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The Abelian decomposition of QCD which decomposes the gluons to the color neutral binding gluons (the
neurons) and the colored valence gluons (the chromons) gauge independently naturally generalizes the quark
model to the quark and chromon model which could play the central role in hadron spectroscopy. We discuss
the color reflection symmetry, the fundamental symmetry of the quark and chromon model, and explain how
it describes the glueballs and the glueball-quarkonium mixing in QCD. We present the numerical analysis of
glueball-quarkonium mixing in 0**, 27+, and 0~ sectors below 2 GeV and show that in the 0" sector
f0(500) and f((1500), in the 27" sector f(1950), and in the 0~" sector #(1405) and 7(1475) could be
identified as the predominant glueball states. We discuss the physical implications of our result.
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I. INTRODUCTION

An important issue in hadron spectroscopy is the
identification of the glueballs. The general wisdom is that
QCD must have glueballs made of gluons [1-3], and
several models of glueballs have been proposed [4-9].
Moreover, lattice QCD was able to construct the low-lying
glueballs based on the first principles of QCD dynamics
[10,11], and the Particle Data Group (PDG) has accumu-
lated a large number of hadronic states that do not seem to
fit the simple quark model as the glueball candidates [12].

In spite of the huge efforts to identify the glueballs
experimentally, so far the search for the glueballs has not
been so successful [13—17]. There are two reasons for this.
First, theoretically, there has been no consensus on how
to construct the glueballs. This has made it difficult to
predict what kind of glueballs we could expect. To see this,
consider the two leading models of glueballs—the bag
model and the constituent gluon model.

The bag model identifies the glueballs as the gauge-
invariant combinations of the gluon fields confined in a bag
[4,5,18]. In this model, the confinement is imposed by
the boundary condition of the bag, where the interaction
among the confined gluons is described by the perturbative
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gluon exchange. On the other hand, in the constituent gluon
model the glueballs are identified as the color singlet bound
states of the color octet “constituent gluons,” where the
confinement is enforced by the confining potential [7,8].

Intuitively, these models look reasonable and attractive,
although they have their own advantages and disadvan-
tages. They were able to show the existence of glueballs.
However, they have not been so successful to pinpoint
exactly what are the glueball states and tell us how can we
verify them.

The other reason is that it is not clear how to identify the
glueballs experimentally. This is partly because they could
mix with quarkoniums, so that we must take care of the
possible mixing to identify the glueballs experimentally
[13—17]. This is why we have very few candidates for the
glueballs so far, compared to the huge hadron spectrum
made of quarks listed in PDG.

This makes the search for the glueballs an urgent issue in
high-energy physics, and we have detectors (e.g., GlueX at
Jefferson Lab and PANDA at FAIR) specifically designed
to search for the glueballs [19,20]. To have a successful
identification of glueballs, however, we must have a better
picture of the glueball.

The Abelian decomposition of QCD allows us to do that
[21-24]. Tt decomposes the QCD gauge potential to the
Abelian restricted potential which has the full color gauge
degrees of freedom and the gauge covariant valence
potential which describes the colored gluons (the chro-
mons) in a gauge-independent way. Moreover, it decom-
poses the restricted potential further to the nontopological
Maxwell part which describes the color neutral binding
gluons (the neurons) and the topological Dirac part which
describes the non-Abelian monopole.

Published by the American Physical Society
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This tells that there are two types of gluons which play
different roles. The neurons play the role of the binding
gluons which bind the colored source, while the chromons
play the role of the colored source of QCD. So we can view
QCD as the restricted QCD (RCD) made of restricted
potential which has the chromons as the colored source.

We emphasize that this is against the common wisdom
that all gluons (because of the gauge symmetry) are equal,
carrying the same color charge. The Abelian decomposition
tells that this is not true, and tells us how to separate
the colored chromons from the color neutral neurons
unambiguously.

Moreover, the Abelian decomposition allows us to study
the role of the monopole, and prove that it is the monopole
which is responsible for the confinement in lattice QCD
[25-28]. As importantly, it allows us to calculate the QCD
effective action and demonstrate the monopole condensa-
tion gauge independently [29-31].

However, what is most important for our purpose is that
it allows us to have a clear picture of glueballs with which
we can identify them. This is because the chromons play
the role of the constituent gluons while the neurons bind
them, after the confinement sets in. So we can construct the
glueballs with a finite number of chromons as the con-
stituent. This generalizes the quark model to the quark
and chromon model which provides a new picture of
hadrons [21,22,32].

The quark model has been very successful. However, the
quark and chromon model has many advantages. It predicts
new hadronic states, e.g., the hybrid hadrons made of
quarks and chromons. More importantly, it provides a clear
picture of glueballs and their mixing with the iso-singlet
quarkoniums, and allows us to calculate the gluon content
of the mixed states.

Of course, the constituent gluon model can also do that,
but this model cannot tell the difference between the
binding gluons and the constituent gluons. To understand
this, consider the hydrogen atom (or any atom) in QED.
Obviously, we have photon as well as electron (and proton
and neutron) in it, but only the electron determines the
atomic structure of the atom in the periodic table. The
photon plays no role in the atomic structure. It is there in
the form of the electromagnetic field to provide the binding,
not as the constituent which determines the atomic structure
of the atom. So we need not know how many of them are in
the atom to determine it’s place in the periodic table.

Exactly the same way the proton has quarks and gluons,
but only the three quarks become the constituent. The
gluons inside the proton do not play any role in the
baryonic structure of the proton which determine the place
of proton in the hadron spectroscopy. This means that they
must be the “binding” gluons, not the “constituent” gluons,
which (just like the photons in the hydrogen atom) provide
only the binding of the quarks in the proton. If so, what are
the constituent gluons, and how can we distinguish them

from the binding gluons? Obviously, the constituent gluon
model does not provide the answer.

The Abelian decomposition naturally resolves this diffi-
culty. It tells that there are indeed two types of gluons, the
neurons and the chromons, and in general only the chromons
could be treated as the constituent gluons [21,22]. This is
because the neurons (like the photons) provide the binding
force for colored objects, but the chromons (just like the
quarks) become the colored source which make bound states
in QCD. So (with few exceptions) only the chromons could
be qualified to be the constituent of hadrons.

In this picture, the proton has no constituent chromons.
However, we emphasize that this does not mean proton
does not contain the chromons at all. Clearly, the three
valence quarks which make up the proton can exchange
chromons among themselves. Moreover, proton could have
an infinite number of “the sea chromons”, just as they have
the sea quarks. However, obviously, these chromons do not
play the role of the constituent.

In the quark and chromon model, one could (in principle)
construct an infinite number of glueballs with chromons.
So one might ask why experimentally we have not so many
candidates of them. One could think of two reasons why
this is so. First, the glueballs made of chromons have an
intrinsic instability [30,31]. So they have broad widths,
broader than the normal hadronic decay width. This means
that they have a relatively short life-time. So only the low-
lying glueballs could actually be observed experimentally.
This is because the chromons, unlike the quarks, tend to
annihilate each other in the chromo-electric background.
This must be contrasted with quarks, which remain stable
inside the hadrons.

This is closely related to the asymptotic freedom (anti-
screening) of gluons. It is well known that in QED the strong
electric background tends to generate the pair creation of
electrons, which makes the charge screening [33-35].
However, in QCD, gluons and quarks play opposite roles
in the asymptotic freedom. The quarks enhance the screen-
ing while the gluons diminish it to generate the antiscreening
[36,37]. In fact, in the presence of a chromo-electric back-
ground, the chromon loop generates a negative imaginary
part but the quark loop generates a positive imaginary part in
the QCD effective action. This tells that the chromo-electric
field tends to generate the pair annihilation of the chromons
[30,31,38-40].

Second, in our model, the glueballs inevitably mix with
quarkoniums, so that in general they do not appear as
mass eigenstates. So, to identify the glueballs, we have to
consider the possible mixing with the quarkoniums. This
makes the experimental identification of glueballs a non-
trivial matter. This is another reason why the experimental
identification of the glueballs so far has not been so
successful.

Of course, in rare cases we could have the pure glueballs
called the oddballs [7,32]. This is because some of the
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chromoballs have the quantum number J”¢ which cannot
be made possible with gg. In this case, there is no gg which
could mix with the oddballs, so that they may exist as pure
chromoballs. This makes the identification of the oddballs
an important issue in QCD.

In a recent paper, we have discussed the general
framework of hadron spectroscopy based on the quark
and chromon model, and showed how the model can
explain the glueball-quarkonium mixing and allow us to
identify the glueballs [32]. The present paper is the sequel
of this work in which we extend the preceding work and
discuss the numerical analysis of the glueball-quarkonium
mixing in more detail to help identify the glueballs without
ambiguity.

Our analysis makes it clear that the chromoballs play
the central role in the meson spectroscopy, although in
general they do not appear as mass eigenstates. In
particular, our analysis tells that the chromoball-
quarkonium mixing makes a deep influence on the ¢g
octet-singlet mixing. In fact, in the quark and chromon
model the gg octet-singlet mixing cannot be discussed
without the chromoball-quarkonium mixing, because the
chromoball-quarkonium mixing inevitably induces the
octet-singlet mixing.

The paper is organized as follows. In Sec. II, we review
the Abelian decomposition which decomposes the gluons
to the color neutral neurons and the colored chromons to
justify the quark and chromon model. In Sec. III, we
discuss the color reflection symmetry which replaces the
non-Abelian gauge symmetry and becomes the fundamen-
tal symmetry of the quark and chromon model. In Sec. IV,
we explain how the chromoballs, the bound states of
chromons, can be understood as the glueballs in the quark
and chromon model. In Sec. V, we discuss the glueball-
quarkonium mixing mechanism. In Sec. VI, we present the
numerical analysis of the low-lying glueball-quarkonium
mixing in 07", 27T, and 0~ sectors below 2 GeV, and
show that f,(1500), f,(1950), n(1405), and #n(1475)
become the strong candidates of glueballs. Finally, in
the last section, we discuss the physical implications of
our analysis.

II. ABELIAN DECOMPOSITION OF GLUONS:
NEURONS AND CHROMONS

Before we discuss the Abelian decomposition we have to
know why we need it. Consider the proton. The quark
model tells that it is made of three quarks, but obviously we
need the gluon to bind them. On the other hand, the quark
model tells that there is no “valence” gluon inside the
proton which can be a constituent of the proton. If so, what
is the “binding” gluon inside the proton, and how do we
distinguish it from the valence gluon?

Another motivation is the Abelian dominance, which
asserts that the Abelian part of QCD is responsible for the
color confinement [41,42]. This must be true, because the

non-Abelian (off-diagonal) part describes the colored
gluons which are destined to be confined. Since the
confined prisoner cannot be the confining agent (the jailer),
only the Abelian part can play the role of the confiner.
However, what is the Abelian part, and how do we
separate it?

The Abelian decomposition decomposes the QCD gauge
potential to the restricted (Abelian) part and the valence
(colored) part gauge independently. Consider the SU(2)
QCD first, and let (i, 7,,7i3 = 1) be an arbitrary local
orthonormal basis. To make the Abelian decomposition, we
choose any direction, e.g., 71, to be the Abelian direction
and impose the isometry to project out the restricted
potential A, [21-23]

D, = (0, + gA,x)i = 0,
A, —A, :Aﬂﬁ—éﬁx 9= A, +C,
A, =An,  C= —éﬁ xdn,  A,=n-A,
(1)

The Abelian projection has the followings features. First,
Aﬂ is precisely the potential which leaves the Abelian
direction invariant under the parallel transport. Second, it is
made of two parts—the nontopological (Maxwellian) A,
which describes the color neutral gluon (the neuron) and
the topological (Diracian) C, which describes the non-
Abelian monopole [43]. Third, the decomposition is gauge
independent. We can rotate 7 to any direction and still get
exactly the same decomposition.
With this, we have

F;w = (F/u/ + H;w)ﬁ7
F,,=0,A,-0,A,
H,

- —;ﬁ (D, % D, ). (2)

This tells the followings. First, F ,w has only the Abelian
component. Second, F . has a dual structure, made of
nontopological F,, and topological H,, .

