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Abstract

The branching fraction of the decay B — 1(25)¢(1020) K, relative to the topo-
logically similar decay Bt — J/¢¢(1020)K ™, is measured using proton-proton
collision data collected by the LHCb experiment at center-of-mass energies of
7, 8, and 13 TeV, corresponding to an integrated luminosity of 9fb~!. The ra-
tio is found to be 0.061 + 0.004 4+ 0.009, where the first uncertainty is statis-
tical and the second systematic. Using the world-average branching fraction for
Bt — J/1$(1020) K, the branching fraction for the decay BT — ¢(25)¢(1020) K+
is found to be (3.0 £ 0.2 £ 0.5 £ 0.2) x 1075, where the first uncertainty is statis-
tical, the second systematic, and the third is due to the branching fraction of the
normalization channel.
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1 Introduction

The BT — ¢(2S)¢K ™+ decay proceeds through the same quark transition b — c¢¢s as
the topologically similar BT — Jp¢K*+ decayll] In the latter, states compatible with
exotic mesons have been observed, such as the x.1(4140) state [1-4] and the Tz (4000)
state [5] ] The B* — 1(25)¢K* phase space is about 80 times smaller than that of the
Bt — Jp¢K™ decay, while the branching fraction B(B*T — ¢(25)¢K ™) is about 15 times
smaller than that of the BT — Jap¢K™ decay [7]. The average amplitude of the former
process is therefore greater than that of the latter process. Thus, the BT — ¢(2S)¢ K+
decay provides the potential to make observations of high-mass resonant contributions
that are complementary to those observed in the decay BY — J/ip¢K ™', such as the
X.(4700) state [8,9].

This paper presents a measurement of the branching fraction of the decay
Bt — ¢(2S)¢ K™ relative to the normalization decay BT — Jip¢K™. The interme-
diate resonances are reconstructed as ¥(2S5) — putp~, J/ — ptp~, and ¢ — KTK~.
This analysis uses the full Run 1 (2011-2012) and Run 2 (2015-2016, 2017, and 2018)
LHCDb data samples of proton-proton (pp) collisions at center-of-mass energies of 7, 8,
and 13 TeV, corresponding to an integrated luminosity of about 9fb~!. The branching
fraction of Bt — 1(2S)pK ™, calculated using the B(Bt — J/19¢K™) value provided by
the PDG [6], is also reported. This LHCD result is compared with a measurement of the
branching fraction of BT — 1(25)¢K ™ reported by the CMS collaboration [7].

2 Detector and simulation

The LHCb detector [10,|11] 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 includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region [12], a large-area silicon-strip
detector located upstream of a dipole magnet with a bending power of about 4 T m, and
three stations of silicon-strip detectors and straw drift tubes [13,/14] 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 vertex (PV), the
impact parameter (IP), is measured with a resolution of (15 + 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 [15]. Photons, electrons, and hadrons are identified by a calorimeter system
consisting of scintillating-pad and preshower detectors, an electromagnetic and a hadronic
calorimeter. Muons are identified by a system composed of alternating layers of iron
and multi-wire proportional chambers |16]. The online event selection is performed by a
trigger [17], 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.

IThroughout this paper inclusion of the charge-conjugated decays is implied and the ¢(1020) is referred
to as ¢.

2In this paper the new PDG naming conventions [6] for exotic hadrons are used. The states formerly
known as the X (4140), Z1(4000) and X (4700) are now referred to as the y.1(4140), T.z51(4000) and
Xc(4700), respectively.



Simulation is required to model the effects of the detector acceptance and the selection
requirements. In the simulation, pp collisions are generated using PyTHIA [18] with a spe-
cific LHCb configuration [19]. Decays of unstable particles are described by EVTGEN [20],
in which final-state radiation is generated using PHOTOS [21]. The interaction of the
generated particles with the detector, and its response, are implemented using the GEANT4
toolkit [22] as described in Ref. [23].

