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Abstract

The first observation of the = I? — JpE" 7t decay and the most precise measurement
of the branching fraction of the Ag — JWpZ~ KT decay are reported, using proton-
proton collision data from the LHCb experiment collected in 2016-2018 at a centre-
of-mass energy of 13TeV, corresponding to an integrated luminosity of 5.4 fb~!.
Using the A) — J/iA and =, — J/ip=~ decays as normalisation channels, the ratios
of branching fractions are measured to be

B(A)— Jp="KT)
B(A)— JjpA)
B(E)— Jpp=E—nT)
B(z, — JW=E")

= (1.1740.14 £ 0.08) x 1072,

= (11.94+1.4+0.6) x 1072,

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

The existence of pentaquark states has been predicted since the establishment of the quark
model [1]. In 2015 the first pentaquark states were observed by the LHCb experiment in
the spectrum of A) — J/pK~ decays [2].! This observation sparked significant interest
in the community, leading to various interpretations on the internal structure of these
states [3-7]. In the subsequent years, numerous pentaquark states have been discovered
in b-hadron decays to final states containing charmonium [8-11]. After the observation of
pentaquarks with strangeness S = 0 and S = 1 in the J/ip and J/ipA systems, the search
for a pentaquark with S = —2 in the J/1)=" system is the next natural step [12,13]. In this
paper, the foundation for these searches is laid by the observation of the A) — JAp =~ KT
and ) — JApZE" 7T decays.

Besides the search for exotic states in decay products including a charmonium res-
onance, the studied decay channels give insights into the dynamics of baryon-meson
systems with one or two units of strangeness [14]. Of particular interest are K N meson-
baryon interactions which are used to describe the A(1405) resonance using Unitarised
Chiral Perturbation Theory [15]. These interactions have been studied using data from
K~p— KN,7X, 7/ inelastic scattering, near threshold production of the A(1405) reso-
nance [16]. Scattering studies at higher energies — above the K= threshold — are inter-
esting since they are sensitive to next-to-leading order terms of the Chiral Lagrangian [16].
Most of the K N — K= data come from antikaon-proton scattering, which includes both
isospin I = 0 and I = 1 contributions. In contrast, K~ p scattering, which occurs in
the decay process A) — JA4p=~" KT, and is restricted to I = 0 contribution in order to
preserve the overall isospin of the decay. Studying this weak process therefore allows
the I = 0 component to be isolated, thus enhancing our understanding of meson-baryon
interactions [17]. In the AY — J/AbZ=~ KT decay, the direct production of the =~ K™ final
state is forbidden in the quark model, and is only reached via a two-step process, as shown
in Fig. 1. First, the A) — J/{An, pK~,nK} decay proceeds via the weak interaction.
Second, the meson-baryon pair produced in the decay scatters into a =~ K™ pair [16]. A
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Figure 1: (Left) Production of a pK—, nK° or An pair from the weak decay A) — J/pA via a
hadronisation mechanism. (Right) Final-state interaction of the meson-baryon pair, where the
double line denotes the J/i) meson, solid lines represent baryons and dashed lines denote the
pseudoscalar mesons. The shaded circle and square stand for the production mechanism of the
JppK =~ or J/ynK", and the meson-baryon scattering matrix, respectively.

!Charge conjugation is implied throughout this paper.



contribution, and allows the I = 0 and I = 1 contributions in previous data [16] to be
disentangled. As a consequence, the modelling of meson-baryon interaction above the
/A(1405) resonance can be improved.

