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The first observation of the decay ηc(2S) → pp̄ is reported using proton–proton collision data corre-
sponding to an integrated luminosity of 3.0 fb−1 recorded by the LHCb experiment at centre-of-mass 
energies of 7 and 8 TeV. The ηc(2S) resonance is produced in the decay B+ → [cc̄]K +. The product of 
branching fractions normalised to that for the J/ψ intermediate state, Rηc(2S) , is measured to be

Rηc(2S) ≡ B(B+ → ηc(2S)K +) ×B(ηc(2S) → pp̄)

B(B+ → J/ψ K +) ×B( J/ψ → pp̄)
= (1.58 ± 0.33 ± 0.09) × 10−2,

where the first uncertainty is statistical and the second systematic. No signals for the decays B+ →
X(3872)(→ pp̄)K + and B+ → ψ(3770)(→ pp̄)K + are seen, and the 95% confidence level upper limits on 
their relative branching ratios are found to be RX(3872) < 0.25 × 10−2 and Rψ(3770) < 0.10. In addition, 
the mass differences between the ηc(1S) and the J/ψ states, between the ηc(2S) and the ψ(2S) states, 
and the natural width of the ηc(1S) are measured as

M J/ψ − Mηc(1S) = 110.2 ± 0.5 ± 0.9 MeV,

Mψ(2S) − Mηc(2S) = 52.5 ± 1.7 ± 0.6 MeV,

�ηc(1S) = 34.0 ± 1.9 ± 1.3 MeV.

© 2017 Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Charmonium has proved to be a remarkable laboratory for 
the study of quantum chromodynamics in the non-perturbative 
regime. By comparing theoretical predictions with experimental 
results one can verify and tune the parameters of theoretical mod-
els in order to improve the accuracy of the predictions. In addition, 
in recent years, many exotic charmonium-like states have been ob-
served, renewing interest in charmonium spectroscopy above the 
open-charm threshold [1,2]. The B+ → pp̄K + decay1 offers a clean 
environment to study intermediate resonances, such as charmo-
nium and charmonium-like states decaying to pp̄. The presence of 
pp̄ in the final state allows intermediate states of any quantum 
number to be studied.

The first radial excitation ηc(2S) of the charmonium ground 
state ηc(1S) was observed at the B factories [3–5] and, to date, 

1 The inclusion of charge-conjugate modes is implied throughout the paper.

only a few of its decay modes have been observed. LHCb has 
previously measured, using data corresponding to an integrated 
luminosity of 1 fb−1, the decay B+ → pp̄K + and the branch-
ing fractions of its intermediate charmonium contributions. Upper 
limits on the ηc(2S), X(3872) and X(3915) branching fractions 
were also provided [6]. The BESIII Collaboration has also recently 
searched for the ηc(2S) → pp̄ decay in ψ(2S) radiative transi-
tions [7], and set an upper limit on the product of branching 
fractions B(ψ(3686) → ηc(2S)γ ) ×B(ηc(2S) → pp̄).

The ηc(1S) state is the lowest-lying S-wave spin-singlet char-
monium state and has been observed in various processes. The 
measurements of the ηc(1S) mass and width in radiative char-
monium transitions show a tension with those determined in dif-
ferent processes such as photon–photon fusion and B decays [8]. 
Detailed investigations of the line shape of the magnetic dipole 
transition by the KEDR [9] and CLEO [10] Collaborations indi-
cate that additional factors modify the naïve k3 dependence on 
the photon momentum, k, assumed in earlier measurements. This 
would affect the measurements of the mass and width in radiative 
charmonium transitions.

http://dx.doi.org/10.1016/j.physletb.2017.03.046
0370-2693/© 2017 Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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In this paper, the first observation of ηc(2S) → pp̄ decay and a 
search for ψ(3770) → pp̄ and X(3872) → pp̄ decays are reported. 
The measurements of the branching fractions are relative to that of 
the B+ → J/ψ(→ pp̄)K + decay. Additional measurements of the 
ηc(1S) and ηc(2S) mass and the ηc(1S) width are reported. This 
new measurement of the ηc(1S) resonance parameters in exclusive 
B+ → [cc̄]K + decays, where [cc̄] stands for a generic charmonium 
resonance, is independent of the above-mentioned line-shape com-
plications.

