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Abstract
The decays BT — JAp3nT 2t~ and BT — 1 (2S)tT w7t~ are observed for the first
time using a data sample corresponding to an integrated luminosity of 3.0fb™!,
collected by the LHCb experiment in proton-proton collisions at the centre-of-mass
energies of 7 and 8 TeV. The branching fractions relative to that of Bt — {(2S)K™
are measured to be
BBt — JAp3nt2n)
B(BT — ¥(2S)K™)
B(BT — (2S)mttn)
B(BT — P(2S)K™)

where the first uncertainties are statistical and the second are systematic.

= (1.88+0.17 +0.09) x 1072 |

= (3.04+0.50+0.26) x 1072 |
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1 Introduction

The Bt meson is a bound state of a heavy b quark and a u quark, with well known properties
and a large number of decay modes [1], but little is known about decays of B™ mesons to
a JAb meson plus a large number of light hadrons. The Bt — JAb3m 27t~ decay channel
is of particular interest, since it is one of the highest multiplicity final states currently
experimentally accessible. Evidence for the corresponding decay of the BY meson has
recently been reported by the LHCD collaboration [2], with the measured branching fraction
and qualitative behaviour of the multipion system consistent with expectations from QCD
factorisation [3l4]. In this scheme, the Bf — JAp 3727t~ decay is characterized by the form
factors of the Bf — JAp W transition and the spectral functions for the conversion of
the W+ boson into light hadrons [5-8]. Different decay topologies contribute to decays
of BT mesons into charmonia and light hadrons, affecting the dynamics of the multipion
system and enabling the role of factorisation in B* meson decays to be probed.

This paper describes an analysis of BT — JAp3n 2~ decays, including decays
to the same final state that proceed through an intermediate \(2S) resonance.
Charge-conjugate modes are implied throughout the paper. The ratios of the branching
fractions for each of these decays to that of the normalisation decay BT — P (2S)K™,

BBt — JAp3mt2n)

BB* = P(2S)K*) "
R _ BBt = Y2S)ntntn)

P = BB S p(2S)KT)

R57r

are measured, where the {(2S) meson is reconstructed in the JAptt7t~ final state and
the JAb meson is reconstructed in its dimuon decay channel. In addition, a search for
intermediate resonances in the multipion system is performed and a phase-space model is
compared to the data and to the predictions from QCD factorisation [3-8]. The results
are based on pp collision data corresponding to an integrated luminosity of 1.0fb™" and
2.0fb™" collected by the LHCb experiment at centre-of-mass energies of /s = 7TeV and
8 TeV, respectively.

2 Detector and simulation

The LHCD detector [9,/10] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < n < b, designed for the study of particles containing b or ¢ quarks. The detector
includes a high-precision tracking system consisting of a silicon-strip vertex detector
surrounding the pp interaction region, a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip
detectors and straw drift tubes placed downstream of the magnet. The tracking system
provides a measurement of momentum, p, of charged particles with a relative uncertainty
that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The minimum distance of
a track to a primary vertex (PV), the impact parameter, is measured with a resolution
of (154 29/pr) um, 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). Photons, electrons and hadrons are identified



by a calorimeter system consisting of scintillating-pad and preshower detectors, an elec-
tromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a system
composed of alternating layers of iron and multiwire proportional chambers.

The online event selection is performed by a trigger [11], which consists of a hard-
ware stage, based on information from the calorimeter and muon systems, followed by
a software stage, which applies a full event reconstruction. The hardware trigger selects
muon candidates with pp > 1.48 (1.76) GeV/c or pairs of opposite-sign muon candidates
with a requirement that the product of the muon transverse momenta is larger than
1.7(2.6) GeV?/c? for data collected at /s = 7 (8) TeV. The subsequent software trigger is
composed of two stages, the first of which performs a partial event reconstruction, while
full event reconstruction is done at the second stage. In the software trigger the invariant
mass of well-reconstructed pairs of oppositely charged muons forming a good-quality
two-track vertex is required to exceed 2.7 GeV/c?, and the two-track vertex is required to
be significantly displaced from all PVs.

The analysis technique reported below is validated using simulated events. In the simula-
tion, pp collisions are generated using PYTHIA [12] with a specific LHCb configuration [13].
Decays of hadronic particles are described by EVTGEN [14], in which final-state radiation
is generated using PHOTOS [15]. A model assuming QCD factorisation is implemented
to generate the decays BT — JAp3n™2n and BT — P(2S)n" et [5]. The interaction
of the generated particles with the detector and its response are implemented using
the GEANT4 toolkit [16] as described in Ref. [17].

