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Abstract

The inclusive production of the ηc(1S), ηc(2S) and χc charmonium states in b-hadron
decays is studied with LHCb Run 2 data, corresponding to an integrated luminosity
of 5.9 fb−1, using charmonia decays to ϕϕ pairs. The production branching fractions
of the χc(1P ) states in b-hadron decays are measured, using b → ηc(1S)(→ ϕϕ)X as
a normalisation channel, with X indicating any additional particles. The results are

B(b → χc0X) = (1.34± 0.13± 0.06± 0.37)× 10−3,

B(b → χc1X) = (1.58± 0.12± 0.09± 0.44)× 10−3,

B(b → χc2X) = (0.55± 0.08± 0.05± 0.15)× 10−3,

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 ηc(2S) times the branching fraction of its decay into ϕϕ is mea-
sured as B(b → ηc(2S)X)× B(ηc(2S) → ϕϕ) = (4.0± 0.6± 0.6± 1.1)× 10−7.
Furthermore, the mass of the ηc(1S) state is measured to be
Mηc(1S) = 2984.1± 0.5± 0.5MeV with the best precision to date.
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1 Introduction

The theoretical prediction of charmonium (cc) 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 χcJ(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].1

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 b-hadron lifetimes. Charmonium
states with JPC = 1−− where P is the parity and C the charge-conjugation number,
mostly the J/ψ and ψ(2S) mesons, have been studied extensively using their decays to the
µ+µ− final state [6–8]. States from the χcJ family can be studied via their radiative decays
to J/ψ mesons. Other states, such as the ηc(1S), can only be reconstructed using hadronic
final states due to C-parity conservation. The inclusive production of χcJ and ηc(2S) states
in b-hadron decays has been studied by the LHCb collaboration using charmonium decays
into ϕϕ with Run 1 data [9].2 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 LHCb studies using pp final states.
Measurements have been performed with 2015 and 2016 data for the ηc(1S) meson [10],
and with 2018 data for the ηc(1S) and χcJ 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 ηc(1S), and by the BaBar, LHCb and BESIII
collaborations for ηc(2S) [9,10,12–17]. Concerning the χcJ states, the mass measurements
are dominated by the BES and E835 collaborations for χc0, and by the E760, E835 and
LHCb collaborations for χc1 and χc2 [18–24]. The most precise width measurements were
performed by the LHCb collaboration for ηc(1S) and ηc(2S), by the E835 collaboration
for χc0, and by the E760 and E835 collaborations for χc1 and χc2, as well as the LHCb
collaboration for χc2 [13, 20–24].

This paper presents a study of the inclusive production of ηc(1S), ηc(2S) and the χcJ

1In the following, χcJ refers to the χcJ(1P ) mesons.
2In the following, ϕ denotes the ϕ(1020) meson.
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states in b-hadron decays, with the charmonia decaying into a ϕϕ pair.3 The ϕ 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 5.9 fb−1. Measurements are performed of the branching-
fraction ratios B(b→ χc1,2X)/B(b→ χc0X), the branching fractions B(b→ χcJX), and
the product of branching fractions B(b→ ηc(2S)X) × B(ηc(2S) → ϕϕ), where X denotes
any accompanying state. Absolute production rates from b-hadron decays are derived
using b → ηc(1S)(→ ϕϕ)X as a normalisation channel, where the known values of
B(b→ ηc(1S)X) and B(ηc(1S) → ϕϕ) are used. The branching fraction B(b→ ηc(2S)X)
on its own is not measured because B(ηc(2S) → ϕϕ) is not known. As a byproduct, this
paper also measures the masses of all studied states and the widths of the ηc(1S), χc0

and ηc(2S) mesons. This paper is organised as follows: the LHCb 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 LHCb detector

The LHCb detector [25, 26] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < η < 5, designed for the study of particles containing b or
c 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 200 GeV.4 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/pT)µm, where pT 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 ϕ 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 ϕ meson [34]. Triggered data further undergo a centralised, offline processing step

3At LHCb, all b-hadron species, B0, B+, B0
s , B

+
c mesons and b-baryons, are produced to form the

analysed b-hadron mixture.
4Natural units with ℏ = c = 1 are used throughout.
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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/ψ→ µ+µ− and B+→ J/ψK+ decays collected concurrently
with the data sample used for this analysis [36,37]. The relative accuracy of this procedure
is estimated to be 3 × 10−4 using samples of fully reconstructed B+, Υ , ψ and K0

