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1 Introduction

Exclusive B-meson decays provide an excellent opportunity for studies of charmonium and
charmonium-like exotic states. The enigmatic χc1(3872) particle, also known as X(3872),
was the first discovered charmonium-like state, observed by the Belle collaboration in
the J/ψπ+π− mass spectrum from B+→ J/ψπ+π−K+ decays [1]. The properties of this
state have been extensively studied by the CDF, D0, BaBar, Belle, LHCb, CMS, BESIII
and ATLAS collaborations [2–33]. The χc1(3872) particle was followed by observations of nu-
merous charmonium-like states [34, 35] that are incompatible with having cc quark content,
sparking a wave of interest in exotic hadron spectroscopy [35–44]. Despite all theoretical and
experimental efforts the nature of such states is not yet understood. For instance, the narrow
width of the χc1(3872) state and its proximity to the D∗0D0 mass threshold [29, 30] support
the χc1(3872) state to be a loosely bound D∗0D0 molecule [45–51]. Other hypotheses include,
but are not limited to, a tetraquark state [52–54], a ccg hybrid meson [55], a vector glue-
ball [56], a hadro-charmonium state [57], a cusp [36] or a χc1(2P) charmonium state [58, 59].
For some models, the existence of χc1(3872) partner states is predicted [52–54, 60–64].
Among these are charged partner X± states and a C-odd partner, referred to hereafter as
X′C state.

The J/ψη final state is well suited to search for the hypothetical X′C state. Searches for
the X′C→ J/ψη decay have been performed by the BaBar and Belle collaborations using
B+→ J/ψηK+ decays [65, 66]. No X′C→ J/ψη signal is observed, and upper limits at 90%
confidence level (CL) on the product of branching fractions for the B+ → X′CK+ and
X′C→ J/ψη decays are set to be 7.7× 10−6 (BaBar) and 3.8× 10−6 (Belle).
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In this paper a study of the J/ψη mass spectrum from B+→ J/ψηK+ decays1 is reported.
In particular searches for contributions from new hypothetical states, denoted hereafter as X,
or known charmonia or charmonium-like resonances are performed. The study uses a dataset
collected with the LHCb detector at 7, 8 and 13TeV centre-of-mass energies corresponding
to an integrated luminosity of 9 fb−1. The results are reported in the form of a ratio of
branching fractions using the normalisation decay mode B+→ (ψ(2S)→ J/ψη) K+,

FX ≡
B(B+→ XK+)× B(X→ J/ψη)

B(B+→ ψ(2S)K+)× B(ψ(2S)→ J/ψη) , (1.1)

and as the product of branching fractions

BX ≡ B(B+→ XK+)× B(X→ J/ψη) , (1.2)

the latter obtained from the FX ratio using the known values of the B+→ ψ(2S)K+

and ψ(2S)→ J/ψη branching fractions [34, 65, 66]. The results are obtained for masses
of the hypothetical X state in the region between the J/ψη threshold and 4.65GeV/c2.
The FX ratio and the product of branching fractions BX are also measured for the ψ(3770),
ψ2(3823) [30], ψ3(3842) [67], ψ(4040), ψ(4160), ψ(4415) charmonium states [34], as
well as the charmonium-like R(3760), R(3790) [68], Zc(3900)0 [69, 70], ψ(4230) [71],
ψ(4360) [72–74] and ψ(4390) states [75, 76], the hypothetical neutral partner of the charged
Zc(4430)+ state [77–81], referred to as Zc(4430)0 hereafter, and finally for the X′C state.

2 Detector and simulation

The LHCb detector [82, 83] 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
includes a high-precision tracking system consisting of a silicon-strip vertex detector sur-
rounding the proton-proton (pp) interaction region, a large-area silicon-strip detector located
upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of
silicon-strip detectors and straw drift tubes 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/c. The minimum
distance of a track to a primary pp collision vertex (PV), the impact parameter, is mea-
sured with a resolution of (15 + 29/pT)µm, where pT 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. Photons, electrons and
hadrons are identified by a calorimeter system consisting of scintillating-pad and preshower
detectors, an electromagnetic and a hadronic calorimeter [84]. Muons are identified by
a system composed of alternating layers of iron and multiwire proportional chambers.