The =P — JApZ=~m" decay has not yet been observed. This decay is expected to receive
contributions from =) — JAp=*(Z~7T) processes, where =Z* are excited states of the =
baryon. The first excitation of the = baryon, the Z(1530)° state, is flavour-symmetric and
would be suppressed in the = — Z(1530)° transition due to the =) state being flavour-
antisymmetric [18]. Measuring the =) — J/1=(1530)° decay rate is a method to quantify
the mixing of symmetric and antisymmetric flavour states. The Z~ 7" invariant-mass
spectrum in =Y — JApZ "t decays can help explore possible mixing between flavour-
symmetric and -antisymmetric contributions. Furthermore, the =) — J/A)= "7+ channel
provides an excellent opportunity to search for charmonium pentaquark states. The first
step towards the study of the decay dynamics is to observe these decay channels and
analyse their mass spectra. This paper details the first measurement of the = — Jap= 7"
branching fraction and improves the precision of the A) — J/4=~ KT branching fraction
with respect to the latest measurement by the CMS collaboration [19]. The measurements
reported in this paper use pp collision data collected by the LHCb experiment in 2016-2018
at a centre-of-mass energy of 13 TéV, corresponding to an integrated luminosity of 5.4 fb ™.

The A)— JE"K* and =P — Jip= 7" signal channels are reconstructed through
the Jip — ptp~, &~ — Ar~ and A— pr~ decays. The A)— JipA and = — Jp=~
decay modes are used as normalisation channels due to their similar experimental signature.
The choice of normalisation channels enable the cancellation of the dependence on b-hadron
production rates and minimises systematic uncertainties related to final-state particle
reconstruction. The ratios of branching fractions are measured as

B(A)— JWE"K*) N(A)— JW="KY) ‘ e(A)— JhpA) B(E— Ar), (1)

B— Joh) N JpA) (M= gz K+ D AT

B(Z)— JW="nt) N(Z)— JWE"n") (5, — JWE")

B(=, = JW=") N(E, = JWE") e(E)— JWpE—7t)’

(2)

where B is the branching fraction, N is the number of observed decays and ¢ is the total
efficiency for the corresponding decay. An event selection is developed using simulated
samples to optimise the search sensitivity. Correct estimation of the efficiencies relies on
the accurate modelling of the physics processes and detector response in the simulation.
The normalisation channels are used to correct for inaccuracies in the simulation for
observables with a significant disagreement between simulation and data. After the
selection is completed, the signal and normalisation yields are obtained from fits to the
invariant-mass distributions of candidates in the selected data. In addition, the background-
subtracted invariant-mass distributions of the =~ Kt Ji K™ and J/p =~ pairs for the
AY— JhpE~ KT channel, and the =~ 7", JAbr™ and JApZ~ pairs for the =P — Jap= 7"
channel are investigated. The background-subtracted samples are obtained using the
sPlot technique [20,21]. The invariant-mass signal regions were not examined until the
full procedure had been finalised.



2 Detector and simulation

The LHCb detector [22, 23] 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 used to to collect data in 20152018 (Run 2) 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, the Tracker Turicensis (TT),
located upstream of a dipole magnet with a bending power of about 4 T'm, and three
stations of silicon-strip detectors, straw drift tubes (T-stations) placed downstream of the
magnet. The tracking system provides a measurement of the 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 pp collision vertex (PV), the
impact parameter (IP), is measured with a resolution of (15 + 29/pr) wm, 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.
Muons are identified by a system composed of alternating layers of iron and multiwire
proportional chambers. The online event selection [24] is performed by a trigger which
consists of a hardware stage, based on information from the calorimeter and muon systems,
followed by two software stages, which apply a partial and full event reconstruction,
respectively. At the hardware trigger stage, events are required to have muon or dimuon
candidates with high pr. The software trigger requires a two-track secondary vertex
with a significant displacement from any PV. At least one charged particle must have
pr > 1.6 GeV/c and be inconsistent with originating from a PV.

Simulated samples are used to develop the selection strategy, compute the efficiencies
and model the shape of the invariant-mass distribution of the signal decays. In the simula-
tion, pp collisions are generated using PYTHIA [25] with a specific LHCb configuration [26].
Decays of unstable particles are described by EVTGEN [27], in which final-state radiation
is generated using PHOTOS [28]. The interaction of the generated particles with the
detector, and its response, are implemented using the GEANT4 toolkit [29] as described in
Ref. [30]. For each generated signal decay the underlying pp interaction is reused multiple
times [31].

