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Abstract

Using proton-proton collision data, corresponding to an integrated luminosity
of 9fb™! collected with the LHCb detector, seven decay modes of the B me-
son into a JAp or P(2S) meson and three charged hadrons, kaons or pions,
are studied. The decays Bf — (P (2S)— Jpntn)nt, Bf — P2S)ntn ',
Bf —» JWK " and B — JWKTK K™ are observed for the first time, and
evidence for the B — P (2S)KTK ™7t decay is found, where JAp and {(2S) mesons
are reconstructed in their dimuon decay modes. The ratios of branching fractions
between the different B} decays are reported as well as the fractions of the decays
proceeding via intermediate resonances. The results largely support the factorisation
approach used for a theoretical description of the studied decays.
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1 Introduction

The B} mesons are unique because they contain two different heavy-flavour quarks, charm
and beauty. The ground state has a rich set of weak-decay modes since either of the heavy
quarks can decay with the other behaving as a spectator quark, or both quarks can
annihilate via a virtual W boson. Studies of BY decay channels and measurements of their
branching fractions improve the understanding of models describing strong interactions
and test various effective models. Experiments at the Large Hadron Collider (LHC) have
opened a new era for B} meson investigations. The high b-quark production cross-section
at the LHC enables the LHCb experiment to study the production, decays and other
properties of the B meson [1H21].

Although the B meson was discovered in 1998 by the CDF collaboration [22,23], only
two B} — P3h* decay Channels,r'_-] where the symbol 1\ denotes a JAp or a P (2S) meson
and h¥ stands for a charged kaon or pion, were previously observed by the LHCb collabora-
tion |1,6]. The decays of B mesons into charmonium and light hadrons are expected to be
well described by the factorisation approach [24,25]. In this scheme, the Bf — {3h* decay
is characterised by the form factors of the BF — {pWT transition and the universal
spectral function for the virtual W boson fragmenting into light hadrons [26]. The ratios
of branching fractions of various BY — 13h* decays, based on this theoretical approach
are predicted in Refs. [27,28]. A measurement of the branching fractions of the exclusive
B meson decays into the final states consisting of charmonium and light hadrons allows
for precise tests of the factorisation approach.

In this paper a study of the Bl meson decaying into seven final states, namely
the Cabibbo-favoured B} — JApntnn™, Bf — Y2S)ntn nt, Bf - JYKTK 7t
Bf = Y(29)KTK 7t Bf — (P(2S)— JAp 7t )mt decays, and the Cabibbo-suppressed
Bf — JY Kt n 7t and Bf — JWPKTK-K™ decays, is reported. The analysis is based on
proton-proton (pp) collision data, corresponding to an integrated luminosity of 9 fb™*
collected with the LHCb detector between 2011 and 2018 at centre-of-mass energies of
7,8, and 13 TeV. The JAp and P (2S) mesons are reconstructed from their decay into
two muons and the P(2S)— JApmr7m~ channel is used for the B} — P (2S)n™ decay.
The ratios of branching fractions for the decay channels under study are presented.

2 Detector and simulation

The LHCb detector [29,30] is a single-arm forward spectrometer covering the pseudora-
pidity 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 surrounding the pp interaction region [31], a large-area silicon-strip detector lo-
cated upstream of a dipole magnet with a bending power of about 4 Tm, and three stations
of silicon-strip detectors and straw drift tubes [32,33] placed downstream of the magnet.
The tracking system provides a measurement of the momentum of charged particles with
a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV/c.
The momentum scale is calibrated using samples of JAp — puu™ and BT — JAD K™ decays
collected concurrently with the data sample used for this analysis [34,35]. The relative
accuracy of this procedure is estimated to be 3 x 10~* using samples of other fully re-

'nclusion of charge-conjugate states is implied throughout the paper.



constructed b hadrons, T and K mesons. The minimum distance between a track and
a primary pp-collision vertex (PV), the impact parameter, is measured with a resolution
of (15 +29/pr) 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 (RICH) [36]. Photons, electrons and hadrons are
identified by a calorimeter system consisting of scintillating-pad and preshower detectors,
an electromagnetic and a hadronic calorimeter. Muons are identified by a system composed
of alternating layers of iron and multiwire proportional chambers [37].

