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Abstract

The inclusive production of the 1.(15), 1.(25) and x. charmonium states in b-hadron
decays is studied with LHCb Run 2 data, corresponding to an integrated luminosity
of 5.9fb~!, using charmonia decays to ¢¢ pairs. The production branching fractions
of the x.(1P) states in b-hadron decays are measured, using b — 1.(15)(— ¢¢)X as
a normalisation channel, with X indicating any additional particles. The results are

B(b — x0X) = (1.34 £ 0.13 £ 0.06 & 0.37) x 1073,

B(b — xe1X) = (1.58 £ 0.12 £ 0.09 + 0.44) x 1073,

B(b — xe2X) = (0.55 £ 0.08 £ 0.05 4 0.15) x 1073,
where the first uncertainty is statistical, the second systematic and the last is due to
the limited knowledge of externally measured branching fractions. The production
branching fraction of 7.(2S5) times the branching fraction of its decay into ¢¢ is mea-
sured as  B(b— 7:(29)X) x B(n.(2S) = ¢¢) = (4.0 £0.6 £0.6+1.1) x 1077.

Furthermore, the mass of the n.(1S) state is measured to be
M, (1s) = 2984.1 £ 0.5 & 0.5 MeV with the best precision to date.
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1 Introduction

The theoretical prediction of charmonium (c¢¢) production branching fractions in b-hadron
decays relies on next-to-leading-order computations of the colour singlet (CS) and colour
octet (CO) contributions in the nonrelativistic QCD (NRQCD) framework [1-4]. The
NRQCD predictions use factorisation to separate the production into a short-distance
component which can be computed using perturbative QCD, and long-distance contribu-
tions, whose parameters must be constrained experimentally [1]. These parameters are
assumed to be universal. This means that they can be computed combining cross-section
results from prompt production and from b-hadron decays [5], with spin symmetry and
factorisation assumptions. For P-wave charmonia, the cross-section computations in b-
hadron decays are not precise enough to make reliable predictions, as the CS contribution
becomes very small or negative, and the CO contribution becomes dominant [2]. However,
a clean test of the charmonium production models can be performed using the relative
inclusive production of the x.;(1P) states, with J = 0, 1,2 being the spin of the state,
as both the CS and CO contributions are expected to be proportional to 2J + 1 at first
order [2].}

The theoretical computations of charmonium branching fractions in b-hadron decays
are less precise than for prompt production. Conversely, these branching fractions are
easier to measure experimentally, as the background can be eliminated more easily with
requirements on the decay time, due to the relatively long 6-hadron lifetimes. Charmonium
states with JP¢ = 17~ where P is the parity and C the charge-conjugation number,
mostly the J/i) and 1(25) mesons, have been studied extensively using their decays to the
ptp~ final state [6-8]. States from the x.; family can be studied via their radiative decays
to J/ip mesons. Other states, such as the 7.(15), can only be reconstructed using hadronic
final states due to C-parity conservation. The inclusive production of x.; and 7.(25) states
in b-hadron decays has been studied by the LHCb collaboration using charmonium decays
into ¢¢ with Run 1 data [9].> The results of the Run 1 analysis were statistically limited,
which motivates a new analysis based on a larger dataset. Charmonium production in
b-hadron decays has also been measured by recent LHCDb studies using pp final states.
Measurements have been performed with 2015 and 2016 data for the 7.(1S) meson [10],
and with 2018 data for the 7.(15) and x.; states [11].

Reconstructing charmonium states in b-hadron decays not only enables the measure-
ment of their production rates, but also provides access to their fundamental properties,
such as masses and widths. Precision determinations of these quantities offer stringent
tests of quantum chromodynamics and improve our understanding of quarkonium spec-
troscopy. The most precise measurements of charmonium masses have been achieved by
the LHCb and BESIII collaborations for the 7.(15), and by the BaBar, LHCb and BESIII
collaborations for 7.(2S5) [9,10,12-17]. Concerning the y.; states, the mass measurements
are dominated by the BES and E835 collaborations for x.o, and by the E760, E835 and
LHCD collaborations for y.; and .o [18-24]. The most precise width measurements were
performed by the LHCb collaboration for 7.(15) and 7.(2S), by the E835 collaboration
for x.0, and by the E760 and E835 collaborations for x.; and y., as well as the LHCb
collaboration for x. [13,20-24].