The online event selection is performed by a trigger, which consists of a hardware
stage, based on information from the calorimeter and muon systems, followed by a software
stage, which applies a full event reconstruction. At the hardware trigger stage, events are

1Inclusion of charge-conjugate states is implied throughout the paper.
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required to have a muon with high transverse momentum or dimuon candidates in which
the product of the pT of the muons has a high value. In the software trigger, two oppositely
charged muons are required to form a good-quality vertex that is significantly displaced
from every PV, with a dimuon mass exceeding 2.7GeV/c2.

Simulated events are used to describe signal shapes and to compute the efficiencies
needed to determine the branching fraction ratios. In the simulation, pp collisions are
generated using Pythia [85] with a specific LHCb configuration [86]. Decays of unsta-
ble particles are described by EvtGen [87], in which final-state radiation is generated
using Photos [88]. The interaction of the generated particles with the detector, and
its response, are implemented using the Geant4 toolkit [89, 90] as described in ref. [91].
The transverse momentum and rapidity, y, spectra of the B+ mesons in simulation are
corrected to represent better those observed in data. The correction factors are calculated
by comparing the observed pT and y spectra for a high-yield and low-background sample
of reconstructed B+→ J/ψK+ decays with corresponding simulated samples. In the sim-
ulation, the B+→ J/ψηK+ decays are produced according to a phase-space decay model.
Simulated decays are corrected to reproduce the J/ψη and ηK+ mass distributions observed
in data. To describe accurately the variables used for kaon identification, the corresponding
quantities in simulation are resampled according to values obtained from calibration data
samples of D∗+→ (

D0→ K−π+)
π+ decays [92]. The procedure accounts for correlations

between the variables associated to a particular track, as well as the dependence of the kaon
identification response on pT, η and the multiplicity of tracks in the event. To account for
imperfections in the simulation of charged-particle reconstruction, the track reconstruction
efficiency determined from simulation is corrected using control channels in data [93].

3 Event selection

Candidate B+→ J/ψηK+ decays are reconstructed through the J/ψ→ µ+µ− and η→ γγ

decay modes. A loose initial selection is applied to reduce the background. The criteria
are chosen to be similar to those used in previous LHCb studies [21, 94–98]. Subsequently,
a multivariate estimator based on an artificial neural network algorithm [99, 100], configured
with a cross-entropy cost estimator [101], in the following referred to as the MLP classifier,
is applied.

Muon and kaon candidates are identified by combining information from the Cherenkov
detectors, calorimeters and muon detectors [102] associated to the reconstructed tracks.
Transverse momenta of muon candidates are required to be greater than 550MeV/c. To re-
duce combinatorial background only tracks that are inconsistent with originating from any
reconstructed PV in the event are considered. Pairs of oppositely charged muons consistent
with originating from a common vertex are combined to form J/ψ→ µ+µ− candidates.
The reconstructed mass of the pair is required to be between 3.056 and 3.136GeV/c2.

Photons are reconstructed from clusters in the electromagnetic calorimeter that
have transverse energy larger than 500MeV and are not associated with reconstructed
tracks [84, 103]. Photon identification is based on the combined information from elec-
tromagnetic and hadronic calorimeters, scintillation pad and preshower detectors and

– 3 –
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the tracking system. Candidate η→ γγ decays are reconstructed as diphoton combinations
with mass within ±60 MeV/c2 of the known η mass [34] and transverse momentum greater
than 1.5 GeV/c.

The selected J/ψ candidates are combined with K+ and η candidates to form B+ can-
didates. Each B+ candidate is associated with the PV that yields the smallest χ2

IP, where
χ2

IP is defined as the difference in the vertex-fit χ2 of a given PV reconstructed with and
without the charged tracks that form the B+ candidate under consideration. To improve
the B+ mass resolution a kinematic fit [104] is performed. This fit constrains the µ+µ− and
γγ masses to the known J/ψ and η mesons masses [34], respectively, and the B+ candidate
to originate from its associated PV. The proper decay time of the B+ candidate is required
to be greater than 200µm/c to suppress the large combinatorial background.

