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Using a sample of ~10'° J/y events collected by the BESIII detector at the BEPCII collider, a partial-
wave analysis of the decay yy¢ is performed to investigate the intermediate resonances in J/w — yR,
R — y¢. Resonances including f;(1285), 7(1405), f,(1420), f,(1510), f,(1525), X(1835), f,(1950),
/2(2010), f((2200), and 7, have been detected with statistical significance greater than 5¢. The product
branching fractions B(J/w — yR, R — y¢) are reported, and the resonance parameters of 7(1405) and
X (1835) have been precisely determined. It seems likely that 7(1405) and X(1835) act as the first—and
second—excited states of 7/, respectively. The observation of 7. — y¢ holds great significance for the
in depth study of charmonium properties. No evidence of 7(1295), 1,(1855) or X(2370) is found. The
measured upper limits of relevant branching fraction products do not conflict with theoretical expectations
for X(2370) as a pseudoscalar glueball and 7, (1855) as a hybrid state.
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I. INTRODUCTION

The non-Abelian nature of quantum chromodynamics
(QCD) predicts the existence of various exotic states,
including glueballs, hybrids, and multiquark states [1].
Confirming these states experimentally would provide
crucial insights into the confinement regime of QCD and
serve as a direct test of QCD theory. Radiative decays of
charmonium are glue-rich processes and serve as excellent
probes for investigating the production of gluonic matter
and light hadron structures [2]. While significant progress
has been made in the past few decades [3], numerous
unresolved issues persist.

One of the current focal points is the nature of the two
pseudoscalar states around 1.4 GeV/c? [1], namely, the
n(1405) and 5(1475) as listed by the Particle Data Group
(PDG) [4]. The n(1475) is considered a potential first
radial excitation of the #/, while the 7(1405) has been
suggested as a candidate for the ground state pseudoscalar
glueball [5,6]. However, the mass of 7(1405) is relatively
far from the predicted mass of a pseudoscalar glueball
(2.3-2.6 GeV/c?) by lattice QCD [7,8], leading to the long
standing “E-1 puzzle” [9]. It is still controversial whether
the 7(1405) and #(1475) are two separate states or just one
pseudoscalar state observed in different decay modes.
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The X(1835) was first observed in the decay J/w —
yrta~y' by BESII [10], with its spin-parity quantum
numbers established as JP¢ = 0= by BESIII [11]. This
discovery led to various theoretical speculations regarding
its nature, including proposals such as NN bound state [12],
a baryonium with a sizable gluon content [13], a second
radial excitation of the #’ [14,15], an 7.-glueball hybrid,
and a pseudoscalar glueball [16]. So far, none of these
interpretations has been ruled out or confirmed.

The X(2370) has also been observed in the J/y —
yrtrn' [17,18]. Recently, the BESIII experiment con-
firmed that the spin-parity of the X(2370) as 0~" via the
decay J/w — yK3K%n [19]. This experimental finding has
prompted numerous theoretical speculations regarding its
nature [14,20-23], with one fascinating hypothesis being a
pseudoscalar glueball [8,24-27]. By using the radiative
pseudoscalar glueball decay width, which is approximately
[ps_yp ~ 95 keV, the total pseudoscalar glueball decay
width is approximately I'pg ~ 470...614 MeV [28], and the
branching fraction (BF) of J/y radiatively decaying into
pseudoscalar glueball being 2.31(80) x 107* [6], it can be
deduced that if the X(2370) is a pseudoscalar glueball, the
B(J/w — yX(2370) — yy¢) should be less than 1078,

Recently, the BESIII collaboration reported the first
observation of a I9(JF€) = 0" (1=") structure #,(1855)
through a partial-wave analysis (PWA) of the J/w — yny/
decay [29], sparking a variety of theoretical interpretations,
including hybrids [30-32], molecular states [33,34], and
tetraquark states [35,36]. When considering the 7, (1855)
as an s3g hybrid, the total decay width is predicted to
be approximately 160 MeV [37], and the radiative decay
width ') (1855)-y¢ ~ 4.2 X 1072 [38]. Given that the BF for
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the J/y — yn,(1855) decay is on the order of 1073 [39],
the BF B(J/w — yn,(1855), n,(1855) — y¢) should be
less than 107°.

Since radiative decays do not change the flavor structure,
the decays J/w — yR, R —» yV with V = p, w, ¢, serve as
flavor filter reactions and play an important role in
unraveling the quark contents of the intermediate reso-
nances [40,41]. Throughout the text, the symbol R denotes
intermediate resonance. Previously, the BESIII collabora-
tion has studied the prominent features of f,(1285),
1n(1475), and X(1835) using 1.3 billion J/y events [42].
A one-dimensional fit to the y¢ invariant mass [M(y¢)]
distribution from J/y — yy¢ was performed. In addition,
from the angular distribution it was found that the data
favors spin and parity (J7€) assignments of 0~* for the
structures around 1.4 GeV/c? and 1.8 GeV/c?.

Using a dataset of (10087 +44) x 10° J/y [43] events
from e* e~ annihilation data collected at the center-of-mass
(c.m.) energy /s = 3.097 GeV with the BESIII detector at
the BEPCII collider, we present the results of a PWA of
J/w — yy¢ to extract the contributions of intermediate
components and determining their spin-parity, mass, and
width. The research results will provide useful information
to help us understand the properties of 7(1405/1475)
and X (1835).

II. BESIII DETECTOR AND MC SAMPLE

The BESII detector [44] records symmetric e'e”
collisions from the BEPCII storage ring [45] in the c.m.
energy range from 1.84 to 4.95 GeV, achieving a peak
luminosity of 1.1 x 10%* cm™2s™! at /s = 3.773 GeV.
BESIII has collected large data samples in this energy
region [6,46,47]. The cylindrical core of the BESIII
detector covers 93% of the full solid angle and includes
a helium-based multilayer drift chamber (MDC), a plastic
scintillator time-of-flight system (TOF), and a CsI(TIl)
electromagnetic calorimeter (EMC), which are all enclosed
in a superconducting solenoidal magnet providing a 1.0 T
magnetic field. The magnetic field was 0.9 T in 2012,
which affects 10.8% of the total J/w data. The end cap
TOF system was upgraded in 2015, affecting 87.0% of the
data used in this analysis [48]. A detailed description of the
BESIHI detector design and performance can be found
in Ref. [44].