This paper presents a study of the inclusive production of 7.(15), 7.(2S5) and the x.;

1n the following, . refers to the x.;(1P) mesons.
2In the following, ¢ denotes the ¢(1020) meson.



states in b-hadron decays, with the charmonia decaying into a ¢¢ pair.> The ¢ mesons
are reconstructed via their decay into the K™K~ final state. The dataset comprises pp
collisions recorded by the LHCb experiment in Run 2 between 2015 and 2018, corresponding
to an integrated luminosity of 5.9fb™'. Measurements are performed of the branching-
fraction ratios B(b — Xc12X)/B(b — x0X), the branching fractions B(b — x.;X), and
the product of branching fractions B(b — 1.(25)X) x B(1.(2S) — ¢¢), where X denotes
any accompanying state. Absolute production rates from b-hadron decays are derived
using b — 7.(19)(— ¢¢)X as a normalisation channel, where the known values of
B(b — n.(15)X) and B(n.(1S) — ¢¢) are used. The branching fraction B(b — 7.(25)X)
on its own is not measured because B(7.(2S5) — ¢¢) is not known. As a byproduct, this
paper also measures the masses of all studied states and the widths of the 7.(15), xco
and 7.(25) mesons. This paper is organised as follows: the LHCDb detector is described in
Sec. 2; the selection procedure is outlined in Sec. 3; the fit model is explained in Sec. 4;
results are given in Sec. 5 and 6; and finally conclusions are drawn in Sec. 7.

2 LHCDb detector

The LHCb detector [25,26] 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 for this analysis includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the pp interaction region [27], 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 [28]
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 200GeV.* The minimum distance of a track to a pri-
mary pp collision vertex (PV), the impact parameter, is measured with a resolution of
(15 + 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 information from
two ring-imaging Cherenkov (RICH) detectors [29]. 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 multiwire proportional chambers [30].

The online event selection is performed by a trigger [31], 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. The software trigger requires
a reconstructed two-, three- or four-track secondary vertex. The kaon and ¢ candidates
must have a high momentum. The trigger either requires the tracks to be inconsistent with
originating from the PV and use a multivariate algorithm [32,33] to identify secondary
vertices consistent with the decay of a b hadron, or require the four kaon candidates to
form a common vertex, with a specific range imposed on their combined mass. Most of the
used trigger lines require the mass of the kaon pairs to be consistent with the known mass
of the ¢ meson [34]. Triggered data further undergo a centralised, offline processing step

3At LHCb, all b-hadron species, B, BT, B? B} mesons and b-baryons, are produced to form the
analysed b-hadron mixture.
4Natural units with & = ¢ = 1 are used throughout.



to deliver physics-analysis-ready data across the entire LHCb physics programme [35].

Precise mass measurements require a momentum-scale calibration. The procedure is
performed using samples of J/ip— ptp~ and BT — JAp K™ decays collected concurrently
with the data sample used for this analysis [36,37]. The relative accuracy of this procedure
is estimated to be 3 x 10™* using samples of fully reconstructed B, 7", ¢ and K mesons.

Simulation is required to model the effects of the detector acceptance and the imposed
selection requirements. In the simulation, pp collisions are generated using PYTHIA [38]
with a specific LHCb configuration [39]. Decays of unstable particles are described
by EVTGEN [40], in which final-state radiation is generated using PHoTOSs [41]. The
interaction of the generated particles with the detector, and its response, are implemented
using the GEANT4 toolkit [42] as described in Ref. [43].

