-

tributions of ⌧ and ⇣ vanish at w = 1, thus the rates
near zero recoil entirely come from ⇤QCD/mc,b correc-
tions. Some of the ⇤QCD/mc,b corrections can be ex-
pressed in terms of the leading Isgur-Wise function and

1 Another often used notation in the literature is ⌧(w) =p
3 ⌧3/2(w) and ⇣(w) = 2 ⌧1/2(w).

meson mass splittings [8, 9]. The full expressions are
reproduced for completeness in Appendix A. The lead-
ing order Isgur-Wise function for the 3

2

+
states can be

parametrized as

⌧(w) = ⌧(1)
⇥
1 + (w � 1) ⌧ 0(1) + . . .

⇤
, (13)

and ⌧(1) can be constrained from the measured B̄ !
D1 ` ⌫̄ branching fraction. In Ref. [9] the dependence of
the predictions was studied as a function of ⌧ 0, taken to
be near �1.5, based on model predictions [22–25]; with
more data a fit to all information is preferred.
In any nonrelativistic constituent quark model with

spin-orbit independent potential [24, 26] the Isgur-Wise

functions for the s⇡
l
= 3

2

+
and s

⇡

l
= 1

2

+
states are related,

⇣(w) =
w + 1p

3
⌧(w) . (14)

This relation determines the form factor for the broad
states from the narrow states’ form factor slope and nor-
malization. (See Refs. [27, 28] for exploratory calcula-
tions of these Isgur-Wise functions using lattice QCD.)
The form factors at order ⇤QCD/mc,b depend on sev-

eral additional functions. The ⌧i and ⇣i parameterize
corrections to the b ! c current, while ⌘i and �i param-
eterize matrix elements involving time ordered products
of subleading terms in the HQET Lagrangian. Since the
range in w is small, for simplicity these functions may be
taken to be proportional to the leading Isgur-Wise func-
tion. Since the kinetic energy operator does not violate
heavy quark spin symmetry, its e↵ects can be absorbed
into the leading Isgur-Wise functions by the replacements

⌧ ! ⌧ + "c ⌘
(c)
ke + "b ⌘

(b)
ke and ⇣ ! ⇣ + "c �

(c)
ke + "b �

(b)
ke .

In what Ref. [9] called Approximation A, the kine-
matic range, 0  w � 1 <⇠ 1.3, is treated as a quantity
of order ⇤QCD/mc,b, and the rates are expanded to or-
der "

2 beyond the
p
w2 � 1 phase space factors, where

" = O(w � 1) = O(⇤QCD/mc,b). Its generalization for
⇢` 6= 0 is given in Appendix B. An advantage is that this
approach unambiguously truncates the number of fit pa-
rameters to a small number; only 5 parameters occur for
each of the the 3

2

+
and 1

2

+
states, {⌧, ⌧̂ 0, ⌘̂1, ⌘̂3, ⌘̂b} and

{⇣, ⇣̂ 0, �̂1, �̂2, �̂b}, respectively. Among these, the first
two are the zero-recoil values and slopes of the Isgur-
Wise functions, and the latter three are matrix elements

E.g.

Leading Isgur-Wise function

ζ(w) = ζ(1)[1 + (w − 1) ζ′�(1) + …]

τ(w) = τ(1)[1 + (w − 1) τ′�(1) + …]
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1 Another often used notation in the literature is ⌧(w) =p
3 ⌧3/2(w) and ⇣(w) = 2 ⌧1/2(w).

meson mass splittings [8, 9]. The full expressions are
reproduced for completeness in Appendix A. The lead-
ing order Isgur-Wise function for the 3

2

+
states can be

parametrized as

⌧(w) = ⌧(1)
⇥
1 + (w � 1) ⌧ 0(1) + . . .

⇤
, (13)

and ⌧(1) can be constrained from the measured B̄ !
D1 ` ⌫̄ branching fraction. In Ref. [9] the dependence of
the predictions was studied as a function of ⌧ 0, taken to
be near �1.5, based on model predictions [22–25]; with
more data a fit to all information is preferred.
In any nonrelativistic constituent quark model with

spin-orbit independent potential [24, 26] the Isgur-Wise

functions for the s⇡
l
= 3

2

+
and s

⇡

l
= 1

2

+
states are related,

⇣(w) =
w + 1p

3
⌧(w) . (14)

This relation determines the form factor for the broad
states from the narrow states’ form factor slope and nor-
malization. (See Refs. [27, 28] for exploratory calcula-
tions of these Isgur-Wise functions using lattice QCD.)
The form factors at order ⇤QCD/mc,b depend on sev-

eral additional functions. The ⌧i and ⇣i parameterize
corrections to the b ! c current, while ⌘i and �i param-
eterize matrix elements involving time ordered products
of subleading terms in the HQET Lagrangian. Since the
range in w is small, for simplicity these functions may be
taken to be proportional to the leading Isgur-Wise func-
tion. Since the kinetic energy operator does not violate
heavy quark spin symmetry, its e↵ects can be absorbed
into the leading Isgur-Wise functions by the replacements

⌧ ! ⌧ + "c ⌘
(c)
ke + "b ⌘

(b)
ke and ⇣ ! ⇣ + "c �

(c)
ke + "b �

(b)
ke .

In what Ref. [9] called Approximation A, the kine-
matic range, 0  w � 1 <⇠ 1.3, is treated as a quantity
of order ⇤QCD/mc,b, and the rates are expanded to or-
der "

2 beyond the
p
w2 � 1 phase space factors, where

" = O(w � 1) = O(⇤QCD/mc,b). Its generalization for
⇢` 6= 0 is given in Appendix B. An advantage is that this
approach unambiguously truncates the number of fit pa-
rameters to a small number; only 5 parameters occur for
each of the the 3

2

+
and 1

2

+
states, {⌧, ⌧̂ 0, ⌘̂1, ⌘̂3, ⌘̂b} and

{⇣, ⇣̂ 0, �̂1, �̂2, �̂b}, respectively. Among these, the first
two are the zero-recoil values and slopes of the Isgur-
Wise functions, and the latter three are matrix elements

