
Search for ηcð2SÞ → pp̄ and branching fraction measurements
of χ cJ → pp̄ via ψð2SÞ radiative decays

M. Ablikim et al.
*

(BESIII Collaboration)

(Received 24 October 2024; accepted 22 November 2024; published 8 January 2025)

Using ð27.12� 0.14Þ × 108 ψð2SÞ events collected by the BESIII detector operating at BEPCII,
we search for the decay ηcð2SÞ → pp̄ via the process ψð2SÞ → γηcð2SÞ and only find a signal with a
significance of 1.7σ. The upper limit of the product branching fraction at the 90% confidence level is
determined to be Bðψð2SÞ → γηcð2SÞÞ × Bðηcð2SÞ → pp̄Þ < 2.4 × 10−7. The branching fractions of
χcJ → pp̄ ðJ ¼ 0; 1; 2Þ are also measured to be Bðχc0 → pp̄Þ ¼ ð2.51� 0.02� 0.08Þ × 10−4,
Bðχc1 → pp̄Þ ¼ ð8.16� 0.09� 0.25Þ × 10−4, and Bðχc2 → pp̄Þ ¼ ð8.33� 0.09� 0.22Þ × 10−4, where
the first uncertainty is statistical and the second systematic.

DOI: 10.1103/PhysRevD.111.012003

I. INTRODUCTION

Experimental and theoretical studies of charmonium
states play an important role in understanding quantum
chromodynamics (QCD). Since the first member of this
family, the J=ψ , was observed in experiment [1–3],
other charmonium states below the open-charm threshold
have been discovered. Among these states, the ηcð2SÞ
and hcð1PÞ are less well understood. The spin-singlet
state ηcð2SÞ was first observed by the Belle experiment in
B meson decay B → Kηcð2SÞ, via ηcð2SÞ → K0

SK
∓π� [4].

This state was subsequently confirmed in several experi-
ments [5–8]. In 2012, BESIII observed ηcð2SÞ in the
radiative transition ψð2SÞ → γηcð2SÞ, where ηcð2SÞ is
reconstructed by K0

SK
�π∓ and KþK−π0 final states [9].

Our understanding of ηcð2SÞ decay modes is still limited.
To date, only seven decay modes of ηcð2SÞ have been
observed experimentally, with the largest branching frac-
tion of ð1.9� 1.2Þ% for the KK̄π mode [10].
Among the various decay channels, the decay of ηcð2SÞ

into a proton-antiproton (pp̄) pair has attracted particular
interest. In 2013, the decay ηcð2SÞ → pp̄ was searched
for using 106 × 106 ψð2SÞ events collected by the
BESIII detector [11]. The statistical significance of
the ηcð2SÞ signal was found to be 1.7σ, and the upper
limit of the product branching fraction Bðψð2SÞ →
γηcð2SÞÞ × Bðηcð2SÞ → pp̄Þ at the 90% confidence level
(CL) determined to be 1.4 × 10−6. The first observation of

ηcð2SÞ → pp̄ was reported by the LHCb experiment
with a statistical significance of 6.4σ, where the ηcð2SÞ
resonance is produced in the decay Bþ → ½cc̄�Kþ. The
product branching fraction normalized to the J=ψ inter-

mediate state is given as Bðψð2SÞ→ηcð2SÞKþÞ×Bðηcð2SÞ→pp̄Þ
Bðψð2SÞ→J=ψKþÞ×BðJ=ψ→pp̄Þ ¼

ð1.58� 0.33� 0.09Þ × 10−2 [12].
Theoretically, Brodsky and Lepage [13] predict that total

hadron helicity is conserved in large momentum transfer
processes, implying the decays of ηcð1SÞ=χc0=hc=ηcð2SÞ to
pp̄ are forbidden by the helicity selection rule in massless
QCD models. Another topic of interest in charmonium
decays is the branching fraction ratio. As spin-singlet
partners of ψð2SÞ and J=ψ , the ηcð2SÞ and ηcð1SÞ can
decay into light hadrons similarly. Anselmino et al. [14]
assumed for all unforbidden hadronic channels that
Bðηcð2SÞ→hÞ
Bðηcð1SÞ→hÞ ≈

