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Abstract Anamplitude analysis of the B — n.(1S)K 7~
decays with n.(1S5) — pp is performed using a sample cor-
responding to an integrated luminosity of 9 fb~! of pp col-
lision data collected by the LHCb detector at centre-of-mass
energies of /s = 7, 8 and 13 TeV. The data are described
with a model including only intermediate contributions from
known K*¥ resonances. Evidence for an exotic resonance
in the n.(18)7~ system, reported in a previous analysis of
this decay channel, is not confirmed. The inclusive branching
fraction of the B — n.(1S)K+n~ decays is measured to
be

BB - n.(1S)K*tn7)
= (5.82 £0.20 £ 0.23 £ 0.55) x 107%,

where the first uncertainty is statistical, the second system-
atic, and the third arises from the limited knowledge of exter-
nal branching fractions.

1 Introduction

Since the formulation of the quark model, hadronic states
beyond the conventional gg mesons and ggg baryons have
been proposed. Models based on quantum chromodynamics
predict the existence of various nonconventional hadrons,
composed of different combinations of quarks and gluons,
including glueballs, molecular states and tightly bound states,
such as pentaquarks (gggqq) and tetraquarks (gqqq) [1,2].
In the early 2000s, a hadron with unexpected properties, the
Xc1(3872) meson, was observed [3], followed shortly by the
discovery of many other charmonium-like and bottomonium-
like states [4—7]. In some cases the properties of these states,
including their electric charge, are inconsistent with pre-
dictions from conventional gg models. Various interpreta-
tions have been proposed regarding their nature, binding and
production mechanisms, and internal structure [8—13]. To
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advance the understanding of these exotic hadrons, it is essen-
tial to investigate alternative production mechanisms and
decay modes of previously observed unconventional states,
while also searching for new candidates.

The BESIII collaboration observed in the J/yy 7+~ final
state a resonance whose minimal composition requires the
presence of two quarks and two antiquarks [14], denoted
T:1(3900), later confirmed also by the Belle [15] and
CLEO collaborations [16]. This state has been interpreted
as a hadrocharmonium state with J/i embedded in excited
light-quark matter [17], implying a partner state where the
J/yr is replaced by the n.(1S8). Such a state would correspond
to an isovector resonance decaying to n.(1S8)7 ~ with similar
structure and quantum numbers.! This interpretation is fur-
ther supported by heavy-quark spin symmetry [17], lattice
QCD [18], and diquark models [9], which all foresee such a
decay channel.

Evidence of a state decaying to 1.7 ~, named 7,z (4100) ",
has been found in the previous Dalitz Plot (DP) [19] analysis
of B — neK T~ decays by the LHCb collaboration [20]
using a data sample of p p collisions corresponding to an inte-
grated luminosity of 4.7 fb~!, collected in 2011, 2012 and
2016 at centre-of-mass energies of /s = 7, 8, and 13 TeV,
respectively.” The mass and natural width of this resonance
are measured to be 409620135 MeV and 1525852 MeV,
respectively. Since this would make the state significantly
more massive than the T,.£1(3900)~ state, it cannot be its
expected partner. Following the evidence reported by the
LHCDb collaboration for the 7,.;(4100)~ charmonium-like
candidate, several theoretical studies have been conducted
to investigate its nature. The authors of Ref. [21] calculated
the mass, width, and coupling of this resonance, treating it as
a scalar four-quark system with a diquark-antidiquark struc-

I The simplified notation 7, is used to refer to the . (1S) meson.
2 The inclusion of charge-conjugate processes is implied throughout.

3 Natural units with i = ¢ = 1 are used throughout.
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ture. Other studies found the T.z(4100)~ state to be compat-
ible with the tetraquark hypothesis favouring the quantum
number JPC¢ = 01+ based on the measured width [22].
The study reported in Ref. [23] suggests that the state can
be described as hadrocharmonium, where the 1, charmo-
nium core is embedded in an S-wave configuration inside
an excited light-quark state with the quantum numbers of
a pion, 19(JP) = 17(07). It further proposes that the
mass difference between the T.z1(4200), observed in the
J/y K+~ final state [24,25], and 7,:(4100)~ states should
be similar to that between the J/3 and 1. mesons, and that
the partial widths of their dominant decays to J/yym~ and
nem ~, respectively, should be the same. There are also stud-
ies [26] proposing that 7,z(4100)~ is the charge-conjugate
state of the 7,z(4050)™ state observed by the Belle collab-
oration in the x.i7™ final state [27]. Finally, it has been
suggested that the observed structure could be a kinematic
effect arising from an S-wave D*D* pair rescattering with
16(JP€) = 17(0*") or a resonance produced by the P-
wave D* D* interaction [28].

This letter reports an updated study of the B — 5. K7~
decay with a dataset approximately twice the size of the
one used in Ref. [20] which enables a more precise eval-
uation of the presence of exotic contributions in this decay,
as well as a more accurate determination of their proper-
ties. The B — 5 K7~ decay is expected to be domi-
nated by the K *(892)0 — K1~ resonance, with some
contributions from other K** — K ¥z~ resonances. The
decay could also proceed through exotic intermediate states,
which could result in resonant structures in the n.mw~ sys-
tem. The Feynman diagrams of the B — n.K 7~ decay
are shown in Fig. 1. The B® — n.K 7~ decay is studied
by reconstructing the 1, meson through its pp decay mode
rather than the dominant mesonic modes. This choice avoids
the need to distinguish between kaons and pions originating
from B decay, reducing associated systematic uncertain-
ties [29]. The B — n.Ktx~ decay involves only pseu-
doscalar mesons in the initial and final states and it is there-
fore fully described by two independent kinematic variables.
This allows for a DP analysis, which provides a complete
characterisation of the decay dynamics in the assumption
of no sizeable effects due to additional interfering ampli-
tudes, involving suppressed Flavour Changing Neutral Cur-
rents, with the same B — ppKtx~ final state.

