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We report a measurement of the B® and B meson decays to the Dy K3z* and Dy KK final states,
respectively, using 657 x 10°BB pairs collected at the Y(4S) resonance with the Belle detector at the
KEKB asymmetric-energy e* e~ collider. Using the Dy — ¢pz~, K*(892)°K~ and K}K~ decay modes for
the D, reconstruction, we measure the following branching fractions: B(B® - Dy Kz") = [0.47 +
0.06(stat) & 0.05(syst)] x 107+ and B(B* — Dy K+tK™) = [0.93 + 0.22(stat) & 0.10(syst)] x 107>, We
find the ratio of the branching fraction of B" — Dy K*K™ to that of the analogous Cabibbo-favored
B" — DyK"z" decay to be R = 0.054 £ 0.013(stat) + 0.006(syst), which is consistent with the naive
factorization model. We also observe a deviation of the D K invariant-mass distribution from the three-
body phase-space model for both studied decays.

DOI: 10.1103/PhysRevD.91.032008 PACS numbers: 13.20.He, 14.40.Nd, 14.40.Lb

The dominant process for the decays B — D; K9zt and
Bt - D;K*K" [1] is mediated by the b — ¢ quark
transition with subsequent W fragmentation to a charged
pion or kaon and includes the production of an additional s5
pair, as shown in Fig. 1. As the process BY — Dy K"Kt is
Cabibbo suppressed due to the formation of a us pair from
the W vertex [Fig. 1(a)], its branching fraction can be
compared to the measured branching fraction of the

Cabibbo-favored B™ — Dy K*z™ decay [2,3]. Within the
framework of naive factorization [4], the ratio of these
branching fractions should be proportional to the ratio of
the squares of the Cabibbo-Kobayashi-Maskawa matrix
elements V,, and V ; [5,6]. Such a comparison allows us to
check the validity of existing theoretical descriptions of the
three-body hadronic decays. In addition, the two-body
subsystem of the Dy K9z " and Dy K™K final states merits
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FIG. 1. Dominant Feynman diagram for the (a) B" — D;yK*K " and (b) B® — Dy K%x" decay.

study since a significant deviation from the simple phase-
space model was observed in the Dy K™ invariant mass for
the similar process Bt — D7K*z™ [2,3] and also in the
semileptonic process BT — D£*>_K+l+yl [7]. This consti-
tutes a potential source of new spectroscopy discoveries.

Both B - Dy K%z " and BY - Dy K"K" decay modes
have been observed by BABAR [3] and call for confirma-
tion. In this paper, we report measurements of the branch-
ing fractions for B —» D;K%n" and B* - D;K"K" and
compare the latter’s with the branching fraction for
Bt —» D;K*rn*. The invariant-mass distributions for the
two-body subsystems are studied to evaluate the discrep-
ancy from the phase-space model. The analysis is per-
formed on a data sample containing (657 +9) x 10° BB
pairs collected with the Belle detector at the KEKB
asymmetric-energy eTe~ collider [8] operating at the
T(4S) resonance. The production rates of BB~ and
BYBY pairs are assumed to be equal.

The Belle detector [9] is a large-solid-angle magnetic
spectrometer that consists of a silicon vertex detector
(SVD), a 50-layer central drift chamber (CDC), an array
of aerogel threshold Cherenkov counters (ACC), a barrel-
like arrangement of time-of-flight scintillation counters
(TOF), and an electromagnetic calorimeter composed of
CsI(TI) crystals, all located inside a superconducting
solenoid coil that provides a 1.5 T magnetic field. An iron
flux return located outside of the coil is instrumented to
detect KY mesons and to identify muons. Two inner
detector configurations were used: a 2.0 cm beam pipe
with a three-layer SVD for the first sample of 152 x 10°BB
pairs and a 1.5 cm beam pipe with a four-layer SVD for the
remaining 505 x 10°BB pairs [10].

Charged tracks are required to have a distance of closest
approach to the interaction point of less than 5.0 cm along
the positron beam direction (defined to be the z axis) and
less than 0.5 cm in the transverse plane. In addition,
charged tracks must have transverse momenta larger than
100 MeV/c. To identity charged hadrons, we combine
information from the CDC, ACC and TOF into pion, kaon
and proton likelihoods £,, Lx and L, respectively. For a
kaon candidate, we require the likelihood ratio Lg/, =
Li/(Lg + L) to be greater than 0.6. Pions are selected
from all track candidates except for the ones with high
kaon probabilities, which are suppressed by requiring

Lk/z < 0.95. For kaons (pions), we also apply a proton
veto criterion: £,k (L) < 0.95.In addition, we reject all
charged tracks consistent with an electron (or muon)
hypothesis £,(,) < 0.95, where £, and L, are respective
lepton likelihoods. The above requirements result in a
typical momentum-dependent kaon (pion) identification
efficiency ranging from 92% to 97% (94% to 98%) for
various channels, with 2-15% of kaon candidates being
misidentified as pions and 4-8% of pion candidates being
misidentified as kaons.

