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Abstract

First observations and measurements of the branching fractions of the B0
s → D+D−,

B0
s → D+

s D
− and B0

s → D0D0 decays are presented using 1.0 fb−1 of data collected
by the LHCb experiment. These branching fractions are normalized to those of
B0 → D+D−, B0 → D+

s D
− and B− → D0D−s , respectively. An excess of events

consistent with the decay B0 → D0D0 is also seen, and its branching fraction is
measured relative to that of B− → D0D−s . Improved measurements of the branching
fractions B(B0

s → D+
s D
−
s ) and B(B− → D0D−s ) are reported, each relative to

B(B0 → D+
s D
−). The ratios of branching fractions are

B(B0
s → D+D−)

B(B0 → D+D−)
= 1.08± 0.20± 0.10,

B(B0
s → D+

s D
−)

B(B0 → D+
s D−)

= 0.050± 0.008± 0.004,

B(B0
s → D0D0)

B(B− → D0D−s )
= 0.019± 0.003± 0.003,

B(B0 → D0D0)

B(B− → D0D−s )
= 0.0014± 0.0006± 0.0002,

B(B0
s → D+

s D
−
s )

B(B0 → D+
s D−)

= 0.56± 0.03± 0.04,

B(B− → D0D−s )

B(B0 → D+
s D−)

= 1.22± 0.02± 0.07,

where the uncertainties are statistical and systematic, respectively.
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C. Göbel57, D. Golubkov30, A. Golutvin52,30,37, A. Gomes2, H. Gordon54,
M. Grabalosa Gándara5, R. Graciani Diaz35, L.A. Granado Cardoso37, E. Graugés35,
G. Graziani17, A. Grecu28, E. Greening54, S. Gregson46, O. Grünberg58, B. Gui56,
E. Gushchin32, Yu. Guz34, T. Gys37, C. Hadjivasiliou56, G. Haefeli38, C. Haen37, S.C. Haines46,
S. Hall52, T. Hampson45, S. Hansmann-Menzemer11, N. Harnew54, S.T. Harnew45, J. Harrison53,
T. Hartmann58, J. He7, V. Heijne40, K. Hennessy51, P. Henrard5, J.A. Hernando Morata36,
E. van Herwijnen37, E. Hicks51, D. Hill54, M. Hoballah5, C. Hombach53, P. Hopchev4,
W. Hulsbergen40, P. Hunt54, T. Huse51, N. Hussain54, D. Hutchcroft51, D. Hynds50,
V. Iakovenko43, M. Idzik26, P. Ilten12, R. Jacobsson37, A. Jaeger11, E. Jans40, P. Jaton38,
F. Jing3, M. John54, D. Johnson54, C.R. Jones46, B. Jost37, M. Kaballo9, S. Kandybei42,

iii



M. Karacson37, T.M. Karbach37, I.R. Kenyon44, U. Kerzel37, T. Ketel41, A. Keune38,
B. Khanji20, O. Kochebina7, I. Komarov38,31, R.F. Koopman41, P. Koppenburg40, M. Korolev31,
A. Kozlinskiy40, L. Kravchuk32, K. Kreplin11, M. Kreps47, G. Krocker11, P. Krokovny33,
F. Kruse9, M. Kucharczyk20,25,j , V. Kudryavtsev33, T. Kvaratskheliya30,37, V.N. La Thi38,
D. Lacarrere37, G. Lafferty53, A. Lai15, D. Lambert49, R.W. Lambert41, E. Lanciotti37,
G. Lanfranchi18,37, C. Langenbruch37, T. Latham47, C. Lazzeroni44, R. Le Gac6,
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gUniversità di Urbino, Urbino, Italy
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1 Introduction1

Double-charm decays of B mesons can be used to probe the Cabibbo-Kobayashi-Maskawa2

matrix [1, 2] elements, and provide a laboratory to study final state interactions. The3

time-dependent CP asymmetry in the B0 → D+D− decay provides a way to measure the4

B0 mixing phase [3, 4], where information from other double-charm final states can be5

used to account for loop (penguin) contributions and other non-factorizable effects [5–9].6

Double-charm decays of B mesons can also be used to measure the weak phase γ, assuming7

