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Fig. 17.1.1. Illustration of semileptonic decay B− → Xℓ−ν̄ℓ.

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 → Xℓν 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)(ℓγ
µPLνℓ) , (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 ∼ 5GeV plays an
important role.70

In exclusive semileptonic decays, one considers the de-
cay of the B meson into a specific final stateX = 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 ∼ 0.5GeV. 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− → ℓ+ℓ−(γ) with ℓ = 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,
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Tension: Inclusive vs. Exclusive Measurement [HFAG 2010]
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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
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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

Courtesy of Florian Bernlochner

B ! D(⇤) ⇡ ` ⌫̄`: Weighted average of both isospin modes, assuming a 100% correlation between both values.

“ Inclusive X
c

- [
P
D

(⇤) +
P
D

⇤⇡] ”:Gap of (1.45± 0.29)% emerges
Uses semi-inclusive D(⇤)⇡ branching fractions; Instead use measured 1P decay D⇤⇤ ! D(⇤)⇡ ) (1.28± 0.28) %
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as illustrated in Fig. 17.1.1. These are governed by the
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mediate W -boson decays leptonically, do not involve any50
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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
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matrix element factorizes from the hadronic part, and that
QCD corrections can only occur in the b → q current.
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the determination of the hadronic matrix element of the65

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

In exclusive semileptonic decays, one considers the de-
cay of the B meson into a specific final stateX = 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
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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 ∼ 0.5GeV. 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− → ℓ+ℓ−(γ) with ℓ = 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)− (
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where (E0,p0) is the four-vector of the colliding beams. If
the only undetected particle in the event is one neutrino,
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• Transitions involving orbital or other excited Xc states make up 
about 3% of all B → Xcl 𝞶 transitions

• Inclusive and all known exclusive B → Xcl 𝞶  measurements leave 
a ‘gap’ of unknown decays:

• 1.3-1.5% in Branching Fraction;  pretty significant

• BaBar identified 0.52% of these to originate from B → D(*) 𝝅𝝅 l 𝞶 

• Still some missing contributions, possibly from η decays and 
other 𝝅𝝅𝝅 final states

• Important backgrounds for R(D) & R(D*) but also |Vcb| 
measurements (as down feed)

• Could be a complementary probe for semi-tauonic decays as R(𝝅)

6

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 ! D

1

(2420)`�⌫ with
D

1

(2420) ! D⇡+⇡�. If we remove these D
1

(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 D

1

(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, S

tot

, where systematic uncertainties
are included.

Channel Yield ✏⇥ 104 S S
tot

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

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

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

2

+

states, and could thus enhance the observed

decay rate to the s⇡l
l = 1

2

+

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

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

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

would yield two or more pions most of the time.

III. THE B ! D0(⇤)`⌫̄ DECAY RATE

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

B ! D(⇤)`⌫̄, in the mc,b � ⇤
QCD

limit, the six form
factors are determined by a single universal Isgur-Wise
function [11], which we denote by ⇠

2

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

d�D0⇤

dw
=

G2

F |Vcb|2 m5

B

48⇡3

r3(1 � r)2
p

w2 � 1 (w + 1)2

⇥

1 +

4w

w + 1

1 � 2rw + r2

(1 � r)2

�⇥
F (w)

⇤
2

, (2)

d�D0

dw
=

G2

F |Vcb|2 m5

B

48⇡3

r3(1 + r)2 (w2 � 1)3/2
⇥
G(w)

⇤
2

,

where, in each equation, r = mD0(⇤)/mB , and in the
mc,b � ⇤

QCD

limit F (w) = G(w) = ⇠
2

(w).
Heavy quark symmetry implies ⇠

2

(1) = 0, so the rate
near zero recoil comes entirely from ⇤

QCD

/mc,b correc-
tions. Away from w = 1, ⇠

2

(w) is no longer power
suppressed; however, since the kinematic range is only
1 < w < 1.3, the role of ⇤

QCD

/mc,b corrections, which
are no longer universal, can be very large [12]. Before
turning to model calculations, note that there is a qual-
itative argument that near w = 1 the slope of ⇠

2

(w),
and probably those of F (w) and G(w) as well, should be
positive. In B ! D0(⇤) transition, in the quark model,
the main e↵ect of the wave function of the brown muck
changing from the 1S to the 2S state is to increase the
expectation value of the distance from the heavy quark
of a spherically symmetric wave function. Thus the over-
lap of the initial and final state wave functions should
increase as w increases above 1.

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

2405± 38 274± 40 FOCUS [10]

2308± 36 240± 66 Belle [11]

2297± 22 273± 49 BABAR [12]

2360± 34 255± 57 LHCb [15]

2320± 17 265± 25 our average

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

The LHCb measurement [15] 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 2400 B⇤

0 , B
⇤
1 —

3
2

+
D1, D

⇤
2 2445 B1, B

⇤
2 5734

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

An interesting feature of the current data is that it
appears possibile that the mD⇤

1
� mD⇤

0
mass splitting

may be substantially larger than the mD⇤
2
� mD1 split-

ting. This possibility was not considered in Refs. [8, 9],
since at that time both of these mass di↵erences were
about 40MeV. The smallness of this value compared to
mD⇤ �mD ' 140 MeV was taken as an indication that
the chromomagnetic operator matrix elements are sup-
pressed for the four 1P states (in agreement with quark
model predictions). In this paper we explore the conse-
quences of relaxing this constraint.

The average masses in Table III and Eq. (1.10) in
Ref. [9], which is valid up to O(⇤3

QCD/m
2
c,b), yield ⇤̄0 =

0.40 GeV (using mb = 4.8 GeV and mc = 1.4 GeV).
The value of ⇤̄⇤ ' 0.35 GeV is substantially more uncer-
tain.

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

1 . It was recently argued that this could be substan-
tial [19], although the fact that even a small mixing of the
D1 with the much broader D⇤

1 would yield �D1 > �D⇤
2
, in

contradiction with the data, suggests that this ⇤QCD/mc

correction may be suppressed [20–22]. Until the masses
are unambiguously measured, it seems premature to us
to study in detail the e↵ects of this mixing, which we
expect to be modest, and leave for another study, should
future data suggest that it may be important.

The rest of this paper is organized as follows. Section II
reviews the B ! D⇤⇤ ` ⌫̄ decays into the four 1P states,
collectively denoted

D⇤⇤ = {D⇤
0 , D

⇤
1 , D1, D

⇤
2} (1)

and provides expressions for these decay rates with the
full lepton mass dependence for the first time. In Sec-
tion IV the form factor expansion of Ref. [9] is briefly
reviewed and Section VI summarizes the experimental
analysis to determine the leading Isgur-Wise function

normalization and slope. Section ?? compares the pre-
diction of the ratios of semileptonic rates for ⌧ and light
leptons,

RD⇤⇤ =
B(B ! D⇤⇤⌧ ⌫̄)

B(B ! D⇤⇤` ⌫̄)
(2)

with the model of Ref. [9]. In Section ?? the modifica-
tions of the rate expressions for the type-II two-Higgs-
doublet model (2HDM) are discussed and predictions
of the ratio of semi-tauonic to light lepton semileptonic
rates is provided. Section IX concludes the manuscript
with a summary of the key findings.
(ZL: not sure where this goes) Experimentally

only semileptonic decays into excited charmed mesons
of the 1P quadruplet are well established. The exist-
ing semileptonic measurements of D⇤⇤ mesons rely on
reconstructing the hadronic decays into D⇤⇤ 0 ! D� ⇡+

or D⇤⇤ 0 ! D⇤� ⇡+ final states and measurements of
all exclusive 1S and 1P modes account for only about
85% of the inclusive rate, cf. Ref. [24]. From the study
of hadronic decays it is known that the D1 meson also
decays into a D⇡⇡, without an intermediate D⇤ me-
son. Indication for this was seen in semileptonic de-
cays [23], as well the first observation of semi-exclusive
B ! D(⇤) ⇡+⇡� ` ⌫̄ decays [].

II. THE B ! D⇤⇤` ⌫̄ DECAYS IN THE SM

The e↵ective SM Lagrangian describing the b ! c ` ⌫̄
transition is given by

Le↵ = �4GFp
2

Vcb

�
c̄ �µPLb

��
⌫̄ �µPL`

�
+ h.c. , (3)

with the projection operator PL = (1� �5)/2 and GF is
the Fermi constant. In this section ` denotes any massive
lepton unless stated otherwise. The B ! D⇤⇤` ⌫̄ decay
amplitude depends on nonperturbative hadronic matrix
elements that can be expressed using Lorentz invariance
and the equation of motion in terms of form factors. The
precise Lorentz structure and number of form factors de-
pend on the spin quantum number of the final state me-
son:

hS(v0)|V µ|B(v)ip
mm0

= 0 , (4)

hS(v0)|Aµ|B(v)ip
mm0

= (vµ + v0µ) f+ + (vµ � v0µ) f� ,

hV (v0, ✏)|V µ|B(v)ip
mm0

= ✏µ fV 1 + (✏ · v) �vµ fV 2 + v0µ fV 3

�
,

hV (v0, ✏)|Aµ|B(v)ip
mm0

= i ✏µ↵�� ✏↵ v� v
0
� fA .

hT (v0, ✏)|V µ|B(v)ip
mm0

= i ✏µ↵�� ✏↵�v
� v� v

0
� kV ,
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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
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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],

• Excited Xc states: orbital (and to a lesser extend radial and other states) 

• Exclusive orbital 1P states with D** → D(*)𝝅  have been experimentally sought 
for and been found

• Some tension for broad states (between BaBar & Belle for D1*)
• Two doublets, one broad one narrow (due to D- versus S-Wave strong decay 

transitions)
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Semileptonic B meson decays into the four lightest excited 1P charmed meson states (D⇤
0 , D

⇤
1 ,

D1, and D⇤
2) are investigated in the Standard Model and in the type-II two-Higgs-doublet model.

Predictions for di↵erential branching fractions as functions of the four-momentum transfer squared
are presented, as well as predictions for the ratios of the semi-tauonic and light lepton semileptonic
branching fractions. These predictions rely on the determination of the leading Isgur-Wise function
from the measured total semileptonic branching fractions of the narrow 1P states, as well as the
hadronic branching fractions which are related through factorization to the semileptonic form factors
at maximal recoil. In addition, the dependence of the ratio of semi-tauonic and light lepton branching
fractions on the two-Higgs-doublet model parameters tan� and m±

H is predicted for all four states.

I. INTRODUCTION

The study of semileptonic b ! c decays is a central
focus of the B factory experiments BABAR and Belle, as
well as of the LHCb experiment. Such decays are im-
portant for the measurement of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element |Vcb| and are also probes
of physics beyond the standard model (SM). Theoreti-
cally, the exclusive decays into the ground state charmed
mesons, D andD⇤, are well understood and also inclusive
semileptonic B ! Xc`⌫̄ decays were the focus of exten-
sive research over the past decade. Semileptonic decays
into excited charmed mesons received less attention, but
are important for the following reasons.

1. Recently, BABAR, Belle, and LHCb reported dis-
crepancies from the SM predictions in semi-tauonic
decays compared to the ` = e, µ light lepton final
states [1–4]. Their average shows a disagreement
with the SM expectation at the 3.9� level [5]. This
tension is intriguing, because it occurs in a tree-
level SM process, and most new physics explana-
tions require new states at or below 1TeV [6].

Semileptonic decays into excited charmed mesons
with light leptons are an important background,
and their better understanding is needed to im-
prove the precision of these ratios.

2. Determinations of the CKM matrix element |Vcb|
from exclusive and inclusive semileptonic B decays
exhibit a nearly 3� tension [5]. Decays involving
heavier charmed mesons are an important back-
ground of untagged exclusive measurements, and
are also important in inclusive |Vcb| measurements
since e�ciency and acceptance e↵ects are modelled
using a mix of exclusive decay modes that includes
decays into excited charmed mesons.

3. Semi-tauonic decays into excited charmed mesons
provide a complementary probe of the enhance-
ments observed in the semi-tauonic decays to D

and D⇤. Moreover, the measured semi-tauonic de-
cays to D and D⇤ appear to saturate the inclu-
sive B̄ ! X ⌧ ⌫̄ rate [6]. This motivates measuring
this decay, and if the enhancement is verified, new
physics modifying the D(⇤) rates must also fit the
semi-tauonic rates for higher charmed states.

Heavy quark symmetry [7] provides some model inde-
pendent predictions for exclusive semileptonic B decays
to excited charmed mesons, even including ⇤QCD/mc,b

corrections [8]. Approximations based on those results
constitute the LLSW model [9], used in many experi-
mental analysis. The key observation was that some of
the ⇤QCD/mc,b corrections to semileptonic form factors
at zero recoil are determined by the masses of orbitally
excited charmed mesons [8, 9], which we review first.
The level of agreement among the measurements of

the masses and widths of the four excited states in the
last 4 rows of Table I is not ideal. This table shows
the isospin averaged masses and width, as well as the
quantum numbers of these states. In the heavy quark
limit, the spin-parity of the light degrees of freedom, s⇡l

l ,
is a conserved quantum number [17]. In particular, the
mass of the D⇤

0(2400) varies in published papers by over
100MeV, as shown in Table II. The confidence level of
the mass average is 10%, so we do not inflate it.

Particle s⇡l
l JP m (MeV) � (MeV)

D⇤
0

1
2

+
0+ 2320 265

D⇤
1

1
2

+
1+ 2427 384

D1
3
2

+
1+ 2421 34

D⇤
2

3
2

+
2+ 2462 48

B1
3
2

+
1+ 5727 28

B⇤
2

3
2

+
2+ 5739 23

TABLE I. Isospin averaged masses and widths of some excited
D mesons, rounded to 1MeV. For the 3

2

+
states we averaged

the PDG with LHCb measurements [13, 14] not included in
the PDG. The D⇤

0 mass is discussed in the text; see Table II.

In what follows: 
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How can we improve our understanding of these states?
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Sum rules

Lattice QCD

D⇤⇤
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Mass splittings, Nonleptonic & semileptonic rates

New Measurements
of B and Bs decays

Quark Models

Sum rules

Lattice QCD

D⇤⇤

How can we improve our understanding of these states?
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Fig. 17.1.1. Illustration of semileptonic decay B− → Xℓ−ν̄ℓ.

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 → Xℓν 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)(ℓγ
µPLνℓ) , (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 ∼ 5GeV plays an
important role.70

In exclusive semileptonic decays, one considers the de-
cay of the B meson into a specific final stateX = 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 ∼ 0.5GeV. 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− → ℓ+ℓ−(γ) with ℓ = 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]

I. Introduction: Summary of the exp. and theo. situation
a Recap of incl. and excl. measurements
b Recap of the ’1/2’ vs ’3/2’ problem

II. Discovery of potential 2S charmed state(s) by BABAR

III. Our Proposal and its Viability

IV. Prediction of Γ(B → D ′(∗) ℓ ν̄ℓ) using light-cone sum rules

V. Summary
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Brief recap what we know about these states from theory
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• Heavy quark symmetry implies that in mQ → ∞ limit matrix elements of 
weak currents between a B meson and an excited charmed D** meson 
vanish at zero recoil.

• i.e. in mQ → ∞ limit the D and D* are the only mesons with non-vanishing 
matrix elements at zero recoil (which in practice does not help you as there is also a kinematic 
suppression)

• However, ΛQCD/mQ corrections produce matrix elements that are non-zero

• Most phase space of Excited charmed D** mesons is near zero recoil (due 
to the D** meson mass being higher than D & D*, w = v * v’ spans only 1-1.3)

• Heavy quark effective theory, i.e. the limit of QCD where the heavy quark 
mass goes to infinity, provides some model independent information

I. INTRODUCTION

Heavy quark symmetry [1] implies that in the mQ → ∞ limit matrix elements of the
weak currents between a B meson and an excited charmed meson vanish at zero recoil (where
in the rest frame of the B the final state charmed meson is also at rest). However, in some
cases at order ΛQCD/mQ these matrix elements are not zero [2]. Since most of the phase
space for semileptonic B decay to excited charmed mesons is near zero recoil, ΛQCD/mQ

corrections can be very important. This paper is concerned with rates for B semileptonic
decay to excited charmed mesons, including the effects of ΛQCD/mQ corrections.