3 Signal selection

The selection requires four kaon candidates each with p > 5000 MeV, pr > 650 MeV and
rapidity within the LHCDb acceptance. The selection also uses particle identification (PID)
variables based on information from the RICH subdetectors and calorimeters to ensure
those candidates are identified as kaons. The ¢ candidates are formed combining pairs of
oppositely charged kaons with mass in the range 1002-1038 MeV. Cases in which different
kaon combinations in the same event are reconstructed as ¢ mesons are found to be
negligible. Charmonium candidates are formed with pairs of ¢ candidates with mass in
the range 2800-4000 MeV. To select charmonia from decays of b hadrons, which traverse
a significant distance in the detector on average before decaying, tracks inconsistent with
originating from the PV are selected. Furthermore, a minimum requirement is set on a
pseudo-proper lifetime along the beam axis [6].

Background from duplicate tracks sharing hits in the vertex detector is rejected with
a requirement on the minimum angle between each pair of tracks. Events with multiple
candidates represent less than 1.5% of the total, and are retained in the sample.

In order to extract the yields of ¢¢ signals, two-dimensional unbinned maximum-
likelihood fits to two KK~ mass combinations are performed in 5MeV bins of the
four-kaon mass combination. Each KK~ combination is assigned randomly as the first
or second ¢ candidate. The ¢ signal is modelled with a relativistic Breit~Wigner (RBW)
function convolved with a Gaussian function to model detector resolution, and the back-
ground distribution is uniform. Phase-space effects are taken into account for both signal
and background shapes by multiplicative factors. As both ¢ candidate can be background
or signal, the possible combinations are the ¢;¢y signal, ¢1(KTK ™)y, (KTK™)1¢9 and
(KTK7)1(KTK™),. The yields of ¢ (K™K ™)y and (K™K~ )1¢9 backgrounds are set to be
identical. The mass and width of ¢ mesons and width of the Gaussian detector resolution
are fixed to the values obtained from a two-dimensional fit of the dikaon mass over the
full ¢ mass range, whose projections are shown in Fig. 1. This procedure is performed
for each year of the Run 2 dataset.

4 Charmonium mass fit

The ¢¢ mass spectra for each year, obtained from the signal yields of the two-dimensional
fits, are then fitted simultaneously with a binned y? fit to the sum of the signal shapes of
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Figure 1: Projections of the two-dimensional fit to the two kaon-pair masses of the selected ¢¢
candidates for the combined sample.

the 1.(15), Xc0, Xe1, Xe2 and 7.(2S5) resonances, and the background. Each charmonium
state is modelled by an RBW function convolved with the sum of two Gaussian functions
to account for the detector resolution. The parameters of the RBW function are the mass
and width of the state, the ¢ mass, and a radial parameter r, fixed to 1 (GeV)~* [44]. The
ratio of the narrow and wide Gaussian widths off/o{; and the fraction of narrow-to-wide
Gaussian fyw = Nn/(Nx + Nw) are shared between all states. They are determined
from a fit to simulated x. decays and fixed in the fit to data. The ratios af\F/agf(lS)
are also determined and fixed from simulation, so that the only floated parameter for
resolution functions is agf(ls). The off values increase with the charmonium mass from
around 4.5 MeV for 7.(15) to nearly 7MeV for the n.(25) state.

For the 1.(15), n.(2S) and x.; decays, only one orbital angular momentum value is
allowed, L =1, L =1 and L = 2, respectively. For the x. state, this is due to the fact
that ¢¢ is a system of identical bosons, which prevents L = 0 in this specific case [45].
For the x. and x. states, L = 2 is also allowed, but the lowest available value, L = 0,
is chosen. The combinatorial background is modelled with a second-order Chebyshev
polynomial. The free parameters of the model are the yields and masses of all charmonium
states, the natural widths of the 7.(15), x. and n.(2S5) states, the resolution Jﬁf(ls), the
background yield, and the two parameters that describe its shape. The widths of the x.
and Y. states, being much smaller than the detector resolution, are fixed to their known
values [34]. The masses, widths, and resolution are shared amongst all years.