S 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 Photos [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, pT > 650 MeV and
rapidity within the LHCb 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 ϕ 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 ϕ mesons are found to be
negligible. Charmonium candidates are formed with pairs of ϕ 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 ϕϕ signals, two-dimensional unbinned maximum-
likelihood fits to two K+K− mass combinations are performed in 5 MeV bins of the
four-kaon mass combination. Each K+K− combination is assigned randomly as the first
or second ϕ candidate. The ϕ 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 ϕ candidate can be background
or signal, the possible combinations are the ϕ1ϕ2 signal, ϕ1(K

+K−)2, (K+K−)1ϕ2 and
(K+K−)1(K

+K−)2. The yields of ϕ1(K
+K−)2 and (K+K−)1ϕ2 backgrounds are set to be

identical. The mass and width of ϕ 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 ϕϕ 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 ϕϕ mass spectra for each year, obtained from the signal yields of the two-dimensional
fits, are then fitted simultaneously with a binned χ2 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 ϕϕ
candidates for the combined sample.

the ηc(1S), χc0, χc1, χc2 and ηc(2S) 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 ϕ mass, and a radial parameter r, fixed to 1 (GeV)−1 [44]. The
ratio of the narrow and wide Gaussian widths σcc

N /σ
cc
W and the fraction of narrow-to-wide

Gaussian fNW = NN/(NN + NW) are shared between all states. They are determined

from a fit to simulated χc1 decays and fixed in the fit to data. The ratios σcc
N /σ

ηc(1S)
N

are also determined and fixed from simulation, so that the only floated parameter for
resolution functions is σ

ηc(1S)
N . The σcc

N values increase with the charmonium mass from
around 4.5 MeV for ηc(1S) to nearly 7 MeV for the ηc(2S) state.

For the ηc(1S), ηc(2S) and χc1 decays, only one orbital angular momentum value is
allowed, L = 1, L = 1 and L = 2, respectively. For the χc1 state, this is due to the fact
that ϕϕ is a system of identical bosons, which prevents L = 0 in this specific case [45].
For the χc0 and χc2 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 ηc(1S), χc0 and ηc(2S) states, the resolution σ

ηc(1S)
N , the

background yield, and the two parameters that describe its shape. The widths of the χc1

and χc2 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 ϕϕ nonresonant background is tested for
all states. For this, a plane wave C exp(iφ) 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 φ the interference phase. This generates three
components: the RBW magnitude squared |R(x)|2; a pure background part C2 and the
interference shape I(x). The pure background is absorbed in the general background
description, creating the model

|R(x)|2 + I(x) =
x · Γf

(∆x2)2 +M2Γ2
f

+ 2C

(
K(x)

K(M)

)L
√
x · Γf · (∆x2 cosφ−MΓf sinφ)

(∆x2)2 +M2Γ2
f

,

(1)
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where

∆x2 = x2 −M2,

Γf = Γ ·
(
K(x)

K(M)

)2L+1

·
(
F (rK(x))

F (rK(M))

)
· M
x
,

K(x) =

√(
x2 − 2m2

ϕ

)2 − 4m4
ϕ

2x
,

F (z) =


1, L = 0

1

1 + z2
, L = 1

1

9 + 3z2 + z4
, L = 2

, z = rK(x),

(2)

and x is the ϕϕ mass, M the mass of the resonant state, Γ its natural width, mϕ the
known mass of the ϕ meson, and r the radial parameter. However, absorbing C2 into the
general background removes a constraint on C, and the interference term proportional to
sinφ has the same shape as the RBW function up to negligible corrections. To remove
this degeneracy, the signal model is simplified by removing the sinφ term as

P ∝ |R(x)|2 + Isimple(x) =
x · Γf

(∆x2)2 +M2Γ2
f

+ 2C

(
K(x)

K(M)

)L
√
x · Γf · ∆x2 cosφ

(∆x2)2 +M2Γ2
f

. (3)

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 φ, 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 ϕϕ 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 ηc(1S) state and hints of interference for the ηc(2S) and χc0

states are also found. This indicates that it is important to add interference for the L = 1
states, ηc(1S) and ηc(2S). The expansion in L therefore implies that the L = 0 states, χc0

and χc2, must also be included. The only state where no interference effects are added is
χc1, 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 (σ), considering
statistical uncertainties only.