U -spin symmetry [10, 11]. The purely CP -even B0
s → D+

s D
−
s decay is also of interest,8

as it can be used to measure the B0
s mixing phase. Moreover, a lifetime measurement9

using the B0
s → D+

s D
−
s decay provides complementary information on ∆Γs [11–13] to10

that obtained from direct measurements [14], or from lifetime measurements in other CP11

eigenstates [15,16].12

The study of B → DD′ decays1 can also provide a better theoretical understanding13

of the processes that contribute to B meson decay. Feynman diagrams contributing to14

the decays considered in this paper are shown in Fig. 1. The B0
s → D0D0, B0

s → D+D−15

and B0 → D0D0 decays are mediated by the W -exchange amplitude, along with penguin-16

annihilation contributions and rescattering [17]. The only other observed B meson decays17

of this type are B0 → D
(∗)+
s K(∗)− and B0

s → π+π−, with branching fractions of the order18

of 10−5 [18] and 10−6 [19], respectively. Predictions of the B0
s → D+D− branching fraction19

using perturbative approaches yield 3.6 × 10−3 [20], while the use of non-perturbative20

approaches has led to a smaller value of 1 × 10−3 [21]. More recent phenomenological21

studies, which assume a dominant contribution from rescattering, predict a significantly22

lower branching fraction of B(B0
s → D+D−) = B(B0

s → D0D0) = (7.8± 4.7)× 10−5 [17].23

This paper reports the first observations of the B0
s → D+D−, B0

s → D+
s D

− and24

B0
s → D0D0 decays, and measurements of their branching fractions normalized relative to25

those of B0 → D+D−, B0 → D+
s D

− and B− → D0D−s , respectively. An excess of events26

consistent with B0 → D0D0 is also seen, and its branching fraction is reported. Improved27

measurements of the ratios of branching fractions B(B0
s → D+

s D
−
s )/B(B0 → D+

s D
−) and28

B(B− → D0D−s )/B(B0 → D+
s D

−) are also presented. All results are based upon an29

integrated luminosity of 1.0 fb−1 of pp collision data at
√
s = 7 TeV recorded by the LHCb30

experiment in 2011. Inclusion of charge conjugate final states is implied throughout.31

2 Data sample and candidate selection32

The LHCb detector [22] is a single-arm forward spectrometer covering the pseudorapidity33

range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector34

includes a high precision tracking system consisting of a silicon-strip vertex detector35

surrounding the pp interaction region, a large-area silicon-strip detector located upstream36

of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip37

1Throughout this paper, the notation D is used to refer to a D+, D0 or D+
s meson, and B represents

either a B0, B− or B0
s meson.
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Figure 1: Feynman diagrams contributing to the double-charm final states discussed in this
paper. They include (a) tree, (b) W -exchange and (c) penguin diagrams.

detectors and straw drift tubes placed downstream. The combined tracking system has a38

momentum resolution (∆p/p) that varies from 0.4% at 5 GeV/c to 0.6% at 100 GeV/c, and39

an impact parameter (IP) resolution of 20µm for tracks with high transverse momentum40

(pT). The impact parameter is defined as the distance of closest approach of a given41

particle to the primary pp interaction vertex (PV). Charged hadrons are identified using42

two ring-imaging Cherenkov detectors [23]. Photons, electrons and charged particles are43

identified by a calorimeter system consisting of scintillating-pad and preshower detectors,44

an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a45

system composed of alternating layers of iron and multiwire proportional chambers.46

The trigger [24] consists of a hardware stage, based on information from the calorimeter47

and muon systems, followed by a software stage that performs a partial event reconstruction48

(only tracks with pT > 0.5 GeV/c are reconstructed and used). The software trigger49

requires a two-, three- or four-track secondary vertex with a large track pT sum and a50

significant displacement from any of the reconstructed PVs. At least one track must have51

pT > 1.7 GeV/c and IP χ2 greater than 16 with respect to all PVs. The IP χ2 is defined52

as the difference between the χ2 of the PV reconstructed with and without the considered53

particle. A multivariate algorithm [25] is used to identify secondary vertices that originate54

from the decays of b hadrons.55

For the ratios of branching fractions between modes with identical final states, no56

requirements are made on the hardware trigger decision. When the final states differ, a57

trigger selection is applied to facilitate the determination of the relative trigger efficiency.58

The selection requires that either (i) at least one of the tracks from the reconstructed59

signal decay is associated with energy depositions in the calorimeters that passed the60

hardware trigger requirements, or (ii) the event triggered independently of the signal decay61
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particles, e.g., on the decay products of the other b hadron in the event. Events that do62

not fall into either of these two categories (∼5%) are discarded.63

Signal efficiencies and specific backgrounds are studied using simulated events. Proton-64

proton collisions are generated using Pythia 6.4 [26] with a specific LHCb configura-65

tion [27]. Decays of hadronic particles are described by EvtGen [28] in which final state66

radiation is generated using Photos [29]. The interaction of the generated particles67

with the detector and its response are implemented using the Geant4 toolkit [30] as68

described in Ref. [31]. Efficiencies for identifying K+ and π+ mesons are determined using69