The use of heavy quark symmetry resulted in a dramatic improvement in our under-
standing of the spectroscopy and weak decays of hadrons containing a single heavy quark,
Q. In the limit where the heavy quark mass goes to infinity, mQ → ∞, such hadrons are
classified not only by their total spin J , but also by the spin of their light degrees of freedom
(i.e., light quarks and gluons), sℓ [3]. In this limit hadrons containing a single heavy quark
come in degenerate doublets with total spin, J± = sℓ± 1

2 , coming from combining the spin of
the light degrees of freedom with the spin of the heavy quark, sQ = 1

2 . (An exception occurs
for baryons with sℓ = 0, where there is only a single state with J = 1

2 .) The ground state
mesons with Q q̄ flavor quantum numbers contain light degrees of freedom with spin-parity
sπℓ

ℓ = 1
2

−
, giving a doublet containing a spin zero and spin one meson. For Q = c these

mesons are the D and D∗, while Q = b gives the B and B∗ mesons.
Excited charmed mesons with sπℓ

ℓ = 3
2

+
have been observed. These are the D1 and D∗

2

mesons with spin one and two, respectively. (There is also evidence for the analogous Q = b
heavy meson doublet.) For q = u, d, the D1 and D∗

2 mesons have been observed to decay to
D(∗) π and are narrow with widths around 20 MeV. (The Ds1 and D∗

s2 strange mesons decay
to D(∗)K.) In the nonrelativistic constituent quark model these states correspond to L = 1
orbital excitations. Combining the unit of orbital angular momentum with the spin of the
light antiquark leads to states with sπℓ

ℓ = 1
2

+
and 3

2

+
. The 1

2

+
doublet, (D∗

0, D
∗
1), has not

been observed. Presumably this is because these states are much broader than those with
sπℓ

ℓ = 3
2

+
. A vast discrepancy in widths is expected since the members of the 1

2

+
doublet

of charmed mesons decay to D(∗) π in an S-wave while the members of the 3
2

+
doublet of

charmed mesons decay to D(∗) π in a D-wave. (An S-wave D1 → D∗ π amplitude is allowed
by total angular momentum conservation, but forbidden in the mQ → ∞ limit by heavy
quark spin symmetry [3].)

The heavy quark effective theory (HQET) is the limit of QCD where the heavy quark
mass goes to infinity with its four velocity, v, fixed. The heavy quark field in QCD, Q, is
related to its counterpart in HQET, h(Q)

v , by

Q(x) = e−imQv·x

!

1 +
iD/

2mQ
+ . . .

"

h(Q)
v , (1.1)

where v/h(Q)
v = h(Q)

v and the ellipses denote terms suppressed by further powers of ΛQCD/mQ.
Putting Eq. (1.1) into the part of the QCD Lagrangian involving the heavy quark field,
L = Q̄ (iD/−mQ) Q, gives

L = LHQET + δL + . . . . (1.2)

2full QCD Lagrangian
HQET Lagrangian, independent of the heavy quark mass and its spin

O(ΛQCD/mQ) terms 

LLSW: PRL 78 (1997) 3995, Phys.Rev.D57:308-330,1998
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leading mQ → ∞ Isgur-Wise function, τ , and Λ̄′ − Λ̄ (which is known in terms of hadron
mass splittings from Eq. (1.10)). Away from zero recoil new Isgur-Wise functions occur,
which are unknown. These introduce a significant uncertainty. The ΛQCD/mQ corrections
enhance considerably the B semileptonic decay rate to the D1 state, and for zero helicity the
slope of dΓ(B → D1 e ν̄e)/dw at w = 1 is predicted. These corrections also reduce the ratio
R = B(B → D∗

2 e ν̄e)/B(B → D1 e ν̄e) compared to its value in the mQ → ∞ limit. The
value of τ at zero recoil is not fixed by heavy quark symmetry, and must be determined from
experiment. The measured B → D1 e ν̄e branching ratio is used to determine (with some
model dependent assumptions) |τ(1)| = 0.71. The effects of perturbative QCD corrections
are also discussed, with further details given in Appendix A.

It is interesting to understand the composition of the inclusive B semileptonic decay rate
in terms of exclusive final states. In Section III, the HQET predictions for the differential
decay rates for B → D∗

0 e ν̄e and B → D∗
1 e ν̄e are investigated. The situation for the excited

sπℓ
ℓ = 1

2

+
multiplet is similar to the sπℓ

ℓ = 3
2

+
multiplet discussed in Section II. Using a

quark model relation between the leading mQ → ∞ Isgur-Wise functions for B decays to
the sπℓ

ℓ = 3
2

+
and sπℓ

ℓ = 1
2

+
charmed mesons (and some other model dependent assumptions),

the rates for B → D∗
0 e ν̄e and B → D∗

1 e ν̄e are predicted.
Section IV discusses the contribution of other excited charmed mesons to the matrix

elements of the vector and axial-vector current at zero recoil. Only excited charmed hadrons
with sπℓ

ℓ = 1
2

−
, 3

2

−
and 1

2

+
, 3

2

+
can contribute. The 3

2

+
and 1

2

+
doublets are discussed in

Sections II and III. This section deals with the 1
2

−
and 3

2

−
cases, where the ΛQCD/mQ

corrections to the states from δL give rise to non-vanishing zero recoil matrix elements.
Section V examines other applications of our results. Using factorization, predictions

are made for nonleptonic B decay widths to D∗
2 π, D1 π and to D∗

1 π, D∗
0 π. The importance

of our results for B decay sum rules is discussed. Including the excited states dramatically
strengthens the Bjorken lower bound on the slope of the B → D(∗) e ν̄e Isgur-Wise function.

Concluding remarks and a summary of our most significant predictions are given in
Section VI.

II. B → D1 e ν̄e AND B → D∗
2 e ν̄e DECAYS

The matrix elements of the vector and axial-vector currents (V µ = c̄ γµ b and Aµ =
c̄ γµγ5 b) between B mesons and D1 or D∗

2 mesons can be parameterized as

⟨D1(v′, ϵ)| V µ |B(v)⟩
√

mD1 mB
= fV1 ϵ∗µ + (fV2v

µ + fV3v
′µ) (ϵ∗ · v) ,

⟨D1(v′, ϵ)|Aµ |B(v)⟩
√

mD1 mB
= i fA εµαβγϵ∗αvβv

′
γ ,

⟨D∗
2(v

′, ϵ)|Aµ |B(v)⟩
√mD∗

2
mB

= kA1 ϵ∗µαvα + (kA2v
µ + kA3v

′µ) ϵ∗αβ vαvβ ,

⟨D∗
2(v

′, ϵ)| V µ |B(v)⟩
√

mD∗
2
mB

= i kV εµαβγϵ∗ασvσvβv
′
γ , (2.1)

6

• Matrix elements of vector and axial-vector currents between B mesons and D1 
and D2* mesons can be parametrized with 2 x 4 form factors

7

• Form factors: dimensionless functions of w = v * v’, the product of the four-velocities of 
the B & D** meson

where the form factors fi and ki are dimensionless functions of w. At zero recoil (v = v′)
only the fV1 form factor can contribute, since v′ dotted into the polarization (ϵ∗µ or ϵ∗µα)
vanishes.

The differential decay rates can be written in terms of the form factors in Eq. (2.1). It is
useful to separate the contributions to the different helicities of the D1 and D∗

2 mesons, since
the ΛQCD/mQ corrections effect these differently, and the decay rates into different helicity
states will probably be measurable. We define θ as the angle between the charged lepton and
the charmed meson in the rest frame of the virtual W boson, i.e., in the center of momentum
frame of the lepton pair. The different helicity amplitudes yield different distributions in θ.
In terms of w = v · v′ and θ, the double differential decay rates are

d2ΓD1

dw dcos θ
= 3Γ0 r3

1

√
w2 − 1

!
sin2 θ

"
(w − r1)fV1 + (w2 − 1)(fV3 + r1fV2)

#2
(2.2)

+(1− 2r1w + r2
1)
"
(1 + cos2 θ) [f 2

V1
+ (w2 − 1)f 2

A]− 4 cos θ
√

w2 − 1 fV1 fA

#$
,

d2ΓD∗
2

dw dcos θ
=

3

2
Γ0 r3

2 (w2 − 1)3/2
!

4

3
sin2 θ

"
(w − r2)kA1 + (w2 − 1)(kA3 + r2kA2)

#2

+(1− 2r2w + r2
2)
"
(1 + cos2 θ) [k2

A1
+ (w2 − 1)k2

V ]− 4 cos θ
√

w2 − 1 kA1 kV

#$
,

where Γ0 = G2
F |Vcb|2 m5

B/(192π3), r1 = mD1/mB, r2 = mD∗
2
/mB. The semileptonic B decay

rate into any J ̸= 1 state involves an extra factor of w2 − 1. The sin2 θ term is the helicity
zero rate, while the 1 + cos2 θ and cos θ terms determine the helicity λ = ±1 rates. Since
the weak current is V −A in the standard model, B mesons can only decay into the helicity
|λ| = 0, 1 components of any excited charmed mesons. The decay rate for |λ| = 1 vanishes
at maximal recoil, wmax = (1+r2)/(2r), as implied by the 1−2rw+r2 factors above (r = r1

or r2). From Eq. (2.2) it is straightforward to obtain the double differential rate d2Γ/dw dy
using the relation

y = 1− rw − r
√

w2 − 1 cos θ , (2.3)

where y = 2Ee/mB is the rescaled lepton energy.
The form factors fi and ki can be parameterized by a set of Isgur-Wise functions at each

order in ΛQCD/mQ. It is simplest to calculate the matrix elements in Eq. (2.1) using the
trace formalism [17,18]. The fields Pv and P ∗µ

v that destroy members of the sπl
l = 1

2

−
doublet

with four-velocity v are in the 4× 4 matrix

Hv =
1 + v/

2

"
P ∗µ

v γµ − Pv γ5

#
. (2.4)

while for sπl
l = 3

2

+
the fields P ν

v and P ∗µν
v are in

F µ
v =

1 + v/

2

!
P ∗µν

v γν −
%

3

2
P ν

v γ5

&
gµ

ν −
1

3
γν(γ

µ − vµ)
'$

. (2.5)

The matrices H and F satisfy the properties v/Hv = Hv = −Hvv/, v/F µ
v = F µ

v = −F µ
v v/, and

F µ
v γµ = F µ

v vµ = 0.

7

Angle between the charged lepton and the charmed meson in the rest frame of the virtual W boson

w = v · v0

Brief recap what we know about these states from theory
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• Form factors can be parametrized by a set of ‘Isgur-Wise’ functions at each 
order in ΛQCD/mQ.

• The matrix element of the b → c flavour changing current can be written as

• The Isgur-Wise function is a dimensionless function parametrizing the strong 
dynamic.

• At order ΛQCD/mQ there are corrections originating from matching the b → c  
current onto the effective theory 

To leading order in ΛQCD/mQ and αs, matrix elements of the b → c flavor changing
current between the states destroyed by the fields in Hv and F σ

v′ are

c̄Γ b = h̄(c)
v′ Γ h(b)

v = τ(w) Tr
!
vσF̄

σ
v′ Γ Hv

"
. (2.6)

Here τ(w) is a dimensionless function, and h(Q)
v is the heavy quark field in the effective theory

(τ is
√

3 times the function τ3/2 of Ref. [19]). This matrix element vanishes at zero recoil
for any Dirac structure Γ and for any value of τ(1), since the B meson and the (D1, D∗

2)
mesons are in different heavy quark spin symmetry multiplets, and the current at zero recoil
is related to the conserved charges of heavy quark spin-flavor symmetry. Eq. (2.6) leads to
the mQ →∞ predictions for the form factors fi and ki given in Ref. [19].

At order ΛQCD/mQ, there are corrections originating from the matching of the b → c
flavor changing current onto the effective theory, and from order ΛQCD/mQ corrections to
the effective Lagrangian. The current corrections modify the first equality in Eq. (2.6) to

c̄Γ b = h̄(c)
v′

#
Γ−

i

2mc

←−
D/ Γ +

i

2mb
Γ
−→
D/
$

h(b)
v . (2.7)

For matrix elements between the states destroyed by the fields in F σ
v′ and Hv, the new order

ΛQCD/mQ operators in Eq. (2.7) are

h̄(c)
v′ i
←−
Dλ Γ h(b)

v = Tr
!
S(c)

σλ F̄ σ
v′ Γ Hv

"
,

h̄(c)
v′ Γ i

−→
Dλ h(b)

v = Tr
!
S(b)

σλ F̄ σ
v′ Γ Hv

"
. (2.8)

The most general form for these quantities is

S(Q)
σλ = vσ

%
τ (Q)
1 vλ + τ (Q)

2 v′
λ + τ (Q)

3 γλ

&
+ τ (Q)

4 gσλ . (2.9)

The functions τi depend on w, and have mass dimension one.3 They are not all independent.
The equation of motion for the heavy quarks, (v · D) h(Q)

v = 0, implies

w τ (c)
1 + τ (c)

2 − τ (c)
3 = 0 ,

τ (b)
1 + w τ (b)

2 − τ (b)
3 + τ (b)

4 = 0 . (2.10)

Four more relations can be derived using

i∂ν (h̄(c)
v′ Γ h(b)

v ) = (Λ̄vν − Λ̄′v′
ν) h̄(c)

v′ Γ h(b)
v , (2.11)

which is valid between the states destroyed by the fields in F σ
v′ and Hv. This relation follows

from translation invariance and the definition of the heavy quark fields h(Q)
v . It implies that

3Order ΛQCD/mc corrections were also analyzed in Ref. [20]. We find that τ4 (denoted ξ4 in [20])
does contribute in Eq. (2.8) for Γ = γλ

'Γ, and corrections to the Lagrangian are parameterized by
more functions than in [20].

8

Isgur Wise Function Trace of fields that are annihilated or createdHeavy quark field(s) 
in the effective theory

To leading order in ΛQCD/mQ and αs, matrix elements of the b → c flavor changing
current between the states destroyed by the fields in Hv and F σ

v′ are

c̄Γ b = h̄(c)
v′ Γ h(b)

v = τ(w) Tr
!
vσF̄

σ
v′ Γ Hv

"
. (2.6)

Here τ(w) is a dimensionless function, and h(Q)
v is the heavy quark field in the effective theory

(τ is
√

3 times the function τ3/2 of Ref. [19]). This matrix element vanishes at zero recoil
for any Dirac structure Γ and for any value of τ(1), since the B meson and the (D1, D∗

2)
mesons are in different heavy quark spin symmetry multiplets, and the current at zero recoil
is related to the conserved charges of heavy quark spin-flavor symmetry. Eq. (2.6) leads to
the mQ →∞ predictions for the form factors fi and ki given in Ref. [19].

At order ΛQCD/mQ, there are corrections originating from the matching of the b → c
flavor changing current onto the effective theory, and from order ΛQCD/mQ corrections to
the effective Lagrangian. The current corrections modify the first equality in Eq. (2.6) to

c̄Γ b = h̄(c)
v′

#
Γ−

i

2mc

←−
D/ Γ +

i

2mb
Γ
−→
D/
$

h(b)
v . (2.7)

For matrix elements between the states destroyed by the fields in F σ
v′ and Hv, the new order

ΛQCD/mQ operators in Eq. (2.7) are

h̄(c)
v′ i
←−
Dλ Γ h(b)

v = Tr
!
S(c)

σλ F̄ σ
v′ Γ Hv

"
,

h̄(c)
v′ Γ i

−→
Dλ h(b)

v = Tr
!
S(b)

σλ F̄ σ
v′ Γ Hv

"
. (2.8)

The most general form for these quantities is

S(Q)
σλ = vσ

%
τ (Q)
1 vλ + τ (Q)

2 v′
λ + τ (Q)

3 γλ

&
+ τ (Q)

4 gσλ . (2.9)

The functions τi depend on w, and have mass dimension one.3 They are not all independent.
The equation of motion for the heavy quarks, (v · D) h(Q)

v = 0, implies

w τ (c)
1 + τ (c)

2 − τ (c)
3 = 0 ,

τ (b)
1 + w τ (b)

2 − τ (b)
3 + τ (b)

4 = 0 . (2.10)

Four more relations can be derived using

i∂ν (h̄(c)
v′ Γ h(b)

v ) = (Λ̄vν − Λ̄′v′
ν) h̄(c)

v′ Γ h(b)
v , (2.11)

which is valid between the states destroyed by the fields in F σ
v′ and Hv. This relation follows

from translation invariance and the definition of the heavy quark fields h(Q)
v . It implies that

3Order ΛQCD/mc corrections were also analyzed in Ref. [20]. We find that τ4 (denoted ξ4 in [20])
does contribute in Eq. (2.8) for Γ = γλ

'Γ, and corrections to the Lagrangian are parameterized by
more functions than in [20].

8

• LLSW expansion: all of these contributions can be expressed in terms of sub-
leading ‘Isgur-Wise’ functions and measurable meson mass splittings

Brief recap what we know about these states from theory
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• Other ΛQCD/mQ and 𝛼s corrections arise from modifications in the Lagrangian

• Heavy quark symmetry in the first term is broken by ΛQCD/mQ  terms:

• Kinetic energy term: breaks flavour symmetry, but leaves spin symmetry intact

• Chromomagnetic term, breaks both symmetries

‣ Lead to additional terms in expansion.

