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Abstract: Based on (10087 +44)x 10° J/y events collected with the BESIII detector, the J/y — yK3KIx° and
J/y — yn°ny processes are studied. The X(2370) is observed in both the K{K2n° and 2%y invariant mass spectra,

with statistical significances greater than 140 and 200, respectively. By combining measurements from these pro-

cesses with those from the previously reported J/y — yK2K2n' process, the mass and width of the X(2370) are de-
termined to be 2359*13 MeV/c? and 1704 MeV, respectively. In addition, the decay X(2370) — @((980)°° with
a(980)° — 7'y is observed with a statistical significance exceeding 90. The properties of the X(2370)—decay pat-

tern similarities to that of 5., are consistent with those of a pseudoscalar glueball.

Keywords: glueball, X(2370), QCD
DOI: 10.1088/1674-1137/ae8acd

Quantum Chromodynamics (QCD), a non-Abelian
SU(3) gauge theory, predicts the existence of glueballs,
which are uniquely formed by self-interacting gluons
—the gauge bosons of the strong interactions. The search
for glueballs in experiments is crucial for testing and de-
veloping QCD. Predictions of the 0~* glueball mass from
different lattice QCD (LQCD) groups range from 2.3 to
3.0 GeV/c? [1-6]. However, although J/y radiative de-
cays are considered an ideal place for glueball searches
[7-9], no 0" glueball candidates had been observed in

CSTR: 32044.14.ChinesePhysicsC.50101001

J/y radiative decays in the mass range above 2.3 GeV/c?
until 2011.

In 2011, based on a sample of 0.2 billion J/y events
collected with the BESIII detector, the X(2370) particle
was first observed in the process J/y — yn*n~n’ with a
statistical significance greater than 6.40-. Its mass and
width were measured to be 2376.3 +8.7(stat)*32(syst)
MeV/c* and 83+ 17(stat)*¢*(syst) MeV [10], respectively.
The observation is particularly interesting because the
measured mass is consistent with the range predicted by
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LQCD for the lightest pseudoscalar glueball. Moreover,
J/y radiative decays are generally considered a favor-
able environment for glueball production, and a pseudo-
scalar glueball is expected to decay into channels such as
a*r~n’ [10]. In subsequent studies, using 1.3 billion J/y
events, the X(2370) was confirmed in the decays
J/y - yK*K™n' and J/y — yKKJn' with a statistical sig-
nificance of 8.3¢" [11]. Furthermore, using 10 billion J/y
events, the spin-parity quantum numbers of the X(2370)
were determined to be 0~* with a significance greater
than 9.8¢ in the J/y — yKJKJn' process [12]. Its mass
and width were measured to be 2395+ 11(stat)*25(syst)
MeV/c* and 188+13(stat)*}3*(syst) MeV, respectively. The
product branchlng fraction of J/y — yX(2370) —
Y£(980)y — yKIK21y was measured to be (1.31+
0.22(stat)*385(syst)) x 10°. The measured mass of the
pseudoscalar X(2370) is within the range predicted by
LQCD for the lightest pseudoscalar glueball [5, 6]. In ad-
dition to the glueball interpretation, other interpretations
and phenomenological studies of the X(2370) have also
been proposed [13—17]. To understand the nature of the
X(2370), more decay modes should be searched for and
studied using 10 billion J/y decays collected at BESIII.

For glueball decay properties, no theoretical predic-
tions are available, including from LQCD. The idea that
glueball decays and charmonium decays exhibit qualitat-
ive similarities, since both proceed predominantly via
gluons, was first proposed in Ref. [18]. In this picture, the
decays of the 0** and 2** glueballs should be similar to
those of y. and y., respectively [18]. By analogy, the
decays of a 0~ glueball are expected to resemble those of
the n. [19-21], as illustrated in Fig. 1. As a conventional
c¢ charmonium state, the 5. can also decay electromag-
netically via photons, although its hadronic decays via
gluons dominate. Furthermore, since the 0~* glueball and
the n. may have different masses, the resulting phase-
space differences make a direct quantitative comparison
of their decay properties difficult.

