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Test of  Factorization in B decays
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• Non-leptonic weak decays of  B mesons play an excellent  role to explore flavor 
physics and strong interactions. 

• Factorization → estimate matrix element of  four-quark operators through the 
product of  the matrix elements of  corresponding quark currents.  

• Factorization works well in   decays  

• Contributions from color-allowed (tree level) topologies as . 

•  amplitude can be probed in three ways 

• Comparing the hadronic branching fractions to the semi-leptonic decay 
rates→ calculating | | (Results from Belle coming soon)  

• Ratios of  branching fractions governed by the color-allowed and color-
suppressed amplitudes → calculating 

B̄0 → D(*)+K−

B̄0 → D(*)+π−

B̄0 → D(*)+π−

a1

1

Tests of Factorization and SU(3) Relations in B Decays into Heavy-Light Final States

Robert Fleischer,1 Nicola Serra,1 and Niels Tuning1

1
Nikhef, Science Park 105, NL-1098 XG Amsterdam, The Netherlands

(Dated: October 29, 2018)

Using data from the B factories and the Tevatron, we perform tests of how well nonleptonic B
decays of the kind B ! D(⇤)

(s)P , where P is a pion or kaon, are described within the factorization
framework. We find that factorization works well – as is theoretically expected – for color-allowed,
tree-diagram-like topologies. Moreover, also exchange topologies, which have a nonfactorizable
character, do not show any anomalous behavior. We discuss also isospin triangles between the
B ! D(⇤)⇡ decay amplitudes, and determine the corresponding amplitudes in the complex plane,
which show a significant enhancement of the color-suppressed tree contribution with respect to the
factorization picture. Using data for B ! D(⇤)K decays, we determine SU(3)-breaking e↵ects and
cannot resolve any nonfactorizable SU(3)-breaking corrections larger than ⇠ 5%. In view of these
results, we point out that a comparison between the B̄0

d ! D+⇡� and B̄0
s ! D+

s ⇡
� decays o↵ers

an interesting new determination of fd/fs. Using CDF data, we obtain the most precise value of
this ratio at CDF, and discuss the prospects for a corresponding measurement at LHCb.

Keywords: Nonleptonic B decays, factorization, SU(3) flavor symmetry, fragmentation function

I. INTRODUCTION

Nonleptonic weak decays of B mesons play an out-
standing role for the exploration of flavor physics and
strong interactions. The key challenge of their theoreti-
cal description is related to the fact that the correspond-
ing low-energy e↵ective Hamiltonian contains local four-
quark operators. Consequently, in the calculation of the
transition amplitude, we have to deal with nonperturba-
tive “hadronic” matrix elements of these operators. For
decades we have applied the “factorization” hypothesis,
i.e. to estimate the matrix element of the four-quark op-
erators through the product of the matrix elements of
the corresponding quark currents [1]. In the 1980s, the
1/NC-expansion of QCD [2] and “color transparency” ar-
guments [3, 4] were used to justify this concept, while it
could be put on a rigorous theoretical basis in the heavy-
quark limit for a variety of B decays about ten years
ago [5, 6]. A very useful approach to deal with nonlep-
tonic decays is provided by the decomposition of their
amplitudes in terms of di↵erent decay topologies and to
apply the SU(3) flavor symmetry of strong interactions
to derive relations between them [7]. We shall use the
same notation as introduced in that paper to distinguish
between color-allowed (T ), color-suppressed (C) and ex-
change (E) topologies, which are shown in Fig. 1. For
a detailed discussion of the connection between this dia-
grammatic approach and the low-energy e↵ective Hamil-
tonian description, the reader is referred to Ref. [8].

Factorization is not a universal feature of nonleptonic
B decays and there are cases where it is not expected to
work. In fact, nonfactorizable e↵ects are also required to
cancel the renormalization-scale dependence in the cal-
culation of the transition amplitude by means of the low-
energy e↵ective Hamiltonian. The B-factory data also
have shown that nonfactorizable e↵ects can indeed play
a significant role, in particular for large CP-conserving

strong phases and direct CP violation. In the framework
developed in Refs. [5, 6], such e↵ects are described by
⇤QCD/mb corrections, which are nonperturbative quan-
tities and can therefore only be estimated theoretically
with large uncertainties.

Prime examples where factorization is expected to
work well are given by the decays B̄

0
d ! D

(⇤)+
K

�,
which receive only contributions from color-allowed tree-
diagram-like topologies. In Ref. [9], we have exploited
this feature to propose a new strategy to determine the
ratio fd/fs of the fragmentation functions, which de-
scribe the probability that a b quark will fragment in
a B̄d,s meson. It uses the decays B̄

0
d ! D

+
K

� and
B̄

0
s ! D

+
s ⇡

�. Since the ultimate precision is limited by
nonfactorizable U -spin-breaking corrections, which are
theoretically expected at the few-percent level in these
decays, it is interesting to get experimental insights into
factorization and SU(3)-breaking corrections. The ra-
tio fd/fs enters the measurement of any Bs branching
ratio at LHCb and is – in particular – the major limit-
ing factor for the search of New-Physics signals through
BR(B0

s ! µ
+
µ

�).

In this paper, we would like to use the currently
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FIG. 1: The color-allowed (tree) (T ), color-suppressed (C)

and exchange (E) topologies contributing to heavy-light decays

(q 2 {u, d, s}).
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and exchange (E) topologies contributing to heavy-light decays
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Color-allowed  

Color-suppressed  
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• probing decays amplitude  directly through the branching fractions of  decays.

good opportunity to test HQET. The ratio calculated from the Cabibbo suppressed B0 æ D≠K w.r.t71

Cabibbo favoured B0 æ D≠fi is written as follows [3]:72

R © B(B0 æ DK)
B(B0 æ Dfi) = tan2◊C(fK/ffi)2, (1)

where ◊c is the Cabibbo angle and fK and ffi are the decay constants of K and fi mesons respectively.73

The good high momentum particle identification capability of the Belle detector enables us to extract74

signals for B0 æ D≠K that are well separated from the more abundant, Cabibbo favored B0 æ D≠fi75

processes. The ratio (R) has previously been measured using Belle data equal to luminosity of 10.476

fb≠1. The previous Belle measurement for R is [3],77

Ratio = B(B0 æ D(ú)≠K+)
B(B0 æ D(ú)≠fi+)

= 0.068 ± 0.015 ± 0.007, (2)

where the first error is statistical and the second is systematic. The branching fraction measurement78

of B0 æ D≠K+ is79

B(B0 æ D≠K+) = (1.7 ± 0.4 ± 0.10) ◊ 10≠4. (3)

We don’t have any previous Belle measurement of B(B0 æ D≠fi+), but it has been calculated by80

BaBar with (65.2 ± 0.7) ◊ 106 BB̄ pairs [4],81

B(B0 æ D≠fi+) = (2.55 ± 0.05 ± 0.16) ◊ 10≠3. (4)

Since we have much more Belle data now, these measurements can significantly be improved.82

3 Event Reconstruction83

3.1 Data and Monte Carlo at Belle84

The data sample at the �(4S) resonance with total integrated luminosity 711 fb≠1 (equivalent to 772M85

BB̄) is used. The continuum for non-BB̄ events are added 60 MeV below �(4S) having total integrated86

luminosity of 88 fb≠1. Monte Carlo simulated events are used to determine the analysis selection crite-87

ria, study and estimate the background contribution, and estimate the signal reconstruction e�ciency.88

5 streams of MC are used where each stream correspond to the total integrated luminosity of Belle89

data.90
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RD ≡
ℬ(B̄0 → D+K−)
ℬ(B̄0 → D+π−)

≃ tan2 θC ( fK
fπ )

2

= 0.077 ± 0.002

Eiasha WAHEED

Study of  B̄0 → D+h−(h = K/π)

3

• Both modes are important  signal or control channels for measurements related  angle.  

•  provide very good opportunities to test the theories of  hadronic -meson decays  clean 

and dominant hadronic decay channel. 

• Improved measurements of  the color-favored hadronic two-body decay of  the  meson  better 

understanding of  QCD effects. 

• Branching fraction for Cabibbo suppressed  is related to  by 

→ ϕ3

B0 → D−π+ B →

B →

B0 → D−K+ B0 → D−π+

• Ratio of  branching fraction measured systematic cancel out → important for 

the decays which are systematic limited. 

• Both decays have not been measured with full Belle data set. 

 is Cabibbo angle, and  and  are  
meson decay constants. 
θc fK fπ

10.1007/JHEP09(2016)112
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Approaches to Measuring B → X lν

�10

Untagged
initial 4-momentum known
 missing 4-momentum = ν
 Reconstruct B → Xq l ν 

Use other side to constrain B flight 
direction.
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ū

Fig. 17.1.1. Illustration of semileptonic decay B� ! X`�⌫̄`.

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

other CKM-matrix elements. Hence, measurements of the
B ! X`⌫ decay rate can be used to directly measure |Vcb|

and |Vub|.
The theoretical description of semileptonic B decays

starts from the electroweak e↵ective Hamiltonian,

He↵ =
4GF
p

2

X

q=u,c

Vqb (q̄�µPLb)(`�µPL⌫`) , (17.1.1)

where PL = (1 � �5)/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 di↵erential B decay rates take the
form

d� / G2
F |Vqb|

2
��LµhX|q̄�µPLb|Bi

��2 . (17.1.2)

An important feature of semileptonic decays is that the
leptonic part in the e↵ective 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 a↵ect Eq. (17.1.1) and are fully con-
tained in the hadronic matrix element hX|q̄�µPLb|Bi 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, di↵erent
theoretical methods have been developed, depending on
the specific decay mode under consideration. In almost all
cases, the large mass of the b-quark, mb ⇠ 5 GeV plays an
important role.70

In exclusive semileptonic decays, one considers the de-
cay of the B meson into a specific final state X = D⇤, ⇡, ....
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 e↵ec-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 e↵ects. 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 ↵s(mb) ⇠ 0.2. The remain-
ing long-distance corrections related to the initial B meson
can be expanded in powers of ⇤QCD/mb ⇠ 0.1, with ⇤QCD

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

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

17.1.1.3 Experimental Techniques

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

ries, the two dominant sources of background for the re-
construction of semileptonic B decays are the combinato-
rial BB̄ and the continuum backgrounds, QED processes
e+e�

! `+`�(�) with ` = e, µ, or ⌧ , and quark-antiquark
pair production, e+e�

! qq(�) 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, �✓thrust, 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) � (
X

i

Ei,
X

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 �(B ! D 0(⇤) ` ⌫̄`) using light-cone sum rules

V. Summary

2 / 15

! Encoded in Form Factors and need theory input for normalization.

