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Gluonic nature of the newly observed state X(2600)
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Motivated by the newly observed resonance X(2600) by BESIII Collaboration, we examine the trigluon
glueball interpretation for it in the framework of QCD sum rules. We evaluate the mass spectra of the
trigluon glueballs with quantum numbers 0~F and 2~ up to dimension 8 condensate in the operator
product expansion. Our numerical results indicate that the mass of the 27" trigluon glueball is about
2.66 4= 0.06 GeV, which is consistent with the mass of the X(2600) within the uncertainties, while 0~" has
amass of 2.01 + 0.14 GeV. The possible decay channels of the 27 state are analyzed, which are crucial in
decoding X(2600)’s internal structure and are hopefully measurable in BESIII, BEIIEII, PANDA, and

LHCb experiments.
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I. INTRODUCTION

Quantum chromodynamics (QCD) as the fundamental
theory of hadronic interaction has been accurately tested up
to the 1% level in the high energy region because of
asymptotic freedom [1,2]. However, the nonperturbative
solution of hadron spectrum is hard to be derived from first
principles due to the QCD confinement [3]. A unique
attempt to improve our understanding of the nonperturba-
tive aspects of QCD is to study glueballs, bound states of
pure gluons, in which the gauge field plays a more
important dynamical role than in the conventional hadrons,
which has created much interest in theory and experiment
for a long time.

The glueballs have been searched experimentally in the
last fifty years, and the properties of such states were
explored in depth in a variety of theories, such as lattice
QCD [4-8], the flux tube model [9,10], the MIT bag model
[11-14], the constituent gluon model [15,16], the AdS/
QCD model [17-20], and QCD sum rules [21-33]. By
means of these techniques, the two-gluon glueballs have
been studied extensively. Many calculations tell of the
0" scalar glueball having a mass of about 1.6 + 0.3 GeV
[4-9,14,15,20-27], which suggests that the scalar mesons
fo(1370), fo(1500), and f,(1710) [34-39] may be the

*®
giaocf@ucas.ac.cn

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,/2022/106(7)/074010(8)

074010-1

possible candidates of glueballs or glue rich objects. Cheng
et al. deduced a 0~" pseudoscalar glueball, if exists, may
have a mass around 1400 MeV from an 7-7-G mixing
formalism [40], which is consistent with the viewpoint in
Refs. [10,13,41-44]. Although the lattice QCD predictions
indicate that the two-gluon pseudoscalar glueball lies above
2.2 GeV [4-8], the pseudoscalar state 17(1405) observed in
nzz channel of J/y decay [45] seems to contain a large
gluon component [46]. As for the 27" pseudotensor glue-
ball, Carlson et al. proposed a two-gluon pseudotensor
glueball with mass about 1.9 GeV by exploiting MIT bag
model [14].

The studies about the glueball mentioned above are
mostly limited to the two-gluon glueball, the leading Fock
state in Fock space expansion [23,26,30]. It should be noted
that glueballs constructed by three dynamic gluons, tri-
gluon glueball, can possess every possible quantum num-
ber, as shown in Fig. 1. Although the two-gluon glueball
and trigluons glueball are both permitted by QCD, there is
still no conclusive experimental evidence for their exist-
ence, which is partly due to the lack of necessary knowl-
edge of their production and decay properties and the
strong expected mixing between glueballs and quark states
[47]. Having a great collection of J/w data, BESIII
Collaboration carefully examined the J/w — zz~n proc-
ess [48-54] which is one of most favorite modes to search
for pseudoscalar glueball [55,56].

Recently, by scrutinizing the radiative decays of J/y,
BESIII Collaboration observed a structure in z"z7%
invariant mass of about 2.62 GeV with significance greater
than 20 ¢ [57]. From its known decay products, the new
state most likely possesses quantum number of 0~ or 27T,

Published by the American Physical Society
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FIG. 1. A sketch of the trigluon glueball. Each gluon line
represents a dynamic gluon.

Since the intermediate resonance f,(1500) and final state 7/
are both glueball candidates, or at least contain a large
content of gluons, it is reasonable to consider X (2600) as a
glue-rich object or a glueball.