Simulated data samples, generated with a Geant4-based
[49] Monte Carlo (MC) package, that includes the geo-
metric description of the BESIII detector and the detector
response [50], are utilized to determine detection efficien-
cies and estimate backgrounds. The simulation includes
modeling of the beam energy spread and initial state
radiation in the e"e~ annihilations using the generator
KKMC [51]. Signal MC samples of the process yy¢ with the
subsequent decays ¢p — KK~ are generated uniformly in
phase space (PHSP). The inclusive MC sample includes

both the production of the J/y resonance and the
continuum processes incorporated in KKMC. All particle
decays are modeled with EvtGen [52] using BFs either
taken from the PDG [4], when available, or otherwise
estimated with LUNDCHARM [53]. Final state radiation
from charged final state particles is incorporated using the
PHOTOS package [54].

III. EVENT SELECTION

Charged tracks detected in the MDC are required to be
within a polar angle (0) range of | cos 8| < 0.93, where 0 is
defined with respect to the z-axis, the symmetry axis of the
MDC. The distance of closest approach to the interaction
point (IP) must be less than 10 cm along the z-axis and less
than 1 cm in the transverse plane. Particle identification for
charged tracks combines measurements of the dE/dx in the
MDC and the flight time in the TOF to form likelihoods
L(h)(h = p,K, =) for each hadron & hypothesis. A track is
identified as a kaon if its kaon hypothesis likelihood
satisfies £L(K) > L(x) and L(K) > L(p).

Photon candidates are identified by the showers pro-
duced in the EMC. The deposited energy of each shower
must be larger than 25 MeV in the barrel region
(|cosf| < 0.80) and larger than 50 MeV in the end cap
regions (0.86 < |cos 8| < 0.92). To exclude showers that
originate from charged tracks, the angle subtended by the
position of EMC shower [55] and the position of the closest
charged track at the EMC as measured from the IP must
be greater than 10 degrees as measured from the IP. To
suppress electronic noise and showers unrelated to the
event, the difference between the EMC time and the event
start time is required to be within [0, 700] ns. Candidate
events are required to have two oppositely charged tracks
identified as kaons and have at least two photons.

A four-constraint (4C) kinematic fit is performed under
the J/w — yyK+K~ hypothesis for all combinations with
good photon candidates. For events with more than one
combination of J/y — yyKTK~, only the combination
with the minimum ;(ﬁc,zﬂ(m_ is retained. Moreover, the

;(ic 2K K- is required to be less than 40. To further suppress

backgrounds from processes with one or three or four
photons in the final state, 4C kinematic fits are performed
under the hypotheses J/w — yK*K~, J/yw = 3yK K~
and J/y — 4yKTK~. The ;(icqzy x+ k- 18 required to be less

than all possible )(4210,71(+ s )(zztc,sﬂﬁ « and yi. KK
After the initial event selection, the M(K*K™) distribu-
tion is shown in Fig. 1(a). The ¢ candidates are identified by
requiring |[M(KTK~) — M,| < 0.005 GeV/c?, where M,
is ¢ nominal mass. Figure 1(b) shows the M (yy) distribution
in the ¢ signal region, in which clear peaks corresponding to
7%, n, and 5 can be seen. To eliminate backgrounds
involving 7° — yy, n = y7, or i’ = yy decays, events with
M(yy) within the ranges M(yy) € (0.11,0.16) GeV/c?,
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FIG. 1. Distributions of (a) M(K"K~) and (b) M(yy) with
M(K"K™) in the ¢ mass window of the accepted J/y — yy¢
candidate events in data, where the pair of red dashed vertical
lines in the left figure denote the ¢ signal region, while the pairs
of red dashed vertical lines in the right figure denote the z°, 5 or 1/
background regions.

M(yy) € (0.46,0.59) GeV/c? or
0.99) GeV/c? are excluded.

Despite these mass window constraints, the backgrounds
from J/w — ¢a°, J/w — ¢n, J/w — ¢ cannot be
entirely eliminated due to their tails. We try to quantify
residual backgrounds using an inclusive MC sample.
Figure 2(a), from this sample, depicts the Dalitz plot of
M?(ypign) versus M2 (yioy ), Where yioy, and ypig, refer to
the photons with lower and higher energies in J/y rest
frame. Notably, Fig. 2(a) reveals that these events cluster at
the high end of the Dalitz plot. By imposing the condition
M?*(ypigne) <9 GeVZ/c* on data sample, these back-
grounds can be effectively suppressed.

After applying all selection criteria to the data, the
Dalitz plot of M?(yyigheh) versus M? (i) of the accepted
J/w — yy¢p candidate events of data is depicted in
Fig. 2(b). Subsequently, 38,383 events survive the event
selection criteria.

