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Why other decays?
• The decays                     allow measurements of |Vcb| and 

R(D(*)). 

• Motivations for looking elsewhere: 

• Complimentary sensitivity/systematics from other b-hadron 
species. 

• Study charm hadron spectroscopy - tests of non-perturbative 
QCD. 

• Feed-down from more exotic hadrons can be important 
backgrounds.
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B ! D(⇤)`⌫
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• The decays                    make up about 70% of the inclusive 
semileptonic rate.
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B ! D⇤⇤`⌫

• The rest, which should have a BF of about 3%, is referred to as                 
. 

B ! D(⇤)`⌫

B(B ! D⇤`⌫) = (4.95± 0.11)%
B(B ! D`⌫) = (2.42± 0.12)%

(7.37± 0.15)%

B(B ! Xc`⌫) = (10.65± 0.15)%

B ! D⇤⇤`⌫

emission in an s-wave. However, they can decay with one
pion emission in an s-wave to members of the s!l

l ¼ 1
2
þ

states, and could thus enhance the observed decay rate to
the s!l

l ¼ 1
2
þ states, and thus give rise to the ‘‘1=2 vs 3=2

puzzle’’. The allowed strong decays are illustrated in Fig. 1
(including those only allowed by the substantial widths of
these particles). It is plausible that the decay modes of the
D0ð$Þ to the 1S and 1P charm meson states may be
comparable.

3) With the relatively low mass of the D0ð$Þ states, the
inclusive lepton spectrum can stay quite hard, in agreement
with the observations.

4) The BðB ! Dð$Þ!‘ !"Þ measurement quoted is not
in conflict with our hypothesis, since the decay of

the D0ð$Þ would yield two or more pions most of the
time.

III. THE B ! D0ð$Þ‘ !! DECAY RATE

Since the quantum numbers of the D0ð$Þ are the same as
those of the Dð$Þ, the theoretical expressions for the decay
rates in terms of the form factors, and the definitions of the
form factors themselves, are identical to the well known
formulae for B ! Dð$Þ‘ !" [10]. As for B ! Dð$Þ‘ !", in the
mc;b & "QCD limit, the six form factors are determined by
a single universal Isgur-Wise function [11], which we
denote by #2ðwÞ. Here w ¼ v ' v0 is the recoil parameter,
v is the velocity of the B meson, and v0 is that of the D0ð$Þ.
We define

d#D0$

dw
¼ G2

FjVcbj2m5
B

48!3 r3ð1( rÞ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2 ( 1

p
ðwþ 1Þ2

)
"
1þ 4w

wþ 1

1( 2rwþ r2

ð1( rÞ2
#
½FðwÞ+2; (2)

d#D0

dw
¼ G2

FjVcbj2m5
B

48!3 r3ð1þ rÞ2ðw2 ( 1Þ3=2½GðwÞ+2;

where, in each equation, r ¼ mD0ð$Þ=mB, and in the mc;b &
"QCD limit FðwÞ ¼ GðwÞ ¼ #2ðwÞ.
Heavy quark symmetry implies #2ð1Þ ¼ 0, so the rate

near zero recoil comes entirely from "QCD=mc;b correc-
tions. Away from w ¼ 1, #2ðwÞ is no longer power sup-
pressed; 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 qualita-
tive argument that near w ¼ 1 the slope of #2ðwÞ, and
probably those of FðwÞ and GðwÞ as well, should be
positive. In B ! D0ð$Þ transition, in the quark model, the

FIG. 1. Strong decays of theD0 andD0$ into the 1S and 1P states involving, one or two pion emissions (left), and all decays including
the near off-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.

TABLE I. Charm meson states and their isospin averaged
masses and widths. D0ð$Þ denote the 2S excitation of D0ð$Þ. The
s!l
l is the spin and parity of the light degrees of freedom, which is
a good quantum number in the heavy quark limit [1].

Notation s!l
l JP m (GeV) # (GeV)

D 1
2
( 0( 1.87

D$ 1
2
( 1( 2.01

D$
0

1
2
þ 0þ 2.40 0.28

D$
1

1
2
þ 1þ 2.44 0.38

D1
3
2
þ 1þ 2.42 0.03

D$
2

3
2
þ 2þ 2.46 0.04

D0 1
2
( 0( 2.54 0.13

D0$ 1
2
( 1( 2.61 0.09

BERNLOCHNER, LIGETI, AND TURCZYK PHYSICAL REVIEW D 85, 094033 (2012)
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P-wave states

PDG
D1 → D1(2420)
D1'  → D1(2430)
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The four lightest states
• Measurements of the four lightest states performed by the BaBar 

and Belle.
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FIG. 2: Hadronic invariant mass distributions for: a) B+ → D−π+ℓ+ν, b) B+ → D∗−π+ℓ+ν, c)
B0 → D̄0π−ℓ+ν, d) B0 → D̄∗0π−ℓ+ν. Insets show the distributions before background subtraction

in the region around the narrow D∗∗’s. The background is shown as the hatched histogram. The
curves are the fits, which are described in the text.
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PRD77,091503 (2008)
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B → D**ℓν
● Similar technique

● Confirm D1 and D2*

● Sees only broad D0* and not D1'

D- π +

D0π -

D*- π +

D*0π -

PRD77,091503(2008)

LHCb Semilep Workshop Theory Prospects on B → D** l !