The absolute branching fraction of the B — n K+~
decay is also measured, using the B — J/yy K7~ decay
as normalisation channel. The data sample corresponds to an
integrated luminosity of 9 fb~! of p p collision data collected
by the LHCb detector at centre-of-mass energies of /s =7,
8, and 13 TeV in 2011, 2012 and 2015-2018, respectively.
Data collected in 2011 and 2012 are referred to as Run 1
data, while data collected in 2015-2018 are referred to as
Run 2 data.

@ Springer

2 Detector and simulation

The LHCb detector [30,31] is a single-arm forward spec-
trometer covering the pseudorapidity range 2 < n < 5,
designed for the study of particles containing b or ¢ quarks.
The detector used to collect the data analysed in this paper
includes a high-precision tracking system consisting of a
silicon-strip vertex detector surrounding the pp interac-
tion region [32], a large-area silicon-strip detector located
upstream of a dipole magnet with a bending power of about
4T m, and three stations of silicon-strip detectors and straw
drift tubes [33,34] placed downstream of the magnet. The
tracking system provides a measurement of the momen-
tum, p, of charged particles with a relative uncertainty that
varies from 0.5% at low momentum to 1.0% at 200 GeV.
The minimum distance of a track to a primary pp collision
vertex (PV), the impact parameter (IP), is measured with a
resolution of (15 4+ 29/ pr) wm, where pr is the component
of the momentum transverse to the beam, in GeV. Different
types of charged hadrons are distinguished using informa-
tion from two ring-imaging Cherenkov detectors [35]. Pho-
tons, electrons, and hadrons are identified by a calorimeter
system consisting of scintillating-pad and preshower detec-
tors, an electromagnetic and a hadronic calorimeter. Muons
are identified by a system composed of alternating layers of
iron and multiwire proportional chambers [36]. The online
event selection is performed by a trigger system [37], which
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.

At the hardware trigger stage, events are required to have
a muon with high pr or a hadron, photon or electron with
high transverse energy in the calorimeters. For hadrons, the
transverse energy threshold is 3.5 GeV. The software trigger
requires a two-, three- or four-track secondary vertex with
a significant displacement from any primary pp interaction
vertex. At least one charged particle must have a transverse
momentum pt > 1.6 GeV and be inconsistent with originat-
ing from any PV. A multivariate algorithm [38,39] is used
for the identification of secondary vertices consistent with
the decay of a b hadron.

Simulated events are used to develop the selection require-
ments, validate fit models, and to evaluate the efficiencies
needed for the inclusive branching fraction measurement
and the amplitude analysis. In the simulation, pp collisions
are generated using PYTHIA [40] with a specific LHCb con-
figuration [41]. Decays of unstable particles are described
by EVTGEN [42], in which final-state radiation is generated
using PHOTOS [43]. The interaction of the generated particles
with the detector, and its response, are implemented using the
GEANT4 toolkit [44,45] as described in Ref. [46]. The under-
lying pp interaction is reused multiple times, each with an
independently generated signal decay [47].
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Fig. 1 Feynman diagrams for
the a B > n.(15)K** and b
B® — T.:(4100)~ Kt decay
modes
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3 Selection of B — ppK+n~ candidates

Candidate B® mesons are reconstructed in the B® —
pPK T~ decay over the full m 5 range. The signal chan-
nel B — 5.K* 7~ and the normalisation channel B® —
J/y K+~ are obtained by requiring m 3 to lie within their
respective charmonium-resonance regions, 2908-3058 MeV
for the . meson and 3072-3122 MeV for the J/3 meson. An
initial offline selection is applied to reconstructed particles.
Final-state particles are required to have pt > 300 MeV,
be inconsistent with originating from any PV, lie within the
acceptance of the RICH detectors (2.0 < n < 4.9) and be
compatible with the appropriate proton, kaon or pion mass
hypotheses. Furthermore, proton candidates are required to
have 10 < p < 150GeV, while pion and kaon candidates
must have 3 < p < 150GeV. Candidate B mesons are
required to have a small x> with respect to a PV, where
is defined as the change in the vertex-fit x> of a given PV
when reconstructed with and without including the candidate
under consideration. The PV providing the smallest X12p value
is associated to the B® candidate, which is also required to be
consistent with originating from this PV by applying a crite-
rion on the angle between its momentum vector and the dis-
placement vector from the PV to its decay vertex. To enhance
the resolution of kinematic quantities, such as the diproton
mass distribution m 7 and the two-particle mass combina-
tions that define the DP, a kinematic fit is performed [48]. In
this fit, the BY candidate is constrained to originate from its
associated PV, and its reconstructed mass is constrained to
the known B° mass [49].