A further selection based on the MLP classifier reduces the combinatorial background
to a low level whilst retaining a high signal efficiency. Variables included in the classifier
are related to the reconstruction quality, kinematics and decay time of the B+ candidates,
kinematics of the final-state particles and a variable that characterises kaon identification.
The classifier is trained using simulated samples of B+→ J/ψηK+ decays as signal proxy.
The B+→ J/ψηK+ candidates from data with mass, mJ/ψηK+ , ranging between 5.4 and
5.7GeV/c2, are used as background proxy. To avoid introducing a bias in the MLP evaluation
due to overfitting, a k-fold cross-validation technique [105] with k = 13 is used.

The requirement on the MLP classifier is chosen to maximize the figure-of-merit defined
as S/

√
B + S, where S represents the expected signal yield from simulation, and B stands

for the background yield obtained by fitting the data. The expected signal yield is estimated
as S = εS0, where ε is the efficiency of the requirement on the MLP classifier determined
from simulation, and S0 is the signal yield obtained from the fit to the data when no
requirement is applied. The mass distribution of selected B+→ J/ψηK+ candidates is
shown in figure 1.

4 B+ → J/ψηK+ signal and J/ψη mass spectrum

The B+→ J/ψηK+ signal yield is determined using an extended unbinned maximum-
likelihood fit to the J/ψηK+ mass distribution with signal and background components.
The signal is modelled by a modified Gaussian function with power-law tails on both
sides of the distribution [106, 107], referred to hereafter as FS . The tail parameters of
the modified Gaussian function are fixed from simulation, while the peak position and
resolution are allowed to vary in the fit. The combinatorial background is parametrised
with an exponential function. The fit result is overlaid in figure 1 and the signal yield is
found to be

NB+→J/ψηK+ = (5.39± 0.16)× 103 .

The search for the B+→ (X→ J/ψη)K+ signal is performed using extended unbinned
maximum-likelihood fits to the background-subtracted J/ψη mass spectrum. The sP lot tech-
nique [108] is used for the background subtraction using the J/ψηK+ mass as the discrimi-
nating variable. To improve the J/ψη mass resolution and to eliminate a small correlation be-
tween themJ/ψηK+ andmJ/ψη variables, the J/ψηmass is computed using a kinematic fit [104]
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Figure 1. Mass distribution of selected B+→ J/ψηK+ candidates. The result of the fit, described
in the text, is overlaid.

that constrains the mass of the B+ candidate to its known value [34]. For easier parametri-
sation of the nonresonant component, the fit to the J/ψη mass distribution is performed
separately in four different overlapping mass regions. For X masses below 3.875GeV/c2, a fit
of the lowest-mass region, 3.65<mJ/ψη< 3.90GeV/c2, is performed. The J/ψη mass regions
3.85<mJ/ψη< 4.05GeV/c2, 4.0<mJ/ψη< 4.2GeV/c2, and 4.15<mJ/ψη< 4.70GeV/c2 are
used for X masses within the ranges 3.875<mX< 4.025GeV/c2, 4.025<mX< 4.175GeV/c2,
and 4.175<mX< 4.675GeV/c2, respectively. The background-subtracted J/ψη mass dis-
tribution for these regions is shown in figure 2. A clear narrow peak, corresponding to
the B+→ (ψ(2S)→ J/ψη)K+ decay, is visible in the low-mass region. This signal is used as
a normalisation channel.

The fit function to the lowest-mass region consists of three components:

1. the decay of interest B+→ (X→ J/ψη) K+, referred to as CX component;

2. the B+→ (ψ(2S)→ J/ψη) K+ signal, referred to as Cψ(2S) component;

3. the B+→ (J/ψη)NR K+ decays with no resonances in the J/ψη system, and referred
to as CNR component.

The Cψ(2S) component and the CX contribution for X states with the natural width negligible
with respect to the detector resolution (referred as narrow) are modelled using the FS shape.
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Figure 2. Background-subtracted J/ψη mass distribution from B+→ J/ψηK+ decays in four
J/ψη mass regions. The results of the fits without contributions from a narrow X state, described in
the text, are overlaid.

