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Glueball physics in QCD
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The Abelian decomposition of QCD which decomposes the gluons to the color neutral binding gluons
and the colored valence gluons shows that QCD can be viewed as the restricted QCD (RCD) made of the
binding gluons which has the valence gluons as colored source, and simplifies the QCD dynamics greatly.
In particular, it tells that the gauge covariant valence gluons can be treated as the constituents of hadrons,
and generalizes the quark model to the quark and valence gluon model. So it provides a comprehensive
picture of glueballs and their mixing with quarkoniums, and predicts new hybrid hadrons made of quarks
and valence gluons. We discuss how these predictions could be confirmed experimentally. In particular we
present a systematic search for the ground state glueballs and their mixing with quarkoniums below 2 GeV
in 0™, 27* and 0~ channels within the framework of QCD, and predict the relative branching ratios of

the radiative decay of y to the physical states.
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I. INTRODUCTION

One of the important issues in hadron spectroscopy is the
identification of glueballs. The general wisdom is that QCD
must have the glueballs made of gluons. In early days the
gauge invariant combinations of the QCD field strength
were suggested to generate the glueballs [1-3]. Later
several models of glueballs including the bag model and
the constituent model have been proposed [4-12].
Moreover, the lattice QCD has been able to estimate the
mass of the low-lying glueballs [13-16].

But so far the search for the glueballs has not been so
successful for two reasons. First, theoretically there has
been no consensus on how to construct the glueballs from
QCD. For example, there has been the proposal to make
the glueballs with “the constituent gluons,” but a precise
definition of the constituent gluon was lacking [6,7]. This
has made it difficult for us to predict what kind of glueballs
we can expect.

The other reason is that it is not clear how to identify the
glueballs experimentally. This is partly because the glue-
balls could mix with the quarkoniums, so that we must
take care of the possible mixing to identify the glueballs
experimentally [6,7]. This is why we have very few
candidates of the glueballs so far, compared to huge hadron
spectrum made of quarks listed by Particle Data Group
(PDG) [17].
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This makes the search for the glueballs an important
issue in hadron spectroscopy. Indeed, one of the main
purposes of the Jefferson Lab 12 GeV upgrading is to
search for the glueballs [18]. The purpose of this paper is to
provide a comprehensive and clear picture of the glueballs
in QCD, to study the possible mixing with the quarko-
niums, and to discuss how to identify them theoretically
and experimentally.

Actually, it is not difficult to define the gauge covariant
colored gluons which form color octet which could be
identified as the constituent gluons. This can be done with
the Abelian decomposition known as the Cho decompo-
sition or Cho-Duan-Ge (CDG) decomposition, which
decomposes the QCD gauge potential to the color neutral
restricted potential and the colored valence potential gauge
independently [19-23].

What is remarkable about this decomposition is that the
restricted potential has the full non-Abelian gauge sym-
metry and the valence potential transforms gauge cova-
riantly. So we can construct the restricted QCD (RCD)
which describes the core dynamics of QCD with the
restricted potential, and view QCD as RCD which has
the valence gluons as the gauge covariant colored source.

Clearly the Abelian decomposition tells that there are
two types of gluons which play different roles. The
restricted potential describes the color neutral binding
gluons which confines the colored source, and the valence
potential describes the colored valence gluons which
become the colored source of QCD.

© 2015 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.91.114020
http://dx.doi.org/10.1103/PhysRevD.91.114020
http://dx.doi.org/10.1103/PhysRevD.91.114020
http://dx.doi.org/10.1103/PhysRevD.91.114020

CHO et al.

This seems to justify the intuitive idea of the constituent
gluons, because the valence gluons can be viewed as the
constituents of hadrons. But there is an important differ-
ence. Here the binding gluons are not treated as the
constituents. To understand this consider the atomic bound
states in QED. Obviously we have photons as well as
electrons (and protons) in atoms, but only the electron and
proton become the constituents because only they deter-
mine the atomic structure of the periodic table. The photons
play no role in the periodic table. They are there as the
electromagnetic field to provide the binding force and
binding energy, not as a constituent particle to determine
the atomic structure.

Exactly the same way we need quarks and gluons to
make the proton. But again the gluons inside the proton
does not play any role in the baryon spectrum. This means
that they must be the “binding” gluons, not the “constitu-
ent” gluons, which (just like the photons in atoms) provide
only the binding force and the binding energy of the proton.
If so, what are the binding gluons and the constituent
gluons? And how can one distinguish them? This is the
problem of the constituent model.

Clearly the Abelian decomposition provides a natural
answer. It tells that there are indeed two types of gluons,
binding gluons and valence gluons, and only the valence
gluons can be treated as the constituent gluons. And
the gluons in proton are the binding gluons, not the valence
gluons, because they play no role to determine the position
of the proton in the baryon spectrum. Only three constituent
quarks characterize the baryonic structure of the proton.

This tells that the binding gluons cannot be the con-
stituent of hadrons. As importantly this tells that we can
treat the colored valence gluons, just like the quarks, as the
constituent particles in QCD. In particular, we can easily
construct the color singlet glueballs with two or three
valence gluons. This provides a clear picture of the glue-
balls in QCD and helps us to identify the glueball more
clearly [19-21].

A potential problem with this picture of the glueballs is
that this could give us too many glueballs, while exper-
imentally we have few candidates of them so far. This is a
big mystery in hadron spectroscopy. So the real problem
with the glueballs is to understand why there are so few
candidates of them experimentally, compared to the rich
hadron spectrum based on the successful quark model.

As we have already mentioned, one reason (at least
partly) is the possible mixing with the quarkoniums.
This makes the experimental identification of glueballs
a nontrivial matter. To resolve this problem we need a
clear picture of the mixing mechanism, and the Abelian
decomposition can easily provide this [24].

Another reason is that the glueballs have an intrinsic
instability. To understand this we must understand the
confinement mechanism in QCD more clearly, and the
Abelian decomposition provides this [25,26]. First, it
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assures that only the restricted potential can contribute to
the Wilson loop integral [27]. This can easily be understood
because the valence gluons (being colored) become the
confined prisoners, so that only the binding gluons can be
the confining agents [20,21]. This, of course, is the Abelian
dominance [28].

However, the Abelian dominance does not tell what is
the confinement mechanism. This is because the restricted
potential is made of two parts, the nontopological Maxwell
part and the topological Dirac’s monopole part [19,20].
And the Abelian dominance does not tell which part
generates the confinement, and how.

Fortunately we can tell which part is responsible for the
confinement. Implementing the Abelian decomposition on
lattice we can calculate the Wilson loop numerically with
the full potential, the restricted potential, and the monopole
potential separately, and show that the monopole potential
is responsible for the area law in the Wilson loop gauge
independently [29-32].

Moreover, we can tell that it is the monopole condensa-
tion, more precisely the monopole-antimonopole pair
condensation, which generates the confinement in QCD.
The Abelian decomposition allows us to calculate the QCD
effective action in the presence of the monopole back-
ground and establish the stable monopole condensation
gauge independently [25,26]. This tells that the true
vacuum of QCD is given by the monopole condensation
which generates the dimensional transmutation and the
mass gap.

This picture of the confinement helps us to understand
why there are not so many candidates of the glueballs,
because this tells that the glueballs made of the valence
gluons have an intrinsic instability. The effective action of
QCD tells that the colored gluons, 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. The reason is that the chromo-electric
field tend to create the quark pairs, but annihilate the
valence gluons [33-35].

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
[36,37]. But in QCD gluons and quarks play opposite roles
in the asymptotic freedom. The quarks enhance the screen-
ing while the gluons (override the quarks and) diminish it to
generate the anti-screening [38,39]. We can understand this
with the pair creation of the quarks and the pair annihilation
of the valence gluons in the chromo-electric field [25,26].

Clearly the Abelian decomposition predicts new hybrid
hadrons made of quarks and valence gluons, in addition to
the above glueballs. This is because the valence gluons, just
like the quarks, can be viewed as the constituents of (not
just the glueballs but) the hadrons. This suggests us to
generalize the quark model to the “quark and valence
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gluon” model, in which both quarks and valence gluons
become the constituents of hadrons [19-21].