9

I. INTRODUCTION

Heavy quark symmetry [1] implies that in the mQ → ∞ limit matrix elements of the
weak currents between a B meson and an excited charmed meson vanish at zero recoil (where
in the rest frame of the B the final state charmed meson is also at rest). However, in some
cases at order ΛQCD/mQ these matrix elements are not zero [2]. Since most of the phase
space for semileptonic B decay to excited charmed mesons is near zero recoil, ΛQCD/mQ

corrections can be very important. This paper is concerned with rates for B semileptonic
decay to excited charmed mesons, including the effects of ΛQCD/mQ corrections.

The use of heavy quark symmetry resulted in a dramatic improvement in our under-
standing of the spectroscopy and weak decays of hadrons containing a single heavy quark,
Q. In the limit where the heavy quark mass goes to infinity, mQ → ∞, such hadrons are
classified not only by their total spin J , but also by the spin of their light degrees of freedom
(i.e., light quarks and gluons), sℓ [3]. In this limit hadrons containing a single heavy quark
come in degenerate doublets with total spin, J± = sℓ± 1

2 , coming from combining the spin of
the light degrees of freedom with the spin of the heavy quark, sQ = 1

2 . (An exception occurs
for baryons with sℓ = 0, where there is only a single state with J = 1

2 .) The ground state
mesons with Q q̄ flavor quantum numbers contain light degrees of freedom with spin-parity
sπℓ

ℓ = 1
2

−
, giving a doublet containing a spin zero and spin one meson. For Q = c these

mesons are the D and D∗, while Q = b gives the B and B∗ mesons.
Excited charmed mesons with sπℓ

ℓ = 3
2

+
have been observed. These are the D1 and D∗

2

mesons with spin one and two, respectively. (There is also evidence for the analogous Q = b
heavy meson doublet.) For q = u, d, the D1 and D∗

2 mesons have been observed to decay to
D(∗) π and are narrow with widths around 20 MeV. (The Ds1 and D∗

s2 strange mesons decay
to D(∗)K.) In the nonrelativistic constituent quark model these states correspond to L = 1
orbital excitations. Combining the unit of orbital angular momentum with the spin of the
light antiquark leads to states with sπℓ

ℓ = 1
2

+
and 3

2

+
. The 1

2

+
doublet, (D∗

0, D
∗
1), has not

been observed. Presumably this is because these states are much broader than those with
sπℓ

ℓ = 3
2

+
. A vast discrepancy in widths is expected since the members of the 1

2

+
doublet

of charmed mesons decay to D(∗) π in an S-wave while the members of the 3
2

+
doublet of

charmed mesons decay to D(∗) π in a D-wave. (An S-wave D1 → D∗ π amplitude is allowed
by total angular momentum conservation, but forbidden in the mQ → ∞ limit by heavy
quark spin symmetry [3].)

The heavy quark effective theory (HQET) is the limit of QCD where the heavy quark
mass goes to infinity with its four velocity, v, fixed. The heavy quark field in QCD, Q, is
related to its counterpart in HQET, h(Q)

v , by

Q(x) = e−imQv·x

!

1 +
iD/

2mQ
+ . . .

"

h(Q)
v , (1.1)

where v/h(Q)
v = h(Q)

v and the ellipses denote terms suppressed by further powers of ΛQCD/mQ.
Putting Eq. (1.1) into the part of the QCD Lagrangian involving the heavy quark field,
L = Q̄ (iD/−mQ) Q, gives

L = LHQET + δL + . . . . (1.2)

2full QCD Lagrangian
HQET Lagrangian, independent of the heavy quark mass and its spin

O(ΛQCD/mQ) + 𝛼s terms 

The HQET Lagrangian [4]

LHQET = h̄(Q)
v iv · D h(Q)

v (1.3)

is independent of the mass of the heavy quark and its spin, and so for NQ heavy quarks with
the same four velocity v there is a U(2NQ) spin-flavor symmetry. This symmetry is broken
by the order ΛQCD/mQ terms [5] in δL,

δL =
1

2mQ

!
O(Q)

kin,v + O(Q)
mag,v

"
, (1.4)

where

O(Q)
kin,v = h̄(Q)

v (iD)2 h(Q)
v , O(Q)

mag,v = h̄(Q)
v

gs

2
σαβGαβ h(Q)

v . (1.5)

The first term in Eq. (1.4) is the heavy quark kinetic energy. It breaks the flavor symmetry
but leaves the spin symmetry intact. The second is the chromomagnetic term, which breaks
both the spin and flavor symmetries. (In the rest frame, it is of the form µ⃗Q · B⃗color, where
µ⃗Q is the heavy quark color magnetic moment.)

The hadron masses give important information on some HQET matrix elements. The
mass formula for a spin symmetry doublet of hadrons H± with total spin J± = sℓ ± 1

2 is

mH±
= mQ + Λ̄H −

λH
1

2mQ
±

n∓ λH
2

2mQ
+ . . . , (1.6)

where the ellipsis denote terms suppressed by more powers of ΛQCD/mQ and n± = 2J± + 1
is the number of spin states in the hadron H±. The parameter Λ̄ is the energy of the light
degrees of freedom in the mQ →∞ limit, λ1 determines the heavy quark kinetic energy1

λH
1 =

1

2v0 mH±

⟨H±(v)| h̄(Q)
v (iD)2 h(Q)

v |H±(v)⟩ , (1.7)

and λ2 determines the chromomagnetic energy

λH
2 =

∓1

2v0 mH±
n∓
⟨H±(v)| h̄(Q)

v

gs

2
σαβGαβ h(Q)

v |H±(v)⟩ . (1.8)

Λ̄ and λ1 are independent of the heavy quark mass, while λ2 has a weak logarithmic depen-
dence on mQ. Of course they depend on the particular spin symmetry doublet to which H±

belong. In this paper, we consider heavy mesons in the ground state sπℓ
ℓ = 1

2

−
doublet and

the excited sπℓ

ℓ = 3
2

+
and 1

2

+
doublets. We reserve the notation Λ̄, λ1, λ2 for the ground

state multiplet and use Λ̄′, λ′
1, λ′

2 and Λ̄∗, λ∗
1, λ∗

2 for the excited sπℓ
ℓ = 3

2

+
and 1

2

+
doublets,

respectively.

1Hadron states labeled by their four-velocity, v = pH/mH , satisfy the standard covariant normal-

ization ⟨H(p′H) |H(pH)⟩ = (2π)3 2EH δ3(p⃗ ′
H − p⃗H).

3
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Leading ‘IW’

subleading ‘IW’s

chromomagnetic terms

kinetic terms

For matrix elements between the states destroyed by the fields in F σ
v′ and Hv, the time

ordered products of the chromomagnetic term in δL with the leading order currents are

i
!

d4xT
"
O(c)

mag,v′(x)
#
h̄(c)

v′ Γ h(b)
v

$
(0)

%
= Tr

&
R(c)

σαβ F̄ σ
v′ iσ

αβ 1 + v/′

2
Γ Hv

'
,

i
!

d4xT
"
O(b)

mag,v(x)
#
h̄(c)

v′ Γ h(b)
v

$
(0)

%
= Tr

&
R(b)

σαβ F̄ σ
v′ Γ

1 + v/

2
iσαβHv

'
. (2.17)

The most general parameterizations of R(Q) are

R(c)
σαβ = η(c)

1 vσγαγβ + η(c)
2 vσvαγβ + η(c)

3 gσαvβ ,

R(b)
σαβ = η(b)

1 vσγαγβ + η(b)
2 vσv

′
αγβ + η(b)

3 gσαv′
β . (2.18)

Only the part of R(Q)
σαβ antisymmetric in α and β contributes when inserted into Eq. (2.17).

The functions ηi depend on w, and have mass dimension one. Note that gσαγβ is dependent
on the tensor structures included in Eq. (2.18) for matrix elements between these states.
For example, for the ΛQCD/mc corrections the following trace identity holds

Tr
&#

vσγαγβ + 2gσαvβ + 2(1 + w) gσαγβ

$
F̄ σ

v′ σ
αβ 1 + v/′

2
ΓHv

'
= 0 . (2.19)

All contributions arising from the time ordered products in Eq. (2.17) vanish at zero recoil,
since vσF̄ σ

v = 0 and vα(1 + v/)σαβ(1 + v/) = 0. Thus we find that at zero recoil the only
ΛQCD/mQ corrections that contribute are determined by measured meson mass splittings
and the value of the leading order Isgur-Wise function at zero recoil.

The form factors in Eq. (2.1) depend on η(b)
i only through the linear combination ηb =

η(b)
ke + 6 η(b)

1 − 2(w − 1) η(b)
2 + η(b)

3 . Denoting εQ = 1/(2mQ) and dropping the superscript on

τ (c)
i and η(c)

i , the B → D1 e ν̄e form factors are [2]
√

6 fA = −(w + 1)τ − εb{(w − 1)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2] + (w + 1)ηb}
−εc[4(wΛ̄′ − Λ̄)τ − 3(w − 1)(τ1 − τ2) + (w + 1)(ηke − 2η1 − 3η3)] ,√

6 fV1 = (1− w2)τ − εb(w
2 − 1)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]

−εc[4(w + 1)(wΛ̄′ − Λ̄)τ − (w2 − 1)(3τ1 − 3τ2 − ηke + 2η1 + 3η3)] ,√
6 fV2 = −3τ − 3εb[(Λ̄

′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]

−εc[(4w − 1)τ1 + 5τ2 + 3ηke + 10η1 + 4(w − 1)η2 − 5η3] ,√
6 fV3 = (w − 2)τ + εb{(2 + w)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2]− (2− w)ηb}

+εc[4(wΛ̄′ − Λ̄)τ + (2 + w)τ1 + (2 + 3w)τ2

+ (w − 2)ηke − 2(6 + w)η1 − 4(w − 1)η2 − (3w − 2)η3] . (2.20)

The analogous formulae for B → D∗
2 e ν̄e are

kV = −τ − εb[(Λ̄
′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]− εc(τ1 − τ2 + ηke − 2η1 + η3),

kA1 = −(1 + w)τ − εb{(w − 1)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2] + (1 + w)ηb}
−εc[(w − 1)(τ1 − τ2) + (w + 1)(ηke − 2η1 + η3)],

kA2 = −2εc(τ1 + η2), (2.21)

kA3 = τ + εb[(Λ̄
′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]− εc(τ1 + τ2 − ηke + 2η1 − 2η2 − η3).
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✏b/c =
1

2mb/c
w = v · v0

mass splittings

factor which makes that leading order matrix element vanishe at w = 1



Concrete example: B → D1 l 𝞶 Form factors

Leading ‘IW’

subleading ‘IW’s

chromomagnetic terms

kinetic terms

✏b/c =
1

2mb/c
w = v · v0

mass splittings

factor which makes that leading order form factor vanishe at w = 1

For matrix elements between the states destroyed by the fields in F σ
v′ and Hv, the time

ordered products of the chromomagnetic term in δL with the leading order currents are

i
!

d4xT
"
O(c)

mag,v′(x)
#
h̄(c)

v′ Γ h(b)
v

$
(0)

%
= Tr

&
R(c)

σαβ F̄ σ
v′ iσ

αβ 1 + v/′

2
Γ Hv

'
,

i
!

d4xT
"
O(b)

mag,v(x)
#
h̄(c)

v′ Γ h(b)
v

$
(0)

%
= Tr

&
R(b)

σαβ F̄ σ
v′ Γ

1 + v/

2
iσαβHv

'
. (2.17)

The most general parameterizations of R(Q) are

R(c)
σαβ = η(c)

1 vσγαγβ + η(c)
2 vσvαγβ + η(c)

3 gσαvβ ,

R(b)
σαβ = η(b)

1 vσγαγβ + η(b)
2 vσv

′
αγβ + η(b)

3 gσαv′
β . (2.18)

Only the part of R(Q)
σαβ antisymmetric in α and β contributes when inserted into Eq. (2.17).

The functions ηi depend on w, and have mass dimension one. Note that gσαγβ is dependent
on the tensor structures included in Eq. (2.18) for matrix elements between these states.
For example, for the ΛQCD/mc corrections the following trace identity holds

Tr
&#

vσγαγβ + 2gσαvβ + 2(1 + w) gσαγβ

$
F̄ σ

v′ σ
αβ 1 + v/′

2
ΓHv

'
= 0 . (2.19)

All contributions arising from the time ordered products in Eq. (2.17) vanish at zero recoil,
since vσF̄ σ

v = 0 and vα(1 + v/)σαβ(1 + v/) = 0. Thus we find that at zero recoil the only
ΛQCD/mQ corrections that contribute are determined by measured meson mass splittings
and the value of the leading order Isgur-Wise function at zero recoil.

The form factors in Eq. (2.1) depend on η(b)
i only through the linear combination ηb =

η(b)
ke + 6 η(b)

1 − 2(w − 1) η(b)
2 + η(b)

3 . Denoting εQ = 1/(2mQ) and dropping the superscript on

τ (c)
i and η(c)

i , the B → D1 e ν̄e form factors are [2]
√

6 fA = −(w + 1)τ − εb{(w − 1)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2] + (w + 1)ηb}
−εc[4(wΛ̄′ − Λ̄)τ − 3(w − 1)(τ1 − τ2) + (w + 1)(ηke − 2η1 − 3η3)] ,√

6 fV1 = (1− w2)τ − εb(w
2 − 1)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]

−εc[4(w + 1)(wΛ̄′ − Λ̄)τ − (w2 − 1)(3τ1 − 3τ2 − ηke + 2η1 + 3η3)] ,√
6 fV2 = −3τ − 3εb[(Λ̄

′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]

−εc[(4w − 1)τ1 + 5τ2 + 3ηke + 10η1 + 4(w − 1)η2 − 5η3] ,√
6 fV3 = (w − 2)τ + εb{(2 + w)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2]− (2− w)ηb}

+εc[4(wΛ̄′ − Λ̄)τ + (2 + w)τ1 + (2 + 3w)τ2

+ (w − 2)ηke − 2(6 + w)η1 − 4(w − 1)η2 − (3w − 2)η3] . (2.20)

The analogous formulae for B → D∗
2 e ν̄e are

kV = −τ − εb[(Λ̄
′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]− εc(τ1 − τ2 + ηke − 2η1 + η3),

kA1 = −(1 + w)τ − εb{(w − 1)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2] + (1 + w)ηb}
−εc[(w − 1)(τ1 − τ2) + (w + 1)(ηke − 2η1 + η3)],

kA2 = −2εc(τ1 + η2), (2.21)

kA3 = τ + εb[(Λ̄
′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]− εc(τ1 + τ2 − ηke + 2η1 − 2η2 − η3).
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Measured

sπl
l Particles JP m (GeV)

1
2
−

D, D∗ 0−, 1− 1.971
1
2
+

D∗
0, D∗

1 0+, 1+ ∼ 2.40
3
2
+

D1, D∗
2 1+, 2+ 2.445

TABLE I. Charmed meson spin multiplets (q = u, d).

The average mass mH , weighted by the number of helicity states

mH =
n−mH−

+ n+mH+

n+ + n−
, (1.9)

is independent of λ2. The spin average masses for the lowest lying charmed mesons is given in
Table I. Identifying the B(∗)π resonances observed at LEP with the bottom sπℓ

ℓ = 3
2

+
meson

doublet we can use their average mass, m′
B = 5.73 GeV [6], to determine the differences

Λ̄′ − Λ̄ and λ′
1 − λ1:

Λ̄′ − Λ̄ =
mb (m′

B −mB)−mc (m′
D −mD)

mb −mc
≃ 0.39 GeV ,

λ′
1 − λ1 =

2mcmb [(m′
B −mB)− (m′

D −mD)]

mb −mc
≃ −0.23 GeV2 . (1.10)

The numerical values in Eq. (1.10) follow from the choices mb = 4.8 GeV and mc = 1.4 GeV.
To the order we are working, mb and mc in Eq. (1.10) can be replaced by mB and mD.
This changes the value of Λ̄′ − Λ̄ only slightly, but has a significant impact on the value of
λ′

1 − λ1. The value of Λ̄′ − Λ̄ given in Eq. (1.10) has considerable uncertainty because the
experimental error on m′

B is large, and because it is not clear that the peak of the B(∗)π
mass distribution corresponds to the narrow 3

2

+
doublet.2

At the present time, Λ̄ and λ1 are not well determined. A fit to the electron energy
spectrum in semileptonic B decay gives [7] Λ̄ ≃ 0.4 GeV and λ1 ≃ −0.2 GeV2, but the
uncertainties are quite large [8]. (A linear combination of Λ̄ and λ1 is better determined
than the individual values.)