The impact of possible interference with the ¢¢ nonresonant background is tested for
all states. For this, a plane wave C exp(i¢) representing a constant background across
the relevant range is allowed to interfere with the RBW function, with C' parametrising
the amount of interfering background and ¢ the interference phase. This generates three
components: the RBW magnitude squared |R(z)|?; a pure background part C? and the
interference shape I(z). The pure background is absorbed in the general background

description, creating the model
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and z is the ¢¢ mass, M the mass of the resonant state, I' its natural width, my the
known mass of the ¢ meson, and r the radial parameter. However, absorbing C? into the
general background removes a constraint on C'; and the interference term proportional to
sin ¢ has the same shape as the RBW function up to negligible corrections. To remove
this degeneracy, the signal model is simplified by removing the sin ¢ term as

2 Y, K(x) \" Vo -T;-Ar?cosp
P o< |R(2)|" + Lsimpre(7) = (Az?)? + M2T% +2C (K(M) (Az?)? + M2T% )

With this baseline model, the mass and width parameters can be extracted correctly,
while taking interference effects into account. The drawback is that it is not possible
to determine the interference phase ¢, nor the contribution to the signal yield due to
the interference term. To account for this, signal yields are also determined without the
interference term in the signal model of Eq. 3 and the difference with respect to the
baseline result is considered as a systematic uncertainty.

Nonresonant ¢¢ background is less likely to be produced at higher L. To choose
which states to add interference effects to, an expansion in L is therefore considered, after
evaluating the impact of adding interference one state at a time. The clearest sign of
interference occurs for the 7.(15) state and hints of interference for the 7.(2S5) and x.
states are also found. This indicates that it is important to add interference for the L =1
states, 1.(15) and 7.(25). The expansion in L therefore implies that the L = 0 states, x.o
and .2, must also be included. The only state where no interference effects are added is
X1, which can only have L = 2. Using Wilks’ theorem [46], the interference added for
the four states has a combined significance of 3.8 standard deviations (o), considering
statistical uncertainties only.

The fits to the ¢¢ mass distributions with the model described in Eq. 3 are shown in
Fig. 2 separated by year. The extracted yield values are shown in Table 1.
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Figure 2: Distributions of the ¢¢ mass with the result of the fit also shown.

Table 1: Yields from the fits to the ¢¢ mass distributions separated by data-taking year, where
the uncertainties are statistical only.

State N2015. 0 3fh~! N2016. 1 7¢p—1  NZ2017. 1 71 N2018. 9 9fpl

nc(15) 750 + 54 9338 £ 278 9700 £ 280 8794 £ 258
Xc0 92 + 30 1111+ 149 1550 £ 183 1150 £ 143
Xecl 42 +19 728 £ 82 739+ 83 826+ 75
X2 70+ 21 741 £ 122 766 + 133 653 £ 113

n:(2S5) 90 + 24 473+ 99 503 + 108 434 £ 102

5 Branching fractions of inclusive production in
b-hadron decays

The ratios of inclusive branching fractions are extracted using the efficiency-corrected
yields, N¢, as
year

B(b— AX) x B(A— ¢¢) NG Dy VA /€4

B(b— BX) x B(B — ¢¢) N Doy VB JERT

(4)

with Nze(?;) being the yield of state A (B) for this specific year extracted from the fit, and
year

€A(B) the corresponding efficiency determined from simulation.



Table 2: Total efficiencies per data-taking year for each state.

State & [%] Eiov 1] Eiov 1] Eiov 1]

7e(1S)  0.1614+0.004 0.388+0.007 0.441+ 0.008 0.275 % 0.006
Xeo  0.249+0.005 0.456+0.009 0.505 4+ 0.009 0.343 + 0.007
X 0.27940.006 0.465+0.009 0.534 +0.010 0.339 + 0.007
Xeo  0.27240.006 0.47540.009 0.525+0.010 0.336 + 0.007