D∗+ calibration data, with kinematic quantities reweighted to match those of the signal70

particles [23].71

Signal B candidates are formed by combining pairs of D meson candidates recon-72

structed in the following decay modes: D0 → K−π+ or K−π+π−π+, D+ → K−π+π+ and73

D+
s → K+K−π+. The D0 → K−π+π−π+ decay is only used for B0

(s) → D0D0 candidates,74

where a single D0 → K−π+π−π+ decay in the final state is allowed, which approximately75

doubles the total signal efficiency. A refit of signal candidates with D mass and vertex76

constraints is performed to improve the B mass resolution.77

Due to similar kinematics of the D+ → K−π+π+, D+
s → K+K−π+ and Λ+

c → pK−π+
78

decays, there is cross-feed between various b-hadron decays that have two charm particles79

in the final state. Cross-feed between D+ and D+
s occurs when the K−π+h+ invariant80

mass is within 25 MeV/c2 (∼ 3 times the experimental resolution) of both the D+ and81

D+
s masses under the h+ = π+ and h+ = K+ hypotheses, respectively. In such cases,82

an arbitration is performed as follows: if either |M(K+K−) −mφ| < 10 MeV/c2 or h+83

satisfies a stringent kaon particle identification (PID) requirement, the D candidate is84

assigned to be a D+
s meson. Conversely, if h+ passes a stringent pion PID requirement,85

the D candidate is taken to be a D+ meson. Candidates that do not pass either of these86

selections are rejected. A similar veto is applied to D+ and D+
s decays that are consistent87

with the Λ+
c → pK−π+ decay hypothesis if the proton is misidentified as a π+ or K+,88

respectively. The efficiencies of these D selections are determined using simulated signal89

decays to model the kinematics of the decay and D∗+ → D0π+ calibration data for the90

PID efficiencies. Their values are given in Table 1.91

To suppress contributions from non-DD′ final states, the reconstructed D decay vertex92

is required to be downstream of the reconstructed B decay vertex, and the B and D decay93

vertices are required to have a vertex separation (VS) χ2 larger than two. Here, the VS χ2
94

is the difference in χ2 between the nominal vertex fit and a vertex fit where the D is95

assumed to have zero lifetime. The efficiencies of this set of requirements are obtained96

from simulation and are included in Table 1.97

To further improve the purity of the B → DD′ samples, a boosted decision tree98

(BDT) discriminant is used to distinguish signal D mesons from backgrounds [32,33]. The99

BDT uses five variables for the D meson and 23 for each of its children. The variables100

include kinematic quantities, track quality, and vertex and PID information. The signal101

and background distributions used to train the BDT are obtained from B0 → D+π−,102

B− → D0π− and B0
s → D+

s π
− decays from data. The signal distributions are background103

subtracted using weights [34] obtained from a fit to the B candidate invariant mass104
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Table 1: Individual contributions to the efficiency for selecting the various B → DD′ final states.
Shown are the efficiencies to reconstruct and trigger on the final state, and to pass the charm
cross-feed veto, the VS χ2 and BDT selection requirements. The total selection efficiency is the
product of these four values. The relative uncertainty on the selection efficiency for each decay
mode due to the finite simulation samples sizes is 2%. Entries with a dash indicate that the
efficiency factor is not applicable.

Efficiencies (%)
Rec.×Trig. Cross-feed veto VS χ2 BDT

B0
s → D+

s D
−
s 0.140 88.4 75.4 97.5

B0 → D+
s D

− (loose selection) 0.130 77.8 82.9 100.0
B0

(s) → D0D0, (K−π+, K+π−) 0.447 − 73.7 57.8

B0
(s) → D0D0, (K−π+, K+π−π+π−) 0.128 − 74.6 63.6

B− → D0D−s 0.238 92.5 75.0 99.2

distribution. The background distributions are taken from the high B mass sidebands in105

the same data sample.106

It is found that making a requirement on the product of the two D meson BDT responses107

provides better discrimination than applying one to each BDT response individually. The108

optimal BDT requirement in each decay is chosen by maximizing NS/
√
NS +NB. The109

number of signal events, NS, is computed using the known (or estimated, if unknown)110

branching fractions, selection efficiencies from simulated events, and the BDT efficiencies111

from the B0 → D+π−, B− → D0π− and B0
s → D+

s π
− calibration samples, reweighted to112

account for small differences in kinematics between the calibration and signal samples.113

The number, NB, is the expected background yield for a given BDT requirement. The114

efficiencies associated with the optimal BDT cut values, determined from an independent115

subset of the B → Dπ− data, are listed in Table 1. Correlations between the BDT values116

for the two D mesons are taken into account.117

For the purpose of measuring B(B0
s → D+

s D
−
s )/B(B0 → D+

s D
−), only loose BDT118

requirements are imposed since the expected yields are relatively large. On the other hand,119

for B(B0
s → D+

s D
−)/B(B0 → D+

s D
−), the expected signal yield of B0

s → D+
s D

− decays is120

small; in this case both the signal and normalization modes are required to pass the same121

tighter BDT requirement. The different BDT selections applied to the B0 → D+
s D

− decay122

are referred to as the “loose selection” and the “tight selection.” Since the final state123

is identical for the tight selection, the BDT efficiency cancels in the ratio of branching124

fractions, and is not included in Table 1.125

For B0
(s) → D0D0 candidates, a peaking background from B → D∗+π− → (D0π+)π−126

decays, where the π+ is misidentified as a K+, is observed. This contribution is removed127

by requiring the mass difference, M(K−π+π+)−M(K−π+) > 150 MeV/c2, where the K+
128

in the reconstructed decay is taken to be a π+. After the final selection around 2% of129
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events in the B0
s → D+

s D
−
s decay mode contain multiple candidates; for all other modes130

the multiple candidate rate is below 1%. All candidates are kept for the final analysis.131