+ Sub-Leading Isgur-Wise functions
τ1, τ2, ζ1



Florian Bernlochner Amplitude Analyses for Flavour Anomalies — Bristol 2019 !6

Data-driven determination
9

1.00 1.05 1.10 1.15 1.20 1.250

2

4

6

8

10

12

w

dG
HB
Æ
D
2*
ln

lLê
dw
@10
-
15
G
eV
D

1.00 1.05 1.10 1.15 1.20 1.250

5

10

15

20

w

dG
HB
Æ
D
1l
n l
Lê
dw
@10
-
15
G
eV
D

1.00 1.05 1.10 1.15 1.20 1.25 1.300

2

4

6

8

10

w

dG
HB
Æ
D
1*
ln

lLê
dw
@10
-
15
G
eV
D

1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.350

2

4

6

8

10

12

14

w

dG
HB
Æ
D
0l
n l
Lê
dw
@10
-
15
G
eV
D

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

Factorisation 
relation

6

Decay mode Branching fraction

B+ ! D̄⇤
2
0 l ⌫̄ (0.30± 0.04)⇥ 10�2

B+ ! D̄0
1 l ⌫̄ (0.67± 0.05)⇥ 10�2

B+ ! D̄⇤
1
0 l ⌫̄ (0.20± 0.05)⇥ 10�2

B+ ! D̄⇤
0
0 l ⌫̄ (0.44± 0.08)⇥ 10�2

TABLE V. The corrected world averages of the semileptonic
decay rates into excited charmed mesons [32]. The corrections
described in the text involve factors to account for missing
isospin conjugate modes and observed three-body decays.

w B+ ! D̄⇤
2
0 l ⌫̄ B+ ! D̄⇤

0
0 l ⌫̄

1.00� 1.08 0.06± 0.02 0.05± 0.02

1.08� 1.16 0.30± 0.05 0.02± 0.05

1.16� 1.24 0.38± 0.03 0.30± 0.08

1.24� 1.32 0.26± 0.06 0.30± 0.09

1.32� 1.40 — 0.33± 0.13

TABLE VI. The normalized di↵erential decay rates for B+ !
D̄⇤

2
0 l ⌫̄ and B+ ! D̄⇤

0
0 l ⌫̄ as functions of w [30].

Decays of the type D̄
⇤⇤ ! D̄

⇤
⇡⇡ have been searched

for [35], but no sizable contribution that could explain
the large reported B(B+ ! D̄

⇤ 0
⇡ ⇡ l ⌫̄) branching frac-

tion [34] have been observed. It seems likely that such
contributions originate either from higher excitations or
nonresonant semileptonic decays, which would not a↵ect
the predictions discussed in this paper. Table VI sum-
marizes the measured normalized di↵erential decay rates
of B+ ! D̄

⇤
2
0
l ⌫̄ and B

+ ! D̄
⇤
0
0
l ⌫̄ as functions of w.

Additional constraints on the form factors at maxi-
mal recoil come from nonleptonic B0 ! D

⇤⇤�
⇡
+ decays.

Factorization should be a good approximation for B de-
cays into charmed mesons and a charged pion [36, 37].
Contributions that violate factorization are suppressed
by ⇤QCD divided by the energy of the pion in the B

restframe or by ↵s(mQ). Neglecting the pion mass, the
two-body decay rate, �⇡, is related to the di↵erential
decay rate d�sl/dw at maximal recoil for the analogous
semileptonic decay (with the ⇡ replaced by the l⌫̄ pair)

�⇡ =
3⇡2 |Vud|2 C2

f
2
⇡

m
2
B
r

✓
d�sl

dw

◆

wmax

. (26)

Here C is a combination of Wilson coe�cients of four-
quark operators and numerically |Vud|C is very close
to unity. Table VII summarizes the measured nonlep-
tonic rates, after all correction factors for missing isospin
and three-body decays are applied. The smallness of
B(B0 ! D

⇤
0
�
⇡
+) is puzzling [38, 39], and measure-

ments using the full BABAR and Belle data sets would
be worthwhile. It would also be interesting to measure
in Belle II the color suppressed B

0 ! D
⇤⇤ 0

⇡
0 rates,

for which soft collinear e↵ective theory (SCET) predicts
B(B0 ! D

⇤ 0
2 ⇡

0)/B(B0 ! D
0
1⇡

0) = 1 [40].

Decay mode Branching fraction

B0 ! D⇤
2
�⇡+ (0.59± 0.13)⇥ 10�3

B0 ! D�
1 ⇡+ (0.75± 0.16)⇥ 10�3

B0 ! D⇤
0
�⇡+ (0.09± 0.05)⇥ 10�3

TABLE VII. World averages of nonleptonic B0 ! D⇤⇤�⇡+

branching ratios [32], after the corrections described in the
text are applied.

The narrow and broad states semileptonic and nar-
row states nonleptonic inputs are analyzed to construct
a likelihood to determine the form factor parameters of
Approximation A, B and C. This is done separately for
the narrow 3

2

+
and broad 1

2

+
states.

A. Approximation A

The main parameters that determine Approximation A
are the normalization and slope of the leading Isgur-
Wise function for the narrow and broad states, {⌧(1),
⌧
0} and {⇣(1), ⇣

0}. In addition, the inclusion of one
or two subleading Isgur-Wise functions parameterizing
chromomagnetic contributions is explored. These are ex-
tracted by building a likelihood using experimental quan-
tities, which are less sensitive to the absence of sublead-
ing Isgur-Wise functions from matrix elements of sub-
leading currents in Approximation A (see, Appendix B).
These are the semileptonic branching fractions to the
narrow 3

2

+
states and the nonleptonic B

0 ! D
⇤
2
�
⇡
+

branching fraction. The constraint from the nonleptonic
B

0 ! D
�
1 ⇡

+ branching fraction is not included in the
fit, as the semileptonic rate to D1 near q2 = m

2
⇡
receives

large corrections from subleading Isgur-Wise functions
that do not enter Approximation A. Such contributions
only mildly a↵ect the total branching fraction. The anal-
ysis of the broad 1

2

+
states uses the measured semilep-

tonic branching fractions only.
Figure 1 (top left) shows the 68% and 95% confidence

regions for the normalization and slope of the leading
Isgur-Wise function for the narrow 3

2

+
states. The sce-

narios explored are: no chromomagnetic contributions,
one chromomagnetic term (either ⌘1, ⌘3, or ⌘b; note that
⌘b and ⌘1 are degenerate in Approximation A), or two
chromomagnetic terms (either ⌘1 or ⌘b with ⌘3) marginal-
ized. Table VIII summarizes the best fit points. There
is no sensitivity to disentangle the di↵erent chromomag-
netic contributions, and the fitted values are compati-
ble with zero. The extracted value for the slope of the
leading Isgur-Wise function is compatible with the �1.5
quark model prediction in all scenarios.
Figure 1 (top right) shows the 68% and 95% confidence

regions for the normalization and slope of the leading
Isgur-Wise function for the broad 1