3 Candidate selection and efficiencies

The selection begins by identifying well-reconstructed tracks that do not originate from
any PV. Candidates with two oppositely charged tracks identified as muons are selected.
Each muon candidate must fulfil pr > 250 MeV/c requirement. Dimuon pairs that form
a good-quality vertex significantly displaced from any PV are combined to form J/i
candidates. The dimuon pair must have a reconstructed invariant mass compatible with
the nominal mass of the J/i) meson. Oppositely charged tracks assigned to proton and
pion mass hypotheses are combined to form A candidates. The pm~ invariant mass is
required to be within £10 MeV/c? of the known A mass [32]. The A candidates are
further combined with another particle, assigned the pion mass hypothesis, to reconstruct
=~ candidates. The selected An~ pairs must have a pr larger than 250 MeV/c? and an
invariant mass within £20 MeV/c? of the known =~ mass [32]. For reference, the mass
resolution of the A and =~ signals are about 1.7 MeV/c? and 3.0 MeV/c?, respectively.



Given the relatively large lifetime of the A and =~ baryons, most of these candidates decay
downstream of the VELO, but before reaching the TT. Tracks that are reconstructed
only from hits in the TT and the T-stations are called downstream tracks. Tracks that
are reconstructed using hits in the VELO, the T-stations, and optionally in the TT, are
called long tracks. Long tracks profit from the superior resolution of the vertex detector
and have better mass, momentum and vertex position resolution than downstream tracks.
The considered A — pr~ candidates can be reconstructed from two long tracks or two
downstream tracks. Similarly, the == — An~ decay is reconstructed using three main
categories of track-type combinations: (i) both A and 7~ candidates reconstructed only
from long tracks, (ii) both A and 7~ candidates reconstructed only from downstream
tracks, and (iii) the A candidate reconstructed from two downstream tracks and the
accompanying 7~ candidate reconstructed as a long track. The A) (Z7) signal candidate
is formed by combining the J/b and =~ candidates with a long track identified as a
K* (") candidate with pr > 250 MeV/c. Similarly, J/i and A (57) candidates are
combined to form A) (=) candidates corresponding to the normalisation channel decay.
Both A and =~ candidates are required to have a decay time greater than 2 ps to reject
background from short-lived particles. The AY (=) decay vertices must have a good fit
quality and be significantly displaced from any PV. A kinematic fit [33] is performed to
improve the b-hadron mass resolution by constraining the mass hypothesis of the J/i,
=~ and A candidates to their known masses [32] and requiring the b hadron to originate
from its associated PV?. Candidates with a poor quality of the kinematic fit or a AY (=Z})
invariant mass from the kinematic fit outside the range [5360,5900] ([5700, 6100]) MeV/c?
are rejected.

The final step of the selection for the four decays channels is to apply a boosted decision
tree (BDT) [34,35] classifier implemented using the XGBoost toolkit [36]. Each classifier is
trained to distinguish between the specific b-hadron decay and combinatorial background.
Simulation samples are used as a proxy for the specific b-hadron decays. The background
samples are taken from the high invariant-mass sideband [5700, 5900] ([5900, 6100]) MeV/c?
of selected AY (=}) data candidates. The BDT classifier exploits the discriminating power
of the IP of the 7~ meson from the =~ decay, and A decay products with respect to any
PV; the difference in the vertex-fit x? of a given PV reconstructed with and without the
b-hadron and the muons; the x? of the kinematic fit; the decay time of the b hadron and
=" baryon; and the pr of the =~ candidate. Most of the training variables are common
between the signal and normalisation channels, with the exception of variables associated
with the =~ candidate that are excluded when analysing the A) — J/i)A mode. The BDT
working point is chosen by maximising a figure of merit [37], defined as &,/(v/B + 2.5),
where ¢ is the efficiency of the requirement on the BDT output for simulated signal
events, and B is the background yield in a region within 3 sigmas around the nominal
b-hadron mass, extrapolated from the high invariant-mass sideband. The BDT classifier
removes more than 99% of the background while retaining approximately 70% of the
signal in the four considered decay modes. When more than one candidate is selected per
event, the candidate with the highest BDT score is kept.

