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Table 1: Standard model branching fraction predictions for B → D(∗)τ−ντ

and B → Xcτντ . The predictions for the exclusive B0 modes are taken
from [6], where the errors are based on the form factor model used; the
predictions for the B− modes are based on the quoted B0 results, imposing
isospin symmetry and using the B−–B0 lifetime ratio in [10]. The prediction
for the inclusive mode is taken from Ref. [7], and the dominant uncertainty
comes from the experimental uncertainty on the total semileptonic decay rate
B → Xc#−ν". See Section 2 for further details on these calculations and their
errors.

Decay Mode B (%)
B0 → D−τ−ντ 0.69 ± 0.04
B0 → D∗−τ−ντ 1.41 ± 0.07
B− → D0τ−ντ 0.64 ± 0.04
B− → D∗0τ−ντ 1.32 ± 0.07
B → Xcτ−ντ 2.3 ± 0.25
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Figure 1: Standard model Feynman diagram for B → D(∗)τ−ντ .
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ν
τ−, µ−, e−

Semileptonic            decays

 Hadronic and leptonic currents factorize
 Important tool for precise |Vcb| measurements

 Complementary to measuring CKM angles

                                    

 Possibility of new physics at tree level
 Higher statistics than leptonic decays
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b→ c

Rate ∝ |Vcb|2 · FF (q2)q

 (2.5 ± 0.5) % larger than exclusive{B(B+ → D∗0!+ν!) = (6.07± 0.29)%
B(B+ → D0!+ν!) = (2.27± 0.11)%

B(B+ → Xc!
+ν!) = (10.8± 0.4)%
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     Motivation:
 Charmed mesons with L = 1

 Little knowledge on D** 
 Only masses and widths are known

 Semileptonic decays may help bridge 
the inclusive-exclusive gap

 Leading source of uncertainty in    
some                   analyses

 QCD sum rules suggest narrow states
(jq = 3/2) dominate
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Figure 1: Term scheme for the excited D states.

Decay Mode Value Decay Mode Value
D0

1 → D∗+π− 0.667 D+
1 → D∗0π+ 0.667

D0
1 → D∗0π0 0.333 D+

1 → D∗+π0 0.333
D

′0
1 → D∗+π− 0.667 D

′+
1 → D∗0π+ 0.667

D0
1 → D∗0π0 0.333 D+

1 → D∗+π0 0.333
D∗0

2 → D∗+π− 0.209 D∗+
2 → D∗0π+ 0.209

D∗0
2 → D∗0π0 0.103 D∗+

2 → D∗+π0 0.103
D∗0

2 → D+π− 0.459 D∗+
2 → D0π+ 0.459

D∗0
2 → D0π0 0.229 D∗+

2 → D+π0 0.229
D∗0

0 → D+π− 0.667 D∗+
0 → D0π+ 0.667

D∗0
0 → D0π0 0.333 D∗+

0 → D+π0 0.333

Table 2: D∗∗ branching fractions used in our simulation.

information on the mass distributions of these states was also extracted. In particular, the
kinematics at LEP, where the B hadrons had a significant boost and were separated in op-
posite hemispheres, allowed analyses based on the topology of the particle tracks w.r.t. the
decay vertices. On the other hand, primary fragmentation particles represented a background
and statistics were limited. On the contrary, and quite surprisingly, until very recently there
have not been many studies of semileptonic decays to D∗∗ and non-resonant final states at B-
factories. BELLE [12] has recently produced new results on B̄ → D∗∗!−ν̄! that are discussed
more in detail in the following.

The inclusive b-hadron semileptonic branching fraction into D∗∗ mesons has been measured

3

B → D∗∗! ν!

Phys. Lett. B 501, 86 (2001) Eur. Phys. J. C 52, 975 (2007)

B → X!ν
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B tagging
 Full reconstruction of one of the B mesons from 

 Constrains kinematics

 Determines charge and flavor of signal B

 Reduces background

 Efficiency is just 0.2-0.4 % 

 A seed is reconstructed
 Combined with up to 5 particles (                                 )

6

K±, K0
s , π± and π0

Btag
D(∗)

K0
S

π
π0

}Seedπ
KK

e+e− → Υ(4S)→ BB
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B tagging
 Kinematic constraints

 Over a 1,000 of different reconstruction modes
 Dominated by combinatoric background → Purity cut

 Signal side selection cleans it up further
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                     reconstruction

 Events with at least one Btag candidate
 Lepton (             ) with

 D reconstructed within 2σ  of nominal mass
 D0 in 9 channels, D+ in 7 channels

 D* reconstructed within 1.5-2.5σ  of nominal mass
  

 A       is added. Events with extra tracks are rejected
                         is vetoed, by                                                     in the      channel
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e−

e+

lepton

D∗∗

ν!

Bsig

Btag D(∗)

π±

e− or µ− p! > 600 MeV

B → D∗∗! ν!

D∗ → Dπ and D∗ → Dγ channels

D∗± → D0π± m(D0π±)−m(D0) > 180 MeV D0

π±
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 Signal events have 

 Asymmetric cuts allow feed-down

Missing mass

9

5

TABLE I: m2
miss selection criteria.

Mode Selection Criteria
B−

→ D∗+π−"−ν̄! −0.25 < m2
miss < 0.25 GeV2/c4

B−
→ D+π−"−ν̄! −0.25 < m2

miss < 0.8 GeV2/c4

B0
→ D∗0π+"−ν̄! −0.2 < m2

miss < 0.35 GeV2/c4

B0
→ D0π+"−ν̄! −0.15 < m2

miss < 0.85 GeV2/c4

D(∗)0π+"−ν̄! decays starting from the corresponding
Btag + D(∗)"− 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+"−ν̄!

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∗+"−ν̄! events.
Semileptonic B → D∗∗"−ν̄! decays are identi-

fied by the missing mass squared in the event,

m2
miss =

[

p(Υ (4S)) − p(Btag) − p(D(∗)π) − p(")
]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 →

Dπ"−ν̄! events is dominated by feed-down from B →
D∗∗(→ D∗π)"−ν̄! 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. As a cross-check, we repeat the analysis
using a symmetric cut on m2

miss for each event sample,
obtaining consistent results, with relative changes in the
3-8% range, much smaller than the fit errors.

The signal yields for the B → D∗∗"−ν̄! 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(∗)π"−ν̄! 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)"−ν̄! decays are reconstructed
as B → D∗∗(→ Dπ)"−ν̄! is determined with the MC sim-
ulation to be 26%(59%) for the B−(B0) sample and held
fixed in the fit.
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FIG. 1: (Color online) Fit to the m(D(∗)π) − m(D(∗)) dis-
tribution for a) B−

→ D∗+π−"−ν̄!, b) B−
→ D+π−"−ν̄!, c)

B0
→ D∗0π+"−ν̄!, and d) B0

→ D0π+"−ν̄!: 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.

The Probability Density Functions (PDFs) for the
D∗∗ signal components are determined using MC B →
D∗∗"−ν̄! signal events. A convolution of a Breit-Wigner
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∗π"−ν̄! sample, while for the Dπ"−ν̄!

sample we use the convolution of an exponential with
a Gaussian to model the tail from virtual D∗ mesons.

m2
miss = (pbeam − pBtag − pD(∗) − p! − pπ±)2 = m2

ν ∼ 0
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TABLE II: Results from the fits to data: the B → D∗∗!−ν̄! signal yield, the corresponding reconstruction efficiency, the product
of branching fractions, where the first error is statistical and the second systematic. For the B → D∗

2!−ν̄! decay, we report
yields and product of branching fractions for the D∗

2 → Dπ decay mode. For the isospin-constrained results (last two columns),
the B− branching fraction products are reported. The statistical significances, Sstat, are obtained by computing the difference
in the log likelihood between the nominal fit and the fit in which we fix the different signal components to 0. The significances

including the systematic uncertainty, Stot, are obtained by rescaling the statistical significances by σstat/
q

σ2
stat + σ2

syst.

Decay Mode Yield εsig(×10−4) B (B → D∗∗!−ν̄! ) × B(D∗∗
→ D(∗)π±) % Stot(Sstat) B % Stot(Ssitat)

B−
→ D0

1!−ν̄! 165 ± 18 1.24 0.29 ± 0.03 ± 0.03 9.9 (12.7) 0.29 ± 0.03 ± 0.03 10.7 (15.2)
B−

→ D∗0
2 !−ν̄! 97 ± 16 1.44 0.15 ± 0.02 ± 0.02 5.2 (7.3) 0.12 ± 0.02 ± 0.02 5.3 (7.4)

B−
→ D

′0
1 !−ν̄! 142 ± 21 1.13 0.27 ± 0.04 ± 0.05 5.4 (8.0) 0.30 ± 0.03 ± 0.04 6.4 (10.0)

B−
→ D∗0

0 !−ν̄! 137 ± 26 1.15 0.26 ± 0.05 ± 0.04 4.5 (5.8) 0.32 ± 0.04 ± 0.04 6.1 (8.3)
B0

→ D+
1 !−ν̄! 88 ± 14 0.70 0.27 ± 0.04 ± 0.03 7.0 (8.4)

B0
→ D∗+

2 !−ν̄! 29 ± 13 0.91 0.07 ± 0.03 ± 0.02 (< 0.12 @90% CL) 2.0 (2.5)

B0
→ D

′+
1 !−ν̄! 86 ± 18 0.60 0.31 ± 0.07 ± 0.05 4.6 (5.8)

B0
→ D∗+

0 !−ν̄! 142 ± 26 0.70 0.44 ± 0.08 ± 0.06 4.7 (6.0)
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Yields
 Maximum likelihood fit to 

 4 signal yields extracted

 Shapes and feed-down rate from MC
 Combinatorial bkg. from fit to
 Excess at low mass not from known sources

 Yields not very sensitive to this region
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This contamination has a negligible effect on the CP pa-
rameters.

The reconstruction efficiencies are 15%, 7%, 9%, and
11%, for the B− → D̃0K−, B− → D̃∗0[D̃0π0]K−,
B− → D̃∗0[D̃0γ]K−, and B− → D̃0K∗− decay modes,
respectively. Figure 1 shows the mES distributions after
all selection criteria, for |∆E| < 30(25) MeV, for B− →
D̃(∗)0K−(B− → D̃0K∗−). The largest background con-
tribution comes from continuum events or BB decays
where a fake or true D0 is combined with a random
track. Another source of background for B− → D̃(∗)0K−

is given by B− → D(∗)0π− decays where the prompt pion
is misidentified as kaon. These decays are separated from
the signal using their different ∆E distribution.
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FIG. 1: Distributions of mES for (a) B− → D̃0K−, (b)
B− → D̃∗0[D̃0π0]K−, (c) B− → D̃∗0[D̃0γ]K−, and (c)
B− → D̃0K∗−. The curves superimposed represent the over-
all fit projections (solid black lines), the continuum contribu-
tion (dotted red lines), and the sum of all background com-
ponents (dashed blue lines).

III. THE D0 → K0
Sπ−π+ DECAY MODEL

The D0 → K0
S
π−π+ decay amplitude AD(m2

−, m2
+)

is determined from an unbinned maximum-likelihood
fit to the Dalitz plot distribution of a high-purity
(97.7%) tagged D0 sample from 390328 D∗+ → D0π+

decays reconstructed in 270 fb−1 of data, shown in
Fig. 2. Our phenomenological reference model to de-
scribe AD(m2

−, m2
+) uses a sum of two-body amplitudes

(subscript r) and a non-resonant (subscript NR) contri-
bution,

AD(m2
−, m2

+) =
∑

r

are
iφrAr(m

2
−, m2

+) + aNReiφNR , (2)

where the parameters ar (aNR) and φr (φNR) are the
magnitude and phase of the amplitude for component r
(NR). The function Ar = Fr × Tr × Wr is the Lorentz-
invariant expression that describes the dynamic proper-
ties of the D0 meson decaying into K0

S
π−π+ through an

intermediate resonance r, as a function of position in the
Dalitz plane. Here, Fr is the Blatt-Weisskopf centrifugal
barrier factor for the resonance decay vertex [16] with ra-
dius R = 1.5 GeV−1 (0.3 fm), Tr is the resonance prop-
agator, and Wr describes the angular distribution in the
decay. For Tr we use a relativistic Breit-Wigner (BW) pa-
rameterization, except for r = ρ(770) and ρ(1450) where
we use the functional form suggested in Ref. [17]. The
angular dependence Wr is described with the helicity for-
malism as shown in [18]1. Mass and width values are
taken from [19], with the exception of K∗

0 (1430)+ taken
from [20]. The model consists of a total of 13 resonances
leading to 16 two-body decay amplitudes and phases (see
Table I), and accounts for efficiency variations across the
Dalitz plane and the small background contribution. All
the resonances considered in this model are well estab-
lished except for the two scalar ππ resonances, σ and
σ′, whose masses and widths are obtained from our sam-
ple [21]. Their addition to the model is motivated by an
improvement in the description of the data.