3 Signal and background shapes132

The B → DD′ signal shapes are all similar after the D mass and vertex constraints. The133

signal shape is parameterized as the sum of two Crystal Ball (CB) functions [35], which134

account for non-Gaussian tails on both sides of the signal peak. The asymmetric shapes135

account for both non-Gaussian mass resolution effects (on both sides) and energy loss136

due to final state radiation. The two CB shapes are constrained to have equal area and137

a common mean. Separate sets of shape parameters are determined for B0 → D+
s D

−,138

B0
s → D+

s D
−
s and B− → D0D−s using simulated signal decays. In the fits to data, the139

signal shape parameters are fixed to the simulated values, except for a smearing factor140

that is added in quadrature to the widths from simulation. This number is allowed to141

vary independently in each fit, but is consistent with about 4.6 MeV/c2 across all modes,142

resulting in a mass resolution of about 9 MeV/c2. For the more rare B0
(s) → D0D0 and143

B0
(s) → D+D− decay modes, the B0

s → D+
s D

−
s signal shape parameters are used. In144

determining the signal significances, the signal shape is fixed to that for B0
s → D+

s D
−
s ,145

including an additional smearing of 4.6 MeV/c2. The impact of using the B0 → D+
s D

− or146

B− → D0D−s signal shapes on the signal significances is negligible.147

Several specific backgrounds contribute to the DD′ mass spectra. In particular, decays148

such as B → D(∗)D∗, where the D∗ mesons decay through pion or photon emission, produce149

distinct structures in all decays under consideration. The shapes of these backgrounds150

are derived from simulation, which are corrected for known resolution differences between151

data and simulated events, and then fixed in fits to the data. The relative yield of the two152

peaks in the characteristic structure from the decay D∗ → D0π is allowed to vary freely, to153

enable better modeling of the background in the low mass region. Since this mass region154

is significantly below the signal peaks, the impact on the signal yield determinations is155

negligible.156

A source of peaking background that contributes to B → DD+
s modes are the157

B → DK∗0K+ → DK−π+K+ decays, where the K∗0K+ is not produced in a D+
s de-158

cay. Although the branching fractions for these decays [36] are about twice as large as159

that of the B → DD+
s → DK+K−π+ decay channel, the 25 MeV/c2 mass window around160

the known D+
s mass and the VS χ2 > 2 requirement reduce this contribution to about 1%161

of the signal yield. This expectation is corroborated by studying the D+
s candidate mass162

sidebands. The shape of this background is obtained from simulation, and is described163

by a single Gaussian function which has a width about 2.5 times larger than that of the164

signal decay and peaks at the nominal B meson mass.165

After the charm cross-feed vetoes (see Sect. 2), the cross-feed rate from B0 → D+
s D

−
166

decays into the B0
s → D+

s D
−
s sample is (0.7± 0.2)%. The shape of this misidentification167

background is obtained from simulation. A similar cross-feed background contribution168

from Λ0
b → Λ+

c D
−
s decays is also expected due to events passing the Λ+

c veto. Taking169
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Figure 2: Invariant mass distributions for (left) B0
s → D+

s D
−
s and (right) B0 → D+

s D
−

candidates in the data with the loose BDT selection applied to the latter. The signal and
background components are indicated in the legend. The Λ0

b → Λ+
c D
−
s , B0

s → D+
s K

−K+π− and
B0 → D−K+K−π+ background components are too small to be seen, and are excluded from
the legends.

into account the observed yields of these decays in data, we fix the B0 → D+
s D

− and170

Λ0
b → Λ+

c D
−
s cross-feed yields to 35 and 15 events, respectively. Investigation of the D171

mass sidebands reveals no additional contributions from non-DD′ backgrounds.172

The combinatorial background shape is described by an exponential function whose173

slope is determined from wrong-sign candidates. Wrong-sign candidates include the D+
s D

+
s ,174

D0D0, or D0(K+π−)D−s final states, in which no signal excesses should be present (ne-175

glecting the small contribution from the doubly Cabibbo suppressed B− → D0(K+π−)D−s176

decay). For the B0
(s) → D+D− decay, the exponential shape parameter is allowed to vary177

in the fit due to an insufficient number of wrong-sign D+D+ candidates.178

4 Fit results179

Figure 2 shows the invariant mass spectra for B0
s → D+

s D
−
s and B0 → D+

s D
− candidates.180

The results of unbinned extended maximum likelihood fits to the distributions are overlaid181

with the signal and background components indicated in the legends. Signal yields of182