In this work, to understand the gluonic nature of the
X(2600), we investigate the trigluon glueball state with
quantum numbers of 0~ and 2~ by virtue of the QCD sum
rules developed more than 40 years ago by Shifman,
Vainshtein, and Zakharov (SVZ) [29]. The QCD sum rules
(QCDSR) has some peculiar advantages in studying hadron
spectrum involving nonperturbative effect of QCD. Rather
than a phenomenological model, QCDSR is a QCD based
theoretical framework incorporating nonperturbative effects
universally order by order, which has already achieved a lot
in the study of hadron spectroscopy and decays. In order to
evaluate the mass spectra of the glueballs, one has to
construct the appropriate currents that possesses the foremost
information about the concerned hadron, such as quantum
numbers and the constituent quarks or gluons. By exploiting
the current, the two-point correlation function can be con-
structed, which has two representations: the QCD represen-
tation and the phenomenological representation. The
QCDSR will be formally established after equating these
two representations, from which the mass and decay width of
hadron can be obtained.

The rest of the paper is organized as follows. In Sec. II,
we construct corresponding currents for the trigluon glue-
ball and present the basic formulas in our evaluation. In
Sec. III, we give the analytical and numerical results for
each possible trigluon glueball. In Sec. IV, a brief dis-
cussion on possible bigluon- and trigluon-glueball decay
modes are give. The last section is left for conclusions.

II. FORMALISM

To calculate the mass spectra of 0~* and 27" trigluon
glueballs, the appropriate interpolating currents have to be

established. Although there are a number of currents that
satisfy these quantum numbers, only a limited number of
currents remain after taking into account the constrains of
gauge invariance, Lorentz invariance, and SU.(3) sym-
metry. For the 0~ trigluon glueball, they are

J7A) = g G ()G, (x) G (), (1)
J7R ) = GG, ()G, (x) Gy (), (2)
JTEx) = GGl ()G, (x) Gy (x), (3)
J7P(x) = GG (x) Gl (x) G (). (4)

For the 277 trigluon glueball, they are

Jio (%) = GfGL ()G, (0)Go(x),  (5)
Jie P (x) = GFeGE, (x) G, (x) G5, (), (6)
J‘I%zj‘c(x) = g?fabCGZv(x>Gzljp(x)GZJ(x)' (7)
Jie P(x) = G fereGe, (x)Gh, ()55, (x).  (8)

Here, a, b, and ¢ are color indices, y, v, p, and ¢ denote
Lorentz indices, f®*¢ stands for totally antisymmetric
SU.(3) structure constant, Gy, represents the gluon field
strength tensor, and Gﬁv is the dual gluon field strength
tensor defined as Gl‘jy = %eﬂmG,‘;,. Moreover, it should be
noted that current (2) and (3) can be proved to be equivalent
to current (1), and current (7) is equivalent to current (5).
Thus, in our calculation, we only concentrate on currents
(1), (4), (5), (6), and (8), which are not equivalent.
Equipped with interpolating currents, the two-point
correlation functions can be readily established, i.e.,

0(g?) =i / d*xe'*(0[T{j* (x). j*(0) }[0). ©)

M po(0?) =i [ et (O[T (L (). 45 (0))0).  (10)
where j(x) and j,, (x) stand for the interpolating currents
coupled to the trigluon glueball with J = 0 and 2, respec-
tively, and |0) denotes the physical vacuum. The super-
script k represents A and D for the 0~ trigluon glueball,
while A, B, and D for the 2™ trigluon glueball.
Equation (10) has the following Lorentz structure [58,59]

j / d*xet (O|T{ %, (x), /4,(0)}]0)

= Tllzz.ptrH]Z(*+ (q2) +ooey (11)
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where - - -7 stands for other Lorentz structures independent
of the correlation function I5_. (¢?), and T, ,, is the unique
Lorentz tensor of the fourth rank constructed from g,,
and g,:

o000+ 606 0) -2 D)
12

N[ =

uvpe —

which satisfies the following properties:

T

uv.po — T

POV qﬂT

wpe — 0, gjtw (Q)Tﬂy,pa =0. (13)

Here, g,,(q) = 9 — 9,9,/ ¢* with g,, the Lorentz metric
tensor.
The correlation function on the QCD representation can

be obtained by the operator product expansion (OPE),

—g2 _ 2
90() = (a0 + a0 =5 ) (@) + (50451~ ) (2, )

2

2
# (ot em =) @@e) + (d -+ m =4 ) @) (14)

where (a,G?), (3G?), and (a?G*) represent condensates
with different dimensions; y is the renormalization scale.
Here, we use ay, ay, by, by, ¢y, 1, dy, and d; to represent
Wilson coefficients of operators with different dimensions.