M(yy) € (0.92,

IV. BACKGROUND TREATMENT

To quantify the contributions of ¢-events and non-¢-
events in the ¢ signal region, directly influencing the purity
of the ¢ sample used in subsequent analyses, a one-
dimensional fit to the M (KK ™) distribution is performed,
as shown in Fig. 3. In the fit, the signal is modeled by
a relativistic P-wave Breit-Wigner (BW) function con-
volved with a Gaussian function describing the resolution
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FIG. 2. (a) Dalitz plot of M?(yyign¢p) versus M (y\oy ) for the
residual background events of J/y — ¢a°, J/y — ¢, J/w —
¢ using the inclusive MC. (b) Dalitz plot of M?(yyigh¢h) versus
M?(y10w@) of data following all selection criteria.
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FIG. 3. The one-dimensional fit to the M(K*K~) distribution.
The dots with error bars are data, the blue line denotes the fit
curve, the green dash line denotes the signal shape, the red dash
line is background shape, and the pair of the red dashed vertical
lines denote the ¢ signal region.

difference between data and MC simulation. The relativ-
istic P-wave Breit-Wigner function is expressed as

Fm
BW(m) = p e g & o g (1)

where F,, is the Blatt-Weisskopf damping factor F,, =
V1+ (Rqo)?/+/1+ (Rq)?, R is fixed to 1.5 GeV~', and

ron =t (£)" (") @

Here mg is the ¢ nominal mass from the PDG, g is
momentum of either K+ or K~ in the ¢ rest frame and ¢, is
q evaluated at m = my,.

The background shape is parametrized by a low-x cutoff
function,

F(rmo.c.p) =x- Kmi()_l]p [ ((m_o)_lﬂ

(3)

Here, x represents the observable M(KTK™), with
mqy = 0.987354 denoting the threshold for two kaons,
while ¢ and p are free parameters in the fit.

Finally, the fractions of ¢-events and non-¢-events are
determined to be 55.3% and 44.7% in ¢ signal region,
respectively. With the event selection criteria mentioned
above, the residual backgrounds are classified into two
categories: backgrounds without ¢ and backgrounds
with ¢. The handling methods for these two types of
backgrounds are as follows.

A. Treatment of non-¢ background

The dominant non-¢p background components are
mainly from J/y — yR [R = f,(1285), n(1405) and
£1(1420)], R » K*K~7°, with the yK*K~2 final state.
It is difficult to distinguish the signal from these
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background components because the M (K K~) value from
R — KTK~7" is close to the K*K~ mass threshold.
Based on the analysis of the signal-to-background ratio
Q in the available PHSP around each specific event, the
quality factor method [56] is used to estimate the non-¢
backgrounds. For this procedure, we need to know the
functional dependence of the signal and background dis-
tributions in terms of a distinct kinematic variable ({,). The
first step is to assign a number of n, nearest neighbors for
each event including the event itself. In order to measure
distances between events, a collection of kinematic observ-

ables (Z_T’ ) that span the PHSP for the reaction is selected to
define a metric. Using this metric, the distance between any

two events, d;;, is given as
éfi —Cj 2
2 Z k Sk
dij - - |: Ak ’ (4)

where the sum is over all kinematic observables (Zj’ ), and A,
is a normalization factor that represents the weight of the
kinematic variable.

The n, nearest neighbors are then fit with the unbinned
maximum likelihood method, with estimators written as

where S({,) and B((,) represent the probability density
functions of signal and background, respectively, and f,
describes a signal fraction with a value constrained within
the range [0.0, 1.0]. The Q-value for each event is then
given by

fs ) S(cr)

= SC)+ (-1, BE)

(6)

in which Q and (1-Q) represent the probabilities of an event
to be signal and background, respectively, which are used
as an event-weight to determine the contribution of the
signal to a given physical distribution.

In this analysis, seven coordinates are chosen for the
metric, which are presented in Table I. Throughout this
paper, the polar angle is denoted by 6, while the azimuth is
represented by ¢. It is necessary to make the value of n, as
small as possible. This is to ensure that the phase space
(PHSP) cell of all the selected neighbors remains small
and that the background varies smoothly within the cell.
However, n,. also has to be large enough to guarantee
stable and reliable fits to M (K" K~). Through the study of
the Monte Carlo (MC) samples, we have reached the
conclusion that setting n. = 200 will result in an appro-
priate size.

For this analysis, M(K*K™) is chosen as the distinct
kinematic variable. The fitting model of M(K*K™) is the
same as the fit mentioned earlier. As a result, the angular

TABLE 1. Set of the kinematic observables (Z_,’_,;) used for
background subtraction.

Zf;; Description Ay

cos O, Cosine of polar angle of the high- 2
energy photon in the rest frame
of J/w

cos O+ Cosine of polar angle of K™ in the 2
rest frame of ¢

cos 0, Cosine of polar angle of ¢ in the 2
rest frame of ¢

Pr+ Azimuth of K in the rest frame 2z
of ¢

n Azimuth of ¢ in the rest frame 2n
of 7Iow¢

M2 (y1ow) Invariant mass squared of yjo,¢ 0.1 GeV?/c*

Mz(yhighqﬁ) Invariant mass squared of ynignp  0.15 GeV?/c*

distributions and several invariant mass spectra of the
selected events within the ¢ signal region with Q-weighted
and (1-Q)-weighted are shown in Fig. 4. The sum of all
obtained Q-values (weights) is taken as the number of
signal events, yielding 20,453 events. All further analysis
steps are performed using this weighted data sample.

B. Treatment of ¢p background

The dominant ¢ related background is J/y — ¢x°x°,
which includes intermediate resonances [57]. A multidi-
mensional reweighting method [58] is applied to the
PHSP MC sample to obtain a “datalike” MC sample of
J/w — ¢n°2°. Figure 5 shows the comparison of some
typical kinematic variables of data and weighted PHSP
MC sample of the selected J /y — ¢n°2° candidate events.
Theses indicate good consistency between data and MC
simulation. Here 79 and 79 denote the z°s with higher and
lower energies in the ¢z°z° final state, respectively. The
estimated MC events of J/y — ¢a°z° are subjected to the
selection criteria of J/w — yy¢. The surviving events
are normalized according to the BF, as depicted in
Fig. 4. This process yields 3155 background events, which
are subsequently subtracted by assigning negative weights
in the PWA.

The surviving background events J/y — ¢x°, J/y —
¢n and J/w — ¢y’ are normalized according to the PDG
BFs [4], resulting in 157 background events which also will
be subtracted from the data by assigning negative weights
to them in the PWA.