What’s the problem with B → D** l ! and why you should care
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Introduction
Proposal
Discussion

Motivation
Current Situation

Tension: Inclusive vs. Exclusive Measurement [HFAG 2010]

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

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

D⇤ (5.63 ± 0.18) %
P

D(⇤) (7.94 ± 0.20) %

D⇤
0 ! D ⇡ (0.41 ± 0.08) %

D⇤
1 ! D⇤ ⇡ (0.45 ± 0.09) %

D1 ! D⇤ ⇡ (0.43 ± 0.03) %

D⇤
2 ! D(⇤) ⇡ (0.41 ± 0.03) %

P
D⇤⇤ ! D⇤⇡ (1.70 ± 0.12) %

D ⇡ (0.66 ± 0.08) %

D⇤ ⇡ (0.87 ± 0.10) %
P

D⇤⇡ (1.53 ± 0.13) %

P
D(⇤) +

P
D⇤⇡ (9.47 ± 0.24) %

P
D(⇤) +

P
D⇤⇤ ! D(⇤)⇡ (9.64 ± 0.23) %

Inclusive Xc (10.92 ± 0.16) %

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

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

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

(first number uses D⇤⇤, second semi-inclusive D(⇤)⇡ branching fractions )
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(0 .86 ± 0.12)%

(0 .84 ± 0.04)%

broad states

narrow states

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) %

Sascha Turczyk A proposal to solve some puzzles in semileptonic B decays 5 / 17

Outline2

Vqb
W−

ℓ−

ν̄ℓ

b

ū q

ū

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

2 / 15

• Transitions involving orbital or other excited Xc states make up 
about 3% of all B → Xcl ! transitions

• Inclusive and all known exclusive B → Xcl !  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(*) "" l ! 

• Still some missing contributions, possibly from η decays and 
other """ 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(")
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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

Phys. Rev. Lett. 116, 041801 (2016)

S.  Turczyk, CKM 2012

With just D(*)π combinations, get significant gap 
between sum of exclusives/inclusive measurements.
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Measurement of
• More recently, BaBar extended the search to            .
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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
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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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further. Charged B
tag

candidates are required to
have charge opposite that of the lepton candidate.
We calculate E

extra

, the energy sum of all calorime-
ter energy clusters with energy greater than 80MeV
that are not used in the reconstruction of the B can-
didates, and require E

extra

 0.4GeV. After these
criteria are applied, the remaining events have on
average about two ⌥ (4S) ! B

tag

B candidates per
signal channel. The candidate in each D(⇤)(n⇡)`�

channel with the smallest |�E| is retained.
Each ⌥ (4S) ! B

tag

B candidate is fit to the
hypothesized decay topology, imposing vertex and
mass constraints on intermediate states in order to
improve the resolution. The four-momentum of the
B

tag

D(⇤)(n⇡)`� candidate is subtracted from that
of the initial e+e� state to determine the four-
momentum p

miss

= (E
miss

, ~p
miss

). For events in
which a single neutrino is the only missing parti-
cle, the di↵erence U ⌘ E

miss

� |~p
miss

|c peaks at zero
with a resolution of ⇡ 0.1GeV; U is used to discrimi-
nate against events with additional missing particles.
In contrast to the commonly used missing-mass-
squared, which is proportional to E

miss

+ |~p
miss

| ⇡
2E

miss

, U does not depend directly on the modeling
of E

miss

and thus on the decay dynamics. Hadronic
B decays for which all final-state particles are recon-
structed, and in which a hadron is misidentified as
an electron or muon, have E

miss

⇡ |~p
miss

| ⇡ 0: we
require |~p

miss

| > 0.2GeV/c to suppress these events.
We impose m(D0⇡±) � m(D0) > 0.16GeV/c2 for
the D0⇡+⇡�`�⌫ channel to remove correctly recon-
structed B� ! D⇤+⇡�`�⌫ events with a subsequent
D⇤+ ! D0⇡+ decay.