On the phenomenological representation, adopting the
pole plus continuum parametrization of the hadronic
spectral density, the imaginary part of the correlation
function can be described as:

| —
;Imn,g; © = (24c)28(s — (M¥c)?) + Pl (5)0(s — s0).

(15)

Here, i’;r,c is the coupling constant; M’;Pc stands for the
mass of the JFC trigluon glueball. pﬁfcom(s) represents the
spectral density which contains continuous spectrum and
high excited states above the continuum threshold ,/s.
Employing the dispersion relation on both QCD and

phenomenological representation, i.e.,

1 oo ImIT%,c(s)
%, (¢? :—/ —L = ds + -, 16
JPC<q ) 7 Jo s—q’ (16)
where - - -” represents the subtraction terms, then one can

establish connection between the QCD side and the
phenomenological side,

1 /oo ImHi;,%CD(s)
0

_ 3 ds + P
T s—q
- (/Iﬁpc)z oopﬁ;,ccom(s)G(s - 50) .
= MLV 5+ — ds. (17)
( Jpc) q 50 s$—q

To limit the contributions of higher order condensates on
the QCD side and the contributions of high excited and

continuum states in the phenomenological side, an effective
way is to impose Borel transformation simultaneously on
both sides. The form of Borel transformation is as follows,

2\n n
Bla(e) = o(0) = tim (T (=% ) st 19

- 1

w7

Here, g(g¢?) is the function of the independent variable g*
and 7 is a free parameter which is called the Borel
parameter.

Performing the Borel transformation to Eq. (17) one can
obtain,

1 [ £OC e —(ME V2.
”A ImI'[J;S P(s)e~s7ds = (ﬂ’;pc)ze (M oc)

+/ pﬁifcom(s)e_”ds. (19)
So

Here, the subtraction terms in Eq. (16) turns to be zero after
the Borel transformation.
Adopting quark-hadron duality

L[ kQeD s © —sc
—[0 Iml'IJ;)CC2 P(5)e ds:[ pﬁ;f(:om(s)e Stds, (20)

z 0
then one can obtain the main equation of QCDSR,
_ 1 [s
(Aec)%e (Mjpc e :—/ ’ ImH§%%CD(S)e‘STds, (21)
T Jo

from which the mass of trigluon glueball with different J*¢

can be expressed as
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Lire,, (7. 50)

M (1, 50) =
Jrc\ts 90 L.];PC’O(T’ SO)

. (22)

and L*

where the moments L¥ Jec |

70 can be now reached,

1 S0 k.OC st
Ly o(2.50) = = /0 TSP (s)eds,  (23)

1 K
Lo, (7.50) =~ /0 TIIT4 R (s)seds. (24)

Here, Llw (7.s50) is obtained via Lhw(7,50) =
—OLI;PC’O(T, s9)/0r.

III. NUMERICAL ANALYSES

The Feynman diagrams of the correlation function in our
calculation are shown in Fig. 2. After a lengthy calculation,
the Wilson coefficients in Eq. (14) can be obtained. For the
0~ trigluon glueball, they are

18143 3
P S R AU ) b =0,

W00z YT 1020 0 1
21 27

cgzza%, c?:—Ta%, dg =0, dt =0,
2610l 3al

W=10a U= 10, bo=18ma.  bP=0,
189 27

b :Taf, P = —Eaf, d¥ =-36r%a,, dP =0,

where the analytical results of case D are directly obtained
from Ref. [30]. We notice that a¥, b%, cf, and d¥ are equal
for case A and D, which implies that the mass spectrum of
case A is exactly the same as case D because it depends
entirely on the imaginary part of the correlation function,
i.e., Wilson coefficients a¥, b%, c¥, and d*. However, the
complete correlation functions are different, which
implies there may be two 0~" trigluon glueballs with
degeneracy.

