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Chiral field theory of 0~ glueball

Bing An Li
Department of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506, USA
(Received 22 February 2010; revised manuscript received 20 April 2010; published 1 June 2010)

A chiral field theory of 0~ " glueball is presented. The Lagrangian of this theory is constructed by
adding a 0~ " glueball field to a successful Lagrangian of the chiral field theory of pseudoscalar, vector,
and axial-vector mesons. The couplings between the pseodoscalar glueball field and the mesons are
revealed via a U(1) anomaly. Quantitative study of the physical processes of the 0~ glueball of m =
1.405 GeV is presented. The theoretical predictions can be used to identify the 0~ glueball.
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L. INTRODUCTION

It has been known for a very long time that the glueball
is the solution of nonperturbative QCD and there are ex-
tensive study on pseudoscalar glueballs [1]. On the other
hand, many candidates of 0**, 0%, and 2" glueballs
have been discovered [2]. However, identification of a
glueball is still in question. In order to identify a glueball
quantitative study of the physical processes of a glueball is
urgently needed. It is the attempt of this paper to present a
chiral field theory which can be used to do systematic and
quantitative study of the properties of the 0~ glueball.

Both current algebra and lattice QCD successfully use
quark operators to study nonperturbative hadron physics.
Based on current algebra and QCD we have proposed a
chiral field theory of pseudoscalar, vector, and axial-vector
mesons [3], in which quark operators are used to study
meson physics. The Lagrangian of quarks and mesons is
constructed as
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which originates in the quark condensate; M is the matrix
of the current quark mass; m is a parameter. In the limit,
m, — 0, the theory (1) has global U(3), X U(3)g symme-
try. In this theory the meson fields are related to corre-
sponding quark operators. For example, at the tree level the
vector and the axial-vector mesons are expressed as the
quark operators
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The pseudoscalar mesons are introduced via the mecha-

1550-7998,/2010/81(11)/114002(11)

114002-1

PACS numbers: 12.39.Fe, 12.39.Mk

nism of the nonlinear o model. Under this mechanism the
introduction of the constituent quark mass is natural and it
plays an essential role in this theory. The mesons are bound
states of quarks and they are not independent degrees of
freedoms, and the kinetic terms of the meson fields are
generated by the quark loop diagrams. Integrating out the
quark fields, the Lagrangian of the meson fields is derived.
N, expansion is naturally embedded. The tree diagrams are
at the leading order and the loop diagrams of the mesons
are at the higher orders. Besides the N expansion there are
current quark mass and momentum expansions in this
theory. The major features of nonperturbative QCD—N
expansion, quark condensate, and chiral symmetry—are
all included in this meson theory. The masses of the
pseudoscalar, the vector, and the axial-vector mesons are
determined. The form factors of the pion and the kaons are
calculated in both spacelike and timelike regions. The
widths of strong, electromagnetic, and weak decays of
the mesons are computed. 7 — 7 and 7 — K scatterings
are studied. The Wess-Zumino-Witten anomaly is re-
vealed. ChPT (chiral perturbation theory) is the low energy
approximation of this theory. All the 10 coefficients of the
ChPT are determined. Meson physics is systematically
studied. The pion decay constant and a universal coupling
constant are the two parameters in most cases. The third
parameter, the quark condensate, only appears in the
masses of the pseudoscalar mesons. Theory agrees with
the data very well [3]. The meson physics are successfully
studied by expressing the meson fields as the quark opera-
tors. The Lagrangian (1) is not complete. There are other
degrees of freedoms, for instance, glueballs. It is known
that lattice QCD has used the gluon operator to calculate
glueball mass [4]. Following the manner of Eq. (1), using
the gluon operator to construct an effective Lagrangian to
study the physics of the 0~ " glueball is the attempt of this
paper. This paper is organized as follows: (1) introduction;
(2) chiral Lagrangian of 0~* glueball and mesons;
(3) mass mixing of the 0" glueball 7(1405) and the
7, 1'; (4) n(1405) — yy decay; (5) n(1405) — yp, yo,
v¢ decays; (6) kinetic mixing of y and n, fields;
(7) J/ — ym(1405) decay; (8) 1(1405) — pmra decay;
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(9) 9(1405) — a((980)7r decay; (10) n(1405) — K*K de-
cay; (11) summary.

II. CHIRAL LAGRANGIAN OF 0~ " GLUEBALL
AND MESONS

As mentioned above, lattice gauge theory has used the
gluon operator, FE (in the continuum limit), to calculate
the mass of the pseudoscalar glueball by the quench ap-
proximation [4]. The meson theory is phenomenologically
successful, in which the mesons are coupled to the quark
operators. The same approach is used to construct an
effective Lagrangian of the 0~ " glueball in this paper.
This theory should be chiral symmetric in the limit, m, —
0 and the field of the 0~ * glueball y can be expressed as
the gluon operator FF. Under the least coupling principle
the effective Lagrangian is constructed as

1 apv pa a fapv 1 2
L = _ZF FS, + F,F X+§GXXX’ 2)

where FH = e“”“ﬁFaB, and G, is a mass-related pa-
rameter. In QCD the glueball is a bound state of gluons,
not an independent degree of freedom, therefore, there is
no kinetic term for the glueball field y. Using Eq. (2), at the
tree level the glueball field is expressed as the gluon
operator