The fits to the ϕϕ 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.

5



3000 3500 4000
) [MeV]φφ(M

0

20

40

60

80

100
Y

ie
ld

s 
/ (

5 
M

eV
)

Data

Full model

Signal and interference

Background

LHCb 2015
1−0.3 fb)S(1

c
η

0c
χ

1c
χ

2c
χ

)S(2
c

η

3000 3500 4000
) [MeV]φφ(M

0

200

400

600

800

1000

1200

1400

Y
ie

ld
s 

/ (
5 

M
eV

)

Data

Full model

Signal and interference

Background

LHCb 2016
1−1.7 fb)S(1

c
η

0c
χ

1c
χ

2c
χ

)S(2
c

η

3000 3500 4000
) [MeV]φφ(M

0

200

400

600

800

1000

1200

1400

Y
ie

ld
s 

/ (
5 

M
eV

)

Data

Full model

Signal and interference

Background

LHCb 2017
1−1.7 fb)S(1

c
η

0c
χ

1c
χ

2c
χ

)S(2
c

η

3000 3500 4000
) [MeV]φφ(M

0

200

400

600

800

1000

1200

Y
ie

ld
s 

/ (
5 

M
eV

)

Data

Full model

Signal and interference

Background

LHCb 2018
1−2.2 fb)S(1

c
η

0c
χ

1c
χ

2c
χ

)S(2
c

η

Figure 2: Distributions of the ϕϕ mass with the result of the fit also shown.

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

State N2015: 0.3 fb−1 N2016: 1.7 fb−1 N2017: 1.7 fb−1 N2018: 2.2 fb−1

ηc(1S) 750± 54 9 338± 278 9 700± 280 8 794± 258
χc0 92± 30 1 111± 149 1 550± 183 1 150± 143
χc1 42± 19 728± 82 739± 83 826± 75
χc2 70± 21 741± 122 766± 133 653± 113

ηc(2S) 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 c, as

B(b→ AX) × B(A→ ϕϕ)

B(b→ BX) × B(B → ϕϕ)
=
N c

A

N c
B

=

∑
yearN

year
A /εyearA∑

yearN
year
B /εyearB

, (4)

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

εyearA(B) the corresponding efficiency determined from simulation.
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Table 2: Total efficiencies per data-taking year for each state.

State ε2015tot [%] ε2016tot [%] ε2017tot [%] ε2018tot [%]

ηc(1S) 0.161 ± 0.004 0.388 ± 0.007 0.441 ± 0.008 0.275 ± 0.006
χc0 0.249 ± 0.005 0.456 ± 0.009 0.505 ± 0.009 0.343 ± 0.007
χc1 0.279 ± 0.006 0.465 ± 0.009 0.534 ± 0.010 0.339 ± 0.007
χc2 0.272 ± 0.006 0.475 ± 0.009 0.525 ± 0.010 0.336 ± 0.007

ηc(2S) 0.317 ± 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
ηc(1S) state, release less energy, which leads to lower efficiency as more events are lost
at low kaon pT. 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 ϕϕ mass fit; the efficiency-corrected signal
yield ratios; the choice of free mass shape parameters for the χc1 and χc2 contributions in
the fit; the choice of orbital angular momentum for the χc0 and χc2 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 ϕϕ 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 χc1(3872) and χc0(3915) resonances
are included to evaluate the corresponding systematic uncertainty. The impact of the
background parametrisation in the ϕϕ 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 ϕϕ mass. The masses of χc1 and χc2 mesons are known with more

7



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 χc1 and χc2 peaks is
obtained by fixing their masses to their known values.

In the baseline fit, the lowest angular momentum of the ϕϕ 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 χc0 and
χc2 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)−1, then 3 (GeV)−1 [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 ϕϕ
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 ϕϕ 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 pT range as this analysis, nor for the χc0 or ηc(2S) 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 pT, η, track multiplicity and ϕ 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 χc0 and χc2 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 χcJ states in b-hadron decays are then obtained using the
world averages B(χc0 → ϕϕ) = (8.48 ± 0.31) × 10−4, B(χc1 → ϕϕ) = (4.26 ± 0.21) × 10−4,
B(χc2 → ϕϕ) = (1.23 ± 0.07) × 10−3 [34].