The possible absence of the σ and σ′ resonances is con-
sidered in the evaluation of the systematic errors through
the use of a K-matrix formalism [22] to parameterize the
ππ S-wave states. The K-matrix method provides a di-
rect way of imposing the unitarity constraint of the scat-
tering matrix that is not guaranteed in the case of the
BW model and is suited to the study of broad and over-
lapping resonances in multi-channel decays, avoiding the
need to introduce the two σ scalars,

AD(m2
−, m2

+) = F1(s) +
∑

r $=ππ S=0

are
iφrAr(m

2
−, m2

+), (3)

where F1(s) =
∑

j [I − iK(s)ρ(s)]−1
1j Pj(s) is the contri-

bution of ππ S-wave states. Here, s = m2
π−π+ , I is the

identity matrix, K is the matrix describing the S-wave
scattering process, ρ is the phase-space matrix, and P is
the initial production vector [22]. The index j represents
the jth channel (1 = ππ, 2 = KK, 3 = multi-meson [23],
4 = ηη, 5 = ηη′). The K-matrix parameters are obtained
from a global fit to the available ππ scattering data below
1900 MeV/c2 [24], while the initial production vector is
obtained from our fit to the tagged D0 → K0

S
π−π+ data.

IV. CP FIT RESULTS AND SYSTEMATIC
UNCERTAINTIES

Once the decay amplitude AD(m2
−, m2

+) is known it
can be fed into Eq. (1). The extraction of the CP -

1 The label A and B should be swapped in Eq. (6) of [18].
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Normalization and 
Systematic Uncertainties

                      is reconstructed to normalize the branching fraction and 
reduce systematic uncertainties
 Lepton with

 Btag with correct charge-flavor correlation

 Yield from          fit

 Systematic uncertainties
 D** signal yields (5.5-17.0%)

 PDF parameterization, shape and yield of background, modeling the broad D** and                   
D* feed-down rate

 Detector efficiencies (2.2-5.3 %)

 D/D* branching fractions (3.0-4.5 %)

                         normalization (1.9 %)

 Btag efficiencies (4.0-5.6 %)
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B → X!−ν!

p! > 600 MeV

mES

B → X!−ν!

m2
miss peaks at zero. Other B semileptonic decays, where

one particle is not reconstructed (feed-down) or is erro-
neously added (feed-up) to the charm candidate, exhibit
higher or lower values in m2

miss. To obtain the B semi-
leptonic signal yields, we perform a one-dimensional ex-
tended binned maximum likelihood fit [15] to the m2

miss
distributions. The fitted data samples are assumed to con-
tain four different types of events: !B ! D!"#!!#‘$ !"‘ signal
events, feed-down or feed-up from other B semileptonic
decays, combinatoric B !B and continuum background, and
hadronic B decays (mainly due to hadrons misidentified as
leptons). For the fit to the m2

miss distributions of the !B !
D!"#!‘$ !"‘ channel, we also include a component corre-
sponding to other misreconstructed !B ! D""!D"!#‘$ !"‘
decays. We use the MC predictions for the different B
semileptonic decay m2

miss distributions to obtain the proba-
bility density functions (PDFs). The combinatoric B !B and
continuum background shape is also estimated by the MC
simulation, and we use the off-peak data to provide the
continuum background normalization. The shape of the
continuum background distribution predicted by the MC
simulation is consistent with that obtained from the off-
peak data.

The m2
miss distributions are compared with the results of

the fits in Fig. 1 for each of the !B ! D!"#!!#‘$ !"‘ channels.
The fitted signal yields and the signal efficiencies, account-
ing for the Btag reconstruction, are listed in Table I.

To reduce the systematic uncertainty, the exclusive
B! !B ! D!"#!!#‘$ !"‘" branching fractions relative to the
inclusive semileptonic branching fraction are measured. A
sample of !B ! X‘$ !"‘ events is selected by identifying a

charged lepton with c.m. momentum greater than
0:6 GeV=c and the correct charge-flavor correlation with
the Btag candidate. In the case of multiple Btag candidates in
an event, we select the one reconstructed in the decay
channel with the highest purity, defined as the fraction of
signal events in the mES signal region. Background com-
ponents peaking in the mES signal region include cascade B
meson decays (i.e., the lepton does not come directly from
the B) and hadronic decays, and are subtracted by using the
corresponding MC distributions. The total yield for the
inclusive !B ! X‘$ !"‘ decays is obtained from a maximum
likelihood fit to the mES distribution of the Btag candidates
using an ARGUS function [16] for the description of the
combinatorial B !B and continuum background, and a
Crystal Ball function [17] for the signal. Additional
Crystal Ball and ARGUS functions are used to model a
broad-peaking component, included in the signal defini-
tion, due to real !B ! X‘$ !"‘ decays for which, in the Btag

reconstruction, neutral particles have not been identified or
have been interchanged with the semileptonic decays.
Figure 2 shows the mES distribution of the Btag candidates
in the B$ ! X‘$ !"‘ and !B0 ! X‘$ !"‘ sample. The fit
yields 159 896% 1361 events for the B$ ! X‘$ !"‘ sample
and 96 771% 968 events for the !B0 ! X‘$ !"‘ sample.

The relative branching fractions B! !B !
D!"#!!#‘$ !"‘#=B! !B ! X‘$ !"‘# are obtained by correcting
the signal yields for the reconstruction efficiencies (esti-
mated from B !B MC events) and normalizing to the
inclusive !B ! X‘$ !"‘ signal yield, following the
relation B! !B ! D!"#!!#‘$ !"‘#=B! !B ! X‘$ !"‘# & Nsig

#sig
#sl
Nsl

.

Here, Nsig is the number of !B ! D!"#!!#‘$ !"‘ signal events

)2 (GeV/cESm
5.21 5.22 5.23 5.24 5.25 5.26 5.27 5.28

 )2
E

ve
nt

s 
/ (

 0
.0

00
5 

G
eV

/c

0

2000

4000

6000

8000

10 000 a)

)2 (GeV/cESm
5.21 5.22 5.23 5.24 5.25 5.26 5.27 5.28

0

1000

2000

3000

4000

5000

6000 b)

FIG. 2 (color online). mES distributions of the (a) B$ ! X‘$ !"‘, and (b) !B0 ! X‘$ !"‘ samples. The data (points with error bars) are
compared to the result of the fit (solid line). The dashed lines show the broad-peaking component and the sum of the combinatorial and
continuum background.

TABLE I. Signal yields and reconstruction efficiencies for the !B ! D!"#!!#‘$ !"‘ decays.

Decay mode Nsig #sig!'10$4# Decay mode Nsig #sig!'10$4#
B$ ! D0‘$ !"‘ 1635% 61 1:71% 0:02 B$ ! D(!$‘$ !"‘ 174% 25 1:02% 0:03
B$ ! D"0‘$ !"‘ 3050% 73 1:27% 0:01 B$ ! D"(!$‘$ !"‘ 306% 27 1:26% 0:03
!B0 ! D(‘$ !"‘ 852% 40 0:94% 0:02 !B0 ! D0!(‘$ !"‘ 107% 20 0:60% 0:03
!B0 ! D"(‘$ !"‘ 2045% 55 0:91% 0:01 !B0 ! D"0!(‘$ !"‘ 130% 20 0:66% 0:02

PRL 100, 151802 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
18 APRIL 2008

151802-6
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           Results

 Simultaneous observation of all 4 D** semileptonic decays
 1.55 % total fills part of the 2.5 % inclusive/exclusive gap

 Agrees well with BaBar untagged, PRL 100: 151802 (2008)

 Rate for       does not agree with limit by Belle, PRD 77: 091503 (2008), 
but agrees with DELPHI, Eur. Phys. J. C 45: 35 (2006)

 Rate of broad states still in conflict with QCD sum rules
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TABLE II: Results from the fits to data: the B → D∗∗!−ν̄! signal yield, the corresponding reconstruction efficiency, the product
of branching fractions, where the first error is statistical and the second systematic. For the B → D∗

2!−ν̄! decay, we report
yields and product of branching fractions for the D∗

2 → Dπ decay mode. For the isospin-constrained results (last two columns),
the B− branching fraction products are reported. The statistical significances, Sstat, are obtained by computing the difference
in the log likelihood between the nominal fit and the fit in which we fix the different signal components to 0. The significances

including the systematic uncertainty, Stot, are obtained by rescaling the statistical significances by σstat/
q

σ2
stat + σ2

syst.

Decay Mode Yield εsig(×10−4) B (B → D∗∗!−ν̄! ) × B(D∗∗
→ D(∗)π±) % Stot(Sstat) B % Stot(Ssitat)

B−
→ D0

1!−ν̄! 165 ± 18 1.24 0.29 ± 0.03 ± 0.03 9.9 (12.7) 0.29 ± 0.03 ± 0.03 10.7 (15.2)
B−

→ D∗0
2 !−ν̄! 97 ± 16 1.44 0.15 ± 0.02 ± 0.02 5.2 (7.3) 0.12 ± 0.02 ± 0.02 5.3 (7.4)

B−
→ D

′0
1 !−ν̄! 142 ± 21 1.13 0.27 ± 0.04 ± 0.05 5.4 (8.0) 0.30 ± 0.03 ± 0.04 6.4 (10.0)

B−
→ D∗0

0 !−ν̄! 137 ± 26 1.15 0.26 ± 0.05 ± 0.04 4.5 (5.8) 0.32 ± 0.04 ± 0.04 6.1 (8.3)
B0

→ D+
1 !−ν̄! 88 ± 14 0.70 0.27 ± 0.04 ± 0.03 7.0 (8.4)

B0
→ D∗+

2 !−ν̄! 29 ± 13 0.91 0.07 ± 0.03 ± 0.02 (< 0.12 @90% CL) 2.0 (2.5)

B0
→ D

′+
1 !−ν̄! 86 ± 18 0.60 0.31 ± 0.07 ± 0.05 4.6 (5.8)

B0
→ D∗+

0 !−ν̄! 142 ± 26 0.70 0.44 ± 0.08 ± 0.06 4.7 (6.0)
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     Motivation:
 Decay sensitive to Higgs mediation

 At tree level

 Coupling proportional to

 It affects D and D* differently (Higgs spin)

 Only                                                                 observed
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Figure 4: Feynman diagram for B → D(∗)τ−ντ in a supersymmetric model.

servation of B → D(∗)τ−ντ is possible with B-factory data samples available
today.

1.5 Methodology

Because of the large expected background from other B → Xc#−ν" decays
and the lack of a τ mass peak, we have designed very tight selection criteria.
By imposing such constraints on signal candidates, we hope to reduce, as
much as possible, the contamination due to misreconstructed or partially
reconstructed events.

The key to performing this analysis at BABAR is to use the so-called
“semiexclusive B reconstruction” technique to fully reconstruct one B meson
in a hadronic final state. This Btag sample includes more than 1000 different
final states, and yields approximately 2000 fully-reconstructed B mesons per
fb−1.

After fully reconstructing the Btag candidate, we reconstruct D(∗) and τ
candidates from the remaining particles in the event. D(∗) mesons are recon-
structed in a variety of hadronic modes, while τ candidates are reconstructed
in the cleanest channels, the leptonic decays τ → #−ν"ντ , in which only the
charged lepton # is actually observed.

