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Abstract

Decays of the form B?s) — Jh Ksoh+h(’)_ (") = K, ) are searched for in proton-
proton collision data corresponding to an integrated luminosity of 1.0 fb~! recorded
with the LHCb detector. First observations of the B? — J/i KIK*7F and B® —
Jfp KIKT K~ decays are reported, with significances in excees of 10 and 7 standard
deviations, respectively. The branching fraction of B® — J/ip KO+~ is determined,
to significantly better precision than previous measurements, using B — J/i K9 as a

normalisation channel. The branching fractions and upper limits of the other B?S) —

Jp Khth()= modes are determined relative to that of the BY — Jip Kdntn~
decay.
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1 Introduction

All current experimental measurements of CP violation in the quark sector are well
described by the Cabibbo-Kobayashi-Maskawa mechanism [1,2], which is embedded in the
framework of the standard model (SM). However, it is known that the size of CP violation
in the SM is not sufficient to account for the asymmetry between matter and antimatter
observed in the Universe; hence, additional sources of CP violation are being searched for
as manifestations of non-SM physics.

The measurement of the phase ¢, = —2arg (—V,;V,;/V.sV.)) associated with BS—ES
mixing is of fundamental interest (see, e.g., Ref. [3] and references therein). To date
only the decays BY — Ji¢ [4H8], B® — Jiapatr™ [9,[10] and B? — ¢¢ [11] have been
used to measure ¢5. To maximise the sensitivity to all possible effects of non-SM physics,
which might affect preferentially to states with certain quantum numbers, it would be
useful to study more decay processes. Decay channels involving J/i) mesons are well-
suited for such studies since the J/ip — p™u~ decay provides a distinctive experimental
signature and allows good measurement of the secondary vertex position. Observation
of the decay B? — JipmTn 77w~ with a significant contribution from the J/ f;(1285)
component, has recently been reported by LHCb [12]. There are several unflavoured
mesons, including a,(1260), f1(1285), n(1405), f1(1420) and 7(1475), that are known to
decay to KYK*7T [13], and that could in principle be produced in B? decays together
with a J/i) meson. If such decays are observed, they could be used in future analyses to
search for CP violation.

No measurements exist of the branching fractions of B?S) — Jp KIK*7rT decays.
The decays B — Jhp Kdntr~ [14416] and B® — Jrp KIKTK~ [17,/18] have been
previously studied, though the measurements of their branching fractions have large
uncertainties. In addition to being potential sources of “feed-across” background to
B — Jh KOK*7T, these decays allow studies of potential exotic charmonia states. For
example, the decay chain BT — X (3872) K" with X (3872) — J/p 77~ has been observed
by several experiments [19-21], and it is of interest to investigate if production of the
X (3872) state in BY decays follows the expectation from isospin symmetry. Another
claimed state, dubbed the X (4140), has been seen in the decay chain BT — X (4140)K T,
X(4140) — J/p¢ by some experiments [22-24] but not by others [25], and further
experimental studies are needed to understand if the structures in the J/i)¢ system
in Bt — JhW¢K™ decays are of resonant nature or otherwise. In addition, it has
been noted that the relative production of isoscalar mesons in association with a J/i)
particle in B® and BY decays can provide a measurement of the mixing angle between the
\% |uti + dd) and |s5) components of the meson’s wavefunction [261-28]. Therefore studies
of B?S) — Jhp KOK*71T may provide further insights into light meson spectroscopy.

In this paper, the first measurements of B® and BY meson decays to Ji KQK*nF
final states are reported. All J/ KOhth(")~ final states are included in the analysis, where
h") = K, . The inclusion of charge-conjugate processes is implied throughout the paper.
The J/ip and K mesons are reconstructed through decays to u™u~ and 77, respectively.
The analysis strategy is to reconstruct the decays with minimal bias on their phase-space
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to retain all possible resonant contributions in the relevant invariant mass distributions. In
case contributions from broad resonances overlap, an amplitude analysis will be necessary
to resolve them. Such a study would require a dedicated analysis to follow the exploratory
work reported in this paper.