3 Branching fraction measurement

The ratio of branching fractions Rgp is measured as

B<B+ — ¢<25)¢K+> _ NSignal FSignal €Norm B(J/w — M+M_)

R = = , 1
o B<B+ - J/w(bKJr) NNorm FNorm €Signal B(w(zs) — ,LL+,Ui) ( )

where B(J/v — ptp~) = (5.961 £ 0.033)% and B(B*™ — J/¢Y¢pK ™) = (5.0 4+ 0.4) x 107°
are the world-average branching fractions [6]. Assuming lepton flavor universality of
the electroweak interaction, the branching fraction of the ¥(2S) — u™u~ decay can be
replaced by that of the ¢)(2S) — ete™ decay, equal to (0.793 £+ 0.017)% [6], which has an
uncertainty approximately three times smaller. The number of B* decays for the signal
(normalization) mode with a charmonium decay combined with three kaons, including
sidebands for the ¢ candidates in the K™ K~ mass spectra, is denoted by Nsignal(Norm)- This
is measured by fitting the B™ meson mass distribution. The fraction of candidates in the
K+ K~ invariant mass spectrum attributed to the ¢ decays is denoted by Fgignai(Norm), and
is obtained by fitting the K™K~ mass distribution. Finally, €Signal(Norm) 18 the efficiency
of the signal (normalization) channel, and is obtained from simulation.

3.1 Selection

Candidate BT — ¢(25)¢ K signal and BT — J/1¢ K normalization decays are selected
using a hardware trigger, a two-stage software trigger, and offline event reconstruction
criteria followed by two Boosted Decision Tree (BDT) [24,125] classifiers that suppress
background significantly. Selection criteria are identical for both channels, with the
exception of the dimuon mass windows for the ¢, where ¢ denotes either the ¢(2S) or
the J/i) meson.

The hardware trigger selects events with at least one high-pr muon candidate later
associated with the 1) in the Bt decay or selects events independently of any track used
in the decay. The first stage of the software trigger selects a pair of oppositely charged
muons with high invariant mass or a muon with high pr and high x?% for each track (or
composite particle). The variable x% is defined as the difference in the vertex-fit x? of
the primary-vertex fit reconstructed with and without the track under consideration. The
second stage of the software trigger selects pairs of muons with invariant mass within
120 MeV/c? of the 1) mass that form vertices which are significantly detached from the
closest primary vertex.

Offline, B™ meson candidates are formed from combinations of 7 candidates with
three kaons where one of the K™K~ pairs has an invariant mass between 1000 MeV/c? and
1040 MeV/c?. Kaon candidates are required to have pr larger than 100 MeV/c, x3p > 1,
and to have particle-identification signatures compatible with the kaon hypothesis. The



¢ candidates are formed from pairs of oppositely charged kaons that originate from a
common vertex and have pr greater than 200 MeV/c. The BT candidates are required to
have good vertices, to have invariant masses within 60 MeV/c? of the nominal B* mass,
and to have momentum vectors aligned with the B line of flight. A vertex fit is performed
constraining the ¢ mass to its nominal value as given by the PDG [6] and requiring the
BT momentum vector to point back to its primary vertex. Candidates satisfying these
criteria are retained for further consideration.

Background is suppressed using two BDT classifiers [24,25] implemented in the TMVA
toolkit [26]. The first classifier is trained using fully simulated BT — ¢(2S)¢K* samples
as a proxy for the signal and events from the far-upper sideband (5.8 < M (¢(25)pK™) <
6.0 GeV/c?) as a proxy for the background. The variables with highest discrimination
power are used as input to the classifier. These include: the pr and % of the kaons,
muons, 1, ¢, and the B' candidates, the cosine of the angle between the BT momentum
and the vector connecting the PV and the BT decay vertex, the sum of the y% of all
final-state particles with respect to the PV, the vertex x? of the B* candidate, and the
B™T decay time and its significance. The chosen BDT threshold corresponds to a signal
efficiency close to 90% and a background rejection of about 99%.

After all previous steps, more than one BT — ¢(25)¢p K™ candidate in a single event
can satisfy the selection criteria. In the majority of cases (around 30% and 3% of events
in the signal and normalization channels, respectively), this occurs when the masses of
the two K"K~ combinations in a single BT — ¢ K"K~ K" candidate fall within the
nominal ¢ window. Combinatorial background may also produce additional candidates
in a single event, though on a smaller scale. To retain one Bt candidate per event, a
second BDT is trained. The input variables include properties of the B* meson, such
as the x%, the decay-time significance, the decay-vertex quality, the cosine of the angle
between its momentum vector and the trajectory. Additionally, the input variables include
the significance of the maximum distance between the trajectories of final-state particles.
The candidate with the highest BDT output in each event is selected and its mass is
used in the BT mass fit described below. The correlation between the mass of the BT
candidate and the BDT output is found to be negligible. When the masses of both KK~
pairs in a BY — ¢ K™K~ K" candidate fall within the nominal ¢ window, both KT K~
combinations are used in the fit to determine Fsignal (FNorm)-

