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Determination of the scalar glueball mass in QCD sum rules
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The 0'* glueball mass is analyzed in the QCD sum rules. We show that in order to determiné ‘the 0
glueball mass by using the QCD sum rules method, it is necessary to clarify the following three ingrétijents:
to choose the appropriate moment with acceptable parameters which satisfy all of the ¢Btedaake into
account the radiative correctior(8) to estimate an additional contribution to the glueball mass from the lowest
lying qq resonance. We conclude that the key point is to choose suitable moments to determiri€ the 0
glueball mass; the radiative corrections do not affect it sensitively and the composite resonance has little effect
on it. [S0556-2820199)01803-3

PACS numbgs): 12.39.Mk, 11.55.Hx, 12.38.Lg

[. INTRODUCTION that the radiative corrections make a big difference on the
prediction of the scalar glueball mass. Obviously, there are
The self-interaction among gluons is a distinctive featuresome uncertainties in the determination of the scalar glueball
in QCD theory. It may lead to bound gluon states, glueballsmass; in order to give the reliable values in the QCD sum
Thus discovery of the glueball will be a direct test of QCD rules reasonably, an analysis of these uncertainties is neces-
theory. Although there are several glueball candidates exsary.
perimentally, there is no conclusive evidence of them. In this paper, we first give the criteria to choose the mo-
People recently paid particular attention to two scalar statesnents, which are obtained by the Borel transformation of the
fo(1500(J=0) [1] and f;(1710 (J=0) [2], they seem like correlator weighted by different powers qf, according to
glueballs. However, the explicit analysgd on them reveal application of QCD sum rules. It is important to choose suit-
that neither of them appears to be a pure meson or a puible moments to determine the glueball mids¥. From the
glueball. Most probably they are mixtures of a glueball andcriteria it follows that different moments have different re-
aq meson. sults, but not all of them are reliable. By choosing the appro-

The properties of the glueball have been investigated iriate moment, we get the glueball mass without radiative
lattice gauge theory and in many models based on QcC[sorrections:~1.71 GeV. When the radiative corrections are
theory. Even in the lattice gauge calculation, there are differincluded, glueball mass shifts a little:1.66 GeV.
ent predictions for the " glueball[4,5,6. Some years ago, ~ Secondly, we consider the effect of mixing between the
the mass of the 0* glueball was predicted around 700—900 lowest-lying 0" * glueball andqq meson, i.e., the gluonic
MeV. Recently, the IBM groud4] predicted the lightest currents and quark currents couple both to glueball states and
0" glueball mass to be (171063) MeV, and the UK QCD  gq states. Therefore, there are some exotic form factors to be
group[5] gave the estimated mass (16282) MeV, respec-  determined. By using the low-energy theorem, we can con-
tively. The improvement of the determination of th€ 0 gyryct a sum rule for the mixing correlation functidone
g!ueball mass originates from the more ag:cura_lte lattice tedbluonic current and one quark currerthrough these rela-
nigue; however, at present uncertainty still exists . tionships and based on the assumption of two stitegest-

Novikov et al.[7] first tried to estimate the scalar glueball — . .
mass by using QCD sum rulé8], but they only took the lying states of glueball andg meson dominance, we find

mass to be 700 MeV by hand because of uncontrolled instari'® mass for 0" glueball is around 1.9 GeV, which is a
ton contributions. Since then, Pascual and Tarf@ghNari-  little higher than the pure resonance prediction while the
son[10] and J. Bordest al.[11] presented their calculation Mass for 0" meson is around 1.0 GeV, which is a little
on the scalar glueball mass in the framework of QCD sundower than the pure meson state prediction.

rules. They all got a lower mass prediction around 700-900 The paper is organized as follows. In Sec. Il, a brief re-
MeV when they used the momerfs_; or R, and neglected Vview about the calculation of the mass of a physical state
the radiative corrections in their calculation of the correla-from QCD sum rules is given. In Sec. lll, we discuss the
tors. Bagan and Stee]&2] first took account of the radiative criteria of choosing the moments and the effect of the radia-
corrections in the correlator calculation. Choosing appropritive corrections. The mixing effect of the glueball with the
ate moments Ry, and R;) for their calculation, they got a meson state is studied in Sec. IV. Finally, the last section is
higher glueball mass prediction around 1.7 GeV. It seemseserved for a summary.
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Il. QCD SUM RULES AND MOMENTS rent j(x) is the gauge-invariant and nonrenormalizatitm
two loops order current in pure QCD.

Through the operator product expansion, the correlator
without radiative corrections becomes

11(g%) =a,(Q?)2IN(Q% v?) + by asG?)