The total efficiency is calculated as the product of efficiencies of detector acceptance,
reconstruction, and selection. Accurate simulation is crucial to determine such selection
efficiencies, and also to train the BDT algorithms and model the signal mass shapes.

2The associated PV is defined as the PV that fits best to the flight direction of the b-hadron candidate.
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Discrepancies between data and simulation are observed and corrected for in the b-baryon
pr, the x? of the kinematic fit, angular and two-body invariant-mass distributions, and
particle identification and tracking efficiencies. The corrections are derived sequentially,
i.e. adjusting the distribution for one variable at a time. Potential correlations between
variables are accounted for by deriving each correction factor on top of previous ones.
The particle identification efficiencies for the different particle species are measured
using charm hadron data samples reconstructed without the use of PID information [38].
The correction factors for the tracking efficiencies are derived from a dedicated data
sample of J/p — ptp~ decays [39]. The correction factors for b-baryon pr and the y?
of the kinematic fit are extracted from a comparison of A) — JipA and =, — Jp=~
decays between background-subtracted data and simulated samples and applied to both
signal and normalisation channels. The angular distribution could differ between the
signal and normalisation channels, and thus the above correction factors are derived
independently for each of the four channels. The decay dynamics of the signal channels
are also corrected for the m(J/p=") and m(Z~ K1), or m(=~n"), distributions. The
variables corrected are those that demonstrated a significant correlation with the efficiency.
These correction factors are derived from the A) — JA =~ K and =) — Jip= 7t signal
channels No significant correlation is observed between the discriminant variable used
for the background-subtraction method, the b-hadron invariant mass improved by the
kinematic fit, and the corrected variables. The ratios of efficiencies between the A and
=y modes, required in Egs. 1 and 2, are determined to be

e(A)— JhpA)
e(A)— JWE-KT)
e(=E, = JW=")
c(E0 = JWE 1)

=5.30x0.05,

= 1.64 £ 0.02,

where the uncertainty is due to the limited size of the simulation samples. This uncertainty
is propagated to the branching fraction ratios as a source of systematic uncertainty in
Sec. 5.

4 Signal yield determination

An extended unbinned maximum-likelihood fit is performed to the b-hadron invariant-mass
spectrum of the AY — Jap=~ KT and A) — J/ipA modes in the range [5360, 5900] MeV/c?.
An analogous, independent fit is performed to the =) — JA= 7t and =, — JWp=~
candidates in the range [5700, 6100] MeV/c?. The invariant-mass shape of the A) — J/bA
decay mode is modelled by a Hypatia function [40]. The signal for the other three channels
is modelled by the sum of two Crystal Ball functions [41] with common mean and width.
The tail parameters for both signal models, Hypatia and two Crystal Ball functions, are
fixed according to simulation. The shape of the invariant-mass distribution of the combina-
torial background is modelled by an exponential function with a slope varying freely in the
fit. Non-negligible contribution of physical backgrounds is only observed in the A — J/i) A
channel at the level of about 20%. The two main background sources are BY — J/ip K
and =, — JAE" decays. The B’— JApKQ decay can be misidentified as a A) — J/pA
candidate if the proton hypothesis is wrongly assigned to the 7 meson in the K decay.
Additionally, missing the pion from the =~ — An~ decay leads to a =, — J/=" decay
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Figure 2: Invariant-mass distribution of selected (left) A — JAp=~ K™ and (right) AY — JApA
candidates with the result of the fit also shown.
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Figure 3: Invariant-mass distribution of selected (left) =) — J/p= 7" and (right) =, — JW=~
candidates with the result of the fit also shown.

that is partially reconstructed as a A) — J/iA candidate. The invariant-mass shapes of
the misidentified B®— J/iyK§ and partially reconstructed =" — J/ib=~ backgrounds are
derived from simulation in terms of a nonparametric probability density function using a
kernel density estimation method [42,43] and a Johnson Sy function [44], respectively.
The shapes of these functions are fixed from simulation.