2. Detector and simulation

The LHCb detector [11,12] is a single-arm forward spectrome-
ter 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 ver-
tex detector surrounding the 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 mag-
net. The tracking system provides a measurement of momentum, 
p, of charged particles with a relative uncertainty that varies from 
0.5% at low momentum2 to 1.0% at 200 GeV. The minimum dis-
tance of a track to a primary vertex (PV), the impact parameter 
(IP), 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 us-
ing information from two ring-imaging Cherenkov detectors. 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 
full event reconstruction.

At the hardware trigger stage, events are required to have high 
transverse energy in the calorimeters. For hadrons, the transverse 
energy threshold is 3.5 GeV. The software trigger requires the 
presence of a two-, three- or four-track secondary vertex with 
significant displacement from the primary pp interaction vertices. 
At least one charged particle must have pT larger than 1.7 GeV
and be inconsistent with originating from a PV. A multivariate al-
gorithm [13] is used for the identification of secondary vertices 
consistent with the decay of a b hadron.

Non-resonant B+ → pp̄K + events are simulated, uniformly dis-
tributed in phase space, as well as resonant modes such as B+ →
ηc(2S)(→ pp̄)K + , B+ → X(3872)(→ pp̄)K + , B+ → ψ(2S)(→
pp̄)K + and B+ → J/ψ(→ pp̄)K + to optimise the signal selection 
and to evaluate the ratio of the efficiencies for each considered 
channel with respect to the normalisation mode. In the simula-
tion, pp collisions are generated using Pythia 8 [14] with a specific 
LHCb configuration [15]. Decays of hadronic particles are described 
by EvtGen [16], in which final-state radiation is simulated us-
ing Photos [17]. The interaction of the generated particles with 
the detector, and its response, are implemented using the Geant4 
toolkit [18] as described in Ref. [19].

3. Event selection

The selection of the B+ candidates is done in two stages. 
First, a selection using loose criteria to reduce the background, is 
performed, followed by a multivariate selection. The three final-
state charged particles are required to have a track-fit χ2/ndf < 3, 
where ndf is the number of degrees of freedom. They must also 
have p > 1500 MeV, pT > 100 MeV, and χ2

IP > 1 with respect to 

2 Natural units with c = 1 are used throughout the paper.

any primary vertex in the event, where χ2
IP is defined as the dif-

ference in the vertex-fit χ2 of a given PV reconstructed with and 
without the considered track. Moreover, the sum of the transverse 
momenta of the final-state particles is required to be greater than 
4500 MeV and the sum of their momenta is required to be greater 
than 20 GeV. Particle identification (PID) requirements, based on 
the RICH detector information, are applied to p and p̄ candidates. 
The discriminating variables between different particle hypothe-
ses (π, K , p) are the differences between log-likelihood values 
� lnLαβ under particle hypotheses α and β , respectively. The p
and p̄ candidates are required to have � lnLpπ > −5. The recon-
structed B+ candidates are required to have an invariant mass in 
the range 5.08–5.48 GeV. The PV associated to each B+ candi-
date is defined to be the one for which the B+ candidate has 
the smallest χ2

IP. The B+ candidate is required to have a vertex 
fit with a χ2/ndf < 12 and a flight distance greater than 3 mm, 
a χ2 for the flight distance greater than 500, an χ2