The Dj candidates are reconstructed in three final
states:  ¢p(— KTK™)z~, K*(892)°(—» K*z7)K~ and
KY(— nta7)K=. We retain K*K~ (K*z~) pairs as ¢
(K*(892)°) candidates if their invariant mass lies within
10(100) MeV/c? of the nominal ¢(K*(892)°) mass [11].
This requirement has 91% (95%) efficiency for the respec-
tive D, decay mode. Candidate K9 mesons are selected by
combining pairs of oppositely charged tracks (treated as
pions) with an invariant mass within 16 MeV/c? (36) of
the nominal Kg mass. In addition, the vertices of these track
pairs must be displaced from the interaction point by at
least 0.5 cm.

A B candidate is reconstructed by combining the D,
candidate with a selected K and a charged pion for
B® — D;K%x*, and with a pair of kaons of the same charge
for BT — Dy K" K. A quality requirement on the B vertex-
fit statistic (y3/NDF < 60) to the Dy K"K+ (DyK%z™)
trajectories is applied, where the D mass is constrained to
its world average value [11] and NDF is the number of
degrees of freedom. The signal decays are identified by
three kinematic variables: the D, invariant mass, the
energy difference AE = Ep — Ey,, and the beam-energy-

constrained mass My, = (\/Epean — |P5|°¢?)/c*. Here, Ep
and pg are the reconstructed energy and momentum of
the B candidate, respectively, and E},,, is the run-dependent
beam energy, all calculated in the eTe™ center-of-mass
frame. We retain candidate events in the three-dimensional
region defined by 1.91 GeV/c?> <M(D,) <2.03GeV/c?,
52GeV/c?> <M. <53GeV/c? and —0.2 GeV < AE <
0.2 GeV. In the fit described later, we use a narrower range
—0.08 GeV < AE < 0.20 GeV to exclude the possible
contamination from B — D X decays having higher
multiplicities. From a GEANT3 [12] based Monte Carlo
(MC) simulation, we find the signal peaks in a region
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defined by 1.9532 GeV/c? < M(D;) < 1.9832 GeV/c?,
5.27GeV/c? < My, <5.29GeV/c? and |AE| <0.03 GeV.
Based on MC simulation, the region 2.88 GeV/c? <
M(ce) < 3.18 GeV/c? is excluded to remove background
from B* — (c¢)K* or B® — (¢¢)KY decays, where (c¢)
denotes a charmonium state such as the J /ys or#,. and M (c¢)
is the invariant mass of its decay products (K™K~ ztz~ or
K(S)K *7~ for the corresponding D, mode).

We find that for the B — D; K%z (B* - D;K*K")
decay, the average number of B candidates satisfying all
selection criteria is 1.14 (1.04) per event. In cases when an
event contains more than one B candidate, we select the one
with the smallest value of y%.

We exploit the event topology to discriminate between
spherical BB events and the dominant background from jet-
like continuum e*e~™ — qg (9 = u, d, s, c¢) events. We
require the event shape variable R,, defined as the ratio of
the second- and zeroth-order Fox-Wolfram moments [13],
to be less than 0.4 to suppress the continuum background.

Large MC samples are used to evaluate possible back-
ground from BB and continuum ¢ events for both studied
channels. In the B — DyK%x" analysis, a significant
contribution from B® — Dy D", D* — K9z is identified.
We require the quantity |M(K%z")—mp+| to be less
(greater) than 30 MeV/c? to select the B° — D7D con-
trol sample (to suppress the charm contamination), where
mp+ is the world average of the D" meson mass. We also
find other contributing backgrounds that are taken into
account in our fitting procedures (discussed below). The
combinatorial background, arising due to a random combi-
nation of the tracks, is common for both D;K‘;Jﬁ and
D;KTK™ channels. Its contribution also includes a sub-
sample of good D, candidates randomly combined with
K*K" or K3zt (“D, peaking background”). Two more
types of background, specific for each channel, are found.
For the B? — D;K(S)zﬁ decay, we identify a peaking
contribution from the B® decaying to the same final state
of five hadrons (“B° peaking background”). Such events do
not contain a D; meson in the decay chain, and mainly
include (cc) states like w(2S), 7n.(2S), y.(1P) and
Xco(1P). Finally, we find a significant contribution to
B+ > DTK*K™ from the B — D\")”K*z* decays owing
to pion-to-kaon misidentification (or a missing photon in
the D7 reconstruction). We determine the shape of this
contribution in AE, My, and M(D,) using MC samples
of Bt » D\"K+x" after subjecting them to the BT —
D;KTK™ selection.