The tail parameters of all the FS functions are fixed from simulation, while the peak position
and resolution parameter for the Cψ(2S) component are allowed to vary in the fit. The ratio
of the resolution parameters for the CX and Cψ(2S) components is fixed at the value obtained
from simulation. This procedure also accounts for a small imperfection in the modelling of
the J/ψη mass resolution in the simulation [29, 30, 33]. The nonresonant component CNR is
parameterised with a product of the phase-space function describing a two-body system
out of the three-body final state [109] and a positive first-order polynomial function.

For X masses above 3.875GeV/c2, the fit is performed simultaneously in two J/ψη mass
regions, one containing the X mass and the other the ψ(2S) state. For the X mass region
the fit function consists of a pair of components, CX and CNR, while the ψ(2S) region fit
includes the Cψ(2S) and CNR components. The parameters for two CNR components are
independent in the two regions.

No significant signal is found for B+→ (X→ J/ψη) K+ decays occurring via a hypo-
thetical narrow X particle in the 3.7 < mX < 4.7GeV/c2 mass region. Fit results without
the CX component are shown in figure 2, illustrating that no sizeable contribution from decays
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with a narrow intermediate X state is required to describe the data. To quantify the absence
of the B+→ (X→ J/ψη) K+ signal, fits are performed with the mass mX of the hypothetical
X particle fixed to a value that is scanned across the whole available J/ψη mass range.
The yield of the CX component, NX, is parametrised using the yield of the Cψ(2S) component,
Nψ(2S), and the ratio of branching fractions, FX, defined by eq. (1.1), as

NX(mX) = Nψ(2S)FX(mX)Rε(mX) , (4.1a)

where Rε is the ratio of total efficiencies for the B+→ (X→ J/ψη) K+ and
B+→ (ψ(2S)→ J/ψη) K+ channels, described in section 5. The parameters Nψ(2S)
and FX are left to vary in the fit, and the uncertainty on the ratio Rε is included in the fit
through a Gaussian constraint. A second set of fits exploits an alternative parametrisation
that allows for the determination of the product of the branching fractions BX, defined
by eq. (1.2), through

NX(mX) =
Nψ(2S)BX(mX)Rε(mX)

B (B+→ ψ(2S)K+)B (ψ(2S)→ J/ψη) , (4.1b)

where Nψ(2S) and BX are fit parameters, and uncertainties for the branching fractions
B (

B+→ ψ(2S)K+)
and B (ψ(2S)→ J/ψη) [34] are included in the fit using Gaussian

constraints.
In addition to the search for decays with a narrow hypothetical X state, a search is

performed for decays mediated by known conventional charmonium or charmonium-like
states, including the hypothetical X′C state and the neutral partner of the Zc(4430)+ state.
For the latter it is assumed that the mass and width are the same as for its charged
partner [77–81], while for the X′C state the mass and width are assumed to be the same as
for the χc1(3872) state [29, 30]. The CX component is parametrised with a relativistic S-wave
Breit-Wigner shape convolved with the FS function. For each resonance with a mass larger
than 3.9GeV/c2 a fit range is chosen individually depending on the resonance mass and
width. The uncertainties on the resonance parameters are included in the fits using Gaussian
constraints. For the ψ2(3823) state, where only the upper limit for the natural width is
known [30], a natural width of 1MeV is assumed. The background-subtracted J/ψη mass
spectra in the corresponding ranges, together with the fit results, are shown in figures 3
to 5. For the B+→ (ψ2(3823)→ J/ψη) K+ and B+→ (ψ(4040)→ J/ψη) K+ decays, signals
with a statistical significance of 3.4 and 9.0 standard deviations, respectively, are seen.
No evidence for other decays is obtained.