The measured D∗−D mass difference (142 MeV) and the measured D∗
2−D1 mass differ-

ence (37 MeV) fix λ2 = 0.10 GeV2 and λ′
2 = 0.013 GeV2. Note that the matrix element of the

2The Bs1 and B∗
s2 masses could also be used to determine Λ̄′ − Λ̄ from the relation

Λ̄′ − Λ̄ = Λ̄′
s − Λ̄ + (m′

D −m′
Ds

) + O(ΛQCD ms/mc) ,

with the analog of Eq. (1.10) used to fix Λ̄′
s− Λ̄, and m′

D−m′
Ds

= −114MeV. The B∗
s has not been

observed, but its mass can be determined from (mB∗
s
−mBs) − (mB∗ −mB) = (mc/mb) [(mD∗

s
−

mDs) − (mD∗ − mD)]. However, because of uncertainties in the Bs1 and B∗
s2 masses and the

unknown order (ΛQCD ms/mc) term, this relation does not give a more reliable determination of
Λ̄′ − Λ̄ than Eq. (1.10).

4

orbital mass ground state mass

quark mass in a common scheme



Concrete example: B → D1 l 𝞶 Form factors

Leading ‘IW’

subleading ‘IW’s

chromomagnetic terms

kinetic terms

✏b/c =
1

2mb/c
w = v · v0

mass splittings

factor which makes that leading order form factor vanishe at w = 1

For matrix elements between the states destroyed by the fields in F σ
v′ and Hv, the time

ordered products of the chromomagnetic term in δL with the leading order currents are

i
!

d4xT
"
O(c)

mag,v′(x)
#
h̄(c)

v′ Γ h(b)
v

$
(0)

%
= Tr

&
R(c)

σαβ F̄ σ
v′ iσ

αβ 1 + v/′

2
Γ Hv

'
,

i
!

d4xT
"
O(b)

mag,v(x)
#
h̄(c)

v′ Γ h(b)
v

$
(0)

%
= Tr

&
R(b)

σαβ F̄ σ
v′ Γ

1 + v/

2
iσαβHv

'
. (2.17)

The most general parameterizations of R(Q) are

R(c)
σαβ = η(c)

1 vσγαγβ + η(c)
2 vσvαγβ + η(c)

3 gσαvβ ,

R(b)
σαβ = η(b)

1 vσγαγβ + η(b)
2 vσv

′
αγβ + η(b)

3 gσαv′
β . (2.18)

Only the part of R(Q)
σαβ antisymmetric in α and β contributes when inserted into Eq. (2.17).

The functions ηi depend on w, and have mass dimension one. Note that gσαγβ is dependent
on the tensor structures included in Eq. (2.18) for matrix elements between these states.
For example, for the ΛQCD/mc corrections the following trace identity holds

Tr
&#

vσγαγβ + 2gσαvβ + 2(1 + w) gσαγβ

$
F̄ σ

v′ σ
αβ 1 + v/′

2
ΓHv

'
= 0 . (2.19)

All contributions arising from the time ordered products in Eq. (2.17) vanish at zero recoil,
since vσF̄ σ

v = 0 and vα(1 + v/)σαβ(1 + v/) = 0. Thus we find that at zero recoil the only
ΛQCD/mQ corrections that contribute are determined by measured meson mass splittings
and the value of the leading order Isgur-Wise function at zero recoil.

The form factors in Eq. (2.1) depend on η(b)
i only through the linear combination ηb =

η(b)
ke + 6 η(b)

1 − 2(w − 1) η(b)
2 + η(b)

3 . Denoting εQ = 1/(2mQ) and dropping the superscript on

τ (c)
i and η(c)

i , the B → D1 e ν̄e form factors are [2]
√

6 fA = −(w + 1)τ − εb{(w − 1)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2] + (w + 1)ηb}
−εc[4(wΛ̄′ − Λ̄)τ − 3(w − 1)(τ1 − τ2) + (w + 1)(ηke − 2η1 − 3η3)] ,√

6 fV1 = (1− w2)τ − εb(w
2 − 1)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]

−εc[4(w + 1)(wΛ̄′ − Λ̄)τ − (w2 − 1)(3τ1 − 3τ2 − ηke + 2η1 + 3η3)] ,√
6 fV2 = −3τ − 3εb[(Λ̄

′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]

−εc[(4w − 1)τ1 + 5τ2 + 3ηke + 10η1 + 4(w − 1)η2 − 5η3] ,√
6 fV3 = (w − 2)τ + εb{(2 + w)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2]− (2− w)ηb}

+εc[4(wΛ̄′ − Λ̄)τ + (2 + w)τ1 + (2 + 3w)τ2

+ (w − 2)ηke − 2(6 + w)η1 − 4(w − 1)η2 − (3w − 2)η3] . (2.20)

The analogous formulae for B → D∗
2 e ν̄e are

kV = −τ − εb[(Λ̄
′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]− εc(τ1 − τ2 + ηke − 2η1 + η3),

kA1 = −(1 + w)τ − εb{(w − 1)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2] + (1 + w)ηb}
−εc[(w − 1)(τ1 − τ2) + (w + 1)(ηke − 2η1 + η3)],

kA2 = −2εc(τ1 + η2), (2.21)

kA3 = τ + εb[(Λ̄
′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]− εc(τ1 + τ2 − ηke + 2η1 − 2η2 − η3).
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Concrete example: B → D1 l 𝞶 Form factors

Leading ‘IW’

subleading ‘IW’s

chromomagnetic terms

kinetic terms

✏b/c =
1

2mb/c
w = v · v0

mass splittings

factor which makes that leading order form factor vanishe at w = 1

For matrix elements between the states destroyed by the fields in F σ
v′ and Hv, the time

ordered products of the chromomagnetic term in δL with the leading order currents are

i
!

d4xT
"
O(c)

mag,v′(x)
#
h̄(c)

v′ Γ h(b)
v

$
(0)

%
= Tr

&
R(c)

σαβ F̄ σ
v′ iσ

αβ 1 + v/′

2
Γ Hv

'
,

i
!

d4xT
"
O(b)

mag,v(x)
#
h̄(c)

v′ Γ h(b)
v

$
(0)

%
= Tr

&
R(b)

σαβ F̄ σ
v′ Γ

1 + v/

2
iσαβHv

'
. (2.17)

The most general parameterizations of R(Q) are

R(c)
σαβ = η(c)

1 vσγαγβ + η(c)
2 vσvαγβ + η(c)

3 gσαvβ ,

R(b)
σαβ = η(b)

1 vσγαγβ + η(b)
2 vσv

′
αγβ + η(b)

3 gσαv′
β . (2.18)

Only the part of R(Q)
σαβ antisymmetric in α and β contributes when inserted into Eq. (2.17).

The functions ηi depend on w, and have mass dimension one. Note that gσαγβ is dependent
on the tensor structures included in Eq. (2.18) for matrix elements between these states.
For example, for the ΛQCD/mc corrections the following trace identity holds

Tr
&#

vσγαγβ + 2gσαvβ + 2(1 + w) gσαγβ

$
F̄ σ

v′ σ
αβ 1 + v/′

2
ΓHv

'
= 0 . (2.19)

All contributions arising from the time ordered products in Eq. (2.17) vanish at zero recoil,
since vσF̄ σ

v = 0 and vα(1 + v/)σαβ(1 + v/) = 0. Thus we find that at zero recoil the only
ΛQCD/mQ corrections that contribute are determined by measured meson mass splittings
and the value of the leading order Isgur-Wise function at zero recoil.

The form factors in Eq. (2.1) depend on η(b)
i only through the linear combination ηb =

η(b)
ke + 6 η(b)

1 − 2(w − 1) η(b)
2 + η(b)

3 . Denoting εQ = 1/(2mQ) and dropping the superscript on

τ (c)
i and η(c)

i , the B → D1 e ν̄e form factors are [2]
√

6 fA = −(w + 1)τ − εb{(w − 1)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2] + (w + 1)ηb}
−εc[4(wΛ̄′ − Λ̄)τ − 3(w − 1)(τ1 − τ2) + (w + 1)(ηke − 2η1 − 3η3)] ,√

6 fV1 = (1− w2)τ − εb(w
2 − 1)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]

−εc[4(w + 1)(wΛ̄′ − Λ̄)τ − (w2 − 1)(3τ1 − 3τ2 − ηke + 2η1 + 3η3)] ,√
6 fV2 = −3τ − 3εb[(Λ̄

′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]

−εc[(4w − 1)τ1 + 5τ2 + 3ηke + 10η1 + 4(w − 1)η2 − 5η3] ,√
6 fV3 = (w − 2)τ + εb{(2 + w)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2]− (2− w)ηb}

+εc[4(wΛ̄′ − Λ̄)τ + (2 + w)τ1 + (2 + 3w)τ2

+ (w − 2)ηke − 2(6 + w)η1 − 4(w − 1)η2 − (3w − 2)η3] . (2.20)

The analogous formulae for B → D∗
2 e ν̄e are

kV = −τ − εb[(Λ̄
′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]− εc(τ1 − τ2 + ηke − 2η1 + η3),

kA1 = −(1 + w)τ − εb{(w − 1)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2] + (1 + w)ηb}
−εc[(w − 1)(τ1 − τ2) + (w + 1)(ηke − 2η1 + η3)],

kA2 = −2εc(τ1 + η2), (2.21)

kA3 = τ + εb[(Λ̄
′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]− εc(τ1 + τ2 − ηke + 2η1 − 2η2 − η3).
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Can be absorbed into leading  
‘IW’ function at the cost of an error 

of ~(ΛQCD/mQ)2



Concrete example: B → D1 l 𝞶 Form factors

Leading ‘IW’

subleading ‘IW’s

chromomagnetic terms

kinetic terms

✏b/c =
1

2mb/c
w = v · v0

mass splittings

factor which makes that leading order form factor vanishe at w = 1

For matrix elements between the states destroyed by the fields in F σ
v′ and Hv, the time

ordered products of the chromomagnetic term in δL with the leading order currents are

i
!

d4xT
"
O(c)

mag,v′(x)
#
h̄(c)

v′ Γ h(b)
v

$
(0)

%
= Tr

&
R(c)

σαβ F̄ σ
v′ iσ

αβ 1 + v/′

2
Γ Hv

'
,

i
!

d4xT
"
O(b)

mag,v(x)
#
h̄(c)

v′ Γ h(b)
v

$
(0)

%
= Tr

&
R(b)

σαβ F̄ σ
v′ Γ

1 + v/

2
iσαβHv

'
. (2.17)

The most general parameterizations of R(Q) are

R(c)
σαβ = η(c)

1 vσγαγβ + η(c)
2 vσvαγβ + η(c)

3 gσαvβ ,

R(b)
σαβ = η(b)

1 vσγαγβ + η(b)
2 vσv

′
αγβ + η(b)

3 gσαv′
β . (2.18)

Only the part of R(Q)
σαβ antisymmetric in α and β contributes when inserted into Eq. (2.17).

The functions ηi depend on w, and have mass dimension one. Note that gσαγβ is dependent
on the tensor structures included in Eq. (2.18) for matrix elements between these states.
For example, for the ΛQCD/mc corrections the following trace identity holds

Tr
&#

vσγαγβ + 2gσαvβ + 2(1 + w) gσαγβ

$
F̄ σ

v′ σ
αβ 1 + v/′

2
ΓHv

'
= 0 . (2.19)

All contributions arising from the time ordered products in Eq. (2.17) vanish at zero recoil,
since vσF̄ σ

v = 0 and vα(1 + v/)σαβ(1 + v/) = 0. Thus we find that at zero recoil the only
ΛQCD/mQ corrections that contribute are determined by measured meson mass splittings
and the value of the leading order Isgur-Wise function at zero recoil.

The form factors in Eq. (2.1) depend on η(b)
i only through the linear combination ηb =

η(b)
ke + 6 η(b)

1 − 2(w − 1) η(b)
2 + η(b)

3 . Denoting εQ = 1/(2mQ) and dropping the superscript on

τ (c)
i and η(c)

i , the B → D1 e ν̄e form factors are [2]
√

6 fA = −(w + 1)τ − εb{(w − 1)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2] + (w + 1)ηb}
−εc[4(wΛ̄′ − Λ̄)τ − 3(w − 1)(τ1 − τ2) + (w + 1)(ηke − 2η1 − 3η3)] ,√

6 fV1 = (1− w2)τ − εb(w
2 − 1)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]

−εc[4(w + 1)(wΛ̄′ − Λ̄)τ − (w2 − 1)(3τ1 − 3τ2 − ηke + 2η1 + 3η3)] ,√
6 fV2 = −3τ − 3εb[(Λ̄

′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]

−εc[(4w − 1)τ1 + 5τ2 + 3ηke + 10η1 + 4(w − 1)η2 − 5η3] ,√
6 fV3 = (w − 2)τ + εb{(2 + w)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2]− (2− w)ηb}

+εc[4(wΛ̄′ − Λ̄)τ + (2 + w)τ1 + (2 + 3w)τ2

+ (w − 2)ηke − 2(6 + w)η1 − 4(w − 1)η2 − (3w − 2)η3] . (2.20)

The analogous formulae for B → D∗
2 e ν̄e are

kV = −τ − εb[(Λ̄
′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]− εc(τ1 − τ2 + ηke − 2η1 + η3),

kA1 = −(1 + w)τ − εb{(w − 1)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2] + (1 + w)ηb}
−εc[(w − 1)(τ1 − τ2) + (w + 1)(ηke − 2η1 + η3)],

kA2 = −2εc(τ1 + η2), (2.21)

kA3 = τ + εb[(Λ̄
′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]− εc(τ1 + τ2 − ηke + 2η1 − 2η2 − η3).
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leading ‘IW’ function



Concrete example: B → D1 l 𝞶 Form factors

Leading ‘IW’

subleading ‘IW’s

chromomagnetic terms

kinetic terms

✏b/c =
1

2mb/c
w = v · v0

mass splittings

factor which makes that leading order form factor vanishe at w = 1

For matrix elements between the states destroyed by the fields in F σ
v′ and Hv, the time

ordered products of the chromomagnetic term in δL with the leading order currents are

i
!

d4xT
"
O(c)

mag,v′(x)
#
h̄(c)

v′ Γ h(b)
v

$
(0)

%
= Tr

&
R(c)

σαβ F̄ σ
v′ iσ

αβ 1 + v/′

2
Γ Hv

'
,

i
!

d4xT
"
O(b)

mag,v(x)
#
h̄(c)

v′ Γ h(b)
v

$
(0)

%
= Tr

&
R(b)

σαβ F̄ σ
v′ Γ

1 + v/

2
iσαβHv

'
. (2.17)

The most general parameterizations of R(Q) are

R(c)
σαβ = η(c)

1 vσγαγβ + η(c)
2 vσvαγβ + η(c)

3 gσαvβ ,

R(b)
σαβ = η(b)

1 vσγαγβ + η(b)
2 vσv

′
αγβ + η(b)

3 gσαv′
β . (2.18)

Only the part of R(Q)
σαβ antisymmetric in α and β contributes when inserted into Eq. (2.17).

The functions ηi depend on w, and have mass dimension one. Note that gσαγβ is dependent
on the tensor structures included in Eq. (2.18) for matrix elements between these states.
For example, for the ΛQCD/mc corrections the following trace identity holds

Tr
&#

vσγαγβ + 2gσαvβ + 2(1 + w) gσαγβ

$
F̄ σ

v′ σ
αβ 1 + v/′

2
ΓHv

'
= 0 . (2.19)

All contributions arising from the time ordered products in Eq. (2.17) vanish at zero recoil,
since vσF̄ σ

v = 0 and vα(1 + v/)σαβ(1 + v/) = 0. Thus we find that at zero recoil the only
ΛQCD/mQ corrections that contribute are determined by measured meson mass splittings
and the value of the leading order Isgur-Wise function at zero recoil.

The form factors in Eq. (2.1) depend on η(b)
i only through the linear combination ηb =

η(b)
ke + 6 η(b)

1 − 2(w − 1) η(b)
2 + η(b)

3 . Denoting εQ = 1/(2mQ) and dropping the superscript on

τ (c)
i and η(c)

i , the B → D1 e ν̄e form factors are [2]
√

6 fA = −(w + 1)τ − εb{(w − 1)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2] + (w + 1)ηb}
−εc[4(wΛ̄′ − Λ̄)τ − 3(w − 1)(τ1 − τ2) + (w + 1)(ηke − 2η1 − 3η3)] ,√

6 fV1 = (1− w2)τ − εb(w
2 − 1)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]

−εc[4(w + 1)(wΛ̄′ − Λ̄)τ − (w2 − 1)(3τ1 − 3τ2 − ηke + 2η1 + 3η3)] ,√
6 fV2 = −3τ − 3εb[(Λ̄

′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]

−εc[(4w − 1)τ1 + 5τ2 + 3ηke + 10η1 + 4(w − 1)η2 − 5η3] ,√
6 fV3 = (w − 2)τ + εb{(2 + w)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2]− (2− w)ηb}

+εc[4(wΛ̄′ − Λ̄)τ + (2 + w)τ1 + (2 + 3w)τ2

+ (w − 2)ηke − 2(6 + w)η1 − 4(w − 1)η2 − (3w − 2)η3] . (2.20)

The analogous formulae for B → D∗
2 e ν̄e are

kV = −τ − εb[(Λ̄
′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]− εc(τ1 − τ2 + ηke − 2η1 + η3),

kA1 = −(1 + w)τ − εb{(w − 1)[(Λ̄′ + Λ̄)τ − (2w + 1)τ1 − τ2] + (1 + w)ηb}
−εc[(w − 1)(τ1 − τ2) + (w + 1)(ηke − 2η1 + η3)],

kA2 = −2εc(τ1 + η2), (2.21)

kA3 = τ + εb[(Λ̄
′ + Λ̄)τ − (2w + 1)τ1 − τ2 + ηb]− εc(τ1 + τ2 − ηke + 2η1 − 2η2 − η3).

