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First observation of the rare B™ — D"K*x~ decay
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(LHCb Collaboration)
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The BT — D*K*z~ decay is observed in a data sample corresponding to 3.0 fb~! of pp collision
data recorded by the LHCb experiment during 2011 and 2012. The signal significance is 8¢ and the
branching fraction is measured to be B(B* — DTK*z~) = (5.31 +0.90 £ 0.48 £ 0.35) x 1075, where
the uncertainties are statistical, systematic and due to the normalization mode B" — D™K'zn*,
respectively. The Dalitz plot appears to be dominated by broad structures. Angular distributions are
exploited to search for quasi-two-body contributions from Bt — D3(2460)°K* and B* — D*K*(892)°
decays. No significant signals are observed and upper limits are set on their branching fractions.
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A key goal of flavor physics is to determine precisely
the angle y of the unitarity triangle constructed from
pairs of elements of the Cabibbo-Kobayashi-Maskawa
(CKM) quark mixing matrix [1,2]. The value of y =
arg[-V,4Vi,/(V.4V?,)] is currently known to a precision
of only about 10° [3-5], which limits the sensitivity of tests
of the Standard Model through global fits to the CKM
matrix parameters.

A powerful method to determine y, known as the GLW
method [6,7], is to use Bt — DK™ decays with the neutral
D meson decaying to CP eigenstates. The b — ¢ and
b — @ amplitudes both contribute to the decay, and the
sensitivity to y comes from their interference. A challenge
with this method is that the ratio of magnitudes of the
suppressed and favored amplitudes, 7z, is not known
independently and must be determined simultaneously
with y. This is usually addressed by using in addition
other decays of the D meson that provide complementary
information on rg and y [8,9].

In the case of Bt - D**K™ decays, where D** repre-
sents an excited D or D meson such as the D}(2460) state
which can decay to both D*z¥ and Dz°, it is possible
to obtain a clean determination of rz [10]. The relative
branching fractions of the b — i mediated Bt —
D*'K* —» D*7z~K* and the b — ¢ mediated B* —
DK+ — D z*K™* processes give the value of r3,
while the BT —» D*K* — Dz°K™* final state, where the
D meson is reconstructed using CP eigenstate decay
modes, provides sensitivity to y. Decay diagrams for
Bt — D3(2460)°K* and B — D3(2460)°K* decays are
shown in Figs. 1(a) and 1(b).

“Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOIL.

2470-0010/2016,/93(5)/051101(11)

051101-1

Knowledge of the resonant structure of Bt - DKz~
and BT — D~K*z™ decays is therefore needed. The latter
channel has recently been studied with a Dalitz plot
analysis [11]. Such a study would be difficult with the
low yields expected for Bt — DTK*z~ decays in the
available data samples, but an alternative approach exploit-
ing the angular decay information to separate different
spin states is viable in the region of the narrow D3 (2460)°
resonance. The same method can also be used to search
for BY - DTK*(892)° decays, which contribute to the
DTK*zn~ final state and are of interest since they are
mediated by annihilation amplitudes, as shown in Fig. 1(c).
A previous LHCb analysis of this mode set an upper
limit B(BT — DTK*(892)°) < 1.8 x 107 at the 90 %
credibility level [12].

In this paper, the B" — DK "z~ channel is studied for
the first time, and searches for BT — D3(2460)°K " and
BT — DTK*(892)" decays are performed. The D™ meson
is reconstructed in the K~z 7" final state. (The inclusion
of charge conjugate processes is implied.) The BT —
D™KTz* decay [11] is used for normalization. The
analysis is based on 3.0 fb~! of pp collision data collected
with the LHCb detector during 2011 and 2012. The LHCb
detector is a single-arm forward spectrometer covering
the pseudorapidity range 2 < 5 < 5, described in detail in
Refs. [13,14]. Simulated events are produced using the
software described in Refs. [15-20]. To reduce the risk of
biasing results, all analysis procedures were established
before the data in the signal region were examined.

