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Abstract. The mass and hadronic width of the scalar
isovector meson «,(980) are estimated in QCD for
two possible quark assignments: (a) gq and (b) 4q4q.
The two-photon width of the a,(980) is also discussed.

1 Introduction

The quark structure of the scalar isovector meson
a,(980) [1] (previously called 6 (980)) is still a matter of
debate and speculation on account of the difficulties
to explain all of its properties within a single assign-
ment. The naive quark model suggests a g interpreta-
tion but other classifications have been proposed, e.g.
that the a4(980) could be a four-quark state [2] or
even a K K “molecule” [3]. QCD sum rule estimates
of the a,(980) mass and couplings [4], considerations
based on ' —ynxn [5], and ay(980) photoproduction
[6], appear to support the naive quark model assign-
ment. However, it has been claimed that some consti-
tuent gg potential models predict hadronic [7] and
two-photon widths [3b] which are too large to comply
with the experimental data. On the other hand, the
problem of the a,(980)—f,(975) near degeneracy
together with the weak coupling of f,(1350) to strange
quarks has prompted the suggestion of a g>¢? classi-
fication which was studied in the framework of the
MIT bag model [2].

In this paper we wish to reexamine both the gq and
the q23? interpretations of the a4(980) by estimating
its hadronic and two-photon widths in the framework
of QCD duality sum rules. This method is by now well
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established and thus we shall not go into details here
(for a recent review see e.g. [8]). We only wish to stress
that one of the advantages of this framework is that
the QCD bound state spectrum can be directly related
(through dispersive integrals) to the fundamental QCD
Lagrangian parameters. These are the strong coupling
constant a, the current quark masses and a set of
quark and gluon vacuum condensates which appear
in the Operator Product Expansion (OPE) of current
correlators. These vacuum condensates characterize
the distinctive features of confinement in QCD, among
them e.g. spontaneous symmetry breaking, without
any reference to the concept of potential for light
quarks. One of the main differences with previous
analyses done in the same framework [4a,9] is that
here we exploit the long distance realization of QCD
in order to fix the normalization of the hadronic
spectral functions pertinent to both the gq and
the g%g> cases. When this fundamental constraint is
imposed on a finite-width, Breit—Wigner resonance
parametrization of the spectral functions we are left
with only two physical parameters to determine: the
mass M,, and the hadronic width I', . Also, we use in
our analysis both Laplace transform [10] and Finite
Energy Sum Rules (FESR) [11]. This allows for a more
systematic and stringent determination of M,, and I, .
In particular, in the §q case we use a new FESR [12]
which uniquely relates the hadronic width to the sum
of the light current quark masses.

The paper is organized as follows. In Sect. 2 we
discuss the determination of M, and I, in the gq
assignment, and in Sect. 3 we do it in the g*g* case.
In Sect. 4 we estimate the two-photon width of the
a,(980) (Gq) using Vector Meson Dominance and
three-point function QCD sum rules; we argue that
the results do not provide enough compelling evidence
against a gq assignment. Finally, in Sect. 5 we sum-
marize our results.
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2 Mass and hadronic width of the a,(980) in the
gq assignment

We begin by considering the two-point function asso-
ciated to the vector current divergence with I¢=1"
J?=0" quantum numbers

Y(q®) = ifd*xe (0| T (0" V,(x)2" Vi(0))|0), (1
where
oV, (x) =i(my —m,): d(x)u(x):, 2)

and m, , are the “current” quark masses. The function
¥(q?) satisfies the dispersion relation (02 = — ¢ > 0)

Imt// s)

s

+ subtractions. 3)

¥(Q?) fd

In the limit Q% -0, lp(QZ) obeys the well known current
algebra low energy theorem based on Ward identities