With (1), we can recover the full QCD potential adding

the non-Abelian (colored) part )_f” which describes the
colored gluons (the chromons) [21,22]

-

A=A, +X, a-X,=0. (3)

Under the infinitesimal gauge transformation

- 1. -
SA, =-D,a, oh; = —a X i, (4)
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we have

8A, =

ba, 6X,=-axX (5)
where D, = 0, + gA,x. This tells that A, has the full
SU((2) gauge degrees of freedom, even though it is
restricted. Moreover, X , becomes gauge covariant.
Notice that, although the neuron is given by the Abelian
component of Aw the chromon is not given by the non-
Abelian component of Zﬂ. This is because the Abelian

decomposition decomposes A 4 to the neuron, chromon, and
the topological monopole. So the topological part plays an
essential role in the Abelian decomposition.

With the restricted potential we can construct the
restricted QCD (RCD) which has the full non-Abelian
gauge symmetry but is simpler than the QCD

which describes the Abelian subdynamics of QCD. Since
RCD contains the non-Abelian monopole degrees explic-
itly, it provides an ideal platform for us to study the
monopole dynamics gauge independently.

From (3) we have

-

Fo,=F,+DX,-DX,+¢X,xX,. (7)

With this we can express QCD by

1-
['QCD:_Z ﬁ,,
1y loao oo
:_Z yy_Z(DMXy_DyXﬂ>
2
g > - g = -
_5 ;w'(Xﬂ XL/)_Z(XﬂXXv)Z (8)

This is the extended SU(2) QCD (ECD) which confirms
that QCD can be viewed as RCD made of the binding
gluons, which has the chromons as its source [21,22].

The Abelian decomposition is more complicated but
straightforward. Since SU(3) has rank two, it has two
Abelian directions. Let 7;(i = 1,2,...,8) be an arbitrary
local orthonormal SU(3) basis, and choose 713 =71 and
iig = i’ to be the Abelian directions. Make the Abelian
projection by

D, =0, (9)

This automatically guarantees [43]
D, =0, A =—nx*n. (10)

where * denotes the d-product. This is because SU(3) has
two vector products, the antisymmetric f-product and the
symmetric d-product.

Solving (9), we have the Abelian projection which
projects out the binding potential,

AP = Alq? —éﬁf’ x 9 hP = Al +C}.
AL = ALRP.CD = —Larx o,
M= A=—a
Af,:—%A”—;A,’“ Al =h,
ﬁ2:—;ﬁ+\fﬁ’, ﬁ3:—% —\fﬁ’,

(11)

where the sum is the sum of the Abelian directions of
three SU(2) subgroups made of (7, 7y, '), (fig, 17, 2%,
(A4, —f15, 7). Notice that the three Aﬁ are not mutually
independent.

Under the infinitesimal gauge transformation

- 1 - A - A A - A
SA,=-D,a, oh=-axhn, 60 =-axn, (12)
g
we have [21-23]
N | BN
64, =_D,a. (13)

This confirms that AM has the full SU(3) gauge degrees of
freedom.

From this we have the restricted field strength made of
the binding potential

A 2 A 2

Fu =32 Flo =3 2_(Flu + HL)
P P

Fl, = 8,AL — 0,AL,

1
Hl, = —gﬁp (9,7 x 0,nP), (14)
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and obtain the restricted QCD (RCD) which has the full
SU(3) gauge symmetry [21-23]

Y

'CRCD = 4w

1
= —EZ(F,’,’D +HLL)E (15)
p

Just like the SU(2) RCD it has a dual structure, made of F/,
and HY,.

Adding the valence part }_f'” which describes the chro-
mons to the binding potential we have the Abelian

This confirms that X , becomes gauge covariant. Moreover,
this tells that the chromons X 4 can be decomposed to the

three SU(2) chromons V_V,f However, unlike Afj , they are
mutually independent. So we have two neurons and six
chromons in SU(3) QCD. The Abelian decomposition
has also been known as the Cho decomposition, Cho-
Duan-Ge decomposition, or Cho-Faddeev-Niemi decom-
position [45-49].

From (16), we have

decomposition of the SU(3) gauge potential [44] Dﬂ)?,, = Zf),’; w?, Df =0, + gAlx,
P
- a - 2 - S - Y w % — 7P« Wi
Aﬂ:AM+Xﬂ:Z<§A/[4}+W{:>’ X#:ZWP, XHXX”_pq w X Wo.
P P '
W, = Xh, + X2y, Wy = XS + X)iy, Fu =Fyu+ DX, - DX, +9X, XX,
773 A 2. A -
W) = Xih, + X3 (16) = 3|5 g - D)
p
Again, under the gauge transformation we have [21-23] + Z 2 5 % WZ (18)
. 1. R 2
6A, =-D,a, 0X, = —-axX,. 17)
g so that we can express the SU(3) QCD as [29-31]
|
L ao Ao 9as a3 T ouw 94 o 7 s s 2
‘CECD - ﬁRCD - Z( /lXI/ - DyX/,t) - E(Dﬂxl/ - DDXM) (Xﬂ 2 Xv) - EF[IZ/ : (Xﬂ X sz) - Z (X[l X Xu)
_ Loap ! DPW? — DPWP2 — L FP (WP % WP 7 WP % W92
= _8( % _Z( WWy —DyWy) ) - ( u X 2| = Z< TR M)
P P4
N s AP T 7 v 9 3 7 7 v 7
= S(DEWE = DYWR) - (Wi x Wy) = >~ S (Wi x W) - (Wi x WD) + (Wi x WD) - (Wi x W)L (19)

This is the SU(3) ECD, which is mathematically identical
to QCD. Adding an extra term or subtracting any existing
term is strictly forbidden.

We can easily add quarks in the Abelian decomposition,

L, = ¥ (iy"D, — m)¥,
k

=> [‘Pf(iy"Dﬂ —m)¥} + WP ‘Pp(y”?f’)‘l‘d
p.k
D,=0,+27.4 Dp=0,+ L. Ar (20)
2] 2i n H o Ppu 2i we

where m is the mass, k is the flavor index, 7 is the color
generators of the quark triplet corresponding to the chro-
mons X 4» P denotes the color generators of the quarks
corresponding to three SU(2) subgroups of SU(3), and ¥¢

represents the three SU(2) quark doublets (i.e., (r, b), (b, g),
and (g, r) doublets) of the (r, b, g) quark triplet.

The Abelian decomposition is summarized graphically.
This is shown in Fig. 1, where the gluons are decomposed
to the restricted potential and the chromon potential in (A),
and the restricted potential is decomposed further to the
nontopological neuron potential A, and the topological
monopole potential C, in (B).

Although the Abelian decomposition does not change
QCD, it reveals important hidden structures of QCD. First
of all, it tells that there are two types of gluon, the neuron
and chromon, which play totally different role. This means
that there should be two types of gluon jets, the neuron jet
and the chromon jet, which in principle could be tested and
confirmed by experiment. Without the Abelian decompo-
sition we could not tell this because all gluons are treated on
equal footing.

Second, it allows us to decompose the QCD Feynman
diagram in such a way that the conservation of color is
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00000 = VWV +
(2)

NVVNVN = VNV + <
(b)

FIG. 1. The Abelian decomposition of the gluons. The gauge
potential is decomposed to the restricted potential (kinked line)
and the chromon (straight line) in (A), and the restricted potential
is further decomposed to the neuron (wiggly line) and the
monopole (spiked line) in (B).

made explicit. This is shown in Fig. 2. In (A), the three-
point gluon vertex is decomposed to two vertices made of
one neuron plus two chromons and three chromons. In (B),
the four-point gluon vertex is decomposed to three vertices
made of one neuron plus three chromons, two neurons plus
two chromons, and four chromons. In (C), the quark-gluon
vertex is decomposed to the quark-neuron vertex and
quark-chromon vertex.

Notice that three-point vertex made of three neurons or
two neurons and one chromon, and four-point vertex made
of three or four neurons are forbidden by the conservation
of color. Moreover, the quark-neuron interaction does not
change the quark color, but the quark-chromon interaction
changes the quark color.

Another point is that the monopole does not appear in the
diagram for the following reasons. First, after the confine-
ment (the monopole condensation) sets in, the monopole

e
e
o

FIG. 2. The Abelian decomposition of Feynman diagrams in
SU@B3) QCD. The three-point and four-point gluon vertices are
decomposed in (A) and (B), and the quark-gluon vertices are
decomposed in (C). Notice that the monopole does not appear in
the Feynman diagram, since it does not represent a dynamical
degree.

part disappears completely. So, in the perturbative regime
(inside the hadrons where the asymptotic freedom applies)
only the neurons and chromons contribute to the Feynman
diagrams. However, the more fundamental reason is that
the monopole, as the topological degree of QCD, does not
become a dynamical (i.e., propagating) degree. So, it
cannot appear in the Feynman diagram [29].

Third, the Abelian decomposition of SU(3) QCD reveals
the Weyl symmetry of the SU(3) QCD, and shows that the
theory is invariant under the permutation of three SU(2)
subgroups, or equivalently three colors of SU(3). Indeed,
(11), (19), and (20) clearly show that they are invariant
under the permutation of three SU(2) subgroups. The Weyl
group of SU(N) is the N!-elements permutation group of N
colors. In general, the Abelian decomposition allows us to
express the SU(N) QCD explicitly in the Weyl symmetric
form. This is very important, because this allows us to
express the SUN) QCD effective action in terms of the
SU(2) QCD effective action.

In the nonperturbative regime, the Abelian decomposi-
tion allows us to demonstrate the monopole dominance,
that it is the monopole which confines the color. In fact,
implementing the Abelian decomposition on lattice, we
can calculate the contribution of the Wilson loop with the
full potential, the restricted potential, and the monopole
potential separately, and show that the monopole potential
produces the confining force [25-28]. The recent lattice
result obtained with the Abelian decomposition is copied in
Fig. 3, which shows that all three potentials produce exactly
the same confining force [27,28]. Clearly, this proves that
the neuron and chromon do not contribute to the Wilson
loop integral.

The lattice result demonstrates the monopole dominance,
that the monopole is essential for the confinement.
However, it does not show how the monopole confines

4.5
4 L
3.5+
3 L
25}
2 L
1.5 ¢
1 L

V(R)

0O 2 4 6 8 10 12 14 16 18
R

FIG. 3. The lattice QCD calculation which establishes the
monopole dominance in Wilson loop. Here, the solid, dotted,
and dashed lines are obtained with the full potential, the restricted
potential, and the monopole potential, respectively.
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FIG. 4. The one-loop effective potential of SU(3) QCD which
demonstrates the monopole condensation. The potential is
obtained by integrating out the chromons in the presence of a
constant monopole background.

the color. To show this, we have to calculate the effective
action of QCD. The Abelian decomposition and the
resulting ECD provides us an ideal platform for us to
calculate the QCD effective action gauge independ-
ently [30,31].

This is because, field theoretically, the Abelian decom-
position puts QCD in the background field formalism
[29,50,51]. So we can treat the restricted potential and
the valence potential as the slow varying classical field and
the fluctuating quantum field, and calculate the QCD
effective action in the presence of the monopole back-
ground imposing the gauge invariance.

This allows us to show that the true QCD vacuum is
given by the monopole condensation, more precisely the
monopole-antimonopole pair condensation [30,31]. The
SU3) QCD effective potential is shown in Fig. 4. This
strongly implies that it is the monopole condensation which
generates the mass gap and the confinement in QCD.

The most important point of the Abelian decomposition
for our purpose in this paper, however, is that it generalizes
the quark model to the quark and chromon model [32]. This
is because the chromons, being colored, are naturally
qualified to become the constituent of hadrons. In contrast,
the neurons, being neutral, play the role of photons which
provides the binding in QED.

This leads us to the quark and chromon model where the
colored quarks and chromons become the constituent of
hadrons. This gives us a new picture of hadron spectros-
copy. Moreover, this provides us a clear picture of the
glueballs and their mixing with quarkoniums and helps us
to identify the glueballs experimentally.

To understand how the quark and chromon model works,
it is important to understand that the Abelian decomposi-
tion reduces the complicated non-Abelian color gauge
symmetry to the discrete symmetry made of finite elements
called the color reflection symmetry which becomes the

fundamental symmetry of the quark and chromon model
[21,22]. This is very important, because this color reflection
symmetry plays the role of the gauge symmetry but is
much easier to handle. So we discuss the color reflection
symmetry in detail in the next section.