IP < 10 with 
respect to the associated PV and a pT > 1000 MeV. The angle be-
tween the reconstructed momentum of the B+ candidate and the 
B+ flight direction (θfl) is required to be θfl > 0.632 mrad. The 
reconstructed candidates that meet the above criteria are further 
filtered using a Boosted Decision Tree (BDT) algorithm [20,21]. The 
BDT is trained on a signal sample of simulated B+ → pp̄K + decays 
and a background sample of data taken from the upper B+-mass 
sideband in the range 5.34–5.48 GeV. The upper sideband is ex-
ploited to avoid partially reconstructed background mainly due to 
B(+,0) → pp̄K +π(0,−) decays, where the pion is not correctly re-
constructed, with reconstructed masses smaller than the measured 
B+ mass. The variables used by the BDT to discriminate between 
signal and background candidates are: the pT of each reconstructed 
track; the sum of the transverse momenta of the final-state par-
ticles; the sum of their χ2

IP with respect to the primary vertex; 
the IP of the final-state particle with the highest pT, with re-
spect to the primary vertex; the number of final state particles 
with pT > 900 GeV/c; the maximum distance of closest approach 
between any two of the final-state particles from the B+ decay; 
the IP of the B+ candidate with respect to the primary vertex; 
the distance between primary and secondary vertices; cos θfl; the 
χ2/ndf of the secondary vertex; a pointing variable defined as 

P sin θ
P sin θ+∑

i pT,i , where P is the total momentum of the three-particle 
final state, θ is the angle between the vector sum of the momenta 
of the final-state particles and the direction of the flight distance 
of the B+ , with 

∑
i pT,i the sum of the transverse momenta of 

the final-state particles; and the log likelihood difference for each 
daughter between the assumed PID hypothesis and the pion hy-
pothesis. The selection criterion on the BDT response is chosen by 
maximising the significance of the χc1 → pp̄ signal yield in data. 
The number of events from this well-known transition provides 
a control sample comparable in size to that of the ηc(2S). With 
this optimisation 90% of the B+ → pp̄K + signal candidates are re-
tained while reducing the combinatorial background level by 83%.

4. Invariant mass spectra and event yields

An extended unbinned maximum likelihood fit is performed 
to the pp̄K + invariant mass distribution shown in Fig. 1. The 
shapes of the different contributions are determined from simu-
lation. The signal peak is parameterised using an Apollonios prob-
ability density function (PDF) [22]. The yield, mean and resolution 
are allowed to vary freely in the fit, while the tail parameters are 
fixed to the values obtained from simulation. The combinatorial 
background component is parameterised by an exponential func-
tion. Partially reconstructed background is parameterised using an 
ARGUS PDF [23] convolved with a Gaussian resolution function. 
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Fig. 1. Invariant mass spectrum of the pp̄K + candidates. The total fit curve and 
individual fit components are superimposed on the data.

The parameters of the ARGUS PDF and of the Gaussian resolu-
tion function are fixed to the values obtained from simulation. The 
misidentified background due to B+ → pp̄π+ decays, where the 
charged pion is misidentified as a kaon, is parameterised with a 
bifurcated Gaussian PDF [24] and parameters fixed to the values 
obtained from simulation. The yields of partially reconstructed and 
misidentified backgrounds are determined from data.

The backgrounds observed in the pp̄K + mass distribution are 
subtracted using the sPlot technique [25] to extract the pp̄ mass 
spectrum in B+ → pp̄K + decays. Signal yields for the resonant 
contributions are then determined from an extended unbinned 
maximum likelihood fit to the pp̄ mass spectrum. To improve 
the pp̄ invariant mass resolution, the fit to the B+ decay ver-
tex is performed with the B+ mass constrained to the known 
value [8] and the B+ candidate pointing to the PV [26]. The pp̄
mass spectrum is also used to determine the mass differences 
M J/ψ − Mηc(1S) and Mψ(2S) − Mηc(2S) and the natural width of 
the ηc(1S) state. In order to have accurate mass measurements, 
a calibration is applied to the momenta of the final-state particles. 
Large samples of B+ → J/ψ K + decays with J/ψ → μ+μ− are 
used to calibrate the momentum scale of the spectrometer [27]. 
Possible reflections due to B+ → p�̄ → pp̄K + decays are inves-