10

Assumed to have negligible impact  
what is supported by small mass 
difference between D**(1P) states
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• We are left with 4 unknowns: 

• the normalization of the leading ‘IW’ function

• the slope of the leading ‘IW’ function 

• two sub-leading ‘IW’ functions

⌧(0)
⌧ 0

⌧1, ⌧2
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Determination of the leading IW normalization from data
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• We are left with 4 unknowns: 

• the normalization of the leading ‘IW’ function

• the slope of the leading ‘IW’ function 

• two sub-leading ‘IW’ functions

⌧(0)
⌧ 0

⌧1, ⌧2

From measured 
B → D1 l 𝞶  rate

From quark model 
expectations (-1.5 +/- 1)

Modelled as leading ‘IW’ 
times mass splitting or 
neglected

LLSW [%] PDG [%]

B+ → D2*l 𝞶 0.40 ± 0.13 0.30 ± 0.04

B+ → D1 l 𝞶 0.67 ± 0.18 0.67 ± 0.05

B+ → D0*l 𝞶 0.56 ± 0.27 0.44 ± 0.08

B+ → D1*l 𝞶 0.20 ± 0.09 0.20 ± 0.05

• Quark model relation to map narrow 
and broad IW function

• Comparison between model prediction 
and HFAG:
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• Today we have some more information
• Better mass measurements for D**

• Branching fraction measurements for all 4 states
• Nonleptonic measurements

q2 = (pB � pD⇤⇤)2q2 = m2
⇡

d
�
(B

!
D

⇤⇤
`
⌫̄ `
)

d
q2 Z
dq2

Bmeas (B ! D⇤⇤ ` ⌫̄`)

Bmeas

�
B0 ! D⇤⇤� ⇡+

�

⇠

3

hT (v0, ✏)|Aµ|B(v)ip
mm0

= ✏µ↵v↵ kA1

+
�
✏↵�v

↵v�
�
(vµ kA2 + v0µ kA3) .

Here S, V , and T correspond, respectively, to the JP

states of 0+, 1+, and 2+. The matrix element of the
1+ and 2+ states depend in addition on the polariza-
tion ✏ of the final state meson and ✏µ↵�� denotes the
four-dimensional Levi-Civita tensor. The form factors,
denoted as f±, fV1�V2,A or kV,A1�A3 , are functions of
the product of the four-velocities v and v0 of the B-
and the D⇤⇤-meson. This product is related to the four-
momentum transfer squared of the B meson to the D⇤⇤,
q2, as

w = v · v0 = m2 +m02 � q2

2mm0 , (5)

with m and m0 the masses of the B and D⇤⇤ mesons.
The di↵erential decay rate as a function of q2 with its
full lepton mass dependence is given by

d�(B ! D⇤⇤` ⌫̄)

dq2
=

G2
F |Vcb|2 p0 q2

96⇡3 m2

✓
1� m2

`

q2

◆2

⇥
"

X

k=±,0,t

(Hk)
2
✓
1 +

m2
`

2q2

◆
+

3

2

m2
`

q2
(Ht)

2

#
, (6)

with the helicity amplitudes Hk=±,0,t and p

0 the magni-
tude of the three-momentum of the D⇤⇤. It is related to
the four-momentum transfer squared as

p

0 =

s✓
m2 +m02 � q2

2m

◆2

�m02 . (7)

Setting the lepton mass to zero one recovers the expres-
sion

d�(B ! D⇤⇤` ⌫̄)

dq2
=

G2
F |Vcb|2 p0 q2
96⇡3 m2

X

k=±,0,t

�
Hk

�2
, (8)

that holds to be an excellent approximation for m` =
me or m` = mµ. The helicity amplitudes H±/0/t are
related to the form factors defined in Eqs. (4) and the
full expressions are given in Appendix A.

III. Bs ! D⇤⇤
s ` ⌫̄ DECAYS

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

s `⌫̄ is that all four D⇤⇤
s states are fairly nar-

row, because the s⇡l
l = 1

2

+
doublet is lighter than the

mD +mK mass threshold. As a result, the semi-tauonic
Bs decay to the spin-zero meson, Bs ! D⇤

s0⌧ ⌫̄, may be
easier to measure than B ! D⇤

0⌧ ⌫̄, and may provide es-
pecially good sensitivity to possible scalar interactions
from new physics.1

1
We thank Marcello Rotondo for drawing our attention to this.

Particle s⇡l
l JP m (MeV) � (MeV)

D⇤
s0

1
2

+
0+ 2318 < 4

D⇤
s1

1
2

+
1+ 2460 < 4

Ds1
3
2

+
1+ 2535 1

D⇤
s2

3
2

+
2+ 2567 17

Bs1
3
2

+
1+ 5829 1

B⇤
s2

3
2

+
2+ 5840 1

TABLE IV. Same as Table I, but for Ds mesons. For the 3
2

+

states we averaged the PDG with a recent LHCb measure-
ment [16] not included in the PDG.

* The s⇡l
l = 3

2

+
doublet looks completely “as ex-

pected” since these two states are about 100MeV above
their non-strange counterparts.
* The mass splittings within each heavy quark spin

symmetry doublet appear 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.
* The s⇡l

l = 1
2

+
doublet appears strange in the strange

sector, as these two states are surprisingly close in mass
to their non-strange counterparts.

IV. FORM FACTORS

V. FACTORIZATION IN NONLEPTONIC
DECAYS

B0 ! D⇤⇤� ⇡+ : Type I

B0 ! D⇤⇤ 0 ⇡0 : Type II

B+ ! D⇤⇤ 0 ⇡+ : Type III

Factorization is expected to work best for the D⇤⇤± ⇡⌥

decays. While in the mc,b � ⇤QCD limit the di↵erence
from the D⇤⇤ 0⇡± rates is power suppressed, there is clear
evidence in B ! D(⇤)⇡ decays that these corrections are
of order 30%.

B �
B0 ! D⇤

2
� �! D(⇤)⇡

�
⇡+

�

B �
B+ ! D̄⇤

2
0
�! D(⇤) ⇡

�
⇡+

� ⇥ ⌧B+

⌧B0

= 1.12± 0.20 ,

B �
B0 ! D�

1

�! D(⇤) ⇡(⇡)
�
⇡+

�

B �
B+ ! D̄0

1

�! D(⇤) ⇡ (⇡)
�
⇡+

� ⇥ ⌧B+

⌧B0
= 0.60± 0.21 ,

B �
B0 ! D⇤

0
� (! D⇡)⇡+

�

B �
B+ ! D̄⇤

0
0 (! D ⇡)⇡+

� ⇥ ⌧B+

⌧B0
= 0.13± 0.07 .

Table V summarizes the data on nonleptonic B !
D⇤⇤⇡ decays. There are no measurements of the purely

Approximation
B(B → D1 π)
B(B → D1 e ν̄e)

B(B → D∗
2 π)

B(B → D1 π)

A∞ 0.39 0.36
B∞ 0.26 1.00

A 0.29 0.21
B1 0.19 0.41

B2 0.20 0.56

TABLE V. Predictions for the ratios of branching ratios, B(B → D1 π)/B(B → D1 e ν̄e) and

B(B → D∗
2 π)/B(B → D1 π), using factorization and assuming τ̂ ′ = τ ′(1)/τ(1) = −1.5.

V. APPLICATIONS

A. Factorization

Factorization should be a good approximation for B decay into charmed mesons and a
charged pion. Contributions that violate factorization are suppressed by ΛQCD divided by
the energy of the pion in the B rest frame [27] or by αs(mQ). Furthermore for these decays,
factorization also holds in the limit of large number of colors. Neglecting the pion mass, the
two-body decay rate, Γπ, is related to the differential decay rate dΓsl/dw at maximal recoil
for the analogous semileptonic decay (with the π replaced by the e ν̄e pair). This relation is
independent of the identity of the charmed meson in the final state,

Γπ =
3π2 |Vud|2 C2 f 2

π

m2
B r

×
!

dΓsl

dw

"

wmax

. (5.1)

Here r is the mass of the charmed meson divided by mB, wmax = (1 + r2)/(2r), and fπ ≃
132 MeV is the pion decay constant. C is a combination of Wilson coefficients of four-quark
operators, and numerically C |Vud| is very close to unity.

These nonleptonic decay rates can therefore be predicted from a measurement of dΓsl/dw
at maximal recoil. The semileptonic decay rate near maximal recoil is only measured for
B → D(∗) e ν̄e at present. The measured B → D(∗) π rate is consistent with Eq. (5.1) at
the level of the 10% experimental uncertainties. In the absence of a measurement of the
B → (D1, D∗

2) e ν̄e differential decay rates, we can use our results for the shape of dΓsl/dw
to predict the B → D1 π and B → D∗

2 π decay rates. These predictions depend on the
semileptonic differential decay rates at wmax, where we are the least confident that ΛQCD/mQ

terms involving Λ̄ and Λ̄′ are the most important. With this caveat in mind, we find the
results shown in Table V.

At present there are only crude measurements of the B(B → D1 π) and B(B → D∗
2 π)

branching ratios. Assuming B(D1(2420)0 → D∗+ π−) = 2/3 and B(D∗
2(2460)0 → D∗+ π−) =

0.2, the measured rates are [28]

B(B− → D1(2420)0 π−) = (1.17 ± 0.29)× 10−3 ,

B(B− → D∗
2(2460)0 π−) = (2.1 ± 0.9)× 10−3 . (5.2)
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‣ Can try to extract simultaneously 
normalization and slope of 
leading ‘IW’ function and cross 
check LLSW
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Semileptonic B meson decays into the four lightest excited 1P charmed meson states (D⇤
0 , D

⇤
1 ,

D1, and D⇤
2) are investigated in the Standard Model and in the type-II two-Higgs-doublet model.

Predictions for di↵erential branching fractions as functions of the four-momentum transfer squared
are presented, as well as predictions for the ratios of the semi-tauonic and light lepton semileptonic
branching fractions. These predictions rely on the determination of the leading Isgur-Wise function
from the measured total semileptonic branching fractions of the narrow 1P states, as well as the
hadronic branching fractions which are related through factorization to the semileptonic form factors
at maximal recoil. In addition, the dependence of the ratio of semi-tauonic and light lepton branching
fractions on the two-Higgs-doublet model parameters tan� and m±

H is predicted for all four states.

I. INTRODUCTION

The study of semileptonic b ! c decays is a central
focus of the B factory experiments BABAR and Belle, as
well as of the LHCb experiment. Such decays are im-
portant for the measurement of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element |Vcb| and are also probes
of physics beyond the standard model (SM). Theoreti-
cally, the exclusive decays into the ground state charmed
mesons, D andD⇤, are well understood and also inclusive
semileptonic B ! Xc`⌫̄ decays were the focus of exten-
sive research over the past decade. Semileptonic decays
into excited charmed mesons received less attention, but
are important for the following reasons.

1. Recently, BABAR, Belle, and LHCb reported dis-
crepancies from the SM predictions in semi-tauonic
decays compared to the ` = e, µ light lepton final
states [1–4]. Their average shows a disagreement
with the SM expectation at the 3.9� level [5]. This
tension is intriguing, because it occurs in a tree-
level SM process, and most new physics explana-
tions require new states at or below 1TeV [6].

Semileptonic decays into excited charmed mesons
with light leptons are an important background,
and their better understanding is needed to im-
prove the precision of these ratios.

2. Determinations of the CKM matrix element |Vcb|
from exclusive and inclusive semileptonic B decays
exhibit a nearly 3� tension [5]. Decays involving
heavier charmed mesons are an important back-
ground of untagged exclusive measurements, and
are also important in inclusive |Vcb| measurements
since e�ciency and acceptance e↵ects are modelled
using a mix of exclusive decay modes that includes
decays into excited charmed mesons.

3. Semi-tauonic decays into excited charmed mesons
provide a complementary probe of the enhance-
ments observed in the semi-tauonic decays to D

and D⇤. Moreover, the measured semi-tauonic de-
cays to D and D⇤ appear to saturate the inclu-
sive B̄ ! X ⌧ ⌫̄ rate [6]. This motivates measuring
this decay, and if the enhancement is verified, new
physics modifying the D(⇤) rates must also fit the
semi-tauonic rates for higher charmed states.

Heavy quark symmetry [7] provides some model inde-
pendent predictions for exclusive semileptonic B decays
to excited charmed mesons, even including ⇤QCD/mc,b

corrections [8]. Approximations based on those results
constitute the LLSW model [9], used in many experi-
mental analysis. The key observation was that some of
the ⇤QCD/mc,b corrections to semileptonic form factors
at zero recoil are determined by the masses of orbitally
excited charmed mesons [8, 9], which we review first.
The level of agreement among the measurements of

the masses and widths of the four excited states in the
last 4 rows of Table I is not ideal. This table shows
the isospin averaged masses and width, as well as the
quantum numbers of these states. In the heavy quark
limit, the spin-parity of the light degrees of freedom, s⇡l

l ,
is a conserved quantum number [17]. In particular, the
mass of the D⇤

0(2400) varies in published papers by over
100MeV, as shown in Table II. The confidence level of
the mass average is 10%, so we do not inflate it.

Particle s⇡l
l JP m (MeV) � (MeV)

D⇤
0

1
2

+
0+ 2320 265

D⇤
1

1
2

+
1+ 2427 384

D1
3
2

+
1+ 2421 34

D⇤
2

3
2

+
2+ 2462 48

B1
3
2

+
1+ 5727 28

B⇤
2

3
2

+
2+ 5739 23

TABLE I. Isospin averaged masses and widths of some excited
D mesons, rounded to 1MeV. For the 3

2

+
states we averaged

the PDG with LHCb measurements [13, 14] not included in
the PDG. The D⇤

0 mass is discussed in the text; see Table II.
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2

m (MeV) � (MeV) reference

2405± 38 274± 40 FOCUS [10]

2308± 36 240± 66 Belle [11]

2297± 22 273± 49 BABAR [12]

2360± 34 255± 57 LHCb [15]

2320± 17 265± 25 our average

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

The LHCb measurement [15] 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 2400 B⇤

0 , B
⇤
1 —

3
2

+
D1, D

⇤
2 2445 B1, B

⇤
2 5734

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

An interesting feature of the current data is that it
appears possibile that the mD⇤

1
� mD⇤

0
mass splitting

may be substantially larger than the mD⇤
2
� mD1 split-

ting. This possibility was not considered in Refs. [8, 9],
since at that time both of these mass di↵erences were
about 40MeV. The smallness of this value compared to
mD⇤ �mD ' 140 MeV was taken as an indication that
the chromomagnetic operator matrix elements are sup-
pressed for the four 1P states (in agreement with quark
model predictions). In this paper we explore the conse-
quences of relaxing this constraint.

The average masses in Table III and Eq. (1.10) in
Ref. [9], which is valid up to O(⇤3

QCD/m
2
c,b), yield ⇤̄0 =

0.40 GeV (using mb = 4.8 GeV and mc = 1.4 GeV).
The value of ⇤̄⇤ ' 0.35 GeV is substantially more uncer-
tain.

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

1 . It was recently argued that this could be substan-
tial [19], although the fact that even a small mixing of the
D1 with the much broader D⇤

1 would yield �D1 > �D⇤
2
, in

contradiction with the data, suggests that this ⇤QCD/mc

correction may be suppressed [20–22]. Until the masses
are unambiguously measured, it seems premature to us
to study in detail the e↵ects of this mixing, which we
expect to be modest, and leave for another study, should
future data suggest that it may be important.