Candidates consistent with the decay chains B" —
D*K*z~ and B* - D K*z* with D* — K¥z%2% are
selected. The criteria for Bt - DKzt and BT —
DTK*z~ candidates are identical, except for charge
requirements, and are very similar to those described in
Ref. [11]. A loose preselection is applied before two neural
network classifiers (NNs) [21] are used to separate signal
decays from background events. The first NN separates true
D* — K¥x*n* decays from random combinations, and
the second (NN2) identifies signal B* decays. Both NNs
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FIG. 1. Decay diagrams for (a) BT — D3(2460)°K*, (b) BT — D3(2460)°K* and (c) B* — DTK*(892)° channels.

are trained with a sample of candidates from the topologically
similar BY — D~z "z decay. Additional selection require-
ments are imposed to reject contributions from specific
decay modes. Only candidates with DK mass, m(DK),
less than 5140 MeV/c? are kept, in order to remove back-
grounds from B® — D~K™ decays combined with a random
pion candidate. Similarly, potential B® — D~z" back-
ground is eliminated by requiring m(Dx) <4790MeV /.
Contributions from B* — D™D decays, with D° - K*7~,
are removed by rejecting candidates within ~36, of the D°
mass, where o, is the Kz~ mass resolution, corresponding
t0 1830 < m(Kx) < 1890 MeV/c?. Although each of these
backgrounds affects only one of the final states, the vetoes
are applied to both to avoid biasing the relative efficiency.

Signal candidates with invariant mass in the range
5100 — 5800 MeV/c? are retained for further analysis.
Following all selection requirements, fewer than 1% of
events contain more than one candidate; all are retained.

Extended maximum likelihood fits to the distributions
of candidates in NN2 output and in B candidate mass are
used to determine the yields of BY — DTK*z~ and Bt —
D~ K"z decays. Similar fitting techniques have been used
successfully in several previous LHCb analyses [22-25].
A loose requirement is placed on the output of NN2 and
the remaining data in each sample are divided into six bins
of the NN2 output variable, each containing a similar
number of signal decays. This binning scheme enhances
the sensitivity while giving stable fit performance.

The B candidate mass shapes in the fit to Bt —
D™ K*z" candidates are modeled in the same way as
described in Ref. [11]. The signal is described by the sum
of two Crystal Ball (CB) [26] functions, with a common
mean. The tails on both sides of the peak are described
by parameters that are fixed to values found in fits to
simulated samples. Components are included for combi-
natorial background, modeled with an exponential shape,
and for partially reconstructed backgrounds from B* —
D*"K*z" decays and misidentified Bt — D)~ ztzt
and BT - D;K*z" decays, for which nonparametric
descriptions are determined from simulation. Data-driven
estimates of the misidentification probabilities, the phase-
space distributions of the BY — D"~z 7" decays [27,28]
and the relative branching fractions of the B* — D~z tz™
and Bt — D* z"z" modes [27,29] are used to obtain
these shapes. For signal and partially reconstructed and
combinatorial background components, the relative yields

in each NN2 bin are free parameters of the fit, while those
of misidentified B* — D"-ztz* and BT - D;K*xt
decays are taken to be the same as for signal decays, since
their NN2 responses are expected to be very similar.

A total of 25 parameters are determined from the fit
to the D-K*z" sample. These include yields of Bt —
D~KTrz* decays, the combinatorial background, the par-
tially reconstructed background, and the BY — D"~z 7+
and B™ — D; K™z misidentified backgrounds. For the
signal category, and for combinatorial and partially recon-
structed backgrounds, the fractional yields f; of each
component in NN2 bins 1-5 are free parameters, with
the fraction in bin 6 determined as f¢ =1 — le fi-In
addition, the exponential slope parameter of the combina-
torial background and parameters of the signal invariant
mass shape (the peak position, the width of the core CB
function, the relative normalization and ratio of the CB
widths) are allowed to vary. Figure 2 shows the combined
BT candidate mass distribution of all NN2 bins weighted
by S/(S + B), where S and B are the fitted signal and
background yields within £2.56cg of the signal peak
position and ocp is the width of the core CB function.
The fit results are summarized in Table 1.

The model for the fit to BY — DTK* 7z~ candidates is
similar to that for the BY — DK "z case. The functional
forms for the mass shapes for signal and combinatorial
background are identical. The signal peak position, the
width of the core CB function, and the fractional yields in
each NN2 bin are fixed to the values obtained from the
B" — D™K*z™" fit. A component is included for partially
reconstructed background, which is likely to be dominated
by B? - DKtz 7~ decays; although this channel is
unobserved, it is expected to be a sizable source of
background based on studies of similar decay modes
[30-32]. As the resonant structure of this mode is unknown,
its mass shape is modeled using a combination of simulated
samples generated with various D"z~, DY K"z~ and K7~
resonances and nonresonant amplitudes. The unknown
structure of this background could cause some disagree-
ment between data and the fit result at low m(DTK"z™).
The fractional yields in each NN2 bin are fixed to be the
same as those for partially reconstructed backgrounds in
the BT — D™K*z™" fit. Potential partially reconstructed
background from BY and BT decays with a missing pion
hardly enter the fit region; any residual contributions are
absorbed in the BY — D*K* 7z~ 7~ mass shape.
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FIG.2. Weighted invariant mass distribution of candidates in the (left) B* — D~K Tz and (right) BT — DTK ™"z~ data samples. Data
points and fit functions are weighted as described in the text. The components are as detailed in the legend.