A key part of the signature of a signal event is large missing four-momentum
due to the neutrinos. Our signal extraction will be based largely on the miss-
ing mass squared, defined as

m2
miss ≡ (pmiss)

2 = (pΥ − ptag − pD(∗) − p")
2 , (1)

27

B → D(∗)τ ντ

B(B0 → D∗+τ−ντ ) = 2.02+0.40
−0.37 ± 0.37

PRL 99, 191807 (2007)
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                 reconstruction
 Full event reconstruction: Btag, a D(*) and a lepton (               )

 Basic cuts
  

 Particle ID on leptons, pions and kaons

 No extra tracks

 Selection of best B with smallest
 Additional cuts                     
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e−

e+ D(∗)

τ

3ν
lepton

|∆E| < 72 MeV ; mES > 5.27 GeV ; pe > 0.3 GeV ; 0.4 < θl < 2.6

Bsig

Btag

e− or µ−

pmiss > 200 MeV q2 = (pbeam − pBtag − pD(∗))2 > 4 GeV2
EExtra < 150-300 MeV

EExtra =
∑

not used

Eγ , with Eγ > 50 MeV

B → D(∗)τ ντ
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Fit
 2D fit on                           in 4 channels

 Shapes and cross-feed from MC

  

                                        , where we lose 
the    ,  is a difficult background
 Simultaneous fit on a               control sample

 Fixes D** contribution to main fit

 Reduces sensitivity to D** model dependence
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m2
miss and p∗

!

D(∗)!ν! peaks at m2
miss = 0

B → D∗∗(→ D(∗)π0)"ν!

π0

D(∗)π0"

the only missing particle is a single neutrino,

D!0‘" !!‘ ) D!0‘" D0‘" !!‘ ) D0‘"

D!þ‘" !!‘ ) D!þ‘" Dþ‘" !!‘ ) Dþ‘"

D!!‘" !!‘ ) D!0"0‘" D!!‘" !!‘ ) D0"0‘"

D!!‘" !!‘ ) D!þ"0‘" D!!‘" !!‘ ) Dþ"0‘";

and the remaining two are components in which a single
neutrino and a soft "0 or # are missing,

D!0‘" !!‘ ) D0‘" D!þ‘" !!‘ ) Dþ‘":

Figure 9 shows projections of the PDF fit to several
simulated event samples, showing the range of shapes
described by our PDFs.

C. Cross feed constraints

We apply a number of constraints in the fit, relating the
event yields between different reconstruction channels in
order to make use of all available information. These
constraints help to maximize our sensitivity, particularly
to the !B ! D$" !!$ signals where the dominant back-
grounds are due to feed-down. There are 20 such con-
straints in the fit, corresponding to 20 different ways in
which a true !B ! D=D!=D!!‘" !!‘ event can be recon-
structed with the wrong final-state meson, either as feed-
down (D! ) D and D!! ) D=D!) or as feed-up (D )
D!=Dð!Þ"0 and D! ) Dð!Þ"0).

These constraints are implemented in the fit by requiring
that the number of events of type j correctly reconstructed
in the ith channel (Nij) is related to the number of events of
type j reconstructed in a cross feed channel i0 (Ni0j) by

Ni0j & Nij ' fi!i0;j; (17)

where fi!i0;j is a cross feed constraint relating the two

yields. The cross feed constraints fi!i0;j are linearly related
to the misreconstruction probability. For feed-down pro-
cesses, in which the probability to lose a low-momentum
"0 or # is high, fi!i0;j typically takes values between 0.2
and 1.0; for feed-up processes, in which the probability to
reconstruct a fake "0 or # in a narrow mass window is low,
fi!i0;j typically takes values between 0.01 and 0.1.
The values for most of the fi!i0;j terms are taken from

simulation, but, in order to reduce systematic effects, the
values of the dominant feed-down components, !B !
D!‘" !!‘ reconstructed in the D‘" signal channels, are
left free in the fit to data. We also use the floating values
of these D! feed-down constraints to apply a small first-
order correction to the corresponding signal feed-down
constraints describing !B ! D!$" !!$ reconstructed in the
D‘" channels; in this way, we use the high-statistics

TABLE IV. jp!
‘j dependence of the m2

miss PDF parameteriza-
tion. The form of f2 is chosen to allow the Gb term to contribute
at low jp!

‘j, but to drive this term rapidly to zero as jp!
‘j increases.

The form of %H is chosen to allow for a long tail towards high
m2

miss at low jp!
‘j, but to drive this term rapidly to zero as jp!

‘j
increases (note that there is no problem having % approach zero
since the amplitude of this term goes to zero as well; the result is
finite and well behaved). Npar gives the number of free parame-

ters for each term separately.

Function Parameter Dependence on jp!
‘j Npar

G1;2 Mean Quadratic 3
G1;2 % Linear 2

Gb Mean Constant 1
Gb %L Constant 1
Gb %H %H0 ' ½1" ð jp!

‘
j

2:4 GeV=cÞ&) 2

P 1;2 f1 Linear 2

P 2 f2 F ' ð2:4 GeV=c"jp!
‘
j

2:2 GeV=c Þ' 2

(a)

(b)

(c)

(d)

FIG. 9. Projections of the PDF from fits to MC samples. The
left plots show projections onto m2

miss, while the right plots show
projections onto jp!

‘j. Shown are projections for four of the PDFs
used in the fit: (a) D!0‘" !!‘ ) D!0‘", (b) D!0‘" !!‘ ) D0‘",
(c) D!0$" !!$ ) D!0‘", and (d) D!!‘" !!‘ ) D!0‘". The MC
sample is shown as points, and the projection of the fit is shown
as a curve. Note the sharp peak at m2

miss ¼ 0 in (a), while the
peak in (b) is somewhat spread out and shifted to larger values of
m2

miss because of the lost "0 or # from D!0 decay.
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in the ith channel (Nij) is related to the number of events of
type j reconstructed in a cross feed channel i0 (Ni0j) by

Ni0j & Nij ' fi!i0;j; (17)

where fi!i0;j is a cross feed constraint relating the two

yields. The cross feed constraints fi!i0;j are linearly related
to the misreconstruction probability. For feed-down pro-
cesses, in which the probability to lose a low-momentum
"0 or # is high, fi!i0;j typically takes values between 0.2
and 1.0; for feed-up processes, in which the probability to
reconstruct a fake "0 or # in a narrow mass window is low,
fi!i0;j typically takes values between 0.01 and 0.1.
The values for most of the fi!i0;j terms are taken from

simulation, but, in order to reduce systematic effects, the
values of the dominant feed-down components, !B !
D!‘" !!‘ reconstructed in the D‘" signal channels, are
left free in the fit to data. We also use the floating values
of these D! feed-down constraints to apply a small first-
order correction to the corresponding signal feed-down
constraints describing !B ! D!$" !!$ reconstructed in the
D‘" channels; in this way, we use the high-statistics

TABLE IV. jp!
‘j dependence of the m2

miss PDF parameteriza-
tion. The form of f2 is chosen to allow the Gb term to contribute
at low jp!

‘j, but to drive this term rapidly to zero as jp!
‘j increases.

The form of %H is chosen to allow for a long tail towards high
m2

miss at low jp!
‘j, but to drive this term rapidly to zero as jp!

‘j
increases (note that there is no problem having % approach zero
since the amplitude of this term goes to zero as well; the result is
finite and well behaved). Npar gives the number of free parame-

ters for each term separately.

Function Parameter Dependence on jp!
‘j Npar

G1;2 Mean Quadratic 3
G1;2 % Linear 2

Gb Mean Constant 1
Gb %L Constant 1
Gb %H %H0 ' ½1" ð jp!

‘
j

2:4 GeV=cÞ&) 2

P 1;2 f1 Linear 2

P 2 f2 F ' ð2:4 GeV=c"jp!
‘
j

2:2 GeV=c Þ' 2

(a)

(b)

(c)

(d)

FIG. 9. Projections of the PDF from fits to MC samples. The
left plots show projections onto m2

miss, while the right plots show
projections onto jp!

‘j. Shown are projections for four of the PDFs
used in the fit: (a) D!0‘" !!‘ ) D!0‘", (b) D!0‘" !!‘ ) D0‘",
(c) D!0$" !!$ ) D!0‘", and (d) D!!‘" !!‘ ) D!0‘". The MC
sample is shown as points, and the projection of the fit is shown
as a curve. Note the sharp peak at m2

miss ¼ 0 in (a), while the
peak in (b) is somewhat spread out and shifted to larger values of
m2

miss because of the lost "0 or # from D!0 decay.
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3. Detector Efficiencies

We estimate systematic uncertainties related to the de-
tector efficiencies—track and neutral reconstruction and
charged particle identification—by studying these efficien-
cies in several control samples in both data and simulation.
We correct the MC efficiencies to match those seen in the
data, and we take the statistical precision of these studies as
an estimate of the systematic uncertainty on absolute
efficiencies.

Since we normalize our signals to !B ! Dð"Þ‘$ !!‘, we
calculate systematic uncertainties on the relative effi-
ciency, treating uncertainties on the signal and normaliza-
tion modes as correlated. The degree of correlation, and
therefore, the degree to which the uncertainty cancels, is
determined by the kinematics of the two samples. For most
of the final-state particles, the kinematic distributions are
very similar between signal and normalization modes and
so the systematic uncertainty cancels almost entirely. For
the charged leptons, however, the momentum spectra are
very different between signal and normalization (see
Fig. 2), and so the associated systematic uncertainty is
larger.

4. Hadronic daughter branching fractions

We reconstruct both signal and normalization modes
using the same set of final states, so uncertainties due to
the branching fractions of these states very nearly cancel.
[TheDð"Þ momentum spectra are slightly different between
signal and normalization modes, so this cancellation is not
perfect.] We take the uncertainty on each of the recon-
structed D", D, K0

S, and "0 decay modes from [16] and
propagate each of these uncertainties through to the rela-
tive efficiency, using the relative abundance of each decay
chain in the signal and normalization MC samples to
determine the correlation and the degree of cancellation.

5. Leptonic # branching fraction

The # branching fraction Bð#$ ! ‘$ !!‘!#Þ appears
only in the denominator of Eq. (18) and therefore contrib-

utes a 0.2% systematic uncertainty on all modes [16]
without cancellation.

X. RESULTS

Table X summarizes the results from two fits, one in
which all four signal yields can vary independently, and the
second B$ $ !B0 constrained fit with RðDþÞ ¼ RðD0Þ and
RðD"þÞ ¼ RðD"0Þ. We observe approximately 67 !B !
D#$ !!# and 101 !B ! D"#$ !!# signal events in this B$ $
!B0-constrained fit, corresponding to signal branching-
fraction ratios of RðDÞ ¼ ð41:6' 11:7' 5:2Þ% and
RðD"Þ ¼ ð29:7' 5:6' 1:8Þ%, where the first error is sta-
tistical and the second systematic. Normalizing these to
known !B0 branching fractions,8 we obtain Bð !B !
D#$ !!#Þ ¼ ð0:86' 0:24' 0:11' 0:06Þ% and Bð !B !
D"#$ !!#Þ ¼ ð1:62' 0:31' 0:10' 0:05Þ%, where the
third error is from that on the normalization branching
fraction.
Table X also gives the significances of the signal yields.

The statistical significance is determined from
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2"ðlnLÞ

p
,

where "ðlnLÞ is the change in log-likelihood between the
nominal fit and the no-signal hypothesis. The total signifi-
cances are determined by including the systematic uncer-
tainties on the fit yields in quadrature with the statistical
errors. In the B$ $ !B0-constrained fit, the signal signifi-
cances are 3:6$ and 6:2$ for RðDÞ and RðD"Þ,
respectively.
The statistical correlation between RðDÞ and RðD"Þ is

$0:51 in the B$ $ !B0-constrained fit. This correlation is
due to the fact that most of the events at large m2

miss are
either !B ! D#$ !!# or !B ! D"#$ !!# signal events, and
increasing either of the two signal yields in the fit neces-
sarily decreases the other. The systematic uncertanties
have a correlation of $0:03 between RðDÞ and RðD"Þ;
most of the systematic uncertainties have large negative

TABLE X. Results from fits to data: the signal yield (Nsig), the yield of normalization !B ! Dð"Þ‘$ !!‘ events (Nnorm), the relative
systematic error due to the fit yields [ð"R=RÞfit], the relative systematic error due to the efficiency ratios [ð"R=RÞ"], the branching-
fraction ratio (R), the absolute branching fraction (B), and the total and statistical signal significances ($tot and $stat). The first two
errors on R and B are statistical and systematic, respectively; the third error on B represents the uncertainty on the normalization
mode. The last two rows show the results of the fit with the B$ $ !B0 constraint applied, whereB is expressed for the !B0. The statistical
correlation between RðDÞ and RðD"Þ in this fit is $0:51.