3 Candidate selection

The decays BT — JAp3nt2n, Bt — p(2S)ntntn~ and BT — P (2S)KT are recon-
structed using the decay modes JAp — ptu~ and P(2S) — JApmtn— followed by
JAb — utu~. Similar selection criteria are applied to all channels in order to minimize
the systematic uncertainties.

Muon, pion and kaon candidates are selected from well-reconstructed tracks and are
identified using information from the RICH, calorimeter and muon detectors. Muon
candidates are required to have a transverse momentum larger than 550 MeV/c. Both pion
and kaon candidates are required to have a transverse momentum larger than 250 MeV/c
and momentum between 3.2 GeV/c and 150 GeV/c to allow good particle identification.
To reduce combinatorial background due to tracks from the pp interaction vertex, only
tracks that are inconsistent with originating from a PV are used.

Pairs of oppositely charged muons originating from a common vertex are combined
to form JAb — putu~ candidates. The mass of the dimuon combination is required to
be between 3.020 and 3.135GeV/c?>. The asymmetric mass range around the known
JAb meson mass [1] is chosen to include the low-mass tail due to final-state radiation.

To form a Bt candidate, the selected JAp candidates are combined with 37t* 27t~ or
K*tntt7t~ candidates for the signal and control decays, respectively. Each BT candidate is
associated with the PV with respect to which it has the smallest x%, which is defined
as the difference in the vertex fit x? of the PV with and without the particle under
consideration. To improve the mass resolution, a kinematic fit [18] is applied. In this fit
the mass of the w*u™ combination is fixed to the known JAp mass, and the BT candidate’s
momentum vector is required to originate at the associated PV. A good-quality fit is
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Figure 1: (a) Mass distributions of the selected BT — JAp3nt 21~ candidates. (b) Sum of mass
distributions for all background-subtracted JAp7t" 7~ combinations. The total fit function is
shown with thick solid (orange) lines and the signal contribution with thin solid (red) lines.

The dashed (blue) lines represent the combinatorial background and non-resonance component
for plots (a) and (b), respectively.

—

required to further suppress combinatorial background. In addition, the measured decay
time of the B* candidate, calculated with respect to the associated PV, is required to be
larger than 200 um/c, to suppress background from particles coming from the PV.

4 Signal and normalisation yields

The mass distribution for selected BT — JAp3n™ 27~ candidates is shown in Fig. [Ia).
The signal yield is determined with an extended unbinned maximum likelihood fit to
the distribution. The signal is modelled with a Gaussian function with power law tails
on both sides [19], where the tail parameters are fixed from simulation and the peak
position and the width of the Gaussian function are allowed to vary. The combinatorial
background is modelled with a uniform distribution. No peaking backgrounds from
misreconstructed or partially reconstructed decays of beauty hadrons are expected in
the fit range. The resolution parameter obtained from the fit is found to be 6 4= 1 MeV/c?
and is in good agreement with the expectation from simulation. The observed signal yield
is 139 £ 18.

The statistical significance for the observed signal is determined as
S, = \/ —2log Lg/Lsip, where Lg,p and Lp denote the likelihood associated with
the signal-plus-background and background-only hypothesis, respectively. The statistical
significance of the B* — JAp 3w 27t~ signal is in excess of 10 standard deviations.

For the selected BT candidates, the existence of a resonant structure is searched for in
the JAp 7ttt combinations of final-state particles. There are six possible JAp 77t~ combi-
nations that can be formed from the JAp 3727t~ final state. The background-subtracted
distribution of all six possible combinations in the narrow range around the known
P(2S) meson mass is shown in Fig. [Ifb), where each event enters six times. The sPlot tech-
nique is used for background subtraction [20] with the JAp3m™27t~ mass as the dis-
criminating variable. The signal yield of Bt — {(2S)[— JAn n |ntnt 7w~ is deter-
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Figure 2: Mass distributions (a) of the selected BT — 1(2S)K™ candidates and (b) back-
ground-subtracted JAp 7t 71~ combination. The total fit function is shown with thick solid (orange)
lines and the signal contribution with thin solid (red) lines. The dashed (blue) lines represent
the combinatorial background and non-resonance component for plots (a) and (b), respectively.

