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Observation of the B* — D*"K*x* decay
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The BT — D*~K*zn" decay potentially provides an excellent way to investigate charm meson
spectroscopy. The decay is searched for in a sample of proton-proton collision data collected with the
LHCD detector at center-of-mass energies of 7 and 8 TeV, corresponding to an integrated luminosity of
3 tb~!. A clear signal is observed, and the ratio of its branching fraction to that of the BT — D* "zt z*
normalization channel is measured to be B(B™—D* " K*z*)/B(B* - D* " ztz")=(6.39+£0.27£0.48) x
1072, where the first uncertainty is statistical and the second is systematic. This is the first observation of the

BT — D*"K*tzn" decay.
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The B —» D™ hi/ decays, where ) =z K, provide an
excellent way to investigate the spectroscopy of excited
charm mesons. The constrained initial and final states lead
to comparatively low backgrounds and excellent mass
resolution, and furthermore amplitude analysis can be used
to determine the quantum numbers of any intermediate
resonant states through their angular distributions. By
contrast, very large yields are available through inclusive
production of excited charm states, but studies of such
processes cannot in general result in unambiguous deter-
minations of quantum numbers, and the sizable back-
grounds tend to lead to large systematic uncertainties.

The amplitude analysis approach has been pursued
extensively for B — Dhh' decays. For the cases where both
hh' particles are pions, the B* — D 22" and B —
D°ztn~ decays have been studied by the Belle [1,2],
BABAR [3,4] and LHCb [5,6] collaborations. Regarding
modes with a kaon in the final state, detailed analyses of
B* - D Ktz [7], B - D°K* 7~ [8] and B - DK~ 7"
[9,10] decays have been performed by LHCb. In spite of the
Cabibbo suppression of the BT and B° decays to the final
states containing kaons compared to those with only pions,
sufficiently large samples can be obtained to provide useful
independent measurements of the properties of excited
charm mesons.

The above-mentioned decays are, however, only sensi-
tive to resonant states with natural spin-parity, i.e. with J?
in the series 07, 17,2%,37, ..., as only those states can
decay strongly to two pseudoscalar mesons. Relatively
little information exists on the states with unnatural spin-
parity. Apart from work on the B¥ — D*~ztz" mode by
Belle [1], there has been no experimental study of the
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resonant substructure of B — D*hl’ decays. Studies of
inclusive production of D*z resonances in ete™ and pp
collisions have been made by BABAR [11] and LHCb [12],
respectively, but more detailed investigations are necessary
to understand the spectrum of states.

Decays of the form B — D) Kz are also important in
the context of determining the angle y of the Cabibbo-
Kobayashi-Maskawa (CKM) quark mixing matrix [13,14].
Sensitivity to y arises when amplitudes proportional to the
CKM matrix elements V,, Vi, and V., V;, interfere, and so
the D) meson must decay into a final state accessible to
both charm flavor eigenstates. This is not possible for D)+
decays. However, the relative rates of B* — DM+ K+7~
and B* — D®-K*z* decays through an intermediate
D)+ resonance can be used to determine the relative
magnitude of the two amplitudes [15], as was recently done
for BY — D¥K*xT decays [7,16]. This information may
subsequently be used as an external constraint in a
determination of y from decays of the same resonance in
the BT — DX K79 final state. Moreover, as an increas-
ingly wide range of decays are being used to obtain
constraints on y [17], it is important to improve knowledge
of modes such as B — D*hh’ which may cause back-
grounds and hence systematic uncertainties in the analyses.

In this paper, the first search for the BY — D* K"z
decay is presented. The D*~ meson is reconstructed
through its decay to D°z~ with D° — K*z~. The topo-
logically similar Bt — D*~z"z" decay is used as a control
channel and for normalization of the branching fraction
measurement. The leading diagram for B* - D*" K z*
and D*~z"x* decays is shown in Fig. 1. The inclusion of
charge-conjugate processes is implied throughout the
paper. The analysis is based on procedures used for
previous analyses of similar decay modes [6,7]. An
important feature is that signal decays have a narrow
peak in the distribution of Am, the difference between
the D*~ and D° candidate masses; imposing a requirement
on Am greatly reduces the range of possible sources of
background.

© 2017 CERN, for the LHCb Collaboration
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FIG. 1. Leading diagram for B" — D*"K*z" and D* 7" x*

decays, where the D*~z* system is produced through the decay
of an excited charm state denoted D**°.