The KKn and nrp modes are two typical decay chan-
nels of the n.. In addition, the decay 5. — ao(980)7 has
been observed, where the a((980) dominantly decays into
nn [22]. Therefore, it is essential to search for corres-
ponding decay modes of the X(2370), such as KKn and
nnn, including the a(980)x intermediate state, in order to
investigate whether it can be interpreted as a pseudoscal-
ar glueball. In this work, the J/y — yKIKIn® and

Fig. 1.
the ..

(color online) Decays of (a) the 0~* glueball and (b)

J/y — yn®n°n processes are studied. These channels be-
nefit from very low background contributions because the
processes J/ — n°KIKIx® and J/y — n°7°2°n are for-
bidden by C-parity conservation and the exchange sym-
metry of identical particles (K?K? and n°z°). This study
is based on (10087 +44)x 10° J/y events [23] collected
with the BESIII detector [24].

A detailed description of the design and performance
of the BESIII detector can be found in Ref. [24]. Monte
Carlo (MC) simulated data samples produced with a
GEANT4-based [25] package, which includes the geo-
metric description of the BESIII detector [26] and the de-
tector response, are used to determine detection efficien-
cies and estimate backgrounds. The simulation models
the beam energy spread and initial-state radiation in e*e”
annihilations with the generator KKMC [27, 28]. The in-
clusive MC sample includes both the production of the
J/y resonance and the continuum processes incorporated
in KKMC [27, 28]. All particle decays are modeled with
EVTGEN [29, 30] using branching fractions either taken
from the Particle Data Group (PDG) [22], when avail-
able, or otherwise estimated with LUNDCHARM [31,
32]. Final-state radiation from charged particles is incor-
porated using the PHOTOS package [33]. MC simulation
samples of the processes J/y — yKoKin® and J/y —
ynzn%n, including the subsequent decays K§ — n*n,
7% — yy, and n — yy, are generated uniformly in phase-
space (PHSP).

Charged tracks detected in the multi-layer drift cham-
ber (MDC) are required to be within a polar-angle (0)
range of |cosf| < 0.93, where 6 is defined with respect to
the z-axis, the symmetry axis of the MDC. No require-
ment is imposed on the distance of closest approach to
the interaction point for charged tracks since all charged
tracks originate from K decays. All charged tracks are
assumed to be pions. To reconstruct KY candidates, the
tracks of each sz~ pair are fitted to a secondary vertex.
To suppress background events, all K candidates are re-
quired to satisfy |My-r- —mgol < 11 MeV/c?, where myo is
the nominal mass of the K0 from the PDG [22]. To fur—
ther suppress background, the decay length of the K
candidate is required to be greater than twice the vertex
resolution away from the interaction point. With these se-
lections, the miscombination rate between pions from dif-
ferent Kj candidates is 0.2%. The reconstructed K can-
didates are used as input for the subsequent kinematic fit.

Photon candidates are identified using isolated
showers in the electromagnetic calorimeter (EMC). The
deposited energy of each shower must be greater than 25
MeV in the barrel region (|cosé| < 0.80) and greater than
50 MeV in the end cap region (0.86 < |cosd| < 0.92). To
exclude showers that originate from charged tracks, the
opening angle between the shower position and charged
tracks extrapolated to the EMC must be greater than 10
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degrees. The EMC time of a shower is required to be
within 700 ns after the e*e” annihilation (the time de-
termined by charged tracks), or, in the case of no charged
tracks, within 500 ns before and after the time of the
highest-energy shower.

