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Pseudoscalar glueball mass: QCD versus lattice gauge theory prediction

Gregory Gabadadze*
Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08855-0849

~Received 24 November 1997; published 16 July 1998!

We study whether the pseudoscalar glueball mass in full QCD can differ from the prediction of quenched
lattice calculations. Using properties of the correlator of the vacuum topological susceptibility we derive an
expression for the upper bound on the QCD glueball mass. We show that the QCD pseudoscalar glueball is
lighter than the pure Yang-Mills theory glueball studied in quenched lattice calculations. The mass difference
between those two states is of the order of 1/Nc . The value calculated for the 021 QCD glueball mass cannot
be reconciled with any physical state observed so far in the corresponding channel. The glueball decay constant
and its production rate inJ/c radiative decays are calculated. The production rate is large enough to be studied
experimentally.@S0556-2821~98!04315-X#

PACS number~s!: 12.60.Jv, 11.55.Hx, 14.80.Ly
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INTRODUCTION

Glueballs are one of the intriguing theoretical predictio
of QCD @1#. The search for these composites is a lon
standing problem of theory and experiment. We now ha
detailed experimental studies of the resonances in the m
region up to 2.3 GeV, as well as great progress in lat
QCD calculations. A number of interesting particles ha
been detected@2#. Some of them, theh(1410,021), the
f 0(1500,011), the f 0(1710,011) and thez(2230,211) ap-
pear to have a rich gluon content.~For a recent discussion o
the phenomenology of these composites and a full se
references see@3#.! The glueball candidates can be compar
to lattice QCD predictions.1 These calculations argue in fa
vor of the following hierarchy of glueball masses: the 011

glueball is the lightest one with a mass about 1.5–1.7 G
@9,10#; the 211 state, having a mass 2–2.2 GeV@9#, is the
next one; finally, the 021 pseudoscalar glueball, being pr
dicted in the lattice calculations to have a mass
60.2 GeV@9#, is the heaviest one. Various studies of pu
Yang-Mills ~YM ! theory also support the picture outline
above. In Ref.@11# the theorem was proved that in pu
gluodynamics the pseudoscalar glueball is heavier than
scalar one. Instanton calculations@12# also confirm this pic-
ture.

Notice that all the theoretical facts listed above are firm
established results of pure YM theory. One might wond
whether this picture is affected when quarks are also
cluded in the theory. Recent analyses@10,13,3,14# of the
scalar glueball candidates indicate an important mixing w
the nearbyq̄q resonances. This leads to a modification of t
mass spectrum and the decay constants of the glueball s
@3,14#. The mass shifts due to mixing are approximate
100 MeV or so, and the lattice predictions are in go
agreement at this level with the experimental data for
011 and the 211 channels@3,14#.

*Email address: gabad@physics.rutgers.edu
1The earliest theoretical predictions were based on QCD sum

@4# calculations@5–8#.
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However, the situation for the pseudoscalar channe
problematic. One can expect that, because of the a
anomaly, quarks are crucial for 021 channel physics@15#.
As we mentioned above, the lightest 021 glueball predicted
by the lattice calculations has mass about 2.3 GeV@9#. On
the other hand, there is evidence that theh(1410) can have a
substantial gluonic component@3#.2 Hence, an important
question is how the quark degrees of freedom may shift
glueball mass in the 021 channel and whether one can ide
tify the QCD glueball with any observed state. We exam
here these questions.

In low energy QCD theh8(958) makes the dominant con
tribution to correlators in the 021 flavor singlet channel. It is
well known that the mass and decays of theh8 meson are
strongly affected by the gluonic sector of the theory. T
axial anomaly and instantons play a key role in generat
the mass and decay constant of theh8 @15# ~see also the
papers@5,20,21# and references therein!. This suggests tha
the pure 021 glueball should be also affected by the sing

q̄q admixture in full QCD@22#. In what follows we will refer

to this mixed glueball-q̄q state as a QCD glueball in distinc
tion with the pure YM glueball and the physicalh8.