This paper is organised as follows. An introduction to the LHCDb detector and the
data sample used in the analysis is given in Sec. 2] Following an overview of the analysis
procedure in Sec. [3] the selection algorithms and fit procedure are described in Sec. fand
respectively. In Sec. [0] the phase-space distributions of the decay modes with significant
signals are shown. Sources of systematic uncertainty are discussed in Sec. [7] and the results
are presented together with a summary in Sec. [§

2 The LHCDb detector

The analysis is based on a data sample corresponding to an integrated luminosity of
1.0fb™" of pp collisions at centre-of-mass energy /s = 7TeV recorded with the LHCb
detector at CERN. The LHCb detector [29] is a single-arm forward spectrometer covering
the pseudorapidity range 2 < n < 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 (VELO) 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 [30] placed downstream. The
combined tracking system provides a momentum measurement with relative uncertainty
that varies from 0.4% at 5 GeV/c to 0.6% at 100 GeV/c¢, and impact parameter resolution
of 20 um for tracks with large transverse momentum. Different types of charged hadrons
are distinguished by information from two ring-imaging Cherenkov detectors [31]. Photon,
electron 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 chambers [32)].

The trigger [33] consists of hardware and software stages. The events selected for this
analysis are triggered at the hardware stage by a single muon candidate with transverse
momentum pr > 1.48 GeV/c or a pair of muon candidates with pp product greater than
(1.296 GeV/c)?. In the software trigger, events are initially required to have either two
oppositely charged muon candidates with combined mass above 2.7 GeV/c?, or at least one
muon candidate or one track with pr > 1.8 GeV/c with impact parameter greater than
100 um with respect to all pp interaction vertices (PVs). In the subsequent stage, only
events containing J/i» — ptpu~ candidates with a vertex that is significantly displaced
from the PVs are retained.

Simulated events are used to study the detector response to signal decays and to
investigate potential sources of background. In the simulation, pp collisions are gener-
ated using PyTHIA [34] with a specific LHCb configuration [35]. Decays of hadronic
particles are described by EVTGEN [36], in which final state radiation is generated using
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PHOTOS [37]. The interaction of the generated particles with the detector and its response
are implemented using the GEANT4 toolkit |38] as described in Ref. [39].

3 Analysis overview

The main objective of the analysis is to measure the relative branching fractions of the
B?S) — JRp KOhh")~ decays. Since the most precise previous measurement of any of these
branching fractions is B(B® — J/ K7 t7~) = (10.34+3.3+1.5) x 10~* [14], where the first
uncertainty is statistical and the second is systematic, conversion of relative to absolute
branching fractions would introduce large uncertainties. To reduce this, a measurement
of the branching fraction of B® — Jji) K277~ relative to that of B® — J/i K is also
performed. For this measurement the optimisation of the selection criteria is performed
based on simulation, whereas for the B?S) — Jhp KOhth(")~ relative branching fraction
measurements, the optimisation procedure uses data. The two sets of requirements will
be referred to as “simulation-based” and “data-based” throughout the paper. The use
of two sets of requirements is to avoid bias in the measurements, since the selection
requirements for the yield of the numerator in each branching fraction ratio is optimised
on an independent sample. Furthermore, the regions of the invariant mass distributions
potentially containing previously unobserved decays were not inspected until after all
analysis procedures were established.
The relative branching fractions are determined from

B(B° — Ji Kdntr™) _ B Npo, jpp k9t a- (1)
B(B® — Jjp KQ) €0y kot Nposywre
B(B?S) — J KXhth)™) _ EBOLKYntn- (ﬁ) NB?S)%J/ngh-Fh(')* @
B(B® = Jjp Kdntn~) €BY,) — i K§hth()= fo) Nposjppromin

where € represents the total efficiency, including effects from acceptance, trigger, reconstruc-
tion, and selection and particle identification requirements. The relative efficiencies are
determined from samples of simulated events, generated with either a phase-space distribu-
tion for previously unobserved decay modes, or including known contributions from resonant
structures. The relevant ratio of fragmention fractions, denoted f;/f,, is either trivially
equal to unity or is taken from previous measurements (fs/f; = 0.259 £ 0.015 [40-42]).
The measured numbers, N, of decays for each channel are determined from simultaneous
fits to all Jjp K? h*h\")~ invariant mass spectra, in order to account for possible feed-across
coming from kaon—pion misidentification. The contribution from (2S5) decays to the
Jip K97t~ final state is vetoed, and the veto is inverted to determine the relative branch-
ing fraction for B® — ¢(2S5) K? using a relation similar to that of Eq. . In Eq. ([2)) effects
due to the width difference between mass eigenstates in the B? system [43] are neglected,
since the final states in BY — Jib KOhth()~ decays are expected to be CP mixtures. (The
quantity determined using Eq. is the time-integrated branching fraction.)