V. PARTIAL-WAVE ANALYSIS

Using the GPUPWA framework [59], a PWA is per-
formed on the selected candidate events of yyg,
¢ — KTK~, to disentangle the structures in the Dalitz
plot. The amplitudes in the sequential radiative decay
J/w = ¥R, R - y¢ are constructed using the covariant

052011-4



PARTIAL-WAVE ANALYSIS OF ... PHYS. REV. D 111, 052011 (2025)

o s000g 1400F
12001 a E =4— Data -~ F
TF @ Tasoof (b) Q x data L 0ok (©
% 1000 ' % 3 - - - (1-Q) x data > 3
0] 800 r # ﬂ‘h“‘ilml' |ll (5 2000 :_ sy Estimated dmon" background G 1000 :_ '"'“Il“i“"
] - - o f s [s2) o ]
S E “!*"" [ S 1500k e S 800F wh ,
S 600F ' ' s i s I . 4
~ F M - i ~ o g K — 600 [ +
9 400F ] i, - . «n 1000 T %) E _renm L .
sk L L € P € a00F all o s
1] F - " 5] F v - 5] F s w ol e
@ 200p L it @ S0 et B e, @ 200F . ' L
o Ea RN T T I O PRI TS D O b G |
18 2 22 24 26 28 3 12 14 16 18 2 22 0 02040608 1 12141618 2
2 2
My, o) (Gev/ct) M(y,,,0) (GeV/c?) M(yy) (GeV/c?)
1200 r 1200
F 1200 3
1000 (d) 1000k (e) # 1000 ()
) b i & 100 i S b
S goof L R 8 ¢t i = 800F L fygi 11
S F ||i|l AT ul|||"'hmi,| o i a, S sook ““'|||*|l Pay L S Eo e iy w lmul i 1,
< o Z F i i < o ¥
8 60F \ = 600F 'a*"'!‘ i s » 600k 4 ',|' g |,|
o k] E & " o
S 00 o P R # = 3 400 i'|| » [ i
Lﬁ E,oe L T L Tl Lﬁ 400 “|'l = = X L1>J F _,.——_,--.—‘,l i SR EER
E0 | Loee™ |~ pllam " v - o= 15 e
200 i ¥ 200 :_i- g 10 IR 200 - -
R 145 E |} b
0 L.t '.| 1 1 1 1 1 1 1 I'-l. J O L. 1 1 1 1 1 1 1 1 . 0 L1 1 1 1 1 1 1
1 -0.8-0.6-0.4-02 0 0.2 0.4 0.6 0.8 1 “1 -0.8-0.6-04-02 0 0.2 0.4 0.6 0.8 1 3 2 0 1 2 3
cosey cos6 ?
i 0 0

FIG. 4. Distributions of (a) M (}/high(/)), (b) M(y1ow), (¢) M(yy), (d) cosine of the polar angle of Vhigh» (€) cosine of the polar angle of ¢
in y,w ¢, and (f) azimuth of ¢ of the accepted J/y — yy¢ candidate events. The black dots with error bars are the selected events in the ¢
signal region without any weight, the purple shaded regions are Q-weighted data, and the red dashed lines are (1 — Q) weighted data.
The yellow shadowed regions are the estimated MC events of J /i — ¢a°z° that have passed the selection criteria of J/y — yye.

8000 7000 c

= - E b ~18000F

% 7000 % eo0of (b) < 16000F

3 6000 3 E 14000

2 5000 o so0op © 12000F

o 2 4000F Q E

S 4000 S E S10000F

(=2 S 3000 =2 E

< 3000 = : e 28385

0 [2] iy [2] F

2 2000 £ 2000 S 4000F

] ] E ] E

5 1000 & 1000 @ 2000F
0 L L L ok L L L L L L L (1] A T A IR T P | N

18 2 22 24 26 28 3 112 14 16 18 2 22 24 02040608 1 12141618 2 22
M(pr) (GeV/e?) M) (GeV/e?) M(n9nd) (GeV/c?)
5000F (d)

& 4000 2 3

< S <

<3 S S

= 3000 e =

2 2] 2

S 2000 S S

@ o i

1000
0 1 1 1 1 1 1 1 1 1 O 1 1 1 1 1 1 1 1 1 O 1 1 1 1 1 1 1
1 -08-06-04-02 0 0.2 0.4 0.6 0.8 1 -0.8-0.6-04-0.2 0 0.2 0.4 0.6 0.8 1 3 =2 4 0 _ 1 2 3
cosb, cosf, in it @, in )

FIG.5. Distributions of (a) M (¢z?), (b) M(pz3), (c) M(z979), (d) cosine of the polar angle of ¢ in the J /y rest frame, (e) cosine of the
polar angle of ¢ in the ﬂ?gb rest frame, and (f) azimuth of ¢ in the 77,'(2)¢ rest frame of the J/y — ¢a°z° candidate events in data (dots with
error bars are data) and the reweighted MC sample (orange shadowed regions).

tensor amplitudes [60]. Let A, be the amplitude of a J/yy  where the sum runs over the number of independent

decay process with the intermediate resonance R. For J/y amplitudes. The y,(p,m,,) is the polarization four-vector

radiative decays, the general form of Ay is written as for J /y, and ¢} (g;, m,) (i = 1, 2) are the polarization four-

- . . a2 vectors for the two photons. m represents the spin projec-
Ar(8) = wu(p.my )es(qr,my)eq(qa, my ) AR (E) tion, p and ¢ are the four-momenta of J/y and photon; The
=w,(p.my)es(q,, m,)ei(qn, mr’)z Ag UM(8), Ag, is the complex coupling coefficient of the amplitude;

i

U’,’;:a(g) is the ith partial-wave amplitude for the inter-
(7) mediate resonance, it is constructed with the four-momenta
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of the particles (5) in the final state. Their specific
expressions are given in Ref. [60].