We are going to derive an inequality between the mas
the QCD pseudoscalar glueball and the mass of the
glueball as measured in quenched lattice calculations@9#. In
the derivation we closely follow the argumentation of Witte
@23# and Veneziano@24#, but keep track of the finiteNc

effects by using the method of QCD sum rules@4#. The de-
cay constant and mass for the QCD pseudoscalar glue
will be determined. We show that the QCD glueball is light
than the one of pure YM theory. Finally, we will look atJ/c
radiative decays and predict the production rate for the Q
glueball state.

le

2Note that the structure originally identified ash(1440) is in fact
two states, theh(1410) and theh(1490) @16–19#. The lighter
h(1410) seems to have a rich gluon content@3#, while the heavier

h(1490) is dominantlys̄s state possibly with some admixture o
glue @3#.
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GREGORY GABADADZE PHYSICAL REVIEW D58 055003
I. QCD SUM RULES AND THE WITTEN-VENEZIANO
RELATION

In this section we are going to study the properties of
correlator of the vacuum topological susceptibility.
Minkowski space-time this is defined as

x~q2[2Q2!5S g2

32p2D 2

i E eiqx^0uTGmn
a

3G̃mn
a ~x!Gab

b G̃ab
b ~0!u0&d4x, ~1!

where G̃mn
a 5 1

2 «mnabGab
a and (g2/32p2)GmnG̃mn is the

renormalized composite operator withg being the running
coupling constant.

This correlator has a different behavior in the vicinity
Q250 depending on whether it is evaluated in full QCD
in pure Yang-Mills theory@23#. If light quarks are included
in the theory,xQCD(0) is proportional to the product of th
quark masses and vanishes in the chiral limit. This fac
related to the absence of the theta angle in massless QC
general, the theta angle can always be rotated away b
appropriate chiral transformation of a massless fermio
field. On the other hand, there are no massless fermion
pure YM theory. As a result, the explicit theta dependen
cannot be removed@23# andxYM(0) turns out to be a non
zero number.

Let us consider the dispersion relation for the functi
x(Q2)/Q2:

x~0!2x~Q2!

Q2 5
1

pE0

` r~s!ds

s~s1Q2!
1subtractions. ~2!

Following the standard QCD sum rule approach@4#, the
spectral density for this correlator,r, can be decompose
into two parts. The first one consists of resonance~pole!
contributions and the second one is determined by the
turbative expansion

r~s!5rpoles~s!1 r̃~s/m2!u„s2s0~m!…,

rpoles~s![(
n

cnd~s2mn
2!,

where thecn’s are resonance residues,mn’s are correspond-
ing masses, ands0 denotes the continuum threshold;r̃ is
given by the perturbative expansion of the correspond
correlator. We are going to work in the next-to-leading ord
~NLO! of the perturbative expansion. In the case at hand,
leading contribution tor̃ is scale and scheme independe
However, the next-to-leading term depends on the renorm
ization scheme. In leading orderr̃ is fixed by the diagram
which contains only gluon propagators. This diagram is
same for QCD and pure Yang-Mills theory. Hence, in low
order r̃QCD5 r̃YM . However, this relation does not hold i
the NLO. There are quark loop corrections to the glu
propagator in QCD. Hence, the result forr̃ in NLO QCD
differs from the one of pure YM theory by quark loop co
tributions. In order to fix the scale or scheme ambiguity
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the NLO corrections it is convenient to adopt the Brodsk
Lepage-Mackenzie~BLM ! scale fixing procedure@25#. In the
BLM scheme NLO quark loop insertions into the gluo
propagator are summed up into the redefinition of the eff
tive scale of the strong coupling constant. Hence, in
BLM scheme, the perturbative expansion forr̃QCD in the
next-to-leading order formally coincides with that forr̃YM .
Keeping in mind that we have adopted the BLM scheme o
can write down the following relation for the spectral den
ties in QCD and pure Yang-Mills theory3 @7#:

r̃QCD5 r̃YM5S g2

32p2D 22

pS 115
as

p D s2[as2. ~3!

