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PHYSICAL REVIEW D 87, 112012 (2013)
Observation of BY — J/4sD} and B} — J/D;* decays

R. Aaij et al.*
(LHCb Collaboration)
(Received 18 April 2013; published 28 June 2013)

The decays B} — J/¢D} and B — J/yDi* are observed for the first time using a dataset,
corresponding to an integrated luminosity of 3 fb~!, collected by the LHCb experiment in proton-proton
collisions at center-of-mass energies of \/s = 7 and 8 TeV. The statistical significance for both signals is in
excess of 9 standard deviations. The following ratios of branching fractions are measured to be

BB —I/UD) — 2,90 + 0.57 = 0.24, BB —I/0D)

BB —I/ymT) > B(BI—J/yDY)

2.37 £ 0.56 £ 0.10, where the first uncertainties

are statistical and the second systematic. The mass of the B meson is measured to be mg+ = 6276.28 +
1.44(stat) = 0.36(syst) MeV/c?, using the Bf — J/y D} decay mode.

DOI: 10.1103/PhysRevD.87.112012

I. INTRODUCTION

The B meson, the ground state of the bc system, is
unique, being the only weakly decaying heavy quarkonium
system. Its lifetime [1,2] is almost 3 times smaller than
that of other beauty mesons, pointing to the important role
of the charm quark in weak B decays. The B meson
was first observed through its semileptonic decay B —
J/ € veX [3]. Only three hadronic modes have been
observed so far: Bf — J/¢y7" [4], Bl = J/bmatmta™
[5] and B} — & (2S)=™ [6].

The first observations of the decays B — J/D; and
B} — J/¢D:" are reported in this paper. The leading
Feynman diagrams of these decays are shown in Fig. 1.
The decay B} — J/yD; is expected to proceed mainly
through spectator and color-suppressed spectator dia-
grams. In contrast to decays of other beauty hadrons, the
weak annihilation topology is not suppressed and can
contribute significantly to the decay amplitude.

Assuming that the spectator diagram dominates and that
factorization holds, the following approximations can be
established:

_I(Bf—J/yDf) T(B— D*D))
T TBI—=J/ym) T(B—D'm")
_T(B; - J/yD:*) T(B— D*D;")
T TBf—J/yD]) TB—DD;)’

Rpi/ar (1a)

Rp:+ /p; (1b)

where B stands for B* or B® and D* denotes D*° or D*~.
Phase space corrections amount to O(0.5%) for Eq. (1a)
and can be as large as 28% for Eq. (1b), depending on
the relative orbital momentum. The relative branching
ratios estimated in this way, together with more detailed
theoretical calculations, are listed in Table I, where the
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branching fractions for the B — D*D] and B — D*m™"
decays are taken from Ref. [1].

The analysis presented here is based on a data sample,
corresponding to an integrated luminosity of 3 fb~!,
collected with the LHCb detector during 2011 and 2012
in pp collisions at center-of-mass energies of 7 and 8 TeV,
respectively. The decay B} — J/¢sm* is used as a nor-
malization channel for the measurement of the branching
fraction B(B} — J/¢ D). In addition, the low energy
release (Q value) in the Bf — J/¢D} mode allows a
determination of the B/ mass with small systematic
uncertainty.

II. LHCB DETECTOR

The LHCDb detector [12] is a single-arm forward spec-
trometer covering the pseudorapidity range 2 < n <35,
designed for the study of particles containing b or c quarks.
The detector includes a high precision tracking system
consisting of a silicon-strip vertex detector surrounding
the ppinteraction 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. The combined
tracking system has momentum resolution Ap/p that
varies from 0.4% at 5 GeV/c to 0.6% at 100 GeV/c, and
impact parameter resolution of 20 wm for tracks with high
transverse momentum. Charged hadrons are identified
using two ring-imaging Cherenkov detectors. Photon, elec-
tron and hadron candidates 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 cham-
bers. The trigger [13] consists of a hardware stage, based
on information from the calorimeter and muon systems,
followed by a software stage which applies a full event
reconstruction.