1 -
X =g . 3)
Gz
The relationship between the gluon operator FF and the
quark operators is found from the U(1) anomaly
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Using Eq. (4), Eq. (2) is rewritten as
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The constant ((:ff)z)_l can be absorbed by the y field. By
redefining the y field and the parameter G, Eq. (5) is

rewritten as
1 - )
[ = _ZFWVFZV —{byuysbox + 21 Mysi x}

+ % GIXX- (6)
The same symbols of y and G, are used. Equation (6) is
chiral symmetric in the limit, my, — 0. It is known that
g2N,. ~ 1 in the N expansion and the loop diagrams with
gluon internal lines are at the higher orders in the N,
expansion. Therefore, at the leading order in N expansion
the kinetic terms of gluon fields are decoupled from this
theory.
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Adding the two terms,

) i 1
Ly=—{y,ysbdx +2i¢gMysx} + EGE()(X,
(7)

to the Lagrangian of mesons (1), the Lagrangian including
the glueball field y and the meson fields is found to be

£ = £1 + .£2. (8)

As shown above, the ways of introducing the 0~* mesons
and the 0~ " glueball field to the theory (8) are very differ-
ent. The couplings between the quark operators and the ng,
7, are different from the coupling of the 0~ * glueball. For
Mg, Mo there are two couplings [3]:
_c 2
g fn
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where A = Ag for ngand A = %I for 5, respectively, ¢ =

zf_f,z’ and g is a universal coupling constant and it is
gy,
determined by the decay rate of p — e*e. In the chiral
limit, the coupling for the 0~ " glueball is obtained from

Eq. (6)
— Uy ysd,x. (10)

The differences between Eqgs. (9) and (10) lead to different
physical results for the 0~ mesons and the 0~ glueball.
The different physical results which are presented in this
paper should be able to distinguish a pseudoscalar glueball
from the pseudoscalar mesons.

Integrating out the quark fields, the kinetic term of the y
field and the vertices between the y field and other mesons
are obtained from the Lagrangian (8). This procedure is
equivalent to doing one quark loop calculation. In the
chiral limit, using the coupling (10) the quark loop diagram

QISP = =3 [ @ Ty, 59 ) 0)

X y,ys P ()P p,ePry) (11)

is calculated to O(p?) and the kinetic term of the y field is
found to be

3,1
§F2§au)(a,u,/\/’ (12)

where F2(1 — %) = f2 [3]. The normalized y field is
determined as

21

vy (13)

X7\3F

It is the same as what has been done in Ref. [3] the
couplings between the mesons and the y field can via the
vertex (10) be derived from the Lagrangian (8). As a matter
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of fact, all the meson vertices obtained from the coupling

_c M_lpyﬂysipaﬂno can be found in Ref. [3].
Replacin §2fi_ N in these meson vertices by gf X

all the vertices involving the y field are obtained.

III. MASS MIXING OF THE 0~ * GLUEBALL
1(1405) AND THE 7, n’

The matrix elements of Eq. (4) have been used in the
studies of the mixing between 1, n’ and 0~ * glueball [5].
In Ref. [5], Cheng et al. present a solution for the pseudo-
scalar glueball mass around (1.4 = 0.1) GeV. The mass of
the y field is taken as an input in this study. Besides 7, '
there are other 79(J?C) = 0% (0~ ") pseudoscalars listed in
Ref. [2]: 1(1295), 5(1405), n(1475), n(1760). In Ref. [6]
a systematic phenomenological analysis about these pseu-
doscalars is presented. The analysis concludes that the
17(1405) is a possible candidate of the 0~ glueball. In
this paper the theory (8) is applied to do a systematic and
quantitative study of the physical processes of the possible
glueball state 17(1405). The theoretical predictions can be
used to decide whether the 7(1405) is indeed a 0~
glueball. The same can be done to other possible candi-
dates of the pseudoscalar glueball.

The chiral field theory (8) is applied to study the mixing
of m, n’ and 7(1405) in this section. In this chiral theory
(1) the pion, kaon, and 7 are Goldstone bosons. In the
leading order in the chiral expansion their masses are found
to be [3]

o= L1100, + my),
mh, = f2 <0|¢¢|o>(m + my), (14)
myo = fz <0|w|o><md +my).

To the first order in current quark masses, the following
elements of the mass matrices are derived from Egs. (1)
and (14):

4 1
my, = "3 <0|¢¢|0> (m,, + my + 4m,)
%{2(m b ) = mi}
m%l0= fz <O|¢¢|O> (m +md+m)
1, , , (15)
= g(m + + mKO + mﬂ_),
44211, -
Ay = =g 7z 3 OB ¥10)m, + my = 2m,)
= \/g(m@ + my, — 2m3),
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m2. = 0.3211 GeV? and m?, = 0.1703 GeVZ. If there is
no 0~ glueball the mass of 7’ is determined to be

2 2 2 = 2
m,, = my, + m my = 0.1911 GeV (16)
which is much smaller than the physical value
0.9178 GeV?2. This problem is known as the U(1) anomaly
[7]. The diagram of two gluon exchange leads to an addi-
tional mass term for m ,» Which is proportional to G i )2 X

