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where the first uncertainty is statistical and the second is systematic.

KEyworDs: Hadron-Hadron Scattering, QCD, Branching fraction, B physics, Flavor
physics

ARX1v EPRINT: 1404.0287

OPEN Accrss, Copyright CERN, doi:10.1007/JTHEP05(2014)148
for the benefit of the LHCb Collaboration.
Article funded by SCOAP3.


mailto:Ivan.Belyaev@cern.ch
http://arxiv.org/abs/1404.0287
http://dx.doi.org/10.1007/JHEP05(2014)148

Contents

1 Introduction 1
2 Detector 2
3 Candidate selection 2
4 Signal and normalization yields 3
5 Efficiency and systematic uncertainties 5
6 Results and summary 8
The LHCDb collaboration 12

1 Introduction

The B} meson is the only meson consisting of two heavy quarks of different flavours. It was
discovered by the CDF collaboration through the semileptonic decay B — JAb¢tv,X [1],
where X denotes possible unobserved particles.! The CDF collaboration also observed
the hadronic decay mode B — JAbmt [2]. Recently, the LHCD experiment has observed
several new channels including BY — JAp 7ttt [3], B — ¥(2S)nt [4], Bf — JAp D and
Bl — JAD: [5], Bf = JWKT [6], Bf - JWKTK-n" [7] and Bf — Bnt [8]. The life-
time of the Bf meson [9, 10] is about three times shorter than that of the B and BT
mesons, confirming the important role played by the ¢ quark in B} decays. The decays
of BY mesons into charmonia and light hadrons are expected to be well described by
the factorization approximation [11, 12]. In this scheme, the Bf — JAb3nt2n~ decay is
characterized by the form factors of the Bf — JAp W™ transition and the spectral functions
for the virtual W boson into light hadrons [13]. The predictions for the ratio of branching
fractions

R — B(Bf — JAp3ntan)
T B(BE = Jnt)

(1.1)

are 0.95 and 1.1 [14], using form factor calculations from refs. [15] and [16], respectively.

In this article, the first evidence for the decay Bl — JAp 37T 271~ and a measurement of
Rsx are reported. The analysis is based on a data sample of proton-proton (pp) collisions,
corresponding to an integrated luminosity of 1fb™! at a centre-of-mass energy of 7 TeV and
2fb~! at 8 TeV, collected with the LHCb detector.

The inclusion of charge conjugate modes is implicit throughout this paper.



2 Detector

The LHCD detector [17] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < mn < 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 sur-
rounding 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 detec-
tors and straw drift tubes [18] 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 trans-
verse momentum. Different types of charged hadrons are distinguished using information
from two ring-imaging Cherenkov detectors [19]. Photon, electron and hadron candidates
are identified by a calorimeter system consisting of scintillating-pad and preshower detec-
tors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by
a system composed of alternating layers of iron and multiwire proportional chambers [20].
The trigger [21] consists of a hardware stage, based on information from the calorimeter
and muon systems, followed by a software stage, which applies a full event reconstruction.

This analysis uses events collected by triggers that select the u™u~ pair from
the JAb decay with high efficiency. At the hardware stage either one or two muon candidates
are required to trigger the event. In the case of single muon triggers, the transverse momen-
tum, pr, of the muon candidate is required to be greater than 1.5 GeV/¢. For dimuon candi-
dates, the product of the pr of muon candidates is required to satisfy \/prpTy > 1.3 GeV/c.
At the subsequent software trigger stage, two muons are selected with an invariant mass
in the range 2.97 < m+,- < 3.21 GeV/ ¢? and consistent with originating from a common
vertex. The common vertex is required to be significantly displaced from the pp colli-
sion vertices.

Simulated pp collisions are generated using PYTHIA 6.4 [22] with the configura-
tion described in ref. [23]. Final-state QED radiative corrections are included using
the PHOTOS package [24]. The BI mesons are produced by a dedicated generator,
Beveapy [25]. The decays of all hadrons are performed by EVTGEN [26], and a spe-
cific model is implemented to generate the decays Bf — JAp3n™ 27, assuming factoriza-
tion [14]. The model allows the implementation of different form factors for this decay,
calculated using QCD sum rules [15] or a relativistic quark model [16]. These predictions
lead to very similar values and those based on the relativistic quark model are used in
the simulation. The coupling of the five pion (371727t system to the virtual W is taken
from T+ lepton decays [27]. The interaction of the generated particles with the detector and
its response are implemented using the GEANT4 toolkit [28, 29] as described in ref. [30].