III. COLOR REFLECTION INVARIANCE AND
WEYL SYMMETRY OF ECD

As we have emphasized, the Abelian decomposition is
gauge independent. On the other hand, the selection of the
Abelian direction amounts to the gauge fixing which breaks
the gauge symmetry. However, this does not break the
gauge symmetry completely, because we have a residual
discrete symmetry called the color reflection symmetry
even after the Abelian decomposition [21,22,30].

The importance of this residual symmetry comes from
the following observation. First, this plays the role of the
gauge symmetry after the Abelian decomposition. Second,
this symmetry is much simpler than the color gauge
symmetry. This tells that the Abelian decomposition
reduces the complicated non-Abelian gauge symmetry to
a simple discrete symmetry which is much easier to handle.
So we discuss the color reflection symmetry first.

Consider the SU(2) QCD first and make the color
reflection, the z-rotation of the SU(2) basis along the
7,-direction which inverts the color direction 7,

(ﬁl,ﬁz,ﬁ) d (—fll,flz,—ﬁ). (21)

Obviously, this is a gauge transformation which should not
change the physics. On the other hand, under the color
reflection (21) we have [30]

W N 1
A, =AY = —An - o1 Ol
A, A =—p A, =-A,. (22)
Moreover, we have
X}t d l(‘C) = —(X}llfll —Xl%ﬁz),

or, in the complex notation

I s
R,“ :E(X’l + lXM)

A Y )

where R, denotes the red chromon.

However, since the isometry condition (1) is insensitive
to (21), we have two different Abelian decompositions
imposing the same isometry,
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-

A=A +X, A =AY+X9 (24

without changing the physics. This is why the color
reflection (21) becomes a discrete symmetry of QCD after
the Abelian decomposition [21,22].

To understand the meaning of this, notice that the neuron
potential A, change the signature, while the topological
part remains invariant. Moreover the chromon changes to
the complex conjugate partner (together with the change of
the signature), which changes the chromon to antichromon
and flips the sign of the chromon charge.

This is what is expected. In the absence of the topo-
logical part, (8) describes QED which is coupled to the
massless charged vector field where the neuron plays the
role of the photon. And in QED it is well known that
the photon has negative charge conjugation quantum
number. So it is natural that A, in SU(2) QCD changes
the signature under the color reflection. Similarly we can
argue that A, changes the signature under the parity [30].

As importantly, (23) tells that the physics should not
change when we change the chromon to antichromon,
because they are the color reflection partner. This means
that they cannot be separately discussed in QCD and should
always play exactly the same amount of role. This is the
reason why the color should become unphysical and
confined, which makes QCD totally different from QCD
[21,22,30].

In the fundamental representation, the color reflection
(21) is given by the four-element subgroup of SU(2) made

of [21,22]
( 1 )
2 0 _1 ’

-, 9)
C, = (? _01). (25)

c 0 1
T\ o)
(a=1,2b=12k=12,..4),

This can be expressed by
<1 0) <—1 0)
D, = , D, =
0 1 0 -1
R(l 0) R<0 1) (26)
't \o 1) 27 \=1 o)

which contains the diagonal subgroup made of D; and D,.
And this becomes the residual symmetry of the SU(2)
quark doublet (r,b) after the Abelian decomposition.
Notice that R, plays the role of the generator of the color
reflection group.

As for the gluons which form the adjoint representation
the color reflection can be simplified further for two
reasons. First, the diagonal subgroup has no effect on
the adjoint representation. Second, the color reflection

Ck == Dava

changes 7 to —f and (7, ) to (—=fy, 71,). So, the gluon
triplet is decomposed to two independent representations.
Indeed, for the neuron, we have

R2: Aﬂ b —A”. (27)
However, for the chromon, we have
Ry: (X,, X)) » —=(X\),X,),

or equivalently

Ry: (R,,R,) = —(R,.R,). (28)
This confirms that the neuron and chromon transform
independently, forming a one-dimensional and two-
dimensional representation under the color reflection.
This drastically simplifies the non-Abelian gauge
symmetry.

For SU(3), the fundamental representation of the color
reflection group is made up of a 24-element subgroup of
SU(3) given by [21,22,49]

Cr = D4Ry,
(@a=1,2.3,4b=12,...6;k=12,...24),

1 0 0 -1 0 O
p,=|lo 10|, D=0 -1 0],

0 0 1 0 0 1

1 0 0 -1 0
D=0 -1 o, bp,=|o0 1 ,

0O 0 -1 0 0 -1

1 0 0 0 0
Ri=|o0 1 o), Ro=| -1 0 o),

0 0 1 0 0 1

1 0 O 0 0 1
Rs=1o o 1|, R=|0 -1 0],

0O -1 0 1 0 O

01 0 0 0 1
Rs=|0 0 1), Re=| -1 0 of, (29

1 0 0 0o -1 0

where the four D-matrices form the diagonal subgroup.
This describes the residual symmetry of the quark triplet
(r,b,g) after the Abelian decomposition. Notice that
here R, and R; play the role of the generator. For
example, we have Rs=R;-R,, Rs=R,-R;, and
R4 :RQ‘R?, 'R2.

For the gluon octet which form the adjoint representation
of SU(3) the color reflection can be simplified further. Just
as in SU(2) QCD, the neurons and chromons transform
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separately, among themselves. To see exactly how they
transform, notice that the two neurons transform as

Ay -1 0 Ay
Rz: A/ - A, )
U 0 1 iz
A 1/2 3/2 A
ws ()= (o Sn) () oo
A, V32 -1/2)\4,
On the other hand, according to (11) and (16) the two

neurons form a (mutually dependent) triplet (A,, Az, A3).
So in terms of the triplet the color reflection acts as follows,

Ry: (AL A2 A3) > —(AL A3 A2),
Ry: (AL A2 A3) > —(A3. A2 AL),

Ry: (AL A2 A3) > —(A2 AL AD),

Rs: (AL A2 A3) > (43,1, A2),

Rg: (AL,A%,AZ) - (A,%,Af,,A},). (31)

This tells that basically R,, R;, R, describe the permuta-
tions of two SU(2) neurons (up to the signature change),
but Rs, R describe the cyclic permutations of three SU(2)

neurons.

For the six chromons which form a sextet (VT/}, Wﬁ
VT/;, W}fc), Wﬁ(c), VT/;<C)) we can express them as three (red,
blue, and green) colored chromons of the SU(2) subgroups
by (RM,B”, G,..R,.B,, Gﬂ). For these the color reflection

acts as follows,

Ry: (RwBﬂ’Gﬂ’RwaGy)

- (R,.G,.B,.R,.G,.B,),
Rs: (RWB”,G,,,R”,B”,G”)

— —(G,.B,.R,.G,.B,.R,),
R.: (R,.B,.G,.R,.B,.G,)

- _(BwkwéwBﬂ
Rs: (R”,BM,G”,RWBM,

- _(GM’Rﬂ’BM’Gﬂ’Rﬂ’Bﬂ)’
Rs: (R,.B,.G,.R,.B,.G,)

g _(Bﬂ’ G”,R”,B”,G”,Rﬂ)- (32)

Here, R,, R3, R, describe the antichromon transformation
(complex conjugation) plus permutations of two chromons,
but Rs, Rg describe the cyclic permutations of three
chromons (up to the signature change).

The above discussion reveals another important differ-
ence between the neuron and chromon. Clearly, (31) tells

that the neurons just permute and change the signature of
the wave function, but (32) tells that the chromons change

to antichromons, under the color reflection. In other words,
just like the photon in QED, there are no antineurons in
QCD. In contrast, the chromons have the antichromon
partners. This is because the neurons are neutral but the
chromons are colored, so that the neuron wave functions
have real form, while the chromon wave functions have
complex expression.

At this point one might wonder if there is any relation
between the color reflection group and Weyl group. For
SU@3), the Weyl group is the six-element permutation
group of three colors which has a three-dimensional
representation given by

W]I

W3:

Ws = , (33)

- O O O O = O O =
S O = = O O O = O
S = O O = O = O O
=
|
S = O = O O O = O
- O O O = O O O =
S O = O O = = O O

which contains the cyclic Z; made of W, W5, and W.

This tells that the two groups are different. They have
different origin. The Weyl group comes as the symmetry of
the Abelian decomposition, but the color reflection group is
the residual symmetry of the Abelian decomposition.
Unlike the color reflection group (29), the Weyl group
(33) is not a subgroup of SU(3). Moreover, the Weyl group
has no complex conjugation operation which transforms
the chromons to antichromons. On the other hand, they
have a common subgroup Zs, the cyclic permutation group
of three colors.

Obviously, both the color reflection group and the
Weyl group should play a fundamental role in hadron
spectroscopy. Only the color reflection—invariant and Weyl-
invariant combinations of quarks and gluons can become
physical in the quark and chromon model [32]. On the other
hand, the color reflection group plays a more fundamental
role in the sense that it has the complex conjugation
operation which transforms the chromons to antichromons.

IV. GLUEBALLS IN QUARK AND CHROMON
MODEL: CHROMOBALLS

So far, we have discussed the theoretical aspects of QCD
which are exact. From now on we discuss their applications
which inevitably contains approximations, in particular the
quark and chromon model in more detail. We first provide
more argument for the quark and chromon model. In the
constituent gluon model, the gauge-invariant combinations
of the octet gluons, gg or ggg, have been thought to form the

096015-9



PENGMING ZHANG, LI-PING ZOU, and Y.M. CHO

PHYS. REV. D 98, 096015 (2018)

glueballs. This is because all gluons are treated equally in
this model.

As we have pointed out, this has a critical defect.
Obviously, an important role of gluons is to provide the
binging force of the colored objects. So, if all gluons
become the constituent, it is very difficult to explain how
they provide the binding. In the quark and chromon model,
however, only the chromons become the constituent gluon.
This is because only the chromons carry the color charge.
In comparison, the neurons, being color neutral, naturally
assume the role of the binding gluons.

To clarify this point, we compare the possible Feynman
diagrams of two and three chromon interactions shown in
Fig. 5 with the similar Feynman diagrams of neuron
interactions shown in Fig. 6. Clearly, Fig. 5 looks very
similar to the Feynman diagrams of gg and ggq bound
states in the quark model. This means that the chromons,
just like the quarks, can become the constituents of
hadrons. In particular, this means that they could form
chromoball bound states among themselves.

On the other hand, Fig. 6 looks totally different from
Fig. 5. Obviously, Fig. 6 looks very much like the photon
self-interaction in QED. This is because the neurons are not
colored, so that they can interact only through the chromon
or quark loops. So they actually play the role of “the
photons” in QCD whose binding is much weaker than the
chromon binding. This strongly support the quark and
chromon model.

Of course, although the photons in QED do not form a
bound state, there is still a possibility that the neuron
binding is strong enough to form a bound state in QCD.
Nevertheless, it is natural to assume that if the neurons form
a bound state at all, they should form a very weakly bound
state which would look like a bound state of two quarko-
niums or a molecular state made of two light mesons. This
means that there could be only a few neuroballs, the bound
states made of neurons, maybe one or two at most. For this
reason, we will assume that only the chromons become the
constituent in this paper.

(b)

FIG. 5. The possible Feynman diagrams which bind the
chromons. Two chromon binding is shown in (A), three chromon
binding is shown in (B). The quarks are represented by the
arrows.

()

(b)

FIG. 6. The possible Feynman diagrams of the neuron inter-
action. Two neuron binding is shown in (A), three neuron binding
is shown in (B). The quarks are represented by the arrows.

This, however, does not mean that they cannot contribute
to the binding. Clearly, Figs. 5 and 6 show that both
neurons and chromons can exchange chromons to make the
binding. However, we emphasize that there is a clear
difference between the role of the chromon to be the
constituent gluon and the exchange gluon.

Now we discuss the characteristic features and new
predictions of the quark and chromon model, and show
how we can test the model experimentally. As we have
explained, the most important change in this model is the
replacement of the non-Abelian gauge group by the color
reflection group. Indeed, the color reflection symmetry
becomes the backbone of the quark and chromon model
[22,23,32].

This simplifies the non-Abelian gauge invariance to the
color reflection invariance. So only the color reflection—
invariant combinations of the chromons become gauge
invariant and thus form the glueballs. This is why the color
reflection group becomes so important in this model.