Figures 2 and 3 show the result of the fits to the invariant-mass spectra for AY
and =} candidates, respectively. The A invariant-mass fits determine yields of 84 + 10
A)— Jhp =" K signal and 393904220 AY — J/ip A normalisation decays. The =} invariant-
mass fits determine yields of 107 + 12 =) — Jip= 7t signal and 1450 +£40 =, — Jip=—
normalisation decays. Both signal modes are observed with a significance greater than
100 using the Wilk’s theorem [45].

5 Systematic uncertainties

Systematic  uncertainties on  the  B(A)— JWE"K*')/B(A)— JhpA)  and
B(Z)— JWE"nt)/B(Z, — J/=") measurements arise from several sources. A



summary of the uncertainties is provided in Table 1.

Table 1: Summary of relative systematic uncertainties (in percent) for the measured ratio
of branching fractions. The individual sources are described in the text. The total relative
uncertainty is determined by adding the individual sources in quadrature.

BA)— JWp=E"KT) BE)— JWE"m)

Source B jon, N BE, — JWE") [
Fit model 1.9 1.3
Size of the simulated samples 0.9 1.2
Corrections to simulation 3.4 1.1
Alternative corrections 1.1 1.2
Additional corrections 1.9 1.0
Tracking efficiency 1.5 1.4
Truth matching 1.3 1.2
Phase-space model 4.5 3.8
Total 6.7 5.0

The systematic effect due to the choice of the invariant-mass fit model is assessed by
means of pseudoexperiments wherein the invariant-mass distribution is generated with an
alternative model and fitted using the baseline model. The alternative model replaces the
two Crystal Ball functions by an Hypatia function (or vice versa for the A) — J/ A case)
for the signal. The physical backgrounds in the AY — J/)A channel are both modelled
with a single Crystal Ball function in the alternative model.

The uncertainty on the selection efficiencies originating from the limited size of the
simulated samples is propagated to the branching fraction and considered as a systematic
uncertainty.

The corrections applied to the simulation to improve the agreement with data are
obtained with an uncertainty. The effect of this limited precision is assessed by varying
the corrections within their uncertainty and recomputing the efficiencies 100 times. The
standard deviation of the efficiency variation is assigned as a systematic uncertainty:.

The x? distribution of each kinematic fit is corrected using the normalisation channels
as calibration samples. While the normalisation decay topology is similar, it is not identical
to the signal decay. Alternative corrections for the simulations are derived by swapping the
calibration channel, i.e. using the AY — J/iA channel for =) — Jap= 7t corrections and
the =, — J/p=" channel for A) — Jip=~ K™ corrections. The variation in the efficiency
is assigned as the systematic uncertainty.

After applying the baseline corrections to the simulation, some level of mismodelling
remains in variables not used directly in the selection. The effect of this mismodelling is
assessed by recomputing the efficiencies after correcting the additional distributions and
the difference with respect to the baseline efficiency is added as a systematic uncertainty.

The signal channels feature a prompt hadron without a counterpart in the normalisation
channel. An additional uncertainty on tracking efficiency of 1.4% for pions and 1.1% for
kaons is added which accounts for hadronic interactions that do not cancel in the efficiency
ratio. Additionally, the pion from the =~ — Ar~ decay in the A} — Jp=" K™ signal
channel does not have a counterpart in the A) — J/)A normalisation channel. This pion
can be reconstructed as a downstream track, whose reconstruction efficiency is controlled



only at the 1% level [46]. The 1% precision is also added as systematic uncertainty to the
A} result.

Efficiencies are determined from simulated samples and rely on an accurate match
between generated and reconstructed decays. In some cases, this so-called truth matching
can fail if the fraction of hits associated between the reconstructed track and the generated
particle does not reach a minimum threshold. The effect of such potential incorrect
matching is evaluated by recomputing the efficiencies with an alternative method that
does not rely on truth matching. Instead, the number of signal events after the selection,
required to compute the efficiency, is determined by an invariant-mass fit of the b-hadron
spectrum, similar to the approach used for data. The difference in efficiency derived from
the baseline and the alternative method is assigned as the systematic uncertainty.