Mode Nsig Nnorm ð"R=RÞfit [%] ð"R=RÞ" [%] R [%] B [%] $tot ð$statÞ
B$ ! D0#$ !!# 35:6' 19:4 347:9' 23:1 15.5 1.6 31:4' 17:0' 4:9 0:67' 0:37' 0:11' 0:07 1.8 (1.8)
B$ ! D"0#$ !!# 92:2' 19:6 1629:9' 63:6 9.7 1.5 34:6' 7:3' 3:4 2:25' 0:48' 0:22' 0:17 5.3 (5.8)
!B0 ! Dþ#$ !!# 23:3' 7:8 150:2' 13:3 13.9 1.8 48:9' 16:5' 6:9 1:04' 0:35' 0:15' 0:10 3.3 (3.6)
!B0 ! D"þ#$ !!# 15:5' 7:2 482:3' 25:5 3.6 1.4 20:7' 9:5' 0:8 1:11' 0:51' 0:04' 0:04 2.7 (2.7)

B ! D#$ !!# 66:9' 18:9 497:8' 26:4 12.4 1.4 41:6' 11:7' 5:2 0:86' 0:24' 0:11' 0:06 3.6 (4.0)
B ! D"#$ !!# 101:4' 19:1 2111:5' 68:1 5.8 1.3 29:7' 5:6' 1:8 1:62' 0:31' 0:10' 0:05 6.2 (6.5)

8We use [16] to normalize the four individual branching
fractions. For the B$ $ !B0-constrained measurement, we use
our own averages of the values in [16]: Bð !B0 ! Dþ‘$ !!‘Þ ¼
ð2:07' 0:14Þ% and Bð !B0 ! D"þ‘$ !!‘Þ ¼ ð5:46' 0:18Þ%.
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miss

R(D(∗)) =
B(B → D(∗)τντ )
B(B → D(∗)#ν")

=
Nsig · εnorm

Nnorm · εsig
· 1
B(τ− → #−ν!ντ )
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This contamination has a negligible effect on the CP pa-
rameters.

The reconstruction efficiencies are 15%, 7%, 9%, and
11%, for the B− → D̃0K−, B− → D̃∗0[D̃0π0]K−,
B− → D̃∗0[D̃0γ]K−, and B− → D̃0K∗− decay modes,
respectively. Figure 1 shows the mES distributions after
all selection criteria, for |∆E| < 30(25) MeV, for B− →
D̃(∗)0K−(B− → D̃0K∗−). The largest background con-
tribution comes from continuum events or BB decays
where a fake or true D0 is combined with a random
track. Another source of background for B− → D̃(∗)0K−

is given by B− → D(∗)0π− decays where the prompt pion
is misidentified as kaon. These decays are separated from
the signal using their different ∆E distribution.
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FIG. 1: Distributions of mES for (a) B− → D̃0K−, (b)
B− → D̃∗0[D̃0π0]K−, (c) B− → D̃∗0[D̃0γ]K−, and (c)
B− → D̃0K∗−. The curves superimposed represent the over-
all fit projections (solid black lines), the continuum contribu-
tion (dotted red lines), and the sum of all background com-
ponents (dashed blue lines).

III. THE D0 → K0
Sπ−π+ DECAY MODEL

The D0 → K0
S
π−π+ decay amplitude AD(m2

−, m2
+)

is determined from an unbinned maximum-likelihood
fit to the Dalitz plot distribution of a high-purity
(97.7%) tagged D0 sample from 390328 D∗+ → D0π+

decays reconstructed in 270 fb−1 of data, shown in
Fig. 2. Our phenomenological reference model to de-
scribe AD(m2

−, m2
+) uses a sum of two-body amplitudes

(subscript r) and a non-resonant (subscript NR) contri-
bution,

AD(m2
−, m2

+) =
∑

r

are
iφrAr(m

2
−, m2

+) + aNReiφNR , (2)

where the parameters ar (aNR) and φr (φNR) are the
magnitude and phase of the amplitude for component r
(NR). The function Ar = Fr × Tr × Wr is the Lorentz-
invariant expression that describes the dynamic proper-
ties of the D0 meson decaying into K0

S
π−π+ through an

intermediate resonance r, as a function of position in the
Dalitz plane. Here, Fr is the Blatt-Weisskopf centrifugal
barrier factor for the resonance decay vertex [16] with ra-
dius R = 1.5 GeV−1 (0.3 fm), Tr is the resonance prop-
agator, and Wr describes the angular distribution in the
decay. For Tr we use a relativistic Breit-Wigner (BW) pa-
rameterization, except for r = ρ(770) and ρ(1450) where
we use the functional form suggested in Ref. [17]. The
angular dependence Wr is described with the helicity for-
malism as shown in [18]1. Mass and width values are
taken from [19], with the exception of K∗

0 (1430)+ taken
from [20]. The model consists of a total of 13 resonances
leading to 16 two-body decay amplitudes and phases (see
Table I), and accounts for efficiency variations across the
Dalitz plane and the small background contribution. All
the resonances considered in this model are well estab-
lished except for the two scalar ππ resonances, σ and
σ′, whose masses and widths are obtained from our sam-
ple [21]. Their addition to the model is motivated by an
improvement in the description of the data.

The possible absence of the σ and σ′ resonances is con-
sidered in the evaluation of the systematic errors through
the use of a K-matrix formalism [22] to parameterize the
ππ S-wave states. The K-matrix method provides a di-
rect way of imposing the unitarity constraint of the scat-
tering matrix that is not guaranteed in the case of the
BW model and is suited to the study of broad and over-
lapping resonances in multi-channel decays, avoiding the
need to introduce the two σ scalars,

AD(m2
−, m2

+) = F1(s) +
∑

r $=ππ S=0

are
iφrAr(m

2
−, m2

+), (3)

where F1(s) =
∑

j [I − iK(s)ρ(s)]−1
1j Pj(s) is the contri-

bution of ππ S-wave states. Here, s = m2
π−π+ , I is the

identity matrix, K is the matrix describing the S-wave
scattering process, ρ is the phase-space matrix, and P is
the initial production vector [22]. The index j represents
the jth channel (1 = ππ, 2 = KK, 3 = multi-meson [23],
4 = ηη, 5 = ηη′). The K-matrix parameters are obtained
from a global fit to the available ππ scattering data below
1900 MeV/c2 [24], while the initial production vector is
obtained from our fit to the tagged D0 → K0

S
π−π+ data.

IV. CP FIT RESULTS AND SYSTEMATIC
UNCERTAINTIES

Once the decay amplitude AD(m2
−, m2

+) is known it
can be fed into Eq. (1). The extraction of the CP -

1 The label A and B should be swapped in Eq. (6) of [18].
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2

This contamination has a negligible effect on the CP pa-
rameters.

The reconstruction efficiencies are 15%, 7%, 9%, and
11%, for the B− → D̃0K−, B− → D̃∗0[D̃0π0]K−,
B− → D̃∗0[D̃0γ]K−, and B− → D̃0K∗− decay modes,
respectively. Figure 1 shows the mES distributions after
all selection criteria, for |∆E| < 30(25) MeV, for B− →
D̃(∗)0K−(B− → D̃0K∗−). The largest background con-
tribution comes from continuum events or BB decays
where a fake or true D0 is combined with a random
track. Another source of background for B− → D̃(∗)0K−

is given by B− → D(∗)0π− decays where the prompt pion
is misidentified as kaon. These decays are separated from
the signal using their different ∆E distribution.
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FIG. 1: Distributions of mES for (a) B− → D̃0K−, (b)
B− → D̃∗0[D̃0π0]K−, (c) B− → D̃∗0[D̃0γ]K−, and (c)
B− → D̃0K∗−. The curves superimposed represent the over-
all fit projections (solid black lines), the continuum contribu-
tion (dotted red lines), and the sum of all background com-
ponents (dashed blue lines).

III. THE D0 → K0
Sπ−π+ DECAY MODEL

The D0 → K0
S
π−π+ decay amplitude AD(m2

−, m2
+)

is determined from an unbinned maximum-likelihood
fit to the Dalitz plot distribution of a high-purity
(97.7%) tagged D0 sample from 390328 D∗+ → D0π+

decays reconstructed in 270 fb−1 of data, shown in
Fig. 2. Our phenomenological reference model to de-
scribe AD(m2

−, m2
+) uses a sum of two-body amplitudes

(subscript r) and a non-resonant (subscript NR) contri-
bution,

AD(m2
−, m2

+) =
∑

r

are
iφrAr(m

2
−, m2

+) + aNReiφNR , (2)

where the parameters ar (aNR) and φr (φNR) are the
magnitude and phase of the amplitude for component r
(NR). The function Ar = Fr × Tr × Wr is the Lorentz-
invariant expression that describes the dynamic proper-
ties of the D0 meson decaying into K0

S
π−π+ through an

intermediate resonance r, as a function of position in the
Dalitz plane. Here, Fr is the Blatt-Weisskopf centrifugal
barrier factor for the resonance decay vertex [16] with ra-
dius R = 1.5 GeV−1 (0.3 fm), Tr is the resonance prop-
agator, and Wr describes the angular distribution in the
decay. For Tr we use a relativistic Breit-Wigner (BW) pa-
rameterization, except for r = ρ(770) and ρ(1450) where
we use the functional form suggested in Ref. [17]. The
angular dependence Wr is described with the helicity for-
malism as shown in [18]1. Mass and width values are
taken from [19], with the exception of K∗

0 (1430)+ taken
from [20]. The model consists of a total of 13 resonances
leading to 16 two-body decay amplitudes and phases (see
Table I), and accounts for efficiency variations across the
Dalitz plane and the small background contribution. All
the resonances considered in this model are well estab-
lished except for the two scalar ππ resonances, σ and
σ′, whose masses and widths are obtained from our sam-
ple [21]. Their addition to the model is motivated by an
improvement in the description of the data.

The possible absence of the σ and σ′ resonances is con-
sidered in the evaluation of the systematic errors through
the use of a K-matrix formalism [22] to parameterize the
ππ S-wave states. The K-matrix method provides a di-
rect way of imposing the unitarity constraint of the scat-
tering matrix that is not guaranteed in the case of the
BW model and is suited to the study of broad and over-
lapping resonances in multi-channel decays, avoiding the
need to introduce the two σ scalars,

AD(m2
−, m2

+) = F1(s) +
∑

r $=ππ S=0

are
iφrAr(m

2
−, m2

+), (3)

where F1(s) =
∑

j [I − iK(s)ρ(s)]−1
1j Pj(s) is the contri-

bution of ππ S-wave states. Here, s = m2
π−π+ , I is the

identity matrix, K is the matrix describing the S-wave
scattering process, ρ is the phase-space matrix, and P is
the initial production vector [22]. The index j represents
the jth channel (1 = ππ, 2 = KK, 3 = multi-meson [23],
4 = ηη, 5 = ηη′). The K-matrix parameters are obtained
from a global fit to the available ππ scattering data below
1900 MeV/c2 [24], while the initial production vector is
obtained from our fit to the tagged D0 → K0

S
π−π+ data.

IV. CP FIT RESULTS AND SYSTEMATIC
UNCERTAINTIES

Once the decay amplitude AD(m2
−, m2

+) is known it
can be fed into Eq. (1). The extraction of the CP -

1 The label A and B should be swapped in Eq. (6) of [18].
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This contamination has a negligible effect on the CP pa-
rameters.