A boosted decision tree (BDT) algorithm [50,51] is used
to suppress combinatorial background, corresponding to B°
candidates formed by uncorrelated particles. Simulated sam-
plesof B — ppK*x~ decays, generated uniformly within
the available phase space of the decay, are taken as a sig-
nal proxy. The data in the mass m ,;g+,- region 5450—
5550MeV is used as a background proxy when training the
BDT, to avoid regions containing partially reconstructed b-
hadron decays. Two BDT classifiers are trained separately for

d d d
(h)

Run 1 and Run 2, in order to take into account differences
between the two data-taking periods.

The input variables to the BDT classifiers are: the vertex-
fit x2, X[zp’ a discriminating variable evaluating the pointing
consistency of the reconstructed B® momentum to the B°
decay vertex, the flight-distance significance of the recon-
structed BY candidates; the maximum distance of clos-
est approach between final-state particles, and the maxi-
mum and minimum p and prt of the proton and antipro-
ton. The Run 2 BDT additionally uses particle-identification
variables of the final-state particles. These variables are
adjusted to match the calibration data distributions and are
not included in the Run 1 BDT due to the lack of suit-
able calibration samples [52,53]. The selection criteria on
the BDT output are chosen in order to maximise the fig-
ure of merit defined as S/+/S + B, where S is the observed
BY — ppK*tm~ signal yield before any BDT selection
multiplied by the efficiency of the BDT requirement eval-
uated using simulation, while B is the combinatorial back-
ground yield, both obtained in the m 5+, region 5200~
5360 MeV. Finally, the D° — K*7x~, A7 — pK*tn~,
and ¢ — KTK~ decays are vetoed by excluding the
mass ranges 1835-1880 MeV, 2250-2305 MeV, and 1010-
1028 MeV in the mg+z-, mpg+z-, and mg+g- distribu-
tions, respectively, where the m g+ g - mass has been recon-
structed assigning the K~ meson mass to the 7~ candi-
date.

3.1 Signal yield of B — 5K 7~ decay

Prior to the DP fit, a two-dimensional extended maximum-
likelihood fit to the m 5k +- and m 5 mass distributions is
performed in order to isolate the B — n.(— pp)KTm~
contribution from the nonresonant (NR) component, BY —
ppK T~ The ranges of the fits are 5220-5340 MeV and
2908-3058 MeV for the ppK 7~ and pp mass distribu-
tions, respectively.

The ROOFIT package [54] is used to perform the fit
separately for the Run 1 and Run 2 data samples. The
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Table 1 Yields of the signal and background components from the
two-dimensional mass fit to the m,5x+,~- and m 5 distributions for
the Run 1 and Run 2 samples in the pp mass region of the 7, resonance

Yields
Component Run 1 Run 2
B > n.Ktn~ 772 + 70 4266 + 139
B — ppK*tn~ 168 £ 69 823 +£ 139
Combinatorial background 361 &34 1665 + 68

m 5+~ distributions of B® — n.K* 7~ signaland B —
pPpK T~ NR decays are both described by a Hypatia proba-
bility density functions (PDF) [55] using the same parametri-
sation. The m , mass distribution of the BY — n.K* 7~ sig-
nal decays is described by a relativistic Breit—Wigner (RBW)
convolved with a Crystal Ball function [56], while that of the
NR contribution is described by an exponential function. The
m ppx+z- and m 5 distributions of the combinatorial back-
ground are modelled using exponential functions. A possi-
ble component where 7. mesons are combined with random
kaons and pions from the PV is investigated but found to be
negligible. The meson peak positions, widths, slopes of the
exponential functions, and yields, are free to vary in the mass
fits while the shape parameters of the signal component are
fixed from simulation. The yields of all fit components are

S
200 LHCb 3 fo!
180
160
140
120
100
80
60
40

20

==
vl
&
=
1)

—Total fit
.B° -1 ,(1)K 7"
—B°—>(p17)NRK o
---Comb. bkg.

Candidates / (6 MeV)

5250 5300
M,k n

_[MeV]

1000 LHCb 6 fb!

800

600

400

Candidates / (6 MeV)
T I L I L I T T 7T I T T 7T I T
1 I 11 1 I 11 1 I 11 1 I 11 1 I 1

200

5250 5300
mpﬁK%,

[MeV]

Table 2 Yields of the normalisation and background components from
the two-dimensional joint mass fit to the m 5+~ and m 5 distribu-
tions for the Run 1 and Run 2 samples in the pp mass region of the J/y
resonance

Component Yields

Run 1 Run 2
BY — JyKtm~ 2258 + 50 12787 £ 119
Combinatorial background 306 £ 24 1496 + 54

reported in Table 1. Figure 2 shows the projections of the
mass fits for the Run 1 and Run 2 samples.

A fit to the m 7 distribution is also performed incorpo-
rating a possible interference term between the NR and the
n. components. This term is found to be consistent with zero
and is therefore neglected in the subsequent analysis. In order
to test if local interferences are present, the m 7 distribution
is studied in different bins of helicity angles of the K7~
system. No evidences of local interferences are observed.