This analysis uses events collected by triggers that select
the decay products of the dimuon decay of the J/ i meson

© 2013 CERN, for the LHCb Collaboration
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FIG. 1.

with high efficiency. At the hardware stage either one or
two identified muon candidates are required. In the case of
single muon triggers the transverse momentum p; of the
candidate is required to be larger than 1.5 GeV/c. For
dimuon candidates a requirement on the product of
the pr of the muon candidates is applied, ./pr, pr, >
1.3 GeV/c. At the subsequent software trigger stage, two
muons with invariant mass in the interval 2.97 <m,+ - <
3.21 GeV/c? and consistent with originating from a com-
mon vertex are required.

The detector acceptance and response are estimated with
simulated data. Proton-proton collisions are generated
using PYTHIA 6.4 [14] with the configuration described in
Ref. [15]. Particle decays are then simulated by EVTGEN
[16] in which final state radiation is generated using
PHOTOS [17]. The interaction of the generated particles
with the detector and its response are implemented using
the GEANT4 toolkit [18] as described in Ref. [19].

III. EVENT SELECTION

Track quality of charged particles is ensured by requir-
ing that the y? per degree of freedom, yZ/ndf, is less
than 4. Further suppression of fake tracks created by the
reconstruction is achieved by a neural network trained to
discriminate between these and real particles based on
information from track fit and hit pattern in the tracking
detectors. A requirement on the output of this neural net-
work, Prui. < 0.5, allows us to reject half of the fake
tracks.

Duplicate particles created by the reconstruction are
suppressed by requiring the symmetrized Kullback-
Leibler divergence [20] ARi™ | calculated with respect to

TABLE 1. Predictions for the ratios of B meson branching
fractions. In the case of Rp:+/p+ the second uncertainty is
related to the unknown relative orbital momentum.

R/ R /p:

2.90 + 0.42 2.20 + 0.35 = 0.62 Egs. (1) with B
1.58 = 0.34 2.07 +0.52 = 0.52 Egs. (1) with B*
13 3.9 Ref. [7]

2.6 1.7 Ref. [8]

2.0 2.9 Ref. [9]

22 e Ref. [10]

1.2 Ref. [11]

Feynman diagrams for B} — J/#D} decays: (a) spectator, (b) color-suppressed spectator and (c) annihilation topology.

all particles in the event, to be in excess of 5000. In
addition, the transverse momentum is required to be
greater than 550(250) MeV/c for each muon (hadron)
candidate.

Well-identified muons are selected by requiring that the
difference in logarithms of the likelihood of the muon
hypothesis, as provided by the muon system, with respect
to the pion hypothesis, A*/7 In £ [21], is greater than zero.
Good quality particle identification by the ring-imaging
Cherenkov detectors is ensured by requiring the momen-
tum of the hadron candidates, p, to be between 3.2
and 100 GeV/c, and the pseudorapidity to be in the range
2 <m<5. To select well-identified kaons (pions) the
corresponding difference in logarithms of the likelihood
of the kaon and pion hypotheses [22] is required to be
AX/7In £ > 2(<0). These criteria are chosen to be tight
enough to reduce significantly the background due to mis-
identification while ensuring good agreement between data
and simulation.

To ensure that the hadrons used in the analysis are
inconsistent with being directly produced in a pp inter-
action vertex, the impact parameter 2, defined as the
difference between the y? of the reconstructed pp collision
vertex formed with and without the considered track, is
required to be x?% >9. When more than one vertex is
reconstructed, that with the smallest value of y? is chosen.

As in Refs. [23-25] the selection of J/¢ — u*u~
candidates proceeds from pairs of oppositely charged
muons forming a common vertex. The quality of the vertex
is ensured by requiring the y? of the vertex fit, y2,, to be
less than 30. The vertex is forced to be well separated from
the reconstructed pp interaction vertex by requiring the
decay length significance Sp;gp, defined as the ratio of
the projected distance from pp interaction vertex to
ut ™ vertex on direction of w* u~ pair momentum and
its uncertainty, to be greater than 3. Finally, the mass of the
dimuon combination is required to be within =45 MeV/c?
of the known J/ ¢ mass [1], which corresponds to a =3.5¢
window, where o is the measured J/ iy mass resolution.