5 Efficiency and systematic uncertainty

For each considered value of mX, the efficiency ratio Rε from eq. (4.1a) is calculated as

Rε(mX) ≡ ε(B+→ (X→ J/ψη) K+)
ε(B+→ (ψ(2S)→ J/ψη) K+) , (5.1)

where the total efficiency ε for each decay is calculated from the product of the detector
acceptance, the reconstruction and selection efficiencies for decays within the detector
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Figure 3. Background-subtracted J/ψη mass distribution from B+→ J/ψηK+ decays in the vicin-
ity of the conventional (top row) ψ(3770), ψ2(3823), (middle row) ψ3(3842), ψ(4040), (bottom
row) ψ(4160) and ψ(4415) charmonium states. The results of the fits, described in the text, are
overlaid. The red open point with horizontal error bars indicates the mass and width of the resonance
assumed in the fits.

– 8 –



J
H
E
P
0
4
(
2
0
2
2
)
0
4
6

3.65 3.7 3.75 3.8 3.85 3.9

0

20

40

60

80

100

120

140

160

180

3.65 3.7 3.75 3.8 3.85 3.9

0

20

40

60

80

100

120

140

160

180

3.8 3.85 3.9 3.95
0

10

20

30

40

50

60

70

80

4.1 4.15 4.2 4.25 4.3 4.35
0

20

40

60

80

100

120

4.2 4.3 4.4 4.5
0

20

40

60

80

100

120

140

160

4.2 4.3 4.4 4.5 4.6
0

20

40

60

80

100

120

140

160

Y
ie
ld
/(
5M

eV
/c

2 )
Y
ie
ld
/(
5M

eV
/c

2 )
Y
ie
ld
/(
8M

eV
/c

2 )

Y
ie
ld
/(
5M

eV
/c

2 )
Y
ie
ld
/(
5M

eV
/c

2 )
Y
ie
ld
/(
8M

eV
/c

2 )

mJ/ψη

mJ/ψη

mJ/ψη

mJ/ψη

mJ/ψη

mJ/ψη

[GeV/c2]

[GeV/c2]

[GeV/c2]

[GeV/c2]

[GeV/c2]

[GeV/c2]

LHCb
9 fb−1

LHCb
9 fb−1

LHCb
9 fb−1

LHCb
9 fb−1

LHCb
9 fb−1

LHCb
9 fb−1

+• Data
B+→ R(3760)K+

B+→ ψ(2S)K+

B+→ (J/ψη)NR K+

Total

+• Data
B+→ R(3790)K+

B+→ ψ(2S)K+

B+→ (J/ψη)NR K+

Total

+• Data
B+→ Zc(3900)0K+

B+→ (J/ψη)NR K+

Total

+• Data
B+→ ψ(4230)K+

B+→ (J/ψη)NR K+

Total

+• Data
B+→ ψ(4360)K+

B+→ (J/ψη)NR K+

Total

+• Data
B+→ ψ(4390)K+

B+→ (J/ψη)NR K+

Total

Figure 4. Background-subtracted J/ψη mass distribution from B+→ J/ψηK+ decays in the vicinity
of the charmonum-like (top row) R(3760), R(3790), (middle row) Z(3900)0, ψ(4230), (bottom
row) ψ(4360) and ψ(4390) states. The results of the fits, described in the text, are overlaid. The red
open point with horizontal error bars indicates the mass and width of the resonance assumed in
the fits.
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Figure 5. Background-subtracted J/ψη mass distribution from B+→ J/ψηK+ decays in the vicinity
of the hypothetical (left) X′C and (right) Zc(4430)0 states. The results of the fits, described in
the text, are overlaid. The red open point with horizontal error bars indicates the mass and width
of the resonance used in the fits.

Source Uncertainty [%]
Simulation sample size 1.0–4.0
B+ meson kinematics 0.1
Kaon identification 1.0
Tracking efficiency correction 0.02–0.15
Photon efficiency corrections 0.0–0.9
Trigger 1.1
Data-simulation agreement 4.0
Sum in quadrature 4.7–6.6

Table 1. Relative systematic uncertainties for the efficiency ratio Rε. When an uncertainty is
found to be dependent on the J/ψη mass, the corresponding range is shown. The total uncertainty
is obtained as the quadratic sum of the individual contributions.

acceptance, and the trigger efficiency for decays passing the selection criteria. All efficiencies
are calculated using simulation, as described in section 2. The finite size of the simulation
samples contributes to the uncertainty on the Rε(mX) ratio. Since signal and normalisation
decays share the same final state, many systematic uncertainties cancel in the ratio Rε.
The remaining nonnegligible uncertainties are listed in table 1.