To amplify this point, we emphasize that the model
reclassifies all hadrons in the quark model. For example, in
the quark model mesons and baryons are viewed as color
singlets made of (3 x3) and (3 x3 x3) SU(3) quark
triplets. However, in the new model, the quark triplets
should be interpreted as the triplet of the color reflection
group, not the color SU(3). So, in this reclassification the
mesons and baryons acquire a different interpretation. This,
of course, would not change the hadron spectrum much.
However, it clearly shows that the quark and chromon
model sheds a new light on the old quark model, even for
the hadrons made of quarks.

Notice that for the meson classification the full color
reflection symmetry becomes important, because the anti-
chromons become an important ingredient. However, for
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the baryons, the Weyl symmetry plays the main role
because baryons have only quarks, not antiquarks.

Obviously, a place where the quark and chromon model
makes a big difference is in the glueball and hybrid hadron.
The model asserts that only the chromoball, the bound state
of chromons, can become the glueball. In other words, the
gg and ggg glueballs are actually the color singlets made of
(6 x6) and (6 x 6x6) sextet chromons of the color
reflection group, not (8 x 8) and (8 x 8 x 8) SU(3) octets.
This is the difference between the quark and chromon model
and the constituent gluon model [7,8]. So in this model the
quark triplet and chromon sextet of the color reflection group
become the essential ingredients of hadrons.

As importantly the model provides conceptually a clear
picture of chromoball mixing with the quarkonium.
Moreover, the model predicts the existence of the hybrid
hadrons made of the quark triplets and chromon sextets. So
studying the chromoballs and their mixing with quarko-
niums and the hybrid hadrons predicted by the model we
can test the quark and chromon model.

In the quark and chromon model, one expects infinite
tower chromoballs, but experimentally we have not so
many candidates of glueballs. There could be two possible
explanations for this. First, they could easily mix with
quakoniums, unless the conservation of quantum number
forbids the mixing. This means that in reality the physical
glueballs are mixed states, not pure chromoball states.
Certainly this makes the experimental identification of the
glueballs a nontrivial matter [32].

Second, the chromoballs may have an intrinsic instability
and decay faster than ordinary hadrons, which could make
the experimental identification difficult. As we have
pointed out, the chromons tend to annihilate each other
in the color background, which has to do with the
antiscreening of the color charge [30-32,38-40].

We can estimate the glueball partial decay width coming
from this instability. According to the QCD one-loop
effective action, the chromon annihilation probability per
unit volume per unit time is given by [30-32]

11g* -, dr
L=2 96x 0 %3
p

3
AQCD

. (34)

where the sum is on three SU(2) subgroups and E, is the
average chromo-electric field of each subgroup inside the
glueballs. Now, if we choose a; ~ 0.4, Agcp ~ 339 MeV
(for three quark flavors), and E, ~ (g/ﬂ)AéCD we have
I'y~398 MeV [12]. However, notice that with
Agep =~ 200 MeV, we have I'y ~ 235 MeV [51].

Of course, this is a rough estimate which depends on
many things. For example, the gg glueballs and ggg
glueballs may have different color field strengths and
different sizes, and thus may have a different lifetime.
However, we emphasize that the above estimate is the partial

decay width we expect from the asymptotic freedom, in
addition to the “normal” hadronic decay width. This strongly
implies that in general the glueballs (in particular excited
ones) are expected to have very short lifetime.

This instability has another important implication. It has
been widely believed that “the gluon condensation” plays
important role in QCD dynamics [6]. However, the gluon
pair annihilation shown in (34) strongly suggests that this
gluon condensation should become unstable, and thus
cannot last. Moreover, QCD already has the monopole
condensation. This makes the gluon condensation highly
improbable.

V. GLUEBALL-QUARKONIUM MIXING

In the preceding paper, we have outlined how the
chromoballs can mix with quarkoniums in the quark and
chromon model, to show the viability of the above
theoretical discussions [32]. In this paper, we discuss the
mixing in more detail. The possible Feynman diagrams for
the mixing are shown in Fig. 7, which tells that the mixing
takes place not just between chromoballs and quarkoniums
but also between the cc and ccc chromoballs, directly or
through the virtual states made of neurons and/or molecular
bound states of mesons. So in the mixing diagram the role
of neuron and chromon is blurred.

Obviously, the mixing influences the ¢g octet-singlet
mixing in the quark model. So we review the octet-singlet
mixing in the quark model first. Let

(uit|H|uit) , = (dd|H|dd), = E,
(s5|H|s3)p, = ' = E+ A,

(d'q'|H|qq)s, = A, (for all . q'). (35)
Now with
—e NG
n NG
—e NS
(a)
—e NG
——e Ve | S
—e NS
(b)
FIG. 7. The possible glueball-quarkonium mixing diagrams.

The gg and ggg chromoball mixing with quarkoniums are shown
in (A) and (B).
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|uit) +|dd) - 2]s5)
|8> - \/6 ’
_|uit) + |dd) + |s5)
1) = 7 : (36)

we may obtain the following mass matrix for the gg which
describes the octet-singlet mixing [32],

O
(11H[8) (1|H|1)
E+IA -2
:< z ) B7)
IN E+ia43a

Notice that A-term is responsible for the mixing. However,
we emphasize that this mixing among the quarks cannot
provide the correct octet-singlet mixing because the glue-
balls inevitably influence the quark octet-singlet mixing.
This is evident in Fig. 7.

Clearly, we can generalize (37) to the following 3 x 3
mixing matrix of one lightest chromoball |G) with the
quark nonet [32]

E+2A  -¥2A 0
M= | _2A E4lia43a o | (38
0 v G

Of course, a similar mixing matrix has been used in the
constituent gluon model. As we have pointed out, however,
this model has critical defects. Our quark and chromon
model can be viewed as a new model which justifies the
above mixing without such defects.

In principle, we should be able to calculate the param-
eters in the mass matrix theoretically. For example, we
could calculate G using the gauge-invariant current oper-
ator, or calculate the mixing parameter v using the Feynman
diagrams in our model. However, in this paper, we will
fix the parameters with experimental data to see how well
the mixing matrix can explain the glueball-quarkonium
mixing.

Now, diagonalizing the mass matrix, we can transform
the unphysical states (|8), |1),|G)) to the mass eigenstates
(|my),|ms),|ms)), and obtain the information on the
chromon and quark contents of the physical states.
Notice that, assuming that after the confinement the
chromons acquire the constituent mass p, we can put
G = 44> (supposing the chromoball mass before the
mixing is given by VG = 2u).

We can easily generalize the mass matrix to the 4 x 4
mixing

E+2A -2A 0 0
V2
M2: —TA E+%A+3A 14 I/ ) (39)
0 v G ¢
0 7 e G

to include one more chromoball state |G’). This has eight
parameters, but we may reduce the parameters to seven by
diagonalizing the 2 x 2 chromoball mass matrix first and
putting e = 0. With this we can express G and G’ by the
chromon mass y and put G = 4u? and G’ = 4u* + § for two
chromon bound state or G' = 9u? + & for three chromon
bound state. Clearly, (38) and (39) demonstrate that the
chromoball-quarkonium mixing inevitably influences the
quarkonium octet-singlet mixing. So we cannot discuss
the gg spectroscopy without the chromoballs.

Diagonalizing the mass matrix we can figure out the
quark and chromon contents of the mass eigenstates.
Moreover, knowing the chromon content of the physical
states, we can calculate the relative branching ratios of
iso-singlet mesons made of heavy quarks, e. g., the J/w
radiative decay to the physical states in each channel. This
is because these decays are the Okubo-Zweig-lizuka (OZI)
suppressed process which can only be made possible
through the intermediate chromoball states.

Let a; be the parameters of the mixing matrix which
determine the gluon content of physical states |m;). We can
predict the relative branching ratios of J/y to yX decays
among the physical states with «;, because these decays are
induced by gluons. So, for the S wave decay (i.e., for 0T
and 27) we have [32]

J X 2 (my —mp\3
R = (%) (=) @
J/l//—»;/X, a; mt//_mi

but for the P wave decay (i.e., for 0~1), we expect to have

(5250 (G o
J/y - yX; a; m,, —m;
where the last term is the kinematic phase space factor.
Clearly, this argument can also be applied to similar OZI
suppressed decays of heavy ff or bb iso-singlet mesons.

It must be pointed out that, although the chromoballs in
general mix with the quarkoniums, in particular cases the
pure chromoballs could exist. This is because some of
the gg chromoballs become the oddballs, which have the
quantum number J”C that gg cannot have, and thus cannot
mix with the quarkoniums [7,32]. Obviously, these low-
lying oddballs become very important for us to search for
the pure chromoballs.

Independent of the details, however, we emphasize the
clarity of the mixing mechanism in our quark and chromon
model. All terms in the mass matrix have clear physical
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meaning. For example, we can draw the Feynman diagram
which represents the parameter v in (38), and could in
principle calculate it theoretically.

Before we close this section, it is worth comparing our
model with the so-called “model-independent” calculations
in the conventional QCD. First, let us compare our model
with the QCD sum rule approach which uses the gauge-
invariant current operator to calculate the glueball mass,
which has been asserted to be model independent [6].
Here, they calculate the mass of the scalar glueball from the
simplest gauge-invariant 0™ current operator (F w F )
which supposedly describes the glueball made of two
gluons. Similarly, for the 2% glueball they have
<I_5 a F w)- However, notice that actually these operators
contain two, three, and four gluons, so that it is difficult to
justify them as two gluon states.

On the other hand, in our model, the simplest 0™+ and
27" current operators are just two chromon states given by
(X,-X,)and (X, - X,) [21-23]. Similarly, for the glueballs
made of three chromons we have (d,, X:X0X5) and
(fapcX2XPXS5). This is simply impossible in the conven-
tional QCD.

Exactly the same thing can be said about the lattice
calculation. Here, again, the calculations are often claimed
to be “model independent.” However, once we understand
the hidden structures of QCD we have much simpler ways
to calculate the physical quantities. So the conventional
“model-independent” calculations simply become obsolete
and old fashioned after the Abelian decomposition provides
new and simpler ways to calculate the physical quantities.
This is the advantage of the Abelian decomposition.

VI. NUMERICAL ANALYSIS

The above discussion shows that the mixing analysis is a
crucial step for us to identify the glueballs. For the 3 x 3
mixing the mass matrix has five parameters, but we can fix
E and A from the gg flavor octet data. So we need three
inputs to fix the mass matrix completely. There are different
ways to fix them. One way is to choose two mass
eigenstates from PDG and treat G (or equivalently the
chromon mass p) as a free parameter, and find the best fit
for 4 which could predict the third physical state and
explain the PDG data best. Another way is to use all three
mass eigenstates as the input, and determine the chromon
mass as well.

For the 4 x 4 mixing the matrix has seven parameters,
but we can reduce this number to five fixing two of them
from the gg flavor octet data. With this we may choose four
mass eigenstates as the input (when available) and find the
physical contents of the mass eigenstates, treating the
chromon mass as free parameters. Or we may choose three
mass eigenstates as the input and predict the mass of the
fourth physical state, imposing an extra constraint, e.g.,
VvV =v etc.

In the preceding paper, we have discussed the numerical
analysis of the mixing below 2 GeV in 07 ",2"" and 0~
channels with this strategy [32]. However, the numerical
analysis was preliminary and inconclusive, partly because it
depends very much on how to choose the inputs. In the
following, we discuss the mixing in more detail, and
improve the results of the preceding paper.

A. 0** channel

In this channel, PDG lists five iso-singlet mesons,
f0(500), £0(980), fo(1370), fo(1500), and f4(1710)
below 2 GeV [12]. However, the interpretation of the
scalar mesons has been difficult and controversial, because
some of them have unusually large decay width and some
of them could be viewed as non-gg multiquark states
[13—15]. In this paper, we try to figure out their physical
content within the quark and chromon model with the
following two important issues in mind.

The first issue is what should we choose to be the
isotriplet partner of the flavor octet in this channel. This is
very important because this determines the inputs £ and A
in the mixing analysis. PDG suggests that the flavor octet
partner of the 07" isosinglet are a,(1450) and Kj(1430),
not ay(980) and K;(1430) [12]. Intuitively, this looks
somewhat strange because this implies that the # and d
quarks are heavier (or at least not lighter) than the s quark.
So it is worth for us to study the possibility that ay(980)
and K{(1430) become the octet partners.