The online event selection is performed by a trigger [38], which consists of a hardware
stage, based on information from the calorimeter and muon systems, followed by a software
stage, which performs a full event reconstruction. The hardware trigger selects muon
candidates with high transverse momentum or dimuon candidates with a high value of
the product of the individual muon pr. In the software trigger, two oppositely-charged
muons are required to form a good-quality vertex that is significantly displaced from
any PV, and to have a dimuon mass exceeding 2.7 GeV/c?.

Simulated events are used to describe the signal and to compute efficiencies needed to
determine the branching fraction ratios. In the simulation, pp collisions are generated
using PyTHIA [39] with a specific LHCb configuration |40]. Decays of unstable particles
are described by the EVTGEN package [41], in which final-state radiation is generated
using PHOTOS [42]. The simulated decays of Bf — JApttnnt and Bf — Y (2S)nt w7t
are produced via an intermediate a;(1260)" state, followed by a;(1260)* — p7t* decay,
using the phenomenological model by Berezhnoy, Likhoded, and Luchinsky [26,128],43|
and referred to as BLL model hereafter. The simulated decays of Bf — JAp K 7,
Bf — JUKTK-7t, and Bf — {(2S)KTK 7" include intermediate K** and K*° states
in the Kt7t~ and K~7t™ systems, respectively. In the Bf — JApKTK~K* decay several
excited K** states are included, with fractions in accordance to the observations described
in Refs. [441[45]. All simulated B — {3h* decays are further corrected to reproduce
the tr7t~, Ktt~, K-7tt, and K"K~ mass distributions observed in data. The interaction
of the generated particles with the detector, and its response, are implemented using
the GEANT4 toolkit [46] as described in Ref. [47]. To account for imperfections in the sim-
ulation of charged-particle reconstruction, the track-reconstruction efficiency determined
from simulation is corrected using calibration samples [48].

3 Event selection

Candidate Bf — W3h* decays are reconstructed using dimuon decays of the JAp and
P (2S) mesons. The criteria largely follow that described in Refs. [6,/7]. The selection starts
from reconstructed charged tracks of good quality that are inconsistent with being produced
in a pp interaction vertex. Muon, pion and kaon candidates are identified by combining
information from the RICH, calorimeter and muon detectors [49]. The muon candidates
are required to have a transverse momentum larger than 550 MeV/c. Pairs of opposite-
ly-charged muons consistent with originating from a common vertex are combined to form
JAb — utp and P(2S) — ptu~ candidates. The reconstructed mass of the ™y~ pair is
required to be in the range 3.0 < my+,- < 3.2 GeV/c? and 3.60 < my+,- < 3.73 GeV/c?
for the JAp and (2S) candidates, respectively. The kaon candidates are required to have
a transverse momentum larger than 800 MeV/c for the Bf — JAp K7t~ 7ntt candidates and



500 MeV/c for the other decay modes. The transverse momentum of pion candidates is
required to be greater than 500 MeV/c in the B — JAp KTt~ 7t channel and 400 MeV/c in
the other decay modes. For efficient particle identification, kaons and pions are required to
have a momentum between 3.2 GeV/c and 150 GeV/c. To reduce combinatorial background,
only tracks that are inconsistent with originating from any reconstructed PV in the event
are considered.

To form the B} candidates, the selected 1\ candidates are combined with three
charged tracks identified as kaons or pions, requiring a good-quality reconstructed vertex.
Each B} candidate is associated with the PV that yields the smallest x%, where % is
defined as the difference in the vertex-fit x? of a given PV reconstructed with and without
the particle under consideration. To improve the mass resolution for the B candidates,
a kinematic fit [50] is performed. This fit constrains the mass of the ™ u™ pair to the known
mass of the JAp or P (2S) meson [51] and constrains the B} candidate to originate from
its associated PV. A requirement on the quality of this fit is applied to further suppress
combinatorial background. Such requirement also reduces contributions from the B de-
cays with the intermediate weakly-decayed hadron, such as the Bl — JAb (DF — 3h*),
Bl — JA(D°— h*h™ )K", or Bf — (B?S) — JAbhth™)h™ decays [3,5,15].

The measured decay time of the B candidate, calculated with respect to the as-
sociated PV, is required to be greater than 175um/c for the Bf — JApntn nt,
Bf — Y (2S)ntnnt, and B — JApK 7wt candidates, and 125 pm/c for other de-
cay modes. This requirement suppresses random combinations of candidates, which
include tracks originating from the PV. The mass of selected B} candidates is required to
be between 6.15 GeV/c? and 6.45 GeV/c?.