Let us consider the correlator

H(q2)=if e ¥(0[T{j(x),i(0)}|0)dx, )

wherej(x) is the current with definite quantum numbers. (gG®) (a2G*
In the deep Euclidean domain-@®— ), it is suitable to tCo— tdo——— (6)
carry out an operator product expansi@PE) Q (Q9)

with Q2= —q?>0, and
H<q2>=; Cn(G?)0y, (2)

as

2
o2 L s

where theC,(q?) are Wilson coefficients. Then, the cor- m
relator can be expressed in terms of vacuum expectation val-
ues of the local operato3,, .

‘On the other hand, the imaginary part 6i(q?) in the  For the nonperturbative condensates the following notations
Minkowski domain (at positive values ofg?), which is  gnd estimates are used:
called the spectral density, is relevant with the physical ob-
servables. Therefore, we can extract some information of the (%GZ}Z{CVSGZVGi)v
hadrons from QCD calculation by using the dispersion rela-

Co= 8a§, do=8mas.

tion <gG3>:<gfabc ZVGE[JG;/L>’
2\n n—1
H(q2)=(q ) J |mH(S) d5+2 ak(qZ)k, (3) <0‘§G4>=14<(asfabc ;a/,pGpV)2>_<(anabC ZVGE)\)2>'
T ) s (s—q?) &0

Now, we can apply the standard dispersion representation for

wherea, are some subtraction constants originating from thghe correlator

facial divergence oflI(g?). In order to keep control of the 22

convergence of the OPE series and enhance the contribution 1(Q?) =T1(0)—IT'(0)+ (Q%) J'+°C ImII(s)
of the lowest lying resonance to the spectral density, the 7™ Jo $(s+Q?)
standard Borel transformation is used. However, in practice,

it may be more convenient to use the momeRjsinstead, to connect the QCD calculation with the resonance physics.

s (7)

which are defined by From the low energy theorefiT] it follows that
1. 327 )
Ri(7,50) =~ L [(g)MI1(Q*) ~T1(0)}] T1(0) = 77 (asGY. ®)

T
1 [to For the physical spectral density Ihfs), one can divide

—— | ske sTImIIiPert(s)ds it into two parts: low energy part and high energy part. Its
7 S0 high-energy behavior is known as trivial,

lJ'so - 2

=—| s *"ImII(s)ds, 4 ,2g2,2
A (s) 4 ImTI(s)— —s%ad(s), 9

whereL is the Borel transformation anglis the Borel trans-  Wwhile at low energy region, liid(s) can be expressed in the
formation parameters, is the starting point of the con- single narrow width approximation. The single resonance
tinuum threshold. Using the higher rank moments, one camodel for ImlI(s) leads to

enchance the perturbative contribution and suppress reso- . )

nance contribution. In the following, we will see the role of ImII(s)=mf"M"6(s—M?), (10

Ry in our analysis. whereM, f are the glueball mass and coupling of the gluon

current to the glueball. Thus we can proceed with the follow-
ing calculation.
In this paper, the 0" gluonic current is defined as ~ To construct the sum rules, we use the mométle-
fined above, then the standard dispersion relation is trans-
j(x)=aG% G (%), (5)  formed into

mY wv

lll. CRITERIA OF CHOOSING THE MOMENTS

where GZV in Eq. (5) stands for the gluon field strength

1 (so
, ) Ri(7,50) = —J se™S"ImII(s)ds, 11
tensor andyg is the quark-gluon coupling constant. The cur- mJo
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and from Eq.(4) we have(for k=—1) (asG?)=0.06 GeVt,

(gG®)=(0.27 GeV)(aG?),

k+1
Rz~ 2] Rars a2
(2264 = e(aGD?,

Renormalization-group improvement of the sum rules

amounts to the substitution Ays=200 MeV,
, 1 _ — 4
Ve——, as= N
T 11In(7Ay, 5>

There are some uncertainties arising from the uncertainties in

7111
(gG™— Qs (gG?) evaluating various gluon condensates, but they affect the
9 as(1v?) 957 mass prediction little. The value a@f,,5 has little effect on

the mass determination also.
_ o _ _ M? and f2 are the functions of,, S,>M?2. Since the

R_4(7,sp) without radiative corrections can be obtained glueball massM in Eq. (13) depends orr andsy, we take
from Eq. (6). the stationary point oM? versusr at an appropriate, as