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

8



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

Source
χc0

ηc(1S)
χc1

ηc(1S)
χc1

χc0

χc2

ηc(1S)
χc2

χc0

ηc(2S)
ηc(1S)

Single Gaussian resolution 0.9 2.5 1.6 2.8 3.6 0.4
σcc/σηc(1S) from fit < 0.1 0.7 0.6 0.5 0.5 0.3
Including χc1(3872) and χc0(3915) < 0.1 0.2 0.2 0.5 0.5 1.0
New ϕϕ 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
Mχc1 , Mχc2 at known values 0.2 1.7 1.4 4.6 4.9 0.4
Changing L for χc0 and χc2 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 7.8 11.3 13.8 16.8 15.4

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

Ratio Value

N c
χc1
/N c

χc0
0.591 ± 0.067 ± 0.041

N c
χc2
/N c

χc0
0.592 ± 0.100 ± 0.051

N c
χc0
/N c

ηc(1S)
0.113 ± 0.011 ± 0.005

N c
χc1
/N c

ηc(1S)
0.067 ± 0.005 ± 0.004

N c
χc2
/N c

ηc(1S)
0.067 ± 0.009 ± 0.005

N c
ηc(2S)

/N c
ηc(1S)

0.039 ± 0.006 ± 0.006

using yield ratios with respect to the ηc(1S) state. The derivation uses the known values of
B(b→ ηc(1S)X) = (5.6 ± 0.9) × 10−3 and B(ηc(1S) → ϕϕ) = (1.8 ± 0.4) × 10−3 [34]. For
the ηc(2S) branching fractions, there is no measurement of B(ηc(2S) → ϕϕ), so only the
product of B(ηc(2S) → ϕϕ) and B(b→ ηc(2S)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 χcJ 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 ηc(1S) 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.
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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→ χc1X)/B(b→ χc0X) 1.00 ± 0.22 ± 0.02 ± 0.06 1.18 ± 0.13 ± 0.08 ± 0.07
B(b→ χc2X)/B(b→ χc0X) 0.39 ± 0.07 ± 0.01 ± 0.03 0.41 ± 0.07 ± 0.04 ± 0.03

B(b→ χc0X)[×10−3] 1.75 ± 0.27 ± 0.13 ± 0.48 1.34 ± 0.13 ± 0.06 ± 0.37
B(b→ χc1X)[×10−3] 1.73 ± 0.38 ± 0.14 ± 0.48 1.58 ± 0.12 ± 0.09 ± 0.44
B(b→ χc2X)[×10−3] 0.66 ± 0.11 ± 0.04 ± 0.19 0.55 ± 0.08 ± 0.05 ± 0.15

B(b→ ηc(2S)X)×
4.0 ± 1.1 ± 0.4 ± 1.1 4.0 ± 0.6 ± 0.6 ± 1.1B(ηc(2S) → ϕϕ)[×10−7]

χc1/χc0 χc2/χc0

0.4

0.6

0.8

1.0

1.2

1.4

B(
b
→
χ
cJ
X

)/
B(
b
→
χ
c0
X

)

χc0 χc1 χc2

0.50

0.75

1.00

1.25

1.50

1.75

2.00

2.25

B(
b
→
χ
cJ
X

)
[×

10
−

3
]

ηc(2S)(×ηc(2S)→φφ)

2.5

3.0

3.5

4.0

4.5

5.0

5.5

B(
b
→
η c

(2
S
)X

)
×
B(
η c

(2
S
)
→
φ
φ
)
[×

10
−

7
]

Statistical uncertainty LHCb Run 1 LHCb Run 2

Figure 3: Measured values of (left) branching-fraction ratios of χcJ states, (middle) absolute
branching fractions of χcJ states and (right) branching-fraction product with B(ηc(2S) → ϕϕ)
for the ηc(2S) 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 χc2 state from this
admixture of b-hadrons. The measurement of b-hadron decays into the χc1 state has similar
precision to the most precise one, and that into the χc0 state is slightly less precise [11].
The limitations on precision are due primarily to the uncertainty on B(ηc(1S) → ϕϕ).