451± 23 B0
s → D+

s D
−
s and 5157± 64 B0 → D+

s D
− decays are observed.183

Figure 3 shows the invariant mass spectrum for B0 → D+
s D

− and B0
s → D+

s D
−

184

candidates, where the tight BDT selection requirements have been applied as discussed185

previously. We observe 36 ± 6 B0
s → D+

s D
− signal decays, with 2832 ± 53 events in186

the B0 → D+
s D

− normalization mode. The statistical significance of the B0
s → D+

s D
−

187

signal corresponds to 10σ by computing
√
−2 ln(L0/Lmax), where Lmax and L0 are the fit188

likelihoods with the signal yields allowed to vary and fixed to zero, respectively. Variations189

in the signal and background model have only a marginal impact on the signal significance.190

The B0
s → D−D+

s decay is thus observed for the first time.191

The invariant mass spectrum for B0
(s) → D+D− candidates is shown in Fig. 4 (left).192
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Figure 3: Invariant mass distribution for B0 → D+
s D
− and B0

s → D+
s D
− candidates in the

data, with the tight BDT selection applied. The distribution is plotted on a (left) linear and
(right) logarithmic scale to highlight the suppressed B0

s → D+
s D
− signal. Signal and background

components are indicated in the legend.

Peaks are seen at both the B0 and B0
s meson masses, with yields of 165±13 and 43±7 signal193

events, respectively. In the lower mass region, two prominent peaks from B0 → D∗+D− and194

B0 → D+D∗− decays are also evident. The significance of the B0
s → D+D− signal yield is195

computed as described above, and corresponds to 11σ, establishing the first observation of196

this decay mode.197

Figure 4 (right) shows the D0D0 invariant mass distribution and the results of the fit.198

Both (K−π+, K+π−) and (K−π+, K+π−π+π−) combinations are included. A B0
s → D0D0

199

signal is seen with a significance of 11σ, which establishes the first observation of this200

decay mode. The data also show an excess of events at the B0 mass. The significance of201

that excess corresponds to 2.4σ, including both the statistical and systematic uncertainty.202

The fitted yields in the B0
s → D0D0 and B0 → D0D0 decay modes are 45 ± 8 and203

13 ± 6 events, respectively. If both the B0
s → D0D0 and B0 → D0D0 decays proceed204

through W -exchange diagrams, one would expect the signal yield in B0 → D0D0 to be205

∼ (fd/fs)× |Vcd/Vcs|2 ' 0.2 of the yield in B0
s → D0D0, where we have used |Vcd/Vcs|2 =206

0.054 [18] and fs/fd = 0.256 ± 0.020 [37]. The fitted yields are consistent with this207

expectation. The decay B− → D0D−s is used as the normalization channel for both208

the B0
s → D0D0 and B0 → D0D0 branching fraction measurements, where only the209

D0 → K−π+ decay mode is used. The fitted invariant mass distribution for B− → D0D−s210

candidates is shown in Fig. 5. The fitted signal yield is 5152± 73 events.211

The measured yields, NB→DD′ , relevant for the branching fraction measurements are212
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Figure 4: Invariant mass distributions for (left) B0
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candidates in the data. Signal and background components are indicated in the legend.
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summarized in Table 2. The branching fractions are related to the measured yields by213

B(B0
s → D+

s D
−
s )

B(B0 → D+
s D

−)
=
fd
fs
· εB

0/B0
s

rel · κ · B(D+ → K−π+π+)

B(D+
s → K+K−π+)

·
NB0

s→D
+
s D
−
s

NB0→D+
s D−

, (1)

B(B0
s → D+

s D
−)

B(B0 → D+
s D

−)
=
fd
fs
· εrel ·

NB0
s→D

+
s D−

NB0→D+
s D−

, (2)

B(B0
s → D+D−)

B(B0 → D+D−)
=
fd
fs
· εrel · κ ·

NB0
s→D+D−

NB0→D+D−
, (3)

B(B0
s → D0D0)

B(B− → D0D−s )
=
fd
fs
· ε′rel · κ ·

NB0
s→D0D0

NB−→D0D−s

, (4)

B(B0 → D0D0)

B(B− → D0D−s )
= ε′rel ·

NB0→D0D0

NB−→D0D−s

, (5)
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Table 2: Summary of the observed signal and normalization mode yields and their relative
efficiencies, as used in the measurements of the ratios of branching fractions. The quoted
uncertainties are statistical only.