Before we turn to the resonance part of the spectral den
let us make an important comment. It deals with the defi
tion of the running coupling constant in QCD and in YM
theory. The expression foras(s/m2) depends on the numbe
of flavors Nf present in the theory. In pure YM theoryNf
50 and the coupling constant of this theory differs from t
one defined in full QCD. However, our goal is to stay ma
mally close to what is used in quenched lattice calculatio
In those calculations only gluon degrees of freedom
taken into account. But this is not the whole story. Quench
lattice calculations effectively include some of the virtu
quark effects through the formal substitution of the QC
running coupling withNf53 instead of the coupling of YM
theory withNf50 ~see Ref.@10# for this discussion!. We are
using this formal method through the paper. In particular,
theory to which we refer as pure YM is actually the theo
with some of the virtual quark loops effectively include
through the use of the QCD running coupling constantas
instead of the pure YM running coupling. Thus, YM theo
in our context refers to the model which has the full QC
coupling constant, but nevertheless, differs from true Q
by the absence ofq̄q bound states and the absence of qu
condensate effects. Let us stress again that these conven
differ from the ones normally used~adopted for example in
Ref. @26#! and are motivated by the quenched lattice cal
lation procedure.

After this remark let us turn to the resonance part of
spectral density. This part for YM theory is assumed to
saturated by the pure glueball stateG0, and for QCD by the
h8 meson and QCD glueball stateG. The expressions for the
spectral densities are

rYM~s!5 f G0

2 mG0

4 d~s2mG0

2 !1 r̃YM~s!u~s2s0!,

rQCD~s!5 f G
2 mG

4 d~s2mG
2 !1 f h8

2 mh8
4 d~s2mh8

2
!

1 r̃QCD~s!u~s2s1!, ~4!

3In this case the BLM scheme leads to the better convergenc
the perturbation expansion. The NLO corrections are large in

minimal subtraction MS̄scheme@7#.
3-2
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PSEUDOSCALAR GLUEBALL MASS: QCD VERSUS . . . PHYSICAL REVIEW D58 055003
where s0 and s1 denote the continuum thresholds for YM
theory and full QCD respectively. Other quantities in the
equations are defined as follows:

^0u
g2

32p2 Gmn
a G̃mn

a uG0&5 f G0
mG0

2 ,

^0u
g2

32p2 Gmn
a G̃mn

a uG&5 f GmG
2 , ~5!

^0u
g2

32p2 Gmn
a G̃mn

a uh8&5 f h8mh8
2 ,

with mG being the QCD glueball mass,mG0
being the YM

glueball mass, andf G and f G0
the corresponding deca

constants.4

Before we turn to the application of the QCD sum ru
method let us first compare the operator product expans
~OPE! for the quantityB(Q2)[2x(Q2)/Q2 in QCD and in
YM theory. In leading order only the gluon fields contribu
in both cases. The results of calculation of these OPE’s
be found in Refs.@5,7,6#:

BYM
OPE~Q2!5S g2

32p2D 2

Q2S 2

p2log
Q2

mBLM
2

1
D4

Q4 1
D6

Q6D 1 inst.,

BQCD
OPE~Q2!5S g2

32p2D 2

Q2S 2

p2log
Q2

mBLM
2

1
D48

Q4 1
D68

Q6D 1 inst.,

~6!

where

D454^0uGmn
a Gmn

a u0&, D658g fabc^0uGma
a Gab

b Gbm
c u0&,

D485D41O~asmq^q̄q&!, D685D61O~as
2^q̄q&2!.

~7!