In this generalization of the quark model we can
construct color singlet hadrons from the valence gluons
and the valence quarks. For example, we can have a ggg
color singlet hybrid meson with one octet valence gluon g
and a ¢gg octet. Or, we can have a gqqg hybrid baryon from
the gqq octet and one valence gluon octet g. So the Abelian
decomposition of QCD provides a totally new picture of
hadron spectroscopy.

Of course, there have been proposals of hybrid hadrons
before [40—43]. But a clear picture of hybrid hadrons was
missing. The quark and valence gluon model provides a
clear picture, and helps us to identify them experimentally.

Finally, the above picture of confinement predicts a
totally different type of glueball, the “magnetic” glueball
which we can call the “monoball” [20,21]. This is because
the monopole condensation could most likely have the
vacuum fluctuation which can naturally be identified as a
0™ state, which represents the mass gap generated by the
monopole condensation. This is the monoball. Clearly this
has nothing to do with the above glueballs made of the
valence gluons.

The importance of the monoball comes from the fact that
it is a direct consequence of the monopole condensation. So
the identification of the monoball could be interpreted as
the experimental confirmation of the monopole condensa-
tion in QCD. This makes the experimental verification of
the monoball a most urgent issue in QCD.

Although the quark model has been very successful,
PDG tells that there are experimentally established had-
ronic states which cannot easily be explained by the quark
model. For example, the scalar meson f,(500) or f(980)
does not seem to fit in the simple quark model, although
there have been many efforts to explain this within the
quark model [44-46]. We hope that our analysis in this
paper will help to identify their physical content more
clearly.

The paper is organized as follows. In Sec. II we review
the Abelian decomposition and the confinement mecha-
nism for later purpose. In Sec. III discuss the glueball
spectrum in QCD. In Sec. IV we discuss the glueball-
quarkonium mixing. In Sec. V we present the numerical
analysis of the low-lying glueball-quarkonium mixing in
0+, 27+, and 0~ channels. In Sec. VI we briefly discuss
the hybrid hadrons in QCD. In Sec. VII we discuss the
monoball as the experimental evidence of the monopole
condensation in QCD. Finally in the last section we discuss
the physical implications of our analysis.

II. BINDING GLUONS AND VALENCE GLUONS:
A REVIEW

It is well known that QCD can be understood as the
extended QCD (ECD), namely RCD made of the binding
gluons which has the valence gluons as colored source
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[19-21]. This follows from the Abelian decomposition of
QCD which decomposes the gauge potential to the
restricted part and the valence part gauge independently.
To show this we review the Abelian decomposition
first. Consider the SU(2) QCD for simplicity, and let
(fiy, 7, iz = 1) be an arbitrary right-handed local ortho-
normal basis. To make the Abelian decomposition we
choose 71 to be the Abelian direction, and impose the
isometry to project out the restricted potential Aﬂ which
describes the Abelian sub-dynamics of QCD [19-21]

This is the Abelian projection which projects out the color
neutral binding gluons. Notice that Au is precisely the
connection which leaves the Abelian direction invariant
under the parallel transport. Remarkably, it is made of two
parts, the topological (Diracian) C, which describes the
non-Abelian monopole as well as the nontopological
(Maxwellian) A,.
Moreover, we have

F,, = (F,+H,)i=G,h,
F,, =0,A,-0,A,,

le :aﬂcy—aycﬂ, Cﬂ :—§ﬁ1 ‘aﬂﬁz,
G, =0,B,-0,B,, B,=A,+C,. (2)

This tells two things. First, F . has only the Abelian

component. Second, F w 18 made of two potentials, the

electric (nontopological) A, and magnetic (topological) C,,.
Under the infinitesimal gauge transformation

0A, = gD”a, on; = —a x i, (3)
we have
0A L 0, oC n-0,a (4)
=—-n-0,a, =——n-0,a,
"y H H g H
so that
A 1. 2 N N
0A, = gDﬂa, (Du = 8ﬂ + gAﬂx) (5)

114020-3



CHO et al.

This tells that Aﬂ has the full SU(2) gauge degrees of
freedom, even though it is restricted.

From this we can construct RCD which has the full non-
Abelian gauge symmetry but is simpler than the QCD

1. 1

ﬁRCD_ ZF/%DZ_ZF;%D
1 1
g Fut (D% 0uf) = 1 (D, x DA, (6)

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.
With (1) we can recover the full QCD potential adding
the non-Abelian (colored) part X [19-21]
A=A, +X,
X, = x D,

Ql'—‘ D>>

Under the gauge transformation we have

A

0A, =

u D,a,

1
g
This confirms that X , becomes gauge covariant. This is
the Abelian decomposition which decomposes the gluons
to the color neutral binding gluons and the colored valence
gluons gauge independently. This is known as Cho decom-
position, Cho-Duan-Ge (CDG) decomposition, or
Cho-Faddeev-Niemi (CFN) decomposition [47-50].
From (7) we have

Ty 1y 1om= -
'CQCD__Z w — ZFzU_Z(DﬂXu_DDXﬂ)z
9% % w1 L% 7
_EFW'(XHXXU)_Z(X}!XXV)Z‘ (10)

This is the extended QCD (ECD) which confirms that QCD
can be viewed as RCD made of the binding gluons, which
has the colored valence gluons as its source [19-22].

We can express the Abelian decomposition of the gluons
given by (1) and (7) graphically. This is shown in Fig. 1,
where the gluons are decomposed to the binding gluons
and the valence gluons in (A), and the binding gluons are
decomposed further to the nontopological Maxwell part A,
and the topological Dirac part C, in (B).

The Abelian decomposition of SU(3) QCD is a bit more
complicated, but is well known. Since SU(3) has rank two,
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TOO0D = VWV +
(a)

MW = VWV 4 00
(b)

FIG. 1. The Abelian decomposition of the gluons. The gluon is
decomposed to the binding gluon (kinked line) and the valence
gluon (straight line) in (a), and the binding gluon is further
decomposed to the Maxwell part (wiggly line) and Dirac part
(spiked line) in (b).

we have two Abelian subgroups in SU(3). Let i;(i =
1,2,...,8) be the local orthonormal SU(3) basis. Clearly
we can choose the Abelian directions to be 713 = 71 and
ng = i'. Now make the Abelian projection by

D, =0. (11)

This automatically guarantees [51]

DA =0, A =——nxh, (12)

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

Solving (11), we have the following Abelian projection
which projects out two neutral binding gluons,

AP = AlaP — é X 9,aP = Al +CJ,
M= A=—ta D,
A;:—%Aﬂ—gA/@, Al = f,
ﬁz_—%ﬁ—kgﬁ’, ﬁ3:—%ﬁ—§ﬁ’,

(13)

where the sum is the sum of the Abelian directions of
three SU(2) subgroups made of (7, iy, '), (fig, 17, 2%),
(fg, —15, 7%). Notice the factor 2/3 in front of A? in the
p-summation. This is because the three SU(2) binding
potentials are not independent.

