PHYSICAL REVIEW D 111, 052013 (2025)

Observation of 7,.(1S,2S) and y.; decays
to 2(z*x~ )n via yw(3686) radiative transitions
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Based on (2712.4 & 14.1) x 10° y(3686) decays collected with the BESIII detector, we have observed,
for the first time, the hadronic decays of S- and P-wave charmonium states into 2(z" 7z~ )5 via radiative
transitions from (3686). The branching fraction of the decay 5.(1S) — 2(z"#~)n has a significant
dependence on the interference pattern between 7,.(1S) and non-7,.(1S) processes. We measure it in both
the destructive and constructive interference scenarios for the first time. The mass and width of the 7.(15)
are measured to be M = (2984.14 +0.13 £ 0.38) MeV/c? and " = (28.82 £ 0.11 +0.82) MeV, re-
spectively. Clear signals for the decays of the y.;(J = 0, 1,2) and the 1.(25) to 2(z" 7~ )5 are also observed
for the first time, and the corresponding branching fractions are measured. The ratio of the branching
fractions between the 7. (2S) and . (1S) decays is significantly lower than the theoretical prediction, which

might suggest different dynamics in their decays.
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I. INTRODUCTION

Our understanding of the charmonium states with masses
below the open-charm production threshold is far from
satisfactory. This is especially true for the spin singlet
states [1], which include the S-wave ground state 7.
(n. =n.(1S)) and its first radial excitation 7,(2S). The
1.(28) state was first observed by the Belle experiment [2]
and later confirmed by the BABAR [3] and CLEO [4]
experiments. BESIII was the first to observe the radiative
transition y(3686) — yn.(2S) [5]. However, we have a
poor knowledge about the decays of 7.(2S), even twenty
years after its first discovery. Only about 6% of the 7.(2S)
decays have been observed and measured. By contrast,
people have more studies on 7.. However, there are still
many unknown decay modes, also many measured BFs
have large uncertainties due to the size of data sample,
background level, imperfect understanding to its mass
shape, ignoring the interference between 7. and nonreso-
nance, and so on.

The measurement of the branching fractions (BFs) of 7,
and 7.(2S) is crucial for understanding the nature of
charmonium states. In the potential model, the ratio of
branching fractions of J/y and w(3686) decaying into the
same light hadron final states is around 12% [6]. This rule

“Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2025/111(5)/052013(11)

052013-1

has been confirmed in various modes [7]; however, it was
soon discovered to be violated in the decays into pseudo-
scalar vector pairs and vector tensor pairs, which are
suppressed by at least an order of magnitude. The expected
ratio of BFs for decays of the 7, and #.(2S) into the same
hadronic final states (h) was initially anticipated to be
similar to the ratio (12%) observed for their spin-triplet
partners J/y and y(3686) [6,8].

B(n.(25) = h) _B(y(3686) - h)
B(n.—h) — B(J/w—h)

—=0.128. (1)

However, a more in-depth analysis suggested that this ratio
should actually be close to unity, as the dominant decay
dynamics of the 7, and #7.(2S) involve the annihilation of
charmed quark pairs into two gluons [9]. Experimental
measurements have revealed inconsistencies with both of
these theoretical predictions [10]. Further measurements of
additional decay modes of the 7. and 7,.(2S), in addition to
testing these predictions, may provide insight into the
internal structure of these states, for example by testing
for the presence of noncharmonium components in their
wave functions.

Previous measurements of the 7, mass and width, obtained
through the magnetic dipole (M1) transition y(3686) — y7..,
pp collisions, or yy collisions, have shown significant
discrepancies between different experiments [11], which
are possibly caused by many reasons mentioned before.
However, interference between 7. decays and nonresonant
processes could also have a large impact on these measure-
ments as well as on the 77, BFs. The CLEO [12], BESIII [13],
and KEDR [14] collaborations have studied #,. decays using
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the M1 transition y(3686) — yn,, which is considered to be
a golden channel for . production due to its low background
level and the few unknown background channels. BESIII
successfully described the 7. line shape by using the energy
dependence of the hindered-M1 transition matrix element
and by fully considering interference with nonresonant
v (3686) radiative decays, leading to a significant improve-
ment in the precision of the 7. mass and width measurements
[13]. However, further improvements are still beneficial
since, for example, the determination of the hyperfine mass
splitting of S-wave charmonium can test theoretical calcu-
lations [15,16], and the width directly relates to the theory of
n.-glueball mixing [17].