For the J/y — yK2KIn°® process, each event candid-
ate is required to have at least two K candidates, at least
three photons, and no additional charged tracks from the
interaction point. A four-constraint (4C) kinematic fit un-
der the J/y — yyyKJK? hypothesis is performed by en-
forcing energy-momentum conservation. If there are mul-
tiple yyyK2K? combinations, the one with the smallest
X3c is chosen. The resulting y?. is required to be less than
40. To reconstruct the n° candidate, a five-constraint (5C)
kinematic fit is performed to further constrain the invari-
ant mass of the two photons to my, where my is the
nominal mass of the n° [22]. Among the three yy com-
binations, the one with the smallest y2. is chosen as the
n° candidate. The two photons from the 7° candidate are
required to satisfy |M,, —mup|<22MeV/c?, with each
photon having an energy greater than 100 MeV. To sup-
press miscombinations of the radiative photon (y,4) and
the photons from the n° candidate (y,0), events with
IM, .1y o — M| <22 MeV/c* are rejected. These photon-re-
lated requirements reduce the miscombination rate
between the 7y, and vy to 0.1%. Events with
My py o =1y <25MeV/c* or M, o —m,| <40 MeV/c?
are rejected to suppress background containing an # or o,
where m, and m,, are the nominal masses of the # and w
[22], respectively. After applying the above selection cri-
teria, a clear signal of the X(2370) around 2.3 GeV/c?,
along with the 7. peak around 2.9 GeV/c?, is observed in
the K{Kyn" invariant-mass spectrum using the momenta
obtained from the 5C kinematic fit, as shown in Fig. 2(a),
Fig. 2(b), and Fig. 2(c). These two-dimensional distribu-
tions indicate several possible intermediate processes, for
example, ap(980)°7° and K;j(1430)K? — K2 K2x°.

An inclusive MC sample of 10 billion J/y decays is
used to study potential background contributions. After
applying the above selection criteria to the inclusive MC
sample, no peaking background is found in the K)Kon°
invariant-mass spectrum. The contributions of non-K§
and non-7° background processes are found to be negli-
gible in the data by fitting the corresponding M,.,- and
M,, distributions.

An unbinned maximum-likelihood fit is performed on
the K{Kyn® invariant-mass spectrum between 1.95 and
2.75 GeV/c*. The X(2370) signal is described by an effi-
ciency-corrected and PHSP-weighted Breit-Wigner (BW)
function convoluted with a detector resolution function.
A third-order polynomial function is used to describe the
remaining contributions. From the fit shown in Fig. 2(d),
the mass and width of the X(2370) are measured to be
2311 +4(stat) MeV/c* and 177 +20(stat) MeV, respect-
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Fig. 2.  (color online) Two-dimensional distributions of (a)
Moo Versus Myogoo and (b) Myoo Versus Myogop- (¢) The
K9Kn® invariant mass spectrum. The solid red histogram
shows PHSP MC with arbitrary normalization. (d) The fit res-
ults within the range [1.95, 2.75] GeV/c?. The dashed red line
is the X(2370) signal component, the dashed green line repres-
ents the remaining processes described by a third-order poly-
nomial function, and the blue line is the total fit result.

ively. The significance of the X(2370) is greater than
140, as determined from the changes in the log-likeli-
hood value and degrees of freedom between fits with and
without the X(2370) signal hypothesis, and includes sys-
tematic variations.

For the J/y — yn°z%y process, each event candidate is
required to have no charged tracks and at least seven
photons. To identify photon pairs originating from n° de-
cays, a one-constraint (1C) kinematic fit is performed by
constraining the invariant mass of each photon pair to
my. At least two pairs with yj. < 10 are required and se-
lected as 7° candidates, which are then used as inputs to
the subsequent kinematic fit. A six-constraint (6C) kin-
ematic fit under the J/y — yyyn°z® hypothesis is per-
formed by enforcing energy-momentum conservation and
constraining the invariant masses of the two n° candid-
ates to m,o. If there are multiple yyyn°z® combinations,
the one with the smallest y?%. is chosen. The resulting y%-
is required to be less than 40. To reconstruct the # candid-
ate, a seven-constraint (7C) kinematic fit is performed to
further constrain the invariant mass of the two photons to
m,. Among the three yy combinations, the one with the
smallest y3. is chosen. To suppress multi-photon back-
grounds, the yj. from the kinematic fit under the
J/y — Ty hypothesis is required to be less than that from
the kinematic fits under the J/y — 8y and J/¢ — 9y hy-
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potheses. The two photons from the # candidate are re-
quired to satisfy |M,,—m,|<27MeV/c*. To suppress
miscombination between the radiative photon and other
selected photons, events satisfying any of the following
requirements are rejected: |M, —myp| <20 MeV/c?,