Candidate D} mesons are reconstructed in the D] —
(K*K™)4m" mode using criteria similar to those in
Ref. [26]. A good vertex quality is ensured by requiring
X2 < 25. The mass of the kaon pair is required to be
consistent with the decay ¢p — K" K™, |mg+gx- — my| <
20 MeV/c?. Finally, the mass of the candidate is required
to be within +20 MeV/c? of the known D] mass [1],
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which corresponds to a =3.50 window, where o is the
measured D mass resolution, and its transverse momen-
tum to be >1 GeV/c.

Candidate B} mesons are formed from J/ D] pairs
with transverse momentum in excess of 1 GeV/c. The
candidates should be consistent with being produced in a
pp interaction vertex by requiring x7 <9 with respect
to reconstructed pp collision vertices. A kinematic fit is
applied to the B} candidates [27]. To improve the mass and
lifetime resolution, in this fit, a constraint on the pointing
of the candidate to the primary vertex is applied together
with mass constraints on the intermediate J/¢ and D;
states. The value of the J/ ¢ mass is taken from Ref. [1].
For the Dy meson the value of mp: = 1968.31 *
0.20 MeV/c? is used, that is, the average of the values
given in Refs. [1,28]. The y? per degree of freedom of this
fit, x2,/ndf, is required to be less than 5. The decay time
of the D] candidate, c7(D;), determined by this fit, is
required to satisfy ¢t > 75 um. The corresponding signed
significance S, defined as the ratio of the measured decay
time and its uncertainty, is required to be in excess of 3.
Finally, the decay time of the B, candidate, c¢7(B}), is
required to be between 75 wm and 1 mm. The upper edge,
in excess of seven lifetimes of B meson, is introduced to
remove badly reconstructed candidates.

IV. OBSERVATION OF B} — J/ D}

The mass distribution of the selected Bf — J/¢D
candidates is shown in Fig. 2. The peak close to the known
mass of the B meson [1,29] with a width compatible with
the expected mass resolution is interpreted as being due to
the Bj — J/yD; decay. The wide structure between 5.9
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FIG. 2 (color online). Mass distributions for selected J/ ¢ D
pairs. The solid curve represents the result of a fit to the model
described in the text. The contribution from the B — J/y D"
decay is shown with thin green dotted and thin yellow dash-
dotted lines for the A . .. and A, amplitudes, respectively. The
inset shows a zoom of the B} mass region.
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and 6.2 GeV/c? is attributed to the decay B} — J/ ¢ D™,
followed by Di* — D}y or Di* — D}z® decays,
where the neutral particles are not detected. The process
B} — J/ D% being the decay of a pseudoscalar particle
into two vector particles is described by three helicity
amplitudes: A, ,, Ay and A __, where indices corre-
spond to the helicities of the J/¢ and D;* mesons.
Simulation studies show that the J/ D] mass distribu-
tions are the same for the A, and JA__ amplitudes.
Thus, the J/ D] mass spectrum is described by a model
consisting of the following components: an exponential
shape to describe the combinatorial background, a
Gaussian shape to describe the B — J/¢ D] signal and
two helicity components to describe the B — J/Di*
contributions corresponding to the A .. and A, ampli-
tudes. The shape of these components is determined using
the simulation where the branching fractions for D" —
D}y and D" — D 7° decays are taken from Ref. [1].