[arXiv:1510.03657, accepted by PRD]
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FIG. 1. (Color online) Fit to the missing mass squared distribution in three bins of w for the B+ ! D̄0e+⌫e sub-sample. Points
with error bars are the data. Histograms are (from top to bottom) the B ! D`⌫` signal (green), the B ! D⇤`⌫` cross-feed
background (red), and other backgrounds (blue). The p-values of the fits are (from left to right) 0.55, 0.21, and 0.10.
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FIG. 2. Same as Fig. 1 for the B+ ! D̄0µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.71, 0.38, and 0.42.
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FIG. 3. Same as Fig. 1 for the B0 ! D�e+⌫e sub-sample. The p-values of the fits are (from left to right) 0.30, 0.10, and 0.96.
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We interpret our measurement of ��/�w in terms of �EW|Vcb| by using the currently most established method,
i.e., by fitting ��/�w to the Caprini, Lellouch and Neubert (CLN) form-factor parameterization and by dividing
�EWG(1)|Vcb| by the form factor normalization at zero recoil G(1) to obtain �EW|Vcb|. Assuming the value G(1) =
1.0541 ± 0.0083 [15], we find �EW|Vcb| = (40.12 ± 1.34) � 10�3. Recent lattice data also allows to perform a combined
fit to the model-independent form-factor parameterization by Boyd, Grinstein and Lebed (BGL). We find �EW|Vcb| =
(41.10 ± 1.14) � 10�3 with the lattice QCD data from FNAL/MILC [15] and HPQCD [32].

Assuming �EW = 1.0066 ± 0.0016 [12], our results correspond to a value of |Vcb| = (39.86 ± 1.33) � 10�3 for the fit
using the CLN form-factor parameterization and G(1), and |Vcb| = (40.83 ± 1.13) � 10�3 for the fit using the BGL
parameterization and lattice data.

These results supersede the previous Belle measurement [36]. Compared to the previous analysis by BaBar [6], we
reconstruct about 5 times more B ! D`⌫` decays; this results in a significant improvement in the precision of the
determination of �EW|Vcb| from the decay B ! D`⌫` to 2.8%. The value of �EW|Vcb| extracted with the combined
analysis of experimental and LQCD data is in agreement with both |Vcb| extracted from inclusive semileptonic de-
cays [3] and |Vcb| from B ! D⇤`⌫` decays [4, 5]. The measured branching fractions are higher although still compatible
with those obtained by previous analyses [6].

|Vcb| = (40.12 ± 1.34) ⇥ 10�3 (World average: (39.5 ± 0.8) ⇥ 10�3 )
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•  identification is carried out by the information 
from independent measurement from  

•  measurement by CDC 

• TOF measurement  

• Measurement of  number of  photo electrons in 
ACC
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Figure 10: Momentum distribution of D meson in CM frame of kaon enhanced B0 æ D≠K+ decay
with L(K/fi) > 0.6 in generic MC. The left plot shows the stack distribution and right plot shows the
normalised distribution. The dotted line shows the value of cut > 2.06 < pú

D
< 2.55.
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Figure 11: Peaking background decays in the signal region of of �E distribution from two streams of
generic MC in pion enhanced B0 æ D≠fi+ decay.

Variable Cut
Prompt K+ L(K/fi) > 0.6
Prompt fi+ L(K/fi) < 0.6

D≠(æ K+fi≠fi≠) mass MPDG ≠ 2.5‡M < M < MPDG + 2.5‡M

Mbc =


E2
beam

≠ pú
B

Mbc>5.27 GeV
�E = Eú

B
≠ Ebeam -0.13 GeV <�E<0.13 GeV

pú
D

2.06 GeV <pú
D

<2.55 GeV
Fox–Wolfram Moment R2 R2<0.3

Table 2: Selection criteria
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• Analysis with full Belle data set of  711fb-1 

• Decay Chain:   and  

• Both modes are topologically very similar therefore same event selection criteria is applied →  minimize 

efficiency differences between the modes. 

• High momentum particle identification capability of  the Belle detector enables us to extract signals for 

 that are well separated from the more abundant, Cabibbo favored  processes. 

B0 → D−( → K+π−π−)K+ B0 → D−( → K+π−π−)π+

B0 → D−K+ B0 → D−π+

6

Analysis Strategy of    B0 → D−h+(h = K/π)
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• Mass constrained fit is applied to the  candidate  to ensure consistency 

with the D meson decay topology. 

•  meson candidates are required to have a mass within 2.5  of  the true mass.

D− D− → K+π−π−

D− σ

Reconstruction of  D meson

Mass resolution  is ~5 MeV 

# �5

Full Reconstruction =   
Belle tagging algorithm 


Candidates reconstructed with 
hierarchical approach & neural 
networks in hadronic modes 

1104 decay cascades 

used with an efficiency of 

0.28% / 0.18% for �  and �B± B0 /B̄0

New incl. |Vcb| from Belle
Key-technique: hadronic tagging

Can identify Xc 
constituents

stage particles

1 tracks, KS , �, ⇡0

2 D
±
(s), D

0, and J/ mesons

3 D
⇤±
(s) and D

⇤0 mesons

4 B
± and B

0 mesons

Table 1: The 4 stages of the hierarchical system

to be the correct probability, we get:

op =
1

1 + ( 1
ot

� 1)Pp(B)
Pp(S)

Pt(S)
Pt(B)

. (20)

This formula is used in the full reconstruction algorithm described in the next
section to calculate the signal probability for modes with low purity so that the
signal fraction had to be increased for the network training.

3. Selection and Reconstruction

In order to reconstruct as many B meson decays as possible, it is not possible
to take care of the thousands of exclusive decay channels individually. Instead
a hierarchical approach was chosen. We divide the reconstruction into 4 stages,
as shown in table 1 and illustrated in figure 3.

Figure 3: The 4 stages of the full reconstruction

One aim of the full reconstruction is to achieve high e�ciency. This could in
theory be done by always reconstructing every possible candidate at all stages
in an event and then finally taking the best B meson candidate. In practice
however, the computing power needed to pursue this maximum e�ciency strat-
egy is not available and it is necessary to perform cuts during the selection and

7

Charged Tracks Neutral Clusters

8

and combined with a range of event shape variables to
train a neural network to distinguish reconstructed B
meson candidates from continuum processes. The out-
put classifier score of this neural network is denoted as
OCont. Both classifier scores are mapped to a range of
[0, 1) signifying the reconstruction quality of poor to ex-
cellent candidates. We retain Btag candidates that show
at least moderate agreement based on these two outputs
and require that OFR > 10�4 and OCont > 10�4. De-
spite these relatively low values, knowledge of the charge
and momentum of the decay constituents in combination
with the known beam-energy allows one to infer the flavor
and four-momentum of the Btag candidate. We require
the Btag candidates to have at least a beam-constrained
mass of

Mbc =
q

E2
beam � |ptag|

2 > 5.27 GeV , (10)

with ptag denoting the momentum of the Btag candidate

in the center-of-mass frame of the colliding e+e�-pair.
Furthermore, Ebeam =

p
s/2 denotes half the center-of-

mass energy of the colliding e+e�-pair. The energy dif-
ference

�E = Etag � Ebeam , (11)

is already used in the input layer of the neural network
trained in the final stage of the reconstruction. Here Etag

denotes the energy of the Btag candidate in the center-

of-mass frame of the colliding e+e�-pair. In each event
a single Btag candidate is then selected according to the
highest OFR score of the hierarchical full reconstruction
algorithm. All tracks and clusters not used in the re-
construction of the Btag candidate are used to define the
signal side.

B. Signal Side Reconstruction

The signal side of the event is reconstructed
by identifying a well-reconstructed lepton with
EB

` = |p
B
` | > 1 GeV in the signal B rest frame3 us-

ing the likelihood mentioned in Section II. The signal B
rest frame is calculated using the momentum of the Btag

candidate via

psig = p
e
+

e
� �

✓q
m2

B + |ptag|
2,ptag

◆
, (12)

with p
e
+
e
� denoting the four-momentum of the colliding

electron-positron pair. Leptons from J/ and photon
conversions in detector material are rejected by combin-
ing the lepton candidate with oppositely charged tracks

3
We neglect the small correction of the lepton mass term to the

energy of the lepton.

(t) on the signal side and demanding that m`t > 0.14 GeV
and met /2 [3.05, 3.15] GeV or mµt /2 [3.06, 3.12] GeV. If
multiple lepton candidates are present on the signal side,
the event is discarded as multiple leptons are likely to
originate from a double semileptonic b ! c ! s cascade.
For charged Btag candidates, we demand that the charge
assignment of the signal-side lepton be opposite that of
the Btag charge. The hadronic X system is reconstructed
from the remaining unassigned charged particles and neu-
tral energy depositions. Its four momentum is calculated
as

pX =
X

i

✓q
m2

⇡ + |pi|
2,pi

◆
+
X

j

�
Ej ,kj

�
, (13)

with Ei = |ki| the energy of the neutral energy depo-
sitions and all charged particles with momentum pi are
assumed to be pions. With the X system reconstructed,
we can also reconstruct the missing mass squared,

M2
miss =

�
psig � pX � p`

�2
, (14)

which should peak at zero, M2
miss ⇡ m2

⌫ ⇡ 0 GeV2, for
correctly reconstructed semileptonic B ! Xu `

+ ⌫` and
B ! Xc `

+ ⌫` decays. The hadronic mass of the X sys-
tem is later used to discriminate B ! Xu `

+ ⌫` signal
decays from B ! Xc `

+ ⌫` and other remaining back-
grounds. It is reconstructed using

MX =
q

(pX)µ (pX)µ . (15)

In addition, we reconstruct the four-momentum-transfer
squared, q2, as

q2 =
�
psig � pX

�2
. (16)

The resolution of both variables for B ! Xu `
+ ⌫` is

shown in Figure 3 as residuals with respect to the gener-
ated values of q2 and MX . The resolution for MX has a
root-mean-square (RMS) deviation of 0.47 GeV, but ex-
hibits a large tail towards larger values. The distinct peak
at 0 is from B0

! ⇡� `+ ⌫` and other low-multiplicity
final states comprised of only charged pions. The four-
momentum-transfer squared q2 exhibits a large resolu-
tion, which is caused by a combination of the tag-side
B and the X reconstruction. The RMS deviation for
q2 is 1.59 GeV2. The core resolution is dominated by
the tagging resolution, whereas the large negative tail is
dominated from the resolution of the reconstruction of
the X system.

C. Background Suppression BDT

At this point in the reconstruction, the B ! Xc `
+ ⌫`

process completely dominates the selected events. To
identify B ! Xu `

+ ⌫`, we combine several distinguish-
ing features into a single discriminant. This is achieved
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the event is discarded as multiple leptons are likely to
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Particle Identification at Belle 

• Particle identification system at Belle is used to determine a   

likelihood ratio  for the charged tracks. 

• The likelihood ranges from 0 to 1.  

• 0 means likely to be a  and 1 means likely to be .  

