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Stimulated by the newly observed a,(1817) by the BESIII Collaboration, we find a perfect Regge
trajectory composed of the a(980), ay(1450), and ay(1817), which leads us to categorize the a((980),
ay(1450), and a((1817) into the isovector scalar meson family. This scenario is supported by their two-
body Okubo-Zweig-lizuka allowed strong decay behaviors. In this scheme, we also predict the third radial
excitation of the ay(980), which is denoted as the ay(2115), accessible at future experiment as a direct test
of this assignment. We find another Regge trajectory which contains three isoscalar scalar states f,(980),
X(1812), and f,(2100). We investigate their two-body Okubo-Zweig-lizuka allowed strong decay
patterns, which are roughly consistent with the experimental data. The f,(980), X(1812), and
f0(2100) can be well grouped into the isoscalar scalar meson family. We want to emphasize that these
two Regge trajectories have a similar slope. In summary, the present work provides a scheme of
constructing the scalar meson family based on these reported scalar states. The possibility of the f((1710)
as the candidate of the scalar glueball cannot be excluded by the observation of the ay(1817) since the

ay(1817) is more suitable as the isovector partner of the X(1812).

DOI: 10.1103/PhysRevD.105.114014

I. INTRODUCTION

How to quantitatively depict the nonperturbative behav-
ior of quantum chromodynamics (QCD) is an important
issue full of challenges and opportunities in the frontiers
of particle physics. The study of the hadron spectroscopy
can provide valuable hints to deepen our understanding of
nonperturbative QCD.

In the hadron zoo, there exist different hadron configu-
rations including the conventional meson and baryon,
multiquark state, hybrid and glueball [1-3]. Due to the
observations of the charmoniumlike XYZ states and P,
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states, big progress in the search of the multiquark states
has been made in the past two decades [4-7]. Early this
year, the reported #;(1855) in the J/y — ynn' decay from
the BESIII Collaboration aroused theorists’ growing inter-
est in the hybrid meson [8,9].

As a special and key jigsaw of the hadron family, the
glueball deserves special attention [10]. Usually, the
fo(1710) was suggested as a good candidate of the scalar
glueball or at least it has a large glueball component
[11-15], which was supported by the experimental data
of B(fy(1710) = nn')/B(fo(1710) — zz) = 1.61 x 1073
from BESIII [8,9]. Identifying f,(1710) as a scalar glueball
should be checked from different perspectives. In fact,
searching for the isovector partner of the f,(1710) may
provide a criterion to shed light on the nature of f,(1710).
Along this line, in Ref. [16], the BABAR Collaboration
analyzed the 5, — 'z~ decay and found a new state
ay(1710) in its yz decay mode, which has a mass 1704 +
5(stat) +2(syst) MeV and width T"= 110 + 15(stat)+
11(stat) MeV [16]. It is natural to assign the ay(1710)
as the partner of f,(1710), which makes the identification
of the f,(1710) as a scalar glueball ambiguous.
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Thus, confirming the a(1710) by other experiments
becomes an urgent issue.

Very recently, the BESIII Collaboration announced the
observation of an isovector scalar state ay(1710) in the
KYK™ invariant mass spectrum of the D} — KYK* 7 decay,
where the statistical significance of D} — a((1710)z° is
larger than 100 [17]. The resonance parameters of ay(1710)
are M = 1.817 £ 0.008(stat) = 0.020(syst) GeV and ' =
0.097 £ 0.022(stat) 4 0.015(syst) GeV [17]. After observ-
ing the ay(1710), the authors of Ref. [ 18] studied the process
Dy — 7KK and the isovector partner of the f(1710).

We notice the obvious difference of the mass values given
by BABAR [16] and BESIII [17]. Thus, this mass difference
should not be ignored. For this newly observed isovector
state [17], naming it as the ay(1817) is more appropriate.

Focusing on this new measurement from BESIII [17], we
should mention the previous observation of the isoscalar
state X(1812) in J/yw — yw¢ by BESII in 2006 [19],
which has a mass 18121)7(stat) & 18(syst) MeV and
width 105 + 20(stat) 4 28(syst) MeV [19]. Obviously,
the mass of the ay(1817) given by BESIII [17] is very
close to that of the X(1812) [19]. To some extent, it is more
suitable to compare the isovector state ay(1817) with the
isoscalar state X(1812). Thus, the possibility of assigning
the f((1710) as the scalar glueball cannot be excluded by
the observed a((1817) signal as claimed by BESIII [17].