2

+
states. The avail-

able experimental information only loosely constrains the
form factor parameters and introducing one chromomag-
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FIG. 1. The allowed 68% and 95% regions for ⌧(1) and ⌧ 0 or ⇣(1) and ⇣0, respectively, are shown for the narrow 3
2

+
(left) and

broad 1
2

+
states (right) for Approximation A (top) and Approximation B (bottom).

netic contribution results only in marginal shifts of the
extracted normalization and slope of the leading Isgur-
Wise function. The extracted value for the slope of
the leading Isgur-Wise function is compatible with quark
model predictions of �1.0 and the obtained chromomag-
netic contributions are compatible with zero. Table VIII
summarizes the extracted best fit points. Table IX sum-
marizes the �2 values of all fits and the agreement of the
best fit points with the experimental input is good for
the 3

2

+
states and 1

2

+
states for all scenarios.

Using the extracted values of the normalization and
slope of the leading Isgur-Wise function, and possible
chromomagnetic contributions, the ratio of semi-tauonic
and semileptonic rates can be predicted. Including chro-
momagnetic contributions change the central values of
the predicted ratios only marginally, but increase the un-
certainties. Using the fitted values, we predict

R(D⇤
2) = 0.06± 0.01 , eR(D⇤

2) = 0.14± 0.01 ,

R(D1) = 0.06± 0.01 , eR(D1) = 0.17± 0.02 ,

⌧(1) ⌧ 0 ⌘i

— 0.63± 0.02 �1.29± 0.17 —

⌘1 0.63± 0.02 �1.53± 0.52 �0.10± 0.19

⌘3 0.64± 0.02 �1.50± 0.45 0.14± 0.29

⌘b 0.63± 0.02 �1.53± 0.52 0.67± 1.32

⇣(1) ⇣0 �i

— 0.72± 0.15 �0.30± 1.81 —

�1 0.73± 0.15 �0.53± 2.16 0.03± 0.15

�2 0.72± 0.15 �0.54± 2.22 �0.05± 0.30

TABLE VIII. The best fit points of the Approximation A
fits, with and without chromomagnetic contributions for the
narrow 3

2

+
(above) and broad 1

2

+
(below) states.

R(D⇤
1) = 0.06± 0.01 , eR(D⇤

1) = 0.17± 0.02 ,

R(D0) = 0.07± 0.03 , eR(D0) = 0.22± 0.04 , (27)
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the uncertainties. These ratios, however, are in good
agreement with Eqs. (34) and (35).

Of the mass parameters, ⇤̄ has substantially bigger un-
certainty than ⇤̄0 � ⇤̄ or ⇤̄⇤ � ⇤̄. Varying ⇤̄ by ±50MeV
while keeping the di↵erences fixed has a negligible im-
pact compared to other uncertainties included. This is
consistent with the fact that in Approximation A the only
dependence on ⇤̄ is via ⇤̄0 � ⇤̄ and ⇤̄⇤ � ⇤̄.

Figure 2 shows the di↵erential decay rates of the Ap-
proximation C fits as functions of w for m` = 0 and
m` = m⌧ , with the corresponding 68% uncertainty
bands. The LLSW model prediction is also shown for
the di↵erential decay rates: the dashed (dotted) curves
show Approximation B1 (B2) and the normalization of
the leading Isgur-Wise function was determined using the
averaged semileptonic D1 branching fraction, which gives
⌧(1) = 0.80. The Approximation C fit using the full dif-
ferential semileptonic and nonleptonic information con-
strain the shape stronger than the LLSW model, which
only uses the D1 rate information.

We also explore in Approximation C the impact of
additional chromomagnetic contributions. The available
experimental information does not allow to disentangle
subleading Isgur-Wise function contributions from chro-
momagnetic terms. Figure 3 shows the dependence of
R(D⇤⇤) on one of the chromomagnetic contributions at

a time. For the narrow 3
2

+
states the only strong depen-

dence comes from ⌘1. This originates from large factors
in the rate expressions, and if introduced as an additional
free parameter in the Approximation C fit, its size is con-
strained to be about ±200 MeV, but it is also strongly
correlated to other subleading Isgur-Wise function nor-
malizations. For the broad 1

2

+
states the strongest de-

pendence comes from �1. If introduced as an additional
free parameter in the Approximation C fit, its size is con-
strained to be about ±100 MeV.

To account for these subleading Isgur-Wise functions
parameterizing chromoagnetic e↵ects, we can recalculate
the ratios of semi-tauonic and semileptonic rates by in-
troducing an additional uncertainty of ±200 MeV and
±100 MeV on ⌘1 and �1, respectively. We thus obtain

R(D⇤
2) = 0.07± 0.01 , eR(D⇤

2) = 0.17± 0.01 ,

R(D1) = 0.10± 0.02 , eR(D1) = 0.20± 0.02 ,

R(D⇤
1) = 0.06± 0.02 , eR(D⇤

1) = 0.18± 0.02 ,

R(D0) = 0.08± 0.04 , eR(D0) = 0.25± 0.06 , (38)

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

R(D⇤⇤) = 0.085± 0.012 . (39)

These uncertainties are not much greater than those in
Eqs. (34) and (35).