The signal yields are obtained from unbinned extended
maximum-likelihood fits to the [AE, M., M(Dy)] distri-
butions of the selected candidate events. The likelihood
function is given by

P <_;Nj> . H@Nﬂ:{), 1)

i=1

PHYSICAL REVIEW D 91, 032008 (2015)

where j runs over the signal and background components, i
is the event index, N; and P/ denote the yield and
probability density functions (PDFs) for each component,
respectively, and N is the total number of data events.
Neglecting the small correlation between each pair of fit
observables, we construct the overall PDF as a product of
their individual PDFs. Two components, signal and com-
binatorial background (j = sig, cmb), are common for
B > D;K%z* and BT — D;K*K™. Their respective
PDF parametrizations are constructed as

P?ig = g(AEl,E, GAE) X g(Mi)C;mB,O'MbC)
X GE(MI(Dy)smp . o). 05, [2£) (2)

and

P = pr(AE'; wo, wi, wa) X A(MY ;)
Kk bk . 1 2 bk
X [F5% - B MID,)smp, o) o )

+ (1= f55) - pa(M(D, ) vg. vy, v2)]. 3)
Here, we use a Gaussian function (G) to parametrize
the signal PDF in AE and M,. and a double-Gaussian
function (G,) with a common mean for the M(Dy)
distribution. The combinatorial background component
utilizes a second-order Chebyshev polynomial (p,) in
the AFE distribution and an ARGUS function [14],
A(Mbc’ C) o My, \/1 - (Mbc/Ebeam)2€_£:(l_(l‘/l‘)C/Ebmm)2> for
the M, distribution, where ¢ is a fit parameter. The
combinatorial background’s M(D;) distribution is
described by the sum of a double-Gaussian function for
the D, peaking background and a second-order Chebyshev

polynomial with a relative fraction f‘l’{_ak of these two

components. The double-Gaussian function for component
Jj is defined as

Gh(MI(Dy);mp o) 05, )
= fh, - GMI(D,);mp, .0p))
(1= f]) - GM(D,)imp .al)).  (4)

where f{)s denotes the relative contribution of the core over
the tail Gaussian in the M(D;) distribution.
In Egs. (2)—(4), AE, mB,mD“,aAE,UMbC,O'g_), o\ (the

. . * ; k
respective mean values and widths of the Gaussians), /1"
s

and f%‘%’(bkg) are fit parameters. For both channels studied,

the parameters ogj, ogj and f ;i)f(bkg are fixed to the values

obtained from the B* — DD control channel. In addi-
tion, we use the B° — DyD*™ (B* — D{D°) control
sample to determine the signal width values for the AE
and M, distributions that are later fixed in the fit to the
B° - D;K%z* (BT — D;K*K™") data sample.
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An <a;dditional background comp;)nent j = BOke PD,E.*)KH [fPK7 . G, (AE'; A AEb GAE’ GZZE )
(j = Ds’Kn) is introduced for DyKOz" (DyKTK™), DK ‘ e
according to the results of dedicated MC studies. For the + (1= fP57) - C(AES AEC, o, o n€)]

B® —» D;K%x* decay, we define X [Pk G(ML s mp, op,, )
+ (1= f25%) - Gy (M my. o3y, 037 )]
Bobke i . '
P = GIAERAE. 05p) x G(Micimp. ou, ) X Go(MI(D,);mp o}y o). F3%). (6)

X p2(M*(Dy); vg, v1, v2), (5)
where a bifurcated Gaussian (G,) and a Crystal Ball

to model the BY peaking background. For the Bt — function (C) [15] are used to parametrize the B —