Bðψð2SÞ→hÞ
BðJ=ψ→hÞ ≈ 0.128. However, Chao et al. [15]

argue that this ratio should be Bðηcð2SÞ→hÞ
Bðηcð1SÞ→hÞ ≈ 1, or 1=2 if there

is a mixture with a glueball. Using known branching
fractions of ηcð2SÞ and ηcð1SÞ, a global fit is performed
and experimental results are found to be significantly
different from the above theoretical predictions [16].
In this paper, using ð27.12� 0.14Þ × 108 ψð2SÞ events

collected by the BESIII detector in 2009, 2012, and 2021
[17], the decay ηcð2SÞ → pp̄ is searched for through the
radiative transition ψð2SÞ → γηcð2SÞ. However, no signifi-
cant signal is observed. With the same analysis strategy, the
branching fractions of χcJ → pp̄ ðJ ¼ 0; 1; 2Þ are deter-
mined with improved precision.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [18] records symmetric eþe−
collisions provided by the BEPCII storage ring [19] in
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the center-of-mass energy ranging from 1.85 to 4.95 GeV,
with a peak luminosity of 1.1 × 1033 cm−2 s−1 achieved atffiffiffi
s

p ¼ 3.773 GeV. BESIII has collected large data samples
in this energy region [20]. The cylindrical core of the
BESIII detector covers 93% of the full solid angle and
consists of a helium-based multilayer drift chamber
(MDC), a time-of-flight system (TOF), and a CsI(Tl)
electromagnetic calorimeter (EMC), which are all enclosed
in a superconducting solenoidal magnet providing a 1.0 T
magnetic field. The solenoid is supported by an octagonal
flux-return yoke with resistive plate counter muon identi-
fication modules interleaved with steel. The charged-
particle momentum resolution at 1 GeV=c is 0.5%, and
the resolution of the specific ionization energy (dE=dx) is
6% for electrons from Bhabha scattering. The EMC
measures photon energies with a resolution of 2.5%
(5%) at 1 GeV in the barrel (end-cap) region. The time
resolution in the TOF plastic scintillator barrel region is
68 ps, while that in the end-cap region was 110 ps. The end-
cap TOF system was upgraded in 2015 using multigap
resistive plate chamber technology, providing a time
resolution of 60 ps, which benefits 85% of the data used
in this analysis [21].
Monte Carlo (MC) simulated samples produced with

GEANT4-based [22] software, which includes the geometric
description of the BESIII detector and the detector
response, are used to determine detection efficiencies
and to estimate backgrounds. The simulation models the
beam energy spread and initial state radiation (ISR) in
the eþe− annihilations with the generator KKMC [23]. The
inclusive MC sample includes the production of the ψð2SÞ
resonance, the ISR production of the J=ψ , and the
continuum processes incorporated in KKMC [23]. Known
decay modes are modeled with EVTGEN [24,25] using
branching fractions taken from the Particle Data Group
(PDG) [10]. The remaining unknown charmonium decays
are modeled with LUNDCHARM [26,27]. Final state radia-
tion (FSR) from charged final state particles is incorporated
using PHOTOS [28]. Exclusive MC samples are generated to
determine the detection efficiency and optimize selection
criteria. The process of ψð2SÞ → γχcJ=ηcð2SÞ is generated
following the angular distribution of (1þ λ cos2 θ1), where
θ1 is the polar angle of the radiative photon in the rest frame
of ψð2SÞ and the value of λ is set to be 1 for ηcð2SÞ and 1,
−1=3, 1=13 for χcJ ðJ ¼ 0; 1; 2Þ, respectively [29]. The
χcJ → pp̄ decays are generated with (1þ α cos2 θ2)
distribution, where θ2 is the polar angle of proton in the
χcJ helicity frame and α is determined from data. The
ηcð2SÞ → pp̄ decay is generated with a phase-space
(PHSP) model.