(O|FF|n,) [7]. In this study m?, is taken as a parameter. It
is necessary to point out that the current quark mass
expansion and the N, expansion are two independent
expansions in this theory. Using Egs. (7), (9), and (14),
the mixing between the ng and the y is found to be

42 1

A, = Tﬁ g(oi’ﬁi/’i())(m + my — 2my)
V2 fr
= 9 fF my. + my, = 2m3). (17)
Three of the elements of the mass matrix, m%s, m%s”]o’ mfmg

are determined to the first order in the current quark
masses. Both the current quark masses and two gluon
exchange contribute to the matrix element Amm = A;,
which is taken as a parameter. m , A3, and m are the
three parameters of the mass matrix of 78> 105 X- My(1405)>
m,,, and n’ are taken as inputs. The equation

2 2 2 _
my, +my +my m + m , + mn(1405) (18)

is one of the three eigenvalue equations of the mass matrix.
The other two eigenvalue equations are derived as

4 —2.8Tmd +1.77=0, (19)

2
A+ m o,

A2+ mt —2.88m3 + 1.74 — 0.02527A; = 0. (20)

The difference between these two equations is very small
It is very interesting to notice that in the chiral limit, m,,x,

Am3, , (15), and Am?,, (17) — 0. Therefore, in the limit,
m, — 0, the g, 7o, )( mixing is reduced to the 1y — x
mixing. The two eigenvalue equations of the mass matrix
of 1o and y are found to be

2
ms, + m

A+ m —2.89m3 + 1.81 =0.

2 2
= My M g5y 21

Because of m778 ~ m,] the first equation of Egs. (21) is very
close to Eq. (18) and Egs. (19) and (20) are reduced to
Eq. (21) in the chiral limit. Therefore, the difference be-
tween Egs. (19) and (20) is caused by the current quark
masses. The masses of the current quarks listed in Ref. [2]
spread in a wide range: m, = 1.5 to 3.3 MeV, m; = 3.5 to
6.0 MeV, my = 10473 MeV. The numerical values of

2 (15), and Am3,,,. (17) are computed by using

UEN 778 7o
the mass formulas (14), (15), and (17) which are at the first
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order in the expansion of the current quark masses. The
effect of the current quark masses at the second order can
be seen from the pion masses. At the first order in the
current quark masses m? . = m2,. The mass difference of
* and 70 is about 3.5% of the average of the pion mass.

Nonzero mZ. — m?2, results in the second order of the

current quark masses [8] (of course, the electromagnetic
interactions too). There should be errors caused by the
current quark masses at higher orders in those values (15)

|

n=amg+bmnt+cx
— 0.3 + 1.2453A,
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and (17). On the other hand, Egs. (19)—(21) show that the
effect of the current quark masses on the mixing of g — x
is small. In the study of the physics of 17(1405) Eq. (19) is
taken into account. Obviously, the values of the current
quark masses affect the » meson more. The physics of the
7 meson will not be studied in this paper.

Solving the eigenvalue equations of the mass matrix of

738> Mo> X>

a) =

((my — 0.3 4+ 1.2453A5)% + 0.0523A5 + 0.2422m, — 0.1944)'/2’
p. _ 007108 +0. 3679A3 ~ —0.3679m, + 0.199 . b
! 03+ 1.2453A, 70 03+ 124537, 70 T T @8 T ;0 T X
m, + 1.2453A, — o.9172b 10.4432m, — 9.49
a, = N CcH =
? 0.07108-10.4432 72 > 0.07108-10.4432 22)
b 0.07108-10.4432
2 ((0.07108-10.4432) + (10.4432m, — 9.49)> + (m, + 1.2453A; — 0.9172)>
0.043 0.002454 + A
')’](1405) = asmng + b37’]0 + c3 X, as = m(_15768 + A3 + 0.79881”’!2)6‘3, b3 = W—m;q’
—-1/2
cy = {1 +———— [(0.002454 + A3)* + 0.001 849(—1.5768 + A, + 0.7988m2)2]}
1.9771 — m,
[
are obtained, where m, = m2 ay, by, c5 are taken to be aN- 8 1 e
positive. " Yy 477__ —\/—f 7]86 et Ba,u,AVaaAB’
(25)
aNe 82 1.
V. n(1405) — yy DECAY Loy = Nk M3 €4 0,A,9aAp

There is one independent parameter left in Egs. (22),
which can be determined by the decay rate of n' — yy.
The vector meson dominance (VMD) is a natural result of
this chiral field theory [3]. The decay of pseudoscalar to
two photons is an anomalous process. The couplings be-
tween ng, ny and pp, ww, ¢ ¢ are presented in Ref. [3]:

Ne 8 e
T gy, Ol

- 26y¢vaa¢ﬁ}s

ngvv

+ aﬂwyaawﬁ
No 82
@m? Bgf,
+0,0,0,0 +3,¢,0,0s}).