• To ensure high efficiency and purity of  kaons and pions we 

require,  

K/π

ℒ(K/π)

π K

2

background and make comparisons with the data. The93

B0-meson decays are simulated with the EvtGen gener-94

ator [15] and the e↵ect of final-state electromagnetic ra-95

diation is simulated by the PHOTOS package [16]. The96

interactions of particles with the detector are simulated97

using GEANT3 [17].98

III. EVENT SELECTION AND99

RECONSTRUCTION100

B̄0 ! D+⇡� and B̄0 ! D+K� have nearly same101

kinematic properties. B̄0 ! D+⇡� decay is used to es-102

tablish cuts on kinematic variables and determine the103

experimental resolution due to its larger data size com-104

pared to B̄0 ! D+K� decay. Charged particle tracks105

originating from e+e� collisions are selected by requiring106

|dr| < 0.2 cm and |dz| < 1.5 cm, where |dr| and |dz|107

represent the distance of closest approach to the interac-108

tion point (IP) in the plane transverse to and along the109

z direction, respectively.110

In this analysis, particle identification system is used to111

determine a K/⇡ likelihood ratio L(K/⇡) for the charged112

tracks. The likelihood ranges from 0 to 1 where 0 means113

likely to be a ⇡ and 1 means likely to be a K. To114

ensure high e�ciency and high purity of kaons and pi-115

ons, we require L(K/⇡) = LK
LK+L⇡

> 0.6 for kaons and116

L(K/⇡) = LK
LK+L⇡

< 0.6 for pions. The charged D+
117

candidate is formed using K�⇡+⇡+ decays which is then118

combined with prompt hadron (h = K/⇡) to form B̄0
119

candidate. (The inclusion of charge conjugate states is120

implied throughout this paper.) Mass constrained vertex121

fit is applied to ensure consistency with D+ meson decay122

topology. D+ meson candidates are then required to have123

a mass within 2.5� of the true D+ mass value and the124

mass resolution � is approximately 5 MeV/c2. The width125

is obtained by fitting the invariant mass distribution of126

D+ ! K�⇡+⇡+ with a double Gaussian function for the127

signal and a first order Polynomial for the background as128

shown in Figure [1].129130

The kinematic variables used to discriminate B de-131

cays from combinatorial or partially reconstructed back-132

ground is the beam-energy-constrained mass133

Mbc =
q

E2
beam � p2B , (2)134

and to identify B̄0 ! D+⇡�/D+K� samples center-of-135

mass energy di↵erence is defined as136

�E = EB � Ebeam, (3)137

where pB is the B candidate’s laboratory momentum and138

Ebeam is the beam energy; all quantities are calculated139

in the center-of-mass frame. For correctly reconstructed140

signal, Mbc peaks at the nominal mass of the B̄0 meson141

and �E peaks at zero. B̄0 candidates are retained with142

Mbc > 5.27 GeV/c and �0.13 GeV < �E < 0.13 GeV.143

Background events from e+e� ! qq̄ continuum pro-144

cesses are suppressed using ratio of the second-to-zeroth145

0
500

1000
1500
2000
2500
3000
3500
4000

Ev
en

ts
 / 

( 0
.0

01
 G

eV
 )

Data
Combined Model
Gaussian
Gaussian
Background

1.845 1.85 1.855 1.86 1.865 1.87 1.875 1.88 1.885 1.89
)2 (GeV/cDm

5−
0
5

Pu
ll

FIG. 1. Fit to the invariant mass distribution for D+ !
K�⇡+⇡+ in data.

Fox-Wolfram moments [18] R2 < 0.3. This selection re-146

moves ⇠ 70% of continuum in both B̄0 ! D+⇡� and147

B̄0 ! D+K� decays. After applying optimal selection148

criteria, a best candidate selection is applied for multi-149

candidate events. The best candidate is chosen as the one150

with the smallest value of a �2 which is determined from151

the di↵erence between Mbc and nominal B meson mass.152

Kaon identification e�ciency ✏K is experimentally deter-153

mined from a kinematically selected sample of high mo-154

mentum D⇤+ sample which is used to calibrate particle155

identification performance. After applying L(K/⇡) < 0.6156

cut for pions and L(K/⇡) > 0.6 for kaons, the kaon iden-157

tification e�ciency is ✏K = (0.8445 ± 0.0006 ± 0.0010)158

where first is the statistical uncertainty and second is159

systematic uncertainty. The pion misidentification rate160

is (7.64± 0.96)%.161

IV. SIMULTANEOUS FIT162

Both B̄0 ! D+⇡� and B̄0 ! D+K� decays are se-163

lected, the B̄0 ! D+⇡� branching fraction is typically164

an order of magnitude larger than that of B̄0 ! D+K�,165

hence it can serve as an excellent calibration sample for166

the signal determination procedure. Furthermore, there167

is a significant background from B̄0 ! D+⇡� decays168

in the B̄0 ! D+K� sample due to the misidentifica-169
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FIG. 1. Fit to the invariant mass distribution for D+ !
K�⇡+⇡+ in data.
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to be the correct probability, we get:
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Pt(S)
Pt(B)

. (20)

This formula is used in the full reconstruction algorithm described in the next
section to calculate the signal probability for modes with low purity so that the
signal fraction had to be increased for the network training.

3. Selection and Reconstruction

In order to reconstruct as many B meson decays as possible, it is not possible
to take care of the thousands of exclusive decay channels individually. Instead
a hierarchical approach was chosen. We divide the reconstruction into 4 stages,
as shown in table 1 and illustrated in figure 3.

Figure 3: The 4 stages of the full reconstruction

One aim of the full reconstruction is to achieve high e�ciency. This could in
theory be done by always reconstructing every possible candidate at all stages
in an event and then finally taking the best B meson candidate. In practice
however, the computing power needed to pursue this maximum e�ciency strat-
egy is not available and it is necessary to perform cuts during the selection and
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and combined with a range of event shape variables to
train a neural network to distinguish reconstructed B
meson candidates from continuum processes. The out-
put classifier score of this neural network is denoted as
OCont. Both classifier scores are mapped to a range of
[0, 1) signifying the reconstruction quality of poor to ex-
cellent candidates. We retain Btag candidates that show
at least moderate agreement based on these two outputs
and require that OFR > 10�4 and OCont > 10�4. De-
spite these relatively low values, knowledge of the charge
and momentum of the decay constituents in combination
with the known beam-energy allows one to infer the flavor
and four-momentum of the Btag candidate. We require
the Btag candidates to have at least a beam-constrained
mass of

Mbc =
q

E2
beam � |ptag|

2 > 5.27 GeV , (10)

with ptag denoting the momentum of the Btag candidate

in the center-of-mass frame of the colliding e+e�-pair.
Furthermore, Ebeam =

p
s/2 denotes half the center-of-

mass energy of the colliding e+e�-pair. The energy dif-
ference

�E = Etag � Ebeam , (11)

is already used in the input layer of the neural network
trained in the final stage of the reconstruction. Here Etag

denotes the energy of the Btag candidate in the center-

of-mass frame of the colliding e+e�-pair. In each event
a single Btag candidate is then selected according to the
highest OFR score of the hierarchical full reconstruction
algorithm. All tracks and clusters not used in the re-
construction of the Btag candidate are used to define the
signal side.

B. Signal Side Reconstruction

The signal side of the event is reconstructed
by identifying a well-reconstructed lepton with
EB

` = |p
B
` | > 1 GeV in the signal B rest frame3 us-

ing the likelihood mentioned in Section II. The signal B
rest frame is calculated using the momentum of the Btag

candidate via

psig = p
e
+

e
� �

✓q
m2

B + |ptag|
2,ptag

◆
, (12)

with p
e
+
e
� denoting the four-momentum of the colliding

electron-positron pair. Leptons from J/ and photon
conversions in detector material are rejected by combin-
ing the lepton candidate with oppositely charged tracks

3
We neglect the small correction of the lepton mass term to the

energy of the lepton.

(t) on the signal side and demanding that m`t > 0.14 GeV
and met /2 [3.05, 3.15] GeV or mµt /2 [3.06, 3.12] GeV. If
multiple lepton candidates are present on the signal side,
the event is discarded as multiple leptons are likely to
originate from a double semileptonic b ! c ! s cascade.
For charged Btag candidates, we demand that the charge
assignment of the signal-side lepton be opposite that of
the Btag charge. The hadronic X system is reconstructed
from the remaining unassigned charged particles and neu-
tral energy depositions. Its four momentum is calculated
as

pX =
X

i

✓q
m2

⇡ + |pi|
2,pi

◆
+
X

j

�
Ej ,kj

�
, (13)

with Ei = |ki| the energy of the neutral energy depo-
sitions and all charged particles with momentum pi are
assumed to be pions. With the X system reconstructed,
we can also reconstruct the missing mass squared,

M2
miss =

�
psig � pX � p`

�2
, (14)

which should peak at zero, M2
miss ⇡ m2

⌫ ⇡ 0 GeV2, for
correctly reconstructed semileptonic B ! Xu `

+ ⌫` and
B ! Xc `

+ ⌫` decays. The hadronic mass of the X sys-
tem is later used to discriminate B ! Xu `

+ ⌫` signal
decays from B ! Xc `

+ ⌫` and other remaining back-
grounds. It is reconstructed using

MX =
q

(pX)µ (pX)µ . (15)

In addition, we reconstruct the four-momentum-transfer
squared, q2, as

q2 =
�
psig � pX

�2
. (16)

The resolution of both variables for B ! Xu `
+ ⌫` is

shown in Figure 3 as residuals with respect to the gener-
ated values of q2 and MX . The resolution for MX has a
root-mean-square (RMS) deviation of 0.47 GeV, but ex-
hibits a large tail towards larger values. The distinct peak
at 0 is from B0

! ⇡� `+ ⌫` and other low-multiplicity
final states comprised of only charged pions. The four-
momentum-transfer squared q2 exhibits a large resolu-
tion, which is caused by a combination of the tag-side
B and the X reconstruction. The RMS deviation for
q2 is 1.59 GeV2. The core resolution is dominated by
the tagging resolution, whereas the large negative tail is
dominated from the resolution of the reconstruction of
the X system.

C. Background Suppression BDT

At this point in the reconstruction, the B ! Xc `
+ ⌫`

process completely dominates the selected events. To
identify B ! Xu `

+ ⌫`, we combine several distinguish-
ing features into a single discriminant. This is achieved
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and combined with a range of event shape variables to
train a neural network to distinguish reconstructed B
meson candidates from continuum processes. The out-
put classifier score of this neural network is denoted as
OCont. Both classifier scores are mapped to a range of
[0, 1) signifying the reconstruction quality of poor to ex-
cellent candidates. We retain Btag candidates that show
at least moderate agreement based on these two outputs
and require that OFR > 10�4 and OCont > 10�4. De-
spite these relatively low values, knowledge of the charge
and momentum of the decay constituents in combination
with the known beam-energy allows one to infer the flavor
and four-momentum of the Btag candidate. We require
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mass energy of the colliding e+e�-pair. The energy dif-
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is already used in the input layer of the neural network
trained in the final stage of the reconstruction. Here Etag

denotes the energy of the Btag candidate in the center-

of-mass frame of the colliding e+e�-pair. In each event
a single Btag candidate is then selected according to the
highest OFR score of the hierarchical full reconstruction
algorithm. All tracks and clusters not used in the re-
construction of the Btag candidate are used to define the
signal side.

B. Signal Side Reconstruction

The signal side of the event is reconstructed
by identifying a well-reconstructed lepton with
EB

` = |p
B
` | > 1 GeV in the signal B rest frame3 us-

ing the likelihood mentioned in Section II. The signal B
rest frame is calculated using the momentum of the Btag

candidate via
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with p
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+
e
� denoting the four-momentum of the colliding

electron-positron pair. Leptons from J/ and photon
conversions in detector material are rejected by combin-
ing the lepton candidate with oppositely charged tracks

3
We neglect the small correction of the lepton mass term to the

energy of the lepton.