If we had a complete knowledge of resonances and QCDy,¢ square of the glueball mass.
we would be able to fix the glueball mass, then different 14 yetermine the suitable moment and the appropsigte
momentsR, would give the same result definitely, but we e following criteria are employedl) The moments should
are far from this goal. In practice, we cannot calculate thg,e chosen to have a balance between the perturbative and the
infinite terms in OPE. Therefore, the result will dep_end. ONjowest lying resonance contribution to the sum rule, which
the choice of the moments. So there should be certain criterigieans that both the perturbative contribution and the lowest
to choose some suitable moments at approprite AS  resonance contribution to the sum rule are dominant in the
shown in Ref.[12], the R_, sum rule leads to a much g m pyles. Besides, the contribution of the highest dimension
smaller mass scale due to the anomalously large contrlbutlogperator in the sum rule should be suppressed less than 15
of the low-energy parfl1(0)] to the sum rule and it violates hercent.(2) s, should be a little higher than the physical
asymptotic freedom at the large energy region. They claimed,5ss and approach it as near as possible due to the con-
thatR_; was not reliable to predict the'0" glueball mass  tinyum threshold hypothesis and the narrow width approxi-
and employed th&®, andR; moments to predict the'0"  mation.(3) The choice of moments and a suitasjeshould
glueball mass by fitting the stability criteria with the radia- |ga9 to not only the widest flat portions of the plotsf
tive corrections considered. Their approach showed that thgarss7 but also an appropriate parameter regionrafith
Ro andR; sum rules with the radiative corrections result in ape parameter region compatible to the value of the glueball
higher mass scale compared to previous mass determinatiofass. Here we should give some comments on these three
They did not analyze how reliable these momeRisare for  hoints. On one hand, a good sum rule needs a large pertur-
determining the glueball mass. After analyzing the differentyative contribution(which hints at good convergence of
moments with the criteria of QCD sum rules, one can flndopa; on the other hand, a large perturbative contribution
thatR, is not reliable also for the calculation of 0 glueball means a large uncertainty from the excited sté&testinuum
in the single narrow width resonance approximation. In ordegtatg and it is dangerous. So a balance between the pertur-
to determine which moment is more suitable and give a répative contribution and the lowest resonance contribution to
liable mass prediction, we reexamine tResum rules. the sum rule is necessary. Since the perturbative part of the

To improve the convergence of the asymptotic series, Worrelator is not equal to the continuum part in the sum rules
study the raticRy. 1 /Ry, such aRp/R_; andR; /Ry. Inthe  and especially since they have different percentages in dif-

narrow width approximation, we have ferent moments, it is possible to obtain the balance when we
choose suitable moments. Although varies in a certain
M2K*4£2 exp( — 7M2) =Ry (7,So), region according to the criteria and the uncertainty resulting

from the varying ofs is obvious because of our little knowl-
) edge of the continuum states, we expect the glueball mass is
and (with k=—1) not sensitive to it. In the case of glueball, when s set
as a free parametéiarger than the mass squaréhere is an
error for the glueball mass with the varying sf, but the
(13 upper and lower bound of the glueball mass are limited and
the error is about 10—20%.
Let us begin our analysis through tRg sum rules with-
To proceed with the calculation, we choose the followingout radiative corrections. It is known that different moments
parameters: have different suppressions to the nonperturbative contribu-

Ry+1(7,Sp)

M2(7,50) = Re
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FIG. 1. Ry/R_; versusr at s,=3.6 GeV? without radiative
corrections.
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FIG. 3. R,/R; versusr at s,=3.6 Ge\? without radiative cor-
rections.

tion and the lowest resonance contribution, moments wittof 7 where there is a broad mass platform, so OPE is well
higher rank enhance the perturbative contribution and supsonvergent. Therefore, the momeRj satisfies all of the

press the lowest resonance contribution to the sum rules.
In the sum rule of the momen®_,, although there is a
platform for mass predictiorisee Fig. ], the perturbative
contribution inR_ is less than 30%, which does not fit the
criteria (1), so it is not acceptable.
Using the momenR,, one can obtain a balance between

criteria and is reliable for the glueball mass determination.
The curve shows that the'd glueball mass is-1710 MeV.
In the acceptable region af,, the 0"* glueball mass is
1710+110 MeV.

The moments with higher rank cannot stress the lowest
resonance contribution in the sum rule since the higher di-

the perturbative and the lowest resonance contribution to thexension condensates will not be negligilflee have little
sum rules; however there is no platform for mass predictiorknowledge about higher dimension condensates at ppjesent

(see Fig. 2 It does not satisfy the criteri€8), so this mo-

Therefore, we have no way to proceed with our prediction

ment is not suitable for the mass prediction either. All thefrom Ry with k>2.
previous calculations without radiative corrections were After taking into account radiative corrections, the cor-

based on either momeR_; or momentR,, so the results
are not very reliable .