To suppress P3h* combinations with intermediate BY, B®, D, and D° mesons, a veto
is applied on the mass of the corresponding two- or three-body combinations, namely
PYKTK—, pKFnt, Kt K-nt, and K-7t. All candidates having any of these masses within
a range of approximately £30,, around the known masses of the intermediate particles [51],
where 0, stands for the mass resolution, are rejected. For the Bf — JAp ittt decay
the contribution from the Bf — ((2S) = JApnthn~) ™ decays is removed by reject-
ing candidates with the JAp7tt 7t~ mass within the range 3.67 < myp - < 3.70 GeV/c2.
For the Bf — P (2S)KTK~n" decay the mass of the K~7tt system is required to be
between 0.74 GeV/c? and 1.04 GeV/c?, consistent with originating from a K** meson.

Mass  distributions for selected Bf— Jntnnt, Bl — P2S)ntn
Bf - JWKTK n", Bf = Y(2S)K'K nt, Bf — JW K n nt and Bf —» JYK K K+
candidates are shown in Fig.[I] Figure [2|(left) shows the mass distribution for selected
Bf — (Y(2S)— JApmtn) mt candidates, while the corresponding mass distribution for
P(2S) = JApmrhr candidates is shown in Fig. 2](right).

4 Signal yields

The yields for the Bf — {3h* decays are determined using a simultaneous ex-
tended unbinned maximum-likelihood fit to the six mass distributions of selected
Bf —» Jntnnt, Bf — Y@2S)ntnnt, Bf - JYKtnnt, Bf - JYKTK nt,
B — P(2S)KTK 7nt and Bf — JAWPKTK KT candidates; and a two-dimensional
distribution of the JApm =7t mass, myyptn-nt, versus JApH mass, mypytn-,
for the Bf — (P(2S)— JApmtn)n™ candidates. To improve the resolution on
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Figure 1: Mass distributions for selected Bf — P3h* candidates. Projections of a fit, described
in the text, are overlaid.

the JApmtrt~ mass for the Bf — (P(2S)— JApntrn)mt candidates and to eliminate
a small correlation between myprtn—rt and mypyrtn—, following Refs. [52,53] the mypyptn-
variable is computed [50] by constraining the mass of the BI candidate to its known
value [51]. For each BY mass distribution the one-dimensional fit function consists of two
components:

1. signal BY — P3h* decays parameterised by a modified Gaussian function with
power-law tails on both sides of the distribution [54,55]. The tail parameters are
fixed to the values obtained from simulation;
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Figure 2: Distributions of the (left) JApmtn~nt and (right) JAp7t7n~ masses for selected
B — (W(2S)— JApmtn) wt candidates. Projections of a fit, described in the text, are overlaid.
The right plot corresponds to the mass range 6.24 < mjyyptn—n+ < 6.31 GeV/c2.

2. random P3h* combinations, modelled by a first-order polynomial function.

The two-dimensional fit function for the Bf — ((2S) — JAp7tr 7~ )7t channel is defined
as a sum of four components:

1. signal Bf — (P(2S) — JAb )t decays parameterised as a product of BY and
P(29S) signal functions modelled by a modified Gaussian function with power-law
tails on both sides of the distribution [54,55]. The tail parameters are fixed to
the values obtained from simulation;

2. contributions from the decays Bf — (JAb7ttn) g " without proceeding through
a narrow intermediate 1 (2S) state, parameterised as a product of the BI signal
function and a linear function of Myt r—;

3. random combinations of 1(2S) and 7" candidates, parameterised as a product of
the P (2S) signal template as obtained from simulation and a linear function of
Mypprtn-rt, Multiplied by the two-body phase-space function [56];

4. random JApwtttt combinations, described by a two-dimensional positive-definite
first-order polynomial function.

For the Cabibbo-suppressed channel B} — JAp KTt~ 7t components describing feed-down
contributions from the Cabibbo-favoured Bf — JApKTK n" and B} — JApnrn n*
decays, where the kaon is misidentified as a pion or vice versa, are added into the fit
function. The shapes for these contributions are taken from simulation, and their yields
are constrained to the expected number of misidentified events.

