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Fig. 17.1.1. Illustration of semileptonic decay B− → X�−ν̄�.

as illustrated in Fig. 17.1.1. These are governed by the
CKM-matrix elements Vcb and Vub, and since the inter-
mediate W -boson decays leptonically, do not involve any50

other CKM-matrix elements. Hence, measurements of the
B → X�ν decay rate can be used to directly measure |Vcb|
and |Vub|.

The theoretical description of semileptonic B decays
starts from the electroweak effective Hamiltonian,

Heff =
4GF√

2

∑

q=u,c

Vqb (q̄γµPLb)(�γµPLν�) , (17.1.1)

where PL = (1 − γ5)/2, and GF is the Fermi constant
as extracted from muon decay. The W boson has been
integrated out at tree level, and higher-order electroweak
corrections are suppressed by additional powers of GF and
are thus very small. The differential B decay rates take the
form

dΓ ∝ G2
F |Vqb|2

∣∣Lµ〈X|q̄γµPLb|B〉
∣∣2 . (17.1.2)

An important feature of semileptonic decays is that the
leptonic part in the effective Hamiltonian and the decay55

matrix element factorizes from the hadronic part, and that
QCD corrections can only occur in the b → q current.
The latter do not affect Eq. (17.1.1) and are fully con-
tained in the hadronic matrix element 〈X|q̄γµPLb|B〉 in
Eq. (17.1.2). This factorization is violated by small elec-60

tromagnetic corrections, for example by photon exchange
between the quarks and leptons, which must be taken into
account in situations where high precision is required.

The challenge in the extraction of |Vcb| and |Vub| is
the determination of the hadronic matrix element of the65

quark current in Eq. (17.1.2). For this purpose, different
theoretical methods have been developed, depending on
the specific decay mode under consideration. In almost all
cases, the large mass of the b-quark, mb ∼ 5 GeV plays an
important role.70

In exclusive semileptonic decays, one considers the de-
cay of the B meson into a specific final state X = D∗, π, ....
In this case, one parameterizes the necessary hadronic ma-
trix element in terms of form factors, which are nonper-
turbative functions of the momentum transfer q2. This75

is discussed in Sections 17.1.2 and 17.1.4. Two methods
to determine the necessary form factors are lattice QCD
(LQCD) and light-cone sum rules (LCSR). In LQCD the
QCD functional integrals for the matrix elements are com-
puted numerically from first principles. Heavy-quark effec-80

tive theory (HQET), and nonrelativistic QCD (NRQCD),

were first introduced, at least in part, to enable lattice-
QCD calculations with heavy quarks. Even when these
formalisms are not explicitly used, heavy-quark dynam-
ics are usually used to control discretization effects. An85

exception are the most recent determinations of mb from
lattice QCD, discussed below, which use a lattice so fine
that the b quark can be treated with a light-quark formal-
ism. A complementary method is based on LCSR which
use hadronic dispersion relations to approximate the form90

factor in terms of quark-current correlators, which can be
calculated in an operator product expansion (OPE).

In inclusive semileptonic decays, one considers the sum
over all possible final states X that are kinematically al-
lowed. Employing parton-hadron duality one can replace95

the sum over hadronic final states with a sum over par-
tonic final states. This eliminates any long-distance sensi-
tivity to the final state, while the short-distance QCD cor-
rections, which appear at the typical scale µ ∼ mb of the
decay, can be computed in perturbation theory in terms of100

the strong coupling constant αs(mb) ∼ 0.2. The remain-
ing long-distance corrections related to the initial B meson
can be expanded in powers of ΛQCD/mb ∼ 0.1, with ΛQCD

a typical hadronic scale of order mB −mb ∼ 0.5 GeV. This
is called the heavy quark expansion (HQE), and it system-105

atically expresses the decay rate in terms of nonperturba-
tive parameters that describe universal properties of the
B meson. This is discussed in Sections 17.1.3 and 17.1.5.