A large class of systematic uncertainties is associated to the corrections applied to
the simulation. The finite size of the B+ → J/ψK+ signal sample used for correction
of the simulated pT and y spectra of B+ mesons, induces a corresponding uncertainty.
In turn, the variation within their uncertainties induces small changes in the ratio Rε.
The corresponding spread of these changes amounts to 0.1% and is taken as systematic
uncertainty.
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The kaon identification variable used for the MLP estimator is drawn from calibration
data samples accounting for the dependence on particle kinematics and track multiplicity.
Systematic uncertainties in this procedure arise from the limited statistics of both the simula-
tion and calibration samples, and the modelling of the identification variable. The limitations
due to both simulation and calibration sample size are evaluated by bootstrapping to create
multiple samples, and repeating the procedure for each sample. The impact of potential
mismodelling of the kaon identification variable is evaluated by describing the corresponding
distributions using density estimates with different kernel widths [92]. For each of these
cases, alternative efficiency maps are produced to determine the associated uncertainties.
A systematic uncertainty of 1% is assigned from the observed differences with alternative
efficiency maps.

There are residual differences in the reconstruction efficiency of charged-particle tracks
that do not cancel completely in the ratio Rε due to the slightly different kinematic distribu-
tions of the final-state particles. The track-finding efficiencies obtained from simulated sam-
ples are corrected using calibration channels [93]. The uncertainties related to the efficiency
correction factors are propagated to the ratios of the total efficiencies using pseudoexperi-
ments and are found to be less than 0.15% for the considered values of the mX parameter.
Differences between data and simulation of photon reconstruction efficiencies are studied
using a large sample of B+→ J/ψ

(
K∗+→ K+ (

π0→ γγ
))

decays [94, 95, 110]. The uncer-
tainties related to the photon efficiency correction factors are propagated to the ratios
of the total efficiencies using pseudoexperiments and are found to be less than 0.9% for
the considered values of the mX parameter.

A systematic uncertainty related to the knowledge of the trigger efficiencies has been pre-
viously studied using large samples of B+→ (

J/ψ→µ+µ−
)
K+ and B+→ (

ψ(2S)→µ+µ−
)
K+

decays by comparing the ratios of the trigger efficiencies in data and simulation [111]. Based
on this comparison, a relative uncertainty of 1.1% is assigned.

Another possible source of uncertainty is the potential disagreement between data and
simulation in the estimation of efficiencies due to effects not considered above. This is
studied by varying the selection criteria in ranges that lead to changes in the measured
signal yields as large as ±20%. For this study, the B+→ (ψ(2S)→ J/ψη) K+ data sample
is used. The resulting difference in data-simulation efficiency ratio does not exceed 4.0%,
which is conservatively taken as systematic uncertainty.

The systematic uncertainties discussed above affect the ratio of the total efficiencies Rε,
and are accounted for in the fits using Gaussian constraints. A different class of systematic
uncertainties directly affects the fit itself, namely uncertainties associated with the fit
models used to describe the J/ψη and J/ψηK+ mass spectra. The systematic uncertainty
is accounted for by using fits with alternative models. The alternative resolution models
for the Cψ(2S) and CX components include a generalised Student’s t-distribution [112]
and a sum of two modified Gaussian functions with a power-law tail on each side of
the distribution. For wide charmonia and charmonium-like resonances a P-wave relativistic
Breit-Wigner function is also tested instead of the S-wave profile. The tail parameters
of the FS resolution functions are varied within their uncertainties, as determined from
the simulation. For the CNR component, the degree of the polynomial function is varied