tigated using simulations, which show that no narrow structures 
are induced in the pp̄ spectrum. Six charmonium resonances are 
included in the nominal fit to the pp̄ invariant mass spectrum: 
ηc(1S), J/ψ , χc0, χc1, ηc(2S) and ψ(2S). Alternative fits including 
the ψ(3770) or the X(3872) resonances are performed in order 
to estimate upper limits on their branching fractions. The J/ψ
and ψ(2S) peaks are parameterised with a double Gaussian PDF. 
The ηc(1S), ηc(2S), χc0 and ψ(3770) shapes are modelled with a 
relativistic Breit–Wigner PDF convolved with a Gaussian PDF. The 
X(3872) and the χc1 are described with a Gaussian PDF since their 
natural width is much smaller than mass resolution. Due to the 
B+ mass constraint in the vertex fit, the pp̄ mass resolution is ef-
fectively constant in the entire pp̄ spectrum. The mass resolution 
parameter, common to all the charmonium states, is found to be 
σpp̄ = (4.3 ± 0.4) MeV, in good agreement with the simulations. 
The masses of the χc0, χc1, X(3872), ψ(3770) and X(3915) states 
are fixed to the known values [8]. The J/ψ and ψ(2S) peak po-
sitions (M J/ψ and Mψ(2S)), the mass differences (M J/ψ − Mηc(1S)

and Mψ(2S) − Mηc(2S)), and the natural width of the ηc(1S) state 
(�ηc(1S)) are free parameters and are obtained from the fit to the 
data. A Gaussian constraint to the average value for the natural 
width of the ηc(2S) is applied [8]. The pp̄ non-resonant compo-
nent is assumed to have no relative orbital angular momentum, 
J = 0. The fit includes a possible interference effect between the 
ηc(1S) state and the J = 0 non-resonant component. The ampli-
tude is given by |A|2 = |Anon-res + f eiδ Aηc(1S)|2, where Anon-res
is the amplitude of the non-resonant component, Aηc(1S) is the 
amplitude of the ηc(1S) state, δ is the phase difference and f a 
normalisation factor. The shape of the non-resonant component in 
the pp̄ mass spectrum follows a phase-space distribution [8]. The 
fit result is shown in Fig. 2. A zoom of the fit result in the range 
3.55–4.00 GeV is shown by the inset in Fig. 2.

Using Wilks’ theorem [28], the statistical significance for the 
ηc(2S) signal is computed from the change in the best fit like-
lihood when omitting the signal under scrutiny, 

√
2 ln(L S+B/LB), 

where L S+B and LB are the likelihoods from the nominal fit and 
from the fit without the ηc(2S) signal component, respectively. 
The statistical significance for the ηc(2S) signal is found to be 
6.4 standard deviations. No evidence for the ψ(3770) and X(3872)

resonances is found. The signal yields are reported in Table 1.
Fig. 2. Invariant mass spectrum of the pp̄ candidates. Background in the B+ → pp̄K + distribution is subtracted using the sPlot technique as described in the text. The total 
fit curve is superimposed. A zoom of the fit result in the range 3.55–4.00 GeV is shown by the inset.
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Table 1
Signal yields from the fit to the pp̄ mass spec-
trum in B+ → pp̄K + decays. The fit fractions of 
the ηc(1S) and the non-resonant component in the 
J = 0 amplitude are 25% and 65% respectively. The 
fit fractions do not include uncertainties due to the 
ambiguities in the relative phase of the interfering 
amplitudes. Uncertainties are statistical only.