We find an interesting phenomenon when combining the
observed ay(1817) with the isovector a, states listed in
Particle Data Group (PDG) [20]. The a,(980) and a,(1450)
are the established states and the a(1950) was omitted from
the summary table of PDG. The newly observed a(1817)
together with a((980) and a,(1450) may form the standard
Regge trajectory as shown in Fig. 1. Here, the a((980) is the
ground state, while the ay(1450) and a,(1817) are the first
and the second radial excitations of the a(980), respectively.
With this Regge trajectory, we also predict the third radial
excitation of the a,(980), which has a mass 2115 MeV.
Thus, this predicted isovector scalar state is denoted as the
ag(2115). Since the analysis of Regge trajectory can reflect
the spectrum behavior of the conventional light flavor
mesons [21,22], the observed Regge trajectory may provide
direct evidence that these isovector scalar states are suitable
to be grouped into the scalar meson family.

For the isoscalar scalar states f,(980), X(1812), and
f0(2100)," we find another Regge trajectory which is also
presented in Fig. 1, from which we may give the mass value
(1450 MeV) of the first radial excitation of the f(980).
Obviously, there are two candidates of the first radial
excitation of the f,(980), which are f,(1370) and
f0(1500). In the following, we will present their decay

'In PDG [20], two f, states (fo(2020) and f((2200)) are
omitted from the summary table. In our Regge trajectory analysis,
we do not include them.

5t 5r

£(2100)

%
] 3
= a0(1450)
2 k
. [20(980
1 2 3 4 1 2 3 4
n n
FIG. 1. Two Regge trajectories for the isovector and isoscalar

scalar states. Here, the red triangles denote the ay(1817) and
X(1812), while the solid points and empty circles are the experi-
mental and predicted states, respectively. Except the ay(1817),
X(1812) and predicted ay(2115), f,(1450), the masses of the
other scalar states are taken from PDG. Here, the established
states are marked by the black solid points, while the predicted
states are denoted by the black circles. The error bars present total
experimental uncertainties.

behavior and discuss which one is more favorable as the
first radial excitation of f((980).

We can depict the obtained Regge trajectories with the
relation M? = M3 + (n — 1)u?, where M, is the mass of the
ground state and M denotes the mass of excited state with
the radial quantum number n. The slope of the trajectory ? is
determined to be 1.17 GeV? and 1.12 GeV? corresponding
to the isovector and isoscalar scalar Regge trajectories,
respectively, which show the similarity of these two Regge
trajectories. We should emphasize that the newly observed
ay(1817) plays the role of the scaling point when construct-
ing the scalar meson family.

II. STRONG DECAY BEHAVIORS

In order to further examine the above assignment of these
discussed scalar states, we study their two-body Okubo-
Zweig-lizuka (OZI) allowed strong decay behaviors. When
calculating these partial decay widths, we adopt the quark
pair creation (QPC) model [23-28] which is extensively
applied to study the strong decay of the hadrons [29-45].

We first introduce the QPC model. For a realistic decay
process of the hadron, the quark-antiquark pair with the
quantum number J¢ = 07 is created from the vacuum.
And then, the created quark and antiquark combine with the
corresponding antiquark and quark in initial state to form
the final states. The transition operator reads [26]

T——3y2(1m;1—m|00>/dk3dk463(k3+k4)

k;—k ; ;
Vi (%)x%ﬁ‘_mqsg‘*wg‘*d;(kg)bg,-(ko- (2.1)
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Here, the creation probability of the quark-antiquark pair
from the vacuum is represented by a parameter y, which
equals to 7.1 for the uii or dd quark pair, and 7.1/+/3 for the
s5 quark pair creation from our previous work [43].

o4 = (uit + dd + 53)/V3, 03 = 84,0, /V3 (@=1,2,3),
and ;(?f‘_m are the flavor singlet, the color singlet, and the spin
triplet state wave functions, respectively. i and j denote
the SU(3) color indices of the created quark pairs from the
vacuum. Additionally, we have the definition of the /th
solid harmonic polynomial, i.e., Yy, (k) = |k|“Y,,, (0, ¢).
The corresponding transition matrix in the center of mass
frame of the A — BC process is (BC|T|A) = &* (P +
PC)MMJA MisMic in terms of the helicity amplitude.