Table 1: Signal yields, N, of BT decay channels. Uncertainties are statistical only.

Channel N(BY)
BY = JAb3mom 139 + 18
Bt - Y(2S)[— Jntn |ntnt 61+ 10
B+ — (28)[— JAp K+ 13554 + 118

mined using an extended unbinned maximum likelihood fit to the background-subtracted
JAb ™ mass distribution. The 1(2S) component is modelled with a Gaussian function
with power law tails on both sides, where the tail parameters are fixed from simulation.
The non-resonant component is modelled with the phase-space shape multiplied by a linear
function. The mass resolution obtained from the fit is 1.940.3 MeV/c?, in good agreement
with the expectation from simulation. The observed signal yield is 61 £ 10.

The BT — P(2S)[— JAp 7~ ]KT decay is used as a normalisation channel for the mea-
surements of the relative branching fractions. The mass distribution for selected
Bt — JApmtn KT candidates is shown in Fig. 2[a). An extended unbinned maximum
likelihood fit to the distribution is performed using the model described above for the signal
and an exponential function for the background. The mass resolution parameter obtained
from the fit is 6.60 + 0.02 MeV/c?, again in good agreement with the expectations from
simulation. The background-subtracted mass distribution of the JAp7t 7t~ system in
the region of the (2S) mass is shown in Fig. 2|(b).

The signal yield of BT — {(2S)[— JApmtn|K* is determined using an extended
unbinned maximum likelihood fit to the JApwt7t~ distribution, where the background is
subtracted using the sPlot technique with the JAp 7ttt KT mass as the discriminating vari-
able. The 1(2S) and the non-resonant components are modelled with the same functions
used for the signal channel. The mass resolution obtained from the fit is 2.35 + 0.02 MeV/ 2.
The signal yields are summarized in Table
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Figure 3: (a) Mass distribution of the selected BT — JAp3nt 27t~ candidates with the additional
requirement of every JAp7T7t~ combination to be outside of +6 MeV/c? around the known
P(2S) mass. The total fit function, the BT signal contribution and the combinatorial background
are shown with thick solid (orange), thin solid (red) and dashed (blue) lines, respectively. (b) Sum
of mass distributions for all possible background-subtracted m"m~ combinations. The fac-
torisation-based model prediction is shown by a solid (red) line, and the expectation from
the phase-space model is shown by a dashed (blue) line. The total fit function, shown with
a dotted (green) line, is an incoherent sum of a relativistic Breit-Wigner function with the mean
and natural width fixed to the known p° values and a phase-space function multiplied by
a second-order polynomial.

5 Study of the multipion system

A search for intermediate light resonances is performed on the set of events which do
not decay through the {(2S) resonance. For this, the additional criterion that the mass
of every JApm" ™ combination is outside +6 MeV/c? around the known (2S) meson
mass [1] is applied. The invariant-mass distribution for BT — JAp3n™2n~ candidates
selected with the veto on the (2S) resonance is shown in Fig. [§(a). A clear peak,
corresponding to the non-resonant decay BT — JAp 3™ 27t~ decay is visible. The signal
yield for this channel is determined using an extended unbinned maximum likelihood fit
using the function described above. The observed signal yield is 80 £ 15 with a statistical
significance of 6.8 standard deviations.

The resonance structure is investigated in the 7wt , wrnt, mn~, wtntn—, wh
ottt 2t 27, 3ttt and 327t combinations of final-state particles using the s Plot
technique, with the reconstructed JAp 37tt27t™ mass as the discriminating variable. The re-
sulting background-subtracted mass distribution of all possible tt7t~ combinations is
shown in Fig. (b), along with the theoretical predictions from the factorisation approach
and the phase-space model [5-8]. A structure is seen that can be associated to the p® me-
son. The distribution is fitted with a sum of a relativistic Breit-Wigner function with
the mean and natural width fixed to the known p° values plus a phase-space shape
multiplied by a second-order polynomial. No significant narrow structures are observed
for other multipion combinations. The distributions for all other combinations of pions
are compared with predictions of both a factorisation approach and a phase-space model,
as shown in Fig. . For all fits the x? per degree of freedom, x?/ndf, is given in Table .
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Figure 4: Distributions of (a)n n, (b)ntn’, (¢)ntntn, (d)ntn n, (e)mntntnt,
(f) 2t 27, (g) 3T~ and (h) 327t masses in the Bt — JAp 327~ decay. The prediction
from the factorisation-based model is shown by solid (red) lines, and the expectation from
the phase-space model is shown by dashed (blue) lines.