For the 2™ trigluon glueball, the Wilson coefficients are

229 a 1 o 32
P . L Y N Sy v
N T x5 T A T
1
C{J‘:—Zaf, At =-a2, dg =0, di =0,
54937 o s__3a&
= = = B =0, B =0,
N 25X x “ 56 & 0 !
383
c8 :mag, B ==-a2, ds =0, ds =0,
1451 al 1 ol
R R D _ & pP =0, bP =0,
“ 2°x 3 x7*x5nx i 168 « 0 :
247
0= "% c? =at ag =0, ar =0,

FIG. 2. The typical Feynman diagrams of trigluon glueball in the scheme of QCD sum rules. (a) Diagram for the perturbative term;
(b) for the two-gluon condensate terms; (c) and (d) for the three-gluon condensate terms; (e) for the four-gluon condensate terms.
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FIG. 3. (a) The ratios RAEC and R > of Case A as functions of the Borel parameter 7 for different values of ,/s,, where red lines

represent RA PC and blue lines stand for R

where we notice that a® =9a{ =9a? and ¢# = 9¢! = 9cP,
which implies that the mass curves of cases A, B, and D
will be exactly equal based on Eq. (22). Similar to the
cases of 0~" trigluon glueball, the complete correlation
functions of case A, B, and D are different, which
suggests there may exist three 27" trigluon glueballs with
degeneracy.

To perform numerical calculation, the following inputs
are adopted [24-26,28,60]:

(a,G?) = (0.005 £ 0.004) x 7 GeV*,
(G3G?) = (a,G?) x (8.2 £ 1.0) GeV?,
9
24 2
(@G) = 1 (@G
Aszs = 300 MeV,
—4r

4= (25)
111n(rAZ )

Moreover, in the calculation two additional free param-
eters, i.e., the continuum threshold s, and the Borel
parameter 7, are introduced in the establishment of
QCDSR. In general, the values of s, and 7 can be determined
by two criteria [29,61,62]. First, the pole contribution (PC).
In order to extract the properties of ground-state hadrons, the
pole contribution has to dominate the spectrum. As dis-
cussed in Refs. [63—66], the large power of s in the spectrum
suppresses the PC value. Thus, the pole contribution can be
selected larger than (40-60)% [67-69] for the trigluon
glueball. This kind of criterion can be formulated as follows:

REPC _ Lipe (7. 50)

JPC Tk

e (r.0) . (26)

The second criterion is the convergence of OPE, that is
the condensate term with neglected power corrections

(b) The mass M _. as a function of the Borel parameter 7 for different values of /5.

remains a small fraction of all terms in the truncated
OPE. In other words, the relative contribution of the lowest
dimension of condensate needs to be less than 50%.
Therefore, one needs to calculate the proportions of each
condensate term in the QCD side. In our calculation, two
gluons condensate (a;G*) do not contribute to the expan-
sion of OPE because all blf are zero. Thus, this criterion can
be formulated as follows:

k.<G3> SO ImHJp<C
JPC

(s)e‘”ds
fOSOI HﬁP%CD s)eS'ds ’

(27)

In order to search a proper value of ,/s,, we implement a
similar analysis as in Refs. [32,70-72]. That is, one needs
to find an optimal window, in which the mass of the
trigluon glueball is independent of the Borel parameter 7 as
much as possible. Since the continuum threshold /sy is
correlated with the onset of excited states in the channel of
the current J*¢ [62], a number of /5, are taken into
account. The central value of /sy can be obtained by the
above procedure. In practice, we vary /sy by 0.1 GeV,
which gives the lower and upper bounds and hence the
uncertainties of /5.

TABLE I. The lower and upper limits of the Borel parameter ¢
(GeV~?) for 0" and 2= trigluon glueball with different /sy
(GeV), where 0" contains case A and D, and 2~ includes case
A, B, and D.

0+ 2+
\/% Tmin Tmax \/% Tmin Tmax
2.5 0.58 0.73 29 0.53 0.70
2.6 0.54 0.74 3.0 0.49 0.73
2.7 0.52 0.75 3.1 0.45 0.75
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of case A as functions of the Borel parameter 7 for different values of /s;, where red lines

represent R/;;lic and blue lines stand for R;x:<+03>. (b) The mass M’ZL as a function of the Borel parameter z for different values of |/s.