The instanton contributions in Eq.~6! are suppressed asQ2n,
wheren.12 @5#. Since for practical calculations we use E
~3!, the NLO perturbative corrections are not explicit
shown in Eq.~6! for brevity. Let us make some commen
about the quantityBQCD

OPE . As we mentioned above, the pe
turbative part of this correlator in the NLO is the same as t
of BYM

OPE. However, there are nonperturbative contributions
BQCD

OPE(Q2) which do not appear in the expression f
BYM

OPE(Q2). Those are related to the quark condensate.
first such contribution modifies the 1/Q4 term in the OPE for
BQCD

OPE . The new contribution is proportional toasmq^q̄q&.
The next nonperturbative correction related to the quark c

4The gluonic operator (g2/32p2)GG̃ appearing in Eq.~5! has an
anomalous dimension so that the constantsf G0

, f G and f h8 are not
renormalization group invariant quantities@27#. For any of threef ’s
one can construct the renormalization group invariant constan
means of a finite multiplicative renormalization off ’s @28,29#.
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densate appears at order 1/Q6 and yields a new term in ad
dition to the operatorO6. The additional term is proportiona
to as

2^q̄q&2.
Now we can turn to the QCD sum rule analysis. It

useful to apply the Borel transformation@4# ~with the Borel
parameter denoted byM2) to Eq. ~2! with the phenomeno-
logical part on its left-hand side~LHS! and the operator
product expansion~OPE! on its RHS. This leads to the fol
lowing sum rules:

E
0

`

e2s/M2 rYM
poles~s!

s
ds5E

0

s0
e2s/M2 r̃YM~s!

s
ds

1pS g2

32p2D 2S D41
D6

M2 1••• D
1xYM~0!,

E
0

`

e2s/M2 rQCD
poles~s!

s
ds5E

0

s1
e2s/M2 r̃QCD~s!

s
ds

1pS g2

32p2D 2S D481
D68

M2 1••• D .

Taking now the limitM2→` we get5

2xYM~0!1 f G0

2 mG0

2 5
as0

2

2
1pS g2

32p2D 2

D4 , ~8!

f G
2 mG

2 1 f h8
2 mh8

2
5

as1
2

2
1pS g2

32p2D 2

D48 . ~9!

We have mentioned already that our goal is to study h
the QCD glueball mass differs from the one of quench
lattice gauge theory. However, Eqs.~8!, ~9! alone are not yet
enough to determine whether that difference really exi
We need an additional relation. One way to get the n
relation is to use the dispersion relation for the correlator
the topological susceptibilityx(Q2) itself

x~Q2!5
1

pE0

`r~s!ds

s1Q2 1subtractions.

In order to get rid of the subtractions let us use again
Borel transformation. Applying this transformation to th
correlator one gets the following relation:

1

pE0

`

e2s/M2
rpoles~s!ds5

1

pE0

s0
e2s/M2

r̃~s!ds

2S g2

32p2D 2S D61OS 1

M2D D ,

y 5In this way one derives the finite energy sum rules@30# modified
by condensate contributions@31#.
3-3
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GREGORY GABADADZE PHYSICAL REVIEW D58 055003
where we dropped the subscripts distinguishing QCD fr
YM theory. Taking the limitM2→` we obtain the following
relations:

f G0

2 mG0

4 5
as0

3

3
2pS g2

32p2D 2

D6 ,

f G
2 mG

4 1 f h8
2 mh8

4
5

as1
3

3
2pS g2

32p2D 2

D68 . ~10!

Having Eqs.~8!–~10!, one can use them to find the rel
tions between the quantities defined in YM theory and in f
QCD. For that goal we are going to use the Witte
Veneziano arguments, but along with leading terms we k
corrections of order 1/Nc . In the large Nc limit f G

2 mG
2

→ f G0

2 mG0

2 , and in accordance with the Witten-Venezia

~WV! relation6 @23, 24# xYM(0)52 f h8
2 mh8

2 . As a result the
left hand sides of Eqs.~8! and ~9! are equal in the largeNc
limit. On the other hand, the second terms on the RHS
Eqs.~8!, ~9! are also equal in that limit~difference between
them is of order 1/Nc

2). So, we come to the conclusion th
limNc→`(s12s0)50. The same result can be drawn fro

consideration of Eqs.~10! in the largeNc limit.
Since we are going to keep 1/Nc corrections as well as

leading order terms let us introduce the following parame
zation for the continuum thresholds

s15s01
d

Nc
, ~11!

where d is an unknown quantity which is of order of th
unity in the largeNc limit. In what follows we are going to
solve the system of equations~8!–~11! keeping track of 1/Nc
corrections. It is convenient to introduce the following no
tions

D̃4~6![pS g2

32p2D 2

D4~6! , D̃4~6!8 [pS g2

32p2D 2

D4~6!8 .