3 Candidate selection

The decays BF — JAp3nt2n~ and Bl — JApm™  are reconstructed using the
JA — putu™ decay mode. The selection criteria chosen are similar for both chan-
nels.



All tracks are required to be in the pseudorapidity range 2 < 1 < 4.9. Good track
quality of charged particles is ensured by requiring the y? per number of degrees of freedom,
x%/ndf, provided by the track fit, to be less than 3. Suppression of fake tracks created
by the reconstruction is achieved by a neural network trained with simulated samples to
discriminate between fake tracks and tracks associated with real particles [31], ensuring
the rate of fake tracks below 0.3 %.

Two dedicated neural networks are used for muon and pion identification. These net-
works use the information from the Cherenkov detectors [19], muon chambers [32] and
the calorimeter system [33], together with the tracking information. The momentum of
the pion candidates is required to be between 3.2 GeV/c and 150 GeV/c in order to ensure
good quality particle identification in Cherenkov detectors. The requirements on the neu-
ral network output are chosen to ensure good agreement between data and simulation and
significant reduction of the background due to misidentification.

Pairs of oppositely charged muons, originating from a common vertex, are combined
to form JAp — ptu~ candidates. The pr of each muon is required to be greater than
550 MeV/c. Good vertex reconstruction is ensured by requiring the x? of the vertex fit,
X2, to be less than 20. To select dimuon vertices that are well-separated from the re-
constructed pp interaction vertices, the decay length is required to be at least three times
its uncertainty. The invariant mass of the dimuon combination is required to be between
3.020 and 3.135 GeV/c?. The asymmetric mass range with respect to the known JAp meson
mass [9] is chosen to include the QED radiative tail.

The selected JAp candidates are combined with pions to form B — JAp3nt 27t~ and
Bf — JAb7t™ candidates. The transverse momentum of each pion is required to be greater
than 400 MeV/c. To ensure that the pions are inconsistent with being directly produced in
a pp interaction, the impact parameter x2, defined as the difference between the x? values
of the fits of the pp collision vertex formed with and without the considered pion track, is re-
quired to satisfy X%P > 4. When more than one primary vertex is reconstructed, the vertex
with the smallest value of X7 is chosen. Good vertex reconstruction for the B candi-
date vertex is ensured by requiring the x2,/ndf to be less than 12. To suppress the large
combinatorial background in the BY — JAb3nt2n~ sample, the x? of the vertex fit for
all J/Ll)TtjE combinations, as well as for all dipion combinations, is required to be less
than 20. To improve the invariant mass resolution, a kinematic fit [34] is performed that
constrains the p™pu™ pair to the known mass of the JAp meson. It is also required that
the B candidate’s momentum vector points back to from the associated pp interaction
vertex. The x? per number of degrees of freedom of the fit, X%it /ndf, is required to be
less than 5. The measured decay time of the B} candidate, calculated with respect to
the associated primary vertex, is required to be between 150 um/c and 1 mm/c.

4 Signal and normalization yields

The mass distribution for the selected JAp3nt2n~ candidates is shown in figure 1. To es-
timate the signal yield, an extended maximum likelihood fit to the unbinned mass dis-
tribution is made. The Bl — JAp3nt27~ signal is modelled by a Gaussian distribution



LHCb

15—

10—

Candidates/ (10 MeV/c?)

6.2 6.3 6.4

M Ay 37+ 2 [GeV /c?]

Figure 1. Mass distribution for selected B} — JAp3nt 2~ candidates. The result of a fit using

the model described in the text (red solid line) is shown together with the background component
(blue dashed line).

and the background by a constant function. The fit results for the fitted mass and mass
resolution of B signal, mp+ and OB+ and signal yield Ng+_, JAb 37t 2 A€ listed in table 1,

Ly
LsiB
where Lgip and Lp denote the likelihood associated with the signal-plus-background

The statistical significance for the observed signal is determined as S; = /—2log

and background-only hypothesis, respectively. = The likelihoods are calculated with
the peak position fixed to the known mass of B} meson [5, 9] and the mass resolu-
tion fixed to 10.1MeV/c? as expected from simulation. The statistical significance of
the B — JAp3mt 27~ signal is 4.5 standard deviations.