The VMD leads to following relationships:

(23)
noer*P{a . p} 04l

novv =

1
0
Pu— EegAw W= w

1
—egA
L 24)
—egA
b 358

The couplings

are found from Egs. (23) and (24). The vertex L, is
determined by the couplings (8)

21 - 1- . .
_\/;f '10'}’#'}’5‘#3#/\4 glpTl'y#lpp'lu,
(26)
V2

1 -
Yy, bw,, ——5Y,50,,
g ® " g po P

where é and */?5 are the normalization factor of the fields p,

w and ¢, respectively, and s is the strange quark field. The
calculation (to the fourth orders in the covariant deriva-
tives) shows that two terms are found from the triangle
quark loop diagrams of the yvv vertex

3NcV21 1

Z ? \/—g I? (477.)2 eluua'Bpp.(qw q2u)€a eﬁ
and
3NcV21 1
2 g—f BF @n? ", (q1, — 4r)ea’ €,

where p, g , are the momenta of the y and the two vectors,
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respectively; ex' are the polarization vectors of the two

vector fields, respectively. These two terms canceled each
other. Therefore, in the chiral limit the glueball y compo-
nent is not coupled to the vector-vector meson pairs, the
vertex yvwv vanishes. The pure glueball field y does not
decay to two photons. Besides the axial-vector couplings
[the first equation of Egs. (9)] the peudoscalars ng, 7
have the pseudoscalar couplings [the second equations of
Eq. (9)]. The peudoscalars ng, 1 are coupled to the vector-
vector meson pairs and decay to two photons (23). This is a
very important difference between the pure 0~ glueball
and the ng, 1y mesons.

In the chiral limit, only the 1g, components of the 7’
meson contribute to the n’ — y7y decay. Using Egs. (23),
the decay width is found to be

ac M

3
I'(n' — ):_2_”ng +L g (27)
n YY 167T3 f2 3 2 \/5612 ’

where f, = 0.182 GeV is taken. The experimental data of
I'(n' — yy) is 4.31(1 = 0.13) keV. By inputting I'(n’ —
v7) and using Egs. (18), (19), and (22),

m? = 1.25 GeV?, A; =0.51 GeV?,

7o (28)
m, = 1.28 GeV.

are determined. Substituting the values of m%o, Aj,and m,,
into Egs. (22) the expressions of 7, 1/, 17(1405) are found
to be

n = 0.97427m5 + 0.15937, — 0.16y,
n' = —0.151375 + 0.82087, — 0.551 y, (29)
n(1405) = —0.003 52275 + 0.57247, + 0.8199y.

Equation (29) shows that the n’ meson contains a large
component of the glueball, the 17y, meson component in the
1(1405) is large, and the 13 component in the 1(1405) is
negligibly small. The mixing between the 7, meson and
the glueball y is very strong. These results confirm that in
the chiral limit the ng — 1y — y mixing is reduced to the
1o — x mixing. The effects of the current quark masses are
small on the 1, — y mixing.

Assuming the n has zero gluonium content and by
measuring the ratio Ry = BR(¢ — 71'y)/BR(¢ — nvy),
KLOE has determined the mixing matrix of n — ' — G
as (see Cheng et al. in [5], and [9])

0.766  —0.6430 0
—0.241 —0.287 0.927

In this paper a different approach has been applied to study
the 7 — n' — G mixing. There are differences between
Eq. (29) and Uy o. For example, in Uk or the 1 has no
glueball content and the glueball has a certain amount of
the mg component. Equation (29) shows that there is glue-
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ball content in the 1 and the g component of the glueball
is very small.

The orthogonality between the expressions (29) show
that the accuracy of the expression of the 7 is about 93%
and for the 7’ and the 7(1405) the accuracies are about
98%. For the = the error is larger; for the 7’ and the
17(1405) the error is smaller. In the determination of
Eq. (29) m2%, m%., m2, are taken as inputs to calculate

Kk "k
2 2 2 :
the elements my_, Amy ., Amy, and the physical masses

of the n, 1/, 5(1405) are inputs too. The errors of Eq. (29)
are caused by the treatments of the current quark masses of
the three elements m2, Am?_, . Am%, . As shown by
Eq. (15) these quantities are expanded to the first order in
the current quark masses and evaluated by inputting m2,
mih mio which are expressed to the first order in the
current quark masses too (14). As mentioned in Sec. III
these treatments are not accurate enough and errors result.
The errors can be reduced greatly by expanding the ele-
ments to the second order of the current quark masses and
by adjusting the values of the m, , properly. The three
elements m% , Am?_, . Am?, affect the 7 meson most. As
mentioned above in the chiral limit the n — %’ — G mixing
is reduced to the n — n’ mixing. The effect of accurate
treatments of the quantities related to the current quark
masses on the 0~ * glueball is small. The study on accurate
treatments of the current quark masses is beyond the scope
of this paper.

The small error for n(1405) indicates that the physical
mass of the 17(1405) as one of the eigenvalues of the mass
matrix is acceptable and the 7(1405) fits the room of the
0~ " glueball well. Equation (29) is applied to study the
physics of the 1(1405) in this paper.

Only the 7 component of 7(1405) contributes to the
1(1405) — yy decay and the glueball component y is
suppressed. Using Egs. (23) and (29),

I'(n(1405) — yy) =

2 m? h \2
L a0y (2 —b3) = 4.55 keV
160 f2 3

(30)

is predicted. In Eq. (30) the mass of the 7(1405) contrib-
utes a factor of 3.5 in comparison with I'(n’ — yvy). The
total width of the 7(1405) is 51.5 * 3.4 MeV [2] and

B(n(1405) — 2y) = 0.87(1 = 0.07) X 10~*

is obtained. This small branching ratio is consistent with
7(1405) having not been discovered in two photon
collisions.