114020-4



GLUEBALL PHYSICS IN QCD

From this we have the restricted field strength
A 2 .
F w = Z §F 51”
p

which is made of two Abelian binding potentials. With this
we have the restricted QCD

(14)
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Here again X , transforms covariantly, and can be decom-
posed to the three valence gluons ﬁ’,’j of the SU(2)
subgroups. But unlike AI‘,’ , they are mutually independent.
So we have two binding gluons and six (or three complex)

valence gluons in SU(3) QCD.
From (16) we have

1, .
Lyrcp = —Zg (Flw)?, (15) .- - . .
p DX, =Y DIW!.  Df=0,+gAlx,
P
which has the full SU(3) gauge symmetry. This is because > - A
the restricted potential, just as in SU(2), has the full gauge Xy x X, = u X Wy,
degrees of freedom. P
SUV\;ith (13) we hayei the Abelian decomposition of the F,=F,+DX,-DX,+gX,xX,
(3) gauge potential, 2., e e
2 :Z EFFV+(DMWD_DMWU)
1 A v n - r
Aﬂ:Aﬂ+XM:Z<§A5+WZ>’ } R
p + > WE < Wi (17)
X, = Z 1A p.q
u uo
P
W, = Xy + X2hy, W, = XShg + X]hs, _
P xha _ xoh (16) so that we have the following form of SU(3) ECD
u = Aplla = Aults [25,26]
|
Lo, 1 45 Ay 9.8 7% Ay v v g4 v v gz v \2
L= _ZFW _Z(DﬂXu _DI-/X/l) _§<DﬂXl/ - Dva> ’ (XM X Xy) _EF}HJ : (Xy X Xz/) _Z(Xu X Xz/)
_ Vizpyo_ 1 DPWP — DPWP — I EP (WP x WP T 5 W2
- _8( /41/) _Z( u'Wy — Pu /4) _E 23 ( u X u) - Z( u X /4)
P P.q
2
9801 Apir = ~ g = = ~ > ~ > -
- ZQ(DﬁWf = DEWR) - (Wa x Wy) = 3“0 (Wi x W) - (Wi x W)+ (W x W) - (W x W), (18)
T P#q

This shows that the interactions in SU(3) QCD are more
complicated than the SU(2) QCD. But what is remarkable
about (18) is that it is Weyl symmetric, symmetric under the
permutation of the three SU(2) subgroups of SU(3).

We can easily add quarks in the Abelian decomposition,

Eq = Z@k(l}’ﬂl)ﬂ - m)\Ifk
k

= Z [\T/k(iyﬂﬁﬂ —m)¥, + g;(” . \i/k(y”7)\llk]
k

= S| BptirDf - g + L iy,
p.k
D,=0,+2%-A DL =0,+Lz . Ar (19)
w = O e A YR S

where m is the mass, k and p denote the flavor and color
of the quarks, and W} represents the three SU(2) quark

doublets [i.e., (r, b), (b, g), and (g, r) doublets] of the
(r, b, g) quark triplet.

From this it becomes obvious that the binding gluons and
the valence gluons play different roles. So from now on we
will call the binding gluon the “neuron” (or “neuton”) and
the valence gluon the “chromon” (or “coloron”).

To assign the color to the chromons, let (r, g, b) be the
colors of three quarks. Then the colors of the six chromons
are given by (rb, bg, g7, ¥b, bg, gr), which we denote for
simplicity by (R,B,G,R,B,G). This is schematically
shown in Fig. 2.

We can show how the Abelian decomposition refines
QCD interaction graphically. This is shown in Fig. 3. In (A)
the three-point QCD gluon vertex is decomposed to two
vertices made of one neuron and two chromons and three
chromons. In (B) the four-point gluon vertex is decom-
posed to three vertices made of one neuron and three
chromons, two neurons and two chromons, and four
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Sl

B(br) B(br)

=
S

R(rg) Glgb)

FIG. 2. The color assignment of quarks and chromons. The
x-axis and y-axis represent the 13 and Ag quantum numbers.

chromons. In (C) the quark-gluon vertex is decomposed to
the quark-neuron vertex and quark-chromon vertex.

Notice that here (and in the following figures) the
neurons are expressed by the wiggly lines (Maxwell part).
This is because the monopole potential (Dirac part) makes
the condensation, so that in the perturbative regime (inside
the hadrons) it does not contribute to the Feynman dia-
grams. Also here 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 inter-
action does not change the quark color, but the quark-
chromon interaction changes the quark color.

An important implication of Fig. 3 is that there are two
types of gluon jets, the neuron jet and chromon jet. In
principle we can test this experimentally by studying the
gluon jets. Experiments can tell the difference between the
photon-quark jet from the gluon-quark jet. If so, by (re-)
analyzing the gluon-gluon jets and/or gluon-quark jets
more carefully we could confirm that indeed there are
two types of gluon jets. Experimental confirmation of this

~- <
Mo
L

FIG.3. The decomposition of vertices in SU(3) QCD. The three
and four point gluon vertices are decomposed in (a) and (b), and
the quark gluon vertices are decomposed in (c). Notice that here
(and in the following) the neurons are represented by wiggly lines
and the chromons are represented by straight lines.
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is very important, because this could endorse the existence
of two types of gluons.

Our analysis tells that, although the Abelian decom-
position does not change QCD, it makes many hidden
structures of QCD explicit. First, it tells that RCD is
responsible for the confinement, because the valence
gluons (being colored) have to be confined [27,28]. So
it makes the Abelian dominance obvious.

Second, it allows us to prove that the monopole is
responsible for the area law in the Wilson loop integral.
Indeed implementing (11) on lattice, two lattice QCD
groups (the SNU-KU and KEK-CU groups) independently
performed a truly gauge independent lattice calculation,
and showed that the monopole is responsible for the
confinement [29-32]. The SNU-KU result is shown in
Fig. 4, which shows that the full gauge potential, the
restricted potential, and the monopole potential all produce
the linear confining potential in Wilson loop integral. This
assures that we only need the monopole potential for the
confining force.

Moreover, the Abelian decomposition enlarges and
doubles the gauge symmetry to the classical and the
quantum gauge symmetries, because it automatically puts
QCD in the background field formalism [52,53]. So the
neurons and the chromons have independent gauge free-
doms. This keeps both neurons and chromons massless.

Third, it reduces the complicated non-Abelian gauge
symmetry to a simple discrete symmetry called the color
reflection invariance. To see this, consider the rotation of
basis called the color reflection in SU(2) QCD

(2, fip, 1) = (M, —hp, —1). (20)

Obviously this is a gauge transformation, so that this must
remain a symmetry of QCD. On the other hand, the
isometry condition (1) does not change under (20). This
means that, after we select the Abelian direction 7 we have
two different but gauge equivalent Abelian decompositions
related by the color reflection.

B =8.52

U field T=eo +——
U field T=co ——
M1ggo field T=co F——

0.4

log(< W[R,T]>)/T
o
o

0.2

FIG. 4 (color online). The lattice QCD calculation which
establishes the monopole dominance in Wilson loop. Here the
black, red, and blue slopes are obtained with the full potential, the
restricted potential, and the monopole potential, respectively.
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What makes the color reflection symmetry so important
is that it is the only remaining symmetry of the full gauge
symmetry left over, after we make the Abelian decom-
position [20,21]. So the color reflection invariance plays the
role of the non-Abelian gauge invariance after we have
chosen the Abelian direction. This greatly simplifies the
implementation of the gauge invariance to calculate the
QCD effective action [25,26].

In the constant monopole background the effective
action is given by

H2 11g gH
L:eff:_Z(Tp‘f'@H%(lnﬂ—zp—C)). (21)
P

where H,(p = 1,2,3) are the monopole background of
three SU(2) subgroups. The corresponding effective poten-
tial has the true minimum at

(1) = (11) = (113) = exp (—%ﬁ). (22)

The effective potential is shown in Fig. 5. This demon-
strates the monopole condensation which generates the
desired mass gap in QCD.

For the constant chromo-electric background we have
the following effective action

E2 11g gE
Legr = Z(?p+48ﬂ2 ES (lnﬂ—;’— C>
P

Notice that it has the imaginary part which is negative. This
is very important, because this tells that the chromo-electric
background induces the pair annihilation of chromons
[25,26,33-35].

To summarize, the Abelian decomposition tells that
QCD has two gluons which play different roles.
Perturbatively (in terms of the Feynman diagrams) the
neurons play the role of the photon and the chromons play

114
—-i—E%).
961 p)

FIG. 5 (color online). The effective potential of SU(3) QCD.
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the role of (massless) charged vector fields, in QED.
Nonperturbatively, however, (the monopole part of) the
neurons become the confining agents. In contrast,
the chromons become the confined prisoners. Without
the Abelian decomposition we cannot tell this difference
because all gluons are treated on equal footing.