The rest of this paper is organized as follows. Section II
reviews the B ! D⇤⇤ ` ⌫̄ decays into the four 1P states,
collectively denoted

D⇤⇤ = {D⇤
0 , D

⇤
1 , D1, D

⇤
2} (1)

and provides expressions for these decay rates with the
full lepton mass dependence for the first time. In Sec-
tion IV the form factor expansion of Ref. [9] is briefly
reviewed and Section VI summarizes the experimental
analysis to determine the leading Isgur-Wise function

normalization and slope. Section ?? compares the pre-
diction of the ratios of semileptonic rates for ⌧ and light
leptons,

RD⇤⇤ =
B(B ! D⇤⇤⌧ ⌫̄)

B(B ! D⇤⇤` ⌫̄)
(2)

with the model of Ref. [9]. In Section ?? the modifica-
tions of the rate expressions for the type-II two-Higgs-
doublet model (2HDM) are discussed and predictions
of the ratio of semi-tauonic to light lepton semileptonic
rates is provided. Section IX concludes the manuscript
with a summary of the key findings.
(ZL: not sure where this goes) Experimentally

only semileptonic decays into excited charmed mesons
of the 1P quadruplet are well established. The exist-
ing semileptonic measurements of D⇤⇤ mesons rely on
reconstructing the hadronic decays into D⇤⇤ 0 ! D� ⇡+

or D⇤⇤ 0 ! D⇤� ⇡+ final states and measurements of
all exclusive 1S and 1P modes account for only about
85% of the inclusive rate, cf. Ref. [24]. From the study
of hadronic decays it is known that the D1 meson also
decays into a D⇡⇡, without an intermediate D⇤ me-
son. Indication for this was seen in semileptonic de-
cays [23], as well the first observation of semi-exclusive
B ! D(⇤) ⇡+⇡� ` ⌫̄ decays [].

II. THE B ! D⇤⇤` ⌫̄ DECAYS IN THE SM

The e↵ective SM Lagrangian describing the b ! c ` ⌫̄
transition is given by

Le↵ = �4GFp
2

Vcb

�
c̄ �µPLb

��
⌫̄ �µPL`

�
+ h.c. , (3)

with the projection operator PL = (1� �5)/2 and GF is
the Fermi constant. In this section ` denotes any massive
lepton unless stated otherwise. The B ! D⇤⇤` ⌫̄ decay
amplitude depends on nonperturbative hadronic matrix
elements that can be expressed using Lorentz invariance
and the equation of motion in terms of form factors. The
precise Lorentz structure and number of form factors de-
pend on the spin quantum number of the final state me-
son:

hS(v0)|V µ|B(v)ip
mm0

= 0 , (4)

hS(v0)|Aµ|B(v)ip
mm0

= (vµ + v0µ) f+ + (vµ � v0µ) f� ,

hV (v0, ✏)|V µ|B(v)ip
mm0

= ✏µ fV 1 + (✏ · v) �vµ fV 2 + v0µ fV 3

�
,

hV (v0, ✏)|Aµ|B(v)ip
mm0

= i ✏µ↵�� ✏↵ v� v
0
� fA .

hT (v0, ✏)|V µ|B(v)ip
mm0

= i ✏µ↵�� ✏↵�v
� v� v

0
� kV ,

• An interesting feature of the current data is 
that it appears possible that the mD1 - mD0* split 
may be substantially larger than the mD2 - mD1 
split (past ~ 40 MeV, now ~ 100 MeV)
• The smallness of this split was the key 

argument to drop the chromomagnetic 
operator matrix elements (cf. previous slides)

• Currently exploring the consequences of 
relaxing this constraint

• Today we have some more information
• Better mass measurements for D**

• Branching fraction measurements for all 4 states
• Nonleptonic measurements
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Semileptonic B meson decays into the four lightest excited 1P charmed meson states (D⇤
0 , D

⇤
1 ,

D1, and D⇤
2) are investigated in the Standard Model and in the type-II two-Higgs-doublet model.

Predictions for di↵erential branching fractions as functions of the four-momentum transfer squared
are presented, as well as predictions for the ratios of the semi-tauonic and light lepton semileptonic
branching fractions. These predictions rely on the determination of the leading Isgur-Wise function
from the measured total semileptonic branching fractions of the narrow 1P states, as well as the
hadronic branching fractions which are related through factorization to the semileptonic form factors
at maximal recoil. In addition, the dependence of the ratio of semi-tauonic and light lepton branching
fractions on the two-Higgs-doublet model parameters tan� and m±

H is predicted for all four states.

I. INTRODUCTION

The study of semileptonic b ! c decays is a central
focus of the B factory experiments BABAR and Belle, as
well as of the LHCb experiment. Such decays are im-
portant for the measurement of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element |Vcb| and are also probes
of physics beyond the standard model (SM). Theoreti-
cally, the exclusive decays into the ground state charmed
mesons, D andD⇤, are well understood and also inclusive
semileptonic B ! Xc`⌫̄ decays were the focus of exten-
sive research over the past decade. Semileptonic decays
into excited charmed mesons received less attention, but
are important for the following reasons.

1. Recently, BABAR, Belle, and LHCb reported dis-
crepancies from the SM predictions in semi-tauonic
decays compared to the ` = e, µ light lepton final
states [1–4]. Their average shows a disagreement
with the SM expectation at the 3.9� level [5]. This
tension is intriguing, because it occurs in a tree-
level SM process, and most new physics explana-
tions require new states at or below 1TeV [6].

Semileptonic decays into excited charmed mesons
with light leptons are an important background,
and their better understanding is needed to im-
prove the precision of these ratios.

2. Determinations of the CKM matrix element |Vcb|
from exclusive and inclusive semileptonic B decays
exhibit a nearly 3� tension [5]. Decays involving
heavier charmed mesons are an important back-
ground of untagged exclusive measurements, and
are also important in inclusive |Vcb| measurements
since e�ciency and acceptance e↵ects are modelled
using a mix of exclusive decay modes that includes
decays into excited charmed mesons.

3. Semi-tauonic decays into excited charmed mesons
provide a complementary probe of the enhance-
ments observed in the semi-tauonic decays to D

and D⇤. Moreover, the measured semi-tauonic de-
cays to D and D⇤ appear to saturate the inclu-
sive B̄ ! X ⌧ ⌫̄ rate [6]. This motivates measuring
this decay, and if the enhancement is verified, new
physics modifying the D(⇤) rates must also fit the
semi-tauonic rates for higher charmed states.

Heavy quark symmetry [7] provides some model inde-
pendent predictions for exclusive semileptonic B decays
to excited charmed mesons, even including ⇤QCD/mc,b

corrections [8]. Approximations based on those results
constitute the LLSW model [9], used in many experi-
mental analysis. The key observation was that some of
the ⇤QCD/mc,b corrections to semileptonic form factors
at zero recoil are determined by the masses of orbitally
excited charmed mesons [8, 9], which we review first.
The level of agreement among the measurements of

the masses and widths of the four excited states in the
last 4 rows of Table I is not ideal. This table shows
the isospin averaged masses and width, as well as the
quantum numbers of these states. In the heavy quark
limit, the spin-parity of the light degrees of freedom, s⇡l

l ,
is a conserved quantum number [17]. In particular, the
mass of the D⇤

0(2400) varies in published papers by over
100MeV, as shown in Table II. The confidence level of
the mass average is 10%, so we do not inflate it.

Particle s⇡l
l JP m (MeV) � (MeV)

D⇤
0

1
2

+
0+ 2320 265

D⇤
1

1
2

+
1+ 2427 384

D1
3
2

+
1+ 2421 34

D⇤
2

3
2

+
2+ 2462 48

B1
3
2

+
1+ 5727 28

B⇤
2

3
2

+
2+ 5739 23

TABLE I. Isospin averaged masses and widths of some excited
D mesons, rounded to 1MeV. For the 3

2

+
states we averaged

the PDG with LHCb measurements [13, 14] not included in
the PDG. The D⇤

0 mass is discussed in the text; see Table II.

3

hT (v0, ✏)|Aµ|B(v)ip
mm0

= ✏µ↵v↵ kA1

+
�
✏↵�v

↵v�
�
(vµ kA2 + v0µ kA3) .

Here S, V , and T correspond, respectively, to the JP

states of 0+, 1+, and 2+. The matrix element of the
1+ and 2+ states depend in addition on the polariza-
tion ✏ of the final state meson and ✏µ↵�� denotes the
four-dimensional Levi-Civita tensor. The form factors,
denoted as f±, fV1�V2,A or kV,A1�A3 , are functions of
the product of the four-velocities v and v0 of the B-
and the D⇤⇤-meson. This product is related to the four-
momentum transfer squared of the B meson to the D⇤⇤,
q2, as

w = v · v0 = m2 +m02 � q2

2mm0 , (5)

with m and m0 the masses of the B and D⇤⇤ mesons.
The di↵erential decay rate as a function of q2 with its
full lepton mass dependence is given by

d�(B ! D⇤⇤` ⌫̄)

dq2
=

G2
F |Vcb|2 p0 q2

96⇡3 m2

✓
1� m2

`

q2

◆2

⇥
"

X

k=±,0,t

(Hk)
2
✓
1 +

m2
`

2q2

◆
+

3

2

m2
`

q2
(Ht)

2

#
, (6)

with the helicity amplitudes Hk=±,0,t and p

0 the magni-
tude of the three-momentum of the D⇤⇤. It is related to
the four-momentum transfer squared as

p

0 =

s✓
m2 +m02 � q2

2m

◆2

�m02 . (7)

Setting the lepton mass to zero one recovers the expres-
sion

d�(B ! D⇤⇤` ⌫̄)

dq2
=

G2
F |Vcb|2 p0 q2
96⇡3 m2

X

k=±,0,t

�
Hk

�2
, (8)

that holds to be an excellent approximation for m` =
me or m` = mµ. The helicity amplitudes H±/0/t are
related to the form factors defined in Eqs. (4) and the
full expressions are given in Appendix A.

III. Bs ! D⇤⇤
s ` ⌫̄ DECAYS

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

s `⌫̄ is that all four D⇤⇤
s states are fairly nar-

row, because the s⇡l
l = 1

2

+
doublet is lighter than the

mD +mK mass threshold. As a result, the semi-tauonic
Bs decay to the spin-zero meson, Bs ! D⇤

s0⌧ ⌫̄, may be
easier to measure than B ! D⇤

0⌧ ⌫̄, and may provide es-
pecially good sensitivity to possible scalar interactions
from new physics.1

1
We thank Marcello Rotondo for drawing our attention to this.

Particle s⇡l
l JP m (MeV) � (MeV)

D⇤
s0

1
2

+
0+ 2318 < 4

D⇤
s1

1
2

+
1+ 2460 < 4

Ds1
3
2

+
1+ 2535 1

D⇤
s2

3
2

+
2+ 2567 17

Bs1
3
2

+
1+ 5829 1

B⇤
s2

3
2

+
2+ 5840 1

TABLE IV. Same as Table I, but for Ds mesons. For the 3
2

+

states we averaged the PDG with a recent LHCb measure-
ment [16] not included in the PDG.

* The s⇡l
l = 3

2

+
doublet looks completely “as ex-

pected” since these two states are about 100MeV above
their non-strange counterparts.
* The mass splittings within each heavy quark spin

symmetry doublet appear 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.
* The s⇡l

l = 1
2

+
doublet appears strange in the strange

sector, as these two states are surprisingly close in mass
to their non-strange counterparts.

IV. FORM FACTORS

V. FACTORIZATION IN NONLEPTONIC
DECAYS

B0 ! D⇤⇤� ⇡+ : Type I

B0 ! D⇤⇤ 0 ⇡0 : Type II

B+ ! D⇤⇤ 0 ⇡+ : Type III

Factorization is expected to work best for the D⇤⇤± ⇡⌥

decays. While in the mc,b � ⇤QCD limit the di↵erence
from the D⇤⇤ 0⇡± rates is power suppressed, there is clear
evidence in B ! D(⇤)⇡ decays that these corrections are
of order 30%.

B �
B0 ! D⇤

2
� �! D(⇤)⇡

�
⇡+

�

B �
B+ ! D̄⇤

2
0
�! D(⇤) ⇡

�
⇡+

� ⇥ ⌧B+

⌧B0

= 1.12± 0.20 ,

B �
B0 ! D�

1

�! D(⇤) ⇡(⇡)
�
⇡+

�

B �
B+ ! D̄0

1

�! D(⇤) ⇡ (⇡)
�
⇡+

� ⇥ ⌧B+

⌧B0
= 0.60± 0.21 ,

B �
B0 ! D⇤

0
� (! D⇡)⇡+

�

B �
B+ ! D̄⇤

0
0 (! D ⇡)⇡+

� ⇥ ⌧B+

⌧B0
= 0.13± 0.07 .

Table V summarizes the data on nonleptonic B !
D⇤⇤⇡ decays. There are no measurements of the purely

FB & Zoltan Ligeti: manuscript in preparation
Beyond LLSW — or what we can do today
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Semileptonic B meson decays into the four lightest excited 1P charmed meson states (D⇤
0 , D

⇤
1 ,

D1, and D⇤
2) are investigated in the Standard Model and in the type-II two-Higgs-doublet model.

Predictions for di↵erential branching fractions as functions of the four-momentum transfer squared
are presented, as well as predictions for the ratios of the semi-tauonic and light lepton semileptonic
branching fractions. These predictions rely on the determination of the leading Isgur-Wise function
from the measured total semileptonic branching fractions of the narrow 1P states, as well as the
hadronic branching fractions which are related through factorization to the semileptonic form factors
at maximal recoil. In addition, the dependence of the ratio of semi-tauonic and light lepton branching
fractions on the two-Higgs-doublet model parameters tan� and m±

H is predicted for all four states.

I. INTRODUCTION

The study of semileptonic b ! c decays is a central
focus of the B factory experiments BABAR and Belle, as
well as of the LHCb experiment. Such decays are im-
portant for the measurement of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element |Vcb| and are also probes
of physics beyond the standard model (SM). Theoreti-
cally, the exclusive decays into the ground state charmed
mesons, D andD⇤, are well understood and also inclusive
semileptonic B ! Xc`⌫̄ decays were the focus of exten-
sive research over the past decade. Semileptonic decays
into excited charmed mesons received less attention, but
are important for the following reasons.

1. Recently, BABAR, Belle, and LHCb reported dis-
crepancies from the SM predictions in semi-tauonic
decays compared to the ` = e, µ light lepton final
states [1–4]. Their average shows a disagreement
with the SM expectation at the 3.9� level [5]. This
tension is intriguing, because it occurs in a tree-
level SM process, and most new physics explana-
tions require new states at or below 1TeV [6].

Semileptonic decays into excited charmed mesons
with light leptons are an important background,
and their better understanding is needed to im-
prove the precision of these ratios.

2. Determinations of the CKM matrix element |Vcb|
from exclusive and inclusive semileptonic B decays
exhibit a nearly 3� tension [5]. Decays involving
heavier charmed mesons are an important back-
ground of untagged exclusive measurements, and
are also important in inclusive |Vcb| measurements
since e�ciency and acceptance e↵ects are modelled
using a mix of exclusive decay modes that includes
decays into excited charmed mesons.

3. Semi-tauonic decays into excited charmed mesons
provide a complementary probe of the enhance-
ments observed in the semi-tauonic decays to D

and D⇤. Moreover, the measured semi-tauonic de-
cays to D and D⇤ appear to saturate the inclu-
sive B̄ ! X ⌧ ⌫̄ rate [6]. This motivates measuring
this decay, and if the enhancement is verified, new
physics modifying the D(⇤) rates must also fit the
semi-tauonic rates for higher charmed states.

Heavy quark symmetry [7] provides some model inde-
pendent predictions for exclusive semileptonic B decays
to excited charmed mesons, even including ⇤QCD/mc,b

corrections [8]. Approximations based on those results
constitute the LLSW model [9], used in many experi-
mental analysis. The key observation was that some of
the ⇤QCD/mc,b corrections to semileptonic form factors
at zero recoil are determined by the masses of orbitally
excited charmed mesons [8, 9], which we review first.
The level of agreement among the measurements of

the masses and widths of the four excited states in the
last 4 rows of Table I is not ideal. This table shows
the isospin averaged masses and width, as well as the
quantum numbers of these states. In the heavy quark
limit, the spin-parity of the light degrees of freedom, s⇡l

l ,
is a conserved quantum number [17]. In particular, the
mass of the D⇤

0(2400) varies in published papers by over
100MeV, as shown in Table II. The confidence level of
the mass average is 10%, so we do not inflate it.

Particle s⇡l
l JP m (MeV) � (MeV)

D⇤
0

1
2

+
0+ 2320 265

D⇤
1

1
2

+
1+ 2427 384

D1
3
2

+
1+ 2421 34

D⇤
2

3
2

+
2+ 2462 48

B1
3
2

+
1+ 5727 28

B⇤
2

3
2

+
2+ 5739 23

TABLE I. Isospin averaged masses and widths of some excited
D mesons, rounded to 1MeV. For the 3

2

+
states we averaged

the PDG with LHCb measurements [13, 14] not included in
the PDG. The D⇤

0 mass is discussed in the text; see Table II.