The long lifetime of K mesons and the large boost of particles produced in LHC pp
collisions causes some K? decays to occur inside the VELO detector but a significant
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fraction occur outside. Following Refs. [44-48], two categories are considered: “long”,
where both tracks from the K? — 777~ decay products contain hits in the VELO, and
“downstream”, where neither does. The long candidates have better momentum and vertex
resolution, so different selection requirements are imposed for candidates in the two K
decay categories, and the ratios given in Egs. and are determined independently for
each. These are then combined taking into account the effects of systematic uncertainties
that are correlated between the two categories. Finally, upper limits are set for modes
where no significant signal is observed, and the absolute branching fractions are obtained
by multiplying by the relevant normalisation factor.

In addition, the phase-space is inspected for resonant contributions from either exotic or
conventional states in channels where significant signals are seen. The presence or absence
of resonances could guide future analyses. However, no attempt is made to determine the
relative production rates of the different possible contributions.

4 Selection requirements

After a set of preselection requirements to allow B candidates to be formed, additional
criteria are imposed based on the output of a recursive algorithm designed to optimise the
signal significance for B?S) — Jhp KOnth(")~ decays. For the measurement of the ratio of
B® — Jhp K2r T~ and BY — J/ip K? branching fractions, the same requirements with the
exception of those on variables that are related to the two extra pions in the numerator
final state are also applied to BY — J/i K candidates.

To optimise the simulation-based selection, used only for the determination of the
relative branching fraction of B® — J/i K77~ and B — J/i K? decays, the algorithm is
applied to simulated signal events and to background events in the data. These background
events are taken from invariant mass sideband regions that are not otherwise used in the
analysis. For the tuning of the data-based selection, used for the relative branching fraction
measurements of B{, — J/ KJh"h")~ decays, the properties of the B® — J/ Kdrn~
decays in data are used instead of simulation, since a clean signal can be isolated with
loose requirements. Since the amount of background varies depending on whether each of
h and A’ is a pion or kaon, different requirements are imposed for each final state. For both
simulation- and data-based selections, different sets of requirements are obtained for long
and downstream categories. Multivariate algorithms were also investigated but were found
to not give significantly better performance for rejection of combinatorial background.
Further criteria are imposed to reduce other sources of background. These include vetoes
of specific potential backgrounds and particle identification requirements.

In the preselection, the Ji) — p*p~ decay is reconstructed from two oppositely
charged tracks with hits in the VELO, the tracking stations and the muon chambers. The
tracks are required to have pr > 500 MeV/¢, to be positively identified as muons [49], to
form a common vertex with y?/ndf < 16 (where ndf indicates the number of degrees of
freedom), and to have an invariant mass within +80 MeV/c? of the known J/ib mass [13].

The K? — 777~ decay is reconstructed from pairs of tracks with opposite charge,
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each with momentum greater than 2 GeV/c, that form a common vertex with y? < 20.
The mass of the pion pair must be within +30MeV/c? of the known K? mass [13]. When
considering the pair under the hypothesis that one of the tracks is a misidentified proton,
the invariant mass for candidates in the long (downstream) K? category must differ by
more than 10 MeV/c? (25 MeV/c?) from the known A baryon mass [13].

Candidates for the pions and kaons coming directly from the B decay (referred to as
“bachelor” tracks) are selected if they have impact parameter x?, defined as the difference
in x? of the primary pp interaction vertex reconstructed with and without the considered
particle, greater than 4 and pr > 250 MeV/c. They must have momentum less than
100 GeV/c in order to obtain reliable particle identification information, and must not
be identified as muons. Kaons, pions and protons are distinguished using variables that
describe the difference in the natural logarithm of the likelihoods (DLL) obtained from the
particle identification subdetectors under the different mass hypotheses for each track [31].
Bachelor pions are selected with the requirements DLLg, < 0 and DLL,, < 10, while
kaons must satisfy DLLk, > 2 and DLL,x < 10. The particle identification efficiencies,
determined from control samples of D° — K ~7* decays reweighted to match the kinematic
properties of the signal, are found to range from around 73% for B?s) — J Kintr™ to
around 93% for B?S) — Jhp KOKTK~ decays. The bachelor candidates are required to

form a vertex with x?/ndf < 10.