17.1.1.3 Experimental Techniques

As in other analyses of BB̄ data recorded at B facto-110

ries, the two dominant sources of background for the re-
construction of semileptonic B decays are the combinato-
rial BB̄ and the continuum backgrounds, QED processes
e+e− → �+�−(γ) with � = e, µ, or τ , and quark-antiquark
pair production, e+e− → qq(γ) with q = u, d, s, c.115

The suppression of the continuum background is achieved
by requiring at least four charged particles in the event and
by imposing restrictions on several event shape variables,
either sequentially on individual variables or by construct-
ing multivariable discriminants. Among these variables are120

thrust, the maximum sum of the longitudinal momenta of
all particles relative to a chosen axis, ∆θthrust, the angle
between the thrust axis of all particles associated with the
signal decay and the thrust axis of the rest of the event,
R2, the ratio of the second to the zeroth Fox-Wolfram mo-125

ments, and L0 and L2, the normalized angular moments
(introduced in Sec. 9).

The separation of semileptonic B decays from BB̄
backgrounds is very challenging because they result in one
or more undetected neutrinos. The energy and momentum
of the missing particles can be inferred from the sum of
all other particles in the event,

(Emiss,pmiss) = (E0,p0) − (
∑

i

Ei,
∑

i

pi), (17.1.3)

where (E0,p0) is the four-vector of the colliding beams. If
the only undetected particle in the event is one neutrino,

[Illustration by F. Tackmann]
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I.a Experimental situation for B → Xc ` ν̄`

- BABAR and Belle: 1.1 ab−1 at Υ(4S)
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Notation s
πl
l

JP m (GeV) Γ (GeV)

D 1
2
−

0− 1.87

D∗ 1
2
−

1− 2.01

D∗0
1
2

+
0+ 2.40 0.28

D∗1
1
2

+
1+ 2.44 0.38

D1
3
2

+
1+ 2.42 0.03

D∗2
3
2

+
2+ 2.46 0.04

D′ 1
2
−

0− 2.54 0.13

D′∗ 1
2
−

1− 2.61 0.09

- Most abundant b → c: B(B+ → Xc `
+ ν`) = (10.92± 0.16) %

Xc : charmed system; isospin averaged value from [HFAG]9
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FIG. 1: The mES spectrum of Btag decays accompanied by a
lepton with p∗

! ≥ 0.8 GeV/c. The fit functions for the sum of
signal and background (solid line) and the background (red
dashed line) are overlaid. The crossed area shows the pre-
dicted background under the Btag signal. The background
control region in the mES sideband is indicated by the hatched
area.

correlation, QbQ! > 0.

IV. HADRONIC-MASS MOMENTS

We present measurements of the moments 〈mk
X〉, with

k = 1, . . . 6, of the hadronic-mass distribution in semilep-
tonic B-meson decays B → Xc!

−ν. The moments are
measured as functions of the lower limit on the lepton
momentum p∗

!,min between 0.8 GeV/c and 1.9 GeV/c, cal-
culated in the rest frame of the B meson.

A. Selected Event Sample

We find 19, 212 events with p∗
! ≥ 0.8GeV/c, composed

of 15, 085 ± 146 signal events above a combinatorial and
continuum background of 2, 429± 43 events and residual
background of 1, 696±19 events. Signal decays amount to
79% of the selected event sample. For p∗

! ≥ 1.9GeV/c, we
find in total 2, 527 events composed of 2, 006 ± 53 signal
events above a background of 271 ± 17 and 248± 7 com-
binatorial/continuum and residual events, respectively.
Figure 2 shows the mX distributions after the kinematic
fit together with the extracted background shapes for
p∗

! ≥ 0.8GeV/c and p∗
! ≥ 1.9GeV/c.

B. Extraction of Moments

To extract unbiased moments 〈mk
X〉, we apply correc-

tions to account for effects that distort the measured
mX distribution. Contributing effects are the limited ac-
ceptance and resolution of the BABAR detector resulting
in unmeasured particles and in misreconstructed ener-
gies and momenta of particles. In addition, there are
contributions from measured particles not belonging to
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FIG. 2: Hadronic-mass spectra after the kinematic fit for lep-
ton momenta p∗

! ≥ 0.8 GeV/c (top) and p∗
! ≥ 1.9 GeV/c (bot-

tom) together with distributions of combinatorial background
and background from non-BB decays (red, hatched area) as
well as residual background (blue, crossed area). The two
background histograms are plotted on top of each other.

the hadronic system, especially photons originating from
FSR of the primary leptons. These photons are included
in the measured Xc system and thus lead to a modified
value of its mass; they also lower the momentum of the
primary lepton. Both effects are included in our correc-
tion procedure.