3.2 Mass fits

Unbinned maximum-likelihood mass fits are performed separately for the BT — ¢(25)p K+
and Bt — J/¢Y¢K™* samples, and for each data-taking period as the detector operating-
conditions varied for each interval. For both the signal and normalization channels, the
BT peak is modeled by a double-sided Crystal Ball function (DSCB) [27], while the
background is described by an exponential function. The DSCB tail parameters are
obtained from simulation and are fixed in the fits to the data. The yields of signal
and background, the signal peak position Mp+ and width o+, and the parameters
describing the exponential backgrounds, are floated in the fits. Mass distributions of
Bt — (29)¢K* and BT — J/1¢K* candidates are shown in Figs. [[]and [2| respectively,
along with the results of the fits. The fit parameters of each data taking periods are
reported in Table [I} The yields of the signal and normalization models determined from
the fits over the combined samples are 289419 and 35 315+ 237 events, respectively, which
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Figure 1: Invariant-mass distributions of BT — 1(25)¢K ™' candidates with fit projections for
(top left) Run 1, (top right) 2015-2016, (bottom left) 2017, and (bottom right) 2018 samples.

are compatible with the sum of the yields obtained independently, providing additional
confidence in the consistency of these values.

Although the samples are selected with KTK~ invariant masses in the
1000-1040 MeV/c? mass window, significant non-¢ contributions are present. The fraction
of ¢ candidates is obtained from a binned x? fit to the extended K+ K~ mass distribution
of 1000-1060 MeV/c?. The selection criteria are the same as for the B* samples except
for this relaxed K™K~ mass range. In these fits, background is statistically subtracted by
means of the sPlot technique [28], using the results of the fit to the BT mass distributions.
The mass distribution of the ¢ component is described by a P-wave Breit-Wigner func-
tion, convolved with a Gaussian function with resolution fixed to 1 MeV/c? (taken from
simulation), while that of the non-¢ component is described by an Argus function [29].
As the yields of signal in the disjoint data samples are small while the event-selection
efficiency does not vary much in the KK~ mass window, these fits are performed over the
integrated Run 1 + Run 2 data samples. Therefore, only one FgignaiNorm) is calculated for
each of the signal and normalization channels and used for all disjoint data samples. The
KT K~ mass fit results are shown in Fig. [3| in which the different line shapes of the non-¢
component are mainly due to the different phase space of the signal and normalization
modes. The fractions of ¢ contribution within the nominal K™K~ mass window are
determined to be Fgigna = 0.73 £ 0.10 and Fyorm = 0.91 £ 0.01, where the uncertainties
are statistical only.
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Table 1: Results of the fit to the invariant mass of signal and normalization decays.

Period Parameter | BT — ¢(25)pK" | Bt — JoK™

M+ [MV/7 | 527945+ 0.40 | 5279.30 £ 0.07

Run 1 op+ | MeV/c? 2.044+0.41 4.38 +0.07
Nigna(Norm) 4347 6835 + 97

Mp+ [MeV/c?] | 5279.79 + 0.22 5279.28 £0.06

2015-2016 | o+ [ MeV/e?] 1.60 £ 0.23 4.46 % 0.07
Nigna(Norm) 95 + 11 9772 + 129

My [MeV/c7] | 527940 £ 0.22 | 5279.36 = 0.06

2017 | ops [MeV/] | 1.33+0.23 4.26 + 0.07
Nsignal(Norm) 64+ 9 8515 + 118

My [MeV/cT] | 5279.65 £ 0.19 | 5279.27 = 0.06

2018 | opr [MeV/e?] | 148 +0.16 4.29 + 0.06
Nignal(Norm) 90 + 11 10196 + 128
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Figure 3: Distributions of the background-subtracted KK~ mass spectra from the full (Run 1
+ Run 2) data sample for (left) BT — 1 (25)¢ K™ and (right) BT — J/¥¢K ™' decays.