3.2 Signal yield of the B — J/yy K Tn~ decay

A similar two-dimensional fit procedure is also used to extract
the yield of B — JAyK+m~ decays. A Hypatia PDF
is used to parametrise the J/y — pp decay in the range

g o T T T
o 120F LHCb 3 fb' 3
N 5
L 100F 3
©n [ ]
g F E
g 60 - -
S af 3
20 T

0 2950 3000 3050

m [MeV]

700
600
500
400
300

Candidates / (6 MeV)

200
100

2950 3000 3050
m _[MeV]

Fig. 2 Results of the two-dimensional mass fit to the (left) m ,;x+,- and (right) m 5 distributions for the (top) Run 1 and (bottom) Run 2 datasets

in the region of the 7, resonance
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Fig. 3 Results of the two-dimensional fit to the (left) m ,;x+,- and (right) m 5 distributions for the (top) Run 1 and (bottom) Run 2 datasets in

the region of the J/i resonance

3072-3122 MeV, with the shape parameters fixed from sim-
ulation. Nonresonant contributions from B® — ppK*m~
decays are not included in the fit that is used to measure
Ny, as they are found to be insignificant. The yields of the
fit components are reported in Table 2, while the results of
the mass fits in the m ,; mass region of the J/i resonance is
shown in Fig. 3.

4 Dalitz plot fit

Using the sPlot technique [57] applied to the results of the
two-dimensional mass fit in the region of the n. resonance,
the background-subtracted DP is determined and shown in
Fig. 4.

The phase space for a three-body decay involving only
pseudoscalar particles can be represented by a DP, where two
of the three possible two—body mass-squared combinations,
in this case m%ﬁ _ and m? I define the DP axes. Due
to the sizeable natural width of the 1, meson, the p and p
momenta and energies are used instead of fixing the 1. mass
to its known value [49] to compute kinematic quantities such
as m2 K+ mf] _, and the helicity angles.

The formahsm used in this analysis follows the approach

described in Ref. [20] where an unbinned maximum-
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Fig. 4 Background-subtracted DP distribution of the B — n.K+7~
decay

likelihood fit on the DP is performed employing the LAURA++
package [58]. The Run 1 and Run 2 subsamples are fitted
simultaneously within the JFIT framework [59], with shared
free parameters in the DP fit; however, the signal and back-
ground yields, as well as the efficiency-variation maps across
the phase space, are treated separately for the two datasets.
In the DP fit, the signal corresponds to B — n K+~
decays, while the background includes both combinatorial
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Table 3 Resonances included 0 . P .

in the baseline model, where K™** resonance Mass [ MeV | Width [ MeV | J Lineshape

parameter values, uncertainties K*(892)° 895.55 + 0.20 473405 1- RBW

and spin-parity J* are taken o

from Ref. [49]. The lineshapes K*(1410) 1414 £ 15 232 +£21 1~ RBW

used are also reported K 6*(1430)0 1425 £+ 50 270 £ 80 o+ LASS
K;‘(1430)0 14324+ 1.3 109 £5 2+ RBW
K*(1680)° 1718 £ 18 320+ 110 1~ RBW
K(’)“(1950)0 1957 + 14 170 £ 50 0t RBW

contributions and NR contributions. The likelihood function
is given by

L=e DN Y NePems o om? i | )
i k

where the index i runs over the number of candidates, while
k indexes the signal and background components, with Ny
representing their respective yields. The PDFs for the signal
and background components are denoted by Pk, for which the
signal PDF is defined as the normalised squared amplitudes
scaled by an efficiency model in the DP. Combinatorial and
NR background shapes are extracted from the mass fits using
the sPlot method. These histograms are also interpolated with
a cubic spline before the DP fit.

To mitigate issues arising from imperfect efficiency
parametrisation at the DP boundaries, a veto is applied to both
the lower and upper edges of the DP, effectively excluding
regions where any of the masses, m,,_—, m, g+, 0r mg+,-,
are within 70 MeV of their kinematic limits. This veto is
also used in both the determination of signal and background
yields and the PDF modelling the background.

The mass resolution of the K7~ system is approxi-
mately 5MeV, which is significantly smaller than the nat-
ural width of the narrowest resonance in the Dalitz plot,
the K*(892)° meson, whose width is about 50 MeV. There-
fore, resolution effects are negligible and are not considered
further. To ensure convergence to the global minimum, the
DP fits are repeated multiple times with randomised initial
parameter values.

4.1 Signal efficiency evaluation

In order to perform the DP fit of the B — 5.K 7~ decay
channel, the efficiency variations across the phase space
of the decay must be taken into account. Relative varia-
tions in efficiency arise from both experimental effects and
selection requirements. Efficiencies are calculated on a two-
dimensional map parametrised by the variables m’ and 6’

@ Springer

Table 4 Parameters of the LASS function resulting from the best fit
using the baseline model, where the uncertainties are statistical only

Parameter Value
r 404 1.0Gev™!
a 4.3 +0.8GeV~!
mKS(1430) 1434 4+ 22 MeV
FK(T(M?’O) 409 + 44 MeV
which are defined as
1 Mg+g— — mmin _
m' = — arccos (2 T Kifn— 1], )
T max  __ ,,min
Ktm— Ktn—
, 1
0= —0k+.-, 3)
T

where the helicity angle g+, is defined as the angle
between the KT and the 5. particles in the K7~ rest
frame. This parametrisation is used to obtain a square Dalitz
plot which mitigates potential issues related to the otherwise
curved boundaries in the miﬁn_ and mzcn_ space and the
finite width of the 7. resonance. The phase-space boundaries
of the K7~ mass are represented by m‘;ifﬂ_ and mgy. .