The decay amplitude is written in terms of the partial-
wave amplitude M ¢(P) [46],

4ny2L 1 1

Mus(P) = == > (LoSMy,|JaM,,)

M;, M.

x (JgM; JcM; |SM; ) MMiaMipMic - (2.2)

With the above preparation, the partial decay width reads

[P|S
I = ﬂzmzw\/&s :

A LS

: (2.3)

where S is the statistic factor [43]. To simplify calculation,
the simple harmonic oscillator (SHO) wave functions for
involved mesons are introduced to depict the spatial wave
function of these discussed states, which has the general
expression ¥,z (R, p) = R,s(R,p)Yz,,(P), where R is
taken to be a model parameter [47]. Along this way, we
allow the R values to vary with the mesonic states [48].
Here, these R values of these involved mesons can be
obtained by reproducing the root-mean-square radius of the
meson states [48]. With a simple potential model with
Coulomb + linear and smeared hyperfine interactions [48]
and by solving the Schrodinger equation, the numerical
spatial wave function associated with the mass spectrum
can be obtained, from which the value of the root-mean-
square radius of the discussed mesons can be extracted.
When adopting the mesonic harmonic oscillator wave
function, we can get the analytic expression of the

corresponding the root-mean-square radius +/(r?) =
J (W p(RoX) P (R, X)dPr) /2, which is the function
of R. And then, the R value for the mesonic harmonic
oscillator wave function can be determined finally by
relating the numerical result and analytic expression of
the root-mean-square radius. In discussing the dependence
of the decay behavior of these scalar states on R value,
we take the corresponding R ranges which are determined
by giving central values and considering variation
of 0.5 GeV~1.

A. Isovector scalar mesons

As the ground state of the isovector scalar meson family,
the a((980) can decay into zn, which has the main
contribution® to the total decay width of the ay(980).
From Fig. 2(a), we show the calculated total width of the
ay(980) dependent on R value. In PDG [20], the average
value of the width of the ay(980) is 50-100 MeV. Our
calculated result roughly overlaps with this experimental
range, which can be as a basic test. Thus, it seems
reasonable to put the ay(980) as the ground state.

For the ay(1450), we obtain its partial width and total
decay width dependent on the R value of the ay(1450). The
main decay modes include the zn, 7', 77(1295). In addition,
the KK also has a sizable contribution to the total decay
width. The calculated branching ratios of ay(1450) — zn,
mn', and KK are (32.3 ~32.8)%, (26.6~32.9)%, and
(11.0~16.0)% corresponding to the R =3.8-4.8
GeV~! range, which are roughly comparable with the
experimental data B(ay(1450) - zn) = (9.3 +2.0)%,
B(ay(1450) — zn') = (3.3 £ 1.7)%, and B(ay(1450) —
KK) = (8.2 & 2.8)% [20], respectively. The obtained total
decay width of the a((1450) is 161-178 MeV, which is not
sensitive to the R value. We notice that the experimental
data of the width of ay(1450) are different from different
experimental measurements, which reflects that the width of
ag(1450) is not determined well in experiment. Thus, we
make a comparison of our theoretical result and these
experimental data [20], which shows the consistency of
our result with some experimental data [49,50]. More precise
measurement of the resonance parameters of the a(1450)
should be paid more attention in future experiment.

In the following, we focus on the newly observed
ao(1817) and list the partial decay widths and total decay
width in Fig. 2(e)-2(f). Indeed, the KK has a sizable
contribution to the total decay width of the a,(1817), which
can explain why the a,(1817) state can be found in the
KYK™* invariant mass spectrum of the D} — K%K*z°
decay [17]. At present, the decay information of the
ay(1817) is still scarce. We should emphasize that the
experimental total width of the a,(1817) can be reproduced
in the given R range. Thus, the a((1817) is a good
candidate of the second radial excitation of the a((980).
The predicted OZI-allowed decay behavior of ay(1817) is
valuable to future experimental study of the ay(1817). The
main decay modes of the aq(1817) include z1(1295), =7/,
zn, an(1475) and 7b,(1235).