We correct the kinematically-fitted value of mk
X of each

event by applying correction factors on an event-by-event
basis using the observed linear relationship between the
moments of the measured mass 〈mk

X,reco〉 and the mo-

ments of the true mass 〈mk
X,true〉 in MC spectra. The

correction factors are determined from MC simulations
by calculating moments 〈mk

X,reco〉 and 〈mk
X,true〉 in sev-

eral bins of the true mass mX,true and fitting the ob-
served dependence with a linear function, referred to as
calibration function in the following.

We find that the bias of the measured moments
〈mk

X,reco〉 is not constant over the whole phase space.
Therefore, we derive the calibration functions in three
bins of the particle multiplicity NXc in the Xc system,
three bins of Emiss − cpmiss, as well as in twelve bins of
p∗

! , each with a width of 100 MeV/c. Due to the limited
number of generated MC events, the binning in NXc and
Emiss − cpmiss is not used for p∗

!,min ≥ 1.7 GeV/c. Over-
all we construct 84 calibration functions for each order
of moments. The obtained calibration functions allow a

- Major focus of experimental
attention from B factories

- Inclusive Xc mass spectrum
(not unfolded; p∗l > 0.8) [PRD81:032003]

- Presence of charm decays up to
≈ 3 GeV (resolution 0.36 GeV)

- D(∗), D∗∗, D ′(∗) ↔ 1S , 1P, 2S
3 / 15



I.a Experimental situation for B → Xc ` ν̄`I.a Experimental situation for B → Xc � ν̄�

Charm state Xc B(B+ → Xc �+ ν)
D (2.31 ± 0.09) %

D∗ (5.63 ± 0.18) %
∑

D(∗) (7.94 ± 0.20) %

D∗
0 → D π (0.41 ± 0.08) %

D∗
1 → D∗ π (0.45 ± 0.09) %

D1 → D∗ π (0.43 ± 0.03) %

D∗
2 → D(∗) π (0.41 ± 0.03) %∑
D∗∗ → D∗π (1.70 ± 0.12) %

D π (0.66 ± 0.08) %

D∗ π (0.87 ± 0.10) %∑
D∗π (1.53 ± 0.13) %

∑
D(∗) +

∑
D∗π (9.47 ± 0.24) %

∑
D(∗) +

∑
D∗∗ → D(∗)π (9.64 ± 0.23) %

Inclusive Xc (10.92 ± 0.16) %

All values from [HFAG 2010]. For the values of D π and D∗ π an uncertainty weighted average of both isospin

modes was calculated assuming a 100% correlation between both values.

⇒ Gap of (1.28 − 1.45 ± 0.29) % which is not accounted for
(first number uses D∗∗, second semi-inclusive D(∗)π branching fractions )

5 / 5

(0 .86 ± 0.12) %

(0 .84 ± 0.04) %

broad states

narrow states

All values from [HFAG 2010]. For the values of B → D π ` ν̄` and B → D∗ π ` ν̄` an uncertainty weighted

average of both isospin modes was calculated assuming a 100% correlation between both values.

⇒ ’Gap’ of (1.45± 0.29) % emerges which is not accounted for

Uses semi-inclusive D(∗)π branching fractions; with measured 1P D∗∗ → D(∗)π ⇒ (1.28± 0.29) %
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I.b Theoretical situation of B → Xc ` ν̄`
- Comparable rates for the narrow and broad D∗∗ states problematic:

I.a Experimental situation for B ! Xc ` ⌫̄`I.a Experimental situation for B ! Xc ` ⌫̄`

Charm state Xc B(B+ ! Xc `+ ⌫)
D (2.31 ± 0.09) %

D⇤ (5.63 ± 0.18) %
P

D(⇤) (7.94 ± 0.20) %

D⇤
0 ! D ⇡ (0.41 ± 0.08) %

D⇤
1 ! D⇤ ⇡ (0.45 ± 0.09) %

D1 ! D⇤ ⇡ (0.43 ± 0.03) %

D⇤
2 ! D(⇤) ⇡ (0.41 ± 0.03) %P
D⇤⇤ ! D⇤⇡ (1.70 ± 0.12) %

D ⇡ (0.66 ± 0.08) %

D⇤ ⇡ (0.87 ± 0.10) %P
D⇤⇡ (1.53 ± 0.13) %

P
D(⇤) +

P
D⇤⇡ (9.47 ± 0.24) %

P
D(⇤) +

P
D⇤⇤ ! D(⇤)⇡ (9.64 ± 0.23) %

Inclusive Xc (10.92 ± 0.16) %

All values from [HFAG 2010]. For the values of D ⇡ and D⇤ ⇡ an uncertainty weighted average of both isospin

modes was calculated assuming a 100% correlation between both values.