The efficiency distributions are computed using simula-
tion as two-dimensional histograms in the square DP space,
using the four-momenta of the final-state particles. These
momenta are obtained from a fit with the selected B® can-
didates, where the BY mass is constrained to its known
value [49] and its direction required to point towards the asso-
ciated primary vertex. The efficiency distributions are calcu-
lated by applying the full event selection, where potential dis-
crepancies arising from trigger, tracking, and B°-kinematic
sources are found to be negligible. The effect of the vetoes in
the phase space is separately accounted for by the LAURA++
package, setting the signal efficiency to zero both within the
excluded regions and beyond the phase-space border restric-
tions. The histograms modelling the efficiency undergo a
smoothing procedure through cubic-spline interpolation in
order to reduce the statistical fluctuations due to the limited
size of the simulated samples and are studied separately for
the Run 1 and Run 2 samples.
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Fig. 5 Projections of the B® — n.K*n~ data and DP fit using the baseline model onto the (top) mg+ -, (middle) m,, - and (bottom) m,_ g+

observables for (left) linear and (right) logarithmic vertical-axis scale. The veto of B — ppDP decays is visible in the projections onto the 1 g+ -

observable

Table 5 Magnitudes, phases
and fit fractions determined

from the DP fit using the 0 " 0
B .K*(892

baseline model, where the = neK7(892)

uncertainties are statistical only

Amplitude Magnitude Phase Fit fraction (%)
1 (fixed) 0 (fixed) 493+1.2

BY — 5.K*(1410)° 0.30 £ 0.04 —0.14+0.13 45+ 1.4

BY — n K} (1430)° 0.79 £ 0.04 +2.94 +£0.05 30.8 £4.7

BY = n.(Ktm )syp 0.56 £0.03 +2.81 £0.07 154+2.4

B® — n.K3(1430)° 0.28 +0.03 —0.73£0.10 37409

BY — 5. K*(1680)° 0.21 +0.05 +0.21 £0.22 21409

B® — n.K}(1950)° 0.22 £0.03 +1.53+£0.29 24405

Sum of fit fractions 108.2 + 3.1
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4.2 Amplitude model with only K*° resonances

The established K*® — K*7~ mesons, reported in
Ref. [49], satistying mg+ S mpo — my,, i.e. with masses
within or slightly above the phase-space boundary in B® —
neKTm~ decays, serve as a guide when building the
model. Only contributions that significantly improve the data
description are included. This model, referred to as the base-
line model, comprises the resonances shown in Table 3, with
their masses and widths fixed to their known values [49],
except for the Ka‘(1430)0 as described later. In the DP fit, the
signal and background yields are fixed to the values obtained
from the two-dimensional mass fit. The effect of the phase-
space boundary cut on these yields is negligible.

The K *(892)" resonance serves as a reference amplitude,
with its magnitude fixed to unity and phase set to zero. The
complex coefficients [60—62] of the remaining contributions
are determined relative to those of the K*(892)° meson.
The low-mass (K 77 ~) g S-wave is modelled with the LASS
function [63]. The scattering length (a) and the effective
range (r) parametrising the slowly varying part (SVP) of the
LASS function are left free to vary in the fit. The resonance
mass and width are constrained with Gaussian priors centred
on their known values [49]. Once the global minimum of
the negative log-likelihood is reached, the four parameters
reported in Table 4 are fixed to their best-fit values and then
the fits are repeated. This procedure negates the recalculation
of resonant lineshapes in the function minimisation loop,
ensuring faster convergence. The remaining resonances in
the fit are modelled using RBW lineshapes, with their Blatt—
Weisskopf barrier-factor radii fixed at 4 GeV~!. The addition
of the K3 (1780) and K (2045) mesons are found to be not
significant and therefore not included in the model.

A good description of the m g+, - and m,_g+ mass distri-
butions with only K*O contributions is generally achieved.
However, discrepancies between data and fit projections
onto the m,, .- and m, g+ distributions are visible around
my, - ~ 4.1GeVandm, g+ ~ 4.1 GeV, as shown inFig. 5.
The values of the magnitudes, phases and fit fractions for
each contribution are reported in Table 5. A x? variable is
computed on the squared DP to quantitatively assess the fit
quality, using an adaptive two-dimensional binning scheme
that ensures at least 20 events per bin, corresponding to 324
bins. For the baseline model and binning scheme, the good-
ness of the fit is x2/ndf = 425/309, where ndf is the number
of degrees of freedom.

Two additional validation checks are performed. First, a
mixed-sample unbinned goodness-of-fit test [64] is used to
remove binning effects; the fit to the resulting test statistic
yields x?/ndf = 22.6/21, consistent with good agreement
between data and model. Second, 1000 pseudoexperiments
are generated and fitted with the nominal procedure. For each
pseudoexperiment a x2/ndf value is computed as described
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above, and the p-value is defined as the fraction of pseudo-
experiments with x2/ndf larger than that observed in data.
Neglecting systematic uncertainties, this procedure gives a
p-value of 3.1%.