As for the P-wave spin-triplet states y,; », the dominant
decay modes are the transitions y., — yJ/w. However,
the sum of all measured y.;, BFs are each still far less
than 1. Intensive studies of their multibody decays are
lacking relative to their few-body decays. The search for
more new decay modes of the y.y;, is useful in under-
standing their properties.

In this article, we analyze the hadronic decays of S- and
P-wave charmonium states into 2(z "z~ )y with (2712.4 +
14.1) x 10° y/(3686) events [18]. The process of 7.(2S)
and y.; decays to 2(z" 7z~ )y are first observed. With this
largest y(3686) sample in the world, better knowledge of
the background and the interference between the 7, and
non-#, components, we improve the measurements of the
1. mass and width, as well as the BF of 5. — 2(z"77 ).
Additionally, we present the first measurements of the ratio
of branching fractions for 5. and #.(2S) decays into
2(z* 7~ )n and compare it with the theoretical calculations.

I1. BESIII DETECTOR
AND MONTE CARLO SIMULATION

The BESIII detector is a magnetic spectrometer [19,20]
operating at the BEPCII collider [21]. The cylindrical core
of the BESIII detector overs 93% of the 47z solid angle and
consists of a helium-based multilayer drift chamber
(MDC), a plastic scintillator 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
chamber muon identifier modules interleaved with steel.
The charged-particle momentum resolution at 1 GeV/c is
0.5%, and the dE/dx resolution is 6% for the 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 of the TOF
barrel section is 68 ps, while that of the end cap section is
110 ps. The end cap TOF system was upgraded in 2015
with multigap resistive plate chamber technology, provid-
ing a time resolution of 60 ps [22-24].

Simulated Monte Carlo (MC) samples are produced
with the GEANT4-based [25] software, which models the

experimental conditions, including the electron-positron
collision, the decays of the particles, and the response of the
detector. The simulation models the beam energy spread
and initial state radiation (ISR) in the eTe™ annihilations
with the generator KKMC [26]. All particle decays are
modeled with EVT GEN [27,28] using BFs either taken from
the Particle Data Group (PDG) [11], when available, or
otherwise estimated with LUNDCHARM [29,30]. Final-state
radiation (FSR) from charged final-state particles is incor-
porated using the pHOTOS package [31]. The exclusive
decays of w(3686) — yX are generated following the
angular distribution of (1 + Acos? 0,), where X refers to
n.(18,2S) or y.;. 0, is the polar angle of the radiative
photon in the rest frame of the y(3686), and the value of A
is set to 1 for 5.(1S,28) and to 1, —1/3, 1/13 for y .o, xc1
and y., respectively [13,32]. The X — 2(z" 7z~ )n decays
are generated uniformly in phase space (PHSP).

III. EVENT SELECTION

Charged tracks detected in the multilayer drift chamber
(MDC) are required to be within the polar angle (0) range of
| cos 0| < 0.93. Here @ is defined with respect to the z-axis,
which is the symmetry axis of the MDC. For each charged
track, the distance of closest approach to the interaction
point must be less than 10 cm along the z-axis and less
than 1 cm in the transverse plane. Photon candidates are
reconstructed from isolated showers in the electromagnetic
calorimeter (EMC). The deposited energy of each shower is
required to be at least 25 MeV in the barrel region
(|cos@| < 0.80) and 50 MeV in the end cap region
(0.86 < | cos @] < 0.92). For the 7.(2S)/y.; modes, the
deposited energy is required to be larger than 40 MeV in the
end cap region due to the low energy of the M1 transition
photon. To exclude showers originating from charged
tracks, the angle between the shower direction and the
charged tracks extrapolated to the EMC must be greater
than 10°. To suppress electronic noise and energy deposi-
tions unrelated to the event, the EMC cluster timing from
the reconstructed event start time is required to be within
[0, 700] ns.