(t) on the signal side and demanding that m`t > 0.14 GeV
and met /2 [3.05, 3.15] GeV or mµt /2 [3.06, 3.12] GeV. If
multiple lepton candidates are present on the signal side,
the event is discarded as multiple leptons are likely to
originate from a double semileptonic b ! c ! s cascade.
For charged Btag candidates, we demand that the charge
assignment of the signal-side lepton be opposite that of
the Btag charge. The hadronic X system is reconstructed
from the remaining unassigned charged particles and neu-
tral energy depositions. Its four momentum is calculated
as

pX =
X
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with Ei = |ki| the energy of the neutral energy depo-
sitions and all charged particles with momentum pi are
assumed to be pions. With the X system reconstructed,
we can also reconstruct the missing mass squared,

M2
miss =

�
psig � pX � p`
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, (14)

which should peak at zero, M2
miss ⇡ m2

⌫ ⇡ 0 GeV2, for
correctly reconstructed semileptonic B ! Xu `

+ ⌫` and
B ! Xc `

+ ⌫` decays. The hadronic mass of the X sys-
tem is later used to discriminate B ! Xu `

+ ⌫` signal
decays from B ! Xc `

+ ⌫` and other remaining back-
grounds. It is reconstructed using

MX =
q

(pX)µ (pX)µ . (15)

In addition, we reconstruct the four-momentum-transfer
squared, q2, as

q2 =
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psig � pX
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. (16)

The resolution of both variables for B ! Xu `
+ ⌫` is

shown in Figure 3 as residuals with respect to the gener-
ated values of q2 and MX . The resolution for MX has a
root-mean-square (RMS) deviation of 0.47 GeV, but ex-
hibits a large tail towards larger values. The distinct peak
at 0 is from B0

! ⇡� `+ ⌫` and other low-multiplicity
final states comprised of only charged pions. The four-
momentum-transfer squared q2 exhibits a large resolu-
tion, which is caused by a combination of the tag-side
B and the X reconstruction. The RMS deviation for
q2 is 1.59 GeV2. The core resolution is dominated by
the tagging resolution, whereas the large negative tail is
dominated from the resolution of the reconstruction of
the X system.

C. Background Suppression BDT

At this point in the reconstruction, the B ! Xc `
+ ⌫`

process completely dominates the selected events. To
identify B ! Xu `

+ ⌫`, we combine several distinguish-
ing features into a single discriminant. This is achieved

q2 = (psig − pXc)
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This formula is used in the full reconstruction algorithm described in the next
section to calculate the signal probability for modes with low purity so that the
signal fraction had to be increased for the network training.

3. Selection and Reconstruction

In order to reconstruct as many B meson decays as possible, it is not possible
to take care of the thousands of exclusive decay channels individually. Instead
a hierarchical approach was chosen. We divide the reconstruction into 4 stages,
as shown in table 1 and illustrated in figure 3.

Figure 3: The 4 stages of the full reconstruction

One aim of the full reconstruction is to achieve high e�ciency. This could in
theory be done by always reconstructing every possible candidate at all stages
in an event and then finally taking the best B meson candidate. In practice
however, the computing power needed to pursue this maximum e�ciency strat-
egy is not available and it is necessary to perform cuts during the selection and
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and combined with a range of event shape variables to
train a neural network to distinguish reconstructed B
meson candidates from continuum processes. The out-
put classifier score of this neural network is denoted as
OCont. Both classifier scores are mapped to a range of
[0, 1) signifying the reconstruction quality of poor to ex-
cellent candidates. We retain Btag candidates that show
at least moderate agreement based on these two outputs
and require that OFR > 10�4 and OCont > 10�4. De-
spite these relatively low values, knowledge of the charge
and momentum of the decay constituents in combination
with the known beam-energy allows one to infer the flavor
and four-momentum of the Btag candidate. We require
the Btag candidates to have at least a beam-constrained
mass of

Mbc =
q

E2
beam � |ptag|

2 > 5.27 GeV , (10)

with ptag denoting the momentum of the Btag candidate

in the center-of-mass frame of the colliding e+e�-pair.
Furthermore, Ebeam =

p
s/2 denotes half the center-of-

mass energy of the colliding e+e�-pair. The energy dif-
ference

�E = Etag � Ebeam , (11)

is already used in the input layer of the neural network
trained in the final stage of the reconstruction. Here Etag

denotes the energy of the Btag candidate in the center-

of-mass frame of the colliding e+e�-pair. In each event
a single Btag candidate is then selected according to the
highest OFR score of the hierarchical full reconstruction
algorithm. All tracks and clusters not used in the re-
construction of the Btag candidate are used to define the
signal side.

B. Signal Side Reconstruction

The signal side of the event is reconstructed
by identifying a well-reconstructed lepton with
EB

` = |p
B
` | > 1 GeV in the signal B rest frame3 us-

ing the likelihood mentioned in Section II. The signal B
rest frame is calculated using the momentum of the Btag

candidate via

psig = p
e
+
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, (12)

with p
e
+
e
� denoting the four-momentum of the colliding

electron-positron pair. Leptons from J/ and photon
conversions in detector material are rejected by combin-
ing the lepton candidate with oppositely charged tracks

3
We neglect the small correction of the lepton mass term to the

energy of the lepton.

(t) on the signal side and demanding that m`t > 0.14 GeV
and met /2 [3.05, 3.15] GeV or mµt /2 [3.06, 3.12] GeV. If
multiple lepton candidates are present on the signal side,
the event is discarded as multiple leptons are likely to
originate from a double semileptonic b ! c ! s cascade.
For charged Btag candidates, we demand that the charge
assignment of the signal-side lepton be opposite that of
the Btag charge. The hadronic X system is reconstructed
from the remaining unassigned charged particles and neu-
tral energy depositions. Its four momentum is calculated
as

pX =
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with Ei = |ki| the energy of the neutral energy depo-
sitions and all charged particles with momentum pi are
assumed to be pions. With the X system reconstructed,
we can also reconstruct the missing mass squared,

M2
miss =
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psig � pX � p`
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, (14)

which should peak at zero, M2
miss ⇡ m2

⌫ ⇡ 0 GeV2, for
correctly reconstructed semileptonic B ! Xu `

+ ⌫` and
B ! Xc `

+ ⌫` decays. The hadronic mass of the X sys-
tem is later used to discriminate B ! Xu `

+ ⌫` signal
decays from B ! Xc `

+ ⌫` and other remaining back-
grounds. It is reconstructed using

MX =
q

(pX)µ (pX)µ . (15)

In addition, we reconstruct the four-momentum-transfer
squared, q2, as

q2 =
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psig � pX
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The resolution of both variables for B ! Xu `
+ ⌫` is

shown in Figure 3 as residuals with respect to the gener-
ated values of q2 and MX . The resolution for MX has a
root-mean-square (RMS) deviation of 0.47 GeV, but ex-
hibits a large tail towards larger values. The distinct peak
at 0 is from B0

! ⇡� `+ ⌫` and other low-multiplicity
final states comprised of only charged pions. The four-
momentum-transfer squared q2 exhibits a large resolu-
tion, which is caused by a combination of the tag-side
B and the X reconstruction. The RMS deviation for
q2 is 1.59 GeV2. The core resolution is dominated by
the tagging resolution, whereas the large negative tail is
dominated from the resolution of the reconstruction of
the X system.

C. Background Suppression BDT
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process completely dominates the selected events. To
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+ ⌫`, we combine several distinguish-
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and combined with a range of event shape variables to
train a neural network to distinguish reconstructed B
meson candidates from continuum processes. The out-
put classifier score of this neural network is denoted as
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⌫ ⇡ 0 GeV2, for
correctly reconstructed semileptonic B ! Xu `

+ ⌫` and
B ! Xc `

+ ⌫` decays. The hadronic mass of the X sys-
tem is later used to discriminate B ! Xu `

+ ⌫` signal
decays from B ! Xc `

+ ⌫` and other remaining back-
grounds. It is reconstructed using

MX =
q

(pX)µ (pX)µ . (15)

In addition, we reconstruct the four-momentum-transfer
squared, q2, as

q2 =
�
psig � pX

�2
. (16)

The resolution of both variables for B ! Xu `
+ ⌫` is

shown in Figure 3 as residuals with respect to the gener-
ated values of q2 and MX . The resolution for MX has a
root-mean-square (RMS) deviation of 0.47 GeV, but ex-
hibits a large tail towards larger values. The distinct peak
at 0 is from B0

! ⇡� `+ ⌫` and other low-multiplicity
final states comprised of only charged pions. The four-
momentum-transfer squared q2 exhibits a large resolu-
tion, which is caused by a combination of the tag-side
B and the X reconstruction. The RMS deviation for
q2 is 1.59 GeV2. The core resolution is dominated by
the tagging resolution, whereas the large negative tail is
dominated from the resolution of the reconstruction of
the X system.

C. Background Suppression BDT

At this point in the reconstruction, the B ! Xc `
+ ⌫`

process completely dominates the selected events. To
identify B ! Xu `

+ ⌫`, we combine several distinguish-
ing features into a single discriminant. This is achieved

q2 = (psig − pXc)
2

Belle EPS Preliminary 



Component �E

B0 æ D≠h+(h = K/fi) signal Double Gaussian + BifurGauss (common mean)
D≠fi+ component in D≠K+ decay Double Gaussian (common mean)
D≠K+ component in D≠fi+ decay Double Gaussian (common mean)
Background Polynomial (1st) + Exponential
Peaking background Single Gaussian (mean and sigma fixed)

Table 12: Definition of PDFs for B0 æ D≠h+ where h = fi, K decay.

and MC; the two signal components share a common fudge factor.247

The total B0 æ D≠fi+ yield NDfi
tot is free and the B0 æ D≠K+ yield is dependent on the total248

B0 æ D≠fi+ yield as well as the branching fraction ratio between B0 æ D≠K+ and B0 æ D≠fi+249

ratio RD = B(B
0æD

≠
K

+)
B(B0æD≠fi+) . So the branching fraction of B0 æ D≠K+ is calculated by taking the250

product of B0 æ D≠fi+ branching fraction and ratio RD.251

The value of the ratio (R) of B0 æ D≠K+ to B0 æ D≠fi+, the kaon ID e�ciency (‘) for KID > 0.6252

and the pion fake rate (Ÿ) are calculated using the following definitions:253

Ratio = Total B0 æ D≠K+ yield
Total B0 æ D≠fi+ yield

. (11)

The kaon e�ciency is defined as:254

‘ = B0 æ D≠K+ yield with KID > 0.6
Total B0 æ D≠K+ yield

, (12)

while the pion fake rate is defined as:255

Ÿ = B0 æ D≠fi+ yield with KID> 0.6
Total D≠fi+ yield . (13)

These definitions allow us to write the four yields in the following way256

ND
+

fi
≠

pion enhanced = (1 ≠ Ÿ) ND
+

fi
≠

total

ND
+

K
≠

pion enhanced = (1 ≠ ‘K) RD ND
+

fi
≠

total

ND
+

K
≠

kaon enhanced = ‘K RD ND
+

fi
≠

total

ND
+

fi
≠

kaon enhanced = Ÿ ND
+

fi
≠

total

where N total
Dfi

is the total yield of B0 æ D≠fi+ in the sample. Writing the yields in this way allows257

us to use the value of ‘ from MC corrected for any di�erence between data and MC using the o�cial258
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Fit Strategy to Extract  Ratio ≡ RD =
B̄0 → D+K−

B̄0 → D+π−

• Cross-feed from both decay modes is also determined from 
the simultaneous fit.

is the total yield in both decays. 

 is kaon identification efficiency  

 is pion misidentification rate/pion fake rate 

 is the ratio

ND+π−

total

ϵK

κ

RD

Fix in fit 
Floating in fit 

  
  

ϵK = (84.46 ± 0.12) %
κ = (7.64 ± 0.96) %

9

From Belle official 
PID system

• Significant background from   decays in  
due to the misidentification of  pion as a kaon.