Through the above preparation, the mass spectrum of the
trigluon glueball can be numerically calculated. For the 0~

trigluon glueball, the ratios Rgﬁc and RSLiG'%) as functions
of Borel parameter 7 are shown in Fig. 3(a) with different
values of /sg, 2.5, 2.6, 2.7 GeV. The dependence of the
trigluon glueball mass M‘(‘)‘_+ on Borel parameter 7 is shown
in Fig. 3(b), in which the upper and lower limits of the
Borel parameters 7 are obtained for different values of /s,
as shown in Table I. The situation of case D is exactly the
same as case A because they have common Wilson
coefficient a;, b, ¢, and d; as mentioned above. The
mass of the 0~ trigluon glueball can then be extracted as
follows:

M7 =2.01£0.14 GeV. (28)

For the 2~ trigluon glueball, we show the correspond-
ing figures of case A in Fig. 4. The upper and lower limits
of the Borel parameters 7 for different values of /s are

TABLE II.

shown in Table I and the mass of the 2~ trigluon glueball
can be obtained as follows,

MEP = 2.66 £ 0.06 GeV. (29)

It should be noted that the errors in masses (28) and (29)
are mainly determined by the uncertainties of the Borel
parameters 7, continuum threshold /s, and condensates
given in Eq. (25).

IV. DECAY ANALYSES

According to preceding calculations, the masses of 0~
and 27" trigluon glueballs in Egs. (28) and (29) are
2.01 GeV and 2.66 GeV respectively, which are larger
than the predictions of corresponding two-gluon glueballs
in the literature, as expected [10,13,14,40—44]. Our calcu-
lation indicates that the mass of X (2600) is close to the 27+

Typical decay channels of the two-gluon and trigluon glueball with quantum numbers of 0~ and 27,

Cases

Possible decay channels

0~" two-gluon glueball —

0~ trigluon glueball —

ag(980) + =

{f0(500). f(980). fo(1370). f(1500)} + 7
f0(500) + fo(980) +1

{f0(500). f(980)} + 1

nn.qnn' An.n'y + x4+ 7
{wo, pp} + f(500)

f0(500) + fo(500) + {n, 7'} NN

2=" two-gluon glueball —

{f0(500), f,(980)} + a(980) + =

f0(500) + f1(1285)

a,(1320) + =
f2(1270) + 7

2~ trigluon glueball —

1,(1645) + f(500)
{£2(1270), £5(1525)} + {n.n'}
a>(1320) + f(500) + =
{£2(1270), £5(1525)} + fo(500) +n
{£>(1270), f5(1525)} + ao(980) + =
o+ ¢ +n, {7z, 00,pp} +{n,1'}

2f,(1285),2a,(1260), 2k, (1170)
p+p+ fo(980)
{wa, pp,w + ¢} + fo(500)
hi(1170) + w + 1
NN, AA, XX B2
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trigluon glueball. To finally confirm the internal structure of
X(2600), a straightforward procedure is to reconstruct it
from its decay products, though its detailed characters still
need more researches, especially for states possessing
conventional quantum numbers. For comparison, the typ-
ical decay channels of two-gluon glueballs given in
Refs. [10,13,14,40—44] and trigluon glueballs in this work
are shown in Table II. In general, decay modes of three
mesons or hadron-antihadron pair for two-gluon glueballs
are suppressed, while trigluon glueballs decay to these
channels more straightforwardly.

It should also be noted that X(2600) is close in
magnitude to baryonium state E—Z calculated in
Ref. [63]. The main difference between the baryonium
state and the trigluon glueball state is the branching ratio of
NN, AA, XI, and ZZ decay mode. For the trigluon
glueball, the branching ratios of these four decay modes
are close to each other. But for the baryonium state, due to
the Cabibbo-Kobayashi-Maskawa suppression, the branch-
ing ratios of these three NN, AA, and XX decay modes are
relatively small, as given in Ref. [63], and hence the =)
channel should be the primary decay mode.

V. CONCLUSIONS

In this work, we investigate the trigluon glueballs with
JP€ = 07" and 2~ which are possible quantum numbers

possessed by X(2600) in the framework of QCD sum rules.
The numerical results indicate that there are two possible
configurations of 0~ trigluon glueball states with mass
2.01 4 0.14 GeV, and three patterns of 2~ trigluon glue-
ball states with mass 2.66 £ 0.06 GeV.

We find there are three degenerate 2~ trigluon glueballs
related to currents (5), (6), and (8), in agreement with the
experimental observation of X(2600) in mass within the
scope of errors. To disentangle these states, one needs to
find some yet unknown extra conditions, physical observ-
ables, to experimentally measure. In case it is realized, the
other two disentangled 2~" trigluon glueballs may be
treated as partners of X(2600).

The possible trigluon glueball decay modes are analyzed
and confronted to the corresponding baryonium state
E—E, by which the internal structure of X(2600) may
be decoded with the further experimental verifications, like
in BESIII, BELLEII, PANDA, and LHCb experiments.
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