The B candidates are reconstructed using a kinematic fit [50] to their decay products,
including the requirements that the B meson is produced at a PV and that the J/i and
K? decay products combine to the known masses of those mesons [13]. Candidates with
invariant mass values between 5180 and 5500 MeV/c? are retained for the fits to determine
the signal yields, described in Sec. [5]

The recursive algorithm tunes requirements on a number of variables that are found to
discriminate between signal and background and that are not strongly correlated. The
most powerful variables are found to be the significance of the separation of the K vertex
from the PV for the long category, and the B candidate impact parameter x?. The
other variables are: the B, J/i) and K? candidates’ vertex probabilities; the J/i) and K?
candidates’ and the bachelor tracks’ impact parameter y? values; the significance of the
separation of the J/i) vertex from the PV; the angle between the B momentum vector
and the line between the PV and the B decay vertex; and the B candidate py. These
variables are found to not be strongly correlated with the B candidate mass or the position
in the phase-space of the decay. For the simulation-based selection, the efficiency of the
requirements relative to those made during preselection is around 50%. For the data-based
selection the corresponding value is between around 40% for B(OS) — Jh Ko7 tr~ and
around 55% for B?s) — JW KOKT K~ decays, where the background is low due to the
particle identification requirements and the narrow signal peak. The efficiency of the
requirement that the B meson decay products lie within the detector acceptance also
depends on the final state, from around 10% for B?S) — J K{ntr~ to almost 15% for
By — J KJKT K~ decays.

Backgrounds may arise from decays of b baryons. In addition to decay modes where the
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K? meson is replaced by a A baryon, which are removed by the veto described above, there
may be decays such as A) — Jip KVph~, which have the same final state as the signal
under consideration except that a kaon or pion is replaced by a proton. There is currently
no measurement of such decays that could enable the level of potential background to be
assessed, though the yields observed in the A) — J/pK~ channel [51,52] suggest that
it is not negligible. Therefore, this background is vetoed by recalculating the candidate
mass under the appropriate mass hypothesis for the final state particles and removing
candidates that lie within £25MeV/c? of the known A mass [13].

In the J/p Ko7t 7~ final state, the 777~ system could potentially arise from a K?
meson that decays close to the B candidate vertex. This background is removed by
requiring that the 777~ invariant mass is more than 25MeV/c? from the known K?
mass [13]. In addition, in the B® — J/ib K{n "7~ decays, there is a known contribution
from the decay chain BY — (25)K?, ¥(2S) — Jiyntr~. There could potentially be a
similar contribution in the B? decay to the same final state. Such decays are removed from
the sample by vetoing candidates with invariant masses of the J/i 7" 7~ system within
+15MeV/c? of the known (2S5) mass [13].

In around 2% of events retained after all criteria are applied there is more than one
candidate selected. A random but reproducible algorithm is used to select only a single
candidate from these events.

5 Determination of signal yields

After all selection requirements are applied, the only sources of candidates in the selected in-
variant mass ranges are expected to be signal decays, feed-across from B?s) — J K hth")-
decays with kaon—pion misidentification, and combinatorial background. The suppression
to negligible levels of other potential sources of background, such as b baryon decays, is
confirmed with simulation. For each mode, the ratios of yields under the correct particle
identification hypothesis and as feed-across are found to be at the few percent level from
the kaon and pion control samples from D° — K ~7* decays reweighted to the appropriate
kinematic distributions. The feed-across contribution can therefore be neglected in the
fit to the Ji Kdnt7~ final state, as is done in the fit to the candidates passing the
simulation-based selection, shown in Fig. [I}

The signal shape is parametrised in the same way for all B?S) — JAp KO h~ and
B?S) — J/p KU decays, and follows the approach used in Ref. [45]. Namely, the signal
is described with the sum of two Crystal Ball functions [53] with common mean and
tails on opposite sides of the peak. This shape is found to give an excellent description
of simulated signal decays. In the fit to data, the tail parameters are fixed according
to values determined from simulation. The mean and the widths as well as the relative
normalisation in the two Crystal Ball functions are allowed to vary freely in the fit to data.
The B? region is excluded from the fit to candidates passing the simulation-based selection
in the J/i) Ko7~ final state. In the fit to the J/i) KU candidates, shown in Fig. [2} a BY
component is included with shape identical to that for the B° decays except with mean



240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

:\4\ 140 T ] (’\T T E
S 120 LHCb 3 3 LHCb 3
2 100 4 3 E
¢ 80 = 3 :
3 60 3 3 3
; - 3
O 40 - o 3
20 = E
J— !m: V— .A-_-Ai.ir':‘-";
m(J g Kg ) [MeVic?] m(J @ Kg ) [MeV/c?
5 ; , —— S —

0-; 4+t 4 Y ey Lo+ aaa . 0# s +.4.T'?'4-..L + + 4+, 4
-I_,r'Y‘T-f-T'TT'T'I-Q- -vl--r'r++ b :-f-r-ﬂ"'v' -&-6-"|++ 'TIH-L T+ ¥+

™ 5200 5300 5400 ™ 5200 5300 5400

Figure 1: Invariant mass distributions of (left) long and (right) downstream B® — J/ Kdnt 7~
candidates with simulation-based selection, with fit projections overlaid. The solid line shows
the total fit result while the dotted line shows the signal component and the dot-dashed line
shows the combinatorial background. The BY region is not examined in these fits.