B̄0 → D+π− B̄0 → D+K−

• A simultaneous fit is performed to samples enhanced in 
prompt tracks that are either pions  or kaons [ℒ(K/π) < 0.6]
[ℒ(K/π) > 0.6]

• Un-binned maximum likelihood fit is performed to extract 
the signal yield by fitting the   distribution 
simultaneously in  and  samples. 

ΔE = E*B − Ebeam

B̄0 → D+π− B̄0 → D+K−

• Due to the low yield of   cross feed to the pion-
enhanced sample, the kaon identification efficiency  is 
fixed.

B̄0 → D+K−

ϵK
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FIG. 2. �E distributions for B0 ! D�h+ candidates obtained from the (left) pion-enriched and (right) kaon-enriched data
samples. The projection of the cpmbined and individual components of a simultaneous unbinned maximum-likelihood fit are
overlaid.

Here the pion misidentification rate  is a free parameter,179

as well as RD and ND+⇡�

total which is the total signal yield180

of B̄0 ! D+⇡� decay. Due to a small contribution of181

B̄0 ! D+K� cross feed in the pion-enriched sample, the182

kaon identification e�ciency ✏K is fixed to the value given183

in Section III. The background components are divided184

into following categories:185

• continuum qq̄ background;186

• combinatorial BB̄ background, in which the final187

state particles could be coming from both B mesons188

in an event;189

• cross-feed background from B̄0 ! D+h�, where190

h = ⇡,K, in which the charged kaon is misidentified191

as a pion or vice versa.192

The B̄0 ! D+h�(h = K/⇡) signal distributions are rep-193

resented by double Gaussians plus an asymmetric Gaus-194

sian whose common mean and widths are floating in the195

fit. The continuum background distribution is modeled196

with a first-order polynomial and the combinatorial BB̄197

background with an exponential function. The cross-feed198

background is described by a double Gaussian function199

in the B̄0 ! D+K� (B̄0 ! D+⇡�) sample.200

There is a background that can peak in the same man-201

ner as the signal of B̄0 ! D+⇡� mode, called “peak-202

ing background”. The most prominent decay that peaks203

�E distribution is B0 ! K⇤J/ ,K⇤ ! ⇡�K+, J/ !204

µ+µ� or e+e� . It accounts for ⇠ 2% of the total back-205

ground events. To reject this background arising due206

to particle misidentification, we veto candidates with the207

M(⇡⇡) value falling within±3� of the nominal J/ mass.208

The remaining peaking background yield is fixed from209

MC simulation. The uncertainty associated with the210

fixed peaking component is added to the total system-211

atic uncertainties.212

All yields are determined from the fit to data. For213

the �E probability density function (PDF), the follow-214

ing parameters are determined in the fit to data: the215

mean values of signal PDFs for both B̄0 ! D+⇡� and216

B̄0 ! D+K� decays, polynomial coe�cient for contin-217

uum background PDF, the exponential parameter for218

BB̄ background, and the di↵erence between the means219

of the signal and cross-feed peaks in the B̄0 ! D+⇡�
220

sample. All other shape parameters are fixed to their221

MC values. A scale factor is applied on the �E signal222

resolution, which is allowed to float in the fit. The signal-223

enhanced fit projections for the data are shown in Fig.224

2.225

V. RESULTS226

The branching fraction of B̄0 ! D+(! K�⇡+⇡+)⇡�
227

decay is calculated as,228

B[B̄0 ! D+(! K�⇡+⇡+)⇡�] =229

N total
D+⇡�

2⇥ f00 ⇥NBB̄ ⇥ ✏D+⇡� ⇥ B(D+ ! K�⇡+⇡+)
, (8)230

where N total
D+⇡� is the total yield of B̄0 ! D+⇡� ob-231

tained from the fit, NBB̄ is the total number of BB̄232

events, ✏D+⇡� = (23.96 ± 0.04)% is the detection ef-233

ficiency of B̄0 ! D+⇡� determined from signal MC234

events, f00 represents the neutral B meson production235

ratio at the ⌥(4S), which is 0.486 ± 0.006 [20], and236

B(D+ ! K�⇡+⇡+) is the subdecay branching fraction237

of D+ equals to (9.38± 0.16)% [20].238

The branching fraction of B̄0 ! D+(! K�⇡+⇡+)K�
239

decay is calculated by multiplying the RD value from fit240

by the calculated B̄0 ! D+(! K�⇡+⇡+)⇡� branching241

fraction.242

The systematic uncertainties in the measurements243

from various sources is listed in Table I. Since the kine-244
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Simultaneous Fit to Extract  Ratio ≡ RD =
B̄0 → D+K−

B̄0 → D+π−

ΔE = E*B − Ebeam
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stage particles

1 tracks, KS , �, ⇡0

2 D
±
(s), D

0, and J/ mesons

3 D
⇤±
(s) and D

⇤0 mesons

4 B
± and B

0 mesons

Table 1: The 4 stages of the hierarchical system

to be the correct probability, we get:

op =
1

1 + ( 1
ot

� 1)Pp(B)
Pp(S)

Pt(S)
Pt(B)

. (20)

This formula is used in the full reconstruction algorithm described in the next
section to calculate the signal probability for modes with low purity so that the
signal fraction had to be increased for the network training.

3. Selection and Reconstruction

In order to reconstruct as many B meson decays as possible, it is not possible
to take care of the thousands of exclusive decay channels individually. Instead
a hierarchical approach was chosen. We divide the reconstruction into 4 stages,
as shown in table 1 and illustrated in figure 3.

Figure 3: The 4 stages of the full reconstruction

One aim of the full reconstruction is to achieve high e�ciency. This could in
theory be done by always reconstructing every possible candidate at all stages
in an event and then finally taking the best B meson candidate. In practice
however, the computing power needed to pursue this maximum e�ciency strat-
egy is not available and it is necessary to perform cuts during the selection and
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and combined with a range of event shape variables to
train a neural network to distinguish reconstructed B
meson candidates from continuum processes. The out-
put classifier score of this neural network is denoted as
OCont. Both classifier scores are mapped to a range of
[0, 1) signifying the reconstruction quality of poor to ex-
cellent candidates. We retain Btag candidates that show
at least moderate agreement based on these two outputs
and require that OFR > 10�4 and OCont > 10�4. De-
spite these relatively low values, knowledge of the charge
and momentum of the decay constituents in combination
with the known beam-energy allows one to infer the flavor
and four-momentum of the Btag candidate. We require
the Btag candidates to have at least a beam-constrained
mass of

Mbc =
q

E2
beam � |ptag|

2 > 5.27 GeV , (10)

with ptag denoting the momentum of the Btag candidate

in the center-of-mass frame of the colliding e+e�-pair.
Furthermore, Ebeam =

p
s/2 denotes half the center-of-

mass energy of the colliding e+e�-pair. The energy dif-
ference

�E = Etag � Ebeam , (11)

is already used in the input layer of the neural network
trained in the final stage of the reconstruction. Here Etag

denotes the energy of the Btag candidate in the center-

of-mass frame of the colliding e+e�-pair. In each event
a single Btag candidate is then selected according to the
highest OFR score of the hierarchical full reconstruction
algorithm. All tracks and clusters not used in the re-
construction of the Btag candidate are used to define the
signal side.

B. Signal Side Reconstruction

The signal side of the event is reconstructed
by identifying a well-reconstructed lepton with
EB

` = |p
B
` | > 1 GeV in the signal B rest frame3 us-

ing the likelihood mentioned in Section II. The signal B
rest frame is calculated using the momentum of the Btag

candidate via

psig = p
e
+

e
� �

✓q
m2

B + |ptag|
2,ptag

◆
, (12)

with p
e
+
e
� denoting the four-momentum of the colliding

electron-positron pair. Leptons from J/ and photon
conversions in detector material are rejected by combin-
ing the lepton candidate with oppositely charged tracks

3
We neglect the small correction of the lepton mass term to the

energy of the lepton.

(t) on the signal side and demanding that m`t > 0.14 GeV
and met /2 [3.05, 3.15] GeV or mµt /2 [3.06, 3.12] GeV. If
multiple lepton candidates are present on the signal side,
the event is discarded as multiple leptons are likely to
originate from a double semileptonic b ! c ! s cascade.
For charged Btag candidates, we demand that the charge
assignment of the signal-side lepton be opposite that of
the Btag charge. The hadronic X system is reconstructed
from the remaining unassigned charged particles and neu-
tral energy depositions. Its four momentum is calculated
as

pX =
X

i

✓q
m2

⇡ + |pi|
2,pi

◆
+
X

j

�
Ej ,kj

�
, (13)

with Ei = |ki| the energy of the neutral energy depo-
sitions and all charged particles with momentum pi are
assumed to be pions. With the X system reconstructed,
we can also reconstruct the missing mass squared,

M2
miss =

�
psig � pX � p`

�2
, (14)

which should peak at zero, M2
miss ⇡ m2

⌫ ⇡ 0 GeV2, for
correctly reconstructed semileptonic B ! Xu `

+ ⌫` and
B ! Xc `

+ ⌫` decays. The hadronic mass of the X sys-
tem is later used to discriminate B ! Xu `

+ ⌫` signal
decays from B ! Xc `

+ ⌫` and other remaining back-
grounds. It is reconstructed using

MX =
q

(pX)µ (pX)µ . (15)

In addition, we reconstruct the four-momentum-transfer
squared, q2, as

q2 =
�
psig � pX

�2
. (16)

The resolution of both variables for B ! Xu `
+ ⌫` is

shown in Figure 3 as residuals with respect to the gener-
ated values of q2 and MX . The resolution for MX has a
root-mean-square (RMS) deviation of 0.47 GeV, but ex-
hibits a large tail towards larger values. The distinct peak
at 0 is from B0

! ⇡� `+ ⌫` and other low-multiplicity
final states comprised of only charged pions. The four-
momentum-transfer squared q2 exhibits a large resolu-
tion, which is caused by a combination of the tag-side
B and the X reconstruction. The RMS deviation for
q2 is 1.59 GeV2. The core resolution is dominated by
the tagging resolution, whereas the large negative tail is
dominated from the resolution of the reconstruction of
the X system.