State Signal yield

ηc(1S) + non-res. 11246 ±119
J/ψ 6721 ±93
χc0 84±22
χc1 95±16
ηc(2S) 106±22
ψ(2S) 588±30
ψ(3770) −6±9
X(3872) −14±8

5. Efficiencies and systematic uncertainties

The branching fraction of the B+ → [cc̄](→ pp̄)K + decay for a 
specific [cc̄] resonance relative to that of the J/ψ is given by

R[cc̄] ≡ B(B+ → [cc̄]K +) × B([cc̄] → pp̄)

B(B+ → J/ψ K +) × B( J/ψ → pp̄)

= N([cc̄])
N( J/ψ)

× ε J/ψ

εcc̄
, (1)

where N([cc̄]) ≡ N(B+ → [cc̄](→ pp̄)K +) and N( J/ψ) ≡ N(B+ →
J/ψ(→ pp̄)K +) are the numbers of decays and ε J/ψ/εcc̄ is the 
total efficiency ratio. The total efficiency is the product of the 
detector geometrical acceptance, the trigger efficiency, the recon-
struction and selection efficiency, the PID efficiency, and the BDT 
classifier efficiency. The ratio of the efficiencies between the signal 
and the normalising J/ψ channels is determined using simulated 
samples. To account for any discrepancy between data and simula-
tion, the PID efficiencies of kaons and protons are calibrated from 
data samples of D∗+ → D0(→ K −π+)π+ and Λ0 → pπ− decays. 
For each simulated candidate, its PID value is replaced by a value 
extracted randomly from the corresponding PID curves determined 
from control samples. The selection is then applied to the PID-
corrected simulated sample to estimate the efficiency.

Systematic uncertainties originate from the determination of 
the signal yields, efficiencies, selection procedure and branching 
fractions. Since the final state is common for all considered de-
cays, most of the systematic uncertainties cancel in the ratios. 
Imperfect knowledge of the invariant mass distributions for the 
signal and background causes systematic uncertainties in the signal 
yield determination, the mass difference and width measurements. 
The contribution from the fit model is studied by using alterna-
tive shapes for the B+ component, for the [cc̄] states and for the 
background. For the B+ signal shape, a Gaussian PDF with power-
law tails on both sides and the sum of two Gaussian PDFs with 
power-law tails are used as alternatives to the Apollonios PDF. The 
combinatorial background component in the pp̄ K + invariant mass 
is parameterised using a linear PDF. The effect of removing the 
peaking background due to misidentified B+ → pp̄π+ decays is 
investigated by checking the variation of the ratio of the branch-
ing fractions by including or neglecting this component in the fit. 
Incorrect modelling of the partially reconstructed background can 
also introduce a systematic uncertainty. This is estimated by re-
moving the pp̄K + invariant mass fit range below 5.20 GeV in 
order to exclude its contribution. In the fit to the pp̄ spectrum, 
for the J/ψ signal, the Apollonios PDF is used as an alternative 
to the sum of two Gaussian PDFs. The range of the pp̄ invariant 
mass spectrum is also varied. The systematic uncertainty due to 
the variation of the fit range gives a negligible contribution to the 

Table 2
Systematic uncertainties in units of 10−4 on the ηc(2S), X(3872) and ψ(3770)

branching fraction measurements relative to that of the J/ψ . The efficiency con-
tribution includes both the PID efficiency variation and the statistical error due to 
the finite size of the simulated samples.

ηc(2S) X(3872) ψ(3770)

Fit 5 3 5
BDT 8 2 11
Efficiency 2 1 1

Total 9 4 12

Table 3
Systematic uncertainties on the mass differences M J/ψ − Mηc (1S) , Mψ(2S) − Mηc (2S)

and the �ηc (1S) measurements. The systematic uncertainty associated to the mo-
mentum scale calibration is negligible for the total width �ηc(1S) measurement.

M J/ψ − Mηc (1S)

[MeV]
Mψ(2S) − Mηc (2S)

[MeV]
�ηc (1S)

[MeV]

Fit 0.90 0.10 1.20
BDT 0.21 0.55 0.40
Momentum scale 0.03 0.06 –

Total 0.92 0.56 1.27

branching fraction measurement while it is the largest contribu-
tion to the M J/ψ − Mηc(1S) difference. The largest variation in the 
ratio of the branching fractions due to the fit model is assigned as 
the corresponding systematic uncertainty.