Based on the rules of the largeNc expansion one can see th

D̃482D̃4}OS mq ,
1

Nc
2D , D̃682D̃6}OS ^q̄q&2

Nc
4 D .

Using the notations given above, and neglecting all contri
tions of order 1/Nc

2 and higher, in the chiral limit one ca
rewrite the system of Eqs.~8!–~10! as follows:

6In our conventionsx is defined in Minkowski space-time an
turns out to be a negative quantity. One can turn to Euclid

space-time in Eq.~1! making the substitutionsx0→2 ix4 andGG̃

→ iGG̃. The Euclidean quantity, which is used in the lattice calc
lations, is a positive numberxYM

Eucl(0)52xYM
Mink(0).
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2xYM~0!1 f G0

2 mG0

2 5
as0

2

2
1D̃4 , f G0

2 mG0

4 5
as0

3

3
2D̃6 ,

~12!

f G
2 mG

2 1 f h8
2 mh8

2
5

as1
2

2
1D̃4 , f G

2 mG
4 1 f h8

2 mh8
4

5
as1

3

3
2D̃6 .

~13!

Before we go further let us make some comments. T
equations given in~12! contain only two unknownsf G0

and

s0 ~assuming that the YM glueball massmG0
is known from

lattice calculations@9#!. Hence, those two equations can
general be solved and the values off G0

ands0 can uniquely
be determined. This is done in the next section. On the o
hand, the two equations in~13! contain three unknowns,f G
ands1 andmG . So one cannot determinemG uniquely. The
only thing one can do is to calculate the decay constantf G
and massmG for chosen values of the continuum thresho
s1 which are dictated by previous analyses of the flavor s
glet pseudoscalar channel. This calculation is also carried
below. Before we turn to the numerical simulations we c
try to extract some analytic relations for the QCD glueb
mass and decay constant studying the system of equa
~12!, ~13!. The relation between the continuum threshold p
rameters~11! allows one to set the equations~12!, ~13! as
follows:

f G
2 mG

2 1 f h8
2 mh8

2
52xYM~0!1 f G0

2 mG0

2 1
ad

Nc
s0 , ~14!

f G
2 mG

4 1 f h8
2 mh8

4
5 f G0

2 mG0

4 1
ad

Nc
s0

2 . ~15!

Now the key observation is that in pure YM theory there a
no light meson states, thus the decayG0→3p does not occur
in this theory. On the other hand, this decay should easily
in QCD. Hence, the continuum threshold for QCDs1 should
be less than or equal to the continuum threshold for Y
theory7:

s1<s0 or d<0. ~16!

Thus, up to order 1/Nc
2 and in the chiral limit the following

inequalities exist between the quantities defined in pure Y
theory and in full QCD:

f G
2 mG

2 1 f h8
2 mh8

2 <2xYM~0!1 f G0

2 mG0

2 , ~17!

f G
2 mG

4 1 f h8
2 mh8

4 < f G0

2 mG0

4 . ~18!

Let us point out that the inequality~17! yields the Witten-
Veneziano relation in the limit of infiniteNc . Indeed, in the
largeNc limit f G

2 mG
2→ f G0

2 mG0

2 , s0→s1. Hence, in that limit
n

- 7I am grateful to Glennys Farrar for bringing this line of arg
ments to my attention.
3-4
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PSEUDOSCALAR GLUEBALL MASS: QCD VERSUS . . . PHYSICAL REVIEW D58 055003
~17! is saturated and it turns into the Witten-Venezia
~WV! relation @23,24# xYM(0)52 f h8

2 mh8
2 .