IV. Bs ! D⇤⇤
s ` ⌫̄ DECAYS

An important di↵erence between B ! D
⇤⇤
`⌫̄ and

Bs ! D
⇤⇤
s
`⌫̄ is that the two lightest excited Ds states

observed are fairly narrow. They are lighter than the
mD(⇤) +mK mass thresholds, so they can only decay to

D
(⇤)
s ⇡, which violate isospin (if these are the D

⇤⇤
s

isos-

inglet s
⇡l
l

= 1
2

+
orbitally excited states). Due to these

narrow widths, semi-tauonic Bs decay to the spin-zero
meson, Bs ! D

⇤
s0⌧ ⌫̄, may be easier to measure than

B ! D
⇤
0⌧ ⌫̄, and may provide good sensitivity to pos-

sible scalar interactions from new physics.2 Table XII
summarizes the relevant masses and widths.
While the s

⇡l
l

= 3
2

+
doublets in both the D

⇤⇤
s

and
B

⇤⇤
s

cases have masses “as expected”, about 100MeV
above their non-strange counterparts, the masses of the
s
⇡l
l

= 1
2

+
doublet of D⇤⇤

s
states are surprisingly close to

their non-strange counterparts. (Which is why the dis-
covery of the D

⇤
s0 [41] was such a surprise.) This unex-

pected spectrum makes the analysis in this Section more
uncertain than in the previous ones.
It is possible that interpreting the D

⇤
s0 and D

⇤
s1 as the

lightest orbitally excited states is oversimplified (and this
is what our description assumes), and we have higher con-

fidence that our description of the decays to the s⇡l
l

= 3
2

+

Ds1 and D
⇤
s2 states should be reliable. The first ex-

ploratory lattice QCD studies that obtain the D
⇤
s0 and

D
⇤
s1 masses in agreement with data appeared only re-

cently [42]. To be more specific, assuming that the
D

⇤
s0 is the lightest orbitally excited Ds state, theoreti-

cal predictions for B(Ds0 ! D
⇤
s
�)/B(Ds0 ! Ds⇡) tend

to be above [43–45] the CLEO upper bound, B(Ds0 !
D

⇤
s
�)/B(Ds0 ! Ds⇡) < 0.059 (90% CL) [46]. TheD(⇤)

K

molecular picture of these states also faces challenges,
e.g., the lack of observed isospin partners [47]. It is pos-
sible that the correct description is a mixture of these.
However, given that the CLEO bound [46] was obtained
with 13.5/fb data, and the Belle bound on the above ra-
tio < 0.18 (90% CL) [48] used 87/fb, while the BABAR

result < 0.16 (95% CL) [49] used 232/fb, remeasuring
B(Ds0 ! D

⇤
s
�)/B(Ds0 ! Ds⇡) using the full BABAR

and Belle data would be desirable.
Another piece of data is that the mass splittings within

each heavy quark spin symmetry doublets appear to
be consistent with nominal SU(3) breaking between the
strange and non-strange states. This supports the fact
that the mass splittings in the s

⇡l
l

= 1
2

+
doublets are

comparable to mD⇤ � mD ' mD⇤
s
� mDs , unlike what

LLSW considered based on the data in 1997.
For the HQET mass parameters we use ⇤̄s = ⇤̄ +

90MeV, motivated by mBs �mB . We also estimate ⇤̄0
s
�

⇤̄s = 0.41GeV using Eq. (1.10) in Ref. [9]. For ⇤̄0
s
�⇤̄⇤

s
we

estimate 0.13GeV from the (2555�2425)MeV di↵erence
in Table XIII. (These values are also shown in Table IV.).

2 We thank Marcello Rotondo for drawing our attention to this.
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The charged Higgs contribution is simplest to include
by writing the rate in terms of a helicity decomposition.
The di↵erential decay rate with its full lepton mass de-
pendence can be written as

d�(B ! D
⇤⇤
` ⌫̄)

dq2
=

G
2
F
|Vcb|2 |~p 0| q2
96⇡3 m2

B

✓
1� m

2
`

q2

◆2

⇥
 X

k=±,0,t

H
2
k

✓
1 +

m
2
`

2q2

◆
+

3

2

m
2
`

q2
H

2
t

�
, (44)

with the helicity amplitudes Hk=±,0,t (we use the no-
tation of Ref. [51]). Here |~p 0| is the magnitude of the
three-momentum of the D

⇤⇤. It is related to q
2 as

|~p 0|2 =

✓
m

2
B
+m

2
D⇤⇤ � q

2

2mB

◆2

�m
2
D⇤⇤ = m

2
D⇤⇤(w2 � 1) .

(45)
Setting m` = 0, one recovers the expression

d�(B ! D
⇤⇤
`⌫̄)

dq2
=

G
2
F
|Vcb|2 |~p 0| q2
96⇡3 m2

B

X

k=±,0,t

H
2
k
, (46)

which is an excellent approximation for l = e, µ.
The contributions of the scalar operators can be in-

cluded by replacing Ht according to

Ht ! H
SM
t


1 + (SR ± SL)

q
2

m⌧ (mb ⌥mc)

�
, (47)

where the upper signs are for the final states D, D⇤
1 and

D1, and the lower signs are for D
⇤, D⇤

0 , and D
⇤
2 . The

helicity amplitudes H±,0,t are related to the form factors
defined in Eqs. (5) and (6), and the full expressions for
all four D⇤⇤ states are given in Appendix C.

The upper plot in Fig. 4 shows the ratios of ⌧ to light-
lepton rates as functions of tan�/mH± for the four D⇤⇤

states and for comparison for the D
(⇤) mesons as well.

For the quark masses in Eq. (47) the values of mb(mb) =
4.2 GeV and mc(mb) = 1.1 GeV were used. The plot
shows for each hadronic final state R(X)

�
R(X)

��
SM

as a
function of tan�/mH± . While to such scalar currents the
sensitivity of the B ! D`⌫̄ appears to be the best, that is
not generic for all new physics scenarios. The lower plot
in Fig. 4 shows the ratios of ⌧ to light-lepton rates as
functions of SR �SL for SR +SL = 0.25 for the D

⇤, D⇤
0 ,

and D
⇤
2 final states. The rates to the other three states

we consider only depend on SR + SL [see Eq. (47)], so
those are not plotted. This scenario is motivated by being
able to fit, besides R(D(⇤)), the q2 spectrum measured in
Ref. [2] as well. The vertical blue shaded bands show the
best fit regions [2]. Measurements of R(D⇤⇤) can help
discriminate between the currently allowed solutions of
SL and SR, and also distinguish more complex scenarios.

VI. SUMMARY AND CONCLUSIONS

We performed the first model independent study of
semileptonic B ! D

⇤⇤
`⌫̄ decays based on heavy quark

RHDL
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FIG. 4. Upper plot: Ratios of ⌧ to light-lepton rates in the
type-II 2HDM, as functions of tan�/mH± . For the four D⇤⇤

states and the two D(⇤) mesons R(X)/R(X)
��
SM

is shown as
functions of tan�/mH± . Lower plot: Ratios of ⌧ to light-
lepton rates as functions of SR � SL, for SR + SL = 0.25, for
D⇤, D⇤

0 , and D⇤
2 final states. The vertical blue shaded bands

show the allowed regions for SR �SL as measured in Ref. [2].

symmetry, including the full dependence on the charged
lepton mass. This is important, because future measure-
ments of R(D⇤⇤) give more complementary sensitivity to
new physics than R(D(⇤)). It is also important to better
understand the semileptonic B ! D

⇤⇤ decays in the zero
lepton mass channels, which are significant contributions
to the systematic uncertainties for the measurements of
|Vcb| and |Vub|, in addition to R(D(⇤)).