Table 1: Yields determined from the fits to the B?S

B?S) — 9(25)K{ samples with simulation-based selection.

, = JpKYmta, BY) = JAKY and

B?S) — JA Kdntm~ B?s) — J K B?s) — (25 K?

long downstream long downstream  long  downstream
Npo 269418 483 +£26 4869 £ 71 9870 £ 107 25+6 41+9
Npo — — 75+ 10 115420 — —

value shifted by the known value of the BY~B° mass difference [13].

The signal yields are obtained from extended unbinned maximum likelihood fits to
the mass distributions of the reconstructed candidates. Independent fits are carried
out for candidates in the long and downstream categories. In addition to the signal
components, an exponential function is included to describe the combinatorial background
with both yield and slope parameter allowed to vary freely. The results of the fits to the
J Kdntn~ and J/ip KQ invariant mass distributions are summarised in Table[l] The ratio
of BY — J/ K? and B® — Jjip K{ yields are consistent with those found in a dedicated
study of those channels [45]. Also included in Table |1} and shown in Fig. [3| are the results
of fits to the B, — J/i K{m*n~ sample with the ¢(2S5) veto inverted to select candidates
consistent with B?s) — (25)K? decays. These fits provide a consistency check of the
analysis procedures, since the measured ratio of the BY — ¢(25)K? and B° — J/ K?
branching fractions can be compared to its known value [13]. For consistency with the fit
to Bl — Jip K{n*n~ candidates, the B region is not examined in these fits.

The fit to the sample selected with data-based criteria is similar to that for the sample
selected with simulation-based criteria, but with some important differences. Signal shapes
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Figure 2: Invariant mass distributions of (left) long and (right) downstream B(Os) — JRY K2
candidates with simulation-based selection, with fit projections overlaid. The solid line shows
the total fit result while the dotted line shows the signal component and the dot-dashed line
shows the combinatorial background.
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Figure 3: Invariant mass distributions of (left) long and (right) downstream B° — (25) K}
candidates with simulation-based selection, with fit projections overlaid. The solid line shows
the total fit result while the dotted line shows the signal component and the dot-dashed line
shows the combinatorial background. The BY region is not examined in these fits.

are included for both B and B? decays to each of the final states considered. The signal
components are described with the same sum of two Crystal Ball functions as used in
the fits to the sample selected with simulation-based criteria, with tail parameters fixed
according to values determined from simulation. For each final state, the shape of the B?
component is identical to that for the B® decays, except with mean value shifted by the
known value of the B%-B" mass difference [13]. To reduce the number of freely varying
parameters in the fit, the relative widths of the signal shapes in the final states with long
and downstream K? candidates are constrained to be identical for all signal components.
The combinatorial background is modelled as a linear function, rather than the exponential
model used in the fits to the samples obtained from the simulation-based selection. The use
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Figure 4: Invariant mass distributions of (left) long and (right) downstream B?s) — JWp K{ntn

candidates, with data-based selection, shown with (top) linear and (bottom) logarithmic y-axis
scales, with fit projections overlaid. The solid line shows the total fit result while the dotted
lines show the B® and B signal components and the dot-dashed line shows the combinatorial
background.

of the linear shape is found to make the fit more stable in channels with low background
yields, such as B?S) — JAp KOKTK™, and it is preferable to use the same shape for all
channels in the simultaneous fit. The linear function has independent parameters in
each final state. A single extended unbinned maximum likelihood fit is performed for
the long and downstream categories, with all final states fitted simultaneously. This
procedure allows the amount of each feed-across contribution to be constrained according
to the observed yields and known misidentification rates. The shapes of the feed-across
contributions are described with kernel functions [54] obtained from simulation. All
correlations between fitted yields are found to be less than 10% and are neglected when
determining the branching fraction ratios.