There remain 11 parameters that are varied in the fit
to the D"K*z~ sample: the yields for BT - D"K*zn~
decays, combinatorial and partially reconstructed back-
grounds; the fractional yields of the combinatorial
background in each NN2 bin; the exponential slope
parameter of the combinatorial background and the relative
normalization and ratio of widths of the two CB functions.
The results of this fit are summarized in Table I and shown
in Fig. 2. The statistical significance of the D*K* 7~ peak,
obtained from the square root of twice the change in
negative log likelihood from the value obtained in a fit with
zero signal yield, is 11o.

Systematic uncertainties on the ratio B(B™ - D" K*z~)/
B(B™ — D~K"z) arise due to approximations made in the
signal and background shapes used in the fit and uncertainties
in the relative efficiencies. The largest uncertainties are
associated with the particle identification and hardware
trigger efficiencies (5.9%), the modeling of the combinatorial
background in B candidate mass and NN2 bins (4.4%) and
the NN2 distributions of signal and partially reconstructed
background (4.2%). Other sources, including the modeling
of the BY - DK~z 7~ background and potential biases
that are either intrinsic to the fit procedure or related to
the treatment of multiple candidates, contribute systematic
uncertainties of 2.0% or less.

With all sources combined in quadrature, the total
systematic uncertainty on the ratio of branching fractions
is found to be 9.0%. The likelihood function is convolved

TABLE 1. Yields and statistical uncertainties obtained from fits
to the D"KTz" and DTK"z~ data samples.

D K*zt™ DYK'n~
Bt - D"K*n~ . 164 £ 21
Bt - D"K*zt 3101 £ 66 .
Combinatorial background 3710 £ 110 5945 £ 89
Partially reconstructed background 1676 + 57 1425 + 54
BT — D(*)_;TJ";TJ" 548 + 67
Bt - D;KTn™ 342 £42

with a Gaussian of width corresponding to the size of the
systematic uncertainties that affect the signal yield, and the
total significance of the signal is found to be 8o.

The relative branching fraction of B™ — DTK*z~ and
BT - D K"zt decays is determined from

B(B* - D*K*n")
B(B* - D"K"z™")

_ Ncorr(B+ N D+K+ﬂ—) (1)

N (BT - D"K*zn™)’

where the efficiency-corrected yield is N =" . W,/e;.
Here the index i runs over all candidates in the fit range, W;
is the signal weight for candidate i, determined using the
sPlot procedure [33], from the fits shown in Fig. 2, and ¢, is
the efficiency for candidate i as a function of its Dalitz plot
position.

The average efficiencies are defined as € = N/N" =
> W;/N" and are found to be é(BT—>D"K'z")=
(0.057+0.014)% and &Bt — D K*z") = (0.079 +
0.003)%. These values include contributions from the
LHCDb detector acceptance, selection and trigger. The trigger
efficiency and most selection efficiencies are calculated from
simulated samples with data-driven corrections applied,
while the particle identification efficiency is measured from
a data control sample [34]. The difference between the
efficiencies is mainly caused by the different Dalitz plot
distributions of the data in each channel.

From Eq. (1), the ratio of branching fractions is deter-
mined to be

B(BT - D*K*trx7)
B(B* =D K'n')

= 0.073 £ 0.012(stat) = 0.007(syst).
Taking B(B*—D K*z")=(7.3140.1940.2240.39)x
1073 [11] gives

B(B* = D*K*n~) = (531 +0.90 £ 0.48 £ 0.35) x 106,

where the third uncertainty is from B(B™ — D K*z™),
which arises mainly from the precision with which
B(B™ — D™zt xt) [29] is known.
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FIG. 3. Background-subtracted Dalitz plot distribution of

BT — DKz~ candidates in the region 5260 < m(DT"Ktz~) <
5310 MeV/c? from all NN2 bins. Areas of boxes are proportional
to signal yields. Negative yields are indicated by crosses.

The Dalitz plot distribution of B* — DYK*z~ candi-
dates in the region 5260 < m(D*K*z~) < 5310 MeV/c?
is shown in Fig. 3. Combinatorial background has been
subtracted using the distribution of candidates in a sideband
[5400 < m(DTK*z~) < 5800 MeV/c?], while the signal
region has been chosen to minimize the BY — DT K7z~
background contribution. The Dalitz plot variables are
calculated with a constraint imposed on the B mass; the
combinatorial background distribution is not significantly
distorted by this procedure. Some excesses are seen at low
m(Dr) and low m(Kr), but these do not appear to be from
narrow structures; rather, there seems to be a broad S-wave
Dr contribution. The apparent structure at high m(Drn)
may arise from imperfect background subtraction.