– 11 –



J
H
E
P
0
4
(
2
0
2
2
)
0
4
6

between zero and two. For the signal component of the fit to the J/ψηK+ mass spectrum,
the list of alternative models consists of a bifurcated generalised Student’s t-distribution [112],
an Apollonius function [113], and a sum of two modified Gaussian functions with a power-law
tail on each side of the distribution. For the background component, the second-degree
positive-definite polynomial function, and the product of an exponential function and
a second-degree positive-definite polynomial function, are tested as alternative models. For
each alternative model a fit to the J/ψη mass spectrum is performed and the upper limit (UL)
on the FX or BX value is determined and conservatively the largest value of the upper limit
is taken to account for the systematic uncertainty. For the B+→ (ψ2(3823)→ J/ψη) K+

and B+→ (ψ(4040)→ J/ψη) K+ signals, the maximal deviation relative to the baseline fit
is taken as uncertainty and added in quadrature to the uncertainty obtained from the fit.
For the ψ2(3823) state, only 90 (95)% confidence level (CL) upper limits on the natural width
of 5.2 (6.6)MeV are known [30]. For this case fits with the natural width varied between
0.2 and 6.6MeV are performed and the maximal deviation with respect to the default fit,
where 1MeV is assumed, is taken as the corresponding systematic uncertainty.

6 Results and summary

The upper limits at 90% CL on the ratio of branching fractions FX(mX)
for B+→ (X→ J/ψη) K+ decays via a narrow intermediate X state are set for masses
of the hypothetical X particle between 3.7 and 4.7GeV/c2. The upper limits, shown in
figure 6, are set with the CLs method [114] in which the p-values are calculated based on
the asymptotic properties of the profile likelihood ratio [115]. The corresponding upper
limits on the product of branching fractions, BX, are calculated in a similar way and shown
in figure 7. The local statistical significance for the mass values with the weakest upper
limits, e.g. mX = 3.952, 4.352 or 4.442GeV/c2, is estimated using Wilks’ theorem [116] and
is found to be less than three standard deviations.

Signals with a statistical significance exceeding three standard deviations are seen only
for the B+→ (ψ2(3823)→ J/ψη) K+ and B+→ (ψ(4040)→ J/ψη) K+ decays. The fit to
the J/ψη mass distribution in the ψ(4040) region suggests potential contributions from other
resonances or sizeable interference effects, in particular with a possible ψ(4160) contribution.
Accounting for systematic uncertainties the significance is found to be 3.4 and 4.7 standard
deviations for decays mediated by the ψ2(3823) and ψ(4040) states, respectively.2 The ratios
of branching fractions are found to be

Fψ2(3823) =
(
5.95 + 3.38

− 2.55

)
× 10−2 ,

Fψ(4040) = (40.6± 11.2)× 10−2 .

The asymmetric uncertainty in Fψ2(3823) arises from varying the ψ2(3823) natural width
between 0.2 and 6.6MeV. The corresponding products of branching fractions are

Bψ2(3823) =
(
1.25 + 0.71

− 0.53 ± 0.04
)
× 10−6 ,

Bψ(4040) = (8.53± 2.35± 0.30)× 10−6 ,

2For the wide ψ(4040) state, the large reduction of the signal significance is due to the systematic
uncertainty associated with the background parameterisation.
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Figure 6. Upper limit (90% CL) on the ratio of branching fractions FX as a function of the mass
of the hypothetical narrow X state. The median expected upper limit together with the expected
CL bands corresponding to 1, 2 and 3 standard deviations are also shown.

where the second uncertainty is due to the imprecise knowledge of the B+→ ψ(2S)K+ and
ψ(2S)→ J/ψη branching fractions [34]. For decays with other intermediate states no signals
are seen and the corresponding upper limits are listed in table 2.