III. GLUEBALLS AND ODDBALLS

The fact that the chromons become gauge covariant tells
that they could form glueballs. For example, we can have
the gg or ggg color singlet glueballs made of chromons
which could be called the “chromoballs.”

Since we have six gauge covariant chromons
(R,.B,.G,.R,.B,,G,), we can construct low-lying color
singlet glueballs with two (gg) chromons whose wave
functions are symmetric under the exchange

-\ |R;4RD> + ‘B#BD> + |G#GIJ>

The low-lying ¢g glueball states classified by ( L, are
shown in Table I. In the table we have listed the possible
candidates of the glueballs based on the PDG data, but we
emphasize that they are by no means certain.

Actually the number of the glueball states depends on
how many degrees the chromons have. If we assume the
chromons to be massless they have only transversal
degrees, but if we assume them massive they also have
the longitudinal degrees. Here we have assumed that they
acquire the (constituent) mass after the confinement sets in.
But ultimately experiments should determine how many
degrees the chromons have.

Similarly we can construct low-lying color singlet glue-
balls with three chromons,

Z(RGB) |R/4BUG/J>

25+1)

l999)4 = 76 ,
Z[RGB]'RvaGp>
= 24

TABLE I. The possible quantum numbers for low-lying glue-
balls made of two chromons.

@s+hr, Jke possible candidates
1S, 0 £0(500), £o(980)

55, 2+ £,(1950)

3P, 0" n(1295), n(1405), n(1475)
3p, -+ 279

3P, 2+ 12(1645)

'D, 2++ Regge recurrence of 'S,
>Dy 0+ So(1500)

5D, -+ 279

D, 2+ Regge recurrence of S,
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TABLE II. The possible quantum numbers for low-lying glueballs made of three chromons. Here S, A, and M mean symmetric,
antisymmetric, and mixed symmetries, and d and f mean (totally symmetric) d-product and (totally antisymmetric) f-product of three
chromons.
Configuration space spin color L S Jke
(1s)3 S S d 0 1,3 17,37~

S A f 0 0 0"
(15)%(1p) S S d 1 1,3 (0,1,2)7,(2,3,4)"~

S A f 1 0 i

M M d 1 1,2 (0,1,2)*,(1,2,3)*"

M M f 1 1,2 (0,1,2)"*,(1,2,3)*+
(1s)(1p)? S S d 0,2 1,3 (1,2,3,4,5)—

S A f 0,2 0 0-*,27*

M M d 0,2 1,2 (0,1,2,3,4)~~

M M f 0,2 1,2 (0,1,2,3,4)"*

M M d 1 1,2 (0,1,2,3)~"

M M f 1 1,2 (0,1,2,3)~+

A S d 1 1,3 (0,1,2,3,4)~"

A A f 1 0 1=
(15)%(2s) S S d 0 1,3 17,37~

S A f 0 0 0"

M M d 0 1,2 (1,2)=

M M f 0 1,2 (1,2)~+
(1s5)%(1d) S S d 2 1,3 (1,2,3,4,5)

S A f 2 0 2=F

M M f 2 1,2 0,1,2,3,4)~~

M M f 2 1,2 (0,1,2,3,4)~F

where the sums in ggg are the totally symmetric (the
d-product) and the totally antisymmetric (the f-product)
combination of three colors.

With this one can figure out the possible ggg chromoball
states. The exact enumeration of three chromon bound
states depends on the binding potential, but in a simple shell
model one can construct the low-lying ggg chromoball
states [6]. This is shown in Table II. In general the ggg
glueballs are expected to be heavier than the gg glueballs,
because they have more chromons.

At this point one might wonder if the neurons could also
form bound states. Certainly from the group theoretic point
of view we could construct color singlet states with two or
three neurons. This, however, does not guarantee that
dynamically the neurons can make bound states. Since
they carry no color charge the interaction among them
should be very weak, so that they are not likely to form
bound states.

To clarify this point, consider the photons in QED.
Clearly they interact among themselves through the elec-
tron loops, but obviously they do not form bound states.
Here the situation is very similar, because the neurons in
QCD are exactly like the photons in QED. To amplify this
point we show the possible interactions among neurons in
Fig. 6. This is precisely the photon interaction of QED
made of the charged vector field.

From this we may conclude that the neurons do not make
bound states. Indeed the Feynman diagram tells that, if such

a bound state exists at all in QCD, it could be interpreted as
a bound state of two quarkoniums.

This should be compared with the possible Feynman
diagram of the chromoball interactions shown in Fig. 7.
The contrast between the two Feynman diagrams are
unmistakable. We emphasize that, without the Abelian
decomposition, it would have been very difficult to see this
difference.

The above analysis tells that there must be a large
number of glueballs. But experimentally we do not have
many candidates of them. As we have remarked, one reason
is that these glueballs may not exist as mass eigenstates,

(b)

FIG. 6. The possible Feynman diagrams of the neuron
interaction. Two neuron binding is shown in (a), and three
neuron binding is shown in (b).
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(a)

(b)

FIG. 7. The possible Feynman diagrams which bind the
chromons. Two chromon binding is shown in (a), three chromon
binding is shown in (b).

because they could mix with ¢g states. So it is very
important to discuss the glueball-quarkonium mixing to
identify these glueballs.

Another reason is that the chromoballs (unlike the
quarkoniums) have an intrinsic instability, because they
tend to annihilate each other in strong chromo-electric field
[25,26]. This is due to the anti-screening and asymptotic
freedom [38,39].

We can estimate the glueball partial decay width coming
from this instability. According to the QCD one-loop
effective action (23) the chromon annihilation probability
per unit volume per unit time is given by

11g - dr
FA = E2 X s
< 96n " 303

(25)

where the sum is on three SU(2) subgroups and E » 1s 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/n)AéCD we have
[, =398 MeV [17]. But notice that with Agep=
200 MeV, we have I'y = 235 MeV [54].

Of course this is a rough estimate, but notice that this 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 be quite unstable.
As we have remarked this could be one of the reasons why
there are so few candidates of glueballs experimentally.

Although the glueballs in general mix with the quarko-
niums, in particular cases the pure glueballs could exist [6].
This is because some of the gg glueballs have the quantum
number J©¢ which ¢g cannot have. In the quark model the
qq states in the natural spin-parity series P = (—1)’ must
have spin one, and hence CP = +1. So the mesons with
natural spin-parity and CP = —1 (e.g.,07=,0%~, 17F,2%~,
etc.) are forbidden. But the gg or ggg glueballs could have
these quantum states. In fact, the ggg glueballs, unlike ¢g,
could have all possible J€.

PHYSICAL REVIEW D 91, 114020 (2015)

So these particular glueballs carrying the quantum
numbers which ¢g cannot have cannot mix with the
quarkoniums, and they are called the “oddballs” [6]. The
low-lying oddballs become important because they could
be observed as pure glueball states. Table III summarizes
the possible J”€ for the g, g7, and ggg states. From this we
can say definitely that any of the low-lying 07,07, 17T,
or 27~ meson states must be pure glueballs. This could
provide crucial information for us to search for the pure
glueballs.

The above analysis tells that the identification of the
glueballs may not be simple. To identify these glueball
states we have to compare the theoretical prediction with
the experimental data. In the Appendix we show two tables,
the one which provides the standard quark model inter-
pretation of the low-lying mesons and the other which
contains the light isosinglet mesons which cannot easily be
identified as gg states, from PDG data [17].

IV. GLUEBALL-QUARKONIUM MIXING

To identify the glueballs we have to study their mixing
with the quarkoniums. But before we discuss the mixing, it
is worth discussing the gg octet-singlet mixing in the quark
model first.

The gg binding energy may come from two orthogonal
processes, the exchange and annihilation processes. Let us
assume [24]

(uat| Hluit) g, = (dd|H|dd), = E.
(s5|H|s3)p, = E' = E+ A,
(dd'|Hlqg)an=A.  (forallq.q).  (26)

Now with
8) = luit) + |dd) — 2|s5)
\/6 ’
|uit) + |dd) + |s5)
1) = , (27)
V3
TABLE III. The possible quantum numbers for low-lying the

qq, g9, and ggg states.