3.3 Efficiencies

Particle-identification efficiencies are obtained from calibration data samples [30]. The
remaining efficiencies, for both the signal and normalization decay modes, are obtained
from simulated samples and calculated separately for each data-taking period. The
normalization simulation sample, generated as pure phase space, is weighted to account
for the structures in the ¢ and KT masses observed in data. This correction is not
applied to the signal sample, as no significant intermediate structure is seen given its
smaller size. A systematic uncertainty is estimated to address possible residual effects. In
the normalization sample, per-candidate weights are calculated by training a gradient-
boosted decision-tree reweighter, GBReweighter, implemented in hep ml [31]. The data
distributions used here have the background subtracted statistically by means of the
sPlot technique [28], using the results of the fit to the BT — J/¥¢K™ invariant-mass
distribution.

Two factors distort the distribution of events in phase space (the v, ¢, K Dalitz
plot), especially at the edges. First, the resolution of the reconstructed B invariant mass
cannot be neglected. To mitigate this problem, the masses of the BT and 1) candidates
are constrained to their nominal values. Second, the natural line width of the ¢ meson
cannot be neglected. Therefore, the simulated samples are reweighted in the (s,x, cos())
space, where sxy denotes the invariant-mass squared of the XY system and 6 is the angle
between the 1) and ¢, in the ¢K T rest frame, calculated as

(m%+ — SpK — mi)(sd);( + mé - m%) + 25¢K(m3} + mi - S,Mg)

cos(f) = : (2)

1 1
AZ(mB., sexc, M) A2 (85, M35, M)

where mp+, my, and my, are the reconstructed mass of the B, ¢ and ¢ mesons, respectively,
my is the known K mass [6], and )\%(x, Yy, z) is defined as

N(a,y,2) =@ —y— )@ —y—2) —dyz. 3)
As this parametrization is not directly correlated with the ¢ mass, and —1 < cos(f) < 1

by definition, the weighting at the limits of phase space is better behaved than if the usual
Dalitz plot variables are used.



Table 2: Ratios of efficiencies for the signal and normalization channels for each data-taking
period, as described in the text, where the uncertainties are statistical only.

Period ESignal/ENorm
Run 1 0.823 £ 0.004
2015-2016 | 0.801 £+ 0.007
2017 0.790 £+ 0.004
2018 0.834 £0.003

Ratios of efficiencies for the signal and normalization channels are derived from
weighted, simulated data for each running period and are reported in Table 2l Although
the hardware and first-stage software triggers are more efficient for signal channel decays,
the second-stage software trigger and offline selection criteria are more efficient for the
normalization channel decays. This results from the much smaller phase space for the
kaons in the signal channel and the use of the track y% to exclude candidates with kaon
momentum and B* flight directions consistent with each other.

3.4 Systematic uncertainties

Six sources of systematic uncertainty are discussed. Others were considered, but judged
to be negligible compared to the statistical and overall systematic uncertainties reported.

The model used to describe the signal and background shapes may affect the results.
Where the baseline fit uses a DSCB function to model the signal, a Johnson Sy function [32]
is used as an alternative model to fit the data. Similarly, the baseline exponential
background shape is replaced with a second order Chebychev polynomial. Using the full
dataset, results obtained with Johnson Sy show a difference of ~ 2% in both signal and
normalization samples. Added in quadrature, the total systematic uncertainty associated
with the signal and background shapes is ~ 3%.

The fractions of ¢ contributions in the nominal m (KK ~) signal windows, Fgigna and
FNorm, are also subject to fluctuation. Their statistical uncertainties are propagated to
the branching fraction ratio measurements. These lead to a systematic effect of around
14%, almost entirely associated with the signal channel. This is the dominant systematic
uncertainty.

The Breit—Wigner function used to model the ¢ mass distribution is not corrected for
the BT — ¢ K~ KTK™* four-body phase-space shape. Fitting the reweighted simulation
samples with the same procedure yields a 3% deviation in the ratio of the fraction of ¢
events between signal and normalization samples.

The limited sizes of simulation samples lead to statistical uncertainties in the efficiencies.
These are propagated to the final results as systematic uncertainties, explicitly accounting
for the weighting procedure discussed below. The relative uncertainty from this source
varies between 3% and 4%.

The weighting procedure accounting for resonant structure in phase space requires a
set of four parameters as input to train the gradient-boosted decision-tree reweighter [31].
On trialing a large number of alternative parameter sets, the distribution of results shows
a negligible spread. The distribution of results shows a negligible spread. Therefore, no



Table 3: Systematic uncertainties on the ratio of branching fractions of the decays
Bt — ¢(2S8)¢pKt and BT — J/1¢K™, by origin and data-taking period.