If we adopt the PDG view and identify ay(1450) to be
the isotriplet partner, we may choose [12]

E = m*(ay), ay = ay(1450),
A =2(m*(K) — m*(ay)), K = K;(1430).  (42)

as the input. However, as we have remarked, it is worth for
us to check whether this PDG view is correct or not. Since
the strange meson of the flavor octet of this channel is
K{(1430), one would expect the mass of the nonstrange
isotriplet partner to be less than 1430 MeV.

In this case, a((980) becomes a natural candidate of the
isotriplet partner of the flavor octet, and we may choose

E = m*(ay), ag = ay(980),
A =2(m?*(K) — m*(ap)), K = K;(1430).  (43)

as the input. So we have two possible inputs, (42) and (43).

The second issue is the interpretation of f(500), which
has an unusually broad decay width. According to PDG it
does not fit to the quark model well, and there have been
suggestions that it could be either a tetra-quark state or a
mixed state [52-58]. However, there are other logical
possibilities.

First, it could be viewed as a neuroball, the glueball made of
neurons [32]. As we pointed out, the neurons (just like the
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TABLE L. The numerical analysis of the 3 x 3 mixing in the 0™ channel, with a,(1450), f;(1500), and f,(1710) as the input. Here,
the third physical state can be identified as f(1370).
m; = fo(1500) my = fo(1710) UL

u A v ms u+d s G u+d s G u-+d s G R(my/my)  R(ms/my)
076 027 0.8 140 007 0.00 093 073 020 0.07 019 080 0.00 0.05 0.00
0.78 0.23 031 140 0.26 0.01 0.73 0.59 0.16 0.25 0.15 0.83  0.02 0.14 0.02
0.80 0.18 0.36 1.39 0.44 0.01 0.54 0.45 0.12 043 0.11 0.87 0.02 0.59 0.05
0.82 0.14 035 139 0.62 0.02 0.36 0.30 0.08 0.62 0.09 0.90 0.01 1.26 0.07
0.84 0.09 0.29 1.39 0.79 0.02 0.18 0.15 0.04 0.80 0.05 0.93 0.01 3.26 0.09
086 004 007 139 09 003 001 00l 000 099 003 097 0.00 85.71 0.12

photons in QED) have very weak binding because they can
interact only through the quark or chromon loops.
Nevertheless, they could form a loosely bound state which
has a broad decay width. And this is exactly what we find in
f0(500). This is in line with the popular interpretation that
f0(500) is a tetra-quark state [52-58]. This is evident in
Fig. 6, where the loops can be viewed as ¢g or gg bound states.

Another possibility is that f(500) could be the mono-
ball, the vacuum fluctuation mode of the monopole con-
densation, in QCD [32]. As we have pointed out, if the
color confinement comes from the monopole condensation,
QCD could have a 0™" vacuum fluctuation mode [21,22].
In this case, f(500) becomes a natural candidate of this
vacuum fluctuation. This suggests that f(500) may not be
a simple chromoball or ¢gg state.

With this in mind, we can discuss the mixing. Let us first
exclude f(500) in the mixing for the reason discussed
above. In the preceding paper, we have discussed the 3 x 3
mixing with f,(1500) and f(1710) as the input, adopting
the PDG view (42) [32]. The result is copied in Table I.
Notice that the table shown in the preceding paper had a
typological mistake that the numbers in the last two
columns (i.e.,R(m,/m;) and R(ms/m,)) were inter-
changed. This mistake is corrected in Table I.

The table shows that the third state (with mass around
1400 MeV) could be identified to be fy(1370), which
becomes predominantly an s5 state. However, the physical
contents of two other states depend very much on the value of
the chromon mass parameter y. When y is around 760 MeV,
f0(1500) become predominantly a chromoball state and
f0(1710) becomes predominantly the uii + dd state.

TABLE IL
Here, the third physical state could be identified as f(1710).

On the other hand, when p increases to 860 MeV,
fo(1500) becomes a uii + dd state and f,(1710) quickly
becomes a chromoball state. However, f,(1370) remains to
be the s5 state, so that here the s5 state becomes lighter than
the uit + dd state. This, of course, is due to the input (42).
This is against the PDG interpretation, which suggests that
fo(1370) is the uii + dd state and f,(1710) is the s5 state.

On the other hand, if we adopt (43) as the input, we obtain
Table II. Here, we have chosen f,(980) and f,,(1500) as the
input. The result shows that when u ~ 750 MeV, the third
state has mass around 1800 MeV and could be identified as
fo(1710). In this case, f((1500) remains predominantly a
chromoball state, but f(1710) becomes predominantly the
s5 state and f,(980) becomes predominantly the uii + dd
state. This, of course, is what we have expected from (43).

Clearly, the two tables give different descriptions, and we
have to know which is closer to the truth. One way to find
which is better is to compare the predictions of the relative
radiative decay ratios of J/y with the experimental data.
Experimentally, PDG has new data on the radiative decay
of J/y to O states [12],

yKK ~(85+1.2-0.9)
x1074,

yar =~ (4.0 £1.0) x 1074,
yow ~ (3.1 +1.0) x 1074,
ym =~ (244 1.2-0.7)
x1074,

J/w = vfo(1710) —

The numerical analysis of the 3 x 3 mixing in the 0™" channel, with ay = a((980), f((980), and f,(1500) as the input.

my = fo(980) my = fo(1500) s
U A v my  u+d s G u+d s G u+d s G R(my/my)  R(ms/my)
055 244 129 306 005 000 095 044 054 0.02 051 046 0.02 0.01 0.00
060 191 1.62 2383 0.1 000 0.8 043 052 005 046 048 0.06 0.04 0.00
0.65 133 1.68 2.55 0.21 0.00 0.79 0.40 049 0.11 0.39 051 0.10 0.09 0.01
0.70 071 144 221 0.41 0.00 0.59 0.34 042 024 024 058 0.17 0.26 0.05
0.75 004 036 1.79 095 0.00 0.05 0.05 0.06  0.89 0.00 094 0.05 10.75 0.43
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and

yam~ (1.01 £0.32) x 1074,
ym=~(1.7+0.6—-14)
x1073.

J/w = yfo(1500) —

Of course, this may not be the final data, because other
decay modes could be discovered later. However, assuming
that this is the final result, we have
R(fo(1710)/f¢(1500)) =~ 15.3. (44)
This is a very important piece of information, because this
determines the glue content of the mass eigenstates.

Now, Table II predicts the relative radiative decay ratio to
be R(fy(1710)/f((1500)) ~0.04 (at u = 750 MeV).
Clearly, this is not in line with (44), which is troublesome.
In comparison, according to Table I we have R(f,(1710)/
f0(1500)) ~ 15.3 (at 4 ~ 856 MeV). This is in good agree-
ment with the PDG data, which implies that Table I is
better. This in turn implies that ay(1450), not a(980),
could be the isotriplet partner of these isosinglet states.
However, this conclusion is premature because the contents
of physical states in Table I is controversial and R(m,/m;)
becomes very sensitive to the change of u.

Independent of whether this result is correct or not,
however, the above 3 x 3 mixing has a critical shortcoming
in that it can explain the mixing of only three physical
states, while here we have at least four physical states
(excluding f((500)) below 2 GeV. This strongly motivates
us to go to the 4 x 4 mixing. And this is independent of
which input, (42) or (43), we choose.

So we consider the 4 x 4 mixing (39) with two chromo-
ball states 'S, and °D made of two chromons |G) and |G').

Diagonalizing the two chromoball mass matrix first, we
may put
e=0, G = 42,

G =G+5,  (45)

and consider the mixing of the two ¢g states with two

chromoballs which have mass \/5 and \/_G7 . This has
seven parameters, but we can fix two with (42) or (43) and
four with the four mass eigenstates f(980), f,(1370),
fo(1500), and f(1710) as the input. With this, we can
diagonalize the mass matrix and find the physical contents
of the mass eigenstates, treating the chromon mass y as the
free parameter.

Now, adopting the PDG view (42) we obtain Table III,
but with (43) we obtain Table IV. However, the mathemati-
cal equations which we need to solve to diagonalize the
mass matrix are very rigid which often have no solution,
and this forces us to change the input data slightly to find
the solutions. So here we have changed the four mass
eigenstates to 990, 1400, 1505, and 1722 MeVs to obtain
Table III, and to 990, 1370, 1505, 1800 MeVs to obtain
Table IV.

The numerical result of Table III obtained with (42)
suggests that f(980) is predominantly the 'S, chromoball
state and f,(1370) is predominantly the 55 state. However,
f0(1500) becomes largely the 3D, chromoball state and
f0(1710) becomes largely the uit + dd state, although they
have considerable mixing as the chromon mass increases to
600 MeV. This is in line with Table I. However, here the
uii + dd state remains heavier than the s3 state, which
again is due to the input (42).

On the other hand, Table IV obtained with (43) tells that
£0(980) and f,(1710) are the wuit + dd and s5 states,
respectively. And f((1370) and f,(1500) become the

TABLEIII.  The numerical analysis of the 4 x 4 mixing in the 0" channel, with f(980), f((1370), f((1500), and f(1710) as the
input. Here, a((1450) is identified as the isotriplet partner.
m; = f,(980) my = fo(1370) my = f,(1500) my = fo(1710)

u u+d s G G  u+d s G G u-+d s G G u+d s G G’
0.50 001 0.0l 099 0.00 019 0.81 000 0.01 013 0.00 000 086 068 0.18 001 0.13
052 003 003 094 0.00 0.18 080 0.01 0.01 0.17 0.01 0.02 0.81 0.62 0.17 0.04 0.17
054 006 0.05 08 001 018 0.79 001 001 021 0.0l 004 074 055 0.15 006 0.24
056 0.09 008 082 0.01 018 079 0.02 0.01 026 001 008 065 047 0.13 0.08 0.33
058 0.13 0.11 075 0.01 018 078 0.03 0.01 032 001 0.14 053 038 010 0.08 044
0.60 0.17 0.14 0.67 002 0.17 077 0.05 0.01 038 001 022 039 027 0.07 0.07 058
H R(my/m,) R(m3/m,) R(my/m,) A v vV 4
0.50 0.01 0.54 0.06 0.25 0.19 0.24 1.35
0.52 0.01 0.54 0.10 0.21 0.41 0.28 1.30
0.54 0.02 0.54 0.16 0.17 0.53 0.32 1.26
0.56 0.03 0.54 0.22 0.13 0.61 0.36 1.22
0.58 0.04 0.54 0.31 0.07 0.66 0.40 1.20
0.60 0.06 0.54 0.43 0.01 0.68 0.42 1.21
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TABLE IV. The numerical analysis of the 4 x 4 mixing in the 0™ channel, with f,(980), f(1370), f,(1500), and f;(1710) as the

input. Here, a((980) is identified as the isotriplet partner.

my = f,(980) my = fo(1370) m3 = fo(1500) my = fo(1710)
u u+d s G G  u+d s G G  u+d s G G u+d s G G’
0.67 086 000 0.14 001 013 004 083 0.04 001 0.01 000 098 0.01 096 0.03 0.01
0.68 090 000 0.05 0.05 004 001 094 0.01 0.05 0.06 000 0.89 0.01 093 0.01 0.05
H R(my/m,) R(ms/m,) R(my/m) A v v 4
0.67 4.17 4.21 0.11 0.08 0.40 0.13 0.47
0.68 7.07 5.73 0.26 0.07 0.25 0.35 0.40

1S, and 3D, chromoball states. Again this is consistent
with Table II.

As for the J/y radiative decay branching ratio, Table IIT
shows that R(fy(1710)/f,(1500)) ~0.8 when u = 0.60,
and Table IV gives around 0.05 when u = 680 MeV.
Clearly, both are too small compared to (44), so that we
cannot tell which is the isotriplet partner of the 01"
isosinglet state.

The contrast between Tables III and IV is unmistakable.
This, of course, originates from the inputs (42) and (43).
This analysis has both positive and negative sides. The
positive side is that the result of the 4 x 4 mixing, in
particular the physical contents of the mass eigenstates, is
consistent with the 3 x 3 mixing analysis. However, the
disappointing point is that the 4 x 4 analysis cannot tell
whether the PDG view that a,(1450), not ay(980), is the
isotriplet partner of the 0™ isosinglet state.

So far we have excluded f(500) in the mixing, because it
could be viewed as a neuroball or monoball, not a chromo-
ball. On the other hand, there is no reason why it cannot
mix with quarkoniums and chromoballs. Actually, even
when f((500) becomes a neuroball it makes sense to
include it in the mixing, because the neuroball could be
viewed as a glueball. This must be clear from Figs. 6 and 7.
Moreover, even when it becomes the monoball, the vacuum
fluctuation of the monopole condensation, there is no
reason why it could not mix with quarkoniums and
chromoballs. This justifies the 5 x 5 mixing.