Measurement Signal Norm. Rel. eff.

yield yield ε
(′)
rel

B(B0
s→D

+
s D
−
s )

B(B0→D+
s D−)

451± 23 5157± 64 0.928± 0.027

B(B0
s→D

+
s D
−)

B(B0→D+
s D−)

36± 6 2832± 53 1.0

B(B0
s→D+D−)

B(B0→D+D−)
43± 7 165± 13 1.0

B(B0
s→D0D0)

B(B−→D0D−s )
45± 8 5152± 73 0.523± 0.016

B(B0→D0D0)

B(B−→D0D−s )
13± 6 5152± 73 0.523± 0.016

B(B−→D0D−s )

B(B0→D+
s D−)

5152± 73 5157± 64 0.508± 0.011

B(B− → D0D−s )

B(B0 → D+
s D

−)
= ε

B0/B−

rel · B(D+ → K−π+π+)

B(D0 → K−π+)
·
NB−→D0D−s

NB0→D+
s D−

. (6)

Here, it is assumed that B− and B0 mesons are produced in equal numbers. The relative214

efficiencies, εrel, are given in Table 2. They account for geometric acceptance, detection and215

trigger efficiencies, and the additional VS χ2, BDT, and charm cross-feed veto requirements.216

The first four of these relative efficiencies are obtained from simulation, and the last two217

are data-driven. The indicated uncertainties on the relative efficiencies are due only to the218

finite sizes of the simulated signal decays. The average selection efficiency for B− → D0D−s219

relative to B0
(s) → D0D0 is220

ε′rel =
εB−→D0D−s

B(D+
s → K+K−π+)B(D0 → K−π+)

εKπ,Kπ[B(D0 → K−π+)]2 + 2εKπππ,KπB(D0 → K−π+)B(D0 → K−π+π−π+)
, (7)

where the quantities εB−→D0D−s
= (0.166 ± 0.003)%, εKπ,Kπ = (0.190 ± 0.003)%221

and εKπππ,Kπ = (0.061 ± 0.002)% are the selection efficiencies for the B− → D0D−s ,222

B0
s → (D0 → K−π+, D0 → K+π−) and B0

s → (D0 → K−π+, D0 → K+π−π+π−) de-223

cays, respectively. The D branching fractions, B(D0 → K−π+) = (3.88± 0.05)%,224

B(D0 → K−π+π−π+) = (8.07± 0.20)%, B(D+
s → K+K−π+) = (5.49± 0.27)%, and225

B(D+ → K−π+π+) = (9.13± 0.19)% are taken from Ref. [18].226

The factor κ is a correction that accounts for the lower selection efficiency associated227

with the shorter-lifetime CP -even eigenstates of the B0
s system compared to flavor-specific228

final states [14]. The impact on the B0
s acceptance is estimated by convolving an exponential229

distribution that has a 10% smaller lifetime than that in flavor-specific decays with the230
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simulated lifetime acceptance. The resulting correction is κ = 1.058± 0.029. In the B0
231

sector, ∆Γd/Γd is below 1% [38], and the lifetime acceptance is well described by the232

simulation.233

The measured ratios of branching fractions are computed to be234

B(B0
s → D+D−)

B(B0 → D+D−)
= 1.08± 0.20 (stat)± 0.10 (syst),

B(B0
s → D+

s D
−)

B(B0 → D+
s D

−)
= 0.050± 0.008 (stat)± 0.004 (syst),

B(B0
s → D0D0)

B(B− → D0D−s )
= 0.019± 0.003 (stat)± 0.003 (syst),

B(B0 → D0D0)

B(B− → D0D−s )
= 0.0014± 0.0006 (stat)± 0.0002 (syst)

[ < 0.0024 at 90% CL ],

B(B0
s → D+

s D
−
s )

B(B0 → D+
s D

−)
= 0.56± 0.03 (stat)± 0.04 (syst),

B(B− → D0D−s )

B(B0 → D+
s D

−)
= 1.22± 0.02 (stat)± 0.07 (syst).

For B(B0
s → D0D0)/B(B− → D0D−s ), the results obtained using the235

D0(K−π+)D0(K+π−π+π−) and D0(K−π+)D0(K+π−) final states differ by less236

than one standard deviation. For the B0 → D0D0 decay, we provide both the central value237

and the 90% confidence level (CL) upper limit. The upper limit is obtained by convolving238

the fitted likelihood with a Gaussian function whose width is the total systematic error,239

and integrating over the physical region.240

5 Systematic uncertainties241

A number of systematic uncertainties contribute to the measurements of the ratios of242

branching fractions. The sources and their values are summarized in Table 3. The dominant243

source of uncertainty on the branching fraction ratios comes from the b fragmentation244

fraction ratio, fd/fs, which has a total uncertainty of 7.8% [37], of which 5.3% is from the245

ratio of branching fractions B(D+
s → K+K−π+)/B(D+ → K−π+π+). For clarity, we have246

removed that portion of the uncertainty from fd/fs, and included its contribution in the247

row labeled B(D) in Table 3. For B(B0
s → D+

s D
−
s )/B(B0 → D+

s D
−), the above D+

s /D
+

248

branching fraction ratio from fd/fs cancels with the corresponding inverted ratio in Eq. 1.249