We use a separate Fisher discriminant [16] in each
signal channel to further reduce the background
from continuum and BB events. The variables used
are E

extra

, mES , the number of unused neutral clus-
ters with energy greater than 80MeV, the numbers
of charged tracks and neutral clusters in the B

tag

candidate, the second normalized Fox-Wolfram mo-
ment R

2

[17], and the CM-frame cosine of the angle
between the thrust axes of the B

tag

candidate and
of the remaining particles in the event. The discrim-
inants are constructed using simulated events, with
the distribution of each variable reweighted to match
the distribution in data. The selection requirement
on the output variables is optimized assuming a
branching fraction B(B ! D(⇤)⇡+⇡�`�⌫) = 0.12%
in each channel.

At this stage of the analysis an event may be re-
constructed in more than one channel. To obtain
statistically independent samples and to maximize

Ev
en

ts
 / 
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45
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 )
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3000 Data
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q q→ -e+e
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(a) B� ! D0`�⌫
BABAR

(b) B� ! D⇤0`�⌫
BABAR

FIG. 1: Measured U distributions and results of the fit
for the (a) B� ! D0`�⌫ and (b) B� ! D⇤0`�⌫ sam-
ples.

the sensitivity to D(⇤)⇡+⇡�`�⌫ decays, we select a
unique candidate as follows. Any event found in a
D(⇤)`�⌫ sample is removed from all samples with
one or two signal pions. If an event enters two or
more samples with the same number of signal pions,
candidates are removed from the sample with lower
signal-to-background level. In addition, we remove
from the D(⇤)⇡+⇡�`�⌫ samples any event found in
a D(⇤)⇡`�⌫ sample with |U | < 0.1GeV.

The analysis procedure was developed using sim-
ulated event samples; the data for the two-pion sig-
nal modes were not examined until the selection and
fit procedures were finalized. Event yields are ob-
tained from an unbinned maximum likelihood fit to
the U distribution in the range �1.5 < U < 3.0GeV
for each signal channel. One-dimensional proba-
bility density functions (PDF) for the signal and
background components of each sample are obtained
from MC using parametric kernel estimators with
adaptive widths [18]. Figure 1 shows the results for
the D(⇤)0`�⌫ channels; the results for the D(⇤)+`�⌫
channels are similar. Corresponding yields are pre-
sented in Table I.

The PDFs used in the fit to the D(⇤)`�⌫ chan-
nels include the following components, whose mag-
nitudes are parameters of the fit: B ! D`�⌫,
B ! D⇤`�⌫, B ! D(⇤)⇡`�⌫, other BB events,
and continuum events. Potential contributions from
D(⇤)⇡⇡`�⌫ decays have a similar shape to D(⇤)⇡`�⌫
decays in these channels and are included in the
B ! D(⇤)⇡`�⌫ component. The PDFs used in the fit
to the D(⇤)⇡+⇡�`�⌫ channels include the following
components: B ! D(⇤)`�⌫, B ! D(⇤)⇡�`�⌫, B !

• Fit variable 

• Use hadronic tagging to improve 
kinematic discrimination.

• Largest systematic uncertainty 
arises from the knowledge of the 
contributions to the signal.

7

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

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

R(⇤)

⇡+⇡� =
N (⇤)

⇡+⇡�

N (⇤)

norm

✏(⇤)
norm

✏(⇤)⇡+⇡�

, (1)

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

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

⇡+⇡�) and

zero-pion normalization (N (⇤)

norm

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

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

TABLE II: Branching fraction ratios R(⇤)

⇡

+
⇡

� for the

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

Channel R(⇤)

⇡

+
⇡

� ⇥ 103 B ⇥ 105

D0⇡+⇡�`�⌫ 71± 13± 8 161± 30± 18± 8

D+⇡+⇡�`�⌫ 58± 18± 12 127± 39± 26± 7

D⇤0⇡+⇡�`�⌫ 14± 7± 4 80± 40± 23± 3

D⇤+⇡+⇡�`�⌫ 28± 8± 6 138± 39± 30± 3

D⇡+⇡�`�⌫ 67± 10± 8 152± 23± 18± 7

D⇤⇡+⇡�`�⌫ 19± 5± 4 108± 28± 23± 4

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

�0.07
+0.27
�0.13)%,

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

• Belle/LHCb should be able to do 
a competitive measurement.

BaBar, PRL116, 041801 (2016)
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Update to the inclusive/exclusive gap
• Add neutral pion modes using isospin symmetry to 

get 
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� Incl. vs Excl. Gap with  𝐵 → 𝐷(∗)𝜋𝜋𝑙−  𝜈𝑙
• The obtained branching fractions
𝐵𝐹  𝐵 → 𝐷𝜋−𝜋+𝑙− 𝜈𝑙 = 0.152 ± 0.023(stat) ± 0.018(syst) ± 0.007(norm) %
𝐵𝐹  𝐵 → 𝐷∗𝜋−𝜋+𝑙−  𝜈𝑙 = 0.108 ± 0.028(stat) ± 0.023(syst) ± 0.004(norm) %