III. EVENT SELECTION

The final state of interest contains two charged particles
and one neutral particle. Charged tracks detected in the
MDC are required to be within a polar angle (θ) range of

jcos θj < 0.93, where θ is defined with respect to the z axis,
the symmetry axis of the MDC. The distance of the closest
approach to the interaction point (IP) must be less than
10 cm along the z axis, jVzj, and less than 1 cm in the
transverse plane, jVxyj. Two good charged tracks are
required in the final state, and the total charge must be
equal to zero.
The particle identification (PID) for charged tracks

combines measurements of the dE=dx in the MDC and
the flight time in the TOF to form likelihoods LðhÞ (h ¼ p,
K, π) for each hadron (h) hypothesis. A charged track is
identified as a proton when the proton hypothesis has
the maximum likelihood value, i.e. LðpÞ > LðKÞ and
LðpÞ > LðπÞ. The two good charged tracks must be
identified as a proton and an antiproton.
In the selection of good photon candidates, the deposited

energy for a cluster is required to be larger than 25 MeV in
both the barrel (jcos θj < 0.80) and end-cap (0.86 <
jcos θj < 0.92) regions. To suppress electronic noise and
unrelated showers, the difference between the EMC time
and the event start time is required to be within [0, 700] ns.
The opening angle between the cluster and the closest good
charged track is required to be larger than 20° for a proton
and 30° for an antiproton. The number of good photon
candidates is required to be greater than zero.
A vertex fit of the two charged tracks is performed to

check if they are consistent with coming from the IP. Next,
a four-constraint (4C) kinematic fit [30] is performed with
all the final state particles, where the summed four-
momentum of two charged tracks and a neutral track is
constrained to the initial four-momentum of ψð2SÞ. For the
events with more than one photon candidate, the photon
with the minimum χ24C value is selected. The χ24C is required
to be less than 60, which is optimized by maximizing the
figure of merit defined as S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
, where S and B are

the expected yields of signal and background events in the
ηcð2SÞ signal region normalized to data. S is estimated by
Ntot

ψð2SÞ × Bðψð2SÞ → γηcð2SÞÞ × Bðηcð2SÞ → pp̄Þ × ϵMC,
where Ntot

ψð2SÞ is the number of ψð2SÞ events, Bðψð2SÞ →
γηcð2SÞÞ is taken from PDG [10], Bðηcð2SÞ → pp̄Þ is set to
the LHCb measurement [12], and ϵMC is the detection
efficiency. B is the number of background events estimated
from the inclusive MC sample.

IV. BACKGROUND ANALYSIS

The inclusive MC sample shows that the main back-
grounds are from ψð2SÞ → γpp̄, pp̄, and π0pp̄ processes.
The other backgrounds account for only 1% of all the
background events, which is thereby negligible, and there is
no peaking background. The nonresonant ψð2SÞ → γpp̄
background shares the same final state as the signal channel
and therefore cannot be suppressed. The other two back-
grounds ψð2SÞ → pp̄ and ψð2SÞ → π0pp̄, which have one
less or one more photon, respectively, as well as the
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contribution from the continuum production will be dis-
cussed in detail below.

A. Background of ψð2SÞ → pp̄

Events of ψð2SÞ → pp̄ accompanied by a fake photon or
a FSR photon can easily pass through the event selection.
For the events with a fake photon, the four-momentum of
the proton and antiproton is expected to equal to that
of ψð2SÞ. Based on this, a three-constraint (3C) kinematic
fit is performed where the momentum magnitude of the
photon is allowed to float. Figure 1 shows the Mpp̄

distributions from ψð2SÞ → γηcð2SÞ; ηcð2SÞ → pp̄, and
ψð2SÞ → pp̄ MC samples after 4C and 3C kinematic fits.
The peak of ψð2SÞ → pp̄ is significantly separated from
the ηcð2SÞ signal after the 3C kinematic fit. Therefore, the
M3C

pp̄ distribution is used to determine the signal yield. In
addition, χ24Cðγpp̄Þ < χ24Cðpp̄Þ is required to further sup-
press the background.
The consistency of the FSR photon between MC

simulation and data has been checked using the control
sample J=ψ → pp̄γFSR. With the same proton and anti-
proton selection criteria as for our signal, the selected
numbers of events with a FSR photon are 3307� 58 in data
and 3200� 57 in MC, which are consistent with each other
within the statistical uncertainty. Thus, we use the MC
simulation to describe the FSR contribution in our fit
process directly.