The analysis is based on a sample of proton-proton
collision data collected with the LHCb detector at center-
of-mass energies of 7 and 8 TeV, corresponding to an
integrated luminosity of 3 fb~!. The LHCb detector [18,19]
is a single-arm forward spectrometer covering the pseudor-
apidity range 2 < 5 < 5, designed for the study of particles
containing b or ¢ quarks. The detector includes a high-
precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region, a
large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm and
three stations of silicon-strip detectors and straw drift tubes
placed downstream of the magnet. The tracking system
provides a measurement of momentum, p, of charged
particles with relative uncertainty that varies from 0.5% at
low momentum to 1.0% at 200 GeV/c. The minimum
distance of a track to a primary vertex (PV), the impact
parameter (IP), is measured with a resolution of
(15+29/py) pm, where pr is the component of the
momentum transverse to the beam, in GeV/c. Different
types of charged hadrons are distinguished using information
from two ring-imaging Cherenkov detectors. Photons, elec-
trons and hadrons are identified by a calorimeter system
consisting of scintillating-pad and preshower detectors, an
electromagnetic calorimeter and a hadronic calorimeter.
Muons are identified by a system composed of alternating
layers of iron and multiwire proportional chambers.

Online event selection is performed by a trigger, which
consists of a hardware stage, based on information from the
calorimeter and muon systems, followed by a software
stage, in which all tracks with pp > 500 (300) MeV/c are
reconstructed for data collected in 2011 (2012). At the
hardware trigger stage, events are required to contain either
a muon with high transverse momentum or a particle that
deposits high transverse energy in the calorimeters. For
hadrons, the transverse energy threshold is typically
3.5 GeV. The software trigger used in the analysis reported
in this paper requires a two-, three- or four-track secondary
vertex with significant displacement from any PV. At least
one charged particle must have pp above a threshold of
1.7 (1.6) GeV/c in the \/s = 7 (8) TeV data. This particle
must also be inconsistent with originating from any PV, as
quantified through the difference in the vertex fit y> of a
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given PV reconstructed with and without the considered
particle (y%). A multivariate algorithm [20] is used for the
identification of secondary vertices consistent with the
decay of a b hadron. In the offline selection, the objects
that fired the trigger are associated with reconstructed
particles. Selection requirements can therefore be made
not only on the particular trigger that fired, but on whether
the decision was due to the signal candidate, other particles
produced in the p p collision, or a combination of both [21].
Candidates are retained from events in which the hardware
trigger is caused either by the signal candidate or by other
particles in the event. In the former case, it is further
required that the trigger is caused by the deposits of the
signal decay products in the calorimeters. It is also required
that the software trigger decision must have been caused
entirely by tracks that form the signal candidate.

Simulated events are used to characterize the detector
response to signal and certain types of background events. In
the simulation, p p collisions are generated using PYTHIA [22]
with a specific LHCb configuration [23]. Decays of
hadronic particles are described by EVTGEN [24], in which
final-state radiation is generated using PHOTOS [25]. The
interaction of the generated particles with the detector and
its response are implemented using the GEANT4 toolkit [26]
as described in Ref. [27].

Candidates consistent with the decay chains BT —
D*Ktzt and Bt>D* 7Tzt with D*~— D% and D* —
K™, are selected. The criteria for BT —D* "K'z " and
BT — D*"z"z" candidates are identical, except for particle
identification requirements (discussed below). Loose
initial selection requirements on the quality of the tracks
combined to form the B* candidate, as well as on their p, pt
and y?,, are applied. The D candidate must have invariant
mass within 2100 MeV/c? of the known D° mass [28].
Further requirements are imposed on the vertex quality

2.) and flight distance of the B™ and D° candidates from
the PV with which they have the smallest y%, (for the B*
candidate, this is referred to as the associated PV). The B™
candidate must also satisfy requirements on its invariant
mass and on the cosine of the angle between the momentum
vector and the line joining the B vertex to the associated PV.
The value of Am is required to be less than 5 MeV/c? from
the known difference between the D*~ and D° masses [28].

A neural network [29] is used to further separate signal
from background. The network is trained using a simu-
lation sample to represent signal and data from a D*~K+z™
mass sideband region to represent background. The net-
work exploits differences between signal and background
in the distributions of 16 input variables related to the
kinematics and topology of the decay. The most discrimi-
natory variables are the B* candidate y2, and quantities
related to the characteristic flight distances of the B* and
D mesons. It is verified that none of the input variables,
nor the neural network output, are strongly correlated with
the B™ candidate mass or with position in the phase space
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of the B™ meson decay. The selection requirement on the
neural network output is optimized using a figure of merit
that does not depend on the assumed signal branching
fraction [30]. In this procedure, the relative efficiency of the
neural network output requirement is determined from
simulation, while the expected background under the signal
peak in the B™ candidate mass is obtained by extrapolating
from a D*~K* 7" mass sideband region. The same require-
ment is applied to both D*"K*z" and D* z"z" candi-
dates. The combined efficiency of the geometrical
acceptance, online and offline selection (excluding particle
identification) requirements is around 0.5% for both
D*"K'z" and D* z*z" final states.