rad ¥ ;0
My, = M) < 20 MeV /2, | My i,0 =yl < 30 MeV/c?,
and |M,_,, —m,|<50MeV/c?, where y, denotes the

photons from the # candidate. With these requirements,
the miscombination rate among the seven photons is
1.4%. To suppress background containing an w, events
with |M,,_ 0 —m,| <40 MeV/c* are rejected. After apply-
ing the above selection criteria, clear X(2370) and 7.
peaks are observed in the 7°2%; invariant mass spectrum
using the momenta obtained from the 7C kinematic fit, as
shown in Fig. 3(a), Fig. 3(b), and Fig. 3(c). These two-di-
mensional distributions also indicate several possible in-
termediate  processes, such as  f5(1500)7 and
ay(980)°7° — 7.

After applying the above selection criteria, no peak-
ing background is found in the 7°2°; invariant mass spec-
trum of the inclusive MC sample. The background contri-
bution from non-z processes is estimated by fitting the
corresponding M,, distribution in data, yielding a non-y
background fraction of 3.5%. A validation using # mass
sideband events indicates that the non-x background pro-
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Fig. 3.  (color online) The two-dimensional distributions of

() Myop versus My, and (b) My, versus Myono,. (¢) The
7°7% invariant-mass spectrum. The solid red histogram cor-
responds to the PHSP MC sample with arbitrary normaliza-
tion. (d) The fit results in the range [2.00, 2.70] GeV/c?. The
dashed red line represents the X(2370) signal component, the
dashed green line represents the remaining processes de-
scribed by a third-order polynomial function, and the blue line

indicates the total fit result.

cesses produce no peaking structure. Therefore, it is de-
scribed by a polynomial function in the subsequent fit.

A strategy analogous to that described for the
JIy — yK2Kor® process is employed in the fit to the
7% invariant mass spectrum between 2.0 and
2.7 GeV/c?, as shown in Fig. 3(d). The mass and width of
the X(2370) are measured to be 2366 + 2(stat) MeV/c? and
127 +9(stat) MeV, respectively. The significance of the
X(2370) is greater than 200, including systematic vari-
ations.

Using the selection criteria for the J/y — ya°z°n pro-
cess described above, an ¢(980)° candidate is reconstruc-
ted from the # and the lower-energy #°. To suppress con-
tributions from the decay X(2370)— f,(1500)n, events
with |[Myo0 —1.5GeV/c? <0.15GeV/c? are rejected. The
resulting mass spectrum of the # and the lower-energy n°
is shown in Fig. 4(a). An additional requirement of
|M,0, —0.98 GeV/c?| < 0.05 GeV/c* is applied to select the
ay(980)° signal region. After applying these requirements,
the n%2% mass spectrum, shown in Fig. 4(b), exhibits
clear X(2370) and 7. peaks. The 7°7%; mass spectrum
between 2.00 and 2.70 GeV/c? is fitted using a strategy
analogous to that described in the previous paragraph, as
shown in Fig. 4(c). In particular, the PHSP parametriza-
tion in this fit includes an intermediate a,(980)° state,
which is parametrized using dispersion integrals [34].
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Fig. 4.
7 and the lower-energy 7°. (b) The n°2% invariant mass spec-
trum for selected events in the ay(980)° signal region. The
PHSP MC simulations are shown with arbitrary normaliza-
tion. (c) and (d) show the fit results in the range [2.00, 2.70]
GeV/c? for the ay(980)° signal region and the g,(980)° side-
band region, respectively. The dashed green line represents