State qq g 999 State qq g 999
State qq 99 999  State qq 99 999
o+t 0 o} 0 2+t ¢} 0 ¢}
0t X X 0 2+ X X ¢}
0+ 0 ¢} o} 2+ o} 0 ¢}
0~ X X 0 27" ¢} X ¢}
1+t o} o} 0 3+t ¢} 0 ¢}
1 0 X o} 3t 0 X o}
1=t X ¢} 0 3+ X 0 o}
1 0 X ¢} 3 ¢} X ¢}
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we may obtain the following mass matrix for the gg which
describes the octet-singlet mixing,

VR <<8|Hl8 8|H|1>>
(11H[8) (1]H]1)
E+2A  —¥2A
(7 ) e
2N E+iA+3A

Notice that A-term is responsible for the mixing.
From this we have the mass eigenvalues

1
m% :E[(E’+E+3A)1—D},

D= \/(E —E-A) + 842 (29)

Notice that (when A is positive) the eigenvalues m2 must
satisfy m> < E and E' < m?. This tells us that the
annihilation contribution has a tendency to make the mass
splitting larger, which seems to be the case in reality.

Now we can discuss the glueball-quarkonium mixing.
The possible Feynman diagrams for the mixing is shown
in Fig. 8. From this it is clear that the mixing takes place
not just between the quarkoniums and glueballs but also
between the gg and ggg glueballs, directly or through the
virtual states made of neurons.

To proceed, let |G) be the glueball state which mixes
with two quarkonium states |8), |1) and consider the mass
matrix of (|8),[1).|G)),

0
d |, (30)

whose eigenvalues are given by 4;. In this case the mixing
matrix / which transforms the unphysical states to the

physical states (|m,), |m,), |ms)) and diagonalizes M to D
is given by [24]

—@\ >——

VAVAVAVA"
—O\ >———
(a)

—e >———

— NS *r——

—O\ \>———

(b)

FIG. 8. The possible glueball-quarkonium mixing diagrams.
The mixing of glueballs made of two and three chromons with
quarkoniums are shown in (a) and (b).

PHYSICAL REVIEW D 91, 114020 (2015)
D= Z/H\l(]T = diag(/h, /12, /13),

Hge At a
U=| i gm am o .
ZE}E:Z; as, /13;6053 a3
a; = d (31)

(/1,' - 6)\/1 + (i,-lia)z + (ﬁ)z
Moreover, we have the sum rules

a+c+e=24+1+ 1,
ac +ce+ea—b* —d* = 2y + Iody + A3,
ace — b*e — d*a = Ay 5. (32)

Notice that @; determines the gluon content of physical
states.

The gluon content of the physical states has important
implication. For example, this allows us to predict the
relative branching ratios of y to yX decays among the
physical states. This is because the y decay process to
ordinary noncharming physical states is the Okubo-Zweig-
lizuka (OZI) suppressed process which can only be made
possible through the gluons.

So, except for the kinematic phase factor, the glue
content of the physical states determines the radiative
decay branching ratios. This means that for the S wave
decay (i.e., for 07 and 27") we have

v — vX; a; m%,—ml2 ’

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

(5@
v —rX; a; my, — m;

where the last term is the kinematic phase space factor. So
the gluon content of the physical states can explain the
underlying dynamics of the OZI rule.

Of course the idea of the glueball-quarkonium mixing
has been suggested many times before [6,55,56]. But the
clear picture of the mixing was lacking because the
constituent gluons were not well defined. The quark and

chromon model allows us to discuss the mixing without any
ambiguity [24].

V. EXAMPLES OF MIXING:
NUMERICAL ANALYSIS

To discuss the mixing notice that, among the five low-
lying gg states (1Sy,3S,,3Py,*P;,3P, states) in Table I
there are three glueball states (i.e., 0T",27", and
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0~* states) which can easily mix with the low-lying
quarkonium states. So in this section we will restrict
ourselves to the mixing of these glueball states with the
corresponding isosinglet gg states below 2 GeV—with the
light quarks u, d, and s only—for simplicity.

In this approximation the mass matrix of the mixing can
be written as

E+IA  —¥2A 0
M> =1 _s2A E4la+434 o | (39)
0 v G

It has five parameters, but we can fix £ and A from the gg
octet-singlet mixing. So we need three inputs to fix the
mass matrix completely.

There are different ways to fix the mass matrix. One way
is to choose two predominantly gg states, or simply to
choose two lowest mass eigenstates, from PDG. With this
we could treat G as a free parameter, and find (if possible)
the best fit for G which could explain the PDG data. In this
case we can replace G with the chromon constituent mass y
writing G = 4u?, since G represents the mass of two
chromons.

Another way to fix the mass matrix is to notice that in
this approximation we may assume

(d'q'H|qq)a, = (4'T'|99)(99|97)- (36)

So, instead of varying 4 we could impose the condition
3A = 12 to fix the mass matrix. But this requirement could
be too stringent, and we will not require this in this paper.

We emphasize the clarity of our mixing mechanism
presented by the quark and chromon model. All terms in
(35) have clear physical meaning. For example, we can
draw the Feynman diagram which represents the isosinglet-
glueball mixing parameter v, and could in principle
calculate it theoretically.

With this we can predict the mass of the third state,
calculate the quark and gluon contents of the physical
states, and the relative branching ratios of the y radiative
decay to the physical states in each channel (in terms of y if
necessary).

With this strategy we now can discuss the
glueball-quarkonium mixing in each channel separately.
According to PDG the low-lying iso-singlet physical
states in the 0™t and 2*+ channels below 2 GeV
are f(500), £1(980), f¢(1370), fo(1500), f,(1710) and
f2(1270), £,/ (1525), f,(1950). In the 0~ channel we
have  7(548),7'(958),7(1295),,(1405),7(1475)  and
n(1760) [17]. These are the subjects of our analysis in
the following.

PHYSICAL REVIEW D 91, 114020 (2015)

A. 07 channel

In this channel one would normally assume a,(980) to
be the isotriplet partner of the isosinglet gg and choose

ag = 00(980),
A=2(K?*-a}), K = K;(1430). (37)

This seems natural because a,(980) which is supposed to
be made of u and d quarks is lighter than K§(1430) made
of s quark.

On the other hand PDG interprets a((980) [as well as
f0(500) and f;(980)] to be a meson-meson bound state,
and suggests the following choice [17]

E=ad}, ay = ay(1450),
A=2K2-al). K=Kj(1430).  (38)

This looks somewhat strange because this implies that the
qq state made of u 4 d quark is heavier (or at least not
lighter) than the ¢g state made of the s quark.

Clearly the numerical analysis of the mixing will depend
very much on which input we use, and it is not clear which
view is correct. But here we will simply adopt the PDG
suggestion and use (38) as the input in our analysis.

With this we have three undetermined parameters in the
mass matrix. To fix them we may choose two physical
states from PDG, and vary the chromon mass y as an
independent parameter. But here we have five physical
states, f0(500), £1(980), f¢(1370), f(1500), and
fo(1710) below 2 GeV. Since the identity of f(500)
and f((980) are not clear we will choose f((1500) and
fo(1710) as the input. In this case we obtain Table IV.
Notice that we have calculated { = 1% /A to see how good is
the constraint 3A = ¢ in this approximation.

The numerical result suggests that the mass of the
third state is around 1400 MeV which is predominantly
a s3 state, which we could interpret to be f,(1370).
Interestingly, the physical contents of two other states
depend very much on the value of the chromon mass .
When the mass is around 760 MeV, f,(1500) become
predominantly the glue state. But as the chromon mass
increases to 860 MeV, it becomes a u + d state and
fo(1710) quickly becomes the glue state.

So when the chromon mass is around 760 MeV the
above result appears to be in agreement with the suggestion
of PDG, which lists f,(1370) and f,(1710) as the g states
[17]. But here again the gg state made of s quark becomes
lighter than the gg state made of u + d. This, of course, is
due to the input (38).