6 Masses and widths

The same fit to the ϕϕ 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 × 10−4 [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 2σ. Along with the LHCb measurement using
pp in the final state [10], this is the most precise single measurement of Mηc(1S). The
measured widths are consistent with the world averages within 2.5σ.

7 Summary

In summary, inclusive charmonia production in b-hadron decays is studied via their decays
to a ϕϕ pair, using data from LHCb Run 2 corresponding to an integrated luminosity of
5.9 fb−1. The masses of the ηc(1S) and χcJ states are extracted, as well as the natural
widths of the ηc(1S), χc0 and ηc(2S) states. Interference effects are also included for
the ηc(1S), χc0, χc2 and ηc(2S) states. Using the known values of the ηc(1S) branching
ratios, the branching ratios of inclusive production of χcJ states in b-hadron decays are
determined to be

B(b→ χc0X) = (1.34 ± 0.13 ± 0.06 ± 0.37) × 10−3,

B(b→ χc1X) = (1.58 ± 0.12 ± 0.09 ± 0.44) × 10−3,

B(b→ χc2X) = (0.55 ± 0.08 ± 0.05 ± 0.15) × 10−3.

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 Mηc(1S) Mχc0 Mχc1 Mχc2 Mηc(2S)

Single Gaussian resolution < 0.001 < 0.001 < 0.001 0.009 0.005
σcc/σηc(1S) from fit < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
With χc1(3872) and χc0(3915) < 0.001 < 0.001 < 0.001 < 0.001 0.005
New ϕϕ mass fit background < 0.001 < 0.001 < 0.001 < 0.001 0.002
Mχc1 , Mχc2 at known values < 0.001 < 0.001 / / 0.002
Changing L for χc0 and χc2 < 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 Γηc(1S) Γχc0 Γηc(2S)

Single Gaussian resolution 0.9 1.7 4.5
σcc/σηc(1S) from fit 1.5 0.4 3.6
With χc1(3872) and χc0(3915) < 0.1 < 0.1 0.7
New ϕϕ mass fit background < 0.1 0.3 < 0.1
Mχc1 , Mχc2 at known values 0.5 1.7 1.9
Changing L for χc0 and χc2 < 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

Mηc(1S) [MeV] 2982.8 ± 1.0 ± 0.5 2984.1 ± 0.5 ± 0.5 2984.1 ± 0.4
Mχc0 [MeV] 3413.0 ± 1.9 ± 0.6 3416.7 ± 1.5 ± 0.6 3414.71 ± 0.30
Mχc1 [MeV] 3508.4 ± 1.9 ± 0.7 3511.8 ± 0.6 ± 0.7 3510.67 ± 0.05
Mχc2 [MeV] 3557.3 ± 1.7 ± 0.7 3556.7 ± 1.4 ± 0.7 3556.17 ± 0.07
Mηc(2S) [MeV] 3636.4 ± 4.1 ± 0.7 3644.3 ± 3.5 ± 0.8 3637.8 ± 0.6
Γηc(1S) [MeV] 31.4 ± 3.5 ± 2.0 34.0 ± 1.1 ± 0.7 30.5 ± 0.5
Γχc0 [MeV] — 16.3 ± 2.9 ± 0.4 10.9 ± 0.6
Γηc(2S) [MeV] — 18.6 ± 5.1 ± 1.2 11.6 ± 1.4

an admixture of B0, B+, B0
s , B+

c mesons and b-baryons for χc2 production, and provide
useful contributions for χc0 and χc1 production. The branching-fraction ratios for the
χc1,2 states with χc0 are determined to be

B(b→ χc1X)

B(b→ χc0X)
= 1.18 ± 0.13 ± 0.08 ± 0.07,

B(b→ χc2X)

B(b→ χc0X)
= 0.41 ± 0.07 ± 0.04 ± 0.03.

The production of the ηc(2S) state in b-hadron decays is determined to be

B(b→ ηc(2S)X) × B(ηc(2S) → ϕϕ) = (4.0 ± 0.6 ± 0.6 ± 1.1) × 10−7.