Candidate events are required to have four charged tracks
with zero net charge and at least three photons. All the
charged tracks are taken as pions. To reconstruct the n — yy
decay, the invariant mass of a pair of photons is required to
satisfy M,, €[0.51,0.57) GeV/c?. Then a one-constraint
(1C) kinematic fit is performed for each combination with
)(%c (yy) < 20, where the photon pair is constrained to the 7
mass, and at least one # candidate is required. To suppress
the background and improve the mass resolution, a five-
constraint (5C) kinematic fit is performed to the total initial
four momentum of the colliding beams. The extra 1C
is used to constrain the M,, to the 7 nominal mass. If there
are multiple combinations in an event, the one with the
minimum 2 value of the 5C kinematic fit (y2.) is chosen.
Furthermore, the criterion ;(%C < 15 is required, which is
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determined by optimizing the figure of merit, defined as
S/v/S + B, where S(B) is the number of signal (back-
ground) events in the fit region. The number of background
events is estimated using the inclusive MC sample with the
same selection criteria as for data. In addition, to suppress
backgrounds from processes with missing or additional
photons, a four-constraint (4C) kinematic fit is performed
for both the signal and background channels. For the y#,
mode, the y3-(3y2(z*z7)) is required to be less than
Xic(4y2(z*n7)) and yic(2y2(x* ™). For the yn.(25) /3y
modes, only y3-(3y2(ztn7)) < Yic(@y2(zta7)) s
required since the events with one missing photon
mainly come from FSR, which will be discussed later.
Backgrounds from the continuum process eTe™ — g are
investigated using the off-resonance data sample taken at
the center-of-mass (CM) energy of 3.65 GeV. It is found
that its shape is generally smooth in the 7.(15,2S) and y .,
mass regions.

IV. BACKGROUND ESTIMATION

Background events from the w(3686) — PJ/y(P =
mtn~,n) process are suppressed by requiring the recoil
mass of P to not fall in the J/y signal region, approx-
imately (3.090,3.104) GeV/c?. In case of multiple 7+ 7~
combinations in an event, we select the one with Ml
closest to the J/yw mass. Background events from the
w(3686) — n°H process (H denotes hadronic states) are
suppressed by requiring the invariant mass of all possible
photon pair combinations greater than 0.15 GeV/c? or less
than 0.12 GeV/c?. For yn.(2S)/x.; decay modes, the
number of background events from the y(3686) — yy.;
Ye; — vJ/y process is suppressed by requiring the recoil
invariant mass of all possible photon pair combinations
greater than 3.137 GeV/c? or less than 3.052 GeV/c?. For
w(3686) — yn. decay mode, the fake # background due to
the photon wrong combination is found. It is suppressed by
requiring the invariant mass of the wrong-combination
photon pair greater than 0.57 GeV/c? or less than
0.53 GeV/c>.

A. w(3686) - 2(z*n~ )n

The process w(3686) — 2(z* 7~ )5 can contaminate our
signal channel through FSR from one of the final-state
pions. This effect is particularly notable in the 7.(2S) mass
region, where the FSR photon has a similar energy to the
radiative photon. To separate this background from the
1n.(2S) signal, we perform a modified kinematic fit where
the energy of the radiative photon is floating in the 5C fit
(m5C). Although the resolution of the 7.(2S) signal itself
becomes slightly worse, the FSR background shape
becomes smoother. This results in a widened gap between
the 7.(2S) peak and FSR background [32]. Furthermore,
the background shape is sensitive to the fraction of the
number of background events between FSR and non-FSR

TABLE I. Estimates of potential peaking backgrounds.

Background Xco el Xe2

Yo = Nin = yxta 288 £ 17 0 0
Xes = v J )y = 2(atn)a° 0 235+21 113+£11
Yoy = v wiJy = y2(xtn) 0 55+10 27+1.7

modes. The discrepancy in the FSR fraction between data
and MC simulation is studied using a control sample
w(3686) = yxc0.xc0 = 3(x 77 ) (yrsr), and subsequently
corrected by the FSR fraction. The FSR photon in the
control sample is required to be reconstructed, and the
event selection criteria for the control sample are similar to
those described in Ref. [32]. The background shape from
w(3686) — 2(x "z~ )n will be described by the sum of MC
simulated shapes y(3686) — 2(z" 7z~ )y and w(3686) —
2(m" 7 )nyrsg With the corrected FSR fraction.

B. v (3686) — n°2(n*n " )n

The process y(3686) — z°2(z*z7)n is the dominant
background where a photon from the z° decay is missing,
and it is more serious in the 7, mass region. A background
events reconstruction method [13] is employed to deter-
mine its contribution by comparing the detection efficien-
cies between the signal and background channels, and
combining with the actual number of events observed in
data. The yields for the y(3686) — 7°2(z* 2~ )5 process in
each M(2(z*z~)n) bin are extracted by fitting to the z°
signal in M (yy) spectrum. The contribution of y(3686) —
22(ztz7)n will be fixed according to the data-driven
result when fitting in the 7. mass region.