. . Signal

Period Mass ¢ fraction Phase—space Slmu'l at.lon efficiency .External_ Total

model correction statistics . inputs [6

correction 3
Run 1 3% 14% 3% 4% 2% 2% 15%
20152016 3% 14% 3% 3% 1% 2% 15%
2017 3% 14% 3% 3% 3% 2% 15%
2018 3% 14% 3% 3% 4% 2% 15%
Combined | 3% 14% 3% 1% 1% 2% 15%

systematic uncertainty is associated with weighting the normalization channel. As the
weighting procedure is not applied to the signal model in the baseline fit, the associated
systematic uncertainty is estimated by taking the difference between the efficiency with
and without this weighting. Uncertainties of 2%, 1%, 3% and 4% are found for the Run 1,
20152016, 2017 and 2018 samples, respectively.

The branching fractions B(J/¢¥ — ptp~) and B(¢(2S) — ptp~) are required
to calculate the relative branching fraction B(BT — (2S)¢K™)/B(BT — J/v¢KT),
and the branching fraction of the Bt — J/¥¢K™ is additionally required for the
B(Bt — 1(25)¢K ™) calculation. These values are taken from the PDG [6] and their
uncertainties are propagated to the final results. The contribution to the systematic
uncertainty of the branching fraction ratio is ~ 2% and the corresponding contribution to
the BT — ¢(25)¢K ™ branching fraction is ~ 8%.

Table |3| summarizes the systematic uncertainties. With the exception of the uncer-
tainties due to simulation sample sizes and signal weighting, systematic uncertainties are
assumed to be fully correlated throughout all data-taking periods.

4 Results and summary

Using the yields, the ¢ fractions and efficiency ratios reported in Tables[I]and 2] respectively,
the ratio of branching fractions between the BT — 1(2S)¢p K™ and BT — J/1¥¢K™ decays
is calculated. The results are reported in Table [4] and illustrated in Fig. [l The derived
Bt — 9(2S)¢ K™ branching fraction results are illustrated in Fig. . Results for each data-
taking period are combined using the Best Linear Unbiased Estimator method BLUE [33],
which accounts for correlations among systematic effects. The reported results are
consistent throughout the data-taking periods.
The combined value obtained for the ratio of branching fractions is

B(Bt — (25)pK™)

Ror = B5e 5 J ook ™)

= 0.061 £ 0.004 = 0.009,

where the first uncertainty is statistical and the second is systematic. The corresponding
value for the BT — ¢(25)¢ K™ branching fraction is

B(Bt = ¢(29)pK") = (3.0£0.2+0.54+0.2) x 107,

8



Table 4: Ratio of branching fractions Rpr for each data-taking period and for the combined
sample, where the first uncertainty is statistical and the second is systematic.

Period Rir
Run 1 0.046 + 0.008 4+ 0.007
20152016 | 0.072 4+ 0.009 4 0.011
2017 0.056 £ 0.008 £ 0.008
2018 0.064 £ 0.008 £ 0.010
Combined | 0.061 &+ 0.004 £ 0.009

LHCb 9fb™

RBF

0.08—

0.06

0.04

0.02 | | ] 1
Run 1 2015-2016 2017 2018 Average

Figure 4: Ratio Rp of branching fractions for the decays BT — 1(28)¢p K+ and B* — J/¢¢pK™
for each data-taking period and the confidence level region at one standard deviation for the
combined result in green. The inner error bars (in blue) and the outer error bars (in red)
delimit the statistical and total (statistical plus systematic, added in quadrature) uncertainties,
respectively.

where the third uncertainty is associated with the uncertainty of the branching fraction
of the normalization channel. The result is compatible with the CMS measurement
(4.04+0.44+0.6+0.2) x 107 [7].

The phase space in BT — 1(2S)¢p K™ decays is about 80 times smaller than that
in Bt — J/1¥¢K*t decays. Considering Fermi’s golden rule that the transition rate
is proportional to the phase space times the magnitude of the amplitude squared, one
may conclude that the average amplitude squared for the B* — ¢(2S)¢pK™ decay is
approximately 5 times larger than that for the BT — J/¢¢K ™' decay. This suggests the
presence of resonant amplitudes in the BT — 1(25)¢K ™ decay that enhance its average
decay rate. States such as the y.(4700) ,@ﬂ have the right masses and quark content to
play this role, so an amplitude analysis made possible with an increased data sample size
represents a promising avenue for further investigation.
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