There are at least two measurements which could be
done with existing data, that would add substantially to
our understanding of D⇤⇤ states and the decays discussed
in this paper: (1) The nonleptonic B ! D

⇤⇤
⇡ rates have

only been measured with small fractions of the BABAR

and Belle data, and are the sources of tensions. Redoing
these measurements with the full data sets would be im-
portant. (2) In the strange sector, one should revisit the
ratio B(Ds0 ! D

⇤
s
�)/B(Ds0 ! Ds⇡), for which CLEO

obtained a ⇠ 3 times stronger upper bound than BABAR

and Belle, and the latter experiments have much more
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Lattice to the rescue! Study of Intermediate States in the Inclusive  
Semi-Leptonic XXXXXXX Decay Structure Functions

Gabriela Bailas 

B → Xclν

On behalf of JLQCD Collaboration   
S. Hashimoto, T. Kaneko, J. Koponen

Lattice19 Wuhan-China 
June 18, 2019

Lattice calculation
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• P-wave states are much harder to calculate S-wave states. We have large noise for 
excited states, then is hard to identify the plateau. 


• We use the forward-scattering matrix elements corresponding to inclusive semi-leptonic 

B meson decay. 


• For the inclusive case, we have:

• Our work is based on a calculation of the four-point function corresponding to the matrix 

element: 

All final states contribute, including D**

17

Results

This work This work

Zero-Recoil:

Bernlochner, Ligeti, PRD95, 014022 (2017) 

https://indico.cern.ch/event/764552/contributions/3421226/

Normalization of  
Leading-Isgur-Wise 

function compatible with 
experimental analysis
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Beyond D(*)𝜋 ➝ D(*)𝜋𝜋6

D⇡+⇡�`�⌫, B ! D⇤⇡+⇡�`�⌫, other BB events,
and continuum events. Contributions to the B !
D(⇤)⇡+⇡�`�⌫ channels from B ! D(⇤)⇡±⇡0`�⌫
and B ! D(⇤)⇡0⇡0`�⌫ decays (cross-feed) are
treated as signal.

A fraction of signal decays are reconstructed with
a B meson charge di↵ering by ±1 from the true B
meson charge and contribute to the wrong signal
channel. We determine this fraction for each sig-
nal channel in simulation and fix the correspond-
ing yield ratio in the fit. Hadronic B meson decays
in which a hadron is misidentified as a lepton can
peak near U = 0. We estimate these small con-
tributions using simulation and hold them fixed in
the fit to the D(⇤)`�⌫ channels. Simulation indi-
cates that these peaking backgrounds are negligible
for the D(⇤)⇡+⇡�`�⌫ channels.

Fits to ensembles of parameterized MC pseudo-
experiments are used to validate the fit. All fitted
parameters exhibit unbiased means and variances.

The results for the D(⇤)⇡+⇡�`�⌫ channels are
shown in Fig. 2 with the corresponding signal
yields in Table I. The fitted yields for all back-
ground components are consistent with the val-
ues expected from MC. The only known source of
B ! D⇡+⇡�`�⌫ decays is B ! D1(2420)`�⌫ with
D1(2420) ! D⇡+⇡�. If we remove these D1(2420)
decays by vetoing events with 0.5 < m(D⇡+⇡�) �
m(D) < 0.6GeV/c2, the signal yields are reduced
to 84.3± 27.7 events in D0⇡+⇡�, and 37.3± 15.9 in
D+⇡+⇡�, which indicates that D1(2420) ! D⇡+⇡�

is not the only source for the observed signals.

TABLE I: Event yields and estimated e�ciencies (✏) for
the signal channels. The quoted uncertainties are statis-
tical only. The fourth column gives the statistical signif-
icance, S =

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

the log-likelihood value of the default fit and a fit with
the signal yield fixed to zero. The last column gives the
total significance, Stot, where systematic uncertainties
are included.

Channel Yield ✏⇥ 104 S Stot

D0`�⌫` 5567± 102 2.73± 0.01 > 40 > 40

D+`�⌫` 3236± 74 1.69± 0.01 > 40 > 40

D⇤0`�⌫` 9987± 126 2.03± 0.01 > 40 > 40

D⇤+`�⌫` 5404± 83 1.14± 0.01 > 40 > 40

D0⇡⇡`�⌫ 171± 30 1.18± 0.03 5.4 5.0

D+⇡⇡`�⌫ 56± 17 0.51± 0.02 3.5 3.0

D⇤0⇡⇡`�⌫ 74± 36 1.11± 0.02 1.8 1.6

D⇤+⇡⇡`�⌫ 65± 18 0.49± 0.02 3.3 3.0
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Other BB
q q→ -e+e

(a) D0⇡⇡`�⌫
BABAR

(b) D+⇡⇡`�⌫
BABAR

(c) D⇤0⇡⇡`�⌫
BABAR

(d) D⇤+⇡⇡`�⌫
BABAR

FIG. 2: Measured U distributions and results of the fit
for the (a) D0⇡⇡`�⌫, (b) D+⇡⇡`�⌫, (c) D⇤0⇡⇡`�⌫, and
(d) D⇤+⇡⇡`�⌫ samples.

Systematic uncertainties arising from limited
knowledge of branching fractions, form factors, and
detector response are evaluated. These impact
the determination of the PDF shapes, fixed back-
grounds, cross-feed contributions, and signal e�-
ciencies. The leading uncertainties arise from ig-
norance of potential resonance structure in the
D(⇤)⇡+⇡� final state, the limited size of MC sam-
ples used to derive PDFs, and the modeling of dis-
tributions of variables used in the Fisher discrim-
inants. The dependence on the D(⇤)⇡⇡ produc-
tion process is investigated by using, in turn, each
of the individual mechanisms listed previously to
model the signal. We assign the maximum deviation

between the branching fraction ratios R(⇤)
⇡+⇡� ob-

tained from the nominal and alternative decay mod-
els as an uncertainty, giving 7.8% for D0⇡+⇡�`�⌫,
10.5% for D+⇡+⇡�`�⌫, 19.2% for D⇤0⇡+⇡�`�⌫,
and 13.4% for D⇤+⇡+⇡�`�⌫. The impact of the
statistical uncertainties of the PDFs are estimated
from fits to 1300 simulated data sets, obtained from

[arXiv:1507.08303]
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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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ℬ(B → D(*)ππℓν̄ℓ) = (0.52+0.14
−0.07

+0.27
−0.13) × 10−2

model dependent 
isospin factor  

(depends on resonance structure)



The 1/2 versus 3/2 puzzle 

�5

• Experiments such as ALEPH, BaBar, 
BELLE, CDF, DELPHI and others which 
have studied                 have found


• The remaining 15% stil l not well 
understood.                       