To estimate the signal yields, an extended unbinned
maximum likelihood fit to the mass distribution is per-
formed. The correctness of the fit procedure together
with the reliability of the estimated uncertainties has
been extensively checked using simulation. The fit has
seven free parameters: the mass of the B/ meson, mg:,
the signal resolution o+, the relative amount of the A ..
helicity amplitudes of total B — J/¢Di* decay rate,
f++, the slope parameter of the exponential background
and the yields of the two signal components, Np:_;/yp+
and Ng+_ /4 p:+» and of the background. The values of the
signal parameters obtained from the fit are summarized in
Table II. The fit result is also shown in Fig. 2.

To check the result, the fit has been performed with
different models for the signal: a double-sided Crystal
Ball function [30,31], and a modified Novosibirsk function
[32]. For these tests the tail and asymmetry parameters are
fixed using the simulation values, while the parameters
representing the peak position and resolution are left free
to vary. As alternative models for the background, the
product of an exponential function and a fourth-order
polynomial function are used. The fit parameters obtained
are stable with respect to the choice of the fit model and the
fit range interval.

The statistical significance for the B — J/ D} signal
is estimated from the change in the likelihood function

TABLE II.  Signal parameters of the unbinned extended maxi-

mum likelihood fit to the J/ D/ mass distribution.

Parameter Value

mg+ [MeV/c?] 6276.28 = 1.44

oy [MeV/c?] 7.0+ 1.1

NBf—'J/l/JD:r 289 i 5.6

N+ Nas

L 2.37 +0.56
BF —J/uD}

Js [%] 5220
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S,,Z,/2ln££3;;5, where Lg is the likelihood of a

background-only hypothesis and Lz, 5 is the likelihood
of a background-plus-signal hypothesis. The significance
has been estimated separately for the B — J/#D; and
B — J/¢D;" signals. To exclude the look-elsewhere
effect [33], the mass and resolution of the peak are fixed
to the values obtained with the simulation. The minimal
significance found varying the fit model as described above
is taken as the signal significance. The statistical signifi-
cance for both the B} — J/¢D} and B — J/yDi*
signals estimated in this way is in excess of 9 standard
deviations.

The low Q value for the B — J/#D; decay mode
allows the B} mass to be precisely measured. This makes
use of the D mass value, evaluated in Sec. III, taking
correctly into account the correlations between the mea-
surements. The calibration of the momentum scale for the
dataset used here is detailed in Refs. [28,34]. It is based
upon large calibration samples of B™ — J/¢K* and
J/ — utu~ decays and leads to an accuracy in the
momentum scale of 3 X 107*. This translates into an
uncertainty of 0.30 MeV/c? on the B} meson mass.
A further uncertainty of 0.11 MeV/c? arises from
the knowledge of the detector material distribution
[28,29,34,35] and the signal modeling. The uncertainty
on the D] mass results in a 0.16 MeV/c?uncertainty on
the B meson mass. Adding these in quadrature gives

mp+ = 6276.28 = 1.44(stat) = 0.36(syst) MeV /c?.

The uncertainty on the D; meson mass and on the
momentum scale largely cancels in the mass difference

my: — mp; = 4307.97 + 1.44(stat)
+ 0.20(syst) MeV/c?.

V. NORMALIZATION TO THE B} — J/¢@™
DECAY MODE

A large sample of B — J/yar* decays serves as a
normalization channel to measure the ratio of branching
fractions for the B} — J/yD/} and B} — J/r7rt modes.
Selection of B — J/¢7™ events is performed in a
manner similar to that described in Sec. III for the
signal channel. To further reduce the combinatorial back-
ground, the transverse momentum of the pion for the
Bl — J/¢7m" mode is required to be in excess of
1 GeV/c. The mass distribution of the selected B} —
J/ 7" candidates is shown in Fig. 3.

To determine the yield, an extended unbinned maximum
likelihood fit to the mass distribution is performed. The
signal is modeled by a double-sided Crystal Ball function
and the background with an exponential function. The fit
gives a yield of 3009 £ 79 events. As cross-checks, a
modified Novosibirsk function and a Gaussian function
for the signal component and a product of exponential

PHYSICAL REVIEW D 87, 112012 (2013)
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FIG. 3 (color online). Mass distribution for selected B} —
J/ 7" candidates. The results of a fit to the model described
in the text are superimposed (solid line) together with the
background component (dotted line).

and polynomial functions for the background are used.
The difference is treated as systematic uncertainty.