In principle we could determine the chromon mass with
our prediction of the relative ratio of the y radiative decay.
Unfortunately at the moment PDG has no experimental
data available for us to do this.
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TABLE IV. The predicted mass of the third physical state, the quark and glue component (the probability) of the physical states, and
the relative radiative decay ratios for fixed values of the gluon mass  in the 0% channel. Here we choose f(1500) and f,(1710) as the

input.
my = f(1500) my = fo(1710) ms

u A v ¢ my u+d s g u+d s g u+d s g  R(my/m;) R(mz/my)
0.76 027 0.8 0.12 140 007 000 093 073 020 0.07 0.19 080 0.00 0.00 0.05
0.78 023 031 042 140 026 001 073 059 016 025 0.15 0.83 0.02 0.02 0.14
0.80 0.18 036 069 139 044 001 054 045 0.12 043 0.11 0.87 0.02 0.05 0.59
0.82 0.14 035 090 139 062 002 036 030 008 0.62 009 090 0.01 0.07 1.26
0.84 009 029 092 139 079 0.02 0.18 0.15 004 080 005 093 0.01 0.09 3.26
0.86 0.04 007 012 139 09 003 0.01 001 000 099 0.03 097 0.00 0.12 85.71

B. 27" channel

In this channel we have three physical states below
2 GeV, f,(1270), f,'(1525), and f,(1950). Of course, we
also have f,(1430), f,(1565), f,(1640), f,(1810), and
£2(1910), but we will not consider them here because PDG
does not classify them as established states. On the other
hand the fact that there are so many candidates of 27 states
implies that we need more caution to analyze this channel.

Now, we can choose

E = a3, a, = a,(1320),

A=2(K2?-dd), K*=K*(1430), (39)

as the input and vary the chromon mass u as a free
parameter. In this case we have three possibilities to choose
two input states from f,(1270), f,'(1525), and f,(1950).

With f,(1270) and f,(1950) as the input, we obtain
Table V. Notice that when y = 760 MeV, we have m; =
1,470 MeV which could be identified as f7(1525). In this
case f,(1270) becomes a mixture of u + d and glue states,
and f,(1950) becomes a mixture of u + d, s and glue
states. But the third physical state f’(1525) becomes

Experimentally, PDG shows

J/V - y£,(1270) = (1.43 £ 0.11) x 1073
J/U = yf,'(1525) = (4.5 + 0.7 — 0.4) x 1074,

which implies

R(f,'(1525)/f,(1270)) = 0.31 £ 0.05. (40)
Remarkably this agrees excellently with our prediction in
Table V, when the chromon mass becomes 860 MeV. So all
in all the mixing in this channel seems to work very well,
although we certainly need a more careful analysis.

C. 0" channel

In this channel we have six physical states below 2 GeV,
n(548),17'(958),n(1295),n(1405),,(1475), and n(1760).
But here we need a special attention because of the
expected difficulties [the U(1) problem, PCAC, etc.] in
this channel. Moreover, Table II tells that there is (1s)ggg
glueball state which can mix with the other states.

So we generalize the mixing matrix to the 4 x 4 matrix

predominantly an s3 state. 2 V2

But when the chromon mass u becomes around E+34 —5A 00
860 MeV, f,(1270) becomes predominantly u + d state ) _V2ZA E4lA43A L

. , . N M- = 3 3 (41)
and the third state f,’(1525) becomes predominantly s3 0 ) G ¢
state. This is in line with the PDG suggestion, which
interprets f,(1270) and f,'(1525) as the gg states [17]. 0 4 e G
TABLE V. The numerical analysis of the mixing in the 2" channel, with f,(1270) and f,(1950) as the input.
my = f,(1270) my = f,(1950) s

u A v ¢ my  u+d s g u+d s g u+d s g  R(my/m;) R(mz/m)
0.76 039 095 233 147 040 0.00 060 035 036 029 025 064 0.11 0.19 0.15
0.78 035 099 278 147 046 001 053 033 033 034 022 066 0.12 0.25 0.18
0.80 031 101 326 148 052 001 047 030 030 040 0.18 0.69 0.12 0.33 0.21
082 028 1.02 379 148 058 001 041 027 027 046 015 0.72 0.13 0.43 0.24
0.84 024 1.02 438 149 064 001 036 024 024 052 013 0.75 0.12 0.57 0.27
0.86 020 099 506 149 069 001 030 020 021 059 0.10 078 0.11 0.76 0.30
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to include the ggg state. This has eight parameters, but we
may express G and G’ by the chromon mass u and put
G = 4y? and G’ = 9u>. This reduces the number of the
parameters to seven.

Now, with
E = 72, n = n(140),
A= 2(K2 — 7r2), K = K(498), (42)

as the input we have to fix five more parameters. To do that
we may impose the condition / = 3/2v, because v and /
represent two and three gluon couplings to the isosinglet
qq. With this we can choose three physical states as the
input and vary the chromon mass u to predict the mass of
the fourth physical state.

We could also try the condition 3A = 1% + /2, assuming

(4'7'|H|9) 10 = (4'T'|99)(99]97)

+(d'q'l999)(999lag).  (43)
But again this constraint could be too stringent.

Now, if we choose #/(958),7(1405) and #7(1760) as the
input, we obtain Table VI. Notice that here we have two sets
of solution, because the 4 x 4 mixing involves quadratic
equation.

In this analysis the mass of the fourth physical state
becomes around 550 MeV, which could be interpreted to be
1(548). The result shows that the physical contents of
17(1405) and 17(1760) depend very much on the mass of the
gluon. On the other hand here 7(548) is a mixture of u + d
and s, but 77/(958) becomes predominantly a gg glue state.
This is problematic and not in line with PDG, which
interprets #'(958) as predominantly a ¢g state.

PHYSICAL REVIEW D 91, 114020 (2015)

Moreover, experimentally we have [17]

J/U = i (958) = (5.15 £ 0.16) x 1073,
J/ U — yn(548) = (1.104 4 0.034) x 1073,

so that we expect

R(n(548)/17'(958)) = 0.21 £ 0.01. (44)
But Table VI implies that this is very small
R(n(548)/n'(958)) = 0.01. (45)

This does not agree with PDG. This again is because the
numerical analysis interprets 7'(958) to be predominantly a
glue state.

We could choose different input. But with 7(548),
17/ (958), and n(1760) as the input we obtain very similar
results. In this case the fourth physical state becomes
7(1405), and #/(958) remains predominantly a two chro-
mon bound state. So we have the same problem.

In this section we have discussed the numerical analysis
of the quark gluon mixing in three channels 0", 2", and
0~ below 2 GeV based on our quark and chromon model.
Clearly the numerical result is inconclusive and should be
viewed as preliminary.

In the 0™ and 2" channels the numerical results seem
to work, but in the 0~ channel it has problem. On the other
hand we emphasize that the above numerical analysis is not
intended to provide a perfect mixing. Obviously it is a
rough approximation which is expected to have uncertainty
of at least 20 to 30%.

There are many reasons the above analysis cannot be
perfect. First of all, the mixing discussed here neglected
many things. For example, we have neglected the light

TABLE VI. The numerical analysis of the mixing in the 0~* channel. Here we choose 7/(958), 7(1405), and 7(1760) as the input.
my = 1'(958) m, = n(1405) m3 = n(1760) my

u my u-+d s 2g 3g u+d s 2g 3g u+d s 29 3g u+d s 2g 3g
0.50 055 002 0.03 093 0.02 0.13 0.11 005 072 043 030 0.01 026 043 057 0.00 0.00
050 055 0.01 001 09 0.03 0.16 0.13 001 0.70 041 028 0.04 027 043 0.57 0.00 0.00
052 054 0.04 007 08 004 020 0.17 013 050 031 022 0.01 046 045 0.54 0.00 0.00
052 055 0.00 0.0l 092 007 029 025 001 045 026 0.18 007 048 044 056 0.00 0.00
054 054 0.06 0.12 076 006 026 022 023 028 020 0.14 0.00 066 047 052 0.0l 0.00
0.54 054 0.00 0.00 088 0.11 044 037 0.01 019 0.11 008 0.11 070 045 055 0.00 0.00
H ny R(my/m,) R(m3/m,) R(my/m;) A v €
0.50 0.55 0.12 0.06 0.004 0.84 0.34 -0.07
0.50 0.55 0.46 0.13 0.003 0.84 0.30 0.28
0.52 0.54 0.03 0.08 0.006 0.75 0.40 —-0.13
0.52 0.55 0.44 0.33 0.004 0.75 0.31 0.47
0.54 0.54 0.00 0.10 0.009 0.66 0.42 -0.20
0.54 0.54 0.26 0.64 0.003 0.66 0.24 0.64
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hybrid ggg states which could influence the mixing very
much. Moreover, the mixing depends on the input param-
eters, but there are many ways to choose the input. So we
have to have a more thorough numerical analysis.