Dy KTK* channel, the respective background PDF con- D{"K*z* component. The relevant parameters
tribution is defined by (AE", o8}y, ob%. my. oh) .ohi for G, and AEC,6¢, o, n¢
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FIG. 2 (color online). Distributions of AE, My, and M (D) for (top) B® — Dy (— ¢z~ )K3z ", (middle) B® — Dy (— K*°K™)K3x™,
and (bottom) B — D; (- K gK ‘)K%ﬂ+ decays. The distribution for each quantity is shown in the signal region of the remaining two.
The blue solid curves show the results of the overall fit described in the text, the green dotted curves correspond to the signal component,
the red long-dashed curves indicate the combinatorial background (including the peaking D, component) and the pink dot-dashed
curves represent the peaking B background.
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for C) are fixed from a fit to the BT — DE*)_K+E+ MC
samples; fPK7  the relative contribution of D Kz and
DK events, is evaluated from the D Kz and DKz MC
samples for each D; mode. The values of the remaining
quantities are treated in a fashion similar to that of the
B® —» D;K%z* channel. The obtained signal yields
(Ng,) are listed in Table I. Figures 2 and 3 show the
distributions of AE, M, and M(Dy) for B® - Dy Kx™*
and Bt - D;K1tK™, respectively, together with the fits
described above.

We study the invariant-mass distribution of the Dy K
(D7 K> ,,) subsystem in the Dy Kz * (Dy K+ K ™) final state,

low

PHYSICAL REVIEW D 91, 032008 (2015)

where Klf)w is the kaon with the lower momentum. These

distributions exhibit a surplus in the low D K mass region
with enhancements around 2.7 GeV/c? (Fig. 4). A similar
significant effect has already been observed in other
hadronic [2,3] and semileptonic [7] decays. This phenome-
non may be related to strong interaction effects in the ¢ssq
(¢ = d, u) system and, in particular, could be explained by
the production of charm resonances with masses below the
Dﬁ*)K threshold [16]. Therefore, for the determination of
the branching fractions, we use an efficiency ¢[M(DK)]
that is measured in bins of M(D,K) to account for
efficiency variations in the observed data. For each D
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FIG. 3 (color online). Distributions of AE, M,. and M(D,) for (top) B" — D;(— ¢z~ )K"K*, (middle)

B" - Dy (— K**K")KTK™, and (bottom) B™ — D;(— KYK~)K"K™ decays. The distribution for each quantity is shown in the
signal region of the remaining two. The blue solid curves show the results of the overall fit described in the text, the green dotted curves
correspond to the signal component, the red long-dashed curves indicate the combinatorial background (including the peaking D,

component) and the pink dot-dashed curves represent the B — Dg*)Kﬂ' contribution.
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FIG. 4 (color online). Invariant mass distributions of (left) Dy K% for the B® - D; K%x* and (right) D5 K|
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for Bt - D;KTK™

low

decay events in the signal region of AE, M,,. and M, after applying all selection criteria. Points with error bars represent the data after

subtraction of the background contribution, estimated from the M, sideband (5.22 GeV/c? < My, < 5.26 GeV/c?). The histograms
show the phase-space distribution of the signal MC sample normalized to the data luminosity.

decay mode in both the channels, we obtain the respective
branching fraction (B) by performing another fit while
substituting N, in Eq. (1) with

Nsig =B- €[M(D‘K)] “Npp - Bint, (7)

where Njp is the total number of BB pairs in the data
sample and B;,, is the product of decay branching fractions
for the intermediate resonances in the respective decay
chain. The combined branching fraction is calculated by
performing a simultaneous fit to the three Dy decay modes
with a common B value.

The average reconstruction efficiencies (¢,,), branching
fractions and the signal yields, together with their statistical
significances (), are listed in Table I. The significance is
defined as \/—2In(Ly/Lax), Where L., (Ly) denotes the
maximum likelihood with the signal yield at its nominal
value (fixed to zero). The e€,, values are calculated from

TABLE 1.
B® - Dy K3z and Bt - DyK*K* decays.