In this analysis, the intermediate resonances decaying
into y¢ (denoted as bc) are parametrized by a constant-
width BW propagator,

R 1
be — 2 _ a1 ’
M= — sy —i5zMD

(8)

where M and I' are the mass and width of the intermediate
resonance R, respectively; s, is the invariant mass squared
of y;¢ system. The Breit-Wigner term for the nonresonant
component is set to a constant in the partial-wave amplitude.

The complex coefficients of the amplitudes (relative
magnitudes and phases) and the resonance parameters
(masses and widths) are determined by an unbinned
maximum likelihood fit to the data events. The likelihood
is constructed following a method similar to the one used
in Ref. [61].

The joint likelihood for observing N events in the data
sample is then given by

where e(£) is the detection efficiency, @ (&) is the standard

element of PHSP, M (& )

describing the decay J/y — vy, AR(E) is the amplitude

corresponding to the intermediate resonance R, and
= [|M(¢) )®(E)dE is the normalization integral.

Then the negative log-likelihood (NLL) value is repre-
sented by

> rAR(E ) is the matrix element

—Inl =— ZIH|M &) | + Nlnd —Zln€ &)@ 5:)
(10)

where the third term is a constant with no impact on the
determination of the fit parameters and therefore is not
considered in the fit.

The free parameters are optimized by MINUIT [62]. The
normalization integral ¢’ is evaluated using MC simulation
with importance sampling [63,64]. The MC sample of size
Ngen is generated with signal events uniformly distributed
in PHSP. These events are simulated by taking into account
of detector response, and subjected to the same selection
criteria of data, yielding a sample of N,.. accepted events.
The normalization integral is computed as

o = [ MEP@O@E x> MEE (1)

Ngen ]

where the constant value of the PHSP integral [ CD(E)dE is
ignored.

Instead of modeling the background, the likelihood
for the background is defined by the signal PDF
[Eq. (9)]. The contribution to the negative log-likelihood
from background events in the signal region is removed
by subtracting the negative log-likelihood of events in the
background samples. Ly00 and Ly0(4,/4,) denote the

likelihoods of the J/y — ¢n°7° events and the remaining

J/w = ¢n°, ¢n, ¢i events, respectively. Thus the fit min-
imizes the NLL given by

—In Esig = _(ln EQweighleddata —In ‘C’qﬁﬂozo —w; In "Cqﬁﬂo
— Wy ln-ﬁ,/m — W 111'[,(/5}7/). (12)
Here, —In L, represents the negative log-likelihood of

signal events, with the normalization factors w; = 0.2,
wy =2.0, w;=0.5 for the J/y — ¢pr°, ¢n, ¢ back-
ground events included. The Loy.cignreddara @nd Lyq0,0 are

calculated by

7 : Qi’ (13)

o

NOM(E) Pe(E)D(E
’C'Qweighteddata = H| (él” €(§’> <§l)

i=1

.mzon"
£¢ﬂ0ﬂ0 — H |M ém ) (ém) 'Wm’ (14)

where Q; represents the Q-factor for each event, and W,,
denotes the weight for the background events of
J/w = ¢pa°n°. The L0, Ly, and L, are given as

¢

Voot |1 () Pe(E)D(E)
Lomiomon =11 o (15

The log-likelihood is scaled by taking into account the
statistical uncertainties of subtracted backgrounds [65].

The fitted event yield Ny of an intermediate resonance R
is determined as

O'RN

NR:?' sig» (16)
where N, the number of signal events after subtracting all

backgrounds, and

Z AR ()2 (17)

gen F

is calculated with the same MC sample as the normalization
integral o’
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TABLE II. Pool of candidate resonances for the PWA.

0+ 0+ 1++ 1-+ 9++ -+

fo(1370) 7(1295) f,(1285) n,(1855) f,(1270) n,(1645)

fo(1500) #(1405) f,(1420) f2(1430) #,(1870)

fo(1710) 5(1475) f,(1510) f2(1525)

f0(2020) #5(1760) f2(1565)

f0(2100) X(1835) f2(1640)

f0(2200) n(2225) f2(1810)

f0(2330) X(2370) f2(1910)

e f2(1950)

/2(2010)
f2(2150)
f7(2220)
f2(2300)
/2(2340)

The interference cross section between two different
resonances is calculated by

1 Nacc NWI NWZ

D0 D ((A)A7 )+ (454 ).
a ko joh
(18)

where Ny, and Ny, are the numbers of the independent
partial-wave amplitudes of R; and R,, respectively.

The detection efficiency €y of the intermediate resonance
R is obtained by the partial-wave amplitude weighted MC
sample,

OR\.R, — N

Nace P
i ARG
- Ngen

2on"

AP

€r

(19)

TABLE III.

Finally, the BF of J/y — yR, R — y¢ is calculated by

N
B(J/w~ R yr) =NJ/W.€R.B(;_)K+K_),

(20)

where N, is the total number of J/y event, which is
(10087 & 44) x 107°; €y is the detection efficiency of the
resonance R; B(¢p - KTK~) = (49.1 + 0.5)% is the BF of
¢ — KTK~ taken from the PDG [4].

VI. ANALYSIS RESULTS

In this analysis, we consider all kinematically allowed
resonances with J7¢ = 0+, 0=+, 1++, 1=+, 2+ and 2—F
as listed from the PDG [4]. Additionally, we take into
account an exotic structure 7, (1855) recently observed in
J/w — ynpy' by BESII [29,38] and a glueball candidate
X(2370) observed in J/w — yatz7n' [18]. We also con-
sider nonresonant contributions with certain J¢ = 0*+,
0~*, 17, 1=F, 2** for the y¢ system. All possible
resonances listed in Table II are taken into account, and
their statistical significances are evaluated. Only the
components with statistical significance greater than 5S¢
are kept in the baseline solution. The statistical signifi-
cance of each resonance is determined from the relative
changes of optimal NLL values when including and
excluding it in the fit, assuming the y? distribution
hypothesis and taking into account the change in the
number of degrees of freedom.