C. Estimation of peaking backgrounds

After applying the same event selection criteria to the
inclusive y(3686) MC events, which are almost the same
size as for data, an event-type analysis tool TopoAna [33] is
used to analyse the background. We find that there are
several potential peaking backgrounds for the y.; modes.
The normalized contributions for these backgrounds are
listed in Table I, using branching fractions from the PDG
[11] and efficiencies from the simulated exclusive MC
samples. We will directly subtract these contributions from
the number of signal events when calculating the BFs.

V. SIGNAL YIELDS

A X/ (28) = 2(x* 77 )y
The signal yields for y.;/n.(2S) are obtained by per-
forming an unbinned maximum likelihood fit to the
Mg”(fﬁﬂ,)n distribution, as shown in Fig. 1. The fit function
includes the y.;/n.(2S) signals, continuum background,
FSR contribution from w(3686) — 2(z*z~)n, and other
background contributions from y(3686) decays. The y.,
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FIG. 1. Fitto the M;"gf”_ , spectrum. The different components
are expressed with different line styles or colors as given in the
legend.

signal functions are described by MC-simulated shapes
convolved with Gaussian functions to account for the
difference in detector resolution between data and MC
simulation, and the parameters of the smeared Gaussian
functions are free. The signal function of #.(2S) is
described by the Eq. (2), which has been applied in the
relevant BESIII analysis [32,34-36].

e(m)(E; x BW(m) x f4(E,) ® DG) ® G(ém,0).  (2)

where e(m) is the energy-dependent detection efficiency
determined by MC simulation with a PHSP model, E, =

(mi/(%gﬁ) —m?)/2m,,3686) is the energy of the radiative

photon, and BW(m) is the nonrelativisic Breit-Wigner
(BW) function, in which the 7.(2S) mass and width are
fixed to those in the PDG [11]. The function f,(E,) is used
to damp the diverging tail caused by the E; term, and is
given by [E}/(E,Ey + (E, — Ey)?)], as introduced by the
KEDR experiment [37]. Here, Eg = (m;, 655 = My (25))/
2my,3686) denotes the peaking energy of the transition
photon; ® is the convolution operator; DG is a double
Gaussian function accounting for the detector resolution,
with two parameters obtained by comparing the difference
in My(y+,-), before and after going through the detector;
and G(6m,o) is a Gaussian function accounting for the
difference in detector resolution between data and MC
simulation, where ¢ in the 77.(25) mass region is fixed to the
value obtained from the linear extrapolation from the y.;
mass region, while dm is allowed to be free.

The shape of the contribution from FSR background is
fixed to that obtained from the corrected MC-simulated
shape, and the number of events is allowed to be free. The
contribution from the continuum background is fixed to
that obtained from the normalized off-resonance data with
the luminosity, and shifted according to the CM energy.

TABLE II. The signal yields, detection efficiencies, and the
obtained BFs for y.;/1.(2S) = 2(z" 7~ )n decays. The first and
second uncertainties are statistical and systematic, respectively.

Decay Nobs (%) B (x1073)
7.(28) = 2(xta )y 565430 627 12.1+0.6+62
Yoo = 2(nt 7 42530 +£240 8.90 4.55+0.03 £0.40

)
Xel = 2(ﬂ+ﬂ’- )
)

X = 2n'w”

8.06 +0.03 £ 0.77

591 4+0.03 £0.57

/4
n

n 78440 £290 9.31
n 50980 £240 8.62

The remaining background distribution from y(3686)
decay is found to be smooth and described by an
ARGUS function [38].

Figure 1 shows the fit result with a goodness of fit
x*/ndf = 537/360, where ndf is the number of degrees of
freedom. The insert shows the 7,.(2S) mass region on a
linear scale. The numerical results are summarized in
Table II. The statistical significance of the #7.(2S) signal
is determined to be 8.4c by comparing the difference in
likelihoods with and without including the #.(2S) signal
component, taking into account the difference in
ndf (Andf = 2).