For all BY signal functions, the peak-position parameter is shared between all decays
and allowed to vary in the fit. The mass-resolution parameters used in the B} and
P(29S) signal functions are fixed to the values determined from simulation, and corrected
by scale factors, sp+ and sy(s), to account for a discrepancy in the mass resolution
between data and simulation [52.[53.57]. These factors are allowed to vary in the fit, and
the factor sp+ is shared for all decay modes. The factor sy(2s) and the peak-position

bt



Table 1: Parameters of interest from the simultaneous unbinned extended maximum-likelihood
fit. The uncertainties are statistical only. For previously unobserved decay modes, the last
column shows the statistical significance estimated using pseudoexperiments in units of standard
deviations.

Decay Yield S [o]
B — JAp ot 2750 + 69

B — JWK+K -t 686 -+ 48

B — JApKTK-K+ 43410 5.2
Bt — JAK+nmt 148+£22 7.8
Bf —» Y (2S)mtnmt 49+11 5.8
B — P(28)K+K -7t 1946 3.7
Bl — (P(2S)— Jp )t 54+9 11.8
Parameter Value

mgr [ MeV/c?] 6274.14 +0.26

Mupas) | MeV/c?] 3686.05 & 0.01

parameter for the \(2S) signal component are constrained to the values from a pre-
vious LHCb study [52]. The mass distributions together with projections of the fit
are shown in Fig.[l] for Bf = JApntnnt, Bf = Y(2S)ntnn*, Bf — JH KK nt,
B = Y (29)K*K 7t Bf — JWKtn 7wt and Bf — JAp KTK~K™ candidates and Fig.
for the Bf — (Y(25) —» JAptn~) ™ candidates. The fit parameters of interest with
statistical significance of the observed signals are summarised in Table [T} The resolution
correction factors are found to be sg+ = 1.096 & 0.029 and sy(25) = 1.048 & 0.004.

The statistical significance for previously unobserved decay modes is estimated with
a large number of pseudoexperiments produced according to the background distribu-
tion observed in data. These results amount to the first observation of the decays
Bf - y(2S)ntnnt, Bf - JYK n " and Bf — JAWKTK K" decays, and the first
evidence for the B — P(2S)KTK 7t decay. The decay Bf — {(2S)t" is confirmed
using the P(2S) — JAptHt~ mode.

5 Resonance structure

The 7wt~ n™ and 77w~ mass distributions from the Bf — JApmtntt decays were
previously studied in Ref. [1] and were shown to be compatible with originating from
a Bf — JApa;(1260)*, followed by an a;(1260)" — pnt™ decay [26]43]. The back-
ground-subtracted w7t and 7wt distribution for the B — JApbtt w7t candidates
are shown in Fig. , where the sPlot technique is used for background subtraction [5§],
using the JAp w7t 7t mass as a discriminating variable.

The 7tf7t 7wt mass distribution agrees well with the BLL model expecta-
tions [206][28,[43]. The 7wt~ mass distribution exhibits a clear peak from the p® resonance
and a structure near mq+.- ~ 1.3 GeV/c?, that can be due to contributions from the decays
of the wide a1(1260)" resonance via f(1270), f,(1370) or p(1450) mesons [60], jointly
referred to as R in the following. Unbinned maximum-likelihood fits to the 7t"7t~ mass
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Figure 3: Background-subtracted (left) m*n~nt and (right) m*7~ mass distributions for
selected B} — JApmttn-nt candidates. In the left plot the expectation from simulation for
the B — JAba;(1260)* decays with BLL model [26,28,43] is overlaid.

Table 2: Results for parameters from the fit to the background-subtracted "7~ mass spec-
trum from the Bf — JAbt" -7t decays. The last row shows the statistical significance for
the R structure estimated using Wilks’ theorem [59).

Parameter Value
fhE A g 88.1 & 3.0
+ _

Bt o) 104+ 1.4
mg [MeV/c?] 1265+ 10
T'r MeV] 110 + 21
SR [O'] 8

distribution are performed with functions that contain three terms: a component corre-
sponding to the decay via the p? resonance; a component corresponding to the decays
via S-, P-, or D-wave "7t~ resonances, and a component corresponding to BY meson
decays into the JApttt 7t final state without resonances in the w7t~ system. The res-
onance components are parameterised with relativistic P- and S-wave Breit—Wigner
functions with Blatt—Weisskopf form factors with a meson radius of 3.5GeV ™! [61].
The non-resonant component is parameterised with a product of the phase-space function
describing a two-body system out of the four-body final state [56] and a positive sec-
ond-order polynomial function, that accounts for the decay dynamics via the intermediate
a1(1260)" state. The p° peak position and the width are constrained to their known
values [51] using Gaussian constraints, while parameters for the R structure are free to
vary in the fit.