The physical processes of the 1 meson will not be
studied in this paper. However, the n — 2+ decay is taken
as an example of the effects of the current quark masses.
Using Egs. (23) and (29), I'(n — yy) = 0.361 keV is
obtained. The data is 0.511(1 # 0.06) keV. The theoretical
prediction is lower than the data by about 40%. The
coefficients of the expression of the 7 (23) are sensitive

114002-5



BING AN LI

to the values of the current quark masses. For instance, if
the m , 1s changed by about 10%, which is allowed by the
date of the current quark masses presented in Ref. [2], the
agreement between the prediction of the I'(p — yvy) and
the experimental value can be achieved.

V. 7(1405) — yp, yo, y¢» DECAYS

The 7mg component of 1(1405) is ignored and the y
component does not contribute to the coupling of the
1(1405)vv. The vertex of 1(1405)vv is determined by
the quark component 7, only. Using the VMD and
Egs. (22) and (23),

eNC 8\/_

L1405y = @m? B, bymoe**Ba, p,daAg,
eNC 8\/- va

Lo0409wy = (4m)? 331, bymoe**d 0,005 1)
eN, 16

L1056y = @ 52 \/_f b3770€”“”“36u¢,,8aA3

are obtained, where by = 0.5724 (29). The universal cou-
pling constant g = 0.395 is determined by the decay rate
of p — e*e. The decay widths are found to be

3a 1
['(5(1405) — py) = (0'5724)2W 7 3
X :mn(1405)(1_ m% )
g 2 m%,(mos)
T'(n(1405) )= Losmap 3% 1
— wy) = —(0. 5 5 Ko
n Y 9 277'4g2 f%, @
m 2
ky = ";405)(1— o ) (32)
M (1405)

2 3a 1

_ My(1405) mg,
ky = 1-—2)
2 M (1405)

The numerate results are

I'(n(1405) — py) = 0.84 MeV,
I'(n(1405) = wy) = 90.3 kev, (33)
I'(n(1405) — ¢y) = 58.2 kev.

The branching ratios of these three decay modes are

1.63 X 1072(1 £ 0.07), 1.75 X 1073(1 £ 0.07),
1.13 X 1073(1 £ 0.07),

respectively.
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VI. KINETIC MIXING OF y AND 9,

Besides mass mixing between the pseudoscalar mesons
and the 0~ glueball studied in Sec. III, there is kinetic
mixing between the 1y meson and the y glueball. While
the mass matrix is diagonalized and the physical states are
determined, however, the matrix of the kinetic terms might
not be diagonalized by these new physical states. The p —
w system is a good example. Equation (1) shows that the
mass matrix of the p and the w mesons is diagonalized.
The kinetic terms of the p and the w fields are generated by
the quark loop diagrams [3]. The p fields are non-Abelian
gauge fields. The mixing between the kinetic terms of the
p and the w fields is dynamically generated by the quark
loops, which is determined by the mass difference of the
current quark masses, m,; — m,,, and the electromagnetic
interactions [3,10]

1 1 1
.Ep_wz{_4ﬂ_2g2%(md m)+ﬁeg}

X (a;uov - VP;L)(a,qu - avw#)-

In this chiral field theory while the kinetic terms of the
M, field [3] and the y field are generated by the quark loop
diagrams (12) the kinetic mixing, 9,709, X, is dynami-
cally generated by the quark loops too. The coefficient of
this mixing is determined by three vertices

c2\/§_

21 - 1
gf‘/’?’,ﬂsl/’%/\/_\ngfl//%n’slﬁ%%

1 22 -
- m\/—gglﬁyslﬁno- (34)

By calculating the S-matrix element (n,|S| x), in the chiral
limit the kinetic mixing is found to be

2¢\1/2

This kinetic mixing cannot be referred to the mass mixing.
The amplitudes of 7(1405) — y7y, yv have been calcu-
lated to the fourth orders in the covariant derivatives. At
this order there is no contribution from the kinetic mixing
term (35) to these processes.

VIL J/¢ — yn(1405) DECAY

In pQCD the J/¢ radiative decay is described as
J/¥ — vgg, gg — meson. Therefore, if the meson is
strongly coupled to two gluons it should be produced in
J/ radiative decay copiously. Both the 7’ and the
1(1405) contain large components of the pure glueball
state y. Therefore, large branching ratios of J/i — y7’,
vm(1405) should be expected.

In Ref. [11] the decay width of the J/ ¢y — 7y x is derived
as
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o 1
LU/ —yx) == aa?(mc)lﬁ%(O)féﬁ

81
(1 —2)3
-y
{1 —2m 4 4mp
2 312
X {2m§ = 3m2(1 + ﬂ) - 16ﬁ} ,
my my
(36)

where ¢ ;(0) is the wave function of the J/ ¢ at the origin,
fc 1s a parameter related to the glueball state y, m is the
mass of the physical state which contains the y state and it
will be specified. After replacing corresponding quantities
in Eq. (36), m. — my, m; —my, Q. =3— 0, = — 1,
the Eq. (36) has been applied to study B(Y(1S5) — yn'(n))
[12] and very strong suppression by the mass of the b quark
has been found in these processes. The suppression leads to
very small B(Y(1S) — yn'(n)), which are consistent with
the experimental upper limits of B(Y(1S) — yn'(n)) [13].