7e(25)  0.3174+0.006 0.516+0.009 0.556 + 0.010 0.384 + 0.007

5.1 Efficiencies

Efficiencies are determined from simulation and include the effects of acceptance, re-
construction, trigger, selection and the two-dimensional fits. To account for differences
between data and simulation in tracking and PID efficiencies, corrections are applied based
on calibration samples [47,48]. Potential differences in the simulation of the global event
description and the kinematic distributions could influence efficiencies and their ratios.
The trigger efficiencies are lower in 2018 than for the other years, due to the introduction
of more stringent requirements. Charmonium states with lower mass, in particular the
n.(1S) state, release less energy, which leads to lower efficiency as more events are lost
at low kaon pr. This effect is more prominent for 2015 due to trigger limitations. The
efficiencies are summarised in Table 2, where the uncertainties are due to the simulation
sample sizes.

5.2 Systematic uncertainties

Several sources of systematic uncertainties on the charmonium yield ratios are considered:
the detector resolution model and constraints; potential contributions from other reso-
nances; the choice of background model in the ¢¢ mass fit; the efficiency-corrected signal
yield ratios; the choice of free mass shape parameters for the x. and . contributions in
the fit; the choice of orbital angular momentum for the y. and .o states; the choice of
radial parameter in the RBW parametrisation; the choice of bin width; and the simplifi-
cation of the interference model. For each source, 500 pseudoexperiments are generated
using the baseline model, and fitted using both the baseline and alternative models. The
effects of these are discussed in the following.

The impact of the resolution model is evaluated by parametrising the detector resolution
with a single Gaussian function in the ¢¢ mass fit, with the ratios of the Gaussian widths
between the different states fixed to those obtained in the baseline fit. The robustness
of this assumption is assessed by varying these ratios. To this end, the resolution is
studied as a function of the energy released for each state and parametrised with a
linear function, whose fit results are then used to determine alternative resolution ratios
between states. Additional contributions from the x.1(3872) and x.0(3915) resonances
are included to evaluate the corresponding systematic uncertainty. The impact of the
background parametrisation in the ¢¢ mass fit is evaluated by adding a third-order term
to the Chebyshev polynomial. The systematic uncertainty on efficiencies is obtained by
computing those from the entire simulated sample after selection, without performing the
two-dimensional fits in ¢¢ mass. The masses of x.; and Y., mesons are known with more



than fifteen times better precision than what can be obtained in this analysis [34]. For
this reason, the systematic uncertainty due to the description of the x. and . peaks is
obtained by fixing their masses to their known values.

In the baseline fit, the lowest angular momentum of the ¢¢ state in each charmonium
decay is taken for the RBW model when there are two options as explained in Sec. 4.
The effect of this choice is evaluated by taking L = 2 instead of L = 0 in the x. and
Xe2 models. The uncertainty associated with the shape of the RBW is determined by
varying the radial parameter r. It is fixed to 0.5 (GeV)™!, then 3 (GeV)~! [44], and the
largest difference between the two for each relevant observable is taken as the associated
systematic uncertainty. The uncertainty associated with the choice of bin width in ¢¢
mass is evaluated by changing the bin width from 5 to 10 MeV. The impact of choosing a
baseline model with interference is evaluated by performing the fit with no interference in
the model, as explained in Sec. 4.

Another source of uncertainty arises from potential remaining prompt charmonium
contributions to the selected ¢¢ candidates. Using simulation, the selection efficiency
ratio of prompt production to that of b-hadron decays is determined for all years to be at
the level of 0.1%. The ratio of prompt vs. nonprompt production is then determined to
evaluate the remaining prompt contribution. No study has been performed previously in
the same pr range as this analysis, nor for the y. or 7.(25) mesons. However, across all
available studies on charmonium states, the ratio of prompt vs. nonprompt production is
roughly 10 or lower [6-8,10,11,49]. Making the same assumption here, a 2% uncertainty
is added on all ratios to account for possible prompt contamination, which has a small
effect on the total systematic uncertainties.