The fractions fB A Lt and fB It t

of the BY meson decays into

2Blatt— Weisskopf form factors with meson radius of 3.5 GeV ™!

relativistic Breit—-Wigner functions, unless stated otherwise.

are used for all subsequent fits with
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K*K~ mass region, mg+x- < 2.923GeV/c?. For better visibility, only a low-mass part of
the spectrum is shown.

the JAptri~ ™ final state via the intermediate p® and R resonances, as well as the Bre-
it—-Wigner mass and width for the R structure, mgr and I'g, are shown in Table
The results for fractions, mass and width of the resonance are stable with respect to
the choice of the orbital momentum used for the Breit-Wigner function: fp and fr
change by 0.002, mg and I'g change by respectively 2 MeV/c? and 3 MeV, when the orbital
momentum varies from S-wave to D-wave. The statistical significance for the struc-
ture is estimated using Wilks’ theorem [59] and is found to be 8 standard deviations.
The obtained Breit-Wigner mass and width of the structure are consistent with those
for the fo(1370) state [51]. The yield relative to the yield of decays via the p° resonance,
(11.8 £ 1.6) %, agrees with that obtained by the CLEO collaboration from a Dalitz analysis
of the a;(1260)" — " n®7® decay [60], and is much larger than those for the f,(1270)
and p(1450) states. It allows interpretation of the R structure as the f;(1370) resonance,
however alternative interpretations such as the f2(1270) or p(1450) state are also possible.

In Ref. [6] it has been demonstrated that a large fraction of the decays of the B} mesons
into the JAp K* K7t final state proceeds via an intermediate K** meson, while no evidence
for Okubo—Zweig-lizuka-suppressed (OZI) decays [62-64] via intermediate ¢ mesons is
found. Figure 4| shows the background-subtracted K-t and KK~ mass distributions
for the selected B} — JApKTK 7t candidates. Unbinned maximum-likelihood fits to
these distributions are performed with functions consisting of two terms: a component
corresponding to decays via intermediate K** — K-t or ¢ — KTK~ decays and a com-
ponent without resonances in K-t or KTK™~ systems. The former is parameterised
with a relativistic P-wave Breit—Wigner function, while the latter is parameterised with
a phase-space function describing a two-body system in a four-body final state [56].
Masses and widths of the K* and ¢ resonances are allowed to vary in the fit and are
Gaussian constrained to their known values [51]. Results of the fits are overlaid in Fig. [i]
The fractions of the Bf meson decays into the JAp KK~ nt" final state via intermediate
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K*¥ and ¢ resonances are found to be
JRIKIRTTE (645 +4.7) %,
+ —_
fo MR = (16 25) %,
respectively, confirming the previous observations [6]. The upper limit at 90 (95)%

confidence level (CL) on the fraction fB EPIWITKTT 4 et as

FEDIRTETT - 3.9(4.5)%.

The background-subtracted KTt~ and KtK™~ mass distributions for selected Cabib-
bo-suppressed B — JAp Kt n* and Bf — JAp KTK~K™ candidates are shown in Fig. [
Fits to these distributions with two-component functions similar to those described
above are performed and results of the fits are overlaid in Fig. . For B} decays into
the JAp KTt~ 7mt* final state a large fraction proceeds via a K** meson,

FRENKETTRT (6134 5.0)%

and for B decays into the JAp KTK~K™ final state a dominant fraction proceeds via
a ¢ meson,

FREDIITETRE _ (90 4+ 19) %

All uncertainties for these resonance fractions are statistical only.

6 Ratios of branching fractions

Six ratios of branching fractions are reported in this paper,
RJ/ll)K*K*KﬂL _ B(Bj% J/ll—’ K+K—K+) (1&)
KKt BB — JAK+K—7rt)

9



RJ/¢K+7T77I+ _ B(Bj — J/ﬂ) K+7T_7T+) (1b)
KK B(BE — JAp KK mt)
RVESKFK -t B(Bf = P(2S)KTKmt") x B((2S) — puru~) (1¢)
SRR B(BF — JWKYK-mt) x B(JAb — pwtrp~)
R¢(2S)7T+7I*7t+ — B(Bj% ¢(28>7T+7T_7T+) X B(lj)<28)_> u—i—u_) (1d)
Pprtromt T BB — JAphemt) x B(JAD — utpo)
R _ B(Bf — P(2S)mth) x B(P(2S)— JApmtn) (1)
A BB+ — Jpmtamt) ’
RJ/lJ,)KjLK*ﬂjL _ B(Bg— — J/'q) K+K_7T+) (1f)
Wprtnmmt T BB — JAp o)

where decays are paired to give the largest cancellation of systematic uncertainties. Each
ratio of branching fractions for Bf — X and B — Y decay modes, R¥, is calculated as