Information from the ring-imaging Cherenkov detectors
is combined with input from other subdetectors into
variables designed to distinguish kaons from pions [31].
Requirements on the values of these variables for the pions
and kaons originating directly from the B decay and for
the kaon from the D° decay are imposed. These are
optimized using the same figure of merit as for the neural
network output, with the signal efficiency determined from
high-yield control samples of kaons and pions weighted
to match the kinematic properties of signal decays.
Application of the same procedure to the pions from the
D*~ and D° decays indicates that no requirement is needed
on the particle identification information associated with
these particles. The combined efficiency of the particle
identification requirements is about 60% for the Bt —
D*~K*zn™ decay and about 85% for the BT — D* ztza™
decay. The # — K misidentification rate is below 0.3%.

Final-state particles from true B° — D*~z" decays can
be combined with random pions to form a background
which has a broad peak in the B™ candidate mass above the
signal region in the normalization channel. In order to
simplify the modeling of the background in this region,
candidates with D*~zt invariant mass in the range 5200 <
m(D*~zt) < 5400 MeV/c? are vetoed. This requirement
effectively removes the B’ — D*~z" background with
negligible loss of signal. No veto is applied to remove
the similar background from B® — D*~K™ decays as this is
found to have negligible effect on the analysis. Following
all selection requirements, fewer than 2% of events contain
more than one candidate; all are retained. The associated
systematic uncertainty is negligible.

Extended maximum likelihood fits to the distributions
of candidates in B candidate mass are used to determine
the yields of B* - D**K'z* and B" - D* zn'z*
decays. The fits contain components to describe the
signals, combinatorial background and partially recon-
structed backgrounds. The latter are decays of the type
B — D*~h™h'TX, where X represents an additional particle
that has not been included in the reconstructed decay
chain. The fit to the BT — D* " K*z™ candidates also
includes a component for cross-feed due to misidentified
BT — D* z"x" decays.
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The signal shapes are modeled by the sum of two Crystal
Ball (CB) functions [32], which share a common peak
position and have tails on opposite sides. The ratio of
widths of the CB shapes and the fraction of entries in the
narrower CB shape are constrained within their uncertain-
ties to the values found in fits to simulated signal samples.
The tail parameters of the CB shapes are fixed to those
found in simulation. The combinatorial background in both
samples is modeled with an exponential function. Partially
reconstructed background is modeled by the convolution of
a Gaussian with an ARGUS function [33], as this shape has
been previously found to provide a good description of the
kinematic limit for this component near mp — m, [34,35].
The cross-feed background is modeled with a CB function
with parameters obtained from a fitto B¥ — D*~ztz* data
reconstructed with the kaon mass assigned to one of the
daughters, weighted according to the misidentification
probability obtained from control samples.

The results of the fits are shown in Fig. 2. The fit to the
D*~ K"z sample has nine free parameters, which are the
signal yield (744 £ 29), the yields of the three background
components, the peak position and width parameter of the
signal shape, the slope of the combinatorial background
and the two shape parameters of the partially reconstructed
background. The fit to the D*~z"z" sample has one fewer
free parameter as no cross-feed component is included, and
gives a signal yield of 17450 + 140. The fit procedure is
validated with ensembles of pseudoexperiments; any pos-
sible bias on the fitted yields is found to be negligible.

The ratio of branching fractions for B¥ — D*"K*z*
and B™ — D*"ztzt decays is calculated by applying
event-by-event efficiency corrections as a function of
position in the B™ decay phase space,