A set of 500 pseudoexperiments is used to validate the fit procedure. As a result,
corrections are applied amounting to approximately 1-5% on the yield ratios, less than
0.01% on the masses and 0.1-1% on the widths. A cross-check is performed, changing the
constant part of the two-dimensional fit background to an exponential function. The fit is
performed in each bin, the distribution is extracted and the yield ratios are measured as
explained in Sec. 4. As the difference with using the constant background is negligible, no
systematic uncertainty is assigned. A cross-check is performed by repeating the analysis
in bins of pr, 1, track multiplicity and ¢ angular distributions and the results do not show
any significant deviation.

The systematic uncertainties from all sources for the efficiency-corrected yield ratios
are given in Table 3 for the combined sample. The efficiencies presented in Sec. 5.1, are
included in the quoted uncertainties. The total systematic uncertainties are obtained by
summing in quadrature the individual components. The dominant source of systematic
uncertainty is associated with the removal of interference effects. Changing the orbital
angular momentum associated with the y. and y. states is another large source.

5.3 Results

The efficiency-corrected yield ratios, which are consistent across the datasets,
are shown in Table 4. The relative branching fractions of the inclusive
production of y.; states in b-hadron decays are then obtained using the
world averages B(x.o — ¢¢) = (8.48 +0.31) x 107, B(xe1 — ¢¢) = (4.26 +0.21) x 1074,
B(xe — ¢¢) = (1.23 4 0.07) x 1073 [34].

Absolute branching fractions of x. production in b-hadron decays are also obtained,



Table 3: Relative systematic uncertainties on the efficiency-corrected signal yield ratios for each
source, in percent.

soe Ao A W oam B
Single Gaussian resolution 0.9 2.5 1.6 2.8 3.6 0.4
Ocz/0n.(1s) from fit < 0.1 0.7 0.6 0.5 0.5 0.3
Including x.1(3872) and x.(3915) < 0.1 0.2 0.2 0.5 0.5 1.0
New ¢¢ mass fit background <0.1 <0.1 0.2 0.5 0.6 0.1
Alternative efficiencies 0.7 1.3 0.7 2.2 1.6 1.4
M, , M, at known values 0.2 1.7 1.4 4.6 4.9 0.4
Changing L for y.o and xeo 3.8 0.2 3.7 1.6 2.1 0.7
New RBW radial parameter 0.2 0.3 0.2 0.3 0.1 1.7
10 MeV bin width 0.2 0.1 0.3 0.3 0.2 0.3
No interference 1.6 4.4 5.0 5.1 5.1 15.8
Residual prompt contribution 2.0 2.0 2.0 2.0 2.0 2.0
Total systematic uncertainties 4.7 5.9 7.0 8.2 8.6 16.2
Statistical uncertainties 9.7 78 11.3 13.8 16.8 154

Table 4: Efficiency-corrected yield ratios according to Eq. 4, where the first uncertainty is
statistical and the second systematic.

Ratio Value
N;d/N;Co 0.591 £ 0.067 £ 0.041
N;Q/N;Co 0.592 £ 0.100 = 0.051

NS, /NS 1s) 0.11340.011 % 0.005
NS, /NS gy 0.067 £ 0.005 % 0.004
NS, /NS 1gy  0.067 £ 0.009 = 0.005
NE 5y /NS 1) 0.039 £ 0.006 £ 0.006

using yield ratios with respect to the 7.(1S5) state. The derivation uses the known values of
B — n.(15)X) = (5.6 £0.9) x 1073 and B(n.(15) — ¢¢) = (1.8 & 0.4) x 1073 [34]. For
the 1.(25) branching fractions, there is no measurement of B(7.(2S) — ¢¢), so only the
product of B(n.(2S5) — ¢¢) and B(b — 1.(25)X) can be determined.

The resulting branching fractions are given in Table 5, where the third uncertainty
is due to the finite precision of the known branching fractions used in the computation.
The branching fractions are also shown in Fig. 3. The uncertainties on the measured
relative branching fractions between the y.; states are dominated by the statistical
uncertainties, thereby motivating improvement using larger datasets. For the absolute
branching fractions, the dominant uncertainty is that associated with the knowledge of
the branching fraction of the 7.(15) decay. The Run 2 results are consistent with those
from the Run 1 analysis [9], which are also given in Table 5 and Fig. 3. The larger
systematic uncertainties in Run 2 are due to considering a more complete model including
interference effects.