Due to limited statistics, the masses, widths and J¥€ of
all candidate states are fixed to individual PDG values.
However, for 7(1405) and X(1835), their masses and
widths are free. Changing the J”C in the baseline set of
amplitudes to other hypotheses results in a worse negative
log-likelihood by at least 13.2 units. The results of the

The masses and widths of resonances, significance and the product BFs B(J/y — yR — yy¢) of each

component in the PWA fit using the baseline set of amplitudes. The first uncertainties are statistical and the second
are systematic. The masses and widths of the f-states and 7, are fixed to the PDG values [4].

Resonance M (MeV/c?) ' MeV) B(x1079) Significance
f1(1285) 1281.9 22.7 0.29 £ 0.037 17.30
£1(1420) 14263 54.5 0.55 +0.0710% 9.00
n(1405) 1422.0 £2.155% 86.3 £2.7705, 3.57 £0.18703) 18.90
f1(1510) 1518.0 73.0 0.78 + 0.09%93 530
f2(1525) 1517.4 86.0 2.76 £+ 0.187 05} 16.40
X(1835) 1849.3 £ 3.01/5, 179.6 £8.7:375 3.37 £0.197)78 1530
f2(1950) 1936.0 464.0 9.96 + 0.60731 13.16
f2(2010 2011.0 202.0 4.63 £0.431]42 11.30
f0(2200 2187.0 207.0 0.20 + 0.0475:% 6.30
N, 2983.9 32.0 0.21 £0.0370% 12.9¢
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FIG. 6. PWA fit projections on (a) M (¥iw¢), (b) M(74ign), () M(yy), (d) cosine of polar angle of the high-energy photon in the rest
frame of J/y, (e) cosine of polar angle of ¢ in the rest frame of yyign¢p, (f) cosine of polar angle of K * in the rest frame of ¢, (g) azimuth
of ¢ in the rest frame of y,,,,¢), and (h) cosine of polar angle of ¢ in the rest frame of y,,,¢. The black dots with error bars represent data,
the red lines represent the projections of PWA fit, and the bashed lines represent contributions of each component in the baseline
solution.
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TABLEIV. Fit fractions (6g/¢’) of each component and interference fractions (og, ,/c’) between two components in the baseline solution. The uncertainties are statistical only.

All the values are given in %.

Ne
0.07 £0.03
—0.18 £ 0.05

Fo(2200)

£>(2010)

£2(1950)
—-0.14 £ 0.07
—3.424+0.32
—-0.19 £+ 0.09

4.85+0.45

7.83 +0.96

X(1835)
—0.34 4+ 0.09

£>(1525)
—-0.31 £0.04
—-0.16 £0.22
—-0.29 £+ 0.09

£1(1510)
—-0.26 £0.11
—2.38 £0.45

f1(1285) f1(1420) 17(1405)

Resonance

1.66 £ 0.16
—0.13 £ 0.05
-0.12 £ 0.01
-2.13+£0.14

0.24 £0.04
—0.14 £ 0.02

0.01 £0.00

1.28 £0.14

0.00 £ 0.00
0.00 £ 0.00
0.02 £ 0.01
—0.13 £0.05
0.18 £ 0.06
0.00 £ 0.00
—1.06 £0.21
1.85£0.26
30.78 +2.45

—0.09 £ 0.05
2454+0.22
—0.14 £ 0.05
-3.10£0.27
—2.14 £ 045
—1.124+10.13
=72.11 +4.56
19.03 £0.76

1.88 +0.17
60.94 +2.78

1.00 £0.18
2.14+£0.82
0.17 £ 0.16
0.09 £+ 0.06
19.03 £0.76

-0.78 £0.17
5.62 +£0.56 0.55+£0.42
18.74 £ 0.95

0.34 +£0.08
-0.30 £0.21
21.85+0.79
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baseline fit including the masses, widths and product
BFs are listed in Table III. The baseline results show that
the structure in the vicinity of 1.4 GeV/c?, as shown
in Fig. 6(a), needs to be described by #(1405)
and f,(1420) in the y¢ system. The measured mass and
width of 7(1405) are (1422.0+2.1739) MeV/c? and
(86.3 £2.71%5) MeV, respectively. The spin-parity of
the structure with mass around 1.8 GeV/c? is determined
to be 0~ Its mass and width are measured to be (1849.3 +
3.017%) MeV/c? and (179.6 + 8.71373) MeV, which are
consistent with those of the X(1835) measured in J/y —
yK3K%n [11]. The fit fractions of each component (defined
as op/o’) and their interference fractions (defined as
OR,r,/0’) are shown in Table IV. The comparisons
between the data and the PWA fit projections for the
distributions of M(y1ow), M(ynigne), M(yy) and several
angular distributions are shown in Fig. 6. The y?/Ny;, is
displayed on each figure to demonstrate the goodness of
fit, where Ny;, is the number of bins in each histogram,
and y? is defined as

2_Z<ni_l/i) (21)

where n; and v; are the numbers of events of the data and
the fit projections with the baseline set of amplitudes in
the ith bin of each figure, respectively.

All other possible resonances have a statistical signifi-
cance less than 50 when added to the baseline set of
amplitudes with fixed resonance parameters as listed in
Table III. In addition, the statistical significances of all
possible nonresonant contributions are also less than 5o,
as shown in Table V. Among them, the f,(2020) has a
significance of 4.9¢, but with a fit fraction much less than
1%. In the following text, the upper limit on the BF of
J/w = vf0(2020) — yy¢ is presented at 90% confidence
level. The impact of the inclusion of f(2020) on the PWA
result is assigned as a systematic uncertainty, as discussed
in Sec. VI. To investigate additional possible contributions,
resonances with different J©¢ (0T, 0—+, 1T+, 1=+, 2+,
2=") and different masses and widths are added to the
baseline set of amplitudes. No significant contribution
is found.