The reconstruction efficiencies are 15%, 7%, 9%, and
11%, for the B− → D̃0K−, B− → D̃∗0[D̃0π0]K−,
B− → D̃∗0[D̃0γ]K−, and B− → D̃0K∗− decay modes,
respectively. Figure 1 shows the mES distributions after
all selection criteria, for |∆E| < 30(25) MeV, for B− →
D̃(∗)0K−(B− → D̃0K∗−). The largest background con-
tribution comes from continuum events or BB decays
where a fake or true D0 is combined with a random
track. Another source of background for B− → D̃(∗)0K−

is given by B− → D(∗)0π− decays where the prompt pion
is misidentified as kaon. These decays are separated from
the signal using their different ∆E distribution.
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FIG. 1: Distributions of mES for (a) B− → D̃0K−, (b)
B− → D̃∗0[D̃0π0]K−, (c) B− → D̃∗0[D̃0γ]K−, and (c)
B− → D̃0K∗−. The curves superimposed represent the over-
all fit projections (solid black lines), the continuum contribu-
tion (dotted red lines), and the sum of all background com-
ponents (dashed blue lines).

III. THE D0 → K0
Sπ−π+ DECAY MODEL

The D0 → K0
S
π−π+ decay amplitude AD(m2

−, m2
+)

is determined from an unbinned maximum-likelihood
fit to the Dalitz plot distribution of a high-purity
(97.7%) tagged D0 sample from 390328 D∗+ → D0π+

decays reconstructed in 270 fb−1 of data, shown in
Fig. 2. Our phenomenological reference model to de-
scribe AD(m2

−, m2
+) uses a sum of two-body amplitudes

(subscript r) and a non-resonant (subscript NR) contri-
bution,

AD(m2
−, m2

+) =
∑

r

are
iφrAr(m

2
−, m2

+) + aNReiφNR , (2)

where the parameters ar (aNR) and φr (φNR) are the
magnitude and phase of the amplitude for component r
(NR). The function Ar = Fr × Tr × Wr is the Lorentz-
invariant expression that describes the dynamic proper-
ties of the D0 meson decaying into K0

S
π−π+ through an

intermediate resonance r, as a function of position in the
Dalitz plane. Here, Fr is the Blatt-Weisskopf centrifugal
barrier factor for the resonance decay vertex [16] with ra-
dius R = 1.5 GeV−1 (0.3 fm), Tr is the resonance prop-
agator, and Wr describes the angular distribution in the
decay. For Tr we use a relativistic Breit-Wigner (BW) pa-
rameterization, except for r = ρ(770) and ρ(1450) where
we use the functional form suggested in Ref. [17]. The
angular dependence Wr is described with the helicity for-
malism as shown in [18]1. Mass and width values are
taken from [19], with the exception of K∗

0 (1430)+ taken
from [20]. The model consists of a total of 13 resonances
leading to 16 two-body decay amplitudes and phases (see
Table I), and accounts for efficiency variations across the
Dalitz plane and the small background contribution. All
the resonances considered in this model are well estab-
lished except for the two scalar ππ resonances, σ and
σ′, whose masses and widths are obtained from our sam-
ple [21]. Their addition to the model is motivated by an
improvement in the description of the data.

The possible absence of the σ and σ′ resonances is con-
sidered in the evaluation of the systematic errors through
the use of a K-matrix formalism [22] to parameterize the
ππ S-wave states. The K-matrix method provides a di-
rect way of imposing the unitarity constraint of the scat-
tering matrix that is not guaranteed in the case of the
BW model and is suited to the study of broad and over-
lapping resonances in multi-channel decays, avoiding the
need to introduce the two σ scalars,

AD(m2
−, m2

+) = F1(s) +
∑

r $=ππ S=0

are
iφrAr(m

2
−, m2

+), (3)

where F1(s) =
∑

j [I − iK(s)ρ(s)]−1
1j Pj(s) is the contri-

bution of ππ S-wave states. Here, s = m2
π−π+ , I is the

identity matrix, K is the matrix describing the S-wave
scattering process, ρ is the phase-space matrix, and P is
the initial production vector [22]. The index j represents
the jth channel (1 = ππ, 2 = KK, 3 = multi-meson [23],
4 = ηη, 5 = ηη′). The K-matrix parameters are obtained
from a global fit to the available ππ scattering data below
1900 MeV/c2 [24], while the initial production vector is
obtained from our fit to the tagged D0 → K0

S
π−π+ data.

IV. CP FIT RESULTS AND SYSTEMATIC
UNCERTAINTIES

Once the decay amplitude AD(m2
−, m2

+) is known it
can be fed into Eq. (1). The extraction of the CP -

1 The label A and B should be swapped in Eq. (6) of [18].
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3. Detector Efficiencies

We estimate systematic uncertainties related to the de-
tector efficiencies—track and neutral reconstruction and
charged particle identification—by studying these efficien-
cies in several control samples in both data and simulation.
We correct the MC efficiencies to match those seen in the
data, and we take the statistical precision of these studies as
an estimate of the systematic uncertainty on absolute
efficiencies.

Since we normalize our signals to !B ! Dð"Þ‘$ !!‘, we
calculate systematic uncertainties on the relative effi-
ciency, treating uncertainties on the signal and normaliza-
tion modes as correlated. The degree of correlation, and
therefore, the degree to which the uncertainty cancels, is
determined by the kinematics of the two samples. For most
of the final-state particles, the kinematic distributions are
very similar between signal and normalization modes and
so the systematic uncertainty cancels almost entirely. For
the charged leptons, however, the momentum spectra are
very different between signal and normalization (see
Fig. 2), and so the associated systematic uncertainty is
larger.

4. Hadronic daughter branching fractions

We reconstruct both signal and normalization modes
using the same set of final states, so uncertainties due to
the branching fractions of these states very nearly cancel.
[TheDð"Þ momentum spectra are slightly different between
signal and normalization modes, so this cancellation is not
perfect.] We take the uncertainty on each of the recon-
structed D", D, K0

S, and "0 decay modes from [16] and
propagate each of these uncertainties through to the rela-
tive efficiency, using the relative abundance of each decay
chain in the signal and normalization MC samples to
determine the correlation and the degree of cancellation.

5. Leptonic # branching fraction

The # branching fraction Bð#$ ! ‘$ !!‘!#Þ appears
only in the denominator of Eq. (18) and therefore contrib-

utes a 0.2% systematic uncertainty on all modes [16]
without cancellation.

X. RESULTS

Table X summarizes the results from two fits, one in
which all four signal yields can vary independently, and the
second B$ $ !B0 constrained fit with RðDþÞ ¼ RðD0Þ and
RðD"þÞ ¼ RðD"0Þ. We observe approximately 67 !B !
D#$ !!# and 101 !B ! D"#$ !!# signal events in this B$ $
!B0-constrained fit, corresponding to signal branching-
fraction ratios of RðDÞ ¼ ð41:6' 11:7' 5:2Þ% and
RðD"Þ ¼ ð29:7' 5:6' 1:8Þ%, where the first error is sta-
tistical and the second systematic. Normalizing these to
known !B0 branching fractions,8 we obtain Bð !B !
D#$ !!#Þ ¼ ð0:86' 0:24' 0:11' 0:06Þ% and Bð !B !
D"#$ !!#Þ ¼ ð1:62' 0:31' 0:10' 0:05Þ%, where the
third error is from that on the normalization branching
fraction.
Table X also gives the significances of the signal yields.

The statistical significance is determined from
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2"ðlnLÞ

p
,

where "ðlnLÞ is the change in log-likelihood between the
nominal fit and the no-signal hypothesis. The total signifi-
cances are determined by including the systematic uncer-
tainties on the fit yields in quadrature with the statistical
errors. In the B$ $ !B0-constrained fit, the signal signifi-
cances are 3:6$ and 6:2$ for RðDÞ and RðD"Þ,
respectively.
The statistical correlation between RðDÞ and RðD"Þ is

$0:51 in the B$ $ !B0-constrained fit. This correlation is
due to the fact that most of the events at large m2

miss are
either !B ! D#$ !!# or !B ! D"#$ !!# signal events, and
increasing either of the two signal yields in the fit neces-
sarily decreases the other. The systematic uncertanties
have a correlation of $0:03 between RðDÞ and RðD"Þ;
most of the systematic uncertainties have large negative

TABLE X. Results from fits to data: the signal yield (Nsig), the yield of normalization !B ! Dð"Þ‘$ !!‘ events (Nnorm), the relative
systematic error due to the fit yields [ð"R=RÞfit], the relative systematic error due to the efficiency ratios [ð"R=RÞ"], the branching-
fraction ratio (R), the absolute branching fraction (B), and the total and statistical signal significances ($tot and $stat). The first two
errors on R and B are statistical and systematic, respectively; the third error on B represents the uncertainty on the normalization
mode. The last two rows show the results of the fit with the B$ $ !B0 constraint applied, whereB is expressed for the !B0. The statistical
correlation between RðDÞ and RðD"Þ in this fit is $0:51.

Mode Nsig Nnorm ð"R=RÞfit [%] ð"R=RÞ" [%] R [%] B [%] $tot ð$statÞ
B$ ! D0#$ !!# 35:6' 19:4 347:9' 23:1 15.5 1.6 31:4' 17:0' 4:9 0:67' 0:37' 0:11' 0:07 1.8 (1.8)
B$ ! D"0#$ !!# 92:2' 19:6 1629:9' 63:6 9.7 1.5 34:6' 7:3' 3:4 2:25' 0:48' 0:22' 0:17 5.3 (5.8)
!B0 ! Dþ#$ !!# 23:3' 7:8 150:2' 13:3 13.9 1.8 48:9' 16:5' 6:9 1:04' 0:35' 0:15' 0:10 3.3 (3.6)
!B0 ! D"þ#$ !!# 15:5' 7:2 482:3' 25:5 3.6 1.4 20:7' 9:5' 0:8 1:11' 0:51' 0:04' 0:04 2.7 (2.7)

B ! D#$ !!# 66:9' 18:9 497:8' 26:4 12.4 1.4 41:6' 11:7' 5:2 0:86' 0:24' 0:11' 0:06 3.6 (4.0)
B ! D"#$ !!# 101:4' 19:1 2111:5' 68:1 5.8 1.3 29:7' 5:6' 1:8 1:62' 0:31' 0:10' 0:05 6.2 (6.5)

8We use [16] to normalize the four individual branching
fractions. For the B$ $ !B0-constrained measurement, we use
our own averages of the values in [16]: Bð !B0 ! Dþ‘$ !!‘Þ ¼
ð2:07' 0:14Þ% and Bð !B0 ! D"þ‘$ !!‘Þ ¼ ð5:46' 0:18Þ%.
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Mode B(%)
B̄0 → D+τ−ν̄τ 0.69 ± 0.04
B̄0 → D∗+τ−ν̄τ 1.41 ± 0.07

B → Dτ−ν̄τ

B− → D∗0τ−ν̄τ

B(B− → D0τ−ν̄τ ) = (0.71± 0.09)%

Nierste et al, PRD 78, 015006 (2008)
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 Reconstruction: B → D∗∗! ν!

Decay Mode B (%)
D+ → K−π+π+ 9.51 ± 0.34

D+ → K−π+π+π0 6.0 ± 0.28
D+ → K0

Sπ+ 1.47 ± 0.06
D+ → K0

Sπ+π0 7.0 ± 0.5
D+ → K+K−π+ 1.00 ± 0.04

D+ → K0
SK+ 0.295 ± 0.019

D+ → K0
Sπ+π+π− 3.10 ± 0.22

Decay Mode B (%)
D0 → K−π+ 3.82 ± 0.07

D0 → K−π+π0 13.5 ± 0.6
D0 → K−π+π+π− 7.70 ± 0.25

D0 → K0
Sπ+π+ 2.88 ± 0.19

D0 → K0
Sπ+π−π0 5.3 ± 0.6

D0 → K0
Sπ0 1.13 ± 0.12

D0 → K+K− 0.385 ± 0.009
D0 → π+π− 0.137 ± 0.003
D0 → K0

SK0
S 0.036 ± 0.007

Table 9: D0 and D+ modes reconstructed in the analysis with their corresponding branching
fractions [27].

a beam-spot constraint blowing up the y error to account for the transverse flight-length of the
B) and by choosing the combination with the highest Confidence Level of the reconstructed
vertex.