LLSW [%] PDG [%]

B+ → D2*l 𝞶 0.40 ± 0.13 0.30 ± 0.04

B+ → D1 l 𝞶 0.67 ± 0.18 0.67 ± 0.05

(B0 → D2*- 𝛑+)x𝞽+0 0.06 ± 0.04 0.064 ± 0.014

(B0 → D1-𝛑+)x𝞽+0 0.13 ± 0.08 0.081 ± 0.018
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Normalization
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• Plot: 68% and 95% confidence regions of
• LLSW Model, assuming no correlations between 

slope and normalization.
• B Fit 

• Fit leading and sub-leading ‘IW’ function 
contributions

Slope

Normalization

⌧3/2 = ⌧3/2(0)
⇣
1 + (w � 1) ⌧ 03/2

⌘

LLSW [%] PDG [%]

B+ → D2*l 𝞶 0.40 ± 0.13 0.30 ± 0.04

B+ → D1 l 𝞶 0.67 ± 0.18 0.67 ± 0.05

(B0 → D2*- 𝛑+)x𝞽+0 0.06 ± 0.04 0.064 ± 0.014

(B0 → D1-𝛑+)x𝞽+0 0.13 ± 0.08 0.081 ± 0.018

• Simultaneous fit of 

• Narrow measured semileptonic BFs

• Narrow nonleptonic BFs 
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Semileptonic B meson decays into the four lightest excited 1P charmed meson states (D⇤
0 , D

⇤
1 ,

D1, and D⇤
2) are investigated in the Standard Model and in the type-II two-Higgs-doublet model.

Predictions for di↵erential branching fractions as functions of the four-momentum transfer squared
are presented, as well as predictions for the ratios of the semi-tauonic and light lepton semileptonic
branching fractions. These predictions rely on the determination of the leading Isgur-Wise function
from the measured total semileptonic branching fractions of the narrow 1P states, as well as the
hadronic branching fractions which are related through factorization to the semileptonic form factors
at maximal recoil. In addition, the dependence of the ratio of semi-tauonic and light lepton branching
fractions on the two-Higgs-doublet model parameters tan� and m±

H is predicted for all four states.

I. INTRODUCTION

The study of semileptonic b ! c decays is a central
focus of the B factory experiments BABAR and Belle, as
well as of the LHCb experiment. Such decays are im-
portant for the measurement of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element |Vcb| and are also probes
of physics beyond the standard model (SM). Theoreti-
cally, the exclusive decays into the ground state charmed
mesons, D andD⇤, are well understood and also inclusive
semileptonic B ! Xc`⌫̄ decays were the focus of exten-
sive research over the past decade. Semileptonic decays
into excited charmed mesons received less attention, but
are important for the following reasons.

1. Recently, BABAR, Belle, and LHCb reported dis-
crepancies from the SM predictions in semi-tauonic
decays compared to the ` = e, µ light lepton final
states [1–4]. Their average shows a disagreement
with the SM expectation at the 3.9� level [5]. This
tension is intriguing, because it occurs in a tree-
level SM process, and most new physics explana-
tions require new states at or below 1TeV [6].

Semileptonic decays into excited charmed mesons
with light leptons are an important background,
and their better understanding is needed to im-
prove the precision of these ratios.

2. Determinations of the CKM matrix element |Vcb|
from exclusive and inclusive semileptonic B decays
exhibit a nearly 3� tension [5]. Decays involving
heavier charmed mesons are an important back-
ground of untagged exclusive measurements, and
are also important in inclusive |Vcb| measurements
since e�ciency and acceptance e↵ects are modelled
using a mix of exclusive decay modes that includes
decays into excited charmed mesons.

3. Semi-tauonic decays into excited charmed mesons
provide a complementary probe of the enhance-
ments observed in the semi-tauonic decays to D

and D⇤. Moreover, the measured semi-tauonic de-
cays to D and D⇤ appear to saturate the inclu-
sive B̄ ! X ⌧ ⌫̄ rate [6]. This motivates measuring
this decay, and if the enhancement is verified, new
physics modifying the D(⇤) rates must also fit the
semi-tauonic rates for higher charmed states.

Heavy quark symmetry [7] provides some model inde-
pendent predictions for exclusive semileptonic B decays
to excited charmed mesons, even including ⇤QCD/mc,b

corrections [8]. Approximations based on those results
constitute the LLSW model [9], used in many experi-
mental analysis. The key observation was that some of
the ⇤QCD/mc,b corrections to semileptonic form factors
at zero recoil are determined by the masses of orbitally
excited charmed mesons [8, 9], which we review first.
The level of agreement among the measurements of

the masses and widths of the four excited states in the
last 4 rows of Table I is not ideal. This table shows
the isospin averaged masses and width, as well as the
quantum numbers of these states. In the heavy quark
limit, the spin-parity of the light degrees of freedom, s⇡l

l ,
is a conserved quantum number [17]. In particular, the
mass of the D⇤

0(2400) varies in published papers by over
100MeV, as shown in Table II. The confidence level of
the mass average is 10%, so we do not inflate it.

Particle s⇡l
l JP m (MeV) � (MeV)

D⇤
0

1
2

+
0+ 2320 265

D⇤
1

1
2

+
1+ 2427 384

D1
3
2

+
1+ 2421 34

D⇤
2

3
2

+
2+ 2462 48

B1
3
2

+
1+ 5727 28

B⇤
2

3
2

+
2+ 5739 23

TABLE I. Isospin averaged masses and widths of some excited
D mesons, rounded to 1MeV. For the 3

2

+
states we averaged

the PDG with LHCb measurements [13, 14] not included in
the PDG. The D⇤

0 mass is discussed in the text; see Table II.

Simultaneous analysis of narrow information
FB & Zoltan Ligeti: manuscript in preparation
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Semileptonic B meson decays into the four lightest excited 1P charmed meson states (D⇤
0 , D

⇤
1 ,

D1, and D⇤
2) are investigated in the Standard Model and in the type-II two-Higgs-doublet model.

Predictions for di↵erential branching fractions as functions of the four-momentum transfer squared
are presented, as well as predictions for the ratios of the semi-tauonic and light lepton semileptonic
branching fractions. These predictions rely on the determination of the leading Isgur-Wise function
from the measured total semileptonic branching fractions of the narrow 1P states, as well as the
hadronic branching fractions which are related through factorization to the semileptonic form factors
at maximal recoil. In addition, the dependence of the ratio of semi-tauonic and light lepton branching
fractions on the two-Higgs-doublet model parameters tan� and m±

H is predicted for all four states.

I. INTRODUCTION

The study of semileptonic b ! c decays is a central
focus of the B factory experiments BABAR and Belle, as
well as of the LHCb experiment. Such decays are im-
portant for the measurement of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element |Vcb| and are also probes
of physics beyond the standard model (SM). Theoreti-
cally, the exclusive decays into the ground state charmed
mesons, D andD⇤, are well understood and also inclusive
semileptonic B ! Xc`⌫̄ decays were the focus of exten-
sive research over the past decade. Semileptonic decays
into excited charmed mesons received less attention, but
are important for the following reasons.

1. Recently, BABAR, Belle, and LHCb reported dis-
crepancies from the SM predictions in semi-tauonic
decays compared to the ` = e, µ light lepton final
states [1–4]. Their average shows a disagreement
with the SM expectation at the 3.9� level [5]. This
tension is intriguing, because it occurs in a tree-
level SM process, and most new physics explana-
tions require new states at or below 1TeV [6].

Semileptonic decays into excited charmed mesons
with light leptons are an important background,
and their better understanding is needed to im-
prove the precision of these ratios.

2. Determinations of the CKM matrix element |Vcb|
from exclusive and inclusive semileptonic B decays
exhibit a nearly 3� tension [5]. Decays involving
heavier charmed mesons are an important back-
ground of untagged exclusive measurements, and
are also important in inclusive |Vcb| measurements
since e�ciency and acceptance e↵ects are modelled
using a mix of exclusive decay modes that includes
decays into excited charmed mesons.

3. Semi-tauonic decays into excited charmed mesons
provide a complementary probe of the enhance-
ments observed in the semi-tauonic decays to D

and D⇤. Moreover, the measured semi-tauonic de-
cays to D and D⇤ appear to saturate the inclu-
sive B̄ ! X ⌧ ⌫̄ rate [6]. This motivates measuring
this decay, and if the enhancement is verified, new
physics modifying the D(⇤) rates must also fit the
semi-tauonic rates for higher charmed states.

Heavy quark symmetry [7] provides some model inde-
pendent predictions for exclusive semileptonic B decays
to excited charmed mesons, even including ⇤QCD/mc,b

corrections [8]. Approximations based on those results
constitute the LLSW model [9], used in many experi-
mental analysis. The key observation was that some of
the ⇤QCD/mc,b corrections to semileptonic form factors
at zero recoil are determined by the masses of orbitally
excited charmed mesons [8, 9], which we review first.
The level of agreement among the measurements of

the masses and widths of the four excited states in the
last 4 rows of Table I is not ideal. This table shows
the isospin averaged masses and width, as well as the
quantum numbers of these states. In the heavy quark
limit, the spin-parity of the light degrees of freedom, s⇡l

l ,
is a conserved quantum number [17]. In particular, the
mass of the D⇤

0(2400) varies in published papers by over
100MeV, as shown in Table II. The confidence level of
the mass average is 10%, so we do not inflate it.

Particle s⇡l
l JP m (MeV) � (MeV)

D⇤
0

1
2

+
0+ 2320 265

D⇤
1

1
2

+
1+ 2427 384

D1
3
2

+
1+ 2421 34

D⇤
2

3
2

+
2+ 2462 48

B1
3
2

+
1+ 5727 28

B⇤
2

3
2

+
2+ 5739 23

TABLE I. Isospin averaged masses and widths of some excited
D mesons, rounded to 1MeV. For the 3

2

+
states we averaged

the PDG with LHCb measurements [13, 14] not included in
the PDG. The D⇤

0 mass is discussed in the text; see Table II.

⌧3/2 = ⌧3/2(0)
⇣
1 + (w � 1) ⌧ 03/2

⌘Slope

Normalization

LLSW [%] PDG [%]

B+ → D2*l 𝞶 0.40 ± 0.13 0.30 ± 0.04

B+ → D1 l 𝞶 0.67 ± 0.18 0.67 ± 0.05

(B0 → D2*- 𝛑+)x𝞽+0 0.06 ± 0.04 0.064 ± 0.014

(B0 → D1-𝛑+)x𝞽+0 0.13 ± 0.08 0.081 ± 0.018
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slope and normalization.
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Semileptonic B meson decays into the four lightest excited 1P charmed meson states (D⇤
0 , D

⇤
1 ,

D1, and D⇤
2) are investigated in the Standard Model and in the type-II two-Higgs-doublet model.

Predictions for di↵erential branching fractions as functions of the four-momentum transfer squared
are presented, as well as predictions for the ratios of the semi-tauonic and light lepton semileptonic
branching fractions. These predictions rely on the determination of the leading Isgur-Wise function
from the measured total semileptonic branching fractions of the narrow 1P states, as well as the
hadronic branching fractions which are related through factorization to the semileptonic form factors
at maximal recoil. In addition, the dependence of the ratio of semi-tauonic and light lepton branching
fractions on the two-Higgs-doublet model parameters tan� and m±

H is predicted for all four states.

I. INTRODUCTION

The study of semileptonic b ! c decays is a central
focus of the B factory experiments BABAR and Belle, as
well as of the LHCb experiment. Such decays are im-
portant for the measurement of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element |Vcb| and are also probes
of physics beyond the standard model (SM). Theoreti-
cally, the exclusive decays into the ground state charmed
mesons, D andD⇤, are well understood and also inclusive
semileptonic B ! Xc`⌫̄ decays were the focus of exten-
sive research over the past decade. Semileptonic decays
into excited charmed mesons received less attention, but
are important for the following reasons.

1. Recently, BABAR, Belle, and LHCb reported dis-
crepancies from the SM predictions in semi-tauonic
decays compared to the ` = e, µ light lepton final
states [1–4]. Their average shows a disagreement
with the SM expectation at the 3.9� level [5]. This
tension is intriguing, because it occurs in a tree-
level SM process, and most new physics explana-
tions require new states at or below 1TeV [6].

Semileptonic decays into excited charmed mesons
with light leptons are an important background,
and their better understanding is needed to im-
prove the precision of these ratios.

2. Determinations of the CKM matrix element |Vcb|
from exclusive and inclusive semileptonic B decays
exhibit a nearly 3� tension [5]. Decays involving
heavier charmed mesons are an important back-
ground of untagged exclusive measurements, and
are also important in inclusive |Vcb| measurements
since e�ciency and acceptance e↵ects are modelled
using a mix of exclusive decay modes that includes
decays into excited charmed mesons.

3. Semi-tauonic decays into excited charmed mesons
provide a complementary probe of the enhance-
ments observed in the semi-tauonic decays to D

and D⇤. Moreover, the measured semi-tauonic de-
cays to D and D⇤ appear to saturate the inclu-
sive B̄ ! X ⌧ ⌫̄ rate [6]. This motivates measuring
this decay, and if the enhancement is verified, new
physics modifying the D(⇤) rates must also fit the
semi-tauonic rates for higher charmed states.

Heavy quark symmetry [7] provides some model inde-
pendent predictions for exclusive semileptonic B decays
to excited charmed mesons, even including ⇤QCD/mc,b

corrections [8]. Approximations based on those results
constitute the LLSW model [9], used in many experi-
mental analysis. The key observation was that some of
the ⇤QCD/mc,b corrections to semileptonic form factors
at zero recoil are determined by the masses of orbitally
excited charmed mesons [8, 9], which we review first.
The level of agreement among the measurements of

the masses and widths of the four excited states in the
last 4 rows of Table I is not ideal. This table shows
the isospin averaged masses and width, as well as the
quantum numbers of these states. In the heavy quark
limit, the spin-parity of the light degrees of freedom, s⇡l

l ,
is a conserved quantum number [17]. In particular, the
mass of the D⇤

0(2400) varies in published papers by over
100MeV, as shown in Table II. The confidence level of
the mass average is 10%, so we do not inflate it.

Particle s⇡l
l JP m (MeV) � (MeV)

D⇤
0

1
2

+
0+ 2320 265

D⇤
1

1
2

+
1+ 2427 384

D1
3
2

+
1+ 2421 34

D⇤
2

3
2

+
2+ 2462 48

B1
3
2

+
1+ 5727 28

B⇤
2

3
2

+
2+ 5739 23

TABLE I. Isospin averaged masses and widths of some excited
D mesons, rounded to 1MeV. For the 3

2

+
states we averaged

the PDG with LHCb measurements [13, 14] not included in
the PDG. The D⇤

0 mass is discussed in the text; see Table II.

⌧3/2 = ⌧3/2(0)
⇣
1 + (w � 1) ⌧ 03/2

⌘Slope

Normalization

Simultaneous analysis of narrow information
FB & Zoltan Ligeti: manuscript in preparation



LHCb Semilep Workshop Theory Prospects on B → D** l 𝞶 24

LLSW Model

B Fit

B' Fit

0 1 2 3 4 5 6 70

1

2

3

4

q2 @GeV2D

d
GHB
Æ
D
2*
ln

lLêd
q2
@10-

16
G
eV
-
1 D

LLSW Model
B Fit
B' Fit

0 2 4 6 80

1

2

3

4

5

6

7

q2 @GeV2D

d
GHB
Æ
D
1
ln

lLêd
q2
@10-

16
G
eV
-
1 D

• Albeit errors in leading ‘IW’ parameter plane were sizeable
• Narrow measured semileptonic BFs constrain normalization
• Narrow nonleptonic BFs constrain q2 ~ 0 GeV2 point

• Fairly consistent picture, LLSW is doing a good job.
• Can gain some accuracy by using full experimental information
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Semileptonic B meson decays into the four lightest excited 1P charmed meson states (D⇤
0 , D

⇤
1 ,

D1, and D⇤
2) are investigated in the Standard Model and in the type-II two-Higgs-doublet model.

Predictions for di↵erential branching fractions as functions of the four-momentum transfer squared
are presented, as well as predictions for the ratios of the semi-tauonic and light lepton semileptonic
branching fractions. These predictions rely on the determination of the leading Isgur-Wise function
from the measured total semileptonic branching fractions of the narrow 1P states, as well as the
hadronic branching fractions which are related through factorization to the semileptonic form factors
at maximal recoil. In addition, the dependence of the ratio of semi-tauonic and light lepton branching
fractions on the two-Higgs-doublet model parameters tan� and m±

H is predicted for all four states.

I. INTRODUCTION

The study of semileptonic b ! c decays is a central
focus of the B factory experiments BABAR and Belle, as
well as of the LHCb experiment. Such decays are im-
portant for the measurement of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element |Vcb| and are also probes
of physics beyond the standard model (SM). Theoreti-
cally, the exclusive decays into the ground state charmed
mesons, D andD⇤, are well understood and also inclusive
semileptonic B ! Xc`⌫̄ decays were the focus of exten-
sive research over the past decade. Semileptonic decays
into excited charmed mesons received less attention, but
are important for the following reasons.