A further check on the pseudoscalar structure with mass
around 1.4 GeV/c? is performed. If the mass and width of
the pseudoscalar state are fixed to the PDG values of
1n(1405) or (1475) [4], the log-likelihood worsens by 45.6
or 56.2. Another test includes an additional 5(1475) with
parameters fixed at the PDG values or free resonance
parameters in the baseline model, the statistical signifi-
cances of these contributions are 2.3¢ and 3.9¢. These
results indicate that the possibility of a second 7 state
around 1.4 GeV/c? is not excluded.
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TABLE V. Changes in the negative log-likelihood (A In £) and
in the number of degrees of freedom (Ad.o.f.) by considering
additional resonances and the corresponding statistical signifi-
cance. The Ad.o.f. is determined by the complex coefficient of
independent partial wave [60].

Resonance Aln L Ad.o.f. Significance
/(1270) 3.9 18 0.1
17(1295) 0.1 2 0.l
fo(1370) 1.4 2 1.2¢0
f0(1430) 1.4 2 1.2¢
f2(1430) 4.9 18 0.1
n(1475) 8.6 2 376
Sfo(1500) 0.8 2 0.7¢
f2(1565) 124 18 1.5¢
/2(1640) 7.4 18 040
17,(1645) 33 18 0.00
fo(1710) 2.7 2 1.8¢0
n(1760) 0.6 2 0.60
/2(1810) 10.3 18 1.00
11 (1855) 2.9 8 0.40
1,(1870) 11.6 18 130
/2(1910) 9.6 18 0.9¢
f0(2020) 13.6 2 490
f0(2100) 7.4 2 340
/2(2150) 9.6 18 0.9¢
f7(2220) 13.7 18 1.8¢0
n(2225) 0.6 2 0.60
/2(2300) 16.8 18 2.5¢0
f0(2330) 12.0 2 450
/2(2340) 15.2 18 2.16
X(2370) 0.4 2 040
0™+ PHSP 0.9 2 0.90
0~* PHSP 4.1 2 240
1™+ PHSP 59 8 1.5¢
2+ PHSP 18.4 18 280
2~* PHSP 59 18 0.20

The PWA result shows that there is no evidence for the
n(1295), n(1475), n,(1855), f1(2020) and X(2370) in the
y¢ system. The same approach as in Ref. [66] is used
to determine the upper limits of the production of these
five states. The systematic uncertainties of these upper
limits are calculated with same method as for the baseline
solution, cf. Sec. VII, and are summed in quadrature with
the statistical uncertainty for each respective yield. The
resulting uncertainty is used to determine the 90%
confidence level deviation, and added to the updated
nominal yield of the candidate state to obtain the corre-
sponding upper limit on the BF. As a result, the upper
limits are determined to be B(J/y — yn(1295) = yy¢) <
8.37 x 1077, B(J/y — yn(1475) = yy¢) < 3.80 x 1077,
B(J/w = yn;(1855) = yyep) < 4.74 x 107,  B(J/y —
vf0(2020) = yy¢p) < 241 x 10°°  and B(J/w —
¥X(2370) — yy¢) < 1.08 x 107",

VII. SYSTEMATIC UNCERTAINTIES

A. Systematic uncertainties due to event selection

The systematic uncertainties that arise from event selec-
tion impact the BF measurements. The sources contributing
to the uncertainty are listed below.

(i) Total number of J/y events. The uncertainty due to

the total number of J/y events is 0.4% according
to Ref. [43].

(i) Kaon tracking and PID. The charged kaon tracking
and PID efficiencies are studied using control
sample J/y — KOK*zF, Ky — ntz~ [67]. The
systematic uncertainty from tracking and PID is
estimated to be 1% per kaon.

(iii) Photon detection. The photon detection efficiency is
studied using J/y — pa® — at 7~ 7° [68] control
sample. The systematic uncertainty of photon de-
tection is assigned to be 1% per photon.

(iv) Kinematic fit. The track helix parameter correction
method [69] is used to investigate the systematic
uncertainty associated with the 4C kinematic fit.
The difference in the detection efficiencies with and
without the helix parameter correction, 1.2%, is
taken as the systematic uncertainty.

The total systematic uncertainty from event selection is
determined to be 3.5%, obtained as a quadratic sum of the
contributions discussed above.

B. Systematic uncertainties due to PWA

Systematic uncertainty from the PWA impacts both BFs
and resonance parameters. The sources of this uncertainty
are described below.

(i) Mass window cuts: The uncertainties from mass
window requirements of z°, #, 1’ are estimated by
enlarging or shrinking each mass window within
2 MeV/c?. The largest changes in the measured
masses and widths of (1405), X(1835) and the BFs
are assigned as the systematic uncertainties.

(i) Non-¢ backgrounds: The uncertainty due to the
Q-factor method [56] is obtained by smearing the
nominal Q-value in each event by a Gaussian
distribution with standard deviation

0 0
=222 @

where Q is the Q-factor, a; are the measurable
quantities and C, is the full covariance matrix.
The new Q-factors are used in the PWA, and the
differences between the nominal and new fits are
assigned as the systematic uncertainties.

(ili) ¢ backgrounds: The ‘“datalike” MC distributions
of J/w — ¢n°2° have been obtained using a ma-
chine learning-based multidimensional reweighting
method [58]. The systematic uncertainties are
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TABLE VI. Systematic uncertainties on the masses and widths of 7(1405) and X(1835).
n(1405) X(1835)

Source AM (MeV/c?) AT (MeV) AM (MeV/c?) AT (MeV)
7° mass window cut 2.5 2.7 3.1 9.4
n mass window cut 2.0 3.0 1.0 8.8
' mass window cut 1.6 1.9 0.5 2.6
Q-factor method 2.0 1.9 0.4 9.4
Multidimensional reweighting method 25 2.7 3.1 8.9
Resonance parameters 2.0 2.7 3.0 8.6
Extra resonances 28 e o 9
Total A A oo T

estimated by changing the kinematic variables uti-
lized for machine learning training. The kinematic
variables are changed from four-momenta of 7Y, 79
and ¢, M(¢n)), M(¢x3), M(n{x3), cos O, cos 0,
and cos 67[‘2’ to Pz(ﬂ(l))’ E(”(l))’ Pz(”(z))’ E(”g)’ Pz(¢)’

E(¢), M(¢n9), M(¢n3), M(7373), 4. @0, and @0.