Using the value of B(B+→ ψ2(3823)K+)× B(ψ2(3823)→ J/ψπ+π−) from ref. [30],
the ratio of branching fractions for the ψ2(3823)→ J/ψη and ψ2(3823)→ J/ψπ+π− decays
is calculated to be

B(ψ2(3823)→ J/ψη)
B(ψ2(3823)→ J/ψπ+π−) = 4.4 + 2.5

− 1.9 ± 0.9 ,

where the last uncertainty accounts for the precision on external branching fractions [30, 34].
Such a large partial width of the ψ2(3823)→ J/ψη decay calls for a significant reevaluation of
the ψ2(3823) branching fraction estimates of ref. [117]. This ratio is significantly larger than
the value of (9.72± 0.14)× 10−2 obtained for decays of the ψ(2S) state. However, this might
not be surprising as for higher charmonium excitations the charmonium-to-charmonium
transitions with the emission of an η meson are not suppressed, e.g. for the ψ(4040) state
the corresponding ratio of transitions involving η and π+π− exceeds unity [34].
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Figure 7. Upper limit (90% CL) on the product of branching fractions BX as a function of the mass
of the hypothetical narrow X state. The median expected upper limit together with the expected
CL bands corresponding to 1, 2 and 3 standard deviations are also shown.

Using the previously measured value of the ψ(4040)→ J/ψη branching fraction from
refs. [34, 118], the B+→ ψ(4040)K+ branching fraction is calculated to be

B(B+→ ψ(4040)K+) = (1.64± 0.45± 0.23)× 10−3 ,

where the last uncertainty accounts for the B+→ ψ(2S)K+, ψ(2S)→ J/ψη and
ψ(4040)→ J/ψη branching fraction uncertainties. This disagrees with the upper limit
of 1.3× 10−4 at 90% CL from ref. [119], which used the ψ(4040)→ µ+µ− decay mode and
relied on the ψ(4040)→ µ+µ− branching fraction from ref. [120] to obtain a B+ decay limit.
This disagreement motivates a more detailed study of this system, such as a full amplitude
analysis. In ref. [121] it was demonstrated that the B+→ (

ψ(4040)→ D+D−
)

K+ and
B+→ (

ψ(4160)→ D+D−
)

K+ decays have comparable rates. In this paper a significant sup-
pression of the ψ(4160)→ J/ψη transitions relative to such transitions for the ψ(4040) state
is found. The opposite pattern was found in the analysis of B+→ K+µ+µ− decays [119],
where a large contribution from decays via the intermediate ψ(4160) state is observed, while
no decays with the intermediate ψ(4040) state are seen.
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Upper limit at 90% CL
FX

[
10−2]

BX
[
10−7]

ψ(3770) 2.2 4.6
ψ3(3842) 2.9 6.1
ψ(4160) 4.2 8.7
ψ(4415) 4.6 9.6
R(3760) 2.0 4.1
R(3790) 3.2 6.7
Zc(3900)0 2.1 4.3
ψ(4230) 1.9 3.9
ψ(4360) 6.0 12.4
ψ(4390) 11.6 24.1
Zc(4430)0 6.1 12.7
X′C 1.9 3.9

Table 2. Upper limits at 90% CL for the ratio of branching fractions FX and product of branching
fractions BX for different conventional charmonia, charmonium-like and hypothetical states.

No signals are found for the B+→ J/ψηK+ decay via conventional charmonium states
ψ(3770), ψ3(3842), ψ(4160), ψ(4415); charmonium-like states R(3760), R(3790), Zc(3900)0,
ψ(4230), ψ(4360) and ψ(4390); the hypothetical neutral partner of the charged Zc(4430)+

state; and for the hypothetical C-odd partner of the χc1(3872) state, X′C. In particular, for
the latter upper limits at 90% CL are found to be

FX′
C
< 1.9× 10−2 ,

BX′
C
< 3.9× 10−7 ,

significantly improving results previously obtained by the BaBar and Belle collabora-
tions [65, 66].

In conclusion, a search for charmonium and charmonium-like exotic states contributing
to the J/ψη mass spectrum from B+→ J/ψηK+ decays is performed, using a data sample cor-
responding to an integrated luminosity of 9 fb−1 collected with the LHCb detector at 7, 8 and
13TeV centre-of-mass energies in proton-proton collisions. The B+→ (ψ(2S)→ J/ψη) K+

decay mode is used a normalisation channel. While no narrow resonances are seen, evidence
is found for the B+→ (ψ2(3823)→ J/ψη) K+ and B+→ (ψ(4040)→ J/ψη) K+ decays, and
the corresponding branching fractions and their ratios relative to the normalisation decay
mode are measured.
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