1. Recently, BABAR, Belle, and LHCb reported dis-
crepancies from the SM predictions in semi-tauonic
decays compared to the ` = e, µ light lepton final
states [1–4]. Their average shows a disagreement
with the SM expectation at the 3.9� level [5]. This
tension is intriguing, because it occurs in a tree-
level SM process, and most new physics explana-
tions require new states at or below 1TeV [6].

Semileptonic decays into excited charmed mesons
with light leptons are an important background,
and their better understanding is needed to im-
prove the precision of these ratios.

2. Determinations of the CKM matrix element |Vcb|
from exclusive and inclusive semileptonic B decays
exhibit a nearly 3� tension [5]. Decays involving
heavier charmed mesons are an important back-
ground of untagged exclusive measurements, and
are also important in inclusive |Vcb| measurements
since e�ciency and acceptance e↵ects are modelled
using a mix of exclusive decay modes that includes
decays into excited charmed mesons.

3. Semi-tauonic decays into excited charmed mesons
provide a complementary probe of the enhance-
ments observed in the semi-tauonic decays to D

and D⇤. Moreover, the measured semi-tauonic de-
cays to D and D⇤ appear to saturate the inclu-
sive B̄ ! X ⌧ ⌫̄ rate [6]. This motivates measuring
this decay, and if the enhancement is verified, new
physics modifying the D(⇤) rates must also fit the
semi-tauonic rates for higher charmed states.

Heavy quark symmetry [7] provides some model inde-
pendent predictions for exclusive semileptonic B decays
to excited charmed mesons, even including ⇤QCD/mc,b

corrections [8]. Approximations based on those results
constitute the LLSW model [9], used in many experi-
mental analysis. The key observation was that some of
the ⇤QCD/mc,b corrections to semileptonic form factors
at zero recoil are determined by the masses of orbitally
excited charmed mesons [8, 9], which we review first.
The level of agreement among the measurements of

the masses and widths of the four excited states in the
last 4 rows of Table I is not ideal. This table shows
the isospin averaged masses and width, as well as the
quantum numbers of these states. In the heavy quark
limit, the spin-parity of the light degrees of freedom, s⇡l

l ,
is a conserved quantum number [17]. In particular, the
mass of the D⇤

0(2400) varies in published papers by over
100MeV, as shown in Table II. The confidence level of
the mass average is 10%, so we do not inflate it.

Particle s⇡l
l JP m (MeV) � (MeV)

D⇤
0

1
2

+
0+ 2320 265

D⇤
1

1
2

+
1+ 2427 384

D1
3
2

+
1+ 2421 34

D⇤
2

3
2

+
2+ 2462 48

B1
3
2

+
1+ 5727 28

B⇤
2

3
2

+
2+ 5739 23

TABLE I. Isospin averaged masses and widths of some excited
D mesons, rounded to 1MeV. For the 3

2

+
states we averaged

the PDG with LHCb measurements [13, 14] not included in
the PDG. The D⇤

0 mass is discussed in the text; see Table II. LLSW [%] PDG [%]

B+ → D0*l 𝞶 0.56 ± 0.27 0.44 ± 0.08

B+ → D1*l 𝞶 0.20 ± 0.09 0.20 ± 0.05

(B0 → D0*- 𝛑+)x𝞽+0 0.11 ± 0.08 0.009 ± 0.005

⇣1/2 = ⇣1/2(0)
⇣
1 + (w � 1) ⇣ 01/2

⌘
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Semileptonic B meson decays into the four lightest excited 1P charmed meson states (D⇤
0 , D

⇤
1 ,

D1, and D⇤
2) are investigated in the Standard Model and in the type-II two-Higgs-doublet model.

Predictions for di↵erential branching fractions as functions of the four-momentum transfer squared
are presented, as well as predictions for the ratios of the semi-tauonic and light lepton semileptonic
branching fractions. These predictions rely on the determination of the leading Isgur-Wise function
from the measured total semileptonic branching fractions of the narrow 1P states, as well as the
hadronic branching fractions which are related through factorization to the semileptonic form factors
at maximal recoil. In addition, the dependence of the ratio of semi-tauonic and light lepton branching
fractions on the two-Higgs-doublet model parameters tan� and m±

H is predicted for all four states.

I. INTRODUCTION

The study of semileptonic b ! c decays is a central
focus of the B factory experiments BABAR and Belle, as
well as of the LHCb experiment. Such decays are im-
portant for the measurement of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element |Vcb| and are also probes
of physics beyond the standard model (SM). Theoreti-
cally, the exclusive decays into the ground state charmed
mesons, D andD⇤, are well understood and also inclusive
semileptonic B ! Xc`⌫̄ decays were the focus of exten-
sive research over the past decade. Semileptonic decays
into excited charmed mesons received less attention, but
are important for the following reasons.

1. Recently, BABAR, Belle, and LHCb reported dis-
crepancies from the SM predictions in semi-tauonic
decays compared to the ` = e, µ light lepton final
states [1–4]. Their average shows a disagreement
with the SM expectation at the 3.9� level [5]. This
tension is intriguing, because it occurs in a tree-
level SM process, and most new physics explana-
tions require new states at or below 1TeV [6].

Semileptonic decays into excited charmed mesons
with light leptons are an important background,
and their better understanding is needed to im-
prove the precision of these ratios.

2. Determinations of the CKM matrix element |Vcb|
from exclusive and inclusive semileptonic B decays
exhibit a nearly 3� tension [5]. Decays involving
heavier charmed mesons are an important back-
ground of untagged exclusive measurements, and
are also important in inclusive |Vcb| measurements
since e�ciency and acceptance e↵ects are modelled
using a mix of exclusive decay modes that includes
decays into excited charmed mesons.

3. Semi-tauonic decays into excited charmed mesons
provide a complementary probe of the enhance-
ments observed in the semi-tauonic decays to D

and D⇤. Moreover, the measured semi-tauonic de-
cays to D and D⇤ appear to saturate the inclu-
sive B̄ ! X ⌧ ⌫̄ rate [6]. This motivates measuring
this decay, and if the enhancement is verified, new
physics modifying the D(⇤) rates must also fit the
semi-tauonic rates for higher charmed states.

Heavy quark symmetry [7] provides some model inde-
pendent predictions for exclusive semileptonic B decays
to excited charmed mesons, even including ⇤QCD/mc,b

corrections [8]. Approximations based on those results
constitute the LLSW model [9], used in many experi-
mental analysis. The key observation was that some of
the ⇤QCD/mc,b corrections to semileptonic form factors
at zero recoil are determined by the masses of orbitally
excited charmed mesons [8, 9], which we review first.
The level of agreement among the measurements of

the masses and widths of the four excited states in the
last 4 rows of Table I is not ideal. This table shows
the isospin averaged masses and width, as well as the
quantum numbers of these states. In the heavy quark
limit, the spin-parity of the light degrees of freedom, s⇡l

l ,
is a conserved quantum number [17]. In particular, the
mass of the D⇤

0(2400) varies in published papers by over
100MeV, as shown in Table II. The confidence level of
the mass average is 10%, so we do not inflate it.

Particle s⇡l
l JP m (MeV) � (MeV)

D⇤
0

1
2

+
0+ 2320 265

D⇤
1

1
2

+
1+ 2427 384

D1
3
2

+
1+ 2421 34

D⇤
2

3
2

+
2+ 2462 48

B1
3
2

+
1+ 5727 28

B⇤
2

3
2

+
2+ 5739 23

TABLE I. Isospin averaged masses and widths of some excited
D mesons, rounded to 1MeV. For the 3

2

+
states we averaged

the PDG with LHCb measurements [13, 14] not included in
the PDG. The D⇤

0 mass is discussed in the text; see Table II. LLSW [%] PDG [%]

B+ → D0*l 𝞶 0.56 ± 0.27 0.44 ± 0.08

B+ → D1*l 𝞶 0.20 ± 0.09 0.20 ± 0.05

(B0 → D0*- 𝛑+)x𝞽+0 0.11 ± 0.08 0.009 ± 0.005

⇣1/2 = ⇣1/2(0)
⇣
1 + (w � 1) ⇣ 01/2

⌘

• Dropping the nonleptonic constraint 
reproduces a better agreement with LLSW

Simultaneous analysis of broad information
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Semileptonic B meson decays into the four lightest excited 1P charmed meson states (D⇤
0 , D

⇤
1 ,

D1, and D⇤
2) are investigated in the Standard Model and in the type-II two-Higgs-doublet model.

Predictions for di↵erential branching fractions as functions of the four-momentum transfer squared
are presented, as well as predictions for the ratios of the semi-tauonic and light lepton semileptonic
branching fractions. These predictions rely on the determination of the leading Isgur-Wise function
from the measured total semileptonic branching fractions of the narrow 1P states, as well as the
hadronic branching fractions which are related through factorization to the semileptonic form factors
at maximal recoil. In addition, the dependence of the ratio of semi-tauonic and light lepton branching
fractions on the two-Higgs-doublet model parameters tan� and m±

H is predicted for all four states.

I. INTRODUCTION

The study of semileptonic b ! c decays is a central
focus of the B factory experiments BABAR and Belle, as
well as of the LHCb experiment. Such decays are im-
portant for the measurement of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element |Vcb| and are also probes
of physics beyond the standard model (SM). Theoreti-
cally, the exclusive decays into the ground state charmed
mesons, D andD⇤, are well understood and also inclusive
semileptonic B ! Xc`⌫̄ decays were the focus of exten-
sive research over the past decade. Semileptonic decays
into excited charmed mesons received less attention, but
are important for the following reasons.

1. Recently, BABAR, Belle, and LHCb reported dis-
crepancies from the SM predictions in semi-tauonic
decays compared to the ` = e, µ light lepton final
states [1–4]. Their average shows a disagreement
with the SM expectation at the 3.9� level [5]. This
tension is intriguing, because it occurs in a tree-
level SM process, and most new physics explana-
tions require new states at or below 1TeV [6].

Semileptonic decays into excited charmed mesons
with light leptons are an important background,
and their better understanding is needed to im-
prove the precision of these ratios.

2. Determinations of the CKM matrix element |Vcb|
from exclusive and inclusive semileptonic B decays
exhibit a nearly 3� tension [5]. Decays involving
heavier charmed mesons are an important back-
ground of untagged exclusive measurements, and
are also important in inclusive |Vcb| measurements
since e�ciency and acceptance e↵ects are modelled
using a mix of exclusive decay modes that includes
decays into excited charmed mesons.

3. Semi-tauonic decays into excited charmed mesons
provide a complementary probe of the enhance-
ments observed in the semi-tauonic decays to D

and D⇤. Moreover, the measured semi-tauonic de-
cays to D and D⇤ appear to saturate the inclu-
sive B̄ ! X ⌧ ⌫̄ rate [6]. This motivates measuring
this decay, and if the enhancement is verified, new
physics modifying the D(⇤) rates must also fit the
semi-tauonic rates for higher charmed states.

Heavy quark symmetry [7] provides some model inde-
pendent predictions for exclusive semileptonic B decays
to excited charmed mesons, even including ⇤QCD/mc,b

corrections [8]. Approximations based on those results
constitute the LLSW model [9], used in many experi-
mental analysis. The key observation was that some of
the ⇤QCD/mc,b corrections to semileptonic form factors
at zero recoil are determined by the masses of orbitally
excited charmed mesons [8, 9], which we review first.
The level of agreement among the measurements of

the masses and widths of the four excited states in the
last 4 rows of Table I is not ideal. This table shows
the isospin averaged masses and width, as well as the
quantum numbers of these states. In the heavy quark
limit, the spin-parity of the light degrees of freedom, s⇡l

l ,
is a conserved quantum number [17]. In particular, the
mass of the D⇤

0(2400) varies in published papers by over
100MeV, as shown in Table II. The confidence level of
the mass average is 10%, so we do not inflate it.
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TABLE I. Isospin averaged masses and widths of some excited
D mesons, rounded to 1MeV. For the 3

2

+
states we averaged

the PDG with LHCb measurements [13, 14] not included in
the PDG. The D⇤

0 mass is discussed in the text; see Table II. LLSW [%] PDG [%]

B+ → D0*l 𝞶 0.56 ± 0.27 0.44 ± 0.08

B+ → D1*l 𝞶 0.20 ± 0.09 0.20 ± 0.05

(B0 → D0*- 𝛑+)x𝞽+0 0.11 ± 0.08 0.009 ± 0.005

⇣1/2 = ⇣1/2(0)
⇣
1 + (w � 1) ⇣ 01/2

⌘

• Still working on C / C’ type fits (including 
chromomagnetic terms)

• Plot: 68% and 95% confidence regions of

• LLSW Model, assuming no correlations between 
slope and normalization.

• B’ Fit 
• Fit leading ‘IW’ contributions, constrain sub-leading 

to LLSW model with prior

Simultaneous analysis of broad information
FB & Zoltan Ligeti: manuscript in preparation
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Simultaneous analysis of all broad information
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• Poor agreement between LLSW and fits when using nonleptonic information 

• Measured BF implies much lower rate at q2 ~ 0 GeV2

• Excluding this information results in a better agreement

LLSW Model
B' Fit
B' Fit wêo nonlep.
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FB & Zoltan Ligeti: manuscript in preparation



After the work, some fun!
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Another angle

Measured R(D) and R(D*) values seem 
to saturate inclusive B → Xc 𝞽𝞶 rate

• Expect O(0.3%) contribution to BF from excited B 
→ Xc 𝞽𝞶 in the SM

• If new physics is enhancing the ground states, 
there also might be a (spin) dependent 
enhancement of excited states.

30

2/13

Messung des inklusiven Verzweigungsverhä
ltnisses B → Xτν 
Messung des inklusiven Verzweigungsverhä
ltnisses B → Xτν 

Messung des inklusiven Verzweigungsverhältnisses B → Xτν 

q q

H– 

Motivation

●  Standardmodel Vorhersage 

● BF(B→X
c
τν)

SM
 = (2.42±0.06)%

● Gemessen: b→X
c
τν am LEP in Z→bb

 

→ Weltmittelwert:

BF(B→X
c
τν)

WA
 = (2.40±0.23)%

● Bislang keine Messung an B-Fabriken!

  

b = Mischung von B, B
s
 und b-baryonen

arXiv:1406.7013v2

PDG 2013

X
c

B

B→X
c
τν sensitiv auf Neue Physik

→ zB geladenes Higgs in 2HDM
 arXiv:9403376

Diskrepanz zwischen SM und 
exklusiven B→D(*)τν Zerfällen → Neue Physik?

Can use extracted leading ‘IW’ normalization 
and slope to make predictions for this part.

• Full mass dependence make the nice rate equations a bit 
more ugly
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Another angle
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Can use extracted leading ‘IW’ normalization 
and slope to make predictions.

• Full mass dependence make the nice rate equations a bit 
more ugly

RHD**L
RHD0L
RHD1'L
RHD1L
RHD2L

0.0 0.2 0.4 0.6 0.8 1.00.0

0.1

0.2

0.3

0.4
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tan b ê mH+ @GeV-1D

RHD
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L

RHDL
RHD*L
RHD**L
RHD+D*+D**L
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RHX

cL

FB & Zoltan Ligeti: manuscript in preparation

Measured R(D) and R(D*) values seem 
to saturate inclusive B → Xc 𝞽𝞶 rate

• Expect O(0.3%) contribution to BF from excited B 
→ Xc 𝞽𝞶 in the SM

• If new physics is enhancing the ground states, 
there also might be a (spin) dependent 
enhancement of excited states.



So how can we improve our understanding of 
these states?
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More measurements, Ds, input from lattice

Ds might hold part of the answer or open 
the door to complementary questions

• No broad states as mass below DK threshold

• Challenging for LHCb though as decays happen 
electromagnetic or via 𝝅0

• SU(3) symmetry relates form factors
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2.3 Semileptonic decays

(a) (b)

Figure 2.5: Arrangement of pseudoscalar mesons in geometrical structures. (a)
Two-dimensional representation of the light spin 0 mesons (“eightfold way”).
The blue axes are the z-component of the isospin, Iz and the strangeness, S. (b):
Extended version with “beauty”, B, as third dimension. Figures adapted from
material available in the public domain.

PJ
-0 -1 +0 +1 +1 +2

m
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*s0D
,
s1D

s1D *s2D

Figure 2.6: Ds meson mass spectrum. The centre of the grey rectangles repres-
ents the mass of the state and the height corresponds to twice the width.
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D** of the B-Factories only used partial data; no 
down feed from D(*)𝝅𝝅 considered in the past

• Nonleptonic measurements of broad states very useful (only have one 
measurement here from Belle)

• Differential measurements in w for narrow and broad states could further clarify 
situation; separation maybe via helicity information rather than via mass spectrum 
(Idea of M. Rotondo)

Can the lattice do the narrow states? 
• Would be very useful input. 

• Broad states might be very difficult