) Gap of (1.28 � 1.45 ± 0.29) % which is not accounted for
(first number uses D⇤⇤, second semi-inclusive D(⇤)⇡ branching fractions )
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(0 .86 ± 0.12)%

(0 .84 ± 0.04)%

broad states

narrow states

All values from [HFAG 2010]. For the values of B ! D ⇡ ` ⌫̄` and B ! D⇤ ⇡ ` ⌫̄` an uncertainty weighted

average of both isospin modes was calculated assuming a 100% correlation between both values.

) Gap of (1.28 � 1.45 ± 0.29) % emerges which is not accounted for

(lower limit uses D⇤⇤ ! D(⇤)⇡, upper semi-inclusive D(⇤)⇡ branching fractions )

4 / 5

- Uraltsev’s sum rule + covariant quark model estimate from [EPJ:C52975]

B(B+ → D∗∗1/2=broad `
+ ν)/B(B+ → D∗∗3/2=narrow `

+ ν) v 0.1− 0.2

i.e. clear dominance of narrow over broad.

- Experimental violation known as ’1/2’ vs ’3/2’ puzzle.

- Persistent v 2− 3σ difference between |Vcb| from inclusive vs exclusive

(41.9± 0.4exp. ± 0.6theo.)× 10−3 vs (38.7± 0.6exp. ± 0.5theo.)× 10−3

[ARNPS:201161119]

- Any connections?

measured 1P states

gap inclusive vs exclusive

‘1/2’ vs ‘3/2’ Problem
?

?

? ?
inclusive

exclusive
|Vcb|

|Vcb|
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II. Discovery of new charmed states at BABAR

- BABAR observed four new charmed states [PRD82:111101]:
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Notation m (GeV) Γ (GeV) Sig.

D(2550)0 2.54± 0.01 0.130± 0.018 3σ

D(2600)0 2.61± 0.01 0.093± 0.014 7σ

D(2750)0 2.75± 0.01 0.071± 0.013 4σ

D(2760)0 2.76± 0.01 0.061± 0.006 9σ

The mD∗π mass distribution for D(2550), D(2600), D(2750) is shown. D(2760) reconstructed in Dπ channel.

- Helicity angles of D(2550) and D(2600) helicity consistent with 2S :8
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FIG. 4: (color online) Distribution in cos θH for each signal in D∗+π−. The error bars include statistical and correlated
systematic uncertainties. The curve is a fit using the function Y shown in the plot; εH is the efficiency as a function of cos θH .

cay chains [2]. Although in the last ratio the signal in
the numerator may not be the same as the signal in the
denominator, we determine the ratio, as it may help elu-
cidate the nature of this structure.

In summary, we have analyzed the inclusive produc-
tion of the D+π−, D0π+, and D∗+π− systems in search
of new D meson resonances using 454 fb−1 of data col-
lected by the BABAR experiment. We observe for the first
time four signals, which we denote D(2550)0, D∗(2600)0,
D(2750)0, and D∗(2760)0. We also observe the isospin
partners D∗(2600)+ and D∗(2760)+. The D(2550)0 and
D∗(2600)0 have mass values and cos θH distributions
that are consistent with the predicted radial excitations
D1

0(2S) and D3
1(2S). The D∗(2760)0 signal observed in

D+π− is very close in mass to the D(2750)0 signal ob-
served in D∗+π−; however, their mass and width values
differ by 2.6σ and 1.5σ, respectively. Four L = 2 states

are predicted to lie in this region [1], but only two are ex-
pected to decay to D+π−. This may explain the observed
features.
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Helicity angle from D∗ → Dπ is defined as the angle between the primary pion and πslow from D∗ → Dπslow
(in the D∗ rest frame)

- D(2750) candidate for 1D ( Likely no relevant for semileptonic decays→ cf. Backup )
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II. Strong decays of 2S states D ′ & D ′∗

- Strong D ′ and D ′∗ decays:

2S → 1S
or

2S → 1P → 1S

E.g. p-wave + π → 1S
s-wave + π → 1Pbroad (→ 1S)

Mom. of the emitted pion pπ v 0.01− 0.5 GeV

s-wave + ππ → 1S
d-wave + π → 1Pnarrow (→ 1S)

Signature s-wave: D ′(∗) → D(∗)ππ

Signature p-wave: D ′(∗) → D(∗)π

More decays involving ρ and η in principle allowed

- Significant 2S → 1Pbroad cross
feed plausible [PRD:83014009]
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III. Our Proposal and its Viability

Proposal Explore possibility that the sum of D ′(∗) rate is substantial,

B(B+ → D ′(∗) `+ ν`) v O(1%)

and show that this can help resolve the problems mentioned earlier without giving rise to new ones

1 This is a big enough contribution to the sum over exclusive states to
close the gap between inclusive and exclusive without e.g. introducing
non-resonant B+ → D(∗) π `+ ν` contributions.
A large non-resonant rate at high D∗π invariant mass would disagree with the inclusive lepton spectrum

and the measured semi-exclusive B+ → D(∗) π `+ ν` rate

2 The D ′(∗) states can decay with one pion in an s-wave to members of the
sπl = 1

2

+
states, and could thus enhance the observed decay rate to the

1
2

+
, and thus give rise to the ’1/2’ vs ’3/2’ puzzle.

3 With the relatively low mass of the D ′(∗) the lepton spectrum can stay
quite hard, in agreement with the observations

4 The B(B+ → D∗π `+ ν`) semi inclusive measurement is not in conflict
with our hypothesis, since the decay of the D ′(∗) would yield two or more
pions most of the time.

⇒ full details in Phys.Rev. D85 (2012) 094033 or arXiv:1202.1834
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IV. Prediction for Γ(B+ → D ′(∗) `+ ν`)
- D ′(∗) and D(∗): identical quantum numbers

i.e. same formulae for decay rate and definitions of form factors

IV. Prediction for Γ(B+ → D ′(∗) �+ ν�)

- D ′(∗) and D(∗): identical quantum numbers
i.e. same formulae for decay rate and definitions of form factors

dΓD′∗
dw

=
G2

F |Vcb|2 m5
B

48π3
r3(1 − r)2

√
w2 − 1 (w + 1)2

×
[
1 +

4w

w + 1

1 − 2rw + r2

(1 − r)2

][
F (w)

]2
,

dΓD′
dw

=
G2

F |Vcb|2 m5
B

48π3
r3(1+r)2 (w2−1)3/2 [

G(w)
]2

,

where r = m
D′(∗) /mB and w = v · v ′ denotes the recoil parameter, where v denotes the velocity of the

B meson, and v′ of the D′(∗).

- In mb,c � ΛQCD limit: 6 form factors → single universal Isgur-Wise function ζ2(w)
i.e. F (w) = G(w) = ζ2(w)
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where r = m
D′(∗)/mB and w = v · v′ denotes the recoil parameter, where v denotes the velocity of the

B meson, and v′ of the D′(∗).

- In mb,c � ΛQCD limit: 6 form factors→ single universal Isgur-Wise function ζ2(w)
i.e. F (w) = G(w) = ζ2(w)

- Heavy quark symmetry: ζ2(w = 1) = 0
→ Non-zero rate at zero recoil entirely due to ΛQCD/mb,c corrections

- For w > 1 no power suppression, but low kinematic range of 1 < w < 1.3
role of ΛQCD/mb,c corrections can be very large.

- Naive expectation: dζ2
dw

∣∣
w=1

> 0 In quark model main effect of wave function of the brown

muck is to increase the expectation value of the distance from the heavy quark of a spherically symmetric

wave function. Overlap of initial and final state wave functions should increase as w increases.
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IV. The B+ → D ′(∗) `+ ν` form factors
Not easy to calculate the B+ → D ′(∗) `+ ν` form factors:

a Quark model [PRD:62:014032]
hoped to be trustable near w = 1,

b Modify QCD light-cone sum rule calculation [PJC:60603]
hoped to be reasonable near max. recoil

But Both models were developed, tuned, and tested for states that are the lightest within a given set of

quantum numbers, thus take prediction with truck load of salt. But even rough estimates can be helpful!