Lastly, inaccuracies in the phase-space model used for signal simulation could affect the
derived efficiency. The decay dynamics and angular distributions are corrected using the
signal channels. The effect of the limited precision on the derived corrections is assessed
by recalculating 100 times the efficiencies after varying the correction factors within their
statistical uncertainty. The standard deviation is assigned as the systematic uncertainty.

The systematic uncertainties described in the section above are considered to be
uncorrelated and added in quadrature.

6 Results

By combining the signal and normalisation yields from the invariant-mass fits with the
selection efficiency ratios as shown in Egs. 1 and 2, and using the known branching fraction
B(=~— An~) = 0.99887 + 0.00035 [32], the following results are obtained:

B(A2—> JWETKT)
B(A)— JjpA)
B(Z)— JWp=E—nT)
B(=, — JW=")

= (1.17£0.14 £ 0.08) x 1072,

= (11.9+1.4+0.6) x 1072,

where the first uncertainty is statistical, and the second 1is systematic.
It is possible to convert the B(A)— JWE~KT)/B(A)— JhpA) ratio  to
the B(A)— JWE"KT)/B(A)— (25)A) ratio using the world average of
B(A)— (25)A)/B(A) — JapA) = 0.508 + 0.023 [32] and compare it with the CMS
result [19]:

B(A)— JW="KT)
B(Ay— $(25)4)

B(A)— JW="KT)
B(A)— ¢(25)4)

= (3.441.2) x 1072,
CMS

=(2.340.3) x 1072,
LHCb

The LHCD result reported in this paper is compatible with the one obtained by CMS and
improves the precision by a factor of 4.

The branching fraction of the signal channels is obtained from the measured ra-
tios using the known branching fractions of the normalisation channels. The values

B(AY— JhpA) = (3.36 £ 1.11) x 107 and B(5; — JW=") = (5.4 + 2.4) x 1074 from
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Figure 4: Invariant-mass distribution of the (top) J/= ", (centre) =~ Kt or £~ 7" and (bottom)
JA K or JpmT systems for the (left) A) — JAp=~ K+ and (right) =P — JAbE 7" decays. The
(black) background-subtracted data is compared to the (red) phase-space simulation including
all weights except those for the helicity angles and two-body invariant-mass variables.

Ref. [47] are used. The signal branching fractions are determined to be:

B(A)— JWpE"K") = (3.93 4 0.47 +0.27 + 1.30) x 107°,
B(E)— Jhp="n) = (6.42 4+ 0.76 &£ 0.32 £ 2.86) x 1077,

where the first uncertainty is statistical, the second is systematic and the third is due to
the external value of the normalisation branching fraction.

The background-subtracted distributions of m(J/="), m(=~K*) and m(=Z~n") are
shown in Fig. 4 and are compared with the phase-space simulation. From this comparison,
the only data-simulation disagreement that could point towards a resonance appears in
the m(=~7") range [1670, 1850] MeV/c? for =P — J/ip= 7T candidates. Two resonances,
=(1690) and =(1820), with invariant-mass in this range are found in the literature. While
the =Z(1690) resonance is observed to mainly decay to =~ 7", the =(1820) resonance is
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expected to primarily decay to AK. Consequently, the decay channel = — JapZ~nt is
more likely to receive contributions from the =P — J/1Z(1690) transition. However, no
significant evidence supporting this hypothesis is observed in the current measurement.
Larger data samples are needed to perform a quantitative study, which is left for the
future.

7 Conclusions

In summary, a sample of pp collision data corresponding to an integrated lumi-
nosity of 5.4fb~! is used to measure the B(A)— JpE~K*)/B(A)— JipA) and
B(Z)— JWE—nt)/B(Z, — JWE7) ratios. The B(A)— JWp=~"K*)/B(A)— JhpA) re-
sult is compatible with the CMS measurement and improves its precision by a factor of
four. The =P — J/p="7" decay is observed for the first time. The branching fraction of
the AY — JA=~ KT and =) — Jip= 7" decays are measured using the known branching
fraction of the normalisation channels. This analysis paves the way for future amplitude
analysis using larger data sets that will be collected by the upgraded LHCb experiment.
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