The ratio of the total efficiencies (including acceptance,
reconstruction, selection and trigger) for the B —
J/yD} and B — J/¢m" modes is determined with
simulated data to be 0.148 = 0.001, where the uncertainty
is statistical only. As only events explicitly selected by the
J/ i triggers are used, the ratio of the trigger efficiencies
for the B} — J/¢D] and B — J/#m" modes is close
to unity.

VI. SYSTEMATIC UNCERTAINTIES

Uncertainties on the ratio R p+ /,+ related to differences
between the data and simulation efficiency for the selection
requirements are studied using the abundant B} —
J/yat channel. As an example, Fig. 4 compares the
distributions of xZ (B/) and x3(B}) for data and simu-
lated B — J/¢7" events. For background subtraction
the sPlot technique [36] has been used. It can be seen
that the agreement between data and simulation is
good. In addition, a large sample of selected BT —
J/¢(KTK™)4K" events has been used to quantify differ-
ences between data and simulation. Based on the deviation,
a systematic uncertainty of 1% is assigned.

The agreement of the absolute trigger efficiency be-
tween data and simulation has been validated to a precision
of 4% using the technique described in Refs. [13,31,37]
with a large sample of B" — J/¢/(K*K™)4K" events.
A further cancellation of uncertainties occurs in the ratio
of branching fractions resulting in a systematic uncertainty
of 1.1%.

The systematic uncertainties related to the fit model, in
particular to the signal shape, mass and resolution for the

112012-4
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FIG. 4 (color online). Distributions of (a) x4,(B;) and (b) x%(B7) for B — J/ ™ events: background subtracted data (red points

with error bars) and simulation (blue histogram).

B} — J/¢D} mode and the fit interval have been dis-
cussed in Secs. IV and V. The main part comes from the
normalization channel B} — J/yrat.

Other systematic uncertainties arise from differences in
the efficiency of charged particle reconstruction between
data and simulation. The largest of these arises from the
knowledge of the hadronic interaction probability in the
detector, which has an uncertainty of 2% per track [37].
A further uncertainty related to the reconstruction of two
additional kaons in the B — J/¢ D] mode with respect
to the B} — J/yrt mode is estimated to be 2 X 0.6%
[38]. Further uncertainties are related to the track quality
selection requirements yz <4 and Pgy. <0.5. These
are estimated from a comparison of data and simulation
in the B — J/¢m" decay mode to be 0.4% per final
state track.

The uncertainty associated with the kaon identification
criteria is studied using the combined B — J/D; and
Bf — J/ ¢ Di" signals. The efficiency to identify a kaon
pair with a selection on AX/7In £ has been compared for
data and simulation for various selection requirements. The
comparison shows a (—1.8 = 2.9)% difference between
data and simulation in the efficiency to identify a kaon
pair with 2 =< min AX/7log £. This estimate has been
confirmed using a kinematically similar sample of recon-
structed B* — J/¢(K*K™),K* events. An uncertainty
of 3% is assigned.

The limited knowledge of the B lifetime leads to an
additional systematic uncertainty due to the different decay
time acceptance between the B — J/#Dy and B —
J/ 7" decay modes. To estimate this effect, the decay
time distributions for simulated events are reweighted
to change the B/ lifetime by one standard deviation from
the known value [1], as well as the value recently measured
by the CDF Collaboration [2], and the efficiencies are
recomputed. An uncertainty of 1% is assigned.

Possible uncertainties related to the stability of the data
taking conditions are tested by studying the ratio of the

yields of BY = J/ K"t 7~ and BT — J/ ¢ K" decays
for different data taking periods and dipole magnet polari-
ties. This results in a further 2.5% uncertainty.