S-wave states
B → Xclνl

Γ(B → D**1/2 lν) ≪ Γ(B → D**3/2 lν)

Theoretical Estimates: 
• Heavy quark limit, sum rule, quark model 

Γ(B → D**1/2 lν) ≈Γ(B → D**3/2 lν)

   Experimental Estimates: 
• Bernolochner, Ligeti, Turczyk, PRD85, 090433 (2012)

Experimental References 
arXiv: 0708.1738 
arXiv: 0808.0528 
arXiv: 0711.3252 Bernlochner, Ligeti, PRD95, 014022 (2017) 

Ulratsev, PLB 501, 86 (2001) 
Le Yaouanc, Oliver, Raynal, PRD67, 114009 (2003)

Summary:

Saturated by D**(1P)

about half of this 
can be assigned to 

B → D(*)ππℓν̄ℓ
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• Very different for different measurement techniques:

• i.e. Untagged versus Tagged Measurements

!11

Impact on B ➝ D*𝓁ν and |Vcb|

The Belle Experiment

Belle recorded 711 fb�1 on the ⌥(4S) resonance.

Search for B ! `⌫� and B ! µ⌫µ and Test of Lepton Universality with R(K⇤) at Belle - Markus Prim 22nd March 2019 2/23
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• Very different for different measurement techniques:
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• Rely more on the kinematic description and the composition of D** 
decays


• Example: BaBar Global Fit of

!13

Untagged Measurements

Electron sample Muon sample
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Fig. 5.22 Projections on pl of the electron and muon samples are shown: the left-hand
side shows the projection of the electron three-momentum, and the right-hand
side shows the projection of the muon three-momentum. The top row de-
picts the D0 meson final state, and the bottom row the D+ meson final state.
The red and green histograms depicts the contributions from B æ D l ‹, and
B æ Dú l ‹, respectively. The blue histogram the contributions from 1P states
to B æ D(ú) fi l ‹. The remaining background histograms are miss-identified lep-
tons, leptons from cascade decays through B æ Xc Y with Xc æ Z l ‹ or fake D
mesons through combinatorial background.

113

Electron sample Muon sample
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Fig. 5.23 Projections on pD of the electron and muon samples are shown: the left-hand side
shows the projection of the D meson three-momentum for the electron final state,
and the right-hand side shows the projection of the D meson three-momentum
for the muon final state. The top row depicts the D0 meson final state, and the
bottom row the D+ meson final state.
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• Another Example: New Belle Measurement
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Untagged Measurements
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Untagged Measurements 11
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FIG. 5. Results of the fit with the CLN form factor parameterisation. The results from the SVD1 and SVD2 samples are
added together. The electron modes are on the left and muon modes on the right. The points with error bars are the on-
resonance data. Where not shown, the uncertainties are smaller than the black markers. The histograms are, top to bottom,
the signal component, B ! D⇤⇤ background, signal correlated background, uncorrelated background, fake ` component, fake
D⇤ component and continuum.

ing a normal distribution. The entire analysis is repeated
for each pseudo-experiment and the spread on each mea-
sured observable is taken as the systematic error.

The parameters varied are split into two categories,

those that a↵ect only the normalisation, and those that
a↵ect the di↵erentials (shapes). We first list the latter
contributions.

• The tracking e�ciency corrections for low momen-
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FIG. 5. Results of the fit with the CLN form factor parameterisation. The results from the SVD1 and SVD2 samples are
added together. The electron modes are on the left and muon modes on the right. The points with error bars are the on-
resonance data. Where not shown, the uncertainties are smaller than the black markers. The histograms are, top to bottom,
the signal component, B ! D⇤⇤ background, signal correlated background, uncorrelated background, fake ` component, fake
D⇤ component and continuum.

ing a normal distribution. The entire analysis is repeated
for each pseudo-experiment and the spread on each mea-
sured observable is taken as the systematic error.

The parameters varied are split into two categories,

those that a↵ect only the normalisation, and those that
a↵ect the di↵erentials (shapes). We first list the latter
contributions.

• The tracking e�ciency corrections for low momen-

Backgrounds fixed, 
extrapolated over w, cosBY, etc.
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Tagged Measurements
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FIG. 5: The best fit values (solid red histograms) and the corresponding ��2 + 1 errors (dashed
histograms) are shown.

Parameter This result World Average

|Vcb|⇥ 103 37.4± 1.2 39.2± 0.7

⇢2D⇤ 1.04± 0.13 1.20± 0.03

R1(1) 1.38± 0.07 1.40± 0.03

R2(1) 0.86± 0.10 0.85± 0.02

TABLE V: The best-fit values of the fit is compared with the world average from Ref. [27].

kaon, charged and neutral pions not used in the hierarchical full reconstruction algorithm.
The B

0 ! D
⇤�

`
+
⌫` signal decays and background processes are separated using an un-

binned fit to the missing mass squared of the events, reconstructed from the tag side and
the signal side information. The total and di↵erential signal yields in kinematic observables
are extracted. The kinematic observables are the recoil parameter w and three decay an-
gles, fully characterizing the B

0 ! D
⇤�

`
+
⌫` decay. The statistical correlations of the four

variables are determined and the yields are unfolded to decay widths, reverting acceptance
and migration e↵ects. From the total yield the total B0 ! D

⇤�
`
+
⌫` branching fraction is

determined and a preliminary value of

B(B0 ! D
⇤�

`
+
⌫`) = (4.95± 0.11± 0.21)⇥ 10�2

, (30)
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3. Extraction of the signal yield in the projections of the kinematic variables
In order to measure the di�erential branching ratio projections as functions of the four kinematic variables,
the signal yields have to be extracted in each bin of the kinematic distributions. Therefore, a fit to the
missing mass squared is performed in each bin to determine the signal and the background contributions.