Let us rewrite~18! in the following form:

mG
4 <S f G0

f G
D 2

mG0

4 2S f h8
f G

D 2

mh8
4 . ~19!

This inequality allows one to calculate the upper bound
the pseudoscalar glueball mass in QCD. The inequa
shows that if the values forf G0

and f G are sufficiently close
to each other, then the QCD glueball is lighter than the gl
ball of YM theory. In the next section, based on numeri
studies, we demonstrate that this indeed is the case.

It is interesting to check the largeNc behavior of~19!.
Notice that, since the anomaly disappears in the limit wh
Nc→`, there is no flavor singlet meson-glueball mixin
term anymore in the effective Lagrangian@32# in that limit.
One should therefore expect to have equal masses for
glueballs in QCD and pure YM theory whenNc→`. Recall-
ing that f h8}ANc, mh8

2 }1/Nc , f G0

2 mG0

2 ;1 and substituting

these into Eq.~19! we get

mG0

2 2mG
2 }

1

Nc
,

which is consistent with one’s expectation.

II. SOME ESTIMATES AND PREDICTIONS

Let us now turn to numerical estimates. First of all let
list all the approximations we made deriving Eqs.~12!–~15!.
There are scheme dependent NLO perturbative correct
involved in the derivation. Besides that, we worked in t
chiral limit neglectingu, d and, most importantly,s quark
masses. Hence, theh2h8 mixing and all other nonsingle
pseudoscalar mesons are also neglected.8 Below we show
that the contributions of theh(1295), theh(1410) and the
h(1490) in the sum rules are rather small and can also
neglected.

If one knew all the numerical values for the quantities
the RHS of Eq.~19!, one would be able to predict the upp
bound on the QCD glueball mass. Unfortunately,f G0

and f G

are not known. We can use however the sum rules derive
the previous section to calculate the value forf G0

. Indeed,
consider the equations given in~12!. One can solve this sys
tem with f G0

and s0 treated as unknowns. The numeric

solution for that system yields the following result:f G0

5(2763) MeV ands057.460.5 GeV2.
In calculating the numbers given above we have u

8All these corrections are expected to be of ord
O(mu,d,s /Lglueball), whereLglueball.1.522 GeV is an effective
scale above which the existence of glueballs becomes importan
hadron physics.
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the following numerical values for9 f h85(2963) MeV,
mh85(957.7760.14) MeV, mG0

5(2.360.2) GeV @9#,

as(2 GeV)50.3360.05. There are a number of estimat
for the gluon condensate in the literature~see Refs.@4,33#!.
We take the world average value of these calculatio
^(as /p)Gmn

2 &5(2.560.9) 1022 GeV4. The corresponding

values for D̃4 and D̃6 are D̃45(4.061.7)1024 GeV4 and
D̃65(0.760.3)1024 GeV6.

There are also several lattice estimates for the topolog
susceptibilityxYM(0) ~for a recent review see@34#!. For our
estimates we take the result of Ref.@35#, xYM

Eucl(0)5(175
65 MeV)4, which is also in good agreement with an earli
theoretical estimate10 @24#.

Now we can make the prediction for the matrix eleme
of the gluonic operator acting on the pseudoscalar pure
glueball state with massmG0

5(2.360.2) GeV

^0ug2Gmn
a G̃mn

a uG0&5~4569! GeV3. ~20!

The uncertainty in this result dominantly comes from t
error bars associated with the value for the topological s
ceptibility and also with the value11 of f h8 . The same matrix
element for theh8 meson state has the following numeric
value ^0ug2Gmn

a G̃mn
a uh8&5(8.460.8) GeV3. The values of

the matrix element for the QCD glueball stateG will also be
given below. Notice that all the numerical results for t
scale dependent quantities such as the decay constantsf G0

,

f G and the matrix element in Eq.~20! are to be taken at the
normalization point approximately equal to the value of t
glueball mass. Also, all the results presented above shoul
given 10–20 percent systematic error bars associated
the approximations and the method we have used.