Loose mass cuts on the D meson in the B semileptonic decays are applied:

• For D0 candidates, we require 1.85 < M(D0) < 1.88 GeV/c2;

• For D+ candidates, we require 1.853 < M(D+) < 1.883 GeV/c2;

We obtain a resolution of 8.2 (7.3) MeV/c2 for the D0(D+) sample.
For the B− → D∗0X!−ν̄! and B̄0 → D∗+X!−ν̄! decays, the charm meson candidates are

combined with a lepton with the correct charge-flavor correlation and a vertex is formed using
the same technique as in the previous case. The best candidate is then chosen based on the
χ2 defined by:

χ2
0 =

(
∆M − 0.14542

σ∆M

)2

+

(
MD0 − 1.8646

σMD0

)2

(23)

χ2
+ =

(
∆M − 0.14064

σ∆M

)2

+

(
MD+ − 1.8694

σM
D+

)2

(24)

for D∗0 (D∗+ → D0π+) and D∗+ → D+π0 decays, respectively, where ∆M is the invariant
mass difference between the D∗ excited state and the ground state charm meson, and σ∆M (σM )
is the error on the reconstructed quantities. The reference values for M(D0,+) and M(D∗+,0)−
M(D0,+) are taken from the Particle Data Group averages [27].

At this point, Btag candidates which do not overlap with the reconstructed charm meson
are selected5 and among them, the one with the smallest ∆E is chosen as the best Btag.

3.4 Unmixing of B0 Samples

For the B0 inclusive reconstruction, we have to account for the B0 − B̄0 mixing effects.
Measurements of the total B0 − B̄0 mixing probability χd (probability of B0 meson to decay
as B̄0) have been published by many experiments, with the world average [27] currently given
by6:

χd = 0.187± 0.003 (25)

5For the definition of ∆E and MES , refer to §3.5.1.
6The most recent value is χd = 0.188± 0.003 in PDG 2006.
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     Other results B → D∗∗! ν!

described by a relativistic Breit-Wigner function for a
known orbital momenta, and a nonresonant part described
by the Goity-Roberts model [16]. D!! masses and widths
are fixed to measured values [6]. To further investigate the
D! mass spectrum we also test a D!

v þD!
2 hypothesis.

Despite theD0!þ mass region corresponding toD!þ being
excluded from the study, and whileD!0 is below theD#!þ

threshold, a virtual D!
v can be produced off shell. We

describe the D!
v contribution by a tail of the Breit-Wigner

function with floating normalization. Fit results are shown
as a dashed line for this combination.

A study of the sidebands shows that the background is
described by the sum of a signal function and an exponen-
tial. The resulting signal function and contributions from
the resonances are shown in Fig. 2 as solid and dashed
curves, respectively, superimposed on the background-
subtracted mass spectra. In the insets the solid and dashed
curves represent the fitted signal and background, respec-
tively. In B0 ! D!!‘" decays a small feature may be
observed around 2:6 GeV=c2, which is absent in Bþ !
D!!‘". However, the significance of this feature is small
(2:5#) and there is no known state there, so we do not
include a term for it in the fit. Fitted resonance yields and
corresponding product branching ratios are listed in
Table II. The contribution of the nonresonant component
in all cases is consistent with zero. The B ! D!!‘" decay

significance is defined as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
#2 lnLmax=L0

p
, where L0 is the

likelihood value returned by the fit to theDð!Þ! distribution
with the D!! contribution fixed to zero. Our result for B !
!D1‘

þ" is in good agreement with previous measurements
[7]. For a D!

0 þD!
2 hypothesis the branching ratio of the

decay to the wide D!
0 is large, in contrast to theoretical

predictions [4]. However, the present statistics do not
definitely exclude an interpretation of broadly distributed
D!þ events as the D!

v tail.

For D!;!!’s decaying into D! we perform a study of the
helicity angle distributions, which is the angle between !
momentum and the direction opposite to Bsl-momentum in
the D!;!! rest frame. To extract the D!

v, D
!
0, and the D!

2
helicity distributions we perform a combined fit of the
MðD!Þ spectra for D! combinations from both Bþ and
B0 in bins of helicity angle. The fit procedure is identical to
that used for the BðB ! D!;!!‘"Þ calculation. The results
corrected for the efficiency are plotted in Fig. 3. D!

2 dis-
tributions forD!

v andD
!
0 hypothesis coincide within errors,

so that only that for theD!
0 þD!

2 case is shown in Fig. 3(c).
The D!

0 helicity distribution is consistent with the J ¼ 0
hypothesis ($2=ndf ¼ 6:0=4, where ndf is the number of
degrees of freedom). The D!

2 helicity distribution is fitted
with the function a20jY0

2 j2 þ 4a21jY1
2 j2 þ 4a22jY2

2 j2, where
the Yi

j are spherical harmonics and a20 þ 4a21 þ 4a22 ¼ 1.

The fit yields a20 ¼ 0:74' 0:10, a21 ¼ 0:04' 0:02, and
a22 ¼ 0:02' 0:02; the fit quality is $2=ndf ¼ 2:0=3. The
fit is consistent with the assumed quantum numbers and
demonstrates that the D!

2 from semileptonic decay is dom-
inantly in the sz ¼ 0 spin projection. Helicity distributions,
predicted by theory, are shown as dashed lines. For evalu-
ating the D!

v þD!
2 hypothesis, the obtained D!

v helicity
distribution [Fig. 3(b)] is fitted with the function b20jY0

1 j2 þ
b21jY1

1 j2. This fit yields b20 ¼ 0:15' 0:09, b21 ¼
0:85' 0:09 ($2=ndf ¼ 18:8=4) in poor agreement with
expectations from theory, shown as a dashed line.
We also study the dependence of the B ! D!! transition

on q2 or, equivalently, on the conventional HQET variable
w, which is the dot-product of B and D!! four-velocities:
w ¼ vB ( vD!! . The w-dependence is obtained from fits of
D! invariant mass in bins ofw. The results are presented in
Fig. 4. As with the helicity study the D!

2 distribution is
shown only for theD!

0 þD!
2 hypothesis in Fig. 4(c). The w

distribution is fitted according to the model given in
Ref. [17]. In HQET, the matrix elements between the B
andD states to leading order in"QCD=mQ are expressed in
terms of three universal Isgur-Wise functions %ðwÞ,
&1=2ðwÞ, and &3=2ðwÞ for ðD;D!Þ, ðD!

0; D
0
1Þ, and ðD1; D

!
2Þ

doublets, respectively [17]. We assume a ‘‘pole’’ form for
%ðwÞ: % ¼ ð2=ð1þ wÞÞ2'2

and a linear form for &iðwÞ
functions: &iðwÞ ¼ &ið1Þ½1þ &̂0iðw# 1Þ*, and the follow-

TABLE II. Results of the Dð!Þ!þ pair invariant mass study.
BðmodeÞ + BðB ! D!!‘"Þ ,BðD!! ! Dð!Þ!þÞ. The first er-
ror is statistical and the second is systematic.

Mode Yield B (mode),% Signif.

Bþ ! !D!0
0 ‘þ" 102' 19 0:24' 0:04' 0:06 5.4

Bþ ! !D!0
2 ‘þ" 94' 13 0:22' 0:03' 0:04 8.0

B0 ! D!#
0 ‘þ" 61' 22 0:20' 0:07' 0:05 2.6

<0:4 @ 90% C.L.

B0 ! D!#
2 ‘þ" 68' 13 0:22' 0:04' 0:04 5.5

Bþ ! !D00
1 ‘

þ" #5' 11 <0:07 @ 90% C.L.

Bþ ! !D0
1‘

þ" 81' 13 0:42' 0:07' 0:07 6.7

Bþ ! !D!0
2 ‘þ" 35' 11 0:18' 0:06' 0:03 3.2

B0 ! D0#
1 ‘þ" 4' 8 <0:5 @ 90% C.L.

B0 ! D#
1 ‘

þ" 20' 7 0:54' 0:19' 0:09 2.9
<0:9 @ 90% C.L.

B0 ! D!#
2 ‘þ" 1' 6 <0:3 @ 90% C.L.
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FIG. 3. Helicity distributions for (a) D!
0, (b) D!

v, (c) D!
2. The

curves represent the fits, described in the text.
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for the various modes, reported in Table I together with the
corresponding reconstruction efficiencies !sig, Nsl is the
!B ! X‘! !"‘ signal yield, and !sl is the corresponding

reconstruction efficiency including the Btag reconstruction,
equal to 0.36% and 0.23% for the B! ! X‘! !"‘ and !B0 !
X‘! !"‘ decays, respectively. The absolute branching frac-
tions B" !B ! D"#$"#$‘! !"‘$ are then determined using the
semileptonic branching fraction B" !B ! X‘! !"‘$ %
"10:78& 0:18$% and the ratio of the B0 and the B' life-
times $B'=$B0 % 1:071& 0:009 [8].

Numerous sources of systematic uncertainties have been
investigated. The uncertainties due to the detector simula-
tion are established by varying, within bounds given by
data control samples, the tracking efficiency of all charged
tracks (resulting in 1.2%–2.7% relative systematic uncer-
tainty among the different decay modes), the calorimeter
efficiency (0.5%–1.8%), the lepton identification effi-
ciency (0.4–3%), and the reconstruction efficiency for
low momentum charged (1.2%) and neutral pions (1.3%).
We evaluate the systematic uncertainties associated with
the MC simulation of various signal and background pro-
cesses: photon conversion and #0 Dalitz decay (0.04%–
0.4%), B cascade decay contamination (0.6–1%), and fla-
vor cross-feed (0.2%–0.3%). We vary the !B ! D‘! !"‘ and
!B ! D#‘! !"‘ form factors within their measured uncer-

tainties [11] (0.4%–0.8%) and we include the uncertainty
on the branching fractions of the reconstructed D and D#

modes (2.3%–4.4%), and on the absolute branching frac-
tion B" !B ! X‘! !"‘$ used for the normalization (1.9%).
We also include a systematic uncertainty due to differences
in the efficiency of the Btag selection in the exclusive
selection of !B ! D"#$"#$‘! !"‘ decays and the inclusive
!B ! X‘! !"‘ reconstruction (0.9–5.6%), and the extraction

of the !B ! D"#$"#$‘! !"‘ (0.4%–1.8%) and !B ! X‘! !"‘
(0.5%–0.9%) signal yields. The complete set of systematic
uncertainties is given in Ref. [18].

We measure the following branching fractions
 

B"B! ! D0‘! !"‘$ % "2:33& 0:09stat & 0:09syst$%
B"B! ! D#0‘! !"‘$ % "5:83& 0:15stat & 0:30syst$%
B" !B0 ! D'‘! !"‘$ % "2:21& 0:11stat & 0:12syst$%
B" !B0 ! D#'‘! !"‘$ % "5:49& 0:16stat & 0:25syst$%

B"B! ! D'#!‘! !"‘$ % "0:42& 0:06stat & 0:03syst$%
B"B! ! D#'#!‘! !"‘$ % "0:59& 0:05stat: & 0:04syst:$%
B" !B0 ! D0#'‘! !"‘$ % "0:43& 0:08stat & 0:03syst$%
B" !B0 ! D#0#'‘! !"‘$ % "0:48& 0:08stat & 0:04syst$%:

The accuracy of the branching fraction measurements
for the !B ! D"#$‘! !"‘ decays is comparable to that of
the current world average [8]. We compute the total
branching fractions of the !B ! D"#$#‘! !"‘ decays assum-
ing isospin symmetry, B" !B ! D"#$#0‘! !"‘$ % 1

2B" !B !

D"#$#&‘! !"‘$, to estimate the branching fractions of
D"#$#0 final states, obtaining
 

B"B! ! D"#$#‘! !"‘$ % "1:52& 0:12stat & 0:10syst$%
B" !B0 ! D"#$#‘! !"‘$ % "1:37& 0:17stat & 0:10syst$%;

where we assume the systematic uncertainties on the !B !
D#‘! !"‘ and !B ! D##‘! !"‘ modes to be completely cor-
related. These results are consistent with, but have smaller
uncertainties than, recent results from the Belle
Collaboration [7].

By comparing the sum of the measured branching frac-
tions for !B ! D"#$"#$‘! !"‘ with the inclusive !B !
Xc‘! !"‘ branching fraction [8], a "11& 4$% discrepancy
is observed, which is most likely due to !B ! D"#$n#‘! !"‘
decays with n > 1.