In this work, we also predict the third radial excitation of
the a((980), which is denoted as the ay(2115). The two-
body OZI-allowed decay behavior of the ay(2115) is given

’In the present work, we only take the central mass value of the
a(980) to present its OZI-allowed strong decay behavior. In fact,
the a,(980) may decay into KK and 7'z if considering the width
effect of the a¢(980), which are not discussed in the present
study.
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FIG. 2. The partial widths and total decay widths of the a((980) (a), ay(1450) (b—c), ao(1817) (e—f) and the predicted ay(2115)
(g-h) dependent on R values. Here, we compare our results with the experimental width for some states. Especially, for the a,(980) and
ag(1450), we list different experimental data and the comparison with the calculated total decay width depicted with the green band as
shown in diagrams [49-59] (a) and [60-69] (d), respectively. In diagram (e), the yellow band denotes the measured width of the
ay(1817) [17]. The channels with widths less than 5 MeV are omitted in picture, but contributions are included in total widths.

in Fig. 2(g)-2(h). The obtained total decay width of  isovector meson family. The isovector mesons are always
the ao(2115) is 68-156 MeV corresponding to R = accompanied by their isoscalar partners. So there must exist
4.4-5.4 GeV~'. Among these allowed decays, we suggest  a similar Regge trajectory for the isoscalar mesons. As
three typical channels 77, 777/, and KK with sizable partial ~ discussed in Sec. I, a corresponding Regge trajectory for
widths in the experimental search for the ao(2115). If the  isoscalar mesons with the f((980), X(1812), and f(2100)
ao(2115) can be observed in the future, it will be a good  does exist. Under this assignment, we will discuss their
test of the construction of isovector scalar meson family  two-body OZI-allowed strong decays.

proposed in this work.

With the perfect Regge trajectory for the isovector

B. Isoscalar scalar mesons

Treating the f((980) as the ground state of the isoscalar
scalar meson family, the f,(980) decays into zz.” And its
total width is 203-351 MeV corresponding to R =
3.3-4.3 GeV~! from the QPC model. For the £;(980),

mesons with the a((980), aq(1450), and a(1817), we

study their two-body OZI-allowed strong decays, which

*Similar to the case of the ay(980), we do not consider the KK

further support the scenario of categorizing them into the = mode.
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FIG. 3. The partial widths and total decay widths for the f;(980) [70-85] (a), the first radial excitation of f(980) [86—104] (b—c),

X(1812) (e—f) and f((2100) (g-h). To show the difference of the experimental width of the f(980), we collect them together for
comparison with our theoretical result depicted with green band [see diagram (a)]. When discussing whether the f,(1370) and f(1500)
can be the candidate of the first radial excitation of the f,(980), we adopt similar treatment as shown in diagram (d). Additionally, the
yellow bands denote the measured width of the X(1812) [19] and f,(2100) [20]. The channels with widths less than 5 MeV are omitted

in picture, but contributions are included in total widths.

its width is not well determined experimentally [20]. Thus,
we compare the calculated total decay width with these
concrete experimental values of the f((980) width as
shown in Fig. 3(a). Generally, our obtained total decay
width of the f;(980) roughly overlaps with some exper-
imental data [70].

We should mention the decay behavior of the X(1812).
The obtained total decay width of the X (1812) is dependent
on R value as shown in Fig. 3(e)-3(f). Here, the zz(1300)
and zz are two main decay channels, while the 7y,
7a;(1260) and KK have sizable contributions to the total
decay width of the X(1812) with R =4.1-5.1 GeV~".
Since the X(1812) was observed in its OZI-forbidden
decay channel w¢ [19], we are waiting for further

experimental observation of its OZI-allowed decay chan-
nels. Thus, these obtained decay information may provide
valuable information in the experimental search for the
X(1812). According to the present experimental informa-
tion, we may conclude that it is suitable to assign the
X(1812) as the second radial excitation of the f,(980).
In this work, we also illustrate the decay behavior of the
f0(2100), which is a scalar state omitted from the summary
table of PDG [20]. The calculated total decay width can
reach the experimental width of the f(2100) when taking
the allowed R =4.4-5.4 GeV~' range. The zz(1300),
7a,(1260) and zz are its main decay channels, and its
sizable decays are collected in Fig. 3(h). Experimentally
establishing the f,(2100) will be an interesting task.
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FIG. 4. The comparisons of the calculated branching ratios
(green bands) of the zz, 27(1300), KK, and 7y channels of the
first radial excitation of the f,(980) with the experimental data
for the f((1370) and f,(1500) [105-107].