NX &y
=X XX 2
N S o (2)

where N is the signal yield reported in Table [1| and £ denotes the efficiency of the cor-
responding decay. The efficiency is defined as the product of geometric acceptance,
reconstruction, selection, hadron identification and trigger efficiencies. All of these con-
tributions, except that of the hadron-identification efficiency, are determined using sim-
ulated samples, corrected as described above. The hadron-identification efficiency is
calculated from single-track hadron identification efficiencies for kaons and pions, de-
termined from large calibration samples of D**— (D — K-n") ", K§— trt~ and
Df — (¢ — KTK™) 7t decays [364/65].
The measured ratios of branching fractions are

Ry

Rk = (T0£18)x 1072,

JOVKtn—nt
RIVK™ — 0354006,

RUGIE T = (37+12)x 1072,

RYCITT T = (1.9+£04) x 1072,
RV = (3.5+£06)x 1072,
Ry K% = 018540013,
where uncertainties are statistical only and correlation coefficients are listed in Table [A 1]
Systematic uncertainties are discussed in Sec.

7 Systematic uncertainties

The decay channels under study have similar kinematics and topologies, therefore a large
part of systematic uncertainties cancels in the branching fraction ratios R¥. The remaining
contributions to the systematic uncertainty are summarised in Table 3| and discussed
below.

An important source of systematic uncertainty on the ratios arises from the imperfect
knowledge of the shapes of signal and background components used in the fits. To estimate
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this uncertainty, several alternative models are tested. For the B and 1(2S) signal
shapes an Apollonios function [66] is employed as an alternative model. The degree of
the polynomials used in the fits is increased by one. The systematic uncertainty related
to the fit model is estimated by pseudoexperiments with the baseline fit model and fitted
with alternative models. Each pseudoexperiment is approximately 100 times larger than
the data sample. The maximal deviations in the ratios of the signal yields with respect
to the baseline model do not exceed 2.8% for variation of the signal model and 3.7% for
variation of background model, and are taken as systematic uncertainties in the ratios R¥.

The simulated B} — 1{3h* decays are corrected to reproduce the two-dimensional
mtr, K, K-ntt, and K"K~ mass distributions observed in data. The uncertainty
associated with this correction procedure and related to the imperfect knowledge of
the B} decay model is estimated by varying the reference mass distributions within
their uncertainties. It causes small changes in the efficiencies and subsequent changes
in the ratios RY, that do not exceed 0.3%. These changes are taken as systematic
uncertainties related to the BY decay model.

An additional uncertainty arises from differences between data and simulation, in partic-
ular differences in the reconstruction efficiency of charged-particle tracks. The track-finding
efficiencies obtained from simulation are corrected using data calibration samples [4§].
The uncertainties related to the correction factors, together with the uncertainty in
the hadron-identification efficiency due to the finite size of the calibration samples [36,65],
are propagated to the ratio of total efficiencies using pseudoexperiments. The obtained
systematic uncertainty for the R¥ ratios do not exceed 1.6%.

The systematic uncertainty related to the trigger efficiency is estimated by com-
paring the ratios of trigger efficiencies in data and simulation using large samples of
the BT — JAK' and BT — {(2S)K* decays [67]. Another source of uncertainty is a po-
tential disagreement between data and simulation in the estimation of efficiencies, due
to possible effects not considered above. This is studied by varying the selection criteria
in ranges that lead up to a £20% change in the measured signal yields. For this study,
the high yield Bf — JAbtnt ™ data sample is used. The resulting difference between
the efficiencies estimated using data and simulation does not exceed 3.0%, which is taken
as a systematic uncertainty for the ratios R¥. The last systematic uncertainty considered
for the ratios R¥ is due to the finite size of the simulated samples and it varies between
0.6% and 2.1%.