All measurements are compatible with previous results based on LHCb Run 1 data [9]. The
ηc(1S) mass is determined to be Mηc(1S) = 2984.1 ± 0.5 ± 0.5 MeV, representing the most
precise measurement to date, with equal precision to that measured from ηc(1S) → 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: Mηc(1S), Mχc0 , Mχc1 , Mχc2 and Mηc(2S). The rightmost plot shows
Γηc(1S), Γχc0 and Γηc(2S). The corresponding world averages [34] are given in grey, and the Run 1
results [9] in blue.
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L. Girardey64,59 , M.A. Giza41 , F.C. Glaser22,14 , V.V. Gligorov16 , C. Göbel71 , L.
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M. Lehuraux58 , E. Lemos Cid50 , O. Leroy13 , T. Lesiak41 , E. D. Lesser50 ,
B. Leverington22 , A. Li4,d , C. Li4 , C. Li13 , H. Li74 , J. Li8 , K. Li77 , L. Li64 ,
P. Li7 , P.-R. Li75 , Q. Li5,7 , T. Li73 , T. Li74 , Y. Li8 , Y. Li5 , Y. Li4 ,
Z. Lian4,d , Q. Liang8, X. Liang70 , Z. Liang32 , S. Libralon49 , A. Lightbody12 ,
C. Lin7 , T. Lin59 , R. Lindner50 , H. Linton63 , R. Litvinov32 , D. Liu8 , F. L.
Liu1 , G. Liu74 , K. Liu75 , S. Liu5 , W. Liu8 , Y. Liu60 , Y. Liu75 , Y. L. Liu63 ,
G. Loachamin Ordonez71 , I. Lobo1 , A. Lobo Salvia10 , A. Loi32 , T. Long57 , F. C.
L. Lopes2,a , J.H. Lopes3 , A. Lopez Huertas46 , C. Lopez Iribarnegaray48 ,
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10Université Savoie Mont Blanc, CNRS, IN2P3-LAPP, Annecy, France