Eq. (7) using the obtained N, and B values for each
channel, where ¢(M(D,K)) is replaced by €,,. The sys-
tematic uncertainties, described below, are evaluated for the
full data sample for all three D, decay modes.
Systematic uncertainties are listed in Table II. The
contribution due to the selection procedure, item (a), is
dominated by the R, requirement. It is estimated in the
control channel by comparing the signal ratios for the data
and dedicated MC sample. Each ratio is constructed by
dividing the nominal signal yield by that without the R,
requirement. The uncertainty due to the background com-
ponents (b) for B - Dy K9z" decay is determined by
studying the possible influence of the low-AE region on
the signal yield by adding the respective component to
the PDF, which includes a peaking background in the
M, and M, variables. For B¥ — DyK*K™, we compare
the nominal branching fraction with the one obtained from
the fit with the B™ — D}~ K™z component ignored in the
PDE. To evaluate the contribution related to the signal

Signal yields, average reconstruction efficiencies, statistical significances and branching fractions for

Decay Ny €, [%] S [o] B
B > D7 (= ¢pn)Kynt 34.61703 9.09 £ 0.19 7.4 0.37 £0.08
B’ - Dy (= K*°K™)Kyr* 32.9789 5.99 £0.16 4.5 0.46 £0.13 x107*
B® — Dy (— KYK™)Kyx+ 29.2174 8.68 +£0.29 5.7 0.72 £0.18
simultaneous:
10.1 0.47 £ 0.06 & 0.05
B* = Dy (— ¢n")K*K* 152539 11.62+0.14 5.1 0.87 +0.29
Bt - D; (= K*K")K*K* 3813 10.22 +0.13 1.0 0.22+0.31 x107°
B* - D;(— K3K")K*K* 21.5%¢3 12.11+0.29 52 2.64 +0.78
simultaneous:
6.6 0.93 +£0.22 +0.10
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TABLE II. Systematic uncertainties (in %) on the branching
fractions for B - Dy K%zt and BY — Dy K" K" decay modes.

Source B’ - D;K%z" B" - D;K'K*
(a) Selection procedure +3.6 +3.6
(b) Background components -34 +1.7
(c) Signal shape +34 +4.6
(d) MC statistics and fit bias +2.8 +2.9
(e) Bin +5.2 +5.2
(f) Tracking +3.6 +4.6
(g) Hadron identification +3.1 +4.9
(h) K9 reconstruction +59 +1.0
(i) Uncertainty in N(BB) +14 +14
Total +11.3 +11.0

shape (c), we repeat the fits while varying the fixed
shape parameters by +16. The uncertainty due to limited
MC statistics (d) is dominated by the statistical error
on the selection efficiency. It is evaluated by varying the
€(M(D,K)) values within their statistical errors in the
efficiency distributions over M(D,K%) and M(D,K) and
comparing the modified branching fractions with the
nominal values. This uncertainty also includes a small
contribution from the possible fit bias, which is evaluated
by comparing the number of MC signal events with the
corresponding value obtained from the fit. Contribution (e)
is due to uncertainties in the branching fractions for the
decays of intermediate particles, predominantly those
of the D, [11]. Items (f), (g), and (h) refer to the track
reconstruction and particle identification uncertainties,
which are related to the detector performance and include
potential discrepancies between data and simulations.
Finally, the contribution (i) reflects the limited precision
on the determination of the number of BB pairs in the data
sample. The overall systematic error is obtained by sum-
ming all contributions in quadrature.

Using the branching fraction for the Bt — Dy K n"
decay [2] obtained with a method similar to that of the
Bt - D;yKTK™ studies, we calculate the ratio

n. BB » DIK*K*)
5= B(B* > D;K*x")
= 0.054 4 0.013(stat) + 0.006(syst),  (8)

where the common systematic uncertainties cancel. The
value of the ratio is consistent with the theoretical expect-
ation from the naive factorization model,

. (MJ)A (f_) V(DKK)
5 |Vud| fﬂ V(DA‘K”)

= 0.066 + 0.001, (9)

where f), is the decay constant for a given hadron £ [11]
and V(D,Kh) is the phase-space volume for the respective
final state.

PHYSICAL REVIEW D 91, 032008 (2015)

In summary, we have determined the following branch-
ing fractions:

B(B° — D;Kd%z™)
— [0.47 + 0.06(stat) + 0.05(syst)] x 10+ (10)

and

B(B* — D;K*K*)
= [0.93 £ 0.22(stat) + 0.10(syst)] x 1075, (11)

They are consistent with, and more precise than, the values
reported by the BABAR Collaboration [3]. The comparison
of the branching fractions for the Cabibbo-suppressed
decay BT - D;KTK™' to the Cabibbo-favored B* —
D; KTz process yields a result compatible with the naive
factorization hypothesis. We also find a deviation from the
simple phase-space model in the D K invariant-mass
distributions for both decays. A more detailed analysis
of the enhancement (e.g., a study of the angular distribu-
tion) requires larger data samples that will be accessible to
the LHCb [17] and Belle II [18] experiments.
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