For the selected BY candidates, the existence of resonant structures is searched for
in the ntn~, ntntn™, it -, 2nt 27, 372w~ and JAbmT ™ combinations of final
state particles using the sPlot technique [35], with the reconstructed JAb3m™2mn~ mass
as discriminating variable, to subtract the background. No significant narrow structures
are observed; in particular, no indication of a contribution from BT — {(2S)ntntn—,
followed by the P(2S)— JAp7thn~ decay, is seen. The background-subtracted five-pion
mass distribution is shown in figure 2, along with the theoretical prediction in ref. [14],
which describes the data well. The consistency between data and the model prediction
is estimated using a y>-test and gives a p-value of 14%. The corresponding p-value for
the phase space decay model is 4 %.



Parameter Value
My [ MeV/c? 6273 +3
Opt [ MeV/c?] 114434
N B —JAp 3t 2n— 32+8
Table 1. Signal parameters of the wunbinned extended maximum likelihood fit to

the JAp 327t~ mass distribution. Uncertainties are statistical only.
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Figure 2. Background-subtracted distribution of five-pion mass from B} — JAp 37t 27t~ events
(points with error bars). The model prediction from ref. [14] is shown by a red solid line, and the
expectation from the phase space model is shown by a blue dashed line.

The mass distribution of the selected Bf — JAp7t™ candidates is shown in figure 3,
together with the result of an extended unbinned maximum likelihood fit. The B signal is
modelled by a Gaussian distribution and the background by an exponential function. The
fit gives a yield of 2271 4 63 events.

5 Efficiency and systematic uncertainties

The overall efficiency for each decay is the product of the geometrical acceptance of the de-
tector, reconstruction, selection and trigger efficiencies. These are estimated using simula-
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Figure 3. Mass distribution for selected BY — JAb7tt candidates. The result of a fit using
the model described in the text (red solid line) is shown together with the background component
(blue dashed line).

tion and the ratio of the efficiencies is found to be

¢(Bf = Jpnh)
e(B& — JAp3mt2n)

=123.8+5.6+15.1, (5.1)

where the first uncertainty is statistical, due to the finite size of the simulated sample, and
the second one is systematic, as discussed below. The large difference in efficiencies is due
to the reconstruction of four additional low-pr pions in the Bf — JAp 3™ 27t~ mode. The
efficiencies for the data samples collected at a centre-of-mass energy of 7TeV and 8 TeV
are found to be similar and a luminosity-weighted average is used, with the corresponding
systematic uncertainty discussed below.

Many sources of systematic uncertainty cancel in the ratio, in particular those related
to the muon and JAp reconstruction and identification. Those that do not cancel are
discussed below and summarized in table 2.

A systematic uncertainty arises from the imperfect knowledge of the shape of the sig-
nal and background in the JAp 37t 27t~ and JAp 7wt mass distributions. The dependence of
the signal yields on the fit model is studied by varying the signal and background param-
eterizations. This is assessed by using Crystal Ball [36] and double-sided Crystal Ball [37]
functions for the parameterization of the B} signals. The background parametrization



Source Uncertainty [%]

Fit model 6.6
Decay model
M3yt reweighting 7.7
P (2S) mass veto 3.1
Data-simulation agreement
Hadron interactions 4x2.0
Track quality selection 4x0.6
Trigger 1.1
Pion identification 0.7
Selection variables 1.0
BZ lifetime 0.9
Stability for various data taking conditions 2.5
Acceptance 0.8
Total 13.9

Table 2. Relative systematic uncertainties for the ratio Rs5,. The total uncertainty is the quadratic
sum of the individual components.

is performed using both exponential and polynomial functions. The maximum observed
change of 6.6 % in the ratio of Bf — JAp3nt2n~ and B — JAp7tt yields is assigned as
a systematic uncertainty.

To assess the systematic uncertainty related to the BT — JAp 3n 27~ decay model used
in the simulation [14], the reconstructed mass distribution of the five-pion system in simu-
lated events is reweighted to reproduce the distribution observed in data. As a cross-check
the efficiency is also recalculated using a phase space model for the B} — JAp 327t~ de-
cays. There is a maximal change in efficiency of 7.7 %, which is taken as the system-
atic uncertainty for the decay model. In addition, the analysis is repeated with the re-
moval of all BY candidates where the JAp7tT 7t~ mass is compatible with originating from
P(2S) — JAp 7t decays. The observed difference of 3.1% is assigned as an additional
systematic uncertainty.