(color online) (a) The invariant mass spectrum of the

the contribution of the remaining processes, described by a
second-order polynomial plus an exponential function.
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The remaining processes are described by the sum of a
polynomial and an exponential function. The mass and
width of the X(2370) are measured to be 2358 + 5(stat)
MeV/c? and 180 +20(stat) MeV, respectively. The signi-
ficance of the X(2370) is greater than 9o, including sys-
tematic variations. In contrast, there is no evidence for an
X(2370) signal in the a¢(980)° mass sideband region of
0.20 GeV/c? <|M,p,—0.98 GeV/c?| < 0.25 GeV/c?, as
shown in Fig. 4(d).

Systematic uncertainties associated with the invariant-
mass spectrum fits are evaluated for the three decay
modes and arise primarily from the PHSP parametriza-
tion, the background model, and the treatment of an addi-
tional resonance. For each source, alternative fits are per-
formed, and the largest deviations of the fitted mass and
width of the X(2370) from the nominal fit are taken as the
corresponding systematic uncertainties. The uncertainty
associated with the PHSP parametrization is studied by
including an additional Blatt-Weisskopf barrier factor and
by considering PHSP variations among different interme-
diate resonances. For the K?K97° mode, the alternative
intermediate resonances K;(1430) and a,(980)° are con-
sidered. For the n°7°; mode, the alternative intermediate
resonances a,(980)° and f,(1500) are considered. The
ay(980)° is described using both the Flatté [34, 35] and
dispersion-integral parametrizations [34], while all other
intermediate resonances are described by BW functions
with masses and widths fixed to the PDG values [22].
The uncertainty related to the background model is estim-
ated by varying the fit range and adopting alternative
background parametrizations. The uncertainty related to
an additional resonance is estimated by varying its treat-
ment. For the K)K2n° mode, the uncertainty includes a
contribution from the additional resonance X(2260). This
inclusion is motivated by the study of the charged chan-
nel J/y — yKYK*n® [36], where the X(2260) is observed
in the K{K*n* mass spectrum with a significance greater
than 100, and its fitted mass and width are
2256 + 3(stat) MeV/c? and 74 + 10(stat) MeV, respectively.
The significance of the X(2260) in the K? K97° mass spec-
trum is 2.30, where the low significance is due to the
available statistics being more than ten times smaller here
than in the charged channel. The uncertainty related to

Table 1.
cesses, denoted by AM, AT, and N,,, respectively.

the impact of the X(2260) is estimated by incorporating
its contribution to the K)K>n" mass spectrum fit, and the
mass and width of the X(2260) are fixed to the values
measured in the K{K*n® mass spectrum. For the n°z%n
mode, a potential additional resonance can be added in
the mass spectrum fit with a statistical significance of 4o,
and its mass and width are fitted to be
2142 +7(stat) MeV/c?> and 186 +48(stat) MeV, respect-
ively. The uncertainty related to the impact of this reson-
ance is estimated by incorporating its contribution to the
7°7% mass spectrum fit. For the a,(980)°2° mode, since
no evidence of the additional resonance is observed, the
uncertainty related to the additional resonance is not in-
cluded. All sources of systematic uncertainties are sum-
marized in Table 1.