On the other hand, in the ratio B(B0
(s) → D0D0)/B(B− → D0D−s ), the D+

s → K+K−π+
250

branching fraction enters as the square, after considering the D branching fractions used251

in computing fd/fs (see Eq. 4). As a result, the uncertainty from B(D+
s → K+K−π+)252

contributes 9.8% to the total uncertainty on B(B0
(s) → D0D0)/B(B− → D0D−s ); smaller253
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contributions from the limited knowledge of B(D0 → K−π+) [1.3%], B(D0 → K−π+π−π+)254

[2.5%] and B(D+ → K−π+π+) [2.1%] are also included in the B(D) uncertainties.255

Another significant uncertainty results from the precision on b-hadron lifetimes and256

decays of B0 and B0
s to CP eigenstates. Using the measured value of the width difference,257

∆Γs = 0.116± 0.018± 0.006 ps−1 [39] we conservatively assume the CP -even lifetime to258

be in the range from 0.85 to 0.95 times the flavor-specific decay lifetime. With this allowed259

range a 2.9% uncertainty on the efficiencies for B0
s decays to CP eigenstates is found. The260

average B0
s lifetime is known only to a precision of 3%, which leads to a 1.5% uncertainty261

on the selection efficiencies for B0
s decays to flavor-specific final states. The B0 and B−262

lifetimes are known with sufficient precision that the associated uncertainty is negligible.263

Several of the efficiency factors are estimated from simulation. Most, but not all, of264

the associated systematic uncertainties cancel due to the similar or identical final states265

for the signal and normalization modes. For modes with an unequal number of tracks266

in the final state, a 1% uncertainty due to small differences in the IP resolution between267

data and simulation is assigned. The efficiency of the VS χ2 requirement is checked268

using the large B0 → D+
s D

− signal in data, and the agreement to within 1% with the269

efficiency from simulation is the assigned uncertainty. For B(B− → D0D−s )/B(B0 →270

D+
s D

−), a 1% uncertainty is attributed to the efficiency of track reconstruction. For271

B(B0
s → D0D0)/B(B− → D0D−s ), the one fewer track in the D0(Kπ)D0(Kπ) final state is272

offset by the one extra track in D0(Kπ)D0(Kπππ), relative to D0(Kπ)D−s (KKπ), leading273

to a negligible tracking uncertainty. The mass resolution in data is slightly larger than274

in simulation, resulting in slightly different efficiencies for the reconstructed D0, D+ and275

D+
s invariant masses to lie within 25 MeV/c2 of their known masses. This introduces276

a maximum of 1% uncertainty on the relative branching fractions. To estimate the277

uncertainty on the trigger efficiencies determined from simulation, the hadron trigger278

efficiency ratios were also determined using data. These efficiencies were measured using279

trigger-unbiased samples of kaons and pions identified in D∗+ → D0π+ decays. Using280

this alternative procedure, we find that the simulated trigger efficiency ratios have an281

uncertainty of 2%. The combined systematic uncertainties in the efficiencies obtained from282

simulation are given in Table 3.283

The limited sizes of the B → Dπ− calibration samples lead to uncertainties in the284

BDT efficiencies. The uncertainties on the ratios vary from 1.0% to 2.0%. The uncertainty285

on the efficiency of the D(s) and Λ+
c vetoes is dominated by the PID efficiencies, but they286

only apply to the subset of D candidates that fall within the mass window of two charm287

hadrons, e.g., both the D+ and D+
s mesons, which occurs about 20% of the time for D+

s288

decays. Taking this fraction and the uncertainty in the PID efficiency into account, the289

veto efficiencies are estimated to have uncertainties of 1.0% for the D+ veto, 0.5% for the290

D+
s veto, and 0.3% for the Λ+

c veto.291

The fit model is validated using simulated experiments, and is found to be unbiased.292

To assess the uncertainty due to the imperfect knowledge of the various parameters293

used in the fit model, a number of variations are investigated. The only non-negligible294

uncertainties are due to the B → DK−K+π− background contribution, which is varied295

from 0% to 2%, and the cross-feed from B0
s → D+

s D
− decays into the B0

s → D+
s D

−
s sample.296
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Table 3: Sources of systematic uncertainty and their values (in %) for the ratios of branching
fractions of the indicated decays. For B(B0

(s) → D0D0)/B(B− → D0D−s ), the error on fd/fs

only applies to the B0
s → D0D0 decay, as indicated by the values in parentheses.