The BFs for our studied channels are calculated via

Nobs
B(X - 2(ztz7)n) = NoL (3)
w(3686)x B xB,xe
where N° is the number of signal events, N;‘,’E%S@ is the

total number of y(3686) events, B3, and B, are the BFs of
w(3686) — yX and n — yy [11], respectively, and € is the
detection efficiency after correcting the helix parameters of
charged tracks [39]. Table II lists the product BFs
of B(y(3686) — yX) x B(X — 2(z*z7)n).

B.y. - 2(x*n ")y
The #, signal yield is obtained by performing an

unbinned maximum likelihood fit to the M;?ﬂmw distri-

bution [13]. The fit function includes the 7, signal function
and four background components: the background from
w(3686) — 7°2(x*27)n, the continuum background, the
nonresonant background (y(3686) — y2(z"z7)n), and
other potential backgrounds from (3686) decays esti-
mated using the y(3686) inclusive MC sample.
Interference between the 7, and the nonresonant process
is considered. The fit function is expressed as

(e(m)|eEZBW (m) + aNPE}) ® G + fexg.  (4)

where the first term is the 7. signal shape, which is
described by the sum of a modified BW function and a
coherent amplitude squared, convolved with the resolution
function. Here, ¢(m) is the mass-dependent efficiency; ¢ is
the interference phase angle; E, is the energy of the M1
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FIG. 2. The fit results for the 7, signal with destructive (a) and
constructive (b) interference solutions. The different components
are expressed with different line styles or colors.

transition photon; BW(m) is a nonrelativistic BW function
r/2

defined as W,

width of the #5,; and a is the strength of the nonresonant

component. The nonresonant PDF, denoted as A/, is

where m, and I are the mass and

TABLE III. The product BFs of B(y(3686) — yX) x B(X —
2(z*7~)n). The first and second uncertainties are statistical and
systematic, respectively.

Decay B(x107%)

w(3686) = y1.(25):7.(2S) = 2(x*7 )y 0.85 + 0.04 £0.13
w(3686) = yvxcosxeo = 2(atx7)n 444 +03+3.7
w(3686) = vxciixe = 2(xtn )y 787+03+74
w(3686) = yyeixe = 2(xtn )y 553+03+53

w(3686) = ynn. — 2(znt 7 )y 2.01 £0.17 £ 0.64
(destructive)

w(3686) = ynin. = 2(x 7 )y
(constructive)

0.95+0.17+0.44

described by a second order Chebychev function. The
Gaussian function G accounts for the detector resolution,
and fpkg denotes the sum of the other three background
components mentioned earlier, excluding the nonresonant
background. In the fit, ¢ and a are free parameters.

The mass-dependent efficiency is determined from
MC simulations of the PHSP decay . — 2(z"z7)n. We
use a Gaussian function to describe the discrepancy
between data and MC simulation, and the parameters are
determined by fitting the J/w peak in the control sam-
ple w(3686) — yyJ/w,J )y — 2(z" 77 )n.

Figure 2 shows the fit result, where the goodness of fit is
x*/ndf = 164/118. The number of 7, signal events is
determined to be N°* = (2.60 & 0.24) x 10* (destructive),
or N°% = (1.24 4 0.20) x 10* (constructive). Using the 7.
fitted signal yield, we determine the BF of . — 2(z" 77 )7,
listed in Table IV, as well as the mass and width of the 7,
under the two different interference scenarios.

VI. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties related to the measurements
for B(n.(2S)/x.; = 2(x"x7)n) include the following
sources. The tracking and PID efficiencies are all assigned
to be 1.0% per charged track [40], and the photon efficiency
is also assigned to be 1.0% per photon [41]. The uncer-
tainties caused by the kinematic fit are determined to be
(5.5-6.9)% by comparing the difference in detection effi-
ciency with and without correcting the helix parameters of
charged tracks in MC simulation [39]. The uncertainties
caused by the background veto are determined to be (0.3-
6.1)% by randomly sampling multiple mass windows [42].
The uncertainties caused by the number of continuum
background events are determined to be 0.23% for the
1.(2S) signal and negligible for the y., signals. They are
estimated by varying the number of events in the fit by one
standard deviation, assuming they follow either a Poisson
or binomial distribution. The uncertainties caused by MC
imperfections are estimated to be (0.1-1.3)% by comparing
the differences with and without correcting the momentum
distributions in the MC simulation based on data. The
uncertainty related to 5(n — yy) is taken from the PDG
[11], and the uncertainty related to B(y(3686) — y1.(2S5))
is taken from Ref. [10]. The uncertainty due to the total
number of y(3686) events is determined to be 0.5% [18].
The uncertainties due to MC statistics are determined to be

TABLE IV. The obtained mass, width, and BF of the 7. for the
two interference solutions. The first and second uncertainties are
statistical and systematic, respectively.