• Total BFs for  𝐵 → 𝐷(∗)𝜋𝜋𝑙−  𝜈𝑙 with isospin symmetry:
𝐵𝐹  𝐵 → 𝐷 ∗ 𝜋−𝜋+𝑙−  𝜈𝑙 /𝐵𝐹(  𝐵 → 𝐷 ∗ 𝜋𝜋𝑙−  𝜈𝑙) = (0.50 ± 0.17)
Æ 𝐵𝐹  𝐵 → 𝐷𝜋𝜋𝑙−  𝜈𝑙 + 𝐵𝐹  𝐵 → 𝐷∗𝜋𝜋𝑙−  𝜈𝑙 = (0.52−0.07−0.13+0.14+0.27)%

Flavor Physics and CP Violation 2016

The incl.-excl. gap was reduced to 2-3σ
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• Gap between sum of exclusives 
and inclusive now down to 2/3 σ.

From S. Hirose @ FPCP 2016

• What else is missing? 

•                          ? 

• Non-resonant? 

• More excited states?

B ! D(⇤)⌘`⌫

• Constraints on composition found from moment analysis [F. Bernlochner 
et al, arXiv:1402.2849]. No signal resonance can fill the gap.
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Have opposite problem in τ channels

• Should also study 
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LHCb Semilep Workshop Theory Prospects on B → D** l !

Another angle

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

• Expect O(0.3%) contribution to BF from excited B 
→ Xc "! 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

5. Backup 18/25

B ! D⇤⇤(! D⇤+⇡)µ⌫ control sample

• Isolation MVA selects one track, M
D

⇤+⇡ around narrow D⇤⇤ peak !
select a sample enhanced in B! D⇤⇤µ+⌫

• Use this to constrain, justify B! D⇤⇤µ+⌫ shape for light D⇤⇤ states
• Also fit above, below narrow D⇤⇤ peak region to check all regions of

M
D

⇤+⇡ are modelled correctly in data

LHCb, PRL115,111803(2015)

• Should have enough signal in LHCb/Belle 2 datasets.

• The decays                 and                  saturate inclusive rateB ! D⇤⌧⌫B ! D⌧⌫

B ! D⇤⇤⌧⌫
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What about R(D**)?
• With experimental information, possible to control uncertainty on 

R(D**)?

8
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• 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

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

F. Bernlochner and Z. Ligeti: arXiv:1606.09300
• By fitting data, can get ~10% on R(D**), with different uncertainties 

depending on hadron species. 

• Uses information on fully hadronic decays for the form factor at q2=0.
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Other b-hadron species
• We can learn more from other b-hadron species.
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FIG. 1: The MKK⇡ distributions for D�
s `+ events and �M distributions for D⇤�

s `+ events reconstructed in the ⌥(5S) data
for the three counting regions. The black points with uncertainty bars are the data, the red solid curve represents the total fit
result, and the green dashed line is the fitted background component.

B0
s ! D⇤+

s µ⌫

• Not so well studied, most precise measurement from Belle.

Belle, Phys. Rev. D 92, 072013 (2015)  Phys. Rev. Lett. 117, 061803 (2016)

• Only two helicity states for Ds
*+, form factor measurement would be interesting.

• For the excited cs system, the 1/2 states are narrow - could shed light 
on the 1/2 vs 3/2 puzzle?
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b-bayrons
• Even less studied - semileptonic b-baryon decays. 

• Here LHCb should be able to make precise studies - 20% of b-hadrons 
are b-baryons.
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Future prospects

Toward Vcb measurement in ⇤b æ ⇤cµ‹µ

• Count ⇤
b

æ ⇤
c

µ‹µ in bins of w
• Subtract feed-down from ⇤

c

excited state æ study ⇤
c

fi+fi≠µ‹

finale states
• ⇤ú

c

states: need theoretical input
on form factors and rates

• Fit for fl using a
theoretically-motivated function

• fl2 = 1.65 ± 0.03 (stat)± 0.08 (syst)
(preliminary)

B. Khanji, LHCb (CERN, Milano-Bicocca) R(Dú≠) & future prospects 4 November 2015 24 / 32

• Form-factor measurement of the 
ground state ongoing. 

• Should be able to measure also 
the first two excited states,           
and                .

⇤c(2595)
+

⇤c(2625)
+

• Should constrain on R(Λc*+), which should also be possible in the near 
future.

LHCb unofficial
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Summary
• There are a couple of puzzles outside the usual |Vxb| and R(D(*)) 

ones. 

• Inclusive vs exclusive gap. 

• 1/2 vs 3/2 puzzle still exists. 

• It is important to understand these D** states if we want to 
convince everyone of the R(D*) results. 

• BaBar has helped with their                               measurement. 

• More measurements needed for Belle and LHCb! 

• Other b-hadron species provide complimentary information - 
looking forward to Bs0 and Λb measurements.
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B ! D(⇤)⇡+⇡�`⌫