Although the BT — D*K*z~ yield is not sufficient
for a Dalitz plot analysis, it is possible to gain information
about the contributions from narrow resonances. Two-body
mass requirements can reduce the contributions from other
intermediate states, but not to a negligible level. Therefore
it is necessary to use the angular decay distributions to
isolate particular resonances. The BY — D~ K"z ™ normali-
zation mode is again used to reduce potential sources of
systematic bias.

Contributions from different partial waves can be deter-
mined by weighting the data according to the value of the
Legendre polynomial of order L, P;, evaluated as a
function of the cosine of the helicity angle of the Ktz~
or Dt z~ system. The helicity angle is defined as the angle
between the momentum vectors of the pion and the B™
candidate in the K™z~ or D"z~ rest frame. Event-by-event
efficiency corrections, determined as a function of Dalitz
plot position, are also applied. The helicity angles and two-
body invariant masses are calculated with a constraint on
the B mass imposed on the decay chain. If only resonances
up to spin J,,,, are present in a certain mass region, the
P,; moment will isolate the highest spin state. Thus, in
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the limit that only Dz~ resonances contribute, weighting
by P, will isolate the D3(2460)° component, as shown
in Ref. [11], where a more detailed description of con-
tributions to each moment can be found. Similarly, at
low m(K"z~), weighting by P, can be used to determine
the contribution from the K*(892)° resonance. Higher
moments may be present, due to tails of higher spin
resonances or reflections from resonances in the other
two-particle combination; these will also cause an excess
of events in regions away from the resonance peak and
therefore can be accounted for by sideband subtraction.
Candidates are selected within regions corresponding to
approximately +2I', where I' is the natural width [29],

around the peaks of the D 3(2460)° resonance in m(D*n )
and of the K*(892)° resonance in m(K*z~). The data are
efficiency corrected and weighted according to the corre-
sponding Legendre polynomial functions. Yields, denoted
N, are then obtained from binned minimum 4 fits to the B+
candidate mass distribution. A variable-width binning
scheme is used with bin widths chosen to avoid empty
bins. The same procedure is applied for candidates in
low and high sideband regions, between about 3I" and 5I"
from the peak. For the normalization of the search for
D' K*(892)° decays, the full efficiency-corrected D~K "7+
sample is used without weighting by angular moment. The
results are used to measure the ratios of branching fractions

B(B* - D3(2460)°K ")
B(B* — D3(2460)°K™)

= (rp(D3(2460)K*))?

_ N®"(BT — D5(2460)°K™*)
~ N©T(BT — D3(2460)°K )

)

(2)
B(B* - D*K*(892)° - D*K*z")
B(BT - D K*n™)
~ N“"(B* - D*K*(892)°) - (3)
~ NOT(BY — D Ktrt)e(K*(892)°)

SN )

where N are the yields obtained from the fit after
accounting for subtraction of higher moments as estimated
from the sideband regions. In Eq. (3) the correction of
5

5 arises from the normalization of the Legendre polynomial

functions and the factor of ¢(K*(892)%) = 0.857 + 0.006
is due to the efficiency of the K*(892)° signal region
[801.0 < m(K*7~) < 990.6 MeV/c?] requirement. All
efficiency, D3 branching fraction and normalization effects
cancel in Eq. (2).

The fit models used are based on those described above,
but with some important simplifications. The angular
weighting by P, or P, significantly reduces the combina-
torial background, and therefore candidates in all NN2 bins
are combined; moreover a linear shape is used instead of an
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FIG. 4. Results of binned minimum y? fits to the B* candidate invariant mass distributions of (left) Bt — D~K*z* and
(righty B¥ -» D"K*z~ candidates with efficiency corrections and angular weights applied. Candidates in the ranges (top)
2217.6 < m(D*x¥) < 2315.6 MeV/c? and (bottom right) 801.0 < m(K*z~) < 990.6 MeV/c? are shown, while in the bottom left
plot the whole m(K "z ") range is included. The components are as described in the legend.

exponential function in order to allow for the possibility
that the weighted background can fluctuate to negative
values. The Bt — D®)-ztzt and B? —» DYKtnn~
background shapes are given by nonparametric functions
obtained from simulated samples with angular moment
weighting applied. No component is included for mis-
identified BT — Dy Kzt decays, as it is found to be
removed by the weighting procedure.