The changes in the results are regarded as the

systematic uncertainties. Since the remaining con-

tributions of J/w — ¢a°, J/y — ¢n, and J/y —
¢n’ are small (~0.8%), their impact on the PWA
results is negligible.

Resonance parameters: In the baseline solution,

the resonance parameters of f(1285), f;(1420),

£2(2010), £4(2200), £,(1510), f(1950), f(1525),

and 7, are fixed to the PDG [4] values. Alternative

fits are performed with these resonance parameters
varied within one standard deviation of individual

PDG value. The changes in the results are taken as

the corresponding systematic uncertainties.

(v) Additional resonances: The uncertainties arising
from possible additional resonances are estimated
by adding the f,(2020), n(1405), 17+ PHSP, 2+
PHSP, or #,(1870) into the baseline fit individually.
These candidate resonances are the most significant
additional resonances for each possible JFC. The

(iv)

resulting changes in the measurements are assigned
as the systematic uncertainties.

For each measurement, the individual uncertainties are
assumed to be independent and are added in quadrature to
obtain the total systematic uncertainty. The sources of
systematic uncertainties in the measurements of masses and
widths of 7(1405) and X(1835) are summarized in
Table VI. The relative systematic uncertainties of the BF
measurements are summarized in Table VIIL.

VIII. SUMMARY

To investigate the structures in the y¢ system of J/y —
yr¢ [42], a PWA of this decay is performed for the first
time, by using a sample of (10087 4 44) x 10% J/y events
collected with the BESIII detector. The PWA result shows
that the J/w — yR, R — y¢ process has predominantly
2% components. The decays of 7(1405), X (1835), several
f-states, and 7. into y¢ are observed with statistical
significance greater than 5¢. The f-states are associated
with f(1285), f,(1420), f,(1510), f,(1525), f»(1950),
f2(2010), and f((2200). The decays of f,(1285),
f1(1420), n(1405), and X(1835) to the y¢ final state have
been confirmed, while the decays of the other resonances to
the y¢ final state have been observed for the first time.

TABLE VII. Relative systematic uncertainties on B(J/y — yR — yy¢)(%).
Source f1(1285)  f,(1420) f,(2200) f,(2010) 7n(2983) n(1405) f,(1510) X(1835) f,(1950) f,(1525)
Event selection 35 35 35 35 3.5 35 3.5 35 35 35
7° mass window cut 10.7 6.6 6.3 13.7 11.8 6.2 8.5 12.1 9.2 7.1
n mass window cut 7.1 5.2 53 19.8 9.6 6.1 12.1 8.5 3.1 3.6
7 mass window cut 13.7 11.3 9.3 7.1 11.8 0.3 19.8 9.1 8.5 4.7
Q-factor method 12.7 14.1 6.6 4.7 6.8 1.9 17.7 8.8 1.4 7.2
Multidimensional 15.2 13.8 6.5 6.6 9.3 0.9 7.7 39 4.8 11.2
reweighting method
Resonance parameters 12.2 6.5 4.7 6.5 0.9 7.1 15.0 0.5 15.2 11.3
Extra resonances S W L hsr D 4y T L G BY
Total +383 +327 4243 +30.6 +22.7 172 +43.1 +233 +34.6 +32.8
-303 -30.6 -33.0 -31.6 -33.6 -16.7 —38.9 -335 -21.4 -203

052011-11



M. ABLIKIM et al.

PHYS. REV. D 111, 052011 (2025)

In the y¢ system, only one pseudoscalar particle,
n(1405), is identified with a mass around 1.4 GeV/c>.
The measured product BF of #(1405) is B(J/w —
yn(1405) — yy) = (3.57 £0.187027) x 107°. Due to
the lack of direct coupling between glueballs and photons,
the glueball decay into y¢ is suppressed. The #7(1405)
observed in J/w — yy¢ is unfavorable to be a glueball,
making it more likely to be an excited state of #'.
Furthermore, the significance of an additional #(1475) is
evaluated to be 3.70, indicating that the presence of the
1(1475) cannot be excluded.

The JP€ of X(1835) is confirmed to be 0~". The mass,
width and product of BF of X(1835) are determined to be
(1849.3 £ 3.0175)) MeV/c?, (179.6 £ 8.773%3) MeV and
B(J/w — yX(1835) = yye) = (3.37 £0.197%78) x 107°,
respectively. The observation of the decay X(1835) — y¢
indicates that the X (1835) is a second radial excited state of
' containing s5 quarks [14,15].

Observation of the n. — y¢ decay, which is the first
observation of the radiative decay of 7., is important for
studying the properties of charmonium, such as the decays
of J/y and y., [70,71].

The decays of f1(1510), f,(1525), £,(1950), f,(2010)
and f(2200) to y¢ are observed for the first time. Accurate
measurement of the R — y¢ decay provides crucial theo-
retical input for understanding the properties of these
particles [28,40,72].

No evidence of 7(1295), #,(1855) or X(2370) is
observed in the process of J/w — yy¢. The possible
existence of 7(1295) cannot be excluded yet, because
the production rate of n(1295) in J/y radiative decays
is predicted to be suppressed due to SU(3) flavor symmetry
[73]. The measured upper limit on the product BF of
J/w = yX(2370) - yy¢p and B(J/w — yn;(1855) —
yr¢) does not contradict the theoretical expectations for
the proposed natures, pseudoscalar glueball for X(2370)
and hybrid state for 7,(1855), as discussed in the intro-
duction. A larger sample of J/y in the future will be helpful
to pin down the properties of these states.
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