Systematic uncertainties for the fractions of decays via resonances are estimated
by variation of the fit models. In particular, the meson radii are varied between 1.5
and 5GeV ™!, the degree of polynomial functions is varied from one to three and, for
Bf — JAp 7ttt decays, the Gounaris—Sakurai function [68] is used for the p® meson
parameterisation. For each alternative model the fit fraction is determined and the maximal
difference in the fractions with respect to the default fit model is taken as a corresponding
systematic uncertainty. The systematic uncertainties for the fractions are summarised
in Table . For the fraction ff iHJ/wKJFK_ﬁJF, the upper limits are estimated for each
alternative model, and the largest value is taken. The upper limit at 90 (95)% CL that

+ -
accounts for the systematic uncertainty is ffC%J/wKJFK ™ 4.2 (4.8)%.
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Table 3: Ranges of relative systematic uncertainties for the ratios of branching fractions 7?,%((
The total systematic uncertainty is the quadratic sum of individual contributions.

Source Uncertainty [%)]
Fit model
Signal shape <0.1-238
Background shape 0.2 —-3.7
B} decay model <0.1-0.3
Efficiency corrections <01-1.6
Trigger efficiency 1.1
Data-simulation difference 3.0
Size of simulated sample 0.6 —2.1
Total 3.3—-5.6

Table 4: Systematic uncertainties for the fractions of the decays via resonances.

Fraction Uncertainty [%]
Bi—=Jpmtnnt 4+12.0
fpo —0.3
fBérﬁ\J/lJ‘) ntn—nt +8.0
R —12
BI—JAKTK - nt +3.9
fK*O — 4.8
fBZf—>J/1b Kt +7.7
K*0 -0.3
Bi—JWpKTK-K+ +5.0
J o —-7.0

8 Results and summary

The B — P3h* decays are studied using proton-proton collision data, corresponding
to an integrated luminosity of 9fb™", collected with the LHCb detector. The first ob-
servation of the decays Bf — ¥ (2S)mtnnt, Bf — JW K n ™ and Bf - JPKTK K™
is reported. The decay Bf — {(2S)t" is confirmed using ) (2S) — JAbtr ™ mode and
the first evidence for the Bl — {(2S)KTK~7tt decay is obtained with a significance of
3.7 standard deviations.

The three-pion mass distribution for the Bf — JAptn ™ decays is found to be
consistent with a BLL model for the B — JAba;(1260)" decay based on the factorisation
approach [26,28,43], in agreement with previous studies [1]. The presence of the inter-
mediate axial a;(1260)" meson in this decay is further supported by a large fraction of
the B — JAbt - wtt decays proceeding via the intermediate p® resonance

f;?)j%J/lPTﬁn’nJr _ (881 + 301-(1)230) %’

and the observation of a structure in the 7t"71" mass spectrum, consistent with
the a1(1260)" — (f(1370) — 77t~ ) " decay. The fraction of the Bf — JApmtrn ™ de-

12



Table 5: Comparison of the measured ratios R%,( with their theoretical predictions or derivations
from previous measurements.

Ratio Value Prediction, Reference
measurement
R X 7 0.37 £ 0.15 £ 0.01 0.16 BLL [27,28]
R 0.35 % 0.06 £ 0.01 0.37 BLL [27]
Ry (64+1.0£0.2)x 1072 7.7 x 102 BLL [27]
Ry 0.185+£0.013£0.006 0.2 BLL [27,28]
Ry e 0.19%0.03 £0.01 0.18 + 0.04 LHCb [6,11]
Ry (35£0.6£02)x 1072 (3.94£0.9)x 1072 LHCb [1l11]
Ryee T 0185 £0.013£0.006 022 +0.06 LHCb [1,/6]

cays proceeding via this intermediate state is found to be
+ _
fre T (104 £1.4789) %,

which agrees with the value of (7.40 +2.71 £ 1.26) %, obtained by the CLEO collabo-
ration for the fraction of the a;(1260)" — tr7®7® decays proceeding via intermediate
fo(1370) state [60].

The fraction of the Bf — JAbKTK~7* decays proceeding via intermediate K*° state
is measured to be

JREINEIRTT _ (64,5 + 4.7459) %,
while no evidence for OZI-suppressed decays Bf — JAp (¢ — KTK~)mtt is found and
the upper limit at 90 (95)% CL of the corresponding fraction of the Bf — JAp KK~ 7t de-

cays proceeding via intermediate ¢ meson is set to be
+ +K— gt
Foe TR < 4.2(4.8)%.