4.3 Amplitude model with K*° resonances and an 5.7~
exotic contribution

A better description of the data, compared to the previous
model, is sought by adding to the baseline model an ampli-
tude corresponding to an exotic candidate, 7,5(4100)~ —
nemw~ which is described by a RBW, in addition to the K *0
resonances listed in Table 3. In addition to the parameters
that are free in the baseline model, the complex coefficients,
and RBW mass and width of the exotic candidate are left
free to vary. The strategy followed for the LASS parameters
is the same as described before ensuring faster convergence
times when an exotic contribution is included in the model.
The values found from the best fit for the LASS function and
the exotic candidate are reported in Table 6. A likelihood-
ratio test, based on the log-likelihood difference with respect
to the baseline value, A(—21n £) [65], is used to compare
different amplitude models. The exotic candidate is tested
under two quantum-number hypotheses, repeating the DP fit
for the J¥ = 0% and 1~ assignments. The corresponding
A(—21n L) values, are 16.2 and 29.0, respectively. Thus, the
model providing the best description of data, referred to as
the extended fit model, is obtained with the addition of an
exotic candidate with J* = 1.

The values for the magnitude, phase and fit fraction of
each contribution are reported in Table 7. Statistical uncer-
tainties on the fit fractions are determined using large samples
of pseudoexperiments generated from the fit results, thereby
accounting for correlations between parameters. The mass
projections of the extended model are shown in Fig. 6, for
which the value of the x2/ndf is 401/305. The fit qual-
ity is further assessed comparing the unnormalised Legen-
dre moments between background-subtracted data and the
model.

The significance of the 7,.;(4100)~ candidate is evaluated
from the value of A(—21In £), assuming that this quantity
follows a x? distribution with degrees of freedom equal to
twice the number of free parameters in its expression [66—68].
This assumption accounts for the look-elsewhere effect due
to the varying mass and width of the 7,.z(4100)~ candidate.
Its validity is verified through pseudoexperiments, which test
the A(—21n £) distribution under the baseline hypothesis.
The results confirm that this distribution is well described by
a x2 function with 8 degrees of freedom. In the extended fit
model, the statistical significance of the 7,.z(4100)~ is found
tobe 3.6 standard deviations (o), excluding systematic uncer-
tainties. To distinguish between different J* assignments,
fits are performed under alternative J” hypotheses. A lower
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Table 6 Parameters of the LASS function and the exotic J© =
1~ candidate resulting from the best fit using the extended model

Parameter Value Lineshape
r 4.64+1.0GeV~! LASS
a 4240.7GevV™! LASS
MK (1430) 1433 4 19 MeV LASS
T'k:(1430) 359 + 37 MeV LASS
MY, (4100)- 4106 + 23 MeV RBW
7.2 (4100)- 506 + 166 MeV RBW

limit on the significance of rejecting the J¥ = 0% hypothe-
sis is determined from the change in the log-likelihood rel-
ative to the preferred hypothesis, assuming a x? distribu-
tion with one degree of freedom. This assumption is simi-
larly validated using pseudoexperiments, which confirm that
the A(—21n £) distribution under the disfavoured J¥ = 0%
hypothesis follows the expected x 2 behaviour. The J¥ = 0%
hypothesis with respect to that of /¥ = 17 is statistically dis-
favoured at 3.20. However, systematic effects must be taken
into account to determine the significance of the T.z(4100)~
contribution and the discrimination of its quantum num-
bers.

4.4 Systematic uncertainties

Systematic uncertainties on the fit fractions, amplitude, and
phases are evaluated by measuring the difference between the
baseline value and the value obtained from different studies
as detailed below.

The systematic uncertainties associated with the back-
ground model are evaluated using alternative histograms,
obtained by randomly varying the bin contents within their
statistical uncertainties before spline interpolation. Approx-
imately 1000 such histograms are generated for both the
combinatorial and NR background components and used to
construct an equal number of pseudoexperiments, where the
signal contribution is generated according to the baseline
model. Each pseudoexperiment is fitted with the baseline
signal model and the corresponding modified background
model, and the systematic uncertainty on the fit fractions is
taken as the standard deviation of the resulting distribution
of best-fit values, which is well described by a Gaussian.
The same pseudoexperiments are also used to estimate the
significance of the T,.;(4100)~ state. Each is fitted twice:
once with the baseline model and once with the extended
model, both including the varied background maps. The
resulting distribution of A(—21In L) values does not follow
a x? distribution. A p-value is therefore determined from
the fraction of fits yielding a A(—21n £) greater than that

observed in data, corresponding to 1.45%, or a significance
of 2.50.

The strategy used to assess the systematic uncertainty
associated to the background model is also adopted to
account for the effects relating to the efficiency model.
Another systematic uncertainty is associated to the veto
applied to the DP borders. The DP fit is repeated removing
these vetoes.

The statistical uncertainties of signal and background
yields are incorporated by applying constraints with Gaus-
sian priors and repeating the fit to account for variations
within these uncertainties.

A systematic uncertainty related to the potential fit bias
is determined using pseudoexperiments. Samples are gen-
erated according to the baseline fit result and fitted again.
The associated error is calculated as the squared sum of the
residuals and the standard deviation.

The kinematic variables used in the DP fit are computed
from the B®-meson and final-state-particle four-momenta. In
order to associate a systematic uncertainty to the . natural
width, the DP fits are repeated with kinematic variables that
are recomputed assigning to the 1. mass the values m,_ 4
I';./2, where my_ and I'y_ are the mass and natural width
of the 1. meson, respectively, obtained from the mass fits
reported in Sect. 3.1.

In the baseline model the K* resonances are modelled
by RBW functions with their mass and width parameters
fixed to known values [49], and with fixed Blatt—Weisskopf
barrier factor radii. The uncertainties related to this choice
are determined by varying simultaneously and randomly the
masses and widths within their uncertainties and, separately,
by changing the radii between 3 and 5 GeV .