B. Background of ψð2SÞ → π0pp̄

The process of ψð2SÞ → π0pp̄ can contaminate our
signal if a soft photon is not detected. To estimate this
contribution, we generate corresponding MC samples
based on partial wave analysis results [31]. After the event

selection, the distribution of M3C
pp̄, which is described by a

Novosibirsk function [32], is shown in Fig. 2. There are
two solutions for the branching fraction of ψð2SÞ → π0pp̄
due to the interference between the resonance and con-
tinuum production, which are ð133.9� 11.2� 2.3Þ × 10−6

for constructive interference and ð183.7� 13.7� 3.2Þ ×
10−6 for destructive interference. We choose the second one
as the nominal value to estimate the number of background
events because it is more consistent with results from a
data-driven method.

C. Continuum background

The continuum production contribution is estimated with
a data sample taken at

ffiffiffi
s

p ¼ 3.65 GeV. Considering the
energy difference between 3.65 and 3.686 GeV, the Mpp̄

distribution is shifted according to the transformation
m → aðm −m0Þ þm0, where m0 ¼ 1.877 GeV=c2 is the
mass threshold of pp̄ and the coefficient a ¼
ð3.686 −m0Þ=ð3.65 −m0Þ ¼ 1.02. The number of events
is scaled based on the cross sections and luminosities at the
two energy points. The resulting scale factor is calculated to
be fcontinuum ¼ L3.686

L3.65
· ð 3.65

3.686Þ2 ¼ 9.73.

V. BRANCHING FRACTION MEASUREMENT

The signal yields are obtained by performing an
unbinned maximum likelihood fit to the M3C

pp̄ distribution
in the range of ½3.3; 3.7� GeV=c2, which covers the ηcð2SÞ
and χcJ signal regions. The line shapes of ηcð2SÞ and χcJ
are described as

�
E3
γ × BWðm;m0;ΓÞ × fdðEγÞ × ϵðmÞ� ⊗ DG:

Here, m is M3C
pp̄, and the first term E3

γ is the PHSP factor,
where Eγ is the energy of the transition photon in the rest
frame of ψð2SÞ, calculated asEγ ¼ðm2

ψð2SÞ−m2Þ=ð2mψð2SÞÞ,
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FIG. 1. The Mpp̄ distributions for ψð2SÞ → γηcð2SÞ; ηcð2SÞ →
pp̄ MC events with 4C (red solid line) and 3C (purple dashed
line) kinematic fits, and ψð2SÞ → pp̄ MC events with 4C (green
dashed line) and 3C (blue dash-dotted line) kinematic fits. The
sharp cutoffs of the green and blue histograms are due to the
photon energy threshold of 25 MeV.
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the MC simulated ψð2SÞ → π0pp̄ events. The blue solid curve is
the fit result with a Novosibirsk function.
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withmψð2SÞ being the mass of ψð2SÞ [10]. BWðm;m0;ΓÞ is
the Breit-Wigner function, withm0 and Γ as the masses and
widths of ηcð2SÞ and χcJ [10]. fdðEγÞ is a damping factor
used to suppress the divergence in the lower side of the
mass spectrum. The form of the damping function used in
the nominal fit, proposed by the KEDR Collaboration [33],

is taken as E2
0

EγE0þðEγ−E0Þ2, where E0 ¼
m2

ψð2SÞ−m
2
ηcð2SÞ

2mψð2SÞ
is the most

probable energy of the transition photon. The efficiency
curve ϵðmÞ is based on the PHSP MC sample. We divide
the M3C