3.1. The missing mass squared distribution
The missing mass squared, m2

mis, of a semileptonic decay is a variable that quantifies the invariant mass
corresponding to the undetected momentum. It is given by:

m2
mis = (pB � pD� � p�)2 , (7)

where pi are the reconstructed momenta. For B � D��� decays, only the neutrino is undetected. The
signal therefore peaks around the neutrino mass, which is zero. Correctly reconstructed B � D��� decays
form a narrower peak than the wrongly reconstructed ones. Background decays however are not expected
to peak around zero. The B � D���� component peaks at positive values of m2

mis, as some particles have
not been found. In contrary to this, the B � D�� component peaks around negative values of m2

mis, as
an additional particle has wrongly been assigned to the signal B decay. Continuum background is uniform
in m2

mis. The distributions are shown in Fig. 9. This variable is therefore well suited to separate signal
from background and can be used in a fit. Nevertheless, correctly and wrongly reconstructed B � D���
events can hardly be separated as both components exhibit very similar shapes in m2

mis and the resulting
yields are strongly anti-correlated, leading to a large fit uncertainty for the yields of correctly reconstructed
signal decays. To avoid this both components have been fitted together and treated as the signal in what
follows. The drawback of this approach is larger migrations of events between the bins of the reconstructed
kinematic distributions with respect to the true distributions, as the resolution of the kinematic variable
reconstruction is worse for the sum of correctly and wrongly reconstructed events.

Further, one introduces the implicit assumption that the fraction of wrongly and correctly reconstructed
events in MC is consistent between data and MC. In App. B a study is documented that investigates this
assumption by explicitly separating both components by employing the small di�erences in resolution to
disentangle both fit yields. No evidence is seen that the ratio in data and MC is di�erent.
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Figure 9: m2
mis distributions for the selected charged (left) and neutral (right) B � D��� candidates.

3.2. Unbinned likelihood fit using Kernel estimation
To extract the signal yields in bins of the kinematic distributions for charged and neutral B mesons, an
unbinned likelihood fit to the m2

mis distribution in each bin has been performed. The fit is executed using
the RooFit [11] package and the templates for the signal and background m2

mis originate from MC. The
free parameters in the fit to data are the signal and background normalizations. The resulting yields are
typically anti-correlated with a correlation of up to -30%.

To obtain smooth PDFs for the signal and background components, Gaussian kernel estimators are used
to approximate the underlying probability density funcions (PDFs) using the package of RooKeysPdfs: a
smooth PDF is constructed by summing Gaussian functions a width proportional to the event density in the
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FIG. 3: The reconstructed kinematic variables w, cos ✓`, cos ✓v, and � are shown.

maximum likelihood fit to the M
2
miss distribution. Wrongly and correctly reconstructed

signal candidates cannot be easily distinguished as they exhibit a very similar resolution
in M

2
miss, and in what follows their sum total with a single signal component is extracted.

Incorrectly reconstructed D
⇤�-mesons are treated as a resolution e↵ect in the variables

in question when extracting the form factors, cf. Section VIII. Similarly, all backgrounds
are merged into a single component, fixing their relative contributions to the values in the
simulation.

The likelihood function has the form

L(M2
miss; ⌫

sig
, ⌫

bkg) =
e
�⌫

n!

nY

i

✓
⌫
sigS(M2

miss i) + ⌫
bkgB(M2

miss i)

◆
(15)

with ⌫
sig the fitted number of signal events, ⌫bkg the fitted number of background events.

It is ⌫ = ⌫
sig + ⌫

bkg the mean value of the Poisson distribution for n observed events
in data. Further, S(M2

miss i) and B(M2
miss i) denote the signal and background probability

distribution functions (PDFs) evaluated for an event i with a value of missing mass squared
of M2

miss i. The likelihood Eq. 15 is maximized numerically, either for all events or in bins of
the kinematic observables. The number of signal events is not constrained to be positive in
the fit. The signal and background PDFs are constructed from signal and background MC
events using Gaussian kernel estimators [23] and it was tested with pseudo-experiments and
independent subsets of MC events that the fitting procedure is statistically unbiased.
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FIG. 4: The M2
miss distributions after the likelihood fit for three representative bins in w, cos ✓`,

and � are shown. The PDFs were integrated over the corresponding bin boundaries to allow for
an easier comparison between the data points and the signal and background contributions.

VI. UNFOLDING OF DIFFERENTIAL YIELDS

Finite detector resolution and for example the mis-reconstruction of D or D
⇤�-mesons

result in migrations between the kinematic bins of {w, cos ✓`, cos ✓v,�}: events with a true
value placed in bin j might be reconstructed in a di↵erent bin i. Such migrations can
be expressed in a matrix of conditional probabilities, P(reco bin i | true bin j), called the
detector response as

Mij = P(reco bin i | true bin j) , (24)

for each kinematic observable. The vector of extracted yields ⌫sig of a given kinematic
observable x can then be related to the vector of di↵erential branching fractions �B/�x as

�B/�x = (✏reco✏tag)
�1 ⇥M�1 ⇥ ⌫sig . (25)

Here the e�ciency of reconstructing an event with a given true value of the kinematic variable
x inside a bin j is parametrized as a diagonal matrix ✏reco✏tag:

(✏reco✏tag)jj = A(true bin j) , (26)

12
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Weaker dependence: 
only rely on shape in MM2 

—> Small kinematic dependence,  
some dependence of admixture
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• BaBar Global Fit:

!17

In Numbers:

fl2
D

fl2
Dú B(D0 l ‹l) B(Dú 0 l ‹l)

RÕ
1(1) 1.248 3.046 0.841 ≠0.253

RÕ
2(1) 1.351 ≠1.343 0.550 ≠0.481

fD2/D1
≠0.206 0.051 ≠0.153 0.057

fA1/D0
≠0.637 ≠0.641 0.165 0.071

fA2/D
Õ
1

≠0.224 ≠0.163 ≠0.134 0.240
fD0A1/D1D2

≠1.199 0.430 ≠0.576 0.327
fD

Õ
1
A2/D1D2

0.572 ≠0.284 0.335 ≠0.109
f+0 1.334 0.444 0.786 ≠0.529
·+0 0.253 0.108 0.438 0.176
fD2