Destructive Constructive

Mass (MeV/c?) 2984.14 4 0.12 £ 0.34 2984.13 £0.13 + 0.38
Width (MeV) 28.824+0.11 £0.81 28.81 £0.11+:0.82
B (%) 55£05£19 26+04+£13

Solution
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0.3% by the same method as for the continuum background
events number. The uncertainties caused by the signal
yields include the following components: continuum back-
ground shape, FSR factor, mass and width of the 7.(25),
efficiency curve, damping function, detector resolution,
and other potential background from w(3686) decays.
Among them, the uncertainty due to the efficiency curve
is estimated by comparing the difference in the fit results
with and without including the curve. The uncertainties
caused by the continuum and the potential background
shapes are estimated by alternatively employing different
functions. The uncertainties from other components in
signal yields are estimated by varying the corresponding
parameters by one standard deviation. The resulting uncer-
tainties due to signal yields are determined to be (0.2—
11.0)%. We assume all these sources are independent and
take their sum in quadrature as the total systematic
uncertainties, which are determined to be 15.7% (not
including the uncertainty from B(w(3686) — yn.(2S))
measurement), 8.9%, 9.5%, and 9.7% for 1.(2S)/xcs,
respectively.

The uncertainties related to the measurement of B(y. —
2(z" 7~ )n) have the same or similar sources as above, and
are estimated with the same or similar methods. However,
the same source may introduce two different uncertainties,
corresponding to the constructive and destructive solutions,
due to interference between the 7.(1S) decay and the
nonresonant process. Additionally, the dominant uncertain-
ties come from the nonresonant process with different
interference fraction assumptions, which are estimated to
be 30.5% (constructive) or 44.1% (destructive) by mixing
different fractions within one standard deviation, and the
largest differences relative to the nominal results are taken
as the uncertainties. Finally, the total systematic uncertainty
is determined to be 34.8% (constructive) or 48.9%
(destructive).

The uncertainties related to the measurements of the
mass and width of the 7, are the same as those mentioned
above for the 7, branching fraction measurement and are
estimated with the same methods, except for the mass scale,
which is estimated using fits to the y,.; peaks in the same
final state. The relative uncertainties are listed in Table IV.

VII. SUMMARY

In summary, the hadronic decays of y.;/n.(1S,2S)
states have been investigated using a sample of (2712.4 +
14.1) x 10° y(3686) radiative transitions. The BF of 5, —
2(zt 7z~ )y is determined for the first time under different
interference scenarios. Notably, there is a significant differ-
ence between the constructive and destructive solutions.
The y.;/n.(2S) = 2(z" 7~ )n decays are observed for the
first time, with statistical significance greater than 8¢, and
the corresponding BFs are measured. We present the most
precise single measurement of the 7, mass and width by
assuming all radiative nonresonant events interfere with the

n.. The relative phase for constructive or destructive
interference is consistent with the earlier BESIII result
[13] within 10, which may suggest a common phase in all
modes. The physics behind this possible common phase
needs to be understood. With the measured 7, mass, we
obtain the hyperfine mass splitting to be AM,((1S); =
M(J/y) — M(n,) = 112.8 = 0.4 MeV/c?, which is not in
conflict with theoretical calculations [15,16].

Furthermore, using the BFs measured in this analysis,
the ratio of BFs is

B(1.(2S) = 2(zt 7)) { 0.22+0.14 (destructive)
B(n.—2(z"z7)n) 10474034 (constructive)’

(5)

The results are consistent with most experimental mea-
surements [10], but obviously disagree with the prediction
in Ref. [9]. The inconsistency between the experimental
measurements and the theoretical prediction on the ratio
B(n.(2S) - h)/B(n. — h) implies that mixing of the
pseudoscalar glueballs to 7. or 7.(2S) may play an
important role in charmonium decays [17,43,44].
Additionally, the distinct contributions of the open-charm
loop to the decays of the 5, and #.(2S) cannot be
ignored [45].
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