pp̄ distribution into 40 bins, calculate the efficiency
for each bin, and fit these efficiencies to obtain the curve.
The detector resolution is modeled by a double-Gaussian
(DG) function. For χcJ signals, the parameters of the DG
function are free, while for the ηcð2SÞ signal, the param-
eters are extrapolated from the χc1 and χc2 parameters with
a first-order polynomial function and are fixed.
In the fitting process, four background components are

considered. The line shape of ψð2SÞ → pp̄ is modeled by a
Crystal-Ball (CB) [34] function convolved with a DG
function. The parameters of the CB function are fixed
based on MC simulation, while the parameters of the DG
function are floated. The background from ψð2SÞ → π0pp̄
is described by a Novosibirsk function, with the yield fixed
at 3043� 55. The shape of the nonresonant ψð2SÞ → γpp̄
process is determined by MC simulation, and its magnitude

is fixed at 2001� 45 according to the PDG branching
fraction [10]. Additionally, the line shape of the continuum
production is fixed, and the number of events is 243� 16.
Figure 3 shows theM3C

pp̄ distribution after event selection
and the fit results. The left panel shows the full fit range,
while the right panel focuses on the ηcð2SÞ signal region.
The goodness of fit is χ2=ndf ¼ 39.25=25 ¼ 1.57, where
ndf is the number of degrees of freedom. The branching
fractions of χcJ → pp̄ are calculated by

BðχcJ → pp̄Þ ¼ Nobs
J

Ntot
ψð2SÞ × Bðψð2SÞ → γχcJÞ × ϵMC

J
;

where Nobs
J are the signal yields from the fit, Bðψð2SÞ →

γχcJÞ are taken from PDG [10], and ϵMC
J are the detection

efficiencies. The signal yields, detection efficiencies, and
the corresponding numerical results are listed in Table I.
The statistical significance of the ηcð2SÞ signal is

estimated to be 2.5σ by comparing the likelihood values
with and without the signal component. The detection
efficiency for ηcð2SÞ → pp̄ is ð45.5� 0.2Þ%, and the
signal yield is 158� 63. Dividing by Bðψð2SÞ →
γηcð2SÞÞ [35], the branching fraction Bðηcð2SÞ → pp̄Þ is
determined to be ð2.46� 0.98Þ × 10−4, where the uncer-
tainty is statistical. Using a Bayesian method [36], the
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FIG. 3. TheM3C
pp̄ distribution and fit result in the full fit range (left) and the ηcð2SÞ signal region (right). The black dots with error bars

are data, and the blue solid curve is the total fit. The four red solid lines are the χc0, χc1, χc2, and ηcð2SÞ signals. The purple, green, cyan,
and dark blue dashed lines show the background shapes of ψð2SÞ → pp̄ðγFSRÞ, ψð2SÞ → π0pp̄, ψð2SÞ → γpp̄, and the continuum
production, respectively.

TABLE I. Signal yields, detection efficiencies, and the measured branching fractions of χcJ → pp̄, as well as the branching fractions
from BESIII previous measurements [11] and the PDG [10]. Here the first uncertainties are statistical and the second systematic.

Channel Nobs
J ϵMC

J (%) B (this work) BESIII (2013) PDG

χc0 → pp̄ 31268� 189 47.0� 0.2 ð2.51� 0.02� 0.08Þ × 10−4 ð2.45� 0.08� 0.13Þ × 10−4 ð2.21� 0.08Þ × 10−4

χc1 → pp̄ 11279� 119 52.2� 0.2 ð8.16� 0.09� 0.25Þ × 10−5 ð8.6� 0.5� 0.5Þ × 10−5 ð7.60� 0.34Þ × 10−5

χc2 → pp̄ 10672� 115 49.6� 0.2 ð8.33� 0.09� 0.22Þ × 10−5 ð8.4� 0.5� 0.5Þ × 10−5 ð7.33� 0.33Þ × 10−5
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upper limit of the product branching fraction at 90% CL is
determined to be

B
�
ψð2SÞ → γηcð2SÞ

�
× B

�
ηcð2SÞ → pp̄

�
< 2.2 × 10−7:

VI. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties in the branching fraction
measurements are listed in Table II. The systematic
uncertainties are divided into two parts: the multiplicative
and additive terms. The multiplicative uncertainties include
tracking, PID, photon reconstruction, kinematic fit, gen-
erator model, and number of ψð2SÞ events. The additive
uncertainties are those related to the fit process, including
the form of the damping function, efficiency curve, DG
parameters, number of γpp̄ background events, shape and
size of π0pp̄ background, and number of continuum back-
ground events. The total systematic uncertainty is obtained
by summing all contributions in quadrature, assuming they
are independent.
To determine the uncertainties of tracking and PID for

the proton, the uncertainties, given by the efficiency
differences between data and MC control samples as a
function of transverse momentum, are reweighted accord-
ing to the transverse momentum distributions of the proton
and antiproton. To cover the momentum range of p and p̄,
the control samples J=ψ → pp̄ and eþe− → pp̄ are used.
The uncertainties of tracking are 1.10%, 0.96%, 0.91%, and
0.82%, while the uncertainties due to PID are 0.96%,
0.99%, 1.10%, and 1.65% for the χc0;1;2 and ηcð2SÞ decays,
respectively.
The uncertainty of photon reconstruction for χcJ decays

in both the barrel and end-cap regions is determined to be
0.5%, using a control sample eþe− → γμþμ−. The energy

of transition photon from ψð2SÞ → γηcð2SÞ is less than
0.1 GeV, and the systematic uncertainty is assigned
to be 1% by using the control samples J=ψ → ρ0π0 and
eþe− → γγ [37].
To estimate the uncertainty introduced by the kinematic

fit, the helix parameters are corrected in the MC simulation
to reduce the difference between data and MC events [11].
The uncertainties of the kinematic fit are taken as half of the
efficiency differences before and after the helix parameter
correction, which are 0.11%, 0.10%, 0.10%, and 0.22% for
χc0;1;2 and ηcð2SÞ decays, respectively.
The helicity angular distributions of the proton in the χcJ

signal region are measured from data and described by
1þ α cos2 θ2 [11]. The χcJ → pp̄ decays are simulated
with this α value in the MC sample. By varying the α value
by �1σ, the maximum difference of MC efficiencies is
taken as the uncertainty of the generator model. For the
process of ηcð2SÞ → pp̄, the uncertainty is estimated by
taking α ¼ 1 and −1.
The systematic uncertainty of the efficiency curve ϵðmÞ

is estimated by changing the number of bins to 20, 30, 60,
80, 100, 150, and 200. The maximum difference in the
branching fractions from these efficiency curves is taken
as the uncertainty. The uncertainty caused by the form
of damping function is estimated by changing it to
expð−E2

γ=8β2Þ, as used by the CLEO Collaboration [38].
The parameter β is free for χcJ signal and fixed at 65 MeV
for the ηcð2SÞ signal. The uncertainty of the ηcð2SÞ DG
parameters is estimated using an alternative set, where the
parameters are the same as the χc2 signal.
Instead of the Novosibirsk function, an ARGUS function

[39] is used to describe the shape of the ψð2SÞ → π0pp̄
background, and the uncertainty in the number of ψð2SÞ →
π0pp̄ events is determined by the difference in signal yield

TABLE II. Relative systematic uncertainties (in %) in the branching fraction measurements of χcJ → pp̄
ðJ ¼ 0; 1; 2Þ and the search for ηcð2SÞ → pp̄.

Source χc0 → pp̄ χc1 → pp̄ χc2 → pp̄ ηcð2SÞ → pp̄

Tracking 1.10 0.96 0.91 0.8
PID 0.96 0.99 1.10 1.7
Photon reconstruction 0.50 0.50 0.50 1.0
Kinematic fit 0.11 0.10 0.10 0.2
Generator model 0.21 0.19 0.20 6.8
Number of ψð2SÞ events 0.52 0.52 0.52 0.5
Quoted branching fractions 2.04 2.46 2.10 38.5