Possible biases related to the signal selection criteria are inves-
tigated by varying the BDT requirement and by checking the effect 
on the branching fraction ratio and on the efficiency ratio, after ac-
counting for statistical fluctuations. The maximum variation in the 
ratio of the yields or the maximum variation in the mass difference 
and width measurements are considered as an estimate of the cor-
responding source of systematic uncertainty. In addition, variations 
in the procedure used to determine the PID efficiency and the un-
certainty due to the finite size of the simulated samples, lead to an 
uncertainty on the efficiency ratio in the branching fractions eval-
uation. The total systematic uncertainties on the relative branching 
fraction measurements, determined by adding the individual con-
tributions in quadrature, are listed in Table 2.

The significance, including systematic uncertainties, of the sig-
nals is determined by convolving the profile likelihoods used in 
the yield determinations with a Gaussian with a width equal to 
the size of the systematic uncertainties that affect the yield. From 
the modified profile likelihood the significance of the ηc(2S) signal 
is found to be 6.0 standard deviations. The upper limits at 90% and 
95% confidence level on the X(3872) and ψ(3770) ratio of branch-
ing fractions are determined from integrating the profile likelihood 
functions including systematic uncertainty.

The measurements of the mass differences M J/ψ − Mηc(1S) and 
Mψ(2S) − Mηc(2S) and the natural width of the ηc(1S) state are 
further affected by the uncertainty in the momentum scale calibra-
tion. This systematic uncertainty is small for the mass differences 
and negligible (< 0.003 MeV) for the natural width. Table 3 sum-
marises the systematic uncertainties on the measurement of the 
M J/ψ − Mηc(1S) , Mψ(2S) − Mηc(2S) mass differences and on the 
ηc(1S) natural width.

6. Results and conclusions

A search for the ηc(2S), ψ(3770) and X(3872) contributions 
in B+ → pp̄K + decays is performed using data corresponding to 
an integrated luminosity of 3.0 fb−1 recorded at centre-of-mass 
energies of 

√
s = 7 TeV and 8 TeV. The branching fractions are de-

termined using the B+ → J/ψ(→ pp̄)K + decay as normalisation
channel. The ηc(2S) → pp̄ decay is observed for the first time with 
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a total significance of 6.0 standard deviations. The relative branch-
ing fraction is measured to be

Rηc(2S) = (1.58 ± 0.33 ± 0.09) × 10−2,

where the first uncertainty is statistical and the second system-
atic. For the B+ → X(3872)(→ pp̄)K + and the B+ → ψ(3770)(→
pp̄)K + decays, the upper limits at 90 (95)% confidence level are

Rψ(3770) < 9 (10) × 10−2,

RX(3872) < 0.20 (0.25) × 10−2.

The visible branching fraction calculated using the value of 
B(B+ → J/ψ K +) × B( J/ψ → pp̄) = (2.2 ± 0.1) × 10−6 [8] is de-
termined to be

B(B+ → ηc(2S)K +) × B(ηc(2S) → pp̄)

= (3.47 ± 0.72 ± 0.20 ± 0.16) × 10−8,

where the last uncertainty is due to the uncertainty on B(B+ →
J/ψ K +) ×B( J/ψ → pp̄).

The differences between M J/ψ and Mηc(1S) and between 
Mψ(2S) and Mηc(2S) are measured to be

M J/ψ − Mηc(1S) = 110.2 ± 0.5 ± 0.9 MeV,

Mψ(2S) − Mηc(2S) = 52.5 ± 1.7 ± 0.6 MeV.

The natural width of the ηc(1S) is found to be

�ηc(1S) = 34.0 ± 1.9 ± 1.3 MeV.

In contrast to the determinations using radiative decays, these 
mass and width determinations do not depend on the knowledge 
of the line shapes of the magnetic dipole transition.
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