The momenR; gives an excellent platform in the region
3.0 GeVP<s,<4.3 GeV; the result for the best, at 3.6
GeV? is shown in Fig. 3. In the meanwhile, we can find a
balance between the perturbative and the lowest resonan
contribution to it, i.e., the ratio of the nonperturbative part to

the perturbative part is less than 30—40 % and the ratio of the

continuum part to the momemR; is less than 30—40 % too.
Besides, the highest order teffour gluon condensateon-
tribution to theR; is less than 10% in the parameter region
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FIG. 2. R, /R, versusr at s,=23.6 Ge\? without radiative cor-
rections.

relator is[12]

I1(g%) = (ap+ a1 IN(Q¥1%))(Q?)? In(Q?%/ v?)
+ (bo+ by IN(Q%v?)){ asG?)

ce G?) a’G*
+(C0+C1In(Q2/V2)) +d0 y (14)
QZ 2)2
where
2
ag 51 a4
=2l (155
bo=4 1+49 s
o=das 1 )
Co=8a§, do=8masq,
11/ ag\® ag
a]_:?(?) y bl:_ll?, 01:_58(12.

The predicted mass from ratR, /R, is ~1.66 GeV(see
Fig. 4). The value is a little lower than the one without ra-
diative corrections.

In this section, we show how the predicted glueball mass
depends on the choice of the moment. We give the criteria
on choosing suitable moments asglto calculate the glue-
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3 ot (90,7000 ,,720) = — (d0)?,
9 3.1 :
N . -
= ; —_ — 16
C a a 2
F (97,A%aqy,A*0)=— 5(qq)".
29
28 & To proceed with the numerical calculation, in addition to
2 the parameters we have chosen above, the following param-
¥ E eters are taken:
26 _— —
g ol v U (qg)=-(0.25 GeV®,
02 0.3 04 0.5 0.6 0.7 08 0.9
T(GeV?) (mag)=—(0.1 GeV*,
FIG. 4. R,/R; versusr at sp=3.6 Ge\? with radiative correc- as=0.28,
tions.

where the scale of the running coupling is set at the glueball
ball mass in QCD sum rules. From the criteria, oRyare  Mass.
reliable for determination of the 0" glueball mass and the ~ Through theR, defined above, we can get the correspond-
result is~1.71 GeV. The radiative corrections do not affecting momentsR, andR;, for I1(g?) andII,(q?)
the mass determination sensitively; they shift the glueball

mass a little lower~1.66 GeV. 2a,
Ro(7,80) = — —3[1—Pz(SoT)J+Co<9G3>+do<a§G4>T,
T

IV. LOW ENERGY THEOREM TO THE MIXING (17
PICTURE
do
Now we proceed to discuss the mixing effect in the de- Ri(7,S0) =~ —-[1—p3(So7)|— do(@2G?), (18)
T

termination of the 0* glueball mass. Let us consider the

0** quark current with isospih=0: .
Ra(7,50) = = —-L1—pa(so7); (19
1 _ - T
j2(X)= —=(uu(x)+dd(x)). 15
Jz()\/i(() (X)) (15 a o
Ro(7:50)= 11 pa(som) ] +3(maa) + g—(asG?)
Through operator product expansion, the correlator of the .
j2(x) is given by[14] +bg7(qq)?, (20
3 _ ' aé 'S\ 2
Hz(q2):a6(Q2)2|n(Q2lv2)+ _2<mqq> Rl( T:SO): ?ll_pZ(SOT)J_b0<qq> ’ (21)
Q
, where
o O ot 9 o
J: .
2_ 42
whereQ q°>0, and By using the low-energy theorefil5], we can construct
another correlator for the quark current with the gluonic cur-
3 13a 176 rent
a{):— 1+ , by=——mas.
872 3 27 _ 1 , 722w —
H H ax - =
:Lnolf dxe¥(0|T \/E(uu+dd),asG |0) 29 (uu).
The correlator of thg,(x) without radiative corrections is (23)

not changed.

In order to estimate the vacuum expectation values of In order to factorize the spectral density, we define the
higher dimension operators, the vacuum intermediate state&muplings of the currents to the physical states in the follow-
dominance approximatiof8] has been employed ing way:
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(0lj1|Q)=f1omyp, (0]j1|G)="F1my,

(0]j2|Q)="fom,,

wherem; andm, refer to the gluebal(including a few parts

of the quark componehtmass and the_|q meson(including
a few partsgf the gluon compongmhass, andQ) and|G)

refer to theqgq meson state and the glueball state, respec-
tively.