≠0.089 ≠0.004 ≠0.048 0.027
B(B+ æ D(ú) fi l ‹l) 0.490 ≠0.350 ≠0.130 ≠0.736
B(D0 æ K+ fi≠) 1.032 0.026 ≠0.138 ≠1.612
B(D+ æ K+ fi≠ fi+) ≠1.932 ≠0.361 ≠1.966 0.253
B(Dú+ æ D̄0 fi+)Õ 1.116 ≠0.019 0.464 ≠0.314
B(Dú+ æ D+ fi0)Õ 0.508 ≠0.008 0.212 ≠0.143
Tracking ≠0.371 ≠0.157 ≠1.000 ≠0.732
Vertexing ≠0.983 ≠0.345 ≠0.685 ≠0.698
Lepton mis-ID 0.076 0.0079 ≠0.020 ≠0.010
Lepton PID 0.012 0.199 1.350 1.469
Kaon PID ≠0.173 0.081 ≠0.199 0.065
Bremsstrahlung ≠0.298 ≠0.018 0.089 0.290
Dúú Slope ≠1.495 ≠2.453 ≠0.075 ≠0.189
Dúú FF approximation 0.920 ≠0.511 0.145 ≠0.195
Number of BB̄ events ≠0.123 ≠0.100 ≠0.670 ≠0.669
O�-resonance luminosity 0.059 0.003 ≠0.019 ≠0.003
Radiative corrections for B æ D l ‹l ≠0.126 ≠0.056 ≠0.289 0.045
Radiative corrections for B æ Dú l ‹l 1.657 0.056 0.574 1.187
Radiative corrections for B æ Dúú l ‹l ≠0.023 0.072 0.111 0.298
Correction to o�-resonance ≠1.057 0.155 ≠0.236 0.064
Dúú(2S) æ D(ú)fi contributions ≠0.463 ≠0.998 ≠0.184 ≠0.374
B æ D(ú) fi fi l ‹l contributions 0.876 0.364 0.245 0.445
Further background 0.595 0.699 0.354 0.099
Total 4.856 4.515 3.318 3.124

Table 7.2 Summary of systematic uncertainties of fit scenario a) for electrons. All stated
numbers are expressed as a percentage of the nominal fit result.
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In Numbers:
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TABLE XI. Systematic uncertainty (%) in each bin of the observable w. The bins are defined in Section VIII.

Source 1 2 3 4 5 6 7 8 9 10

B(D0 ! K⇡) 1.02 1.02 1.02 1.01 1.01 1.02 1.02 1.02 1.02 1.02

B(D⇤+ ! D0⇡+
s ) 0.74 0.74 0.74 0.74 0.74 0.74 0.74 0.74 0.74 0.71

Lepton ID(e) 1.38 1.48 1.58 1.57 1.80 1.89 1.90 2.02 2.04 2.05

Lepton ID(µ) 2.23 2.12 2.05 2.01 2.04 2.05 2.04 2.03 1.93 1.93

Lepton ID 1.18 1.21 1.25 1.24 1.35 1.39 1.39 1.43 1.40 1.41

Slow track e�ciency 5.77 3.01 2.14 1.75 1.53 1.38 1.33 1.26 1.12 0.84

e/µ fake rate 0.03 0.01 0.04 0.06 0.12 0.12 0.13 0.17 0.27 0.17

D⇤⇤ branching fraction 0.44 0.15 0.01 0.41 0.06 0.04 0.08 0.60 0.35 0.22

D⇤⇤ shape 0.02 0.11 0.14 0.01 0.16 0.30 0.22 0.08 0.35 0.92

f+�/f00 1.05 1.07 1.10 1.10 1.09 1.08 1.11 1.08 1.05 1.08

Norm. continuum 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06

Fast track e�ciency 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05

N(⌥(4S)) 1.37 1.37 1.37 1.37 1.37 1.37 1.37 1.37 1.37 1.37

B0 lifetime 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26

K/⇡ ID 0.77 0.77 0.77 0.77 0.77 0.77 0.77 0.77 0.77 0.77

Total 6.42 4.12 3.55 3.35 3.26 3.22 3.20 3.23 3.14 3.16

TABLE XII. Systematic uncertainty (%) in each bin of the observable cos ✓`. The bins are defined in Section VIII.

Source 11 12 13 14 15 16 17 18 19 20

B(D0 ! K⇡) 1.02 1.02 1.02 1.03 1.02 1.01 1.02 1.02 1.02 1.02

B(D⇤+ ! D0⇡+
s ) 0.74 0.74 0.74 0.74 0.74 0.74 0.74 0.74 0.74 0.74

Lepton ID(e) 4.26 4.07 3.54 2.66 1.94 1.41 1.43 1.40 1.46 1.52

Lepton ID(µ) 2.52 2.67 2.60 2.18 2.04 2.05 1.93 1.95 1.94 1.74

Lepton ID 2.17 2.23 2.09 1.68 1.41 1.16 1.15 1.14 1.17 1.14

Slow track e�ciency 2.83 1.95 1.49 1.28 1.27 1.30 1.33 1.38 1.45 1.52

e/µ fake rate 0.30 0.13 0.05 0.10 0.12 0.14 0.15 0.15 0.11 0.13

D⇤⇤ branching fraction 0.15 0.13 0.11 0.15 0.10 0.05 0.06 0.08 0.05 0.08

D⇤⇤ shape 0.10 0.10 0.15 0.11 0.10 0.14 0.06 0.08 0.02 0.07

f+�/f00 1.08 1.08 1.08 1.07 1.08 1.07 1.09 1.09 1.08 1.05

Norm. continuum 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06

Fast track e�ciency 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05

N(⌥(4S)) 1.37 1.37 1.37 1.37 1.37 1.37 1.37 1.37 1.37 1.37

B0 lifetime 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26

K/⇡ ID 0.77 0.77 0.77 0.77 0.77 0.77 0.77 0.77 0.77 0.77

Total 4.39 3.90 3.61 3.30 3.17 3.07 3.09 3.10 3.14 3.16
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Prel. Sensitivity Plots:
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Prel. Sensitivity Plots:

m2
Miss > 1.5 GeV2

m2
Miss > 1.5 GeV2

Fit on Asimov Data - Templates
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Fit on Asimov Data - Templates

Maximilian Welsch – Measurement of Br((B ! D⇤⇤(D(⇤)⇡0)`⌫) 9

B ! D⇤⇤[D(⇤)⇡0] `
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