The largest systematic uncertainty is due to the knowl-
edge of the branching fraction of the D — (K~ K*) 7"
decay, with a kaon pair mass within =20 MeV/c? of the
known ¢ meson mass. The value of (2.24+0.11=*0.06)%
from Ref. [39] is used in the analysis. The systematic
uncertainties on R+ /,+ are summarized in Table III

The ratio R py:+p+ is estimated as

NBJ.'—J D"
Ry /pr = _Be=J/uDT 2)
Npt—y/yp;

where the ratio of yields is given in Table II. The uncer-
tainty associated with the assumption that the efficiencies
for the Bf — J/¢D} and B — J/¢Di" modes are
equal is evaluated by studying the dependence of the
relative yields for these modes for loose (or no) require-
ments on the x7(BY), x2,(B7) and c7(B}) variables. For
this selection the measured ratio of B — J/¢D;* to

TABLE III. Relative systematic uncertainties for the ratio of
branching fractions of B} — J/¢D;} and B} — J/¢y7m™.

Source Uncertainty [%]
Simulated efficiencies 1.0
Trigger 1.1
Fit model 1.8
Track reconstruction 2X0.6
Hadron interactions 2X2.0
Track quality selection 2X04
Kaon identification 3.0
B lifetime 1.0
Stability for various data taking conditions 2.5
B(Df —>(K_K+)¢7T+) 5.6
Total 8.4
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B — J/¢D} events changes to 2.27 * 0.59. An uncer-
tainty of 4% is assigned to the R -+ /p+ ratio.

The uncertainty on the fraction of the A . . amplitude,
f++, has been studied with different fit models for the
parameterization of the combinatorial background, as well
as different mass resolution models. This is negligible in
comparison to the statistical uncertainty.

VIL. RESULTS AND SUMMARY

The decays B} — J/¢D} and B} — J/D:* have
been observed for the first time with statistical significan-
ces in excess of 9 standard deviations. The ratio of branch-
ing fractions for B} — J/¢D} and B — J/m" is
calculated as

BB — J/¢Dy)
BB = J/ym")

1 Stg;—d/l/m* % N(Bf — J/yDY)
Bp:r & NB —J/¢ymt)’

3)

tot
Bf—J/¢yD{

where the value of Bp: = B(Dy — (K~ K"),7") [39]
with the mass of the kaon pair within =20 MeV/c?
of the known value of the ¢ mass is used, together with
the ratio of efficiencies, and the signal yields given in
Secs. IV and V. This results in

BB — J/¢Dy)

= 2.90 £ 0.57(stat) = 0.24(syst).
BB — J/um) (30 = 0.24v50

The value obtained is in agreement with the naive expec-
tations given in Eq. (1a) from B® decays, and the values
from Refs. [8-10] but larger than predictions from
Refs. [7,11] and factorization expectations from B
decays.

The ratio of branching fractions for the B} — J/ D}t
and B — J/¢D; decays is measured to be

BB — J/¢Dy)
BB —J/pm")

= 2.37 * 0.56(stat) * 0.10(syst).

This result is in agreement with the naive factorization
hypothesis [Eq. (1b)] and with the predictions of
Refs. [8,9].

PHYSICAL REVIEW D 87, 112012 (2013)

The fraction of the A.. amplitude in the B —
J/yD:t decay is measured to be

I (Bf — J/¢D5")

Lo (BS — J/ D)

= (52 = 20)%,

in agreement with a simple estimate of % the measure-
ments [40,41] and factorization predictions [42] for B’ —
D*” D" decays, and expectations for B — J/ € v,
decays from Refs. [43,44].

The mass of the B} meson and the mass difference
between the B} and D] mesons are measured to be

mp+ = 6276.28 + 1.44(stat) * 0.36(syst) MeV/c?,
mg+ — mp+ = 4307.97 = 1.44(stat) + 0.20(syst) MeV/c?.

The B mass measurement is in good agreement with the
previous result obtained by LHCb in the B — J/ 7™
mode [29] and has smaller systematic uncertainty.
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