C. Background Suppression BDT

At this point in the reconstruction, the B ! Xc `
+ ⌫`

process completely dominates the selected events. To
identify B ! Xu `

+ ⌫`, we combine several distinguish-
ing features into a single discriminant. This is achieved
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and combined with a range of event shape variables to
train a neural network to distinguish reconstructed B
meson candidates from continuum processes. The out-
put classifier score of this neural network is denoted as
OCont. Both classifier scores are mapped to a range of
[0, 1) signifying the reconstruction quality of poor to ex-
cellent candidates. We retain Btag candidates that show
at least moderate agreement based on these two outputs
and require that OFR > 10�4 and OCont > 10�4. De-
spite these relatively low values, knowledge of the charge
and momentum of the decay constituents in combination
with the known beam-energy allows one to infer the flavor
and four-momentum of the Btag candidate. We require
the Btag candidates to have at least a beam-constrained
mass of

Mbc =
q

E2
beam � |ptag|

2 > 5.27 GeV , (10)

with ptag denoting the momentum of the Btag candidate

in the center-of-mass frame of the colliding e+e�-pair.
Furthermore, Ebeam =

p
s/2 denotes half the center-of-

mass energy of the colliding e+e�-pair. The energy dif-
ference

�E = Etag � Ebeam , (11)

is already used in the input layer of the neural network
trained in the final stage of the reconstruction. Here Etag

denotes the energy of the Btag candidate in the center-

of-mass frame of the colliding e+e�-pair. In each event
a single Btag candidate is then selected according to the
highest OFR score of the hierarchical full reconstruction
algorithm. All tracks and clusters not used in the re-
construction of the Btag candidate are used to define the
signal side.

B. Signal Side Reconstruction

The signal side of the event is reconstructed
by identifying a well-reconstructed lepton with
EB

` = |p
B
` | > 1 GeV in the signal B rest frame3 us-

ing the likelihood mentioned in Section II. The signal B
rest frame is calculated using the momentum of the Btag

candidate via

psig = p
e
+

e
� �

✓q
m2

B + |ptag|
2,ptag

◆
, (12)

with p
e
+
e
� denoting the four-momentum of the colliding

electron-positron pair. Leptons from J/ and photon
conversions in detector material are rejected by combin-
ing the lepton candidate with oppositely charged tracks

3
We neglect the small correction of the lepton mass term to the

energy of the lepton.

(t) on the signal side and demanding that m`t > 0.14 GeV
and met /2 [3.05, 3.15] GeV or mµt /2 [3.06, 3.12] GeV. If
multiple lepton candidates are present on the signal side,
the event is discarded as multiple leptons are likely to
originate from a double semileptonic b ! c ! s cascade.
For charged Btag candidates, we demand that the charge
assignment of the signal-side lepton be opposite that of
the Btag charge. The hadronic X system is reconstructed
from the remaining unassigned charged particles and neu-
tral energy depositions. Its four momentum is calculated
as

pX =
X

i

✓q
m2

⇡ + |pi|
2,pi

◆
+
X

j

�
Ej ,kj

�
, (13)

with Ei = |ki| the energy of the neutral energy depo-
sitions and all charged particles with momentum pi are
assumed to be pions. With the X system reconstructed,
we can also reconstruct the missing mass squared,

M2
miss =

�
psig � pX � p`

�2
, (14)

which should peak at zero, M2
miss ⇡ m2

⌫ ⇡ 0 GeV2, for
correctly reconstructed semileptonic B ! Xu `

+ ⌫` and
B ! Xc `

+ ⌫` decays. The hadronic mass of the X sys-
tem is later used to discriminate B ! Xu `

+ ⌫` signal
decays from B ! Xc `

+ ⌫` and other remaining back-
grounds. It is reconstructed using

MX =
q

(pX)µ (pX)µ . (15)

In addition, we reconstruct the four-momentum-transfer
squared, q2, as

q2 =
�
psig � pX

�2
. (16)

The resolution of both variables for B ! Xu `
+ ⌫` is

shown in Figure 3 as residuals with respect to the gener-
ated values of q2 and MX . The resolution for MX has a
root-mean-square (RMS) deviation of 0.47 GeV, but ex-
hibits a large tail towards larger values. The distinct peak
at 0 is from B0

! ⇡� `+ ⌫` and other low-multiplicity
final states comprised of only charged pions. The four-
momentum-transfer squared q2 exhibits a large resolu-
tion, which is caused by a combination of the tag-side
B and the X reconstruction. The RMS deviation for
q2 is 1.59 GeV2. The core resolution is dominated by
the tagging resolution, whereas the large negative tail is
dominated from the resolution of the reconstruction of
the X system.

C. Background Suppression BDT

At this point in the reconstruction, the B ! Xc `
+ ⌫`

process completely dominates the selected events. To
identify B ! Xu `

+ ⌫`, we combine several distinguish-
ing features into a single discriminant. This is achieved

q2 = (psig − pXc)
2

# �5

Full Reconstruction =   
Belle tagging algorithm 


Candidates reconstructed with 
hierarchical approach & neural 
networks in hadronic modes 

1104 decay cascades 

used with an efficiency of 

0.28% / 0.18% for �  and �B± B0 /B̄0

New incl. |Vcb| from Belle
Key-technique: hadronic tagging

Can identify Xc 
constituents

stage particles

1 tracks, KS , �, ⇡0

2 D
±
(s), D

0, and J/ mesons

3 D
⇤±
(s) and D

⇤0 mesons

4 B
± and B

0 mesons

Table 1: The 4 stages of the hierarchical system

to be the correct probability, we get:

op =
1

1 + ( 1
ot

� 1)Pp(B)
Pp(S)

Pt(S)
Pt(B)

. (20)

This formula is used in the full reconstruction algorithm described in the next
section to calculate the signal probability for modes with low purity so that the
signal fraction had to be increased for the network training.

3. Selection and Reconstruction

In order to reconstruct as many B meson decays as possible, it is not possible
to take care of the thousands of exclusive decay channels individually. Instead
a hierarchical approach was chosen. We divide the reconstruction into 4 stages,
as shown in table 1 and illustrated in figure 3.

Figure 3: The 4 stages of the full reconstruction

One aim of the full reconstruction is to achieve high e�ciency. This could in
theory be done by always reconstructing every possible candidate at all stages
in an event and then finally taking the best B meson candidate. In practice
however, the computing power needed to pursue this maximum e�ciency strat-
egy is not available and it is necessary to perform cuts during the selection and
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and combined with a range of event shape variables to
train a neural network to distinguish reconstructed B
meson candidates from continuum processes. The out-
put classifier score of this neural network is denoted as
OCont. Both classifier scores are mapped to a range of
[0, 1) signifying the reconstruction quality of poor to ex-
cellent candidates. We retain Btag candidates that show
at least moderate agreement based on these two outputs
and require that OFR > 10�4 and OCont > 10�4. De-
spite these relatively low values, knowledge of the charge
and momentum of the decay constituents in combination
with the known beam-energy allows one to infer the flavor
and four-momentum of the Btag candidate. We require
the Btag candidates to have at least a beam-constrained
mass of

Mbc =
q

E2
beam � |ptag|

2 > 5.27 GeV , (10)

with ptag denoting the momentum of the Btag candidate

in the center-of-mass frame of the colliding e+e�-pair.
Furthermore, Ebeam =

p
s/2 denotes half the center-of-

mass energy of the colliding e+e�-pair. The energy dif-
ference

�E = Etag � Ebeam , (11)

is already used in the input layer of the neural network
trained in the final stage of the reconstruction. Here Etag

denotes the energy of the Btag candidate in the center-

of-mass frame of the colliding e+e�-pair. In each event
a single Btag candidate is then selected according to the
highest OFR score of the hierarchical full reconstruction
algorithm. All tracks and clusters not used in the re-
construction of the Btag candidate are used to define the
signal side.

B. Signal Side Reconstruction

The signal side of the event is reconstructed
by identifying a well-reconstructed lepton with
EB

` = |p
B
` | > 1 GeV in the signal B rest frame3 us-

ing the likelihood mentioned in Section II. The signal B
rest frame is calculated using the momentum of the Btag

candidate via

psig = p
e
+

e
� �

✓q
m2

B + |ptag|
2,ptag

◆
, (12)

with p
e
+
e
� denoting the four-momentum of the colliding

electron-positron pair. Leptons from J/ and photon
conversions in detector material are rejected by combin-
ing the lepton candidate with oppositely charged tracks

3
We neglect the small correction of the lepton mass term to the

energy of the lepton.

(t) on the signal side and demanding that m`t > 0.14 GeV
and met /2 [3.05, 3.15] GeV or mµt /2 [3.06, 3.12] GeV. If
multiple lepton candidates are present on the signal side,
the event is discarded as multiple leptons are likely to
originate from a double semileptonic b ! c ! s cascade.
For charged Btag candidates, we demand that the charge
assignment of the signal-side lepton be opposite that of
the Btag charge. The hadronic X system is reconstructed
from the remaining unassigned charged particles and neu-
tral energy depositions. Its four momentum is calculated
as

pX =
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�
, (13)

with Ei = |ki| the energy of the neutral energy depo-
sitions and all charged particles with momentum pi are
assumed to be pions. With the X system reconstructed,
we can also reconstruct the missing mass squared,
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, (14)

which should peak at zero, M2
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⌫ ⇡ 0 GeV2, for
correctly reconstructed semileptonic B ! Xu `

+ ⌫` and
B ! Xc `

+ ⌫` decays. The hadronic mass of the X sys-
tem is later used to discriminate B ! Xu `

+ ⌫` signal
decays from B ! Xc `

+ ⌫` and other remaining back-
grounds. It is reconstructed using

MX =
q

(pX)µ (pX)µ . (15)

In addition, we reconstruct the four-momentum-transfer
squared, q2, as

q2 =
�
psig � pX

�2
. (16)

The resolution of both variables for B ! Xu `
+ ⌫` is

shown in Figure 3 as residuals with respect to the gener-
ated values of q2 and MX . The resolution for MX has a
root-mean-square (RMS) deviation of 0.47 GeV, but ex-
hibits a large tail towards larger values. The distinct peak
at 0 is from B0

! ⇡� `+ ⌫` and other low-multiplicity
final states comprised of only charged pions. The four-
momentum-transfer squared q2 exhibits a large resolu-
tion, which is caused by a combination of the tag-side
B and the X reconstruction. The RMS deviation for
q2 is 1.59 GeV2. The core resolution is dominated by
the tagging resolution, whereas the large negative tail is
dominated from the resolution of the reconstruction of
the X system.