We are grateful for the excellent luminosity and machine
conditions provided by our PEP-II colleagues, and for the
substantial dedicated effort from the computing organiza-
tions that support BABAR. The collaborating institutions
wish to thank SLAC for its support and kind hospitality. This
work is supported by DOE and NSF (USA), NSERC
(Canada), CEA and CNRS-IN2P3 (France), BMBF and
DFG (Germany), INFN (Italy), FOM (The Netherlands),
NFR (Norway), MIST (Russia), MEC (Spain), and STFC
(United Kingdom). Individuals have received support from
the Marie Curie EIF (European Union) and the A. P. Sloan
Foundation.

*Deceased.
†Present address: Temple University, Philadelphia, PA
19122, USA.

‡Present address: Tel Aviv University, Tel Aviv, 69978,
Israel.
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that !mc= !mb ¼ 0:20" 0:02 [32], and

P ¼ FVðpB þ pDÞ & ðFV & FSÞ
m2

Bð1& r2Þ
q2

ðpB & pDÞ;

! ¼
E"

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
D &m2

D

q

128"4mBm#
; b ¼ m2

#

p" ' l

"
1& m2

#

2p" ' l

#
;

l ¼ pB & pD & p"; q2 ¼ ðpB & pDÞ2: (11)

The dot products appearing in Eqs. (10) and (11) are
related to the energies, momenta, and the angle $measured
in the B rest frame as pB ' l ¼ mBðmB & ED & E"Þ, pD '
l ¼ EDðmB & ED & E"Þ þ j ~pDj2 þ j ~pDjE" cos$, p" '
l ¼ E"ðmB & EDÞ þ j ~pDjE" cos$, and pB ' pD ¼ mBED.
Further ## ¼ ð290:6" 1:0Þ ( 10&15 s is the # lepton life-
time, f" ¼ ð130:7" 0:1" 0:36Þ MeV the pion decay
constant, and the CKM matrix elements are jVudj ¼
0:97377" 0:00027 and jVcbj ¼ð 41:7" 0:7Þ ( 10&3, the
latter being well determined from inclusive semileptonic B
decays [25]. Remarkably, one can probe a CP-violating
phase of gS by exploiting the shape of the distribution in
Eq. (9), which is not possible from the branching fraction
of either B ! D#%# or B ! #%#.

For illustration, we show the differential decay distribu-
tion including charged-Higgs effects in comparison with
the SM for the meson energies ED ¼ 2 GeV and E" ¼
1 GeV, so that the whole range of cos$ is kinematically
accessible. In this particular region of phase space the SM
rate is strongly suppressed for cos$ ¼ &1. For a large
scalar coupling gS ¼ 2 (Fig. 3, left), the Higgs contribution
dominates the rate at this point (dark gray band), so that we
can clearly distinguish it from the SM (light gray band).
The experimental information from BðB ! #%#Þ con-
strains j1& gPj. For real gP this permits a range near gP ¼
0 and another range around gP ¼ 2. In the MSSM situation
with gP ¼ gS, the case gS ¼ 2 therefore is in agreement
with B ! #%#, but can be confirmed or ruled out by

measuring our distribution. The discrimination potential
for the phase of gS shows up in the light gray band: it
corresponds to a complex gS ¼ 1þ i, which yields the
sameBðB ! #%#Þ as gS ¼ 0, 2. The B ! D#%# branching
ratio alone may also help to distinguish between these
solutions, depending on the future experimental value of
BðB ! D#%#Þ, see Fig. 2. For general gS values, a fit to the
triple differential distribution in Eq. (9) would excellently
quantify charged-Higgs effects, especially once better ex-
perimental information on the form factors is available, as
we illustrate with fixed D and "& energies in Fig. 3 (right-
hand side) for gS ¼ 0:5. Such a fit would combine infor-
mation from different parts of the phase space, and thus
resolve much smaller gS values. A more precise quantita-
tive analysis would require the fit to actual data, and thus
goes beyond the scope of this paper. Still, keep in mind that
even with more precise B ! #%# experimental data and
improved estimates of fB and jVubj, a value of gP ’
0:2–0:3 will be very difficult to exclude with BðB !
#%#Þ. B ! D#%# is thus definitely competitive.
As mentioned in the introduction, a similar analysis was

performed for the other # decay channels #& ! &&%# and
#& ! ‘& !%‘%#, which together with #

& ! "&%# constitute
more than 70% of the # branching fraction. Ultimately, a
combined analysis of all these modes is desirable in order
to exploit the available and forthcoming experimental data
in an optimal way.

IV. CONCLUSIONS

We have studied charged-Higgs effects in a differential
distribution of the decay chain !B ! D !%##

&½! "&%#*,
which has the following advantages over the branching
fractions BðB ! #%#Þ and BðB ! D#%#Þ:
(i) The Higgs coupling constant gS can be determined

from the shape of the distribution in sensitive phase
space regions. This analysis should be possible with
current B factory data.
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FIG. 3. !B0 ! Dþ !%##
&½! "&%#* angular distribution for ED ¼ 2 GeV and E" ¼ 1 GeV. Left: gS ¼ 0; 1þ i; 2. Right: gS ¼ 0,

0.5 [dark gray: without uncertainties in FVðwÞ and Vcb, errors from S1ð1Þ and !mc= !mb]. The conservative form factor estimates of
Table I were considered.
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D(∗)π0"

EExtra < 500 MeV

D∗0π0"

D0π0"

D+π0"

D∗+π0"

D(∗)π0"

π0 with pπ0 > 400 MeV 2

This contamination has a negligible effect on the CP pa-
rameters.

The reconstruction efficiencies are 15%, 7%, 9%, and
11%, for the B− → D̃0K−, B− → D̃∗0[D̃0π0]K−,
B− → D̃∗0[D̃0γ]K−, and B− → D̃0K∗− decay modes,
respectively. Figure 1 shows the mES distributions after
all selection criteria, for |∆E| < 30(25) MeV, for B− →
D̃(∗)0K−(B− → D̃0K∗−). The largest background con-
tribution comes from continuum events or BB decays
where a fake or true D0 is combined with a random
track. Another source of background for B− → D̃(∗)0K−

is given by B− → D(∗)0π− decays where the prompt pion
is misidentified as kaon. These decays are separated from
the signal using their different ∆E distribution.
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FIG. 1: Distributions of mES for (a) B− → D̃0K−, (b)
B− → D̃∗0[D̃0π0]K−, (c) B− → D̃∗0[D̃0γ]K−, and (c)
B− → D̃0K∗−. The curves superimposed represent the over-
all fit projections (solid black lines), the continuum contribu-
tion (dotted red lines), and the sum of all background com-
ponents (dashed blue lines).

III. THE D0 → K0
Sπ−π+ DECAY MODEL

The D0 → K0
S
π−π+ decay amplitude AD(m2

−, m2
+)

is determined from an unbinned maximum-likelihood
fit to the Dalitz plot distribution of a high-purity
(97.7%) tagged D0 sample from 390328 D∗+ → D0π+

decays reconstructed in 270 fb−1 of data, shown in
Fig. 2. Our phenomenological reference model to de-
scribe AD(m2

−, m2
+) uses a sum of two-body amplitudes

(subscript r) and a non-resonant (subscript NR) contri-
bution,

AD(m2
−, m2

+) =
∑

r
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iφrAr(m

2
−, m2

+) + aNReiφNR , (2)

where the parameters ar (aNR) and φr (φNR) are the
magnitude and phase of the amplitude for component r
(NR). The function Ar = Fr × Tr × Wr is the Lorentz-
invariant expression that describes the dynamic proper-
ties of the D0 meson decaying into K0

S
π−π+ through an

intermediate resonance r, as a function of position in the
Dalitz plane. Here, Fr is the Blatt-Weisskopf centrifugal
barrier factor for the resonance decay vertex [16] with ra-
dius R = 1.5 GeV−1 (0.3 fm), Tr is the resonance prop-
agator, and Wr describes the angular distribution in the
decay. For Tr we use a relativistic Breit-Wigner (BW) pa-
rameterization, except for r = ρ(770) and ρ(1450) where
we use the functional form suggested in Ref. [17]. The
angular dependence Wr is described with the helicity for-
malism as shown in [18]1. Mass and width values are
taken from [19], with the exception of K∗

0 (1430)+ taken
from [20]. The model consists of a total of 13 resonances
leading to 16 two-body decay amplitudes and phases (see
Table I), and accounts for efficiency variations across the
Dalitz plane and the small background contribution. All
the resonances considered in this model are well estab-
lished except for the two scalar ππ resonances, σ and
σ′, whose masses and widths are obtained from our sam-
ple [21]. Their addition to the model is motivated by an
improvement in the description of the data.

The possible absence of the σ and σ′ resonances is con-
sidered in the evaluation of the systematic errors through
the use of a K-matrix formalism [22] to parameterize the
ππ S-wave states. The K-matrix method provides a di-
rect way of imposing the unitarity constraint of the scat-
tering matrix that is not guaranteed in the case of the
BW model and is suited to the study of broad and over-
lapping resonances in multi-channel decays, avoiding the
need to introduce the two σ scalars,

AD(m2
−, m2

+) = F1(s) +
∑

r $=ππ S=0

are
iφrAr(m

2
−, m2

+), (3)

where F1(s) =
∑

j [I − iK(s)ρ(s)]−1
1j Pj(s) is the contri-

bution of ππ S-wave states. Here, s = m2
π−π+ , I is the

identity matrix, K is the matrix describing the S-wave
scattering process, ρ is the phase-space matrix, and P is
the initial production vector [22]. The index j represents
the jth channel (1 = ππ, 2 = KK, 3 = multi-meson [23],
4 = ηη, 5 = ηη′). The K-matrix parameters are obtained
from a global fit to the available ππ scattering data below
1900 MeV/c2 [24], while the initial production vector is
obtained from our fit to the tagged D0 → K0

S
π−π+ data.

IV. CP FIT RESULTS AND SYSTEMATIC
UNCERTAINTIES

Once the decay amplitude AD(m2
−, m2

+) is known it
can be fed into Eq. (1). The extraction of the CP -

1 The label A and B should be swapped in Eq. (6) of [18].
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This contamination has a negligible effect on the CP pa-
rameters.

The reconstruction efficiencies are 15%, 7%, 9%, and
11%, for the B− → D̃0K−, B− → D̃∗0[D̃0π0]K−,
B− → D̃∗0[D̃0γ]K−, and B− → D̃0K∗− decay modes,
respectively. Figure 1 shows the mES distributions after
all selection criteria, for |∆E| < 30(25) MeV, for B− →
D̃(∗)0K−(B− → D̃0K∗−). The largest background con-
tribution comes from continuum events or BB decays
where a fake or true D0 is combined with a random
track. Another source of background for B− → D̃(∗)0K−

is given by B− → D(∗)0π− decays where the prompt pion
is misidentified as kaon. These decays are separated from
the signal using their different ∆E distribution.
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FIG. 1: Distributions of mES for (a) B− → D̃0K−, (b)
B− → D̃∗0[D̃0π0]K−, (c) B− → D̃∗0[D̃0γ]K−, and (c)
B− → D̃0K∗−. The curves superimposed represent the over-
all fit projections (solid black lines), the continuum contribu-
tion (dotted red lines), and the sum of all background com-
ponents (dashed blue lines).
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(NR). The function Ar = Fr × Tr × Wr is the Lorentz-
invariant expression that describes the dynamic proper-
ties of the D0 meson decaying into K0
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rameterization, except for r = ρ(770) and ρ(1450) where
we use the functional form suggested in Ref. [17]. The
angular dependence Wr is described with the helicity for-
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taken from [19], with the exception of K∗

0 (1430)+ taken
from [20]. The model consists of a total of 13 resonances
leading to 16 two-body decay amplitudes and phases (see
Table I), and accounts for efficiency variations across the
Dalitz plane and the small background contribution. All
the resonances considered in this model are well estab-
lished except for the two scalar ππ resonances, σ and
σ′, whose masses and widths are obtained from our sam-
ple [21]. Their addition to the model is motivated by an
improvement in the description of the data.
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sidered in the evaluation of the systematic errors through
the use of a K-matrix formalism [22] to parameterize the
ππ S-wave states. The K-matrix method provides a di-
rect way of imposing the unitarity constraint of the scat-
tering matrix that is not guaranteed in the case of the
BW model and is suited to the study of broad and over-
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need to introduce the two σ scalars,
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π−π+ , I is the

identity matrix, K is the matrix describing the S-wave
scattering process, ρ is the phase-space matrix, and P is
the initial production vector [22]. The index j represents
the jth channel (1 = ππ, 2 = KK, 3 = multi-meson [23],
4 = ηη, 5 = ηη′). The K-matrix parameters are obtained
from a global fit to the available ππ scattering data below
1900 MeV/c2 [24], while the initial production vector is
obtained from our fit to the tagged D0 → K0
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π−π+ data.
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+) is known it
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FIG. 1: Distributions of mES for (a) B− → D̃0K−, (b)
B− → D̃∗0[D̃0π0]K−, (c) B− → D̃∗0[D̃0γ]K−, and (c)
B− → D̃0K∗−. The curves superimposed represent the over-
all fit projections (solid black lines), the continuum contribu-
tion (dotted red lines), and the sum of all background com-
ponents (dashed blue lines).
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taken from [19], with the exception of K∗
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the resonances considered in this model are well estab-
lished except for the two scalar ππ resonances, σ and
σ′, whose masses and widths are obtained from our sam-
ple [21]. Their addition to the model is motivated by an
improvement in the description of the data.