Quark Model form factors at w = 1 and linear extrapolation to w = 1.05:

Quark model predictions

QCD Sum rule prediction

quadratic Isgur-Wise function

linear Isgur-Wise function
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IV. The B+ → D ′(∗) `+ ν` form factors
Modify QCD light-cone sum rules so that the 2S state can be projected out
e.g. schematically for the decay constant

IV. The B+ → D ′(∗) �+ ν� form factors
Modified QCD light-cone sum rules so that the 2S state can be projected out ,
e.g. schematically shown for the decay constant

m4
D f 2

D

m2
c (m2

D
− q2)

+
m4

D′ f 2
D′

m2
c (m2

D′ − q2)
+

∫ ∞

sD
′

0

ds
ρ(s)

s − q2
.

where ρ is the spectral density function, and fD and fD′ denote the 1S and 2S decay constant, respectively.

- Form factors are sensitive to the input values of the decay constants,
Borel, and duality parameters.
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where ρ is the spectral density function, and fD and fD′ denote the 1S and 2S decay constant, respectively.

Modification of Borel transformation in [PJC:60603] non-trivial endeavor.

Form factors sensitive fo chosen decay constants, Borel, and duality parameters
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IV. Prediction for Γ(B+ → D ′(∗) `+ ν`)
Parametrize F (w) and G(w) which determine the D ′(∗) as quad. polynom. i.e.

IV. Prediction for Γ(B+ → D ′(∗) �+ ν�)

- Parametrizing F (w) and G(w) which determine the D′(∗) as quadratic
polynomials, i.e.

F (w) = β
∗
0 + (w − 1)β∗

1 + (w − 1)2β
∗
2 ,

G(w) = β0 + (w − 1)β1 + (w − 1)2β2 .

12 / 13

⇒ Rough estimate for sum of two semileptonic B+ → D ′(∗) `+ ν` decays:
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⇒ Rough estimate for the sum of the two semileptonic B+ → D ′(∗) �+ ν� decays

B(B+ → D ′(∗) �+ ν�) � (0.3 − 0.7) %

12 / 13

Earlier quark models without accounting for ΛQCD/mb,c effects obtained smaller rates, c.f.

[PRD:39799],[PTP:91757]. Including ΛQCD/mb,c effects a value of 0.4% was obtained by [PRD:62:014032].

With a linear parametrization and the quark model result only:
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B(B+ → D ′(∗) �+ ν�) � (0.3 − 0.7) %
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Earlier quark models without accounting for ΛQCD/mb,c effects obtained smaller rates, c.f.

[PRD:39799],[PTP:91757]. Including ΛQCD/mb,c effects a value of 0.4% was obtained by [PRD:62:014032].

With a linear parametrization and the quark model result only:

B(B+ → D ′(∗) �+ ν�) � 1.4 %

12 / 13

We take this as an indication that a large radial contribution is plausible, and
that B+ → D ′(∗) `+ ν` may account for a substantial part of the observed ’Gap’
between inclusive and exclusive decays.
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V. Summary and Ideas
- Indication that hypothesis plausible and that B → D′(∗) ` ν̄` may account for a substantial

part of the observed ’gap’.

- Interesting measurement for LHCb (or B-factories): B → D ′(∗) π = [D(∗)π+π−]π−

Factorization [PRL:87201806] implies relation between these channels and semileptonic decay rate at wmax:

V. Summary and Ideas

- We take these numbers as an indication that our hypothesis is plausible,
and that B → D ′(∗) � ν̄� may account for a substantial part of the
observed ’gap’.

- Interesting measurement would be B → D ′(∗) π, i.e. factorization implies

Γ(B → D′(∗)
π) =

3π2 C2 |Vud |2 f 2
π

mB m
D′(∗)

dΓ(B→D′(∗) � ν̄�)
dw

∣∣∣
w=wmax
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C combination of Wilson coefficients with C |Vud | ≈ 1, and wmax corresponds to q2 = 0 w m2
π

- If future measurement find a B → D ′(∗) ` ν̄` decay rate ...
the precise determination of the branching fraction and form factors would impact other measurements and the

theory of semileptonic decays, e.g. it may yield a better understanding . . .

i. . . . of b → c backgrounds and improve |Vub| and |Vcb|
ii. . . . missing exclusive contributions to inclusive B → Xc ` ν̄`
iii. . . . of the measured B → D(∗) τ ν̄τ and its tension with the SM

Further
iv. Help improve the measurements of the semileptonic branching fractions of the

sπl = 1
2

and 3
2

states, thus maybe help resolving the ’1/2’ vs ’3/2’ puzzle
v. Help improve the sum rule bound on the B → D∗ ` ν̄` form factor.