Both results are in agreement with the previous study by the LHCb collaboration [6].
For the B} — JW Kt 7t and Bf — JApKTK K™ decays large fractions of decays via
intermediate K** and ¢ resonances, respectively, are found

+ T T
R (61.3+5.0577) %,

fdl)3§—>J/wK+K*K+ — (90£19%3) %.

The six ratios of branching fractions are measured as

RIVEETET — (10+£18+02) x 107,

JVWKtn—nt
RIVET — 0.3540.06£0.01,

RICISET = (37+£12401)x 1072,
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Table 6: Comparison of the measured ratios of branching fractions for the Cabibbo-suppressed
and Cabibbo-favoured decays with the ratios of branching fraction for similar decays of B, BT,
BY and BY mesons [14}/51}/69-71].

Value [1072] Reference
RIVE KK 70418402 Thi
JK K-t . . . is paper
trnnt i
Ry 6.441.040.2 This paper
B(Bf — JAWK*
(B = JWKT) 79+40.8 114
BB = )
B(B*— DK™ +
(BY = D K*mom) 9.3+5.1 I51,/69]
B(B+ — DOrrtr—7rt)
B(B"— D Kt 7tt)
5.8+ 1.5 51,169
B(BY— D-mttm—mtt) P16
B(BY— D*K*tmnh)
6.5+ 0.6 51},/70
B(BY— D*~mtm—mt) 2
B(BY - D K*m )
5.2+1.3 51,71
B(BY— Dymtmmt) i

Rj}%iﬁjnﬁﬁ = (1.9404+0.1) x 1072
RV — (3540.6+0.2) x 1072,

Jptn—nt

RyeS T = 0.1850.013 £ 0.006,

where the first uncertainty is statistical and the second systematic. Correlation coefficients
for statistical and systematic uncertainties are given in Appendix [Al The ratios of
branching fractions from this measurement are compared in Table [5| with either theoretical
predictions [27}28] or derivations from previous LHCb measurements [1,/6,|/11].

The ratio of branching fractions for the BI decays via {(2S) and JAp mesons,

R}I;lf i)fg K ﬂf agrees with the known ratio of branching fractions for the B — 1(2S)7t*"

and B} — JApmtt decays RY (28)rt = (3.54 4 0.43) x 1072 [11], however the similar ratio for

It
the Bf — ¢(2S)ttn 7t and B} — JAp ™ channels, R}l} jif:ﬂﬁﬁ is in tension, at
2.8 standard deviations, with the measured ratio R%?i [11]. The ratio Rjﬁﬁiﬁ f: of

branching fractions for the Cabibbo-suppressed B — JAp KTK~K™* and Cabibbo-favoured

ot
Bf — JAWKTK 7" decays agrees within uncertainties with the similar ratio Rjﬁf: A

and the known ratio of branching fractions for the Cabibbo-suppressed B — JAp K+

and Cabibbo-favoured Bf — JAp7t™ decays [14]. The ratios Rjﬁt Eiﬁ:fj nd Rjﬁf:; 77:

also agree with the ratios of branching fraction for the multibody decays of B*, B°
and B? mesons, see Table |§| This pattern supports the factorisation hypothesis for
the B — P3h* decays.
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A Correlation matrices

Correlation coefficients for the measured ratios R are shown in Tables and for
statistical and systematic uncertainties, respectively.

Table A.1: Off-diagonal correlation coefficients ([%)]) for statistical uncertainties for the measured
ratios R§

JWKta—nt
JWHK+K—nt
Y(2S) KKt
JWHWK+K—nt
JApt -t
JWKTK—nt
Jp it

P2S)mta—mt
Pp(28)+
JAp -t

R
R

KK+
RJ/t[)KKK

ks 13 +0 -8 +2 —24
R s +4 —7 +1 —33
Ry -1 -3 ~15
Ry —4 +12
Ry A +0

Table A.2: Off-diagonal correlation coefficients ([%]) for systematic uncertainties for the measured
ratios R%

P(2S)mta—mt
Jpntn—nt
b(S)mt

Jp it
JUWKFTK—7t
Jntn—nt

R
R
R
R
R

Y(28)KTK -t

JWK+r—nt
JOKtK-7t
JAK+K— 7+

FK-K+
RIPKTKK

TSl 439 418 42 10 52
R +27 7 1 —60
Ry +9 —20  —59
Ry +27 430
Ry +37
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