The analysis method is validated using the B —
D~K*zt channel and simulated pseudo-experiments.
The fit fraction for BY — D3(2460)°K* decays obtained
from a full Dalitz plot analysis in Ref. [11] is reproduced
within the expected range. The procedure is tested by
searching for a fake K* resonance in m(K*z"), and the
yield is found to be consistent with zero.

TABLE 1I.

The results of the fits to P,-weighted and efficiency-
corrected BT - DYKtn~ and B - D"K'zn" data sam-

ples in the <Dd§(2460)0 resonance region are shown in
Fig. 4. The procedure isolates the BT — D3(2460)°K "
decay, as expected, but no evidence is seen for the sup-
pressed B — D3(2460)°K* channel. The corresponding
fits for the Bt — D*K*(892)" search are also shown in
Fig. 4; there is no evidence for this decay. The yields are
given in Table II.

Systematic uncertainties arise due to the fit models and
background subtraction used to determine N°°" in Egs. (2)
and (3). The uncertainties are evaluated from the effects on
the yields of the following variations: the combinatorial
background shape is changed from linear to flat; the

Results of the binned minimum y? fits to efficiency-corrected B* candidate invariant mass

distributions in each resonance region and with weighting according to angular distributions as described in

the text.

Lower Sideband Signal Region Upper Sideband eorr
N(B* — D;(2460)°K ™) —200 £+ 2500 500 =£ 3000 200 £ 2200 500 £ 4500
N(Bt - D;(2460)°K ™) 28000 =+ 14000 293000 =+ 24000 —600 £ 4200 266000 =+ 28000
N(B* — D"K*(892)°) 1700 £ 1900 —3000 = 5000 9500 +£ 4000 —14000 =£ 7000
N(B* — D K*zt) 4670000 £ 110000
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BY - D*K*z~n~ background component is removed;
all other fit components are varied in the same way as
described previously. The limited precision of the knowl-
edge of the efficiencies as functions of Dalitz plot position
also causes a small uncertainty. An uncertainty is assigned
due to the effect of changing the sideband regions from
the default of 3I'<>5I" to 4I'«<>6I". The uncertainty in
e(K*(892)?) of Eq. (3) is also accounted for. The total
systematic uncertainty is obtained by combining all sources
in quadrature.

The ratio of branching fractions is thus measured to be

B(B* — D5(2460)°K™)
B(B* — D3(2460)°K™)
= 0.002 £ 0.015(stat) + 0.005(syst),

which in turn gives
rg(D3(2460)K™) = 0.04 £ 0.18(stat) + 0.06(syst).

Assuming Gaussian uncertainties, upper limits at 90(95)%
confidence level (CL) are obtained by integrating the
likelihood in the region of positive branching fraction,
(rg(D5(2460)K*))? < 0.027(0.033) and
rg(D3(2460)K*) < 0.30(0.36).

The result for (rg(D5(2460)K*))> and the
product branching fraction B(B* — D3(2460)°K*) x
B(D;(2460)° - D=z*)=(232+1.1+£0.6+ 1.0+ 1.6) x
10~ at 90(95)% C.L. [11] give

B(B* — D3(2460)°K") x B(D3(2460)° - D*z™)

=(04+35+1.14+0.1) x 1073,

< 6.3(7.5) x 107> at 90(95)% CL.

These are the first experimental results on this decay mode.
Similarly for B¥ - D*K*(892)° - DTK* 7™,
B(B* - DTK*(892)° - D*K*x")
B(BT - D K*z™")
= —0.0079 £ 0.0039(stat) + 0.0028(syst),
< 0.0044(0.0055) at 90(95)% C.L.

The measured value B(BY - D K'z")=(731+
0.19 +0.22 £0.39) x 1073 [11] and the isospin relation
B(K*(892)° - K*n~) =2 give
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B(B* - DTK*(892)%) = (-8.7+43+3.1+0.4)x 107,
<4.9(6.1)x 1077 at90(95)%C.L.,

where the third uncertainty is due to the normalization
channel branching fraction. This result supersedes the
previous limit, which was obtained with a subset of the
data [12].

In summary, the rare Bt — DTK*z~ decay has been
observed for the first time with 8¢ significance, based on a
data sample of 3.0 fb~! of pp collision data collected with
the LHCb detector. The Dalitz plot appears to be dominated
by broad structures. Searches for BT — D3(2460)°K* and
BT — DTK*(892)° decays have been carried out by
weighting the data according to the decay angle distribu-
tions, but no significant signals are seen. These results
indicate that further studies, with larger data samples, of
the Dalitz plot distribution of this mode will be of interest
to understand the potential for a measurement of y from
B* — DK*n° decays.
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