The results of the fit to the samples obtained with the data-based selection are shown
in Fig. [ for the Ji K977~ hypothesis, in Fig. [5| for the J/) K¢ K*7F hypothesis and in
Fig. @ for the J/p KOK T K~ hypothesis. A summary of the fitted yields is given in Table
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Figure 5: Invariant mass distributions of (left) long and (right) downstream B?s) — Jp KIK*n¥
candidates, with data-based selection, shown with (top) linear and (bottom) logarithmic y-axis
scales, with fit projections overlaid. The solid line shows the total fit result while the dotted
lines show the B® and B? signal components, the dashed line shows the feed-across contribution
and the dot-dashed line shows the combinatorial background.

Table 2: Yields determined from the simultaneous fit to the B?S) — JWKdrtn—, B?S) —

Jip KIK*7F and B?S) — J/p KKK~ samples with data-based selection.

B)) — JW K n~ Bl — JWEIK*nt  BY — Jp KOKTK-

long  downstream  long  downstream long downstream
Npo 246%1F 471733 419 234+10 187 2712
Npo 5713 97ts 154415 371423 243 31

6 Phase-space distributions of signal decays
Clear signals are seen for B® — Jip Kdntr~ B — J KOK*nF and B — Jhp KK TK~

decays. The significance of each of the signals is discussed in Sec. [§] The distributions of
the signal decays in the available phase-space are examined using the sPlot technique [55]
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Figure 6: Invariant mass distributions of (left) long and (right) downstream B?S) — JWKIKTK~
candidates, with data-based selection, shown with (top) linear and (bottom) logarithmic y-axis
scales, with fit projections overlaid. The solid line shows the total fit result while the dotted
lines show the B® and B signal components and the dot-dashed line shows the combinatorial
background.

with the B candidate invariant mass as the discriminating variable.

None of the channels show any structures in any invariant mass combinations involving
the J/p meson. In B — Ja Ko7t m~ decays a small and not significant excess is
seen around the X (3872) mass in m(J/pntn™) (the ¥(2S5) contribution is vetoed). In
B — Ji K7™, excesses from K*(892) and p(770) mesons are seen in m(K2m*)
and m(7wT7~) respectively, and there is an enhancement from the K;(1400) state in
m(K2rt7~), as shown in Figs. [l and[§] In BY — Ji K!K*7F (Figs. [0 and [10]), excesses
from K*(892) resonances are seen in m(K27*) and m(K*7F), but no narrow structures
are seen in m(K?K*7r¥). In B — Jip K!K+ K~ (Figs. [L1] and [12), the ¢(1020) state is

seen in m(K+K ™), but no other narrow structures are evident in any combination.
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Figure 7: Background-subtracted distributions of the possible two-body invariant mass combina-
tions in BY — J/ip K7t 7~ decays. Contributions from the p(770)° and K*(892)* mesons can
be seen in the m(n+7~) and m(K{n*) distributions respectively.

7 Systematic uncertainties

Systematic uncertainties arise from possible biases in the determination of the yields,
and imprecision of the knowledge of the efficiencies and fragmentation fractions that
enter Eq. and Eq. (2)). These contributions are summarised in Tables [3] and [4] for
measurements with the simulation-based and data-based selection, respectively. Total
systematic uncertainties are obtained by addition in quadrature.

The systematic uncertainties on the yields are estimated by (i) varying all fixed fit
parameters within their uncertainties; (ii) replacing the double Crystal Ball shape that
describes the signal with a double Gaussian function; (iii) scaling the relative width of
the B? and B peaks according to the available phase-space for the decays; (iv) replacing
the function that describes the combinatorial background with a second-order polynomial
shape. The changes in the fitted yields are assigned as the corresponding uncertainties.
In addition, for channels where both signal and background yields are low, a small bias
(less than 20% of the statistical uncertainty) on the signal yield is observed in samples
of pseudoexperiments. To have a coherent treatment of all channels, each fitted yield is
corrected for the bias, and the uncertainty on the bias combined in quadrature with half
the correction is assigned as a systematic uncertainty.

One source of systematic uncertainty that affects the relative efficiencies arises from the
particle identification requirements. This is estimated by applying the method to determine

12
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Table 3: Systematic uncertainties (%) for the relative branching fraction measurements with
B — Jhp K? as normalisation channel, given separately for long and downstream categories.
The total systematic uncertainty is the sum in quadrature of all contributions.