Nevertheless, our mixing analysis confirms the
following. First, our quark and chromon model provides
a conceptually simple way to identify the glueballs.
Second, the mixing influences the physical contents of
hadrons very much. This makes the mixing analysis more
important.

An important outcome of the analysis is that the
constituent mass of the chromon is around several hundred
MeV. This seems to agree with the lattice result [13,14].

VI. HYBRIDS

The quark and chromon model predicts the hybrid
hadrons made of quark and chromon. Clearly we can
construct color singlet ggg mesons with one color octet
chromon and a gg octet. Similarly we can have ggqg
baryons with one chromon and a ggq octet. So these hybrids
must exist.

Of course, similar hybrid hadrons or multi-quark
hadrons have also been proposed before [7,8]. But our
model provides a unique picture of hybrid hadrons which is
different from the other models of hybrids or multi-quark
hadrons. In particular, it has unambiguous predictions and
can in principle easily be distinguished from the other
existing hybrids and/or multi-quark models.

To understand this, notice that on the surface our ggg
hybrid mesons might look very similar to gqqg g states,
because the chromon in ggg could be replaced by a gg
octet. However, there is a clear difference between the tetra-
quark states and our ggg hybrids. Obviously the gg forms
octet and singlet, but our chromon has no singlet compo-
nent. So the spectrum (i.e., the number of states) that they
predict is different. In other words our hybrid model
predicts less physical states.

Similarly our ggqg hybrid baryons could be misidenti-
fied as gqqqq penta-quark states. But again the group
theoretic structure of the two models is different. This
confirms that the hybrids predicted by our quark and
chromon model is different from other hybrids or multi-
quark models. This means that by studying the spectrum we
can tell which model is correct.

An important difference of these hybrids from the
glueballs is that the hybrids have no intrinsic instability.
This is because the chromon in ¢gg and gqqg hadrons is
stable, since there is no way that it can annihilate. So, unlike
the glueballs, these hybrids are expected to have typical
hadronic decay width.

What is really remarkable about our hybrid hadrons is
that it is based on the quark and chromon model. It is a
straightforward generalization of the quark model which
comes from the existence of the valence gluons, and the
physics behind it is as simple as the quark model. This
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simplicity translates to the clarity of the prediction. The
predictions are straightforward and unambiguous. So we
can easily qualify or disqualify the model experimentally.
This is a most important feature of our hybrid model.

The remaining task is to identify the hybrid hadrons. Of
course, PDG has already accumulated enough data which
could be interpreted as hybrid hadrons and/or multi-quark
hadrons. For example, there are quite many low-lying mesons
which cannot be easily explained by the quark model, and
some of them could be interpreted as a ggg hybrid. So we
have to analyze these data carefully to find which model can
correctly explain these data. This task will be tedious and time
consuming, but certainly worthwhile to do.

The XYZ particles might be interesting candidates of
the hybrids [57,58]. These particles have been interpreted
as tetra-quarks mesons or meson-meson molecular bound
states, but it would be worthwhile to see if they could also
be understood as the ggg hybrids.

Aswehaveremarked, the hybrid hadrons caninfluence the
quarkonium-glueball mixing significantly. So understanding
these hybrids is very important in the analysis of the mixing.

VII. MONOBALL: VACUUM FLUCTUATION
OF MONOPOLE CONDENSATON

QCD generates the monopole condensation (more pre-
cisely the monopole-antimonopole pair condensation)
which induces the dimensional transmutation and creates
the mass gap. If so, one may ask what (if any) is the
observable consequence of the monopole condensation.
The answer could be the monoball.

To understand this, consider the ordinary superconductor
in QED. It is well known that the Bardeen-Cooper-
Schrieffer (BCS) superconductivity is characterized by
two scales, the correlation length of the Cooper pair and
the penetration length of the magnetic field. Field theo-
retically they are represented by two composite fields, a
(complex) scalar field for the Cooper pair and a (massive)
vector field for the confined magnetic field. And the
existence of these modes are the consequence of the
BCS superconductivity.

So in QCD we may expect a similar consequence of
the monopole condensation. Naively we might think that
the monopole condensation creates two mass scales, the
correlation length of the monopole-antimonopole pairs and
the penetration length of the chromo-electric flux. This
suggests that the monopole condensation could induce two
physical states, one 0" and one 17" vacuum fluctuation
modes [20,21].

However, the confinement in QCD is not exactly dual to
the superconductivity in QED. First of all, in QED the
magnetic field to be confined is generated by the electric
current, not by the magnetic charge. But in QCD
the colored flux to be confined comes from the color
charge, not the chromo-magnetic current. Second, in
superconductor the Cooper pair has electric charge but
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the monopole-antimonopole pair in QCD obviously has no
chromo-magnetic charge.

Third, in the superconductor the magnetic field is
actually screened by the supercurrent, not confined by
the Cooper pair. But in QCD the chromo-electric field is
confined by the monopole-antimonopole pair. In other
words, it is not the monopole supercurrent which provides
the confinement. QCD has no monopole supercurrent.
Fourth, the chromo-electric flux is described by the
Coulomb (i.e., scalar) potential, not by the vector potential,
in QCD. But in superconductor the magnetic field is
described by the vector potential.

Finally, in the superconductor the Higgs mechanism takes
place. The Landau-Ginzburg theory of superconductivity is
a classic example of Higgs mechanism, where the sponta-
neous symmetry breaking generates the massive vector field
which screens the magnetic field. But in QCD there is no
spontaneous symmetry breaking. It is the dynamical sym-
metry breaking which generates the confinement. This tells
us that the confinement mechanism in QCD is not exactly
dual to the Meissner effect. They are different.

In particular, this implies that the penetration length in
QCD could be represented by a scalar field, not by a spin-
one field. This is because the chromo-electric field is
described by the Coulomb (i.e., scalar) potential. This
strongly suggests that both the correlation length and the
penetration length in QCD must be represented by the
scalar mode. In other words, there might be no 17+ vacuum
fluctuation mode in QCD.

The remaining question is if the two scalar modes are
different or not. In principle they could be different, but as we
have shown in (22) the monopole condensation generates
only one mass scale. This, together with the fact that QCD has
only one scale Agcp, strongly suggests that they are the same.

From this we may conclude that the monopole con-
densation could have only one 0™t vacuum fluctuation
mode which could naturally be called the magnetic glueball
or simply the monoball. Clearly this fluctuation mode must
be different from the glueballs made of the chromons
because this characterizes the monopole condensation.

The importance of the monoball is that this represents the
monopole condensation, so that the experimental verifica-
tion of this monoball can be interpreted as the confirmation
of the monopole condensation. This makes the experimen-
tal identification of the monoball a most urgent issue
in QCD.

Ultimately, however, the nature of the monopole con-
densation (and the number of the vacuum fluctuation
modes) should be determined by experiment, and it could
well be that the monopole condensation has no vacuum
fluctuation mode at all. To understand this possibility
consider the Dirac sea, the vacuum of Dirac’s theory of
electron. It has vacuum bubbles made of electron-positron
pairs, but is not the electron-positron pair condensation and
apparently has no fluctuation mode.
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So, if the QCD vacuum is like the Dirac sea, there will be
no vacuum fluctuation and thus no monoball. At the
moment it is not clear if the QCD vacuum is similar to
Dirac sea, and only experiments can tell whether the nature
of the QCD vacuum is different from the Dirac sea or not.
This makes the experimental confirmation of the monoball
more interesting.