22

https://orcid.org/0000-0003-1959-5676
https://orcid.org/0000-0003-3471-1751
https://orcid.org/0000-0001-7181-6785
https://orcid.org/0009-0003-3794-3408
https://orcid.org/0000-0001-6961-536X
https://orcid.org/0000-0002-1111-5597
https://orcid.org/0000-0002-4950-6665
https://orcid.org/0000-0002-6117-7307
https://orcid.org/0000-0002-5280-9464
https://orcid.org/0000-0002-7576-4019
https://orcid.org/0000-0001-8476-8188
https://orcid.org/0000-0002-8243-400X
https://orcid.org/0000-0003-1776-0498
https://orcid.org/0000-0002-5820-1054
https://orcid.org/0000-0001-7055-6467
https://orcid.org/0000-0003-3830-4889
https://orcid.org/0000-0002-2739-7453
https://orcid.org/0000-0001-6767-7698
https://orcid.org/0000-0002-6020-2304
https://orcid.org/0009-0008-7253-1237
https://orcid.org/0000-0002-0034-2567
https://orcid.org/0000-0002-5147-3698
https://orcid.org/0000-0002-9795-3582
https://orcid.org/0000-0002-7811-2147
https://orcid.org/0000-0002-0798-5864
https://orcid.org/0000-0001-6086-4116
https://orcid.org/0009-0006-0672-7771
https://orcid.org/0000-0002-6604-2938
https://orcid.org/0000-0002-2562-7163
https://orcid.org/0000-0003-3860-6545
https://orcid.org/0000-0002-6558-6730
https://orcid.org/0009-0003-9742-3949
https://orcid.org/0000-0002-6866-7085
https://orcid.org/0009-0004-1845-0621
https://orcid.org/0000-0003-2574-8560
https://orcid.org/0000-0002-9717-225X
https://orcid.org/0000-0003-3277-5268
https://orcid.org/0000-0003-0984-7593
https://orcid.org/0000-0003-1196-5943
https://orcid.org/0009-0000-4050-6493
https://orcid.org/0000-0003-4735-2014
https://orcid.org/0000-0003-4916-0446
https://orcid.org/0000-0003-4249-6641
https://orcid.org/0000-0002-2047-7020
https://orcid.org/0009-0002-0904-4985
https://orcid.org/0000-0003-4184-1335
https://orcid.org/0000-0001-7477-1148
https://orcid.org/0000-0002-5278-1203
https://orcid.org/0000-0001-9753-329X
https://orcid.org/0009-0007-5613-6520
https://orcid.org/0000-0002-4732-2408
https://orcid.org/0000-0003-3664-1240
https://orcid.org/0000-0002-0364-5758
https://orcid.org/0000-0003-2611-7840
https://orcid.org/0000-0003-3255-9514
https://orcid.org/0000-0003-0480-4850
https://orcid.org/0000-0002-1484-2546
https://orcid.org/0009-0000-6052-6889
https://orcid.org/0009-0001-4404-561X
https://orcid.org/0000-0002-5829-6284
https://orcid.org/0000-0001-7865-2357
https://orcid.org/0000-0002-8514-3777
https://orcid.org/0000-0003-2206-311X
https://orcid.org/0000-0003-3625-198X
https://orcid.org/0009-0006-3241-8964
https://orcid.org/0000-0002-6119-7535
https://orcid.org/0000-0001-8748-8448
https://orcid.org/0000-0002-3221-7664
https://orcid.org/0000-0001-7961-7190
https://orcid.org/0000-0001-8807-8811
https://orcid.org/0000-0002-5397-6782
https://orcid.org/0000-0002-7738-6066
https://orcid.org/0000-0001-6178-6623
https://orcid.org/0000-0002-3285-7004
https://orcid.org/0000-0001-5319-1128
https://orcid.org/0000-0002-0767-9736
https://orcid.org/0000-0002-5865-0677
https://orcid.org/0000-0002-4311-3166
https://orcid.org/0009-0006-9218-6632
https://orcid.org/0000-0002-4649-3221
https://orcid.org/0000-0001-7917-9661
https://orcid.org/0000-0001-6950-1477
https://orcid.org/0009-0006-3864-8365
https://orcid.org/0000-0001-7717-2765
https://orcid.org/0000-0003-1058-1163
https://orcid.org/0009-0009-3494-2825
https://orcid.org/0009-0005-5503-8334
https://orcid.org/0000-0002-0944-4340
https://orcid.org/0000-0002-1915-9543
https://orcid.org/0000-0002-7865-2856
https://orcid.org/0000-0002-9392-6157
https://orcid.org/0000-0002-9283-4541
https://orcid.org/0000-0003-2265-3056
https://orcid.org/0000-0003-1828-3881
https://orcid.org/0000-0001-9905-8031
https://orcid.org/0000-0002-2100-0726
https://orcid.org/0000-0002-4258-4062
https://orcid.org/0000-0001-6104-1496
https://orcid.org/0000-0002-9783-5957
https://orcid.org/0000-0002-7235-6976
https://orcid.org/0000-0001-6759-2504
https://orcid.org/0000-0003-0133-1664
https://orcid.org/0009-0007-4060-799X
https://orcid.org/0009-0008-4908-087X
https://orcid.org/0000-0002-5909-1379
https://orcid.org/0000-0001-6041-115X
https://orcid.org/0009-0008-3130-0600
https://orcid.org/0000-0001-7542-3073
https://orcid.org/0000-0002-6391-2205
https://orcid.org/0000-0002-3281-8136
https://orcid.org/0000-0001-6711-4465
https://orcid.org/0000-0003-4062-710X
https://orcid.org/0000-0002-6915-6607