Taking the mass of the first radial excitation of the
f0(980) to be 1450 MeV as given by the analysis of Regge
trajectory, we show its decay behavior in Fig. 3(b)-3(c).
There are two scalar states, f(1370) and f((1500), around
1450 MeV. In Fig. 3(d), we compare the theoretical width
with the experimental widths of the f,(1370) and
f0(1500). Our theoretical result of the width of the
f0(1450) is 249-271 MeV in the R range 3.8-4.8, which
is consistent with some experimental values of the
f0(1370) width measured in Refs. [85,86,89] and one
measurement of the f(1500) width in Ref. [99]. Among
the allowed decay channels, the branching ratios of the 7z,
7n(1300), KK and ny channels are (43.8 ~53.2)%,
(32.6 ~37.9)%, (7.3 ~10.3)% and (6.4 ~7.3)%, respec-
tively. In Fig. 4, we also make a comparison of these results
with the corresponding branching ratios associated with
the f,(1370) and f,(1500). In short, the possibility of the
fo(1370) and f(1500) as the first radial excitation of
the f(980) cannot be excluded. The precise measurement
of the resonance parameters and decay behavior of the
f0(1370) and f(1500) will be very helpful.

As presented in this subsection, there exists some
difference between the obtained results of the partial width
of the two-body OZI-allowed strong decay of the isoscalar
sector and the bulk of experimental data. This deviation
makes the situation of the isoscalar sector rather contro-
versial, and more interesting to some extent. We notice that
there existed extensive discussions of the f,(1370),
f0(1500), and f((1710) in the mixing scheme of the ¢g
(g = u, d), s5 states and glueball in Refs. [11,15,108-112].
Considering this effect may improve the agreement of
our results with the experimental data, but we shall not
investigate it in the present study.

III. DISCUSSION AND CONCLUSION

Very recently, BESIII reported the observation of
an isovector scalar state ay(1817) by analyzing the

Dy — KYK*7° decay [17], which stimulates our interest
in constructing the scalar meson family using the ay(1817)
as the scaling point. The aq(1817), a(980), and ay(1450)
form a Regge trajectory, which suggests the possibility of
allotting the ag(1817), a¢(980), and ay(1450) into iso-
vector scalar meson family. Their two-body OZI-allowed
decay behaviors support this assignment. The predicted
higher scalar meson, ay(2115) can be accessible at future
experiment as the test of the above scheme.

The existence of the Regge trajectory of the isovector
scalar mesons naturally leads to the existence of the similar
Regge trajectory of isoscalar scalar mesons. Along this line,
we check these observed isoscalar scalar states collected
in PDG [20] and indeed find another Regge trajectory
composed of the f,(980), X(1812), and f,(2100), which
are the ground state, the second and the third radially
excited states of the isoscalar scalar meson family, respec-
tively. Their two-body OZI-allowed decay behaviors also
support our observation. With this Regge trajectory, the
first radial excitation of the f,(980) lies around 1450 MeV,
close to the f,(1370) and f,,(1500). The decay behavior of
the f(1450) is roughly consistent with the experimental
data of the f,(1370) and f((1500). There exists the
possibility of the f(1370) and f,(1500) as the candidate
of the first radial excitation of the f;(980). One may
wonder whether the f((1370) and f,(1500) signals arise
from the same isoscalar scalar state f,(1450). Very
recently, the BESIII Collaboration reported the simulta-
neous production of the f,(1500) and f,(1525) in the
decays of X(2600) [113]

B(J/y — yX(2600)) x B(X(2600) — f,(1500)5')

xB(fo(1500) = ztz~) = (3.39 + 0.187921) x 1073,
B(J/y — yX(2600)) x B(X(2600) — f5(1525)%)

xB(f5(1525) — ntn) = (2.43 £ 0.131071) x 1075.

The similar production rate and decay process strongly
indicate that the f,(1500) and f,(1525) may have the same
inner structures. Since the tensor glueball is expected to lie
well above 2 GeV, the f,(1525) is very probably a
conventional tensor meson. In other words, the f(1500)
is probably a scalar meson dominated by the gg compo-
nent, which is consistent with the observation from the
Regge analysis. In short summary, the newly observed
ao(1817) can be a good isovector partner of the X(1812).
Thus, the possibility of the f;(1710) as the scalar
glueball cannot be excluded by the observation of the
ay(1817) [17].
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