One might ask if there is any candidate of the monoball.
Actually PDG has several isoscalar 0 states, in particular
f0(500) and f((980), which do not fit well in the quark
model. It would be very interesting to find which of them (if
at all) could be interpreted as the monoball.

Finally, it goes without saying that this vacuum fluc-
tuation (if exists) could influence our analysis of the mixing
in the 0" channel. This is another complication we have to
keep in mind in discussing the mixing.

VIII. DISCUSSIONS

In this paper we have discussed the hadron spectrum of
the ECD obtained from the Abelian decomposition of
QCD. Although ECD is mathematically identical to QCD,
it makes the hidden dynamical structures of QCD explicit.
In particular, it assures the existence of two types of gluons
and generalizes the quark model to the quark and chro-
mon model.

To compare this with other glueball models, consider the
bag model which identifies the glueball as the colored field
confined in a bag. In this picture the glueballs are made of
infinite number of gluons in the form of the gluon field, so
that there is no constituent gluon (i.e., a finite number of
gluons) which make up the glueballs.

In contrast in the constituent model the glueballs are
made of the constituent gluons. To bind the constituent
gluons, however, we certainly need the binding gluons (i.e.,
the gluon field). Unfortunately this model does not tell us
how to distinguish the binding gluons from the constituent
gluons.

The Abelian decomposition tells us how to resolve this
difficulty. It tells that there are indeed two types of gluons
which play different roles, and naturally generalizes the
quark model to the quark and chromon model. This
provides a new picture of glueballs made of chromons.
Moreover, this predicts new hybrid hadronic states which
are made of quarks and chromons.

One of the main problems in hadron spectroscopy has
been the identification of the glueballs. This identification
is not simple for the following reasons. First, the glueballs
have intrinsic instability which comes from the asymptotic
freedom and antiscreening. Moreover, the glueballs in
general may not exist as mass eigenstates because of the
mixing with quarkoniums and other light hybrid mesons.

In this paper we have discussed how to identify them by
discussing the glueball-quarkonium mixing in the numerical
analysis. Clearly the mixing discussed here is a rough
approximation, because it neglects the hybrids made of
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qqg which could influence the mixing. Besides, the analysis
depends on the input parameters, and there are many pos-
sibilities of choosing the input which we did not discuss in this
paper. Nevertheless it tells us that the quark and chromon
model provides a new picture of glueball-quarkonium mixing
which can be easily tested by experiments.

In 0" channel, our analysis is in line with (or at least not
in contradiction with) PDG interpretation. It implies that
f0(1500) could be predominantly the glue state. But here
we must know which one, a((980) or ay(1450), we should
treat as the isotriplet partner of the isosinglet gg which
mixes with the glueball. This is a very sensitive question,
because the numerical analysis depends very much on this.
PDG suggests a,(1450) to be the isotriplet partner. But this
seems against the common sense, because K(1430) made
of s3 becomes lighter than aq(1450). Clearly this issue
remains to be settled.

Moreover, in this channel f,(500) and f((980) have
been puzzling [17]. For example, f,(500) has unusually
broad width, and has been the subject of a large number of
theoretical works. It has been suggested to be a tetra-quark
state or KK molecules [44,45,59,60]. Unfortunately our
analysis does not reveal much about their content.

In 27 channel our analysis could explain the physical
content of f,(1270), f,'(1525), and f,(1950) quite well.
In particular it could predict the relative ratio of the ¥
radiative decay. This is remarkable. But we have to keep in
mind that there are many other so-called unconfirmed
physical states below 2 GeV in this channel, and they have
to be studied more carefully.

Finally in 0~ channel, our mixing analysis was prob-
lematic. It implies that #/(958) is predominantly two glue
state, but this view is against the PDG suggestion. On the
other hand, it is well known that this channel has a long
history of problems, and even the origin of the octet-singlet
mixing in this channel has not been completely understood
yet. Moreover, the existence of a light glueball made of
three chromons makes the situation worse. So it is natural

TABLE VII.
mesons is supposed to be tentative.
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that our mixing analysis is least successful. To clarify these
complications we certainly need a more thorough analysis.

Independent of the details, however, we emphasize the
conceptual simplicity and clarity of the quark and chromon
model. ECD makes QCD simple by decomposing it to the
restricted part which describes the core dynamics of QCD
and the valence part which represents the colored source of
QCD. This provides the clear picture of the glueballs and
hybrid hadrons. Moreover, this provides a clear picture of
the glueball-quarkonium mixing.

In particular, ECD allows us to demonstrate the
monopole condensation, more precisely the monopole-
antimonopole pair condensation [25,26]. In this paper
we have discussed how to verify this monopole condensa-
tion experimentally by searching for the monoball, the 0"
vacuum fluctuation of the monopole condensation.

The monoball, if exist, could have mass around Agcp.
This implies that f,(500) could be the monoball candidate.
Of course, at the moment it is not clear if this is the case.
But the search for the monoball should be treated as one
of the most important issue in QCD, because this could
confirm the monopole condensation in QCD.

The main purpose of this paper was to provide the
general framework of the glueball-quarkonium mixing
mechanism. We hope to provide a more complete numeri-
cal mixing analysis in a separate publication [61].
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Suggested ¢g quark model interpretation of the light meson states from PDG. In the table the classification of the 0™
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12+, Jre ud, ud, (dd — uii)/v/2 us, ds. ds. iis f cc bb
118, 0 n K n(548) 7 (958) n.(2984) 1,(9398)
135, 1— p(770) K*(892) $(1020) w(782) J/w(3097) Y (9460)
1'p, 1+- by (1235) Kt hy(1380) hy(1170) h(3525) h;,(9899)
13P, 0t ay(1450) K;5(1430) fo(1710) fo(1370) 2e0(3415) 250(9859)
13P, 1+t a,(1260) Kl £1(1420) £1(1285) Z2a1(3511) 21(9893)
13p, 2+ a(1320) K3(1430) f2/(1525) £2(1270) 1c2(3556) 152(9912)
1'D, 2+ 7,(1670) K,(1770) 1, (1870) 1, (1645)
13D, 1- p(1700) K*(1680) w(1650) w(3770)
13D, 2= K,(1820)
13D, 3 p3(1690) K3(1780) $5(1850) w3(1670)

238, 1- p(1450) K*(1410) $(1680) w(1420)
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APPENDIX: ADDITIONAL INFORMATION

In the Appendix we summarize some useful data for our analysis in Tables VII and VIII from the Particle Data Group

Review.
TABLE VIII. Low-lying isosinglet mesons which do not fit easily in the quark model listed by PDG.
States Jre Mass (MeV) Width (MeV) Decay modes Branch ratio (%)
f0(500) o+ 400 ~ 550 400 ~ 700 nn dominant
vy seen
f0(980) o+ 990 £+ 20 40 ~ 100 74 dominant
KK, yy seen
n(1295) 0+ 1294 +4 55£5 nrm, ag(980)x seen
17(1405) 0" 1409 +2 51+3 KKr, nan seen
ay(980)x, 4z, pp seen
(1420) 1— 1400 ~ 1450 180 — 250 pr dominant
1073 seen
n(1475) 0~ 1476 + 4 85+9 KKr dominant
ag(980)x, yy seen
fo(1500) o+ 1505+ 6 109 +7 nn 349+23
4x 495+33
KK 8.6+ 1.0
nmm 5.1+£09
1’ (958) 1.9+0.8
17,(1645) 2=F 1617 £5 181 + 11 ay(980)7, a,(1320)z, K*K seen
KKn natn~ seen
$(1680) - 1680 + 20 150 £+ 50 KK*(892) dominant
kK, ete seen
/2(1950) AR 1944 4+ 12 472 + 18 KK, K*(892)K*(892) seen
am, 4x,mm, yy seen
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