Source B0
s→D

+
s D
−
s

B0→D+
s D−

B0
s→D

+
s D
−

B0→D+
s D−

B0
s→D+D−

B0→D+D−

B0
(s)
→D0D0

B−→D0D−s

B−→D0D−s
B0→D+

s D−

fd/fs 5.7 5.7 5.7 − (5.7) −
B(D) − 5.3 5.3 10.2 2.5
B meson lifetimes 2.9 1.5 2.9 2.9 −
Eff. from simulation 2.4 − − 2.2 2.6
BDT selection 1.4 − − 2.2 1.4
Cross-feed vetoes 0.6 − − 0.5 1.0
D mass resolution 1.0 − − 1.0 1.0
Fit model 2.1 0.5 0.5 1.7 2.1
Simulated sample size 3.0 3.0 3.0 3.0 3.0
Total 8.0 8.5 8.9 11.7 (13.0) 5.5

The uncertainty varies from 1.7% to 2.1%. For B(B0
s → D+D−)/B(B0 → D+D−) and297

B(B0
s → D+

s D
−)/B(B0 → D+

s D
−), we assign an uncertainty of 0.5%, which accounts for298

potentially small differences in the signal shape for B0 and B0
s decays (due to the B0-B0

s299

mass difference). Lastly, the finite size of the samples of simulated decays contributes300

3% uncertainty to all the measurements. In total, the systematic uncertainties on the301

branching fraction ratios range from 5.5% to 13.0%, as indicated in Table 3.302

6 Discussion and summary303

First observations and measurements of the relative branching fractions for the decays304

B0
s → D+D−, B0

s → D+
s D

− and B0
s → D0D0 have been presented, along with measure-305

ments of B(B0
s → D+

s D
−
s ) and B(B− → D0D−s ). Taking the world average values for306

B(B0 → D+
s D

−) = (7.2± 0.8)× 10−3 [18], the absolute branching fractions are307

B(B− → D0D−s ) = (8.6± 0.2 (stat)± 0.4 (syst)± 1.0 (norm))× 10−3,

B(B0
s → D+

s D
−
s ) = (4.0± 0.2 (stat)± 0.3 (syst)± 0.4 (norm))× 10−3.

The third uncertainty reflects the precision of the branching fraction for the normaliza-308

tion mode. These measurements are consistent with, and more precise than, both the309

current world average measurements [18] as well as the more recent measurement of310

B(B0
s → D+

s D
−
s ) [40].311

The measured value of B(B0
s → D+

s D
−
s )/B(B0 → D+

s D
−) = 0.55 ± 0.06 is signif-312

icantly lower than the naive expectation of unity for the case that both decays are313

dominated by tree amplitudes (see Fig. 1(a)), assuming small non-factorizable effects and314
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comparable magnitudes of the B(s) → D+
(s) form factors [41]. Unlike B0 → D+

s D
−, the315

B0
s → D+

s D
−
s decay receives a contribution from the W -exchange process (see Fig. 1(b)),316

suggesting that this amplitude may not be negligible. Interestingly, when comparing the317

B0
s → D+

s D
−
s and B0 → D+D− decays, which have the same set of amplitudes, one finds318

|Vcd/Vcs|2 · B(B0
s → D+

s D
−
s )/B(B0 → D+D−) ∼ 1.319

Using B(B0 → D+D−) = (2.11± 0.31)× 10−4 and B(B− → D0D−s ) =(10.0 ± 1.7) ×320

10−3 [18], the following values for the branching fractions are obtained321

B(B0
s → D+D−) = (2.2± 0.4 (stat)± 0.2 (syst)± 0.3 (norm))× 10−4,

B(B0
s → D0D0) = (1.9± 0.3 (stat)± 0.3 (syst)± 0.3 (norm))× 10−4,

B(B0 → D0D0) = (1.4± 0.6 (stat)± 0.2 (syst)± 0.2 (norm))× 10−5.

The first of these results disfavors the predicted values for B(B0
s → D+D−) in Refs. [20,21],322

which are about 5–15 times larger than our measured value. The measured branching323

fractions are about a factor of 2–3 larger than the predictions obtained by assuming that324

these decay amplitudes are dominated by rescattering [17]. As discussed above for the325

B(B0
s → D+

s D
−
s ) measurement, this may also suggest that the W -exchange amplitude326

contribution is not negligible in B → DD′ decays. For precise quantitative comparisons of327

these B0
s branching fraction measurements to theoretical predictions, one should account328

for the different total widths of the CP -even and CP -odd final states [12].329

The Cabibbo suppressed B0
s → D+

s D
− decay is also observed for the first time. Its330

absolute branching fraction is331

B(B0
s → D+

s D
−) = (3.6± 0.6 (stat)± 0.3 (syst)± 0.4 (norm))× 10−4.

This value is consistent with the expected suppression of |Vcd/Vcs|2.332

The results reported here are based on an integrated luminosity of 1.0 fb−1. A data333

sample with approximately 2.5 times larger yields in these modes has already been collected334

in 2012, and larger samples are anticipated in the next few years. These samples give335

good prospects for CP -violation measurements, lifetime studies, and obtaining a deeper336

understanding of the decay mechanisms that contribute to b-hadron decays.337
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