The LASS model used to parametrise the low-mass
K ™7~ S-wave in the baseline fit is replaced with K§(1430)0
and K(’)"(700)0 resonances parametrised by RBW functions,
and a NR S-wave K7~ component parametrised with a
uniform amplitude.

When including these sources of systematic uncertainties,
summarised in Table 8, the 7,.z(4100)™ contribution is not
found to be significant. Only the significances that deviate
most from the nominal value are shown and the background
parametrisation is found to be dominant. For this reason,
systematic uncertainties associated to the mass and width of
the T,.z(4100)~ candidate, and on the discrimination between
quantum-number hypotheses, are not assigned.

The baseline model is therefore used to compute the
branching fractions of the K ** contributions in order to char-
acterise the B — 1n.K*7~ decay channel. To this end,
the extended model is also considered as an alternative to
the baseline model, with associated systematic uncertainties.
The addition of a resonance decaying to n.K ™ was initially
considered, but it was consistently found to be less significant
than the one decaying to . ~. Therefore, it was not pursued

@ Springer
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Table 7 Magnitudes, phases

and fit fractions determined Amplitude Magnitude Phase Fit fraction (%)
from the DP fit using the. . B = 5 K*(892)° 1 (fixed) 0 (fixed) 49.1+1.3
extended model. Uncertainties
are statistical only B® — 5.K*(1410)° 0.28 +0.03 —0.04 £0.15 394+09
B® — n K (1430)° 0.73 £ 0.04 —0.18 £0.05 262+ 4.1
B® — no(Ktm)svp 0.51 £0.03 +0.31 £+ 0.07 129+2.0
B® — n.K3(1430)° 0.28 +0.03 —0.86 +£0.11 40409
B® — 5.K*(1680)° 0.18 £0.05 +0.324+0.23 1.54+09
BO — Ne K(}*(1950)O 0.21 +£0.03 —0.92 +0.35 224+0.7
BY — T.:(4100)" K+ 0.154+0.03 —3.14 +£0.06 1.1+£0.5
Sum of fit fractions 100.9 £ 3.5
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Fig. 6 Projections of the B — 5.K T7~ data and DP fit using the extended model onto the (top) m g+, -, (middle) m,, .- and (bottom) m,, g+

observables for (left) linear and (right) logarithmic vertical-axis scale. The veto of B — ppDP decays is visible in the projections onto the 11 g+
observable
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Table 8 Significance of the extended model (with the 7,.z(4100)~ can-
didate) with respect to the baseline model (without the 7,.z(4100)™
candidate) for the main sources of systematic uncertainty

Source Significance
Background parametrisation 2.50
Efficiency parametrisation 4.10
DP-border veto 3.20
Fixed yields 320
e natural width 3.00
Fixed K*¥ lineshape parameters 320
K7~ S-wave 4.50

further. The values for the fit fractions of the K ** components
and their interference fit fractions, together with their associ-
ated systematic uncertainties, are reported in Table 9, while
the magnitudes and phases are given in Table 10.

5 Branching fraction measurement

The measurement of the inclusive B® — 7.K *7~ branch-
ing fraction is performed relative to the normalisation chan-
nel B — J/yKTm~. The absolute branching fraction of
the B — 1.K 7~ decay can then be calculated using the
relation

Table 9 Symmetric matrix of the fit fractions and interference fit frac-
tions (%) resulting from the fit using the baseline model, where the
quoted uncertainties are statistical and systematic, respectively. Entries

BB > n.K*77) =BB" > J/WKtr)
B/ — pP) Ny €y
B(ne — pp) Ny €y,

“

where B(B? — JWKTr™) = (1.15 £ 0.05) x 1073,
B(J — pp) = (2.120 £ 0.029) x 1072 and B(n. —
pp) = (1.3340.11) x 1073 are taken as external inputs [49].
The values N, and Nj,, are the respective yields of the
B - n.K*n~ and B — JAy K7~ contributions, as
reported in Tables 1 and 2, while €, and ¢, are the selec-
tion efficiencies of the signal and normalisation channel cal-
culated from simulation.

Selection efficiencies are determined from the B —
neK*m~ and B — JAy K+~ simulated samples, both
selected using the same criteria as applied to data. Weights
are applied to the simulated candidates to correct for minor
discrepancies with respect to data, based on track multiplic-
ity, BY kinematic distributions, and the respective DP dis-
tributions. Discrepancies due to the trigger responses are
investigated and found to be negligible. The ratio of effi-
ciencies is given by € /€;. = 0.94540.004 for Run 1 and
€y /€y, = 0.948 £0.003 for Run 2, where the uncertainties
are statistical.