Form of damping function 0.00 0.01 0.12 10.1
Efficiency curve 0.02 0.02 0.04 1.3
DG parameters 0.00 0.02 0.00 14.6
Shape of ψð2SÞ → π0pp̄ background 0.03 0.05 0.00 0.6
Number of ψð2SÞ → π0pp̄ background events 1.85 0.79 0.15 6.3
Number of ψð2SÞ → γpp̄ background events 0.79 0.53 0.34 3.8
Number of continuum background events 0.03 0.02 0.01 0.6

Total 3.30 3.07 2.68 41.2
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compared to the nominal value. For the number of other
background events, including nonresonant and continuum
processes, we change them by �1σ, and the maximum
difference of the signal yield is taken as the uncertainty.
The number of ψð2SÞ events is determined to be

ð27.12� 0.14Þ × 108 [17], and its uncertainty of 0.52%
is taken as a systematic uncertainty. The branching frac-
tions of ψð2SÞ → γχcJðJ ¼ 0; 1; 2Þ are ð9.79� 0.20Þ%,
ð9.75� 0.24Þ%, and ð9.52� 0.20Þ% [10], corresponding
to the uncertainties of 2.04%, 2.46%, and 2.10%, respec-
tively. The branching fraction of ψð2SÞ → γηcð2SÞ is
ð5.2� 0.3ðstatÞ � 0.5ðsystÞþ1.9−1.4ðextrÞÞ × 10−4 [35], corre-
sponding to a 38% uncertainty.
With fit-related uncertainties considered, the final sig-

nificance for ηcð2SÞ is conservatively estimated to be 1.7σ.
It is the DG function that yields the largest upper limit
among the additive uncertainties. The red solid line in
Fig. 4 shows the normalized likelihood distribution. This
distribution convolved with a Gaussian function, shown by
the blue dashed line, shows the effect of multiplicative
uncertainty. This process can be described as

L0ðxÞ ¼
Z

1

0

Lðx;Nsigϵ=ϵ̂Þ exp
�
−
ðϵ − ϵ̂Þ
2σ2s

�
dϵ;

where Lðx;Nsigϵ=ϵ̂Þ and L0ðxÞ are the likelihood distribu-
tions before and after incorporating the multiplicative
systematic uncertainty, respectively, ϵ̂ is the nominal
detection efficiency, and σs is the total multiplicative
systematic uncertainty, which is 7.15% obtained from
Table II. Taking the systematic uncertainty into account,
the upper limit at the 90% CL of the product branching
fraction is 2.4 × 10−7.

VII. SUMMARY

Using ð27.12� 0.14Þ × 108 ψð2SÞ events collected by
the BESIII detector, we search for the decay ηcð2SÞ → pp̄.
A signal with significance of only 1.7σ is observed.
The upper limit of the product branching fraction at the
90% CL is determined to be 2.4 × 10−7, which is reduced
by an order of magnitude compared to the previous
BESIII measurements. Dividing by the branching frac-
tion of ψð2SÞ → γηcð2SÞ [35], the upper limit of the
branching fraction of ηcð2SÞ → pp̄ is calculated to be
Bðηcð2SÞ → pp̄Þ < 7.5 × 10−4. This result is consistent
with the previous result from the LHCb Collaboration,
Bðηcð2SÞ → pp̄Þ ¼ ð7.89� 2.43� 1.89Þ × 10−5 [12].
Additionally, the ratio Bðηcð2SÞ → pp̄Þ=Bðηcð2SÞ →
KK̄πÞ is calculated to be less than 2.7 × 10−2 at the
90% CL. This calculation is based on the previous
BESIII measurement of Bðψð2SÞ→γηcð2SÞÞ×Bðηcð2SÞ→
KK̄πÞ [35], with common systematic uncertainties effec-
tively canceled.
The branching fractions of χcJ → pp̄ are also measured

with improved precision and listed in Table I, where the
first uncertainties are statistical and the second systematic.
Our results deviate from the PDG [10] values by 2.7σ for
χc0 and 2.4σ for χc2 but are consistent with the previous
BESIII measurement [11]. The data used in this analysis
incorporate the data from the earlier study. Therefore, this
measurement supersedes that reported in Ref. [11].
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