The prediction from the factorisation approach is found to be in somewhat better agree-
ment with the data than that from the phase-space model, giving better x?/ndf values
for eight out of nine distributions examined.

In a similar way intermediate light resonances are searched for in the three-pion
system recoiling against P (2S) — JAp7trnt in BT — P(2S)ttwt i~ decays. The resonant



Table 2: The x? per degree of freedom for the factorisation-based and phase-space models for
the multipion system in non-resonant B* — JAb 3727t~ decays.

Multipion system Factorisation model Phase-space model
e 0.7 2.6
T 2.8 3.7
ot 1.7 4.2
ot 1.8 2.3
T 2.8 5.0
ot t 1.0 2.5
2t 2m 3.5 4.4
2t 0.7 1.0
32 2.2 1.7

Table 3: The x? per degree of freedom for the factorisation-based and phase-space models for
the multipion system recoiling against {(2S) in Bt — {(2S)n* 7~ decays.

Multipion system Factorisation model Phase-space model
T 0.5 1.3
ot 0.8 0.7
ot 1.3 1.6

structure is investigated in the 7tt7t—, tt7t™ and 7tH7t" 71 combinations. The distributions
for these combinations of pions are compared with predictions of both the factorisation
approach and a phase-space model, as shown in Fig. . The corresponding x?/ndf values
are summarized in Table [3] Similarly to the non-resonant case, the prediction from
the factorisation approach is found to be in somewhat better agreement with the data
than that from the phase-space model.

6 Efficiencies and systematic uncertainties

The two ratios of branching fractions defined in Eq. [1| are measured as

N, - € _
Ry, — JAb 3mt2m % PY(29) [t ]K+ % B(Il)(2s> _ J/ll)7T+7T_> 7
Ny@s)[=Jprtn-JK+ EJpp 3mt2m—
o NLI)(QS)[—>J/11)7I+7I*]7I+7T+7(* EP(28) [t K+
Ryes) = — X :
P(2S) [ It K+ € (29) [= I rHn bt e

where Nx represents the observed signal yield and e x denotes the efficiency for the corre-
sponding decay. The known value of (34.46 + 0.30)% [1] is used for the P (2S) — JApmtrn~
branching fraction.

The efficiency is determined as the product of the geometric acceptance and the de-
tection, reconstruction, selection and trigger efficiencies. The efficiencies for hadron
identification as a function of the kinematic parameters and event multiplicity are deter-
mined from data, using calibration samples of kaons and pions from the self-identifying
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Figure 5: Distributions of (a)ntn™, (b)mwtwt and (¢)twtT  masses in

the BT — P (2S)ntnitni~ decay. The predictions from the factorisation-based model is

shown by solid (red) lines, and the expectation from the phase-space model is shown by
dashed (blue) lines.

decays D*T — DYt™ followed by D? — K~7t* [21]. The remaining efficiencies are deter-
mined using simulated events.

To determine the overall efficiency for the BT — JAp 3™ 27t~ channel, the individual
efficiencies for the resonant and non-resonant components are averaged according to
the measured proportions found in the data,

Ny@s)—ipprtn-imtntn—

k =0.44 £0.06 .

N, JAp 3t 2m—

The ratio k is calculated taking into account the correlation in the observed values
in the numerator and denominator. The ratios of the efficiency for the normalization
channel &yg)k+ to the efficiencies for resonant, €y og)xtrtr—, and non-resonant decays
€3pp3nt2n— NR, are determined to be

_SESKT 675 40,13
Ep(28)mtmtn— 7
_SEKY 18 40.05

€0 3mt2n— NR



Table 4: Relative systematic uncertainties (in %) for the ratios of branching fractions. The total
uncertainty is the quadratic sum of the individual components.

Source Ry 2s) Ry,
Fit model 4.6 2.4
Decay model 5.9 1.1
Hadron interactions 2x14 2x14
Track reconstruction 1.9 1.8
Hadron identification 0.3 0.3
Size of the simulation sample 1.9 1.2
Trigger 1.1 1.1
B(W(2S) — JApmha) 0.9 —
Total 8.5 4.7

The ratio of efficiencies for the normalisation channel to that of the B¥ — JAb 3™ 2~ mode
is given by

Ep(25)K+ Eyp(25)K+ Eyp(28)K+

=k X +(1—k) x

—— =531+0.06.
EJp 3t 2m— Ep(28)mt - €30 3mt2n— NR

The statistical uncertainty in the ratio k is accounted for in the calculation of the statistical
uncertainty for the ratio Rs;.