The possible absence of the σ and σ′ resonances is con-
sidered in the evaluation of the systematic errors through
the use of a K-matrix formalism [22] to parameterize the
ππ S-wave states. The K-matrix method provides a di-
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scattering process, ρ is the phase-space matrix, and P is
the initial production vector [22]. The index j represents
the jth channel (1 = ππ, 2 = KK, 3 = multi-meson [23],
4 = ηη, 5 = ηη′). The K-matrix parameters are obtained
from a global fit to the available ππ scattering data below
1900 MeV/c2 [24], while the initial production vector is
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IX. SYSTEMATIC UNCERTAINTIES

Table VI summarizes all of the systematic uncertainties
considered in this analysis. Because our signal is extracted
and normalized relative to !B ! Dð"Þ‘$ !!‘, many sources of
systematic uncertainty—especially those related to recon-
struction efficiency—are expected to cancel, either par-
tially or completely, when we take the ratio.

We describe the individual contributions to the system-
atic uncertainty below. We divide the systematics into two
broad categories: additive and multiplicative. Additive
systematic uncertainties are those which affect the fit yields
and therefore reduce the significance of the measured
signals. Multiplicative uncertainties affect the normaliza-
tion of the signals and the numerical results but not the
significance.

A. Additive systematic uncertainties

In order to estimate additive systematic uncertainties, we
perform an ensemble of fits to MC event samples. For each
source of uncertainty, we perform a number of tests where
we modify, as appropriate, the fit shapes, cross feed con-

TABLE V. Relative signal efficiencies "sig="norm for the four
signal modes.

Signal mode "sig="norm

B$ ! D0"$ !!" 1:85% 0:02
B$ ! D"0"$ !!" 0:99% 0:01
!B0 ! Dþ"$ !!" 1:83% 0:03
!B0 ! D"þ"$ !!" 0:91% 0:01

FIG. 14 (color online). Distributions of events and fit projec-
tions in jp"

‘j for the fourD"" control samplesD"0#0‘$,D0#0‘$,
D"þ#0‘$, and Dþ#0‘$. The fit components are shaded as in
Fig. 10.

TABLE VI. Contributions to the total systematic uncertainty.
The additive systematic uncertainties represent uncertainties on
the fit yield, and therefore reduce the statistical significance of
the results. The multiplicative systematic uncertainties represent
uncertainties on the normalization, so they affect the numerical
results but not the statistical significance. The first four columns
summarize errors on the individual branching-fraction ratios; the
last two columns summarize errors on the B$ $ !B0 constrained
measurement. The totals here refer to errors on the branching-
fraction ratios R; the errors on Bð !B ! Dð"Þ‘$ !!‘Þ (discussed in
Sec. X) only apply to the absolute branching fractions, and are
not included in the quoted total error.

Source Fractional uncertainty (%)
D0"!D"0"!Dþ"!D"þ"!D"!D""!

Additive systematic uncertainties
MC statistics (PDF shape) 11.5 8.4 4.5 1.8 6.9 4.7
MC statistics (constraints) 4.2 1.9 6.1 1.3 3.6 1.4
Combinatorial BG modeling 7.5 4.1 11.5 2.6 9.1 2.9
D"" modeling 5.7 0.5 1.6 0.2 3.0 0.4
!B ! D" form factors 1.9 0.7 0.8 0.2 1.4 0.4
!B ! D form factors 0.2 0.7 0.6 0.2 0.3 0.4
m2

miss tail modeling 1.5 0.5 1.2 0.4 1.6 0.1
#0 cross feed constraints 0.5 1.1 0.5 0.9 0.5 1.0
D"" feed-down 0.4 0.1 0.1 0.3 0.2 0.2
D"""$ !!" abundance 0.4 1.3 0.3 0.2 0.3 0.8

Total additive 15.6 9.7 14.0 3.6 12.5 5.8
Multiplicative systematic uncertainties

MC statistics (efficiency) 1.2 1.1 1.5 1.1 1.0 0.8
Bremsstrahlung/FSR 0.6 0.5 0.3 0.4 0.4 0.5
Tracking " 0.0 0.0 0.0 0.0 0.0 0.0
e PID " 0.5 0.5 0.6 0.6 0.6 0.6
$ PID " 0.5 0.6 0.7 0.6 0.6 0.6
K PID " 0.2 0.1 0.2 0.0 0.2 0.0
# PID " 0.1 0.1 0.2 0.0 0.1 0.1
K0

S " 0.1 0.0 0.1 0.1 0.1 0.0
Neutral (#0 and %) " 0.0 0.0 0.0 0.1 0.0 0.0
Daughter B’s 0.1 0.3 0.0 0.1 0.1 0.3
Bð"$ ! ‘$ !!‘!"Þ 0.2 0.2 0.2 0.2 0.2 0.2

Total multiplicative 1.6 1.5 1.8 1.4 1.4 1.3

Total 15.6 9.9 14.0 3.9 12.5 6.0

Bð !B ! Dð"Þ‘$ !!‘Þ 10.2 7.7 9.4 3.7 6.8 3.4
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the fit yield, and therefore reduce the statistical significance of
the results. The multiplicative systematic uncertainties represent
uncertainties on the normalization, so they affect the numerical
results but not the statistical significance. The first four columns
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Sec. X) only apply to the absolute branching fractions, and are
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# PID " 0.1 0.1 0.2 0.0 0.1 0.1
K0

S " 0.1 0.0 0.1 0.1 0.1 0.0
Neutral (#0 and %) " 0.0 0.0 0.0 0.1 0.0 0.0
Daughter B’s 0.1 0.3 0.0 0.1 0.1 0.3
Bð"$ ! ‘$ !!‘!"Þ 0.2 0.2 0.2 0.2 0.2 0.2

Total multiplicative 1.6 1.5 1.8 1.4 1.4 1.3

Total 15.6 9.9 14.0 3.9 12.5 6.0

Bð !B ! Dð"Þ‘$ !!‘Þ 10.2 7.7 9.4 3.7 6.8 3.4
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IX. SYSTEMATIC UNCERTAINTIES

Table VI summarizes all of the systematic uncertainties
considered in this analysis. Because our signal is extracted
and normalized relative to !B ! Dð"Þ‘$ !!‘, many sources of
systematic uncertainty—especially those related to recon-
struction efficiency—are expected to cancel, either par-
tially or completely, when we take the ratio.

We describe the individual contributions to the system-
atic uncertainty below. We divide the systematics into two
broad categories: additive and multiplicative. Additive
systematic uncertainties are those which affect the fit yields
and therefore reduce the significance of the measured
signals. Multiplicative uncertainties affect the normaliza-
tion of the signals and the numerical results but not the
significance.

A. Additive systematic uncertainties

In order to estimate additive systematic uncertainties, we
perform an ensemble of fits to MC event samples. For each
source of uncertainty, we perform a number of tests where
we modify, as appropriate, the fit shapes, cross feed con-

TABLE V. Relative signal efficiencies "sig="norm for the four
signal modes.

Signal mode "sig="norm

B$ ! D0"$ !!" 1:85% 0:02
B$ ! D"0"$ !!" 0:99% 0:01
!B0 ! Dþ"$ !!" 1:83% 0:03
!B0 ! D"þ"$ !!" 0:91% 0:01

FIG. 14 (color online). Distributions of events and fit projec-
tions in jp"

‘j for the fourD"" control samplesD"0#0‘$,D0#0‘$,
D"þ#0‘$, and Dþ#0‘$. The fit components are shaded as in
Fig. 10.

TABLE VI. Contributions to the total systematic uncertainty.
The additive systematic uncertainties represent uncertainties on
the fit yield, and therefore reduce the statistical significance of
the results. The multiplicative systematic uncertainties represent
uncertainties on the normalization, so they affect the numerical
results but not the statistical significance. The first four columns
summarize errors on the individual branching-fraction ratios; the
last two columns summarize errors on the B$ $ !B0 constrained
measurement. The totals here refer to errors on the branching-
fraction ratios R; the errors on Bð !B ! Dð"Þ‘$ !!‘Þ (discussed in
Sec. X) only apply to the absolute branching fractions, and are
not included in the quoted total error.

Source Fractional uncertainty (%)
D0"!D"0"!Dþ"!D"þ"!D"!D""!

Additive systematic uncertainties
MC statistics (PDF shape) 11.5 8.4 4.5 1.8 6.9 4.7
MC statistics (constraints) 4.2 1.9 6.1 1.3 3.6 1.4
Combinatorial BG modeling 7.5 4.1 11.5 2.6 9.1 2.9
D"" modeling 5.7 0.5 1.6 0.2 3.0 0.4
!B ! D" form factors 1.9 0.7 0.8 0.2 1.4 0.4
!B ! D form factors 0.2 0.7 0.6 0.2 0.3 0.4
m2

miss tail modeling 1.5 0.5 1.2 0.4 1.6 0.1
#0 cross feed constraints 0.5 1.1 0.5 0.9 0.5 1.0
D"" feed-down 0.4 0.1 0.1 0.3 0.2 0.2
D"""$ !!" abundance 0.4 1.3 0.3 0.2 0.3 0.8

Total additive 15.6 9.7 14.0 3.6 12.5 5.8
Multiplicative systematic uncertainties

MC statistics (efficiency) 1.2 1.1 1.5 1.1 1.0 0.8
Bremsstrahlung/FSR 0.6 0.5 0.3 0.4 0.4 0.5
Tracking " 0.0 0.0 0.0 0.0 0.0 0.0
e PID " 0.5 0.5 0.6 0.6 0.6 0.6
$ PID " 0.5 0.6 0.7 0.6 0.6 0.6
K PID " 0.2 0.1 0.2 0.0 0.2 0.0
# PID " 0.1 0.1 0.2 0.0 0.1 0.1
K0

S " 0.1 0.0 0.1 0.1 0.1 0.0
Neutral (#0 and %) " 0.0 0.0 0.0 0.1 0.0 0.0
Daughter B’s 0.1 0.3 0.0 0.1 0.1 0.3
Bð"$ ! ‘$ !!‘!"Þ 0.2 0.2 0.2 0.2 0.2 0.2

Total multiplicative 1.6 1.5 1.8 1.4 1.4 1.3

Total 15.6 9.9 14.0 3.9 12.5 6.0

Bð !B ! Dð"Þ‘$ !!‘Þ 10.2 7.7 9.4 3.7 6.8 3.4
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Total error on R(D(∗))

Monte Carlo statistics and 
Combinatorial Background 
uncertainties dominate

Normalization error
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B(B+ → D̄0τ+ν) = 1.51+0.41
−0.39(stat)+0.24

−0.19(syst)± 0.15(norm)%

B(B+ → D̄∗0τ+ν) = 3.04+0.69
−0.66(stat)+0.40

−0.47(syst)± 0.22(norm)%

B(B0 → D−τ+ν) = 1.01+0.46
−0.41(stat)+0.13

−0.11(syst)± 0.10(norm)%

B(B0 → D∗−τ+ν) = 2.56+0.75
−0.66(stat)+0.31

−0.22(syst)± 0.10(norm)%