Source Total Normalisation
Yield Efficiency systematic ~ sample size
long
B(B® — Jhip Kdntr™) 4.5 5.9 7.4 1.5
B(B® — ¢(25)KY?) 3.3 5.5 6.4 1.5
downstream
B(BY — J Kdntr—) 1.2 6.9 7.0 1.1
B(B° — (25)K?) 3.3 7.1 7.8 1.1

the efficiency from control samples of D° — K ~7* decays to simulated signal events, and
comparing the result to the true value. The systematic uncertainty due to the variation of
the efficiency over the phase-space is evaluated by reweighting the simulated samples for
each signal decay to match the main features of the distributions seen in data (see Sec. @

However, this method can only be applied for the channels where significant signals are
observed: B® — Jhp Klntr—, B — Jh K?K*7F and B® — JWp KYKTK~. For the
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tions in BY — J/ KOK*7F decays. Contributions from the K*(892)° 4+ K (892)° and K*(892)*
mesons can be seen in the m(K*7T) and m(KJn*) distributions respectively.

other decay channels the root-mean-square variation of the efficiency over the phase-space
is obtained by binning the simulated events in each invariant mass combination, and this
value is assigned as the associated uncertainty. There is also a small uncertainty arising
from the limited simulation sample sizes. For the relative branching fraction measurement
of B® — Jhp K2ntn~ to B® — Jip K? there are two more tracks in the former channel
than the latter. Therefore additional small systematic uncertainties arise due to the limited
knowledge of the track reconstruction and trigger efficiencies.

Uncertainty on the ratio of fragmentation fractions f,/f; affects the measurement of
any B? decay branching fraction relative to that of a BY decay. Finally, for each relative
branching fraction measurement the statistical uncertainty on the normalisation channel

14
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Table 4: Systematic uncertainties (%) for the relative branching fraction measurements with
B — Jhp K977 1~ as normalisation channel, given separately for long and downstream categories.
The total systematic uncertainty is the sum in quadrature of all contributions.

Source Total Fragmentation Normalisation
Yields Efficiencies systematic fractions sample size
long
B(B® — Jh K!K*rT)  12.7 31.0 33.5 — 6.6
B(B® — JWK)KTK~™) 29 8.0 8.5 — 6.6
B(BY — Jhy Kon ™) 16.5 33.2 37.0 5.8 6.6
B(B? — Jh KOK*7T) 1.1 7.7 7.8 5.8 6.6
B(BY — JWK!KTK™)  39.0 33.2 51.2 5.8 6.6
downstream
B(B® — Jh K?K*rT) 7.6 27.6 28.6 — 5.0
B(B® = JWK)KTK™) 3.2 6.5 7.3 — 5.0
B(BY — Jhy Kdn ™) 17.3 30.1 34.7 5.8 5.0
B(B? — Jh KOK*rT) 0.9 6.4 6.4 5.8 5.0
B(B? — JWK!KTK™) 18.0 36.7 40.9 5.8 5.0
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Figure 11: Background-subtracted distributions of the possible two-body invariant mass combi-
nations in B® — JAp KKK~ decays. The ¢(1020) resonance is clearly seen in the m(K+ K ™)
distribution.

also contributes. To allow a straightforward evaluation of the absolute branching fractions
of the modes studied with the data-based selection, this source is treated separately.

8 Results and conclusions

Results are obtained separately for the relative branching fractions in the long and
downstream categories and then combined. The combinations are performed using the
full likelihood functions, though the uncertainties are symmetrised for presentation of the
results. Possible correlations between systematic uncertainties in the different categories,
due to the fit model, particle identification efficiencies and f/f4, are accounted for in
the combinations. All pairs of results in long and downstream categories are consistent
within 2.5 standard deviations. The signal significances are obtained from the change in
negative log likelihood when the signal yields are fixed to zero. Systematic uncertainties
that affect the yield are accounted for in the calculation by smearing the likelihood
with a Gaussian function of appropriate width. The significances, in terms of numbers
of standard deviations (o), are summarised in Table [5] Since the significances of the
B — JW KOKTK™ and B? — Jhy KQK*r¥ signals exceed 50, these results constitute
the first observations of those decays.
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Table 5: Significances (o) for previously unobserved channels obtained from the fits to the
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only statistical effects, while the combined results include systematic uncertainties.
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Mode Significance
long downstream combined
BY — JW K?K*7F 0.8 2.5 1.8
B - JWK!KTK~ 6.2 5.1 7.3
BY — JWp Kdntn— 23 1.9 2.6
BY — Jhp KIK*nF 179 25.8 22.9
BY - JWK)KTK~ 0.7 0.6 0.8

The results from the simulation-based selection are

and

B(BY — ¢(2S)K?) x B(¢(2S) — Jpatn™)

B(B® — Jhp Kdntm™)

B(BY — J/h K?)