C. Background Suppression BDT

At this point in the reconstruction, the B ! Xc `
+ ⌫`

process completely dominates the selected events. To
identify B ! Xu `

+ ⌫`, we combine several distinguish-
ing features into a single discriminant. This is achieved
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and combined with a range of event shape variables to
train a neural network to distinguish reconstructed B
meson candidates from continuum processes. The out-
put classifier score of this neural network is denoted as
OCont. Both classifier scores are mapped to a range of
[0, 1) signifying the reconstruction quality of poor to ex-
cellent candidates. We retain Btag candidates that show
at least moderate agreement based on these two outputs
and require that OFR > 10�4 and OCont > 10�4. De-
spite these relatively low values, knowledge of the charge
and momentum of the decay constituents in combination
with the known beam-energy allows one to infer the flavor
and four-momentum of the Btag candidate. We require
the Btag candidates to have at least a beam-constrained
mass of

Mbc =
q

E2
beam � |ptag|

2 > 5.27 GeV , (10)

with ptag denoting the momentum of the Btag candidate

in the center-of-mass frame of the colliding e+e�-pair.
Furthermore, Ebeam =

p
s/2 denotes half the center-of-

mass energy of the colliding e+e�-pair. The energy dif-
ference

�E = Etag � Ebeam , (11)

is already used in the input layer of the neural network
trained in the final stage of the reconstruction. Here Etag

denotes the energy of the Btag candidate in the center-

of-mass frame of the colliding e+e�-pair. In each event
a single Btag candidate is then selected according to the
highest OFR score of the hierarchical full reconstruction
algorithm. All tracks and clusters not used in the re-
construction of the Btag candidate are used to define the
signal side.

B. Signal Side Reconstruction

The signal side of the event is reconstructed
by identifying a well-reconstructed lepton with
EB

` = |p
B
` | > 1 GeV in the signal B rest frame3 us-

ing the likelihood mentioned in Section II. The signal B
rest frame is calculated using the momentum of the Btag

candidate via

psig = p
e
+

e
� �

✓q
m2

B + |ptag|
2,ptag

◆
, (12)

with p
e
+
e
� denoting the four-momentum of the colliding

electron-positron pair. Leptons from J/ and photon
conversions in detector material are rejected by combin-
ing the lepton candidate with oppositely charged tracks

3
We neglect the small correction of the lepton mass term to the

energy of the lepton.

(t) on the signal side and demanding that m`t > 0.14 GeV
and met /2 [3.05, 3.15] GeV or mµt /2 [3.06, 3.12] GeV. If
multiple lepton candidates are present on the signal side,
the event is discarded as multiple leptons are likely to
originate from a double semileptonic b ! c ! s cascade.
For charged Btag candidates, we demand that the charge
assignment of the signal-side lepton be opposite that of
the Btag charge. The hadronic X system is reconstructed
from the remaining unassigned charged particles and neu-
tral energy depositions. Its four momentum is calculated
as

pX =
X

i

✓q
m2

⇡ + |pi|
2,pi

◆
+
X

j

�
Ej ,kj

�
, (13)

with Ei = |ki| the energy of the neutral energy depo-
sitions and all charged particles with momentum pi are
assumed to be pions. With the X system reconstructed,
we can also reconstruct the missing mass squared,

M2
miss =

�
psig � pX � p`

�2
, (14)

which should peak at zero, M2
miss ⇡ m2

⌫ ⇡ 0 GeV2, for
correctly reconstructed semileptonic B ! Xu `

+ ⌫` and
B ! Xc `

+ ⌫` decays. The hadronic mass of the X sys-
tem is later used to discriminate B ! Xu `

+ ⌫` signal
decays from B ! Xc `

+ ⌫` and other remaining back-
grounds. It is reconstructed using

MX =
q

(pX)µ (pX)µ . (15)

In addition, we reconstruct the four-momentum-transfer
squared, q2, as

q2 =
�
psig � pX

�2
. (16)

The resolution of both variables for B ! Xu `
+ ⌫` is

shown in Figure 3 as residuals with respect to the gener-
ated values of q2 and MX . The resolution for MX has a
root-mean-square (RMS) deviation of 0.47 GeV, but ex-
hibits a large tail towards larger values. The distinct peak
at 0 is from B0

! ⇡� `+ ⌫` and other low-multiplicity
final states comprised of only charged pions. The four-
momentum-transfer squared q2 exhibits a large resolu-
tion, which is caused by a combination of the tag-side
B and the X reconstruction. The RMS deviation for
q2 is 1.59 GeV2. The core resolution is dominated by
the tagging resolution, whereas the large negative tail is
dominated from the resolution of the reconstruction of
the X system.

C. Background Suppression BDT

At this point in the reconstruction, the B ! Xc `
+ ⌫`

process completely dominates the selected events. To
identify B ! Xu `

+ ⌫`, we combine several distinguish-
ing features into a single discriminant. This is achieved

q2 = (psig − pXc)
2

Results from the fit: 

 

 (agree with official Belle PID value within )

RD = (8.20 ± 0.20) × 10−2

κ = (8.10 ± 0.21) × 10−2 ∼ 2σ

From Belle PID   
κ = (7.64 ± 0.96) %

Belle EPS Preliminary 
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TABLE I. Systematic uncertainties in the measured RD and branching fractions of B
0 ! D+⇡� and B

0 ! D+K�. The total
systematic uncertainty is the quadrature sum of the uncorrelated uncertainties.

Source RD B(B0 ! D+⇡�) B(B0 ! D+K�)

B(D+ ! K�⇡+⇡+) – 1.71% 1.71%

Multiplicative uncertainties

Tracking – 1.40% 1.40%

MC statistics – 0.04% 0.04%

�NBB̄ – 1.37% 1.37%

f00 – 1.23% 1.23%

PID e�ciency of K/⇡ (stat.) 0.01% 0.00% 0.31%

PID e�ciency of K/⇡ (syst.) 0.01% 0.04% 0.64%

Total multiplicative 0.01% 2.31% 2.42 %

Additive uncertainties

PDF parameterisation 0.199 ⇥10�2 0.040 ⇥10�3 0.028 ⇥10�4

D+ mass selection window 0.002 ⇥10�2 0.058 ⇥10�3 0.047 ⇥10�4

J/ veto selection 0.003 ⇥10�2 0.001 ⇥10�3 0.000 ⇥10�4

Fit bias – 0.030 ⇥10�3 0.020 ⇥10�4

Total additive 0.199 ⇥10�2 0.077⇥ 10�3 0.058⇥ 10�4
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Eiasha WAHEED

Calculation of  Systematics Uncertainties 

• Kinematics of   and  
processes are quite similar, most of  the systematic 

effects cancel in the ratio of  the branching 

fractions.  

• The main source of  systematic error that do not 
cancel is the uncertainty in K/π identification 
efficiency.  

• All the sources of  systematic uncertainty are 
assumed to be independent. 

• Total systematic uncertainty is the sum in 
quadrature of  the contributions from individual 
sources. 

B̄0 → D+π− B̄0 → D+K−

11

Belle EPS Preliminary 
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Results

ℬ[B0 → D−( → K+π−π−)π+] =
N total

Dπ

2 × f00 × NBB̄ × ϵDπ × ℬ(D− → K+π−π−)

• Measurement of  branching fraction for B0 → D−π+

ℬ[B0 → D−( → K+π−π−)π+] = [2.50 ± 0.01stat ± 0.10syst ± 0.04ℬ(D−→K+π−π−)] × 10−3

• Measurement of  branching fraction for B0 → D−K+

ℬ[B0 → D−( → K+π−π−)K+] = ℬ(B0 → D−π+) × RD

ℬ[B0 → D−( → K+π−π−)K+] = [2.05 ± 0.05stat ± 0.08syst ± 0.04ℬ(D−→K+π−π−)] × 10−4

• The ratio of   and  branching fraction B0 → D−K+ B0 → D−π+

RD ≡
ℬ(B̄0 → D+K−)
ℬ(B̄0 → D+π−)

= (8.20 ± 0.20(stat) ± 0.20(syst)) × 10−2
LHCb: J. High Energ. Phys. 2013, 1 (2013)

 Ratio = 8.22 ± 0.11(stat) ± 0.25(syst)

BaBar: Phys.Rev.D 75 (2007) 031101  
ℬ[B0 → D−π+] = [2.55 ± 0.05stat ± 0.16syst] × 10−3

Belle: Phys.Rev.Lett. 87 (2001) 111801
ℬ[B0 → D−K+] = [1.7 ± 0.4stat ± 0.1syst] × 10−4

LHCb: Phys.Rev.Lett. 107 (2011) 211801
ℬ[B0 → D−K+] = [1.89 ± 0.19stat ± 0.10syst] × 10−4

CLEO2: Phys.Rev.D 66 (2002) 031101 
ℬ[B0 → D−π+] = [2.68 ± 0.12stat ± 0.24syst] × 10−3

Belle EPS Preliminary 
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Study of  B → D̄0π

•  transition does not have simple penguin amplitude. 

• No penguin diagram possible as final state quark different 
flavour  

• Branching fraction of  color suppressed  has been 
measured using “naive” factorization model.  

• Both are commonly used control mode in many analysis →  
allow for high-precision validations of  techniques.  

• Important for Belle II precision frontier. 

b → cūd

B0 → D̄0π0

1

Measurement of the branching fraction and CP asymmetry for B ! D̄0⇡ decays2

T. Bloomfield,1 M.E. Sevior,1 and Belle23

(The Belle Collaboration)4

1University of Melbourne5
2The Belle Collaboration6

We measure the branching fractions and CP -violation asymmetries in the decays B0 ! D̄0⇡0 and
B+ ! D̄0⇡+, using a data sample of 772 ⇥ 106 BB pairs collected at the ⌥(4S) resonance with
the Belle detector at the KEKB e+e� collider. The obtained branching fractions and direct CP
asymmetries are B(B0 ! D̄0⇡0) = [2.70 ± 0.06 (stat.) ± 0.10 (syst.)] ⇥ 10�4, B(B+ ! D̄0⇡+) =
[4.53± 0.02 (stat.)± 0.15 (syst.)]⇥ 10�3, ACP (B

0 ! D̄0⇡0) = [+0.42± 2.05 (stat.)± 1.22 (syst.)]%,
and ACP (B

+ ! D̄0⇡+) = [+0.19 ± 0.36 (stat.) ± 0.57 (syst.)]%. The measurements of B are the
most precise to date and are in good agreement with previous results, as is the measurement of
ACP (B

+ ! D̄0⇡+). The measurement of ACP for B0 ! D̄0⇡0 is the first for this mode, and is in
accordance with Standard Model expectations.