B(B+ N D*_K+7Z'+) B Ncorr(B+ N D*_K+ﬂ+) !
B(B+ N D*—ﬂ.Jrﬂ.Jr) - Ncorr(B+ N D*—ﬂ.+ﬂ.+) ’ ( )

where N = %".W,/¢; is the efficiency-corrected yield.
Here the index i runs over all candidates in the fitted data
sample, W; is the signal weight for candidate i and is
determined using the sPlot procedure [36] from the fits
in Fig. 2, and ¢; is the efficiency for candidate i.
The efficiencies are evaluated including contributions from
the LHCb detector acceptance, selection and trigger. The
acceptance and most selection efficiencies are calculated
from simulated samples with, where appropriate, data-
driven corrections applied, while the particle identification
efficiency is determined from control samples [31]. The
phase space for a P — VPP decay, where V (P) indicates a
vector (pseudoscalar) particle, has four degrees of freedom,
but for BT - D*"K*z" it is found that the efficiency
depends strongly only on the squares of the two-body
invariant masses m?(D*~z ") and m*(K*z™"). Similarly for
Bt - D*~ztx" decays, dependence of the efficiency on
m?*(D*~z*),;, and m?*(z*x*) is accounted for, where
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cross-feed.

m*(D*~n"),,;, indicates that the smaller of the two possible
m*(D*~x") combinations is taken. The other two degrees
of freedom in the phase space are related to the orientation
of the D*~ — Dz~ decay relative to the plane defined by
the Bt — D*"h™h'" decay. Possible variation of the
efficiency with these variables is accounted for as a source
of systematic uncertainty.

The background-subtraction and efficiency-correction pro-
cedures used to determine the values of N also allow the
phase-space distributions of decays to be examined. The
projection of the D*~ K"z data onto m(D*~z™") is shown in
Fig. 3. The asymmetric peak is indicative of the presence of
contributions from both the D (2420)° and D/ (2430)° states
[1]. A detailed investigation of the distribution of decays
across the phase space is left for future study.

The statistical uncertainty evaluated from Eq. (1) includes
contributions from the weighting and from the floated shape
parameters in the fit [37]. Systematic uncertainties are
assigned due to approximations made in the fit used to
determine the yields and due to uncertainties in the efficiency.
Variations of the fit model are made by modifying fixed
parameters within their uncertainties, replacing the shapes
used to describe each component with alternative functions,
and, in the fit to the D* z"z" sample, introducing a

component to account for cross-feed from BT —
D*~K*z" decays. Uncertainties on the efficiency arise
due to the limited size of the simulation samples, possible
variation of the efficiency with D*~ decay angles, possible
imprecision of the data-driven method to determine particle
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FIG. 3. Background-subtracted [36] and efficiency-corrected
m(D*~ =) distribution from BT — D*”K*z" decays. The grey
dashed line illustrates a phase-space distribution, normalized to
the same number of weighted candidates.
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TABLE 1. Systematic uncertainties on the ratio of branching
fractions.

Source Uncertainty
Fit model 3.3%
Simulation sample sizes 5.4%
Efficiency variation with decay angles 0.3%
Particle identification efficiency 2.2%
Phase space vetoes 3.2%
Total 7.4%

identification efficiencies and due to selection requirements
that remove particular regions of phase space. The magni-
tudes of each of these contributions are summarized in Table I.
The total systematic uncertainty on the ratio of branching
fractions is 7.4%.

The ratio of branching fractions is determined from
Eq. (1) to be

B(B* — D*K*n")
B(BT —» D* ztzn™)

= (6.39 £ 0.27 £ 0.48) x 1072,

where the first uncertainty is statistical and the second is
systematic. This constitutes the first observation of the
Bt —» D*"K*x" decay. The change in v/—21n £ between
fits with and without the signal component included, where
L is the fit likelihood modified to account for systematic
uncertainties that affect the yield, gives a value of 24,
showing clearly that the significance is far in excess of the
5o threshold normally used to claim observation.

In summary, the Bt — D*"K'z" decay has been
observed for the first time in a data sample corresponding
to 3 fb~! of integrated luminosity recorded with the LHCb
detector. The ratio of the B*—D* " K*z* and BT —
D* ztz" branching fractions has been measured, and
has a value at the level naively expected due to the relative
Cabibbo suppression of the former decay, |V,,/V,q|*~
5.3 x 1072, The measurements that comprise the current
world average value B(BT — D* " ztz")=(1.35+£0.22) x
1073 [1,28] all assume equal production of B* B~ and
BY BY at the Y(4S) resonance. Using this value and

RAPID COMMUNICATIONS

PHYSICAL REVIEW D 96, 011101(R) (2017)

correcting it with the latest result on I'(Y'(4S) - B*B™)/
r(T(4S) - B°BY) [28] results in

B(B* - D*K*z") = (82+03+0.6+13)x 1075,

where the third uncertainty is due to the precision of the
knowledge of the normalization channel branching fraction.
Inspection of the phase-space distribution of signal decays
confirms that this mode can be used to investigate charm
meson Spectroscopy.
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