The y state of Eq. (36) is via both the mass mixing (29)
and the kinetic mixing (35) related to the 7’ and the
1(1405), respectively

2c\1/2
(n'|x(0)[0) = —0.551 + 0.8208(1 — —)
g

m?,

mi - mn/
20\12 GD
(1(1405)x(0)|0) = 0.8199 + 0.0.5724<1 - 7)
8
mZ
X ——C¢ = 17788
ny — mg

In Egs. (37) the widths of ' and 7(1405) are ignored.
Equations (37) show that the kinetic mixing [the second
term of Eqgs. (37)] (35) plays an essential role in those two
matrix elements. Inputting I'(J/ ¢ — yn'), the parameter
fc and 3(0) are canceled and the ratio

_ T/ ¢ — yn(1405))

R0 =)

(38)

is calculated. The ratio (38) is very sensitive to the value of
the mass of the ¢ quark and it increases with m,. dramati-
cally. This sensitivity has already been found in the studies
of J/¢—rvynn), vf(1270) [11,14], Y(1S)—
y(n.n), (12700 [12. In Ref. [2] m, =
1.273397 GeV is listed. Inputting B(J/¢ — yn') =
(4.71 £ 0.27) X 1073, and using Eqgs. (36) and (37), the
dependence of B(J/ — yn1(1405)) on the mass of the ¢
quark is predicted. A few examples are presented:

PHYSICAL REVIEW D 81, 114002 (2010)

m, = 1.22 GeV,
B(J/ ¢ — yn(1405)) = 3.67(1 = 0.06) X 1073,

m. = 1.23 GeV, (39)
B(J/ ¢ — yn(1405)) = 6.69(1 = 0.06) X 1073,

m, = 1.24 GeV,

B(J/ ¢ — yn(1405)) = 1.13(1 = 0.06) X 102

A large branching ratio for J/ — yn1(1405) is predicted
for m, > 1.2 GeV. In Ref. [2] the measurements

B(J/ ¢ — yn(1405/1475) — yKK )

= (2.8 +0.6) X 1073,

B(J/y — yn(1405/1475) — yqat @)
=(3.0+0.5) X 1074

B(J/ ¢ — yn(1405/1475) — yp°p°)
— (1.7 = 0.4) X 1073,

B(J/ — yn(1405/1475) — yyp°)
= (0.78 = 0.2) X 1074,
B(J/y — yn(1405/1475) — yyd) < 8.2 X 107

are listed. As discussed in Ref. [6] in the mass region of the
1(1440) there are two pseudoscalars 1(1405) and 7(1475).
The 1(1475) could be the first radial excitation of the n’
[15] which mainly decays to K*K. Although the 1(1405) is
not separated from the 1(1405/1475) in these decays, the
data shows those branching ratios are not small.

VIIL 7(1405) — pmrar DECAY

The decay 7(1405) — pmm is an anomalous decay
mode. There are two subprocesses: (1) 1(1405) — pp,
p — 7, (2) n(1405) — pmrar directly. Because y — pp
vanishes only the g — pp (23) contributes to (1). The
vertex pr7r can be found from Ref. [3]

2 o
— k
'Ep7T7T gfpwweijkpfu 77]8/}, T,

2 20\2
-2 -]
= 8

where ¢ is the momenta of the p meson and the f . is the
intrinsic form factor generated by the quark loop and it is a
prediction of this chiral field theory of mesons [3]. This
intrinsic form factor makes the theoretical results of the
form factors of pion and kaons and the decay widths of p,
K*, ¢ mesons in excellent agreements with the data [3].
The amplitude of the subprocess (1) is derived as

(40)
fp7r7r =1+
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4+/6 -
T = —0.5724 2*/: Jo
T8 fr q> — m,z, + i\/?l"(qz)
X E’uya'gkﬂe;j\klakzlg, (41)

where 0.5724 is the coefficient of the 71, component of
1(1405) (29), ¢ = k, + k,, and I'(¢?) is the decay width of
the p meson. When g% > 4m? [3]

ri ~ Bz (1 -

The subprocess (2) is the decay mode without intermediate
resonance. The vertex of this process is similar to f; —
parar presented in Ref. [3] (Eq. 111 of Ref. [3]) and it is
found to be

) . (42)

22 ( .
Bgm fLF

Lypra=
(43)

The amplitude of the subprocess (2) is derived from
Eq. (43)
442 11

N 2F et Bp eskigkyp  (44)
where 0.8199 is the coefficient of the y component of
1(1405) (29). Only the glueball component y contributes
to 7®. Adding the two amplitudes (41) and (44) together
the amplitude of the process 17(1405) — p®zr* 77~ is found
and the decay width is computed

7@ = 0.8199 ——

['(n(1405) — p°7*7r7) = 0.92 MeV. (45)

T dominates the decay. The branching ratio of this
channel is about 1.8%. The small branching ratio is the
result of two factors: the invariant mass of 77 is less than
m,, and the phase space of the three body decay is much
smaller than the one of the two body decay. There are other
two decay modes:

['(n(1405) — p*7%7~) = T'(n(1405) — p~ 7+ 7°)
= T'(n(1405) — p°7 7). (46)

The total branching ratio of 1(1405) — pmr is 5.4%.