Table 5: Branching fractions measured in this analysis along with Run 1 results [9], where the
first uncertainty is statistical, the second systematic and the third is due to the finite precision
of the branching fractions used in the normalisation [34].

Run 1 Run 2

B(b — X1 X)/B(b — xeoX) 1.00 £0.22 £ 0.024£0.06 1.18 £ 0.13 £ 0.08 % 0.07
B(b — x2X)/B(b — X0 X) 0.39£0.07+0.01+£0.03 0.41 £ 0.07 £ 0.04 £ 0.03

B(b — X0 X)[x1073] 1.75+0.27 £ 0.134+0.48  1.34+0.13 4 0.06 + 0.37
B(b — xa X)[x107] 1.73+0.38 £0.14 +0.48  1.58 & 0.12 4 0.09 + 0.44
B(b — X2 X)[x1079] 0.66 £ 0.11 4 0.04 + 0.19  0.55 4 0.08 + 0.05 + 0.15
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Figure 3: Measured values of (left) branching-fraction ratios of x.; states, (middle) absolute
branching fractions of x.s states and (right) branching-fraction product with B(n.(25) — ¢¢)
for the 1.(2S5) state, in orange. The corresponding Run 1 results [9] are given in blue.

This is the most precise measurement of b-hadron decays into the x.o state from this
admixture of b-hadrons. The measurement of b-hadron decays into the y,; state has similar
precision to the most precise one, and that into the y.o state is slightly less precise [11].
The limitations on precision are due primarily to the uncertainty on B(7.(1S) — ¢¢).

6 Masses and widths

The same fit to the ¢¢ mass is also used to extract the masses and natural widths
of the investigated states. Most sources of systematic uncertainties are the same as
those discussed in Sec. 5.2. An additional contribution due to the momentum scaling is
considered. To evaluate this uncertainty, two small scale factors are applied to the kaon
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momenta in simulation, £3 x 107* [50], and the masses and widths are extracted from a
fit in both cases.

For each state, the maximum absolute difference with the result obtained from simula-
tion without scaling is taken as a systematic uncertainty.

The values of all systematic uncertainties are given in Table 6 for the masses and Table 7
for the widths, where the totals are obtained by summing the individual components
in quadrature. The largest source of uncertainty for the masses is from the momentum
scaling. For the widths, the change in resolution model to a single Gaussian function
constitutes the largest source.

The obtained masses and widths are given in Table 8 and Fig. 4. All masses are
consistent with the world averages within 20. Along with the LHCb measurement using
pp in the final state [10], this is the most precise single measurement of M, 15y. The
measured widths are consistent with the world averages within 2.50.

7 Summary

In summary, inclusive charmonia production in b-hadron decays is studied via their decays
to a ¢¢ pair, using data from LHCb Run 2 corresponding to an integrated luminosity of
5.9fb~!. The masses of the n.(15) and x.; states are extracted, as well as the natural
widths of the 7.(1S5), x«0 and 7.(2S5) states. Interference effects are also included for
the 1.(15), X0, Xc2 and 7.(2S5) states. Using the known values of the 7.(1S5) branching
ratios, the branching ratios of inclusive production of y.; states in b-hadron decays are
determined to be

B(b — x0X) = (1.34 £0.13 £ 0.06 4 0.37) x 1077,
B(b — xaX) = (1.58 £0.12 £ 0.09 + 0.44) x 1072,
B(b — xe2X) = (0.55 £ 0.08 = 0.05 £ 0.15) x 1072,

These measurements are limited by the knowledge of the normalisation channel. Never-
theless, they constitute the most precise measurements of the branching fractions from

Table 6: Relative systematic uncertainties on the charmonium-state masses, in percent.