Thank you for your attention!

13 / 15



Backup
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A. Prediction for 1D from QCD sum rules

- QCD sum rule result of [PRD:79034025]
suggests that 1D contributions to the
inclusive semileptonic decay rate are small

Decay PRD:79034025 PLB:478408

B → D∗1 ` ν̄` 6× 10−6

B → D′2 ` ν̄` 6× 10−6

B → D2 ` ν̄` 1.5× 10−4 1× 10−5

B → D∗3 ` ν̄` 2.1× 10−4 1× 10−5

The branching fractions for the four 1D states are quoted.

Note that the D∗1 is not identical with the 1P state with

the same name (which is sometimes denoted as D′1 to

avoid this confusion)

!2ðyÞ ¼ !2ð1Þ½1% "2
!2ðy% 1Þ&;

!2ð1Þ ¼ 0:57' 0:09;

"2
!2 ¼ 0:78' 0:13:

(42)

The errors mainly come from the uncertainty due to !c’s
and T. It is difficult to estimate these systematic errors
which are brought in by the quark-hadron duality. The

maximal values of y are y
D(

1
max ¼ y

D0
2

max ¼ ð1þ r21;2Þ=2r1;2 *
1:213 and yD2

max ¼ y
D(

3
max ¼ ð1þ r23;4Þ=2r3;4 * 1:201. By us-

ing the parameters Vcb ¼ 0:04, GF ¼ 1:166+
10%5 GeV%2, we get the semileptonic decay rates of B !
ðD(

1; D
0
2Þ‘ !# and B ! ðD2; D

(
3Þ‘ !#. Consider that !B ¼

1:638 ps [26], we get the branching ratios, respectively.
All these results are listed in Table I.

Because of the large background from B ! Dð(Þ‘ !# de-
cays, there is no experimental data available so far. As we
can see from Table I, the rates of semileptonic B decay into
the sPl ¼ 3

2
% doublet are tiny and our results are larger than

those predicted by Ref. [24] in the B to sPl ¼ 5
2
% charmed

doublet channels. The difference comes because the way in
which we choose the parameters is different from theirs.
They chose the parameters according to other theoretical
approaches. In contrast, we choose the parameters follow-
ing the way of Ref. [5]. In addition, we also estimate the
universal form factor !2ðyÞ with the sum rule (40) and we
get almost the same result as (42). When trying to estimate
the !1ðyÞ by using the currents (15) and (16), we find that
after the quark-hadron duality are assumed the integral
over the perturbative spectral density becomes zero. As
for the P-wave and the F-wave mesons, similar results can
be obtained after the calculations above have been care-
fully repeated.
The semileptonic and leptonic B decay rate is about

10.9% of the total B decay rate, in which the S-wave
charmed mesons D and D( contribute about 8.65% [26]
and the P-wave charmed mesons contribute about 0.9%
[20]. Our results then suggest that the D-wave charmed
mesons contribute about 0.04% of the total B decay rate.
Sum up the branching ratios of these semileptonic B decay
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FIG. 2 (color online). Prediction for the Isgur-Wise functions
!1ðyÞ and !2ðyÞ.

TABLE I. Predictions for the decay widths and branching
ratios.

Decay
mode

Decay width
" (GeV)

Branching
ratio

Branching ratio
of Ref. [24]

B ! D(
1‘ !# 2:4+ 10%18 6:0+ 10%6

B ! D0
2‘ !# 2:4+ 10%18 6:0+ 10%6

B ! D2‘ !# 6:2+ 10%17 1:5+ 10%4 1+ 10%5

B ! D(
3‘ !# 8:6+ 10%17 2:1+ 10%4 1+ 10%5
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LONG-FEI GAN AND MING-QIU HUANG PHYSICAL REVIEW D 79, 034025 (2009)

034025-6

The Isgur-Wise functions for the 3
2

and the 5
2

1D doublets as a function of the recoil param.

y (= w) are shown.
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