= 0.493 + 0.034 (stat) = 0.027 (syst) ,

B(B® — Jh K9)

17
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where the first uncertainties are statistical and the second systematic. The measurement of
B(B" — Jip K{nt7~) excludes the contribution from ¢ (2S) — Jibntn~ decays. These
are converted to absolute branching fraction measurements

B(B® = Jhy K°7T7~) = (43.0 £3.0 (stat) £ 3.3 (syst) + 1.6 (PDG)) x 1077,
B(B® — ¢(2S)K") = (4.7+0.7(stat) £ 0.4 (syst) £ 0.6 (PDG)) x 107,

where the last uncertainty is from measurements of the other branching fractions involved
in the ratios [13]. These results are consistent with previous measurements [13] and, in
the case of the former, significantly more precise.

The results from the data-based selection are

B(B® = Jjb KOK*x¥)
B(BY — Jhp Kdrt7—)

0.026 £+ 0.012 (stat) £ 0.007 (syst) £ 0.001 (norm),

< 0.048 at 90% CL

< 0.055 at 95% CL

B(B® = JpKIKTK™)
B(BY — Jh K9ntm—)
B(BY — Jhp K9t n™)
B(BY — Jhp K{mt7—)

= 0.047 £ 0.010 (stat) £ 0.004 (syst) £ 0.002 (norm),

< 0.103 at 90% CL,

< 0.115 at 95% CL

B(B? — Jip KOK*7F)
B(BY — Jh Kdntm)

B(B® = Jj KOKTK™)
B(BY — Jhp Kdrt7—)

= 2.1240.15 (stat) & 0.14 (syst) & 0.08 (fs/fq4) = 0.08 (norm),

= 0.011 £ 0.020 (stat) == 0.006 (syst) == 0.001 (fs/f4) % 0.001 (norm),

< 0.027 at 90% CL,
< 0.033 at 95% CL,

where the uncertainties due to fs/f; and the size of the B® — Jip K)7nt 7~ normalisation
sample are quoted separately. Upper limits, obtained from integrating the likelihood in
the positive region, are quoted at both 90% and 95% confidence level (CL) for all channels
with combined significance less than 3 0.

These results are converted to absolute branching fraction measurements by multiplying
by the value of the normalisation channel branching fraction determined from with the
simulation-based selection. In this process, the statistical uncertainty of the B® —
Jhp KOt~ yield is taken to be 100% correlated between the samples with simulation-
based and data-based selection, since differences are small enough to be neglected. For
consistency with the standard convention, the absolute branching fractions are multiplied
by a factor of two to give results corresponding to final states containing K° or K 0 (instead
of K¥) mesons in the final state.
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B(B® = JWp KK =7t + B® = Jpp K K*7)
= (1145 (stat) £ 3 (syst) =1 (PDG)) x 1079,
< 21 x107% at 90% CL,
< 24 x107% at 95% CL,
BB - JWK°KTK™) = (20.2+4.3(stat) £ 1.7 (syst) + 0.8 (PDG)) x 1079,
B(BY = JWER rtn) = (244 1.4(stat) £ 0.8 (syst) £ 0.1 (fs/fq) £ 0.1 (PDG)) x 1077,
< 4.4x107° at 90% CL,
< 5.0x107° at 95% CL,
B(B® - JWEK K~rt + BY —» JWK K+r~)
(91 + 6 (stat) £ 6 (syst) + 3 (fs/fs) £3 (PDG)) x 107°,
BB — JWEK'K*K™) = (549 (stat) £ 2 (syst) £1 (fs/fs)) x 1076,
< 12x107% at 90% CL,
< 14x107% at 95% CL,

where the contribution from the PDG uncertainty to the last result is negligible.

In summary, using a data sample corresponding to an integrated luminosity of 1.0fb™*
of pp collisions at centre-of-mass energy /s = 7 TeV recorded with the LHCb detector at
CERN, searches for the decay modes B?S) — Jhp KIhTh")~ have been performed. The
most precise measurement to date of the B® — J/i Ko7 w~ branching fraction and the
first observations of the B® — J/i) KOKTK ™~ and BY — J/hh K?K*71F decays are reported.
The first limits on the branching fractions of B? — Jip Kdntn~, B® — Jhp KIK*7F and
BY — Ja KKt K~ decays are set. Inspection of the phase-space distributions of the
decays with significant signals does not reveal any potentially exotic narrow structure,
nor is any significant excess from a narrow resonance seen in the KY K*7T invariant mass
distribution in BY — J/ KOK*7F decays. Further studies will be needed to investigate
the underlying dynamics of these channels, and to understand whether they can in future
be used for CP violation studies.
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