As we mentioned already we checked whether the p
ence of theh(1295), theh(1410) and theh(1490) mesons

r

for

9Which corresponds toF05(105612) MeV taken in conven-
tional normalization for the singlet axial current.

10In order to study whether our results are sensitive to the num
cal value of xYM(0) we varied the value of this quantity from
(100 MeV)4 to (190 MeV)4. Outside of the interval given by
these numbers the system of equations does not have a solutio
the other hand, inside the interval the results are rather insensitiv
the value ofxYM(0); varying xYM(0), s0 changes in the region
6.8–8 GeV andf G0

varies in the interval 24–34 MeV.
11The only available lattice calculations for the matrix elements

the gluonic operators were presented in Ref.@36#. The predictions
of Ref. @36# differ from the theoretical estimates in the case of 011

channel by a factor of 2 or so@12#. In the pseudoscalar channel th
deviation is more substantial; a factor of 7–10 difference occ
when one compares the results of the QCD sum rule calculation
the matrix element~20! ~our result and the result of Ref.@37#! with
the respective prediction of Ref.@36#. That discrepancy could be
decreased by a factor of 2.7 if one uses the results of Ref.@36# with
the updated value of the pseudoscalar glueball massmG0

.2.3 GeV
@9# ~instead of the old valuemG0

.1.4 GeV implied in Ref.@36#!;
however further theoretical and lattice studies are needed to cla
this issue completely.
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TABLE I. Sum rule results.

s1 GeV2 f G MeV mG GeV s1 GeV2 f G MeV mG GeV

7.4 2962 2.2760.04 5.0 21.562.5 1.960.05

7.0 2862 2.260.04 4.5 2063 1.860.1

6.5 26.561.5 2.1560.05 4.0 1863.5 1.7360.12

6.0 2562 2.0760.05 3.5 1664 1.6160.14

5.5 2362 1.9760.05 3.0 13.565.5 1.4760.20
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could affect our results. We have included the contributio
of these resonances in the sum rules used above. In ord
determine the decay constants of these resonances we
the experimental data for the production rate of these st
in J/c radiative decays@16,38#. The values of the deca
constants@defined as in Eqs.~5!# are rather small numbers
f h(1490)5(7.561.9) MeV, f h(1410)5(4.8–6.7) MeV and
f h(1295)5(4.561.0) MeV. Including these numbers into th
sum rules one can see that the final results for the glue
mass and decay constants change unsubstantially.

Now let us turn to the calculation of the mass and de
constant of the QCD pseudoscalar glueball. Unfortunat
our method does not allow one to determine these va
uniquely. The set of two equations given in~13! contains
three unknowns,f G , mG and s1. Below we present the re
sults of numerical solutions of these equations for differ
values of the continuum thresholds1. The values fors1 are
chosen between the upper bound determined ass1<s0

57.4 GeV2 and the lower bound given bys1>3 GeV2 ~be-
low this value the continuum threshold comes very close
the resonance mass square and applicability of the sum
approach breaks down!. The results are summarized in Tab
I.12

As we see from the table the QCD glueball is lighter th
the glueball of YM theory. However, it is hard to identify th
QCD glueball with theh(1410). The very low value for the
continuum threshold is needed in order to have QCD gl
ball mass at about 1.4 GeV.

Though we cannot determine uniquely the value for
continuum threshold from our consideration, one can use
estimate given in Ref.@26# s1.10mr

2.6 GeV2. If this num-
ber is accepted, then in accordance with Table I the Q
glueball mass ismG5@2.0760.0560.3 (syst.)# GeV and
decay constantf G5@256264 (syst.)# MeV.