IX. 1(1405) — a((980)77 DECAY

Two body decay, 1(1405) — a,(980)7, should be the
major decay mode of 1(1405). In the Lagrangian (1) the
isovector scalar field ay(980) is not included and in order to
study this decay mode the a((980) field must be introduced
to the Lagrangian (1). As mentioned in the section of
introduction that a meson field is expressed as a quark
operator in this theory. It is natural that

ay(980) ~ yripaj. 47)

4c . .
- —)Eijke'“”"‘ﬂG#Xayw’aawlpg.
8

PHYSICAL REVIEW D 81, 114002 (2010)

The quantum numbers of a((980) are J*© = 0 * and in the
Lagrangian (1) there is already a term —muis. The
parameter m is originated in the quark condensate whose
JP€ = 0™ too. It is proposed that the a,(980) field can be
added to the Lagrangian by modifying —muis to

1- o o
~3 Yl{m + 'al)u + u(m + 7'af) . (48)
Of course a mass term
%mﬁoaéaé (49)

has to be introduced. At the tree level the combination of
Eqgs. (48) and (49) leads to

ay =~ g7 (50)
ao
Therefore, Eq. (47) is revealed from this scheme.
The couplings between the mesons and the ay(980) can
be derived from Eq. (48). Using the vertex

L = —griypad (51)

obtained from Eq. (48), the quark loop diagram of the S-
matrix element {a,|S|a,) is calculated and the kinetic term
of the a field is found. The a field is normalized to be

21 1 \12

A mass term is generated from the quark loop diagram. The
mass of the a field has to be redefined, which is taken as a
parameter.

In this paper we focus on the decay %(1405) —
ay(980)7 and the decays of ay(980) will be studied in
another paper. Ignoring the 7g component of 7(1405),
there are 1y — agm and y — ay7 two processes. In this
study the decay width of 1(1405) — aqr is calculated to
the leading order in the momentum expansion. Because of

the derivative coupling —\/%% fpyM Y5, x the y — agm
channel is at the next leading order in the momentum
expansion. Therefore, only the ny — a7 channel is taken
into account. The vertices related to this channel are found
from the vertex (48)

ag —

22 s — i iy
\/§fﬂ Ys¥ Mo [ 77’5 !

21 1 1/2 _
_\/;E(l 32 2) VL 1//(10

_2m 21(_ 1
S 3

where [ is a 2 X 2 unit matrix. To the leading order in the
momentum expansion the amplitude obtained from these
vertices (53) is found to be

L=-i=

2
)l Ilyspaym, (53)

g’
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il

X {% Ol 10y + 3m3g2}, (54)

= —0.5724

where the coefficient 0.5724 is the component of the 7, of
the 7(1405) (29). In the amplitude (54) the quark conden-
sate is obtained from the vertex i /ys Yalhm' which is
derived from

1 -
- Eilﬂ?’s{aoﬂ' + magtip (55)

of Eq. (48). The vertices, yr'ysi' and 7' pal, which
are obtained from Egs. (1) and (48), contribute to the term,
3m3g?, of Eq. (54). It is known that the quark condensate is
negative. Therefore, there is cancellation between the two
terms of the amplitude (54). The cancellation makes the
decay width narrower. The mechanism (48) introducing the
ag field to this chiral field theory leads to the cancellation.
The decay width of 1(1405) — ay7 is sensitive to the
value of the quark condensate.

%<o|(p¢|0> — —(0.24)° GeV (56)

is taken and it is close to the value used in Ref. [16]. The
|

PHYSICAL REVIEW D 81, 114002 (2010)

constituent quark mass m is determined in Ref. [3]

I3

L — (57)
6g(1 — %)?

m

The total decay width of the three modes, aj 7, a; 7+,

adm® of 7(1405) — ay is calculated to be
I'(n(1405) — agm) = 44 MeV. (58)

The branching ratio B(7n(1405) — aym) = 86(1 =
0.07)%. Therefore, n(1405) — ag7r is the major decay
mode of 1(1405).

The decays of 7(1405) — KK, nara, n'wr are more
complicated, in which the couplings between a, and KK,
n, 9'm; £3(980) and 7771, KK ... are involved. There are
direct couplings (without intermediate state) too. The chi-
ral field theory (8) can be applied to study these processes.
The study will be presented in the near future.