A large class of uncertainties arises from the differences between data and simulation,
in particular those affecting the efficiency for reconstruction of charged-particle tracks. The
largest of these arises from the simulation of hadronic interactions in the detector, which
has an uncertainty of 2 % per track [31, 38, 39]. An additional uncertainty associated with
the track quality requirements for the additional four pions in the signal decay is estimated
to be 0.6 % per track [5, 7]. The trigger efficiency for events with JAp — pu*u~ produced
in beauty hadron decays is studied on data in high-yield modes [5, 40] 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 — JApK™ and BT — {(2S)K™ decays on data and simulation [40].



The systematic uncertainty associated with pion identification is studied using a sample
of Bt = JW KTt~ decays. The efficiency to identify a ™7t~ pair is compared for data
and simulation. This comparison shows a 0.35% difference between the data and simulation
in the efficiency to identify a pion pair. As a result of this study an uncertainty of 0.7 % is
assigned for the four additional pions in the analysis.

The transverse momentum and rapidity spectra for the selected B} — JAp 7™ candi-
dates, as well their daughter J/Ab mesons and pions, are found to be in good agreement with
the predictions from the BCVEGPY generator. Good agreement in efficiencies determined
from the data and simulation has been observed for all variables used in the selection of
Bl — JApntt candidates. The differences do not exceed 1%, which is used as a conserva-
tive estimate for the systematic uncertainty from the selection variables. The agreement
between data and simulation has also been cross-checked using the Bf — JAp3nt2n~ sig-
nal by varying the selection criteria to the values that correspond to a 20 % change in the
signal yield in simulation. No unexpectedly large deviation is found.

The different acceptance as a function of decay time for the Bf — JAp3nt2n~ and
Bf — JAb 7t decay modes results in an additional systematic uncertainty related to the im-
precise knowledge of the B lifetime. To assess the related uncertainty, the decay time
distributions for simulated events are reweighted after changing the BY lifetime by one
standard deviation around the value of 509 £+ 8 £ 12 fs [10] measured by LHCb and the ef-
ficiencies are recomputed. The observed 0.9 % variation in the ratio of efficiencies is used
as the systematic uncertainty.

The uncertainty related to the stability of the analysis results against variations of
the detector and trigger configurations occuring in different data-taking periods are tested
by studying the ratio of the yields of Bt — JApK* wtn~ and Bt — JADK™ decays as
a function of the data-taking period. According to this study an additional systematic
uncertainty of 2.5 % is assigned [5].

The last systematic uncertainty originates from the dependence of the geometrical
acceptance on both the beam crossing angle and the position of the luminosity region.
The resulting 0.8 % difference in the efficiency ratios is taken as an estimate of the system-
atic uncertainty.

A summary of systematic uncertainties is presented in table 2. The total systematic
uncertainty on the ratio of the branching fractions Rs, is 13.9 %.

6 Results and summary

The first evidence for the decay BY — JAp 327~ is found using pp collisions, correspond-
ing to an integrated luminosity of 3fb~!, collected with the LHCb detector A signal yield
of 32+ 8 events is found. The significance, taking into account the systematic uncertainties
due to the fit function, peak position and mass resolution in the fit, is estimated to be
4.5 standard deviations.

Using the Bf — JAb7t™ mode as a normalization channel, the ratio of branching
fractions is calculated as

N (B} — JAp3nt2n) ¢(Bf = Jpnh)

R T — )
° N (B = Jpmt) " e(BE — JAb3mr2m)

(6.1)



where N is the number of reconstructed decays obtained from the fit described in section 4
and the efficiency ratio is taken from eq. (5.1). The ratio of branching fractions is measured

to be
BB} — JA3mt2n)

B (BE = Jpt)

=1.744+0.44 £ 0.24,

where the first uncertainty is statistical and the second is systematic. The result is in
agreement with theoretical predictions [14] of 0.95 and 1.1 using the form factors from
refs. [15] and [16], respectively. This result is also consistent with analogous measurements
in B and Bt meson decays [9]

B (BY— D*~3n2n)
B (BY— D*—mtt)

B (Bt — D*3nt2n™)
B (B+ — D*0rntt)

1.70 £ 0.34,

= 1.1040.24,

as expected from factorization.
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