Having these numbers at hand one can predict theJ/c
decay width into a glueball state and photon.J/c radiative
decays are very effective tools in studying the spectrosc
on light mesons. In the present case we are going to
with the processes likeJ/c→R(021)g, whereR stands for
the resonance being considered. The theory of these de

12In Table I and also Table II below only the error bars associa
with the method of numerical calculations are given.
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was worked out in Ref.@39#.13 One can consider the ratio

r[
G~J/c→Gg!

G~J/c→h8g!
.

This ratio is independent of theJ/c meson wave function
and is completely defined by the properties of the pseu
scalar mesons produced in the decay. Assuming that the
cay dominantly goes through the exchange of the interm
ate gluons in the pseudoscalar state, the ratior can be
rewritten as follows@39#:

r 5
u^0ug2Gmn

a G̃mn
a uG&u2

u^0ug2Gmn
a G̃mn

a uh8&u2S mJ/c
2 2mG

2

mJ/c
2 2mh8

2 D 3

1O~as
2!.

Using the numerical results listed above in the table one
calculate the ratior , matrix elementk[^0ug2Gmn

a G̃mn
a uG&

and decay widthG(J/c→Gg) for the QCD glueball state
These results are summarized in Table II.

The numerical values for the decay width of theJ/c me-
son into the QCD glueball and photon are substantially la
and this decay can be observed in recent experimental s
ies.

CONCLUSIONS

Let us summarize our results. We studied whether
pseudoscalar glueball mass in full QCD differs from the o
determined in the quenched lattice calculations.

d

TABLE II. Some predictions.

f G MeV mG GeV k GeV3 r ratio G keV

2962 2.2760.04 47.265.0 4.261.1 1.5760.4

2862 2.260.04 42.864.7 4.261.0 1.5760.37

2562 2.0760.05 33.864.5 3.761.0 1.3860.37

21.562.5 1.960.06 24.564.6 2.861.1 1.060.4

1863.5 1.7360.12 17.065.2 1.861.2 0.6760.45

13.565.5 1.4760.20 9.267.5 0.7561.4 0.2860.53

13See also the approach developed in@40,3#.
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PSEUDOSCALAR GLUEBALL MASS: QCD VERSUS . . . PHYSICAL REVIEW D58 055003
An inequality which sets the upper bound on the mass
the pseudoscalar glueball in QCD@Eq. ~19!# is derived. In
order to calculate that bound numerically one needs to kn
the decay constant of the QCD 021 glueball and also the
mass and decay constant of the pure YM glueball.

The decay constants in this work are calculated using
QCD sum rule approach, while the value for the YM glueb
mass is taken from lattice calculations. The value calcula
for the decay constant of pure YM glueball is shown to
important for self-consistency checks of lattice results.

We found numerically that the mass of the QCD glueb
is less than the mass of the glueball of pure YM theory. T
values for the 021 QCD glueball mass and decay consta
~for the phenomenologically preferred value of the co
tinuum threshold parameter! are mG5@2.0760.05
60.3 (syst)# GeV and f G5@256264 (syst)# MeV. If
these numbers are accepted, then there is no particle dis
ered so far which might be identified with the QCD pseud
scalar glueball. Further experimental searches in the 2 G
region are needed. In this case the status of theh(1410) is
unclear.

In order to help resolve this question, we predict the p
I
p

l.

l.

c

.

.
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duction rate of the QCD glueball in the radiative decay of t
J/c meson,G(J/c→Gg). For a 2.07 GeV glueballG(J/c
→Gg) is about three or four times greater than for theh8
meson. Thus, the prediction for the branching ratio for t
process is large enough to be studied experimentally.

Note added.After this work was done we became awa
of the paper@37# where the QCD sum rule method was us
to calculate glueball masses and decay constants in sc
pseudoscalar and tensor channels. The calculations in
@37# are done~without referring to lattice results! using the
optimization procedure with respect to Borel parameters
continuum thresholds. Our results for the mass and de
constant of the pseudoscalar glueball are in good agreem
with the predictions of@37#. We are grateful to M. Schwetz
for bringing Ref.@37# to our attention.
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