Source My.as)y My, M, M,., M, 25)
Single Gaussian resolution < 0.001 <0.001 <0.001 0.009 0.005
Ocz/0n.15) from fit < 0.001 <0.001 <0.001 <0.001 <0.001

With x.1(3872) and x0(3915) < 0.001 < 0.001 < 0.001 < 0.001 0.005
New ¢¢ mass fit background < 0.001 < 0.001 < 0.001 < 0.001 0.002

M,.,, M,., at known values < 0.001 < 0.001 / / 0.002
Changing L for x. and yeo < 0.001 0.003 < 0.001 < 0.001 0.002
New RBW radial parameter 0.004 < 0.001 <0.001 <0.001 <0.001
10 MeV bin width < 0.001 0.001 < 0.001 < 0.001 0.001

Changing momentum scaling 0.015 0.018 0.018 0.019 0.019
Total systematic uncertainties 0.015 0.018 0.018 0.021 0.021
Statistical uncertainties 0.016 0.044 0.017 0.039 0.096
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Table 7: Relative systematic uncertainties on the charmonium-state widths, in percent.

Source Fnc(ls) 1—‘XCO Fnc(25)
Single Gaussian resolution 0.9 1.7 4.5
Ocz/0n.15) from fit 1.5 0.4 3.6

With x.1(3872) and x(3915) < 0.1 <0.1 0.7
New ¢¢ mass fit background <0.1 0.3 <0.1
M,.., M, at known values 0.5 1.7 1.9

Changing L for x. and yeo < 0.1 0.9 0.5
New RBW radial parameter < 0.1 0.1 <0.1

10 MeV bin width 0.8 0.5 0.9
Changing momentum scaling < 0.1 0.3 0.3
Total systematic uncertainties 2.0 2.7 6.2
Statistical uncertainties 3.2 17.8 27.4

Table 8: Masses and widths of the charmonium states measured in this analysis compared to
the world average values [34] and Run 1 results [9]. The first uncertainty is statistical and the
second systematic.

Run 1 Run 2 World average

M,.1s) [MeV] 29828 4+1.0+0.5 2984.14+05+05 2984.1+0.4
M, [MeV] 34130419406 3416.7+15+£0.6 3414.71 % 0.30
M, [MeV]  35084+19+0.7 3511.8+0.6+£0.7 3510.67 % 0.05
M., [MeV]  3557.3+1.7+0.7 3556.7+14+0.7 3556.17 +0.07
M, (2s) [MeV]  3636.4+4.1+0.7 3644.3+3.5+08 3637.8 +0.6
T,.as [MeV] 314435420  340+1.14+07 305 +0.5
Ty, [McV] — 163+£29+04 109 £0.6
T (25) [MeV] — 186+51+12 116 +£14

an admixture of BY, B, B, B} mesons and b-baryons for y., production, and provide
useful contributions for y. and x. production. The branching-fraction ratios for the
Xe1,2 States with y.o are determined to be

B(b—>Xch)
— - =1.184+0.13 £ 0.08 0.

B(b = yeoX) 8 £0.13 £ 0.08 & 0.07,
B(b—>X02X>
(
(

—————= =0.41+£0.07£ 0.04 £ 0.03.
B b— XcoX)

The production of the 7.(2S) state in b-hadron decays is determined to be
B(b — 1n.(29)X) x B(1.(29) — ¢¢) = (4.0£0.6+0.641.1) x 107".

All measurements are compatible with previous results based on LHCb Run 1 data [9]. The
ne(1S) mass is determined to be M, 15y = 2984.1 £ 0.5 £ 0.5 MeV, representing the most
precise measurement to date, with equal precision to that measured from 7.(15) — pp
decays at LHCb [10].
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Figure 4: Masses and widths of the charmonium states measured in this analysis, in orange,
with, from left to right: M, gy, My, My, My, and M, 5. The rightmost plot shows
Ie1s) Tyeo and I'y 25y The corresponding world averages [34] are given in grey, and the Run 1
results [9] in blue.
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