Systematic uncertainties on the branching fraction mea-
surement are evaluated by recomputing the signal and nor-
malisation yields, along with their efficiency ratios, for each

marked with a dash correspond to instances where the modulus of the
interference fit fraction is found to be less than 1074%

neK*(892)° neK*(1410)° neKi(1430)°  ne(Ktx)sve ncK3(1430)° 0o K*(1680)° ne K (1950)°
nckK*(892)° 49341273 —21x187) - - - 08412137
neK*(1410)° 45414537 - - - ~32+ 15463
neKg(1430)° 30.8+4.7433  —108+13717 - - 7.0 £103459
ne(K*77)svp 154+24%27  _ _ _
neK3(1430)° 37409703 - -
1K (1680)° 20409413 -
1K (1950)° 24405127
phases determined from the D ATPUdE Magnitude Phase
fit using the baseline model, B = n.K*(892)° 1 (fixed) 0 (fixed)

where the uncertainties are
statistical and systematic,
respectively

BY — n.K*(1410)°
B — 5K (1430)°
B® — n (KT 7)svp
B® — 5.K;(1430)°
BY - 5.K*(1680)°
B — 15K (1950)°

~0.14£0.131037
+2.94 +0.0579%
+2.81+0.077907
—0.73£0.10%013
+0.21 £0.227937
+1.53 £0.2970 73

0.30 +0.0479%
0.79 +0.047007
0.56 +0.03700>
0.28 +0.0379:93
0.21 £0.05709
0.22 £ 0.03700
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Table 11 Systematic uncertainties on the B — 7.K 7~ branching
fraction. Statistical uncertainties are also reported for comparison

OB(BI— e k+r—)[107%]

Source Run 1 Run 2
Shape parameters 0.05 0.05
Resolution and NR pp model 0.18 0.22
Mass windows 0.41 0.15
Total systematic uncertainty 0.45 0.27
Statistical uncertainty 0.53 0.22

source of uncertainty. The difference of the resulting branch-
ing fraction from the baseline value is taken as the associated
systematic uncertainty. The overall systematic uncertainty is
calculated by combining all contributions in quadrature. The
contribution arising from fixing the parameters of the Hypa-
tia PDFs used to parametrise the B® and J/y components,
as well as the Crystal Ball PDF for the 7., is evaluated by
repeating the fit with parameter values varied according to
a multivariate normal distribution. To assess a systematic
uncertainty for the model used to describe the mass reso-
lution, the fits are repeated by replacing the Hypatia PDFs
with Crystal Ball PDFs. The convolution of the RBW with a
Crystal Ball PDF is replaced by a Voigtian PDF, where the
parameters are fixed based on simulation. The m 7 distri-
bution of the NR component, originally parametrised with
an exponential function, is instead modelled with a linear
function. The systematic uncertainty related to the choice of
the mass ranges in the two-dimensional fit is evaluated by
performing fits with alternative ranges. Table 11 summarises
the systematic uncertainties.

The measured values of the branching fraction B(B? —
neKtmw)are (6.104£0.5340.4540.58) x 10~ for Run 1
and (5.77+£0.22£0.27£0.55) x 10~ for Run 2. This leads
to the combined value

BBY - n.Ktrn™) = (5.824£0.20 £0.23 £0.55) x 1074,

where the first uncertainty is statistical, the second sys-
tematic, and the third is due to the limited knowledge of
the external branching fractions. The combined value is
obtained as the weighted average of the Run 1 and Run 2
results. This result is in agreement with the world aver-
age [49] and with the previous LHCb result [20]. The product
branching fractions for the intermediate states contributing
to the B — n.K*%(— Ktn) decays listed in Table 12,
are determined by scaling the inclusive branching fraction
B(B° — 5.K*7™) by the fit fractions of each intermediate
state with the baseline model reported in Table 9.
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Table 12 Product branching fractions for intermediate K *? resonances
decayingto K T~ contributing to the B — 7.K**(— K+ ™) decay,
B(BY — r]CK*O) x B(K*® — Kt7~). The quoted uncertainties are
statistical, from the inclusive branching fraction of BY — n.K tr,
from the intermediate fit fraction and from the charmonium branching
fractions of . — pp and J/y — pp, respectively

Decay Branching fraction [107°]

B® — n.K*(892)°(— K*n™)  28.69+1.21 £ 1.13%754 £2.71

BY — n.K*(1410)°(— K*n™)  2.624+0.82+0.107] 85 +£0.25

17.92 £2.80 £ 0.717320 £ 1.69

B® — n.KF(1430)°(— Ktx™) e

B — ne(K*m )svp 8.96 £ 1.42 £0.35753 £ 0.84
B — n.K3(1430)°(— K*x™)  2.154£0.53 £0.087)]¢ +£0.20
BY — n.K*(1680)°(— K*n™)  1.224£0.5240.057006 £0.12

B — n.K;(1950)°(— K*m™)  1.40£0.29 £0.067}3) +£0.13

6 Conclusion

An amplitude analysis of the B — 5.(1S)K*7~ decay
channel is performed using the dataset collected by LHCb
in Run 1 and 2, corresponding to an integrated luminosity of
9 fb~!. While a better description of the data is achieved when
including a charged exotic charmonium-like 7.:(4100)~
candidate decaying to . (1S)m —, the contribution is not sig-
nificant when systematic uncertainties are taken into account.
The results of this analysis are valid in the absence of addi-
tional suppressed intermediate resonances decaying to the
BY — ppK*m~ final state, possibly interfering with the
amplitudes involved in the B = (n.(18) — pp)K*Tn~
decay. Several checks, including the comparison between
the Legendre moments computed from data and from the fit
models, confirms that, with the current dataset, there is no
sensitivity to such interference effects, if present.

A measurement of the inclusive B — ne(ISK T~
branching fraction is also performed, as well as the branching
fraction measurements of the intermediate K*° resonances
contributing to the decay. The results of this analysis, using a
data sample size that is approximately doubled with respect
to the previous study, supersede those obtained in Ref. [20].
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