We indicate that the gluon current couples to both the
glueball and quark states, as does the quark current. In the
real physical world, the physical state is not pure glueball
state or quark state; the mixing effect should not be omitted
without any reasonable argument. After choosing the two
resonances plus the continuum state approximation, the spec-
tral density of the currents gf (x) andj,(x) read in follow-

. (24
(0]joG)y=fpmy,

M (GeV)

25

225

175

125
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FIG. 5. M versusr at s,=3.7 Ge\’.

7(GeV?)

ing, respectively,

Im IT4(s) = M5 3,8(s— m3) + m3f3, 5(s—m?)

points of the plateau compatible to the parameters are re-
garded as the mass prediction points. The masses vary
slightly with thes, ands,=3.7 Ge\ is found to be the best
favorable value for the mass determination. There is no plat-
form for r above 0.6 GeV2. The mass predictions from the
figure are glueball with mass around 1.9 GeV and meson
with mass around 1.0 GeV. The results obtained are reason-
able; they are the two lowest-lying states and dominate the
spectral density, other excited states are suppressed by a fac-
tor exp(—n?7). The glueball mass is a little higher than the
pure glueball state while the quark state mass is a little lower
than the pure quark state.

V. SUMMARY

In this paper, we analyze the determination of the scalar
glueball mass based on the duality among resonance physics
and QCD. The modified Borel transformation has been em-
ployed; it makes the calculation more convenient and reason-

We first conclude that it is important to choose suitable
moments for the determination of thé 0 glueball mass. To
stress the contribution of the lowest resonance and make the
perturbative contribution dominant in sum rules, the criteria
on the choice of the moment and continuum threshold are

2,5
+—s as0(s—sp), (25
Im T 5(s) = M5f5,8(s—m3) + m2f5,5(s—md)
+ masf(s—Ssg). (26)
Then it is straightforward to get the moments

Ro= ;{m%e‘ M2 4 m2e~MiTf2 L (27)

— 1 ~m2rg2 4, -m2re2
R;= ;{mze 27f T+ mie” MTf I}, (28

1 6 mZ2 6,—mors2

R,= ;{mze 27f{o+mye” M7f] ) (29 e

r_ 1 2 —m27' 2 2 —mz’r 2
Ry= ;{mze 27f5,+mie” M7f5}, (30

r_ 1 4 —m2re2 4 —m2re2
R;= ;{mze 27f5,+mie” M7f5 ) (31

In the meanwhile, assuming the staj€ and|Q) saturate

the left-hand side of Eq23), we can obtain

lim
q—0

. 1
i | dxé¥(0|T| —=(uu+dd),aG?
[ axeeor| @+ da).a

foof 10t f2af 1.

(32

given. These criteria make it reliable to choose a suitable
moment for the calculation of the glueball mass. We find
momentsR_;, Ry and R, with higher rankk>2 are not
suitable for the mass determination in the single narrow
width resonance approximation. The momd®it is most
preferable for the determination of the ® glueball mass.
The numerical calculation shows that the mass is around 1.7
GeV without radiative corrections.

When the radiative correction is taken into account, it
shifts to 1.66 GeV.

The next step is to equate the QCD side with the hadron Secondly, we consider the physical states as composite
side one by one, and we get a set of equations about massesonances, which include both gluon component and quark
and couplings. Starting from a series of reasonable parantomponent, so we saturate the spectral density with two
eterssy and 7 and after solving this series of equations, wephysical resonances; in this way we consider not only the
can get a set of the two states’ masses. We illustrate ourouplings of gluonic current to both glueball state and quark
result in Fig. 5. In this figure, the solid line corresponds tostate, but also the couplings of quark current to quark state
the glueball and the dotted line corresponds to the meson, trend glueball state. Employing the low-energy theorem and

034026-6



DETERMINATION OF THE SCALAR GLUEBALL MASS . .. PHYSICAL REVIEW D 59 034026

different moments, we predict the masses of glueball andf determination of the vector mesons and nucleon spectral
normal meson from a set of coupled equations: glueball magsroperties in the QCD sum rulgl6]. Our many opinions
is around 1.9 GeV, which is a little higher than the onealready appeared in it.
without mixing (~ 1.7 GeV}, while mass of the quark state is
around 1.0 GeV, a little lower than the pure quark state
(~1.1 GeV). We conclude that the mixing between the glue- ACKNOWLEDGMENTS
ball and the quark state does not affect their masses largely.
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