For this reason we consider the following 5 x 5 mixing
with two ¢g and three glueballs which has nine parameters,

E+2A 27 0 0 0

, —\/TEA E+%A+3A I/O 14 Uy
M = 0 Yo Go 0 0 |- (46)

O l/l 0 Gl 0

0 Uy 0 0 G,

Here, G, and G, are the 'S, and 3D, chromoball as before,
but G is supposed to be the monoball or the neuroball.

In this case, we can put all five physical states below
2 GeV, including f,(500), and adopt (42) or (43) as the
input, and treat y as a free parameter. However, we need to
impose one more constraint to fix the mass matrix
completely.

To do that, we may have to take into account the
possibility that G is not an ordinary chromoball. There
are two possibilities. If f((500) is the neuroball, it is natural
to expect v, to be of the same order as v and v,. This must
be clear from the mixing diagram Fig. 7. In this case, we
could assume

pxith (47)
2
On the other hand, if f(500) is the monoball, its coupling
to ordinary chromoball and quarkonium states could be of
second order. In this case, 1 could be much smaller than v,
and v,. Here, we will use (47) as the constraint. Of course,
we emphasize that there is no justification for this. We
assume this just for simplicity to fix the mass matrix

completely.
Now, with
GO :4/4%, G1 = G0+(S:4M2, G2 :G0+5/,
(48)

we obtain Table V using (42), and Table VI using (43).
However, diagonalizing the 5 x 5 matrix involves solving a
sixth order polynomial, and it is not easy to find the
solution with the input data. So we have changed the input
masses a little bit, and used 550, 990, 1400, 1505, and
1722 MeVs for f(500), £4(980), f(1370), f¢(1500), and
fo(1710) to obtain Table V, and 550, 990, 1370, 1505,
and 1800 for f,(500), f,(980), f(1370), f,(1500), and
f0(1710) to obtain Table VI.

Notice that here we have expressed G in terms of the
neuron effective mass y, (assuming that G is the neuro-
ball) to compare it with the chromon mass y fixed by G;. In
this 5 x 5 mixing, the glueballs play the dominant role,
because only two of the physical states can be the gg states.
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TABLE V. The numerical analysis of the 5 X 5 mixing in the 0" channel, with all five mass eigenstates (f,(500), f,(980), f,(1370),
fo(1500), and f,(1710)) as the input. Here, a,(1450) is identified as the isotriplet partner.

my = fo(500) my = fo(980) m;y = fo(1370) my = fo(1500)
Ho u u+d s Gy G Gy, u+d s Gy G G, u+d s Gy G G, u+d s Gy G G,

0.28 0.50 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.18 0.81 0.00 0.00 0.01 0.13 0.00 0.00 0.00 0.87
0.30 0.52 0.01 0.01 0.97 0.00 0.00 0.03 0.02 0.01 0.94 0.00 0.18 0.80 0.00 0.01 0.01 0.18 0.01 0.01 0.02 0.79
0.32 0.53 0.03 0.02 0.92 0.02 0.00 0.04 0.04 0.05 0.87 0.00 0.18 0.79 0.00 0.01 0.01 0.23 0.01 0.01 0.04 0.71
0.34 0.55 0.05 0.04 0.86 0.04 0.00 0.06 0.05 0.09 0.80 0.01 0.18 0.79 0.00 0.02 0.01 0.27 0.01 0.02 0.08 0.63
0.36 0.56 0.08 0.05 0.80 0.07 0.00 0.06 0.05 0.15 0.73 0.01 0.18 0.78 0.00 0.02 0.01 031 0.01 0.02 0.11 0.55

ms = fo(1710)
Ho u utd s Gy G Gy R(my/my) R(mz/m;) R(my/my) R(ms/m;) A v 1 4 5

0.28 0.50 0.69 0.19 0.00 0.00 0.12 0.80 0.01 0.43 0.05 026 0.10 0.23 0.67 2.03
030 0.52 0.60 0.16 0.01 0.03 0.19 0.78 0.01 0.41 0.09 020 0.29 040 0.71 2.09
032 053 052 0.14 0.02 0.06 0.27 0.77 0.02 0.40 0.13 0.14 054 034 0.73 2.03
034 055 044 0.12 0.02 0.08 0.35 0.79 0.02 0.39 0.17 0.09 061 038 0.74 2.03
036 056 038 0.10 0.02 0.07 042 0.81 0.03 0.39 0.22 0.04 0.67 040 0.73 2.02

So here the issue becomes which of the five physical states ~ This is in line with Table II. Moreover, this table tells that
are the gg states, not the glueball states. f0(500) is mainly the lowest energy the neuroball (or the
Table V tells that f,(1370) is predominantly the s5 state, ~ monoball), and f,(1370) and f,(1500) are mainly the 'S,
and f((1710) becomes the mixed state about half of which  apd 5Dy chromoball states.
is the uit + dd state (and f,(1500) becomes the mixed In the literature, there have been diverse interpretations
states about quarter of which is the uii + dd state). This is  of the scalar mesons. One of the popular views is that
consistent with Table 1. Moreover, the table tells the  f(500) and f((980) are the tetra-quark states [52-63],
followings. First, f((500) is the mainly the lowest energy  f(1370) and f((1500) are the mixed state [64—70], and
glueball which could be interpreted as either the neuroball ~ f(1710) is a scalar glueball [71-73]. Another view is that
or the monoball. Second, f((980) and f,(1500) are mainly  f(1370), fo(1710), ao(1450), and K;(1430) are the
the 'S, and 3D, chromoball states, and a considerable part ~ members of the flavor nonet, f((1710) being mainly the
of f(1710) is made of D, chromoball. s5 state [74,75]. In this view, f(1500) can naturally be
In comparison, Table VI tells that £((980) and f(1710) identified as predominantly the glueball state. And this
predominantly the uii 4+ dd and s5 states, respectively. ~ seems to be endorsed by PDG [12].

TABLE VI. The numerical analysis of the 5 x 5 mixing in the 0™ channel, with all five mass eigenstates (fy(500), f(980),
fo(1370), fo(1500), and f,(1710)) as the input. Here, a,(980) is identified as the isotriplet partner.

my = fo(500) my = fo(980) my = fo(1370) my = fo(1500)
Ho Y24 u-+d N GO G1 G2 u+d N GO G] G2 u+d N Go G1 G2 u+d N GO G] G2

0.28 0.66 0.01 0.00 0.99 0.00 0.00 0.85 0.00 0.01 0.12 0.01 0.12 0.03 0.00 0.83 0.01 0.01 0.02 0.00 0.00 0.97
0.30 0.69 0.07 0.00 0.92 0.00 0.00 0.85 0.00 0.07 0.00 0.08 0.00 0.00 0.00 1.00 0.00 0.08 0.09 0.00 0.00 0.83
0.32 0.68 0.13 0.00 0.86 0.00 0.01 0.77 0.00 0.14 0.01 0.08 0.00 0.00 0.00 1.00 0.00 0.08 0.10 0.00 0.00 0.82
0.34 0.68 0.20 0.01 0.78 0.00 0.01 0.69 0.00 0.21 0.02 0.08 0.02 0.00 0.00 0.97 0.01 0.09 0.11 0.00 0.00 0.81
0.36 0.68 0.26 0.01 0.71 0.01 0.02 0.61 0.00 0.28 0.03 0.07 0.03 0.01 0.00 0.95 0.02 0.09 0.11 0.00 0.00 0.80

ms = fo(1710)
Ho u u+d s Gy Gy Gy R(my/my) R(mz/m;) R(my/m;) R(ms/m;) A v vy 6 5

0.28 0.66 0.01 095 0.00 0.03 0.01 0.12 0.49 0.48 0.01 0.08 039 —-0.18 148 195
030 0.69 0.01 090 0.00 0.01 0.09 0.13 0.62 0.44 0.03 0.04 0.02 -048 152 1.88
032 0.68 0.01 0.89 0.00 0.00 0.09 0.21 0.66 0.46 0.04 003 050 0.10 146 1.83
034 0.68 0.01 0.88 0.01 0.01 0.10 0.31 0.70 0.50 0.04 001 0.19 051 140 1.77
036 0.68 001 0.87 0.01 0.01 0.10 0.42 0.76 0.54 0.05 0.00 025 053 134 1.71
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Our analysis does not entirely support this. If we identify
ao(1450) as the isotriplet partner, f(1370) and f(1710)
become the ¢gg states. However, according to Table V,
f0(1370) turns out to be predominantly the s5 state. On the
other hand, Table VI shows that f,(1710) becomes
predominantly the s5 state, if we identify ay(980) as the
isotriplet partner. So, at this point it is premature to make a
definite conclusion on which state, a((980) or aq(1450), is
the isotriplet partner of the 0" isosinglet ¢g state. We just
remark that here our analysis does show that the possibility
that a,(980) could be the isotriplet partner remains an
option.

However, we like to emphasize two remarkable results of
our mixing. First, both tables seem to be consistent with the
view that f,(500) is the neuroball. Moreover, they suggest
that the neuron mass g is around 300 MeV, which is
smaller than the chromon mass. This is interesting and
reasonable. This should be compared with the popular view
that f,(500) (and f(980)) are the tetra-quark states. As we
have pointed out, in our quark and chromon model the
tetra-quark states could be interpreted as the glueballs made
of two neurons or chromons. This must be clear from
Figs. 5 and 6. So this result is not inconsistent with the
popular view that f,(500) is a tetra-quark state.

Second, both tables suggest that f,(1500) could be
predominantly the chromoball state. This is also very
interesting. On the other hand, in both tables the radiative
decay ratio R(fy(1710)/f,(1500)) turns out to be too
small compared to (44). However, we notice that the
relative radiative decay ratios, in general, are very sensitive
to the inputs, so that this could be due to the ad hoc
constraint (47).

To summarize, it is difficult to draw any conclusive result
from the above numerical analysis. Perhaps one positive
side of the above analysis is that ay(980) could still turn out
to be the isotriplet partner of the flavor octet in this channel.
Another point is the physical content of f(500). It has
been a big mystery in hadron spectroscopy, on which a
huge amount of literature exists [76—79]. In this paper, we
studied the possibility that it could be interpreted as a
neuroball. Our result appears to be consistent with this
view. However, it could also turn out to be the monoball,
and we certainly need more analysis to make a definite
conclusion on this.

B. 2** channel

In this channel, we have three physical states below
2 GeV, f,(1270), f5(1525), and f,(1950). On the other
hand, we have to keep in mind that there is the fourth state
f2(2010) just above 2 GeV, which could be included in the
mixing. Another point is that PDG lists five more unestab-
lished states, f5(1430), f,(1565), f,(1640), f,(1810), and
£2(1910), some of which could turn out to be real states. In
this paper, we will consider only the three and f,(2010)
established states in the mixing analysis, but the fact that

there are so many unestablished 2% states implies that we
have to be careful to analyse the mixing in this channel.

In the preceding paper, we have studied the 3 x 3 mixing
of one chromoball and two quarkoniums, using

E = m*(a,), a, = a,(1320),
A = 2m2(K*) = m*(ay)),
K* = K3(1430). (49)

with two physical states f,(1270) and f,(1950) as the
input, and predicted the mass of the third physical state
varying the chromon mass p as a free parameter [32].

The result suggests that, when the mass parameter y is
around 760 MeV, f,(1270) becomes a mixture of uii + dd
and chromoball, f,(1950) becomes a mixture of uii + dd,
s5 and the chromoball, but f’(1525) becomes predomi-
nantly the s5 state.

On the other hand, when yu becomes around 860 MeV,
£>(1270) becomes predominantly uii + dd state, f,(1950)
becomes predominantly the chromoball, and f}(1525)
remains predominantly the s5 state. This was in line with
the PDG suggestion, which interprets f,(1270) and
f5(1525) as the gg states [12].

However, now we have more experimental data on the
J/y radiative decay from PDG [12]

Ty = yf>(1270) = (1.43 +0.11) x 1073,
J/y = yf5(1525) =~ (4.5 4 0.7 = 0.4) x 1074,
J/y = yf>(1950) =~ (7.0 £2.2) x 107*,

which give us

R(f»(1525)/£,(1270)) ~ 0.36,
R(f»(1950)/£,(1270)) ~ 0.49,
R(f2(1950)/15(1525)) ~ 1.56. (50)

So we could test these experimental data in our analysis.