PACS numbers: 13.25.Hw, 12.15.Hh7

I. INTRODUCTION8

The branching fraction (B) of the color-suppressed B-9

decay B0 ! D̄0⇡0[1] has been measured [2–4] to be well10

above theoretical predictions made using the “naive” fac-11

torization model, where final-state interactions (FSIs) are12

neglected [5]. This led to a number of new theoretical de-13

scriptions of the process [6–13] that extend this approach14

with consideration of FSIs and consequent simultaneous15

treatment of isospin amplitudes of color-suppressed and16

color-allowed decays. The B0 ! D̄0⇡0 process has been17

shown to have large non-factorizable components [13],18

so precise measurements of its properties are valuable in19

comparing di↵erent theoretical models employed to ac-20

count for FSIs. In addition, these models predict a sub-21

stantial strong phase in the final state. A non-vanishing22

strong phase di↵erence is necessary to give rise to direct23

CP violation [14].24

In the Standard Model (SM), b ! cūd transitions have25

no simple penguin amplitudes, so any secondary diagram26

with di↵ering weak phase will have a significantly lower27

amplitude than the tree-level diagram (Fig.1a). An ex-28

change diagram (Fig.1b) exists that has the same CKM29

factors as the tree-level diagram. As such, direct CP30

violation in these modes is expected to be small even31

in the presence of a strong phase di↵erence from FSI.32

Measurements of notable CP violation in one of these33

decays would be of significant interest and could hint at34

contributions from Beyond-the-Standard-Model (BSM)35

physics diagrams. Recently the BaBar and Belle collabo-36

rations performed time-dependent CP -violation analyses37

of the related modes B̄0 ! D(⇤)
CPh

0 (h 2 ⇡0, ⌘,!, D(⇤)
CP38

refers to D or D⇤ in a CP eigenstate) [15] to determine39

the CP -violation parameters, C(= �ACP ), SCP and40

�1[16], where time-dependent CP -violation could result41

b̄
Vcb

c̄

d d

u

d̄V ⇤
ud
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⇡0

a)

b
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V ⇤
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B0 D0
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V ⇤
ub
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d̄ d̄
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dVcd

W�

B̄0

D̄0
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FIG. 1. Tree-level Feynman diagrams for a) color-suppressed
B0 ! D̄0⇡0 decay, b) W exchange diagram, and c) color-
suppressed and doubly Cabibbo-suppressed B̄0 ! D̄0⇡0 de-
cay.

from interference of the Feynman diagrams in Fig. 1a and42

Fig.1c through D0 mixing.
:
.
:
In the process the value of43

C(B0 ! D̄⇤0h0) = (�2±8)⇥10�2 was measured, consis-44

tent with the expectation of small ACP for B0 ! D̄0⇡0.45

However, this result does not exclude larger values up46

to 0.1 (a measurement of this size would be inconsistent47

with SM predictions).48

A high precision measurement of B and ACP for B0 !49

D̄0⇡0 has further utility in addition to comparison to50

theoretical predictions, as it is a common control mode51

B0 → D̄0π0

B+ → D̄0π+

Color-allowed  

13

𝐵0 → 𝐷0𝜋0 and  𝐵+ → 𝐷0𝜋+

• 𝑏 → 𝑐𝑢𝑑 decay.
• No penguin as final state quark different flavour

⇒ expect no 𝐴𝐶𝑃.

9/17/2019 Hadronic B Decays at Belle, PIC2019 7

𝐵0 → 𝐷0𝜋0
Colour suppressed
Previous results:
Belle: 𝔅 = 2.25 ± 0.14 ± 0.35 × 10−4

PRD 74, 092002 (2006)
Babar: 𝔅 = (2.69 ± 0.09 ± 0.13) × 10−4

PRD 84(3), 112007 (2011)
𝐴𝐶𝑃 is unmeasured.

𝐵+ → 𝐷0𝜋+
Colour favour, 𝔅 is 𝒪(10) higher.
Previous results:
Belle: 𝔅 = 4.34 ± 0.10 ± 0.23 × 10−3

PRD 97(1), 012005 (2018)
Babar: 𝔅 = 4.90 ± 0.07 ± 0.22 × 10−3

PRD 75, 031101 (2007)
Belle: 𝐴𝐶𝑃 = −0.8 ± 0.8 %

PRD 73, 051106 (2006)
LHCb:𝐴𝐶𝑃 = −0.6 ± 0.5 ± 1.0 %

PLB 723, 4453 (2013)

Preliminary

Color-suppressed  

Nucl.Phys.B591:313-418,2000
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• Signal reconstruction  

• Charged particles reconstructed from hadron ID and tracking 

• Neutral particles from  pairs in ECL 

• Kinematic variables used for fitting  and 

 

• Continuum Suppression using  and variables in NN 
→transformation to fit as 

•

π0 → γγ

ΔE = E*B − Ebeam

Mbc = E2
beam − p2

B

R2

C′ 

NN = log( CNN − Cmin
NN

Cmax
NN − CNN )

14

Analysis Strategy of    B → D̄0π

Continuum Suppression

9/17/2019 Hadronic B Decays at Belle, PIC2019 5

• 𝑒+𝑒− → 𝑞𝑞 (𝑞 ∈ 𝑢, 𝑑, 𝑠, 𝑐) dominant background.
~3 times 𝑒+𝑒− → Υ 4𝑆 cross-section.

• Discriminate using event 
topology.

• Modified Fox-Wolfram moments

𝑅2 =
σ𝑖,𝑗 𝑝𝑖 𝑝𝑗 𝑃2 cos 𝜃𝑖,𝑗

σ𝑖,𝑗 𝑝𝑖 𝑝𝑗
• Combine with other variables in 

artificial neural network.
• Transform to fit:

𝐶𝑁𝑁
′ = log( 𝐶𝑁𝑁−𝐶𝑁𝑁

𝑐𝑢𝑡

𝐶𝑁𝑁
max−𝐶𝑁𝑁

)

           
 

    

    

    

    

   

    

    

    

        

      

         

𝐶𝑁𝑁
𝑐𝑢𝑡

          

    

    

    

    

    

    

 

      

         

Continuum Suppression

9/17/2019 Hadronic B Decays at Belle, PIC2019 5

• 𝑒+𝑒− → 𝑞𝑞 (𝑞 ∈ 𝑢, 𝑑, 𝑠, 𝑐) dominant background.
~3 times 𝑒+𝑒− → Υ 4𝑆 cross-section.

• Discriminate using event 
topology.

• Modified Fox-Wolfram moments

𝑅2 =
σ𝑖,𝑗 𝑝𝑖 𝑝𝑗 𝑃2 cos 𝜃𝑖,𝑗

σ𝑖,𝑗 𝑝𝑖 𝑝𝑗
• Combine with other variables in 

artificial neural network.
• Transform to fit:

𝐶𝑁𝑁
′ = log( 𝐶𝑁𝑁−𝐶𝑁𝑁

𝑐𝑢𝑡

𝐶𝑁𝑁
max−𝐶𝑁𝑁

)

           
 

    

    

    

    

   

    

    

    

        

      

         

𝐶𝑁𝑁
𝑐𝑢𝑡

          

    

    

    

    

    

    

 

      

         

Continuum Suppression
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• Analysis performed with full Belle data set of  711fb-1 

• Decay Chain:   and ; B → D̄0( → K+π−)π0 B → D̄0( → K+π−π0)π0 π0 → γγ

• Unbinned maximum likelihood fit in  and  and  

• Simultaneous fit over four datasets divided by  decay and kaon charge.
Mbc ΔE C′ 

NN

D0



Eiasha WAHEED

Results   B+ → D̄0π+𝐵+ → 𝐷0𝜋+ Result

9/17/2019 Hadronic B Decays at Belle, PIC2019 9

Unbinned maximum 
likelihood fit in 𝑀𝐵𝐶 , 
Δ𝐸 and 𝐶𝑁𝑁

 

Simultaneous fit over 
4 datasets divided by 
𝐷0 decay and Kaon 
charge.

𝔅 = 4.53 ± 0.02 ± 0.14 × 10−3

𝐴𝐶𝑃 = 0.19 ± 0.36 ± 0.57 %

Total
Signal
𝐵𝐵 bkg
𝑞ത𝑞 bkg
Rare bkg

~1.7x improvement in 
precision

Preliminary
Belle
Preliminary

Belle
Preliminary

Belle
Preliminary

Belle
Preliminary

Belle
Preliminary

Belle
Preliminary

𝐵+ → 𝐷0𝜋+ Result
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Unbinned maximum 
likelihood fit in 𝑀𝐵𝐶 , 
Δ𝐸 and 𝐶𝑁𝑁

 

Simultaneous fit over 
4 datasets divided by 
𝐷0 decay and Kaon 
charge.

𝔅 = 4.53 ± 0.02 ± 0.14 × 10−3

𝐴𝐶𝑃 = 0.19 ± 0.36 ± 0.57 %

Total
Signal
𝐵𝐵 bkg
𝑞ത𝑞 bkg
Rare bkg

~1.7x improvement in 
precision

Preliminary
Belle
Preliminary

Belle
Preliminary

Belle
Preliminary

Belle
Preliminary

Belle
Preliminary

Belle
Preliminary
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Mbc(D̄0 → K+π−) ΔE(D̄0 → K+π−) C′ 

NN(D̄0 → K+π−)

Mbc(D̄0 → K+π−π0) ΔE(D̄0 → K+π−π0) C′ 

NN(D̄0 → K+π−π0)
ℬ(B+ → D̄0π+) = (4.53 ± 0.02 ± 0.14) × 10−3

Most precise measurement 
in this channel 
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𝑞ത𝑞 bkg
Rare bkg

PDFs calibrated 
with 
𝐵+ → 𝐷0𝜋+ fit.

𝔅 = 2.69 ± 0.06 ± 0.09 × 10−4
𝐴𝐶𝑃 = 0.10 ± 2.05 ± 1.22 % First measurement in this 

channel

Most precise measurement 
in this channel
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16

𝐵0 → 𝐷0𝜋0 Result

9/17/2019 Hadronic B Decays at Belle, PIC2019 10

Total
Signal
𝐵𝐵 bkg
𝑞ത𝑞 bkg
Rare bkg

PDFs calibrated 
with 
𝐵+ → 𝐷0𝜋+ fit.

𝔅 = 2.69 ± 0.06 ± 0.09 × 10−4
𝐴𝐶𝑃 = 0.10 ± 2.05 ± 1.22 % First measurement in this 

channel

Most precise measurement 
in this channel

Preliminary
Belle
Preliminary

Belle
Preliminary

Belle
Preliminary

Belle
Preliminary

Belle
Preliminary

Belle
Preliminary

Mbc(D̄0 → K+π−) ΔE(D̄0 → K+π−) C′ 

NN(D̄0 → K+π−)

Mbc(D̄0 → K+π−π0) ΔE(D̄0 → K+π−π0) C′ 

NN(D̄0 → K+π−π0)
Most precise measurement in 

this channel 

ℬ(B0 → D̄0π0) = (2.69 ± 0.06 ± 0.09) × 10−4



Eiasha WAHEED

Summary

• Measurements performed with full Belle data. 

• Preliminary results for  are 

     

     

     

• Most precise measurement till date and the values agrees with world averages. 

•  results from Belle coming soon 

• Preliminary results for  are 

        

        

• Precision is improved in both decay channels.

B̄0 → D+h−(h = K/π)

ℬ[B0 → D−( → K+π−π−)π+] = [2.50 ± 0.01stat ± 0.10syst ± 0.04ℬ(D−→K+π−π−)] × 10−3

ℬ[B0 → D−( → K+π−π−)K+] = [2.05 ± 0.05stat ± 0.08syst ± 0.04ℬ(D−→K+π−π−)] × 10−4

RD = 0.082 ± 0.002(stat) ± 0.002(syst)

B̄0 → D*+h−(h = K/π)

B̄ → D̄0π

ℬ(B+ → D̄0π+) = (4.53 ± 0.02stat ± 0.14syst) × 10−3

ℬ(B0 → D0π0) = (2.69 ± 0.06stat ± 0.09syst) × 10−4
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Belle EPS Preliminary 
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Thank You 