https://orcid.org/0000-0002-2629-4735
https://orcid.org/0009-0006-3560-1596
https://orcid.org/0000-0002-2399-7646
https://orcid.org/0000-0001-9565-8312
https://orcid.org/0000-0003-3979-4330
https://orcid.org/0009-0003-2254-7162
https://orcid.org/0000-0003-1988-4443
https://orcid.org/0000-0002-5041-7651
https://orcid.org/0000-0003-4410-6889
https://orcid.org/0000-0003-4160-9333
https://orcid.org/0000-0002-2778-0102
https://orcid.org/0000-0002-8142-4678
https://orcid.org/0000-0002-4113-1539
https://orcid.org/0000-0001-6116-3944
https://orcid.org/0009-0002-4429-2458
https://orcid.org/0000-0003-0652-721X
https://orcid.org/0000-0002-4589-2626
https://orcid.org/0009-0002-6794-9547
https://orcid.org/0000-0002-2142-3673
https://orcid.org/0009-0003-3902-8123
https://orcid.org/0000-0002-1023-1086
https://orcid.org/0000-0002-4149-4137
https://orcid.org/0009-0002-8144-422X
https://orcid.org/0009-0008-1106-4153
https://orcid.org/0000-0001-5255-0619
https://orcid.org/0000-0001-6561-2145
https://orcid.org/0000-0001-8285-3346
https://orcid.org/0000-0001-7765-8941
https://orcid.org/0000-0001-5448-4213
https://orcid.org/0000-0002-2675-3567
https://orcid.org/ 0009-0007-1731-8700
https://orcid.org/0009-0009-9224-4160
https://orcid.org/0000-0002-5552-0842
https://orcid.org/0000-0002-2207-0101
https://orcid.org/0000-0001-5765-6308
https://orcid.org/0000-0002-8317-385X
https://orcid.org/0000-0001-9178-9921
https://orcid.org/0009-0002-2681-2739
https://orcid.org/0009-0009-9636-7029
https://orcid.org/0000-0003-4077-6295
https://orcid.org/0000-0003-4543-8121
https://orcid.org/0000-0002-9337-3476
https://orcid.org/0000-0002-4282-0977
https://orcid.org/0000-0002-0654-7504
https://orcid.org/0000-0003-3192-0486
https://orcid.org/0000-0001-6756-9021
https://orcid.org/0000-0002-2699-2189
https://orcid.org/0009-0009-9115-1122
https://orcid.org/0000-0002-9700-3448
https://orcid.org/0000-0001-5012-4069
https://orcid.org/0009-0006-7038-0143
https://orcid.org/0000-0002-8521-1688
https://orcid.org/0000-0002-0241-5184
https://orcid.org/0000-0001-8885-565X
https://orcid.org/0000-0002-7531-6873
https://orcid.org/0000-0001-9558-1079
https://orcid.org/0000-0001-9602-4901
https://orcid.org/0009-0007-5014-1636
https://orcid.org/0000-0001-5146-7311
https://orcid.org/0000-0002-7481-3149
https://orcid.org/0000-0002-8917-2620
https://orcid.org/0009-0009-3430-0558
https://orcid.org/0000-0003-2937-9782
https://orcid.org/0000-0001-9869-5290
https://orcid.org/0000-0001-6977-8257
https://orcid.org/0009-0003-1647-2942
https://orcid.org/0000-0002-4393-2567
https://orcid.org/0000-0003-1230-3300
https://orcid.org/0000-0003-0468-3083
https://orcid.org/0009-0000-6595-7266
https://orcid.org/0000-0002-5030-7516
https://orcid.org/0000-0002-4655-715X
https://orcid.org/0000-0002-1701-9619
https://orcid.org/0009-0001-2039-9739
https://orcid.org/0009-0007-8273-2692
https://orcid.org/0000-0001-9717-1751
https://orcid.org/0000-0002-9865-8964
https://orcid.org/0000-0002-8826-9113
https://orcid.org/0000-0001-6010-8556
https://orcid.org/0000-0003-2279-8837
https://orcid.org/0009-0009-9522-8588
https://orcid.org/0000-0002-2385-0767
https://orcid.org/0000-0002-9794-4088
https://orcid.org/0000-0002-0157-188X
https://orcid.org/0000-0001-6346-8872
https://orcid.org/0000-0002-1630-0986
https://orcid.org/0000-0002-8185-3771
https://orcid.org/0000-0002-2344-9412
https://orcid.org/0009-0001-4723-095X
https://orcid.org/0000-0001-7647-7110
https://orcid.org/0000-0003-0322-9858
https://orcid.org/0000-0002-3804-9948
https://orcid.org/0009-0005-9485-9477
https://orcid.org/0000-0002-9812-4508
https://orcid.org/0000-0003-0609-6456
https://orcid.org/0000-0002-9573-4570
https://orcid.org/0000-0002-4485-1478
https://orcid.org/0009-0004-9621-1028
https://orcid.org/0000-0003-0159-291X
https://orcid.org/0000-0002-6227-3368
https://orcid.org/0000-0002-1478-4593
https://orcid.org/0000-0002-5972-6290
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14Université Paris-Saclay, CNRS/IN2P3, IJCLab, Orsay, France
15Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecole Polytechnique, Institut Polytechnique de Paris,
Palaiseau, France
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mUniversità di Ferrara, Ferrara, Italy
nUniversità di Genova, Genova, Italy
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