In this paper, we first do the 3 x 3 mixing with all three
inputs, f,(1270), f5(1525), and f,(1950), with (49). In
this case, we can fix all five mixing parameters, including
the chromon mass y, completely. To find the solution,
however, we have to vary the masses a bit. Changing the
masses of f,(1270), f5(1525), and f,(1950) to 1275,
1515, and 1944 MeVs, we obtain Table VII which suggests
the chromon mass to be around 920 MeV.

One might worry that u ~ 920 MeV of Table VIl is a bit
too large. However, remember that here the 2" chromo-
ball is S, state in which the spin of two chromons are
parallel. And the spin-spin interaction could have made the
chromon mass large. So the large chromon mass here
actually could be interpreted to include the energy coming
from the spin-spin interaction.
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TABLE VII. The numerical analysis of the 3 x 3 mixing in the 2" channel, with f,(1270), f5(1525) and f,(1950) as the input.
my = £5(1270) my = £5(1525) ms = £>(1950)

U u+d s G u+d s G u+d s G R(my/my)  R(msz/my) A v

0.92 0.86 0.01 0.13 0.04 0.88  0.07 0.10  0.80 0.41 2.33 0.07  0.79

The result tells that f,(1270) is predominantly the
uit + dd state, f5(1525) is predominantly the s3 state,
and f,(1950) is predominantly the chromoball state. This
agrees well with the result of the preceding paper, and is
consistent with the PDG view [12,32].

Notice that the table gives us R(f%(1525)/f,(1270)) ~
0.41 which agrees well with the PDG value 0.36, but
R(f»(1950)/f,(1270)) becomes 2.33 which is a little
larger than the PDG value (50). However, we find that
we could reduce this number by changing the mass of
f2(1525) to around 1490 MeV. With this change of the
input, the chromon mass is reduced to around 840 MeV and
R(f>(1950)/f,(1270)) becomes around 0.57.

Now, remember that here we have f,(2010) just above
2 GeV, and it would be unfair to exclude this in the mixing.
So we consider the 4 x4 mixing with the four mass
eigenstates and (49) as the input, and obtain Table VIIIL.
Here, again, we have changed the input masses a little, to
1275, 1500, 1944, and 2100 MeVs, to find the solution.

Remarkably, the result in Table VIII is very similar to the
Table VII. Although the numbers are different, the general
feature is the same. Here, again, f,(1270) becomes
predominantly the uii + dd state, f5(1525) becomes pre-
dominantly the s5 state, and f,(1950) becomes predomi-
nantly a chromoball state. The only new thing is that
f2(2010) becomes the second chromoball state, so that we
can interpret f,(1950) and f,(2010) to be predominantly
the 35, and 'D, chromoballs.

TABLE VIIL

The main difference between the two tables is the J/y
relative radiative decay ratio. This is because the ratio is
very sensitive to the chromoball contents of the physical
states, so that a small change of the chromoball contents
influence the ratio significantly. In Table VIII, the radiative
decay ratios turn out to be larger then the PDG values (50).
However, we find that the ratios could be reduced to PDG
values by changing the mass of f5(1525) to around
1490 MeV.

We can do the 4 x4 mixing with the three mass
eigenstates below 2 GeV and (49) as the input, and try
to predict the fourth state. The result is shown in Table IX.
However, here again, we have changed the mass eigenval-
ues to 1275, 1500, and 1944 MeVs to obtain the solutions.

Remarkably, it predicts that the mass of the fourth state is
around 2100 MeV, which we can identify to be f,(2010).
With this identification Table IX becomes very similar to
Table VIII, which confirms that f,(1270) is predominantly
the uii + dd state, f,(1525) is predominantly the s5 state,
but £,(1950) and f((2010) are predominantly the °S, and
D, chromoballs.

So, all in all the mixing in the 27" channel seems to work
fine, and the upshot of our mixing is that f,(1950) and
f0(2010) are predominantly the chromoball states. On the
other hand, it is good to remember that there are different
suggestions in the literature. Clearly, there have been claims
that f,(1270) and f%(1525) are the gg states as PDG
suggests [80-82]. On the other hand, there have been

The numerical analysis of the 4 x 4 mixing in the 2" channel, with f,(1270), f5(1525), f,(1950), and f,(2010) as the
input.

my = f,(1270) my = f5(1525) my = f,(1950) my = f,(2010)
u u+d s G G  u+d s G G u-+d s G G u+d s G G’

090 080 0.01 019 0.00 006 08 009 000 013 014 072 001 0.01 000 001 099
091 079 001 0.18 002 006 08 0.08 001 009 009 067 015 005 005 0.07 0.83
092 079 001 0.17 003 006 08 007 001 006 006 061 027 009 008 0.14 0.69
093 079 001 0.16 004 006 08 0.07 001 003 003 054 039 012 010 022 055
094 078 001 0.16 0.04 006 08 0.07 002 001 001 044 053 014 012 033 041

H R(my/m,) R(ms3/m,) R(my/m,) A v v o

0.90 1.49 1.43 0.37 0.11 0.89 0.14 1.16
0.91 1.62 1.26 0.34 0.14 091 0.44 0.94
0.92 1.71 1.13 0.33 0.15 0.93 0.56 0.75
0.93 1.78 1.04 0.31 0.17 0.96 0.62 0.56
0.94 1.82 0.98 0.31 0.18 0.99 0.62 0.39
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TABLE IX. The numerical analysis of the 4 x 4 mixing in the 2" channel, with states f,(1270), f}(1525), f,(1950) as the input.

The fourth state could be interpreted as f,(2010).

m; = f,(1270) my = f5(1525) m3 = f,(1950) my

u my u+d s G G u+d s G G  u+d s G G u+d s G G’

090 286 0.80 0.01 0.19 0.00 006 0.85 0.09 000 014 0.14 0.72 000 0.00 0.00 0.00 0.99
091 211 079 001 0.18 0.02 006 085 0.08 0.01 0.09 009 068 0.14 0.05 0.05 0.06 0.84
092 207 079 001 0.18 0.02 006 085 008 001 0.05 005 054 036 0.10 0.09 021 0.61
093 2.07 079 0.01 0.18 0.03 006 0.86 0.07 001 0.02 002 042 054 0.13 0.11 033 043
094 208 078 0.01 0.17 0.03 006 086 0.07 001 001 001 033 065 0.14 0.12 043 0.21
)z my R(my/my) R(m3/m,) R(mgy/m,) A v €

0.90 2.86 1.48 0.03 0.37 0.12 0.89 4.89
0.91 2.11 1.61 1.23 0.34 0.14 0.91 0.98
0.92 2.07 1.75 1.20 0.33 0.15 0.95 0.63
0.93 2.07 1.82 1.10 0.32 0.16 0.98 0.46
0.94 2.08 1.85 1.01 0.31 0.17 1.02 0.33

assertions that they can be viewed as molecular states
[83—86]. So we need more time to understand the physical
contents of the 2% states clearly.

However, what really makes the mixing analysis com-
plicated is the fact that experimentally we have five
unestablished states here, f,(1430), f,(1565), f,(1640),
f>(1810), and f,(1910) [12]. Some of them could turn out
to be real states and make the mixing unreliable. So we
need more experimental clarification on the unestablished
states. Even if all remain unestablished, we have to explain
why there are so many unestablished states in this channel.

C. 0~ channel

This channel has attracted special attention because of
the octet-singlet mixing, the U(1) problem, PCAC etc. In
this channel, we have five established states below 2 GeV,
n(548), n'(958), n(1295), n(1405), and n(1475), and one
unestablished state 7(1760).

In the preceding paper, we discussed the 4 x 4 mixing of
two chromoball states and two ¢g states, using

E =m?(n), 7 = n(140),

A =2(m?*(K) — m*(n)), K = K(498), (51)
with #/(958), 7(1405), and 7(1760) as the input.

The result showed that the mass of the fourth physical
state becomes around 550 MeV, which could be interpreted
to be 7(548). In this case, 7(548) turns out to be a mixture
of uit + dd and s5, while 1'(958) becomes predominantly a
gg chromoball [32].

This is not satisfactory and not in line with PDG, which
interprets #/(958) as predominantly a gg state. There are
other problems. For example, the physical contents of
17(1405) and n(1760) depended very much on the chro-
mon mass.

Moreover, the J/y radiative decay ratios in this table do
not agree well with PDG values. Indeed, experimentally
PDG has new data

J/w — yn(548) ~ (1.104 + 0.034) x 1073,
J/w = i (958) = (5.15 £ 0.16) x 1073,

Ty = yn(1405/1475) ~ 4.9 x 1073, (52)
which reveals
R(17'(958)/n(548)) =~ 4.66,
R(n(1405/1475)/n(548)) ~ 4.44. (53)

So, we need to explain this.

However, most critical defect of the 4 x 4 mixing is that
it cannot explain all five physical states. This is the critical
shortcoming of the 4 x4 mixing. For this reason we
discuss the 5 x 5 mixing in the following which could
explain all five established states.

Consider the following mixing matrix,

E+2A  -2A 0 0 0

, —\/TE E+%A+3A 141 1% U3
M* = 0 Y G, o o [ (54

O 1% 0 G2 O

O U3 0 0 G3

which describes the mixing of three chromoball states with
two quarkoniums below 2 GeV. This has nine parameters.
Now, normally we could choose seven inputs, (51) and five
mass eigenvalue, and treat x4 as a free parameter. In this
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case, we need one more constraint, and might impose the
following constraint

vy =v, Uy

just for simplicity.

However, here we choose a slightly different input. We
choose four mass eigenstates, #7'(958), n(1295), n(1405),
n(1475), and R(n(1475)/7'(958)) = 0.95 of (53) in stead
of n(548). With this we could predict the mass of the fifth
physical state. The reason is that, as we have pointed out the
mathematical equations which we need to solve to diag-
onalize the mass matrix are very rigid, so that we could not
find the solution when we use the five mass eigenstates as
the inputs.

Assuming that Gy is the ggg chromoball, we may let
G, = 42, G, = 4> +6, Gy =9%+¢. (56)
Actually this is also artificial, because here G, G,, G5 are
supposed to be the mass eigenstates of three chromoballs.
Nevertheless, we adopt (56) here, because this could
provide some insight on the chromon mass and their
binding.

With (55) and (56) we obtain Table X. The result shows
that the mass of the fifth physical state is around 520 MeV,
which could be identified as 7(548). In this case 7(548)
turns out to be a mixture of uit + dd and s5, while 1/(958)
becomes largely a mixture of ss and a gg chromoball, with
less than 20% contamination of uii + dd. And 5(1295) is
made of more than 50% gg chromoball and less than 20%
uit + dd and s5 each.

However, remarkably, the table shows that 7(1405) and
1n(1475) are mainly the chromoball states. Moreover, the
J/y radiative decay ratios R(n(1405)/n'(958)) is perfect,
although R(r'(958)/1(548)) looks a bit larger. This looks

interesting and reasonable, considering the fact that we
have imposed the ad hoc constraints (55) and (56).

Notice that §' turns out to be negative, which shows that
the mass of the three chromon bound state is smaller than
the sum of the chromon masses. This might be understood
to imply that the three chromon binding is quite strong. On
the other hand, this could also be an artefact of (56). For
instance we could introduce a new chromon mass y, with
G; = 3/4% as shown in the table, and avoid the negative
binding energy.

In the literature, of course, we have different views. The
popular view that PDG endorses is that 17(548) and 7/ (958)
are predominantly the uii +dd and s5 states, and that
n(1295) and n(1475) are the first radial excitations of
1n(548) and #/(958) [87-89]. However, it is widely agreed
that #(1405) is indeed a pseudo-scalar glueball [90-95].
This is endorsed by PDG and by our analysis, although
there exists a lattice result which might contradict with this
view [11].

Our result implies that the spectrum of the light pseudo-
scalar mesons could be understood within the context of the
quarkonium-chromoball mixing. Nevertheless, the idea that
7(1295) and n(1475) could be the radial excitations of
17(548) and 7/ (958) should be taken seriously [87-89].