To further improve the measurement precision, the
X(2370) masses and widths measured in different decay
modes are combined following the procedure recommen-
ded by the PDG [22]. All X(2370) measurements in-
cluded in our combination are based on the data sample
of 10 billion J/y events collected with the BESIII detect-
or, including the studies of the J/y — yK{KIx° and
J/y — yn°n°n processes presented in this paper, as well
as the previously reported results for the J/y — yK2 Ko/
process [12]. Considering the statistical and systematic
uncertainties, the combined mass and width of the
X(2370) are 2359*13MeV/c? and 170*% MeV, respect-
ively. The uncertainty of the combined mass is scaled by
a factor of 1.48 because y?/Ny,r = 2.20, following the pro-
cedure recommended by the PDG [22]. Figure 5 presents
a comparison of the X(2370) resonance parameters meas-
ured in the individual channels and the combined result
discussed in this paper. The resulting x?/Ng4r values,
shown in each figure and defined in the PDG [22], indic-
ate reasonable consistency among the input measure-
ments.

In summary, using a sample of (10087 £44)x 10° J/y
events [23] collected with the BESIII detector, the
J/y — yK2K2n® and J/y — ya°n®n processes are invest-
igated to search for the X(2370). The X(2370) is ob-
served in the KYK9n° and 7’2’y invariant mass spectra
with statistical significances greater than 14¢ and 200, re-
spectively. By further selecting the a(980)° mass region

Systematic uncertainties on the mass (in MeV/c?), width (in MeV), and significance (in o) of the X(2370) in different pro-

S Iy — yKK{n® JIb — yn°n’n Iy — yn®n®n (ae(980)° signal region)
e AM AT N, AM AT N, AM Al Ny
PHSP parametrization +7 +2 > 18 +3 +1 >20 +2 +3 > 12
Background model +10 +37 > 14 +9 +24 >20 +9 +58 >9
Additional resonance +22 +62 > 14 +4 +56 >20 — — —
Total +25 +72 > 14 +10 +61 >20 +9 +58 >9
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X(2370) ~>f,,(980)n'
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Fig. 5.
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Ty370) MeV)

(color online) Combined (a) mass and (b) width of the X(2370). The bars on each black dot indicate the total uncertainty; the

horizontal red shaded bands indicate the statistical uncertainties; and the vertical blue lines and blue shaded bands indicate the com-

bined results and their total uncertainties.

in the latter process, the decay X(2370) — a((980)°x° with
ao(980)° — 77 is observed with a statistical significance
greater than 9o0. In the above decay modes, the mass and
width of the X(2370) are determined to be

X(2370) — KIK2x"

My 70, = 2311 + 4(stat) + 25(syst) MeV/c?

FX(2370) =177+ 20(stat) + 72(syst) MeV 5 (1)
X(2370) — 7’2, :

My 370, = 2366 + 2(stat) + 10(syst) MeV/c? ,

FX(2370) =127 £ 9(stat) + 61(syst) MeV ; (2)

X(2370) — a¢(980)°7° :
MX(2370) =2358+ S(Stat) + 9(Syst) 1\/16\//6'2 s
T'x370) = 180 + 20(stat) + 58(syst) MeV . 3)

Based on the results of the first two decay modes ob-
served in this paper, together with the previously repor-
ted results in J/y — yK{ K91 [12], a combined determin-
ation of the X(2370) mass and width is performed, yield-
ing

Myx@30) = 2359713 MeV/c?,
Txa370) = 170755 MeV . 4)

The combined mass of the X(2370) lies within the
mass range predicted by LQCD calculations for the light-
est pseudoscalar glueball [5, 6]. The observed decay
modes of n*x ', KYKJn', KOK2x°, and n°2°n, including
ay(980)°7°, show similarities between the X(2370) and 7,
decays. In addition, as shown in the scatter plot of M, KOK?
versus Moo, from a previous study of the
J/Y — yKYKn channel [37], similar behavior is ob-
served in the K?KJn decay mode. The event yields in
both the X(2370) and 5. mass regions are enhanced in the
Jfo(1500) and fy(1710) mass regions, whereas they are
suppressed in the f,(980) mass region. The properties of
the X(2370)—decay pattern similarities to that of 7., are
consistent with those of a pseudoscalar glueball. To fur-
ther identify the nature of the X(2370), more studies are
needed both experimentally and theoretically.
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