Since the decay products in the channels under study have similar kinematics, many
systematic uncertainties cancel in the ratio (for instance those related to muon identifica-
tion). The different contributions to the systematic uncertainties affecting this analysis
are described below. The resulting individual uncertainties are presented in Table

The dominant uncertainty arises from the imperfect knowledge of the shape of the signal
and the background in the BT and {(2S) mass distributions. The dependence of the signal
yields on the fit model is studied by varying the signal and background parametrisations.
The systematic uncertainties are determined for the ratios of event yields in different
channels by taking the maximum deviation of the ratio obtained with the alternative
model with respect to the baseline fit model. The uncertainty determined for Ry, 25y and
R, is 4.6% and 2.4%, respectively.

To assess the systematic uncertainty related to the BT — JAb3nt2m—
(BT = P(2S)ntntn) decay model used in the simulation, the reconstructed
mass distribution of the three-pion (five-pion) system in simulated events is reweighted to
reproduce the distribution observed in data. There is a maximum change in efficiency
of 5.9% for the resonant mode and 4.7% for the non-resonant mode leading to a 1.1%
change in the total efficiency, which is taken as the systematic uncertainty for the decay
model.

Further uncertainties arise from the differences between data and simulation, in
particular those affecting the efficiency for the reconstruction of charged-particle tracks.
The first uncertainty arises from the simulation of hadronic interactions in the detector,
which has an uncertainty of 1.4% per track [22]. Since the signal and normalisation
channels differ by two tracks in the final state, the corresponding uncertainty is assigned to
be 2.8%. The small difference in the track-finding efficiency between data and simulation



is corrected using a data-driven technique [22]. The uncertainties in the correction factors
are propagated to the efficiency ratios by means of pseudoexperiments. This results in
a systematic uncertainty of 1.9% and 1.8% for the ratios of Ry 2s) and R, respectively.

The uncertainties on the efficiency of hadron identification due to the limited size of
the calibration sample are also propagated to the efficiency ratios by means of pseudo-
experiments. The resulting uncertainties are equal to 0.3% for both branching fraction
ratios. Additional uncertainties related to the limited size of the simulation sample are
1.9% and 1.2% for Ry 2s) and Rs,, respectively.

The trigger is highly efficient in selecting decays with two muons in the final state.
The trigger efficiency for events with a JAp — pu"u~ produced in beauty hadron de-
cays is studied using data in high-yield modes and a systematic uncertainty of 1.1% is

assigned based on the comparison of the ratio of trigger efficiencies for high-yield samples
of Bt — JAK™ and Bt — {(2S)K™ decays in data and simulation [23].

7 Results and summary

A search for the decay B* — JAb 327~ is performed using a data sample corresponding
to an integrated luminosity of 3.0fb™", collected by the LHCb experiment. A total of
139 4 18 signal events are observed, representing the first observation of this decay channel.
Around half of the BT candidates are found to decay through the 1{(2S) resonance.
The observed yield of BT — {(2S)mtttni decays is 61 & 10 events, which is the first
observation of this decay channel.

Using the Bt — 1(2S)K™ decay as a normalisation channel, the ratios of the branching
fractions are measured to be

B(B* — JAp3nt2n)

— — -2
Ry = BB 5 pSKT) (1.88 4 0.17 £ 0.09) x 1072,
_ BBT = p@S)ntata) .
Ry29) = BB = bSK) (3.04 £0.50 & 0.26) x 107,

where the first uncertainties are statistical and the second are systematic. The ratio Rs,
contains also the contribution from BT — (2S)[— JAtn|ntntn decays.

The multipion distributions in the JAp37tt27t~ final state (vetoing the {P(2S) meson
contribution) and in the P (2S)tttt 7~ final state are studied. A structure which can
be associated to the p® meson is seen in the w7~ combinations of the JAp 3727~ final
state. The multipion distributions are compared with the theoretical predictions from
the factorisation approach and a phase-space model. The prediction from the factorisation
approach is found to be in somewhat better agreement with the data than the prediction
from the phase-space model.
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