X. (1405) — K*(890)K DECAY

The decay mode 1(1405) — KK has been found [2].
1(1405) — K*(890)K is a possible decay channel. This
channel has normal parity. In order to study it the real part
(with normal parity) of the Lagrangian (1) is quoted from
Ref. [3]

N. ,D D 1 N. D D
‘[:RE == (4 )2 F(Z - Z)TrD#UD'“U* - g (47:)2 ZF(2 - §>Tr{v/”v'“ + aw,a'“ }
l
+ - TDUDUT+DUTDUVM+ Te{D,U'D,U — D,UD,U"}a"*
N t Ne t t t t
+—~<—TrD,D,UD*D"U" — —<_ Tr{D,UD*U'D,UD"U' + D, U'D*UD,UTD"U
6(41) 12(4 )
1 _
- D,UD, U'D*UD U} + Emg(p;‘pm + otw, +a'a, + fAf, + KOK® + KUKy, + ¢t + ),
(59
where L a5k k = a3¢f apgd . msK4 K", (60)

D,U=10,U—ilv,
D, U'=9,U" —i[v

’ U] + i{al,l,’ U}’
W UT] - i{a,u,! UT}:

vy = 0,0, — v, —ilv,,v,]—ila, a,l
Auy = a,uau - avap, - i[a,u,’ UV] - i[UM, av]y
D,D,U = d,(D,U) — i[v, D,U] + i{a,, D, U}

p,p, Ut =9,D,U") ~iv, D, U~ i{a, DU}

The K, field (K*) is included in the v, and appears in
either the commutators of D, U, U D,D,U,
D,D, Ut or v,,. The components of 7, and X are ﬂavor
smglets therefore only the component of ng which is
associated with Ag appears in the commutator, [Ag, K, .
The vertex obtained from these commutators is

/L

where ¢ is a constant determined by Eq. (59) and a3 =
0.003 52 is from the component of the g component of the
1(1405) (29). Obviously, the contribution of the vertex
(60) to the decay n(1405) — K*K is very small.

The field 9, x can be included in the a,, field. The term
in Eq. (60),

Tr{D,UD,U' + D,U'D,Ulv"",
needs a special attention. To the fourth order in derivatives
Te{D,UD, U + D, U'D,Ulv"*
2¢
= —8(1 - E)Tr{aﬂ)(ayl( +9,Ko,x}9,K, —9,K,)

= 0. ©61)
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This theory predicts that the decay width of 7(1405) —
K*K is very small.

The decay rate of 1(1405) — K*K is determined by the
ng component of the 17(1405) (29). It is shown in Sec. III
that in the chiral limit the ng — 1y — y mixing is reduced
to the 17y — y mixing and the g component of the physi-
cal state 17(1405) vanishes. Therefore, in the chiral limit the
chiral field theory (8) predicts that I'(n(1405) — K*K) =
0. At the next leading order in the chiral expansion the
1(1405) contains the ng component and a small decay rate
of 5(1405) — K*K is expected. As mentioned in Sec. III
the component ng of 7(1405), as, determined in this paper
(29) is not accurate. The accurate determination of
I'(»(1405) — K*K) is beyond the scope of this paper.

A 0" resonance 7(1416) has been discovered in
7 p— K"K 7°n at 18 GeV [17]. The parameters of
this state are determined as [17]

M = 1416 =4 =2 MeV, I'=42=*=10*9 MeV.

These values are close to 7(1405)’s [2]. The ratio of the
branching ratios
_ B(n(1416) — K*K + c.c)
B(n(1416) — ay7®)

= 0.084 = 0.024 (62)

have been reported in Ref. [17]. The final state ay has
three states, therefore, the ratio (62) should be divided by 3
and

R = 0.028 = 0.008. (63)

Assuming the 7(1416) is the 5(1405), Eq. (63) shows that
I'(»(1405) — K*K) is narrower than I'(n(1405) — ay)
by 2 orders of magnitude. This result supports the predic-
tion made by this chiral field theory.

PHYSICAL REVIEW D 81, 114002 (2010)

XI. SUMMARY

Based on a phenomenologically successful chiral meson
theory and the U(1) anomaly a chiral field theory of 0~ "
glueball has been constructed. Systematic and quantitative
study of the properties of the candidate of the 0~ glueball
11(1405) have been done by this theory. The study of 7y,
710, x Mixing shows that the mass of 1(1405) fits the room
of the pseudoscalar glueball well. The prediction of the
small branching ratio of 17(1405) — 27 is consistent with
the fact that 1(1405) has not been found in two photon
collisions. The theory predicts that (1405) — ay(980) is
the major decay mode of 17(1405). A very small branching
ratio of 7(1405) — K*K is predicted and the theory is
consistent with the data. The glueball component y of
the 1(1405) is the dominant contributor of the J/¢ —
yn(1405) decay. According to Refs. [6,15], the K*K is
the dominant decay mode of the 1(1475). Large B(J/ ¢ —
yn(1405)) is via the kinetic mixing predicted. This is a
very important channel to identify the n(1405) asa 0~ "
glueball. As indicated in Sec. VII, there are two states
17(1405/1475) in the 1(1440) region. It is suggested that
measuring of the branching ratio of J/¢ — yn(1405),
1(1405) — 87 and J/¢ — yn(1475), n(1475) — K*K
separately will be able to determine B(J/¢ —
v1(1405)). Then the decay modes of the 1(1405) can be
measured. The comparison between the experimental re-
sults and theoretical predictions should be able to deter-
mine whether the 7(1405) is, indeed, a 0~ " glueball. The
quark component 7, of the n(1405) is the dominant con-
tributor of the decay 7(1405) — yy, yV, par, ayw. The
glueball component y of the 1(1405) is suppressed in these
processes. This chiral field theory can be applied to study
other possible candidates of the 0~ glueball by input their
masses into the theory to make quantitative predictions.
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