To see how this popular view fares in our quark and
chromon model, we consider the 3 x 3 mixing with only
three physical states, 7(548), 1'(958), and 1(1405), exclud-
ing the supposedly radially excited states 7(1295) and
n(1475). Normally in the 3 x 3 mixing we could use the
three masses and (51) as the input to diagonalize the mass
matrix, but in this case we could not find the solution. So we
choose only two mass eigenvalues, #'(958) and 5(1405),
and vary the mass of 7(548). With this we obtain Table XI.

Interestingly, when the mass of #(548) becomes
510 MeV, the radiative decay ratio R(1(1405)/17(958)) ~
1.2 becomes close to the experimental value 0.95. In this

TABLE X. The numerical analysis of the 5 x 5 mixing in the 0~ channel. Here, we have used '(958), 7(1275), n(1405), n(1475),
and R(n(1475)/7'(958)) = 0.95 as the input. The fifth state could be interpreted as 7(548).

m; = 1'(958) m, = n(1295) ms = 1(1405) my = n(1475)
H ms U+ d s G] Gz G3 u+d s Gl Gz G3 u+d s Gl Gz G3 u+d s Gl Gz G3
0.58 0.52 0.18 0.37 0.43 0.01 0.01 0.19 0.18 0.53 0.06 0.05 0.02 0.01 0.01 0.92 0.04 0.04 0.03 0.02 0.02 0.90
0.58 0.52 0.18 0.36 0.44 0.01 0.00 0.17 0.16 0.50 0.15 0.02 0.05 0.04 0.04 0.82 0.05 0.02 0.02 0.01 0.02 0.93
0.58 0.51 0.18 0.37 0.43 0.00 0.01 0.19 0.18 0.54 0.00 0.08 0.00 0.00 0.00 1.00 0.00 0.04 0.03 0.02 0.00 0.91
0.58 0.52 0.17 0.35 046 0.02 0.00 0.14 0.13 0.44 0.30 0.00 0.12 0.10 0.10 0.68 0.00 0.00 0.00 0.00 0.00 1.00
ms

H ms u+d s Gy Gy Gz R(my/my) R(msz/m) R(my/m\) R(ms/m;) A v 4 5 & Ho

0.58 0.52 0.58 0.41 0.01 0.00 0.00 0.90 1.12 0.95 0.03 0.36 0.40 -0.17 0.62 —-0.89 0.487
0.58 0.52 0.58 0.41 0.01 0.00 0.00 0.93 1.02 0.95 0.03 0.37 0.41 -0.17 0.58 -0.87 0.489
0.58 0.51 0.58 0.41 0.01 0.00 0.00 0.89 1.17 0.95 0.03 0.36 040 0.01 0.63 —091 0.485
0.58 0.52 0.57 042 0.01 0.01 0.00 0.97 0.84 0.95 0.03 0.38 0.43 -0.01 0.52 —-0.85 0.492
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TABLE XI. The numerical analysis of the 3 x 3 mixing in the 0~F channel. Here, we choose 7'(958) and 7(1405) as the input and vary
the mass of #7(548) to obtain the table. No solution can be found when m(7(548)) > 541 MeV.

my = n(548) my = 1'(958) ms = n(1405)
m(n(548)) A v U u+d s G u+d s G u+d s G R(m3/my) R(m;/m,)
510 034 051 064 060 039 0.01 023 047 030 0.17 0.14 0.69 1.2 0.05
520 041 055 060 056 043 0.01 016 033 051 028 024 048 0.49 0.03
530 050 048 055 051 048 0.01 009 019 072 040 034 0.27 0.19 0.02
540 058 022 049 047 053 0.00 001 003 095 052 043 0.04 0.02 0.003

case, 17(548) becomes 60% ui + dd and 39% s5, but
17/ (958) becomes a mixture of 47% s5 and 30% gg. And
1(1405) becomes predominantly (69%) a chromoball.

To understand the physical meaning of Table XI, we
notice that the physical contents depend very much on the
mass of #7(548). Moreover, as the mass approaches to the
physical value 548 MeV, 1'(958) becomes predominantly
the glueball.

This is troublesome, and does not seem to support the
PDG view (that n(1295) and #(1475) are the radial
excitations of 7(548) and #'(958)) at all. This implies that
our result shown in Table X is at least as good as the PDG
view, although this matter has to be studied more carefully.

In this section, we have extended and improved the
numerical analysis of the quarkonium-chromoball mixing
of the preceding paper in three channels 0", 2**, and 0=+
below 2 GeV, based on our quark and chromon model.
Although the numerical results are still inconclusive, the
results in this paper seem to work better.

Theoretically, it must be clear that the numerical mixing
should be regarded as an approximation. Moreover, tech-
nically the equation we need to solve to diagonalize the
mass matrix is very rigid and sensitive to the ad hoc
constraints we have imposed.

With these shortcomings it is natural that our results are
not perfect. Nevertheless, it is fair to say that the above
mixing analysis does show that the quark and chromon
model provides a conceptually simple way to understand
the glueballs and their mixing with quarkoniums.

VII. DISCUSSIONS

One of the main problems in hadron spectroscopy has
been the identification of the glueballs. In this paper, we
have made the numerical analysis of chromoball-quarko-
nium mixing to identify the glueballs, based on the quark
and chromon model obtained by the Abelian decomposi-
tion [32]. Our mixing analysis is a rough approximation,
but it does confirm that the glueballs (i.e., the chromoballs)
play a fundamental role in the hadron spectroscopy,
although in general (except for the oddballs) they exist
as mixed states. In fact, the analysis tells that it is simply
impossible to understand the meson spectroscopy with-
out them.

Our analysis was able to pinpoint the glueball candidates
below 2 GeV successfully. Indeed, our results strongly
indicate that f,(1500) in the 0" sector, f,(1950) in the
2%+ sector, and 7(1405) and 7(1475) in the 0~ sector
become predominantly the glueballs. Some of them have
been suggested to be the glueball states before, but some of
them [e.g., 7(1475)] are our suggestion.

In our mixing analysis, we have also tried to settle other
unresolved issues. First, in the 0™ sector an important
issue is what is the isotriplet gg partner of the isosinglet
qq. There are two contending views. The popular view
endorsed by PDG is that a(1450) is the isotriplet partner,
but the opposite view suggests that a(980) is the isotriplet
parner [12,32]. The popular view appears intuitively
strange because, if this is so, the strange flavor octet
partner K(;(1430) becomes lighter than ay(1450). So it is
important to find out which view is correct, and why. We
tried to resolve this issue in our mixing. Unfortunately, our
analysis could not provide a conclusive answer on this, but
it does imply that the opposite view is not completely
excluded yet.

Another issue in this sector is the nature of f,(500),
which has been a big mystery [52-58,76-79]. In the
quark and chromon model, the chromons are supposed to
be the constituent gluons, but logically we cannot
exclude the possibility that the neurons could also form
a loosely bound state. In this paper, we discussed this
possibility. Our analysis suggests that f((500) could be
viewed a neuroball state, and this is independent of
which state we choose to be the isotriplet partner. In our
quark and chromon model, the neuroballs (if exist)
should look very much like loosely bound states of
two (or three) gg mesons or gg chromoballs, and f,(500)
nicely fits in this picture. Remarkably, this is consistent
with the popular view advocated by many authors
[52-58]. However, we emphasize that in detail two views
are different. The one interprets f((500) to be a glueball,
but the other interprets it a molecular state.

A related issue is whether the monopole condensation in
QCD could generate a 0"+ vacuum fluctuation mode or not
[21,22,32]. Theoretically, this, of course, is a fundamental
question. If the answer turns out to be in the affirmative,
f0(500) would be a natural candidate of the vacuum
fluctuation. This is a very interesting and attractive
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possibility which warrants further study. Here, we just
emphasize that our analysis does not exclude this
possibility.

The mixing in the 27 sector is rather straightforward
because there are no controversial issues here. Here, we
have three physical states below 2 GeV, and our result tells
that f,(1275) and f5(1525) are the uit + dd and s5 states,
respectively. This, of course, is in line with the PDG
interpretation [12]. Moreover, our result tells that f,(1950)
is predominantly the chromoball state, which agrees with
our result in the preceding paper [32].

This sounds all very nice, but we have to swallow this
with a grain of salt. The problem is that in this sector PDG
shows that there are five unestablished states, and some of
them could turn out to be real. And it is quite possible that
this could give us a serious impact on the mixing analysis.

Finally, in the 0~ sector an important issue is whether
1n(1295) and n(1750) are the radial excitations of 7(548)
and #/(958) or not [87-89]. Our mixing analysis provides a
different picture. Our result tells that 7(1295) can be viewed
as a mixed state made of more than 50% gg chromoball and
less than 20% uii + dd and s5 each, and 57(1475) is mainly
the ggg chromoball state. This looks very interesting and
reasonable, although we have yet to see which view is
correct.

One of the problems in the mixing analysis is that the
mathematical equations to diagonalize the mass matrix are
very rigid and sensitive to the input data. This is trouble-
some because in reality we often do not have enough input
data. This has forced us to impose ad hoc constraints like
(47) and (55) which may have distorted the reality.
However, this is a technical problem we could avoid when
enough experimental data become available.

Independent of the details, however, we emphasize the
conceptual simplicity and clarity of the quark and chromon
model. As a natural generalization of the quark model it
tells what are the glueballs made of and how they mix with
quarkoniums without ambiguity. Most importantly, it
provides us the general framework of the hadron spectros-
copy in simple and clear terms.

Of course, there are other models of glueballs, in
particular the constituent gluon model, which allow similar
mixing analysis. In fact, superficially our mixing analysis is
almost identical to the mixing in this model. As we have
emphasized, however, the constituent model has the critical
defect that it cannot tell exactly what are the constituent
gluons. In comparison, our model tells what are the
constituent gluons and what are the binding gluons which
bind the constituent gluons. This is because our model is
based on different logic, that QCD is made of two types of
gluons which play different roles. No other model is based
on this fact.

To amplify this point, consider the so-called “model-
independent” calculations of gluball spectrum, the QCD
sum rule approach [6] and the lattice calculation [10,11].

It has been assumed that these calculations are based on
“the first principles” of QCD and thus regarded as model
independent. However, we have to know what is the first
principles of QCD before we know how to calculate the
glueball spectrum. As we have emphasized, the Abelian
decomposition reveals the hidden principles of QCD,
which makes the old-fashioned first principles obsolete.

For instance, in the QCD sum rule approach people have
been calculating the glueball mass with the conventional
current operators made of two gauge field strengths,
claiming that this is based on the model-independent first
principles. However, the Abelian decomposition tells that
actually there is a new and much simpler way to calculate
the glueball mass, with the gauge-invariant current oper-
ators made of two chromons. And obviously the two
methods will give us different results.

Exactly the same way, in the lattice calculation we can
construct the glueballs implementing the Abelian decom-
position on lattice or without implementing it. And again
we get different results [27,28]. Clearly, in the conventional
lattice glueball calculations, the ingredient of the glueballs
is two or three gauge field strengths. In comparison, in our
approach, the ingredient of the glueballs is two or three
chromons, and obviously the chromons are totally different
from the gauge field strengths. Consequently the two
calculations should have different results.

These two examples clearly tells that we must under-
stand the first principles of QCD first, before we actually
make the “model-independent” calculations. As we have
explained in the first part of the paper, the Abelian
decomposition allows us to do that. And this is not a
conjecture, but mathematically a well established fact in
QCD [21-31,45-48]. This is the advantage of the quark
and chromon model.

Before we close we emphasize that the quark and
chromon model is not just a theoretical proposal. The
underlying proposition of the model that there exist two
types of gluons could be tested directly by experiment. We
already have enough knowledge on how to differentiate the
gluon jet from the quark jet experimentally [96—100].
Moreover, there has been a new proposal on how to
separate different types of jets at LHC [101]. Using this
knowledge, we could actually confirm the existence of two
types of gluon jets experimentally. So we do have an
unmistakable way to justify the quark and chromon model
experimentally.

Obviously, our numerical results in this paper are not
perfect and cannot explain everything. Nevertheless, they
do demonstrate that the quark and chromon model is at
least as good as any other model in the literature which
describes the glueballs and their mixing with quarkoniums.
Moreover, the numerical mixing analysis is not the only
application of our model. The next application would be to
implement the Abelian decomposition in the QCD sum rule
and the lattice QCD calculations and obtain a better
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understanding of glueballs. The work in these directions is
in progress.
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