Y (O)laco = — (m, —mg) (iiu — dd> + Y(0) o 5., 4)

where /(0), ¢ is the purely perturbative contribution
to ¥ (0). Taking Q% =0 in (3) the asymptotic freedom
piece of (4) cancels exactly with the corresponding piece
in Imy(s) and one obtains the following FESR [12]

s04ds 1

Y(O)xp.= —(m, —my){iu—dd) = fg*l my(s)

3
_S—HE[md(SO)-mu(SO)]Z

“sol1+ Ry(s0) 1, 3)

where S, is the asymptotic freedom threshold, and the
radiative corrections R,(s,) are given by

Rn(so) = gsS_O)

o2 2 B\, b
[Feaglnng)rongpm ] o

with
27

“s(so)=ma V)
and f; = —11/2+ng/3, f,=—51/4+19 n/12, 7, =2,
72 =101/12 -5 n,/18, (n, is the number of quark

flavours). The non-perturbative value of (0) in the
lhs of (5) is expected to be very small [8, 12, 13]. Notice
that in addition to the explicit S U (2) flavour symmetry
breaking factor (m,—my,), it contains the piece
(iu—dd) which measures SU(2) breaking in the
QCD vacuum. Since we are interested here in estimat-
ing the hadronic width of the a,(980) we can safely
neglect the lhs of (5) and obtain

sadsl 3
|5 () 2 g [malso) = m(s0) 1

“So[1+ Ry(s0) ] ®)
Turning to the spectral function appearing in

(8), the lowest two-particle states contributing to it
are nn and KK which involve the matrix elements
[<0|ad|n=>|? and {{0|ad|KK >|?, respectively. The
threshold behaviour of the spectral function can be
derived in several ways, e.g. using the long distance
realization of QCD (chiral Lagrangian) [12,13b];
through the connection to the K™ —K° non-
electromagnetic or “tadpole” mass difference [14]; or
by means of soft-meson techniques and quark model
commutators to reduce =, 5, etc. from the external
states. They all lead to the same answer which reads

1 o1 (my—m,\?
;Im Y () |ne. = 1—6—nﬂn< >

my+m,
LA =54/ =5 /9]0 —s1)
+(1—4ug/s)'20(s — 4p)}, )

where S, =(M, +p,)>. Imposing this threshold
behaviour on a Breit-Wigner resonance form we
obtain the following parametrization of the spectral

function
1 1 my—m, \?
;Im¢(s)=24 zﬂi<m>
AL =s5./9(1 —5_/5)1'?0(s —s.)
+3(1—4pg/s) 2 0(s — 4pg)}
(5, — M2y + M2T2
C—MZP+MLTL”

where M, and I, are the mass and hadronic width
of the ay(980), respectively, and we have normalized
the Breit—Wigner form at the physical threshold
S.=(M,+p,)?* in order to account for the finite #
and © masses consistently.

Inserting (10) into (8) the quark mass difference
cancels out and we obtain

sods 1
SO VAN VN
AL =s4/9)(1 —s_/5)120(s —5,)
+ 31 —4pg/s)'?0(s — dug)}
[md(so) + m,(s0)1% 5o [1 +R (So)]
Hy (s4 — M)

Using the experimental value of M,,, this equation
determines the width I, in terms of just the funda-
mental QCD parameters m, and A, as well as the
asymptotic freedom threshold So- The dependence on
S, is a typical feature of FESR and predictions are
meaningful only if they are stable against reasonable
changes in S, within the so called duality region [12].
In the present case this means that the hadronic ihs
of (11) should match the QCD rhs in a hopefully wide
region of values for S,. In Fig. 1 we show the behaviour
of the rhs of (11) (vertical bars) versus S, for
A =100 MeV and (m, + my)(1 GeV) =(15.5+1.0) MeV
[12]. The solid curves show the behaviour of the ihs
of (11) for the two extreme values I, =40MeV

(10)

I(sg) =

(11)
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Fig. 1. The QCD rhs of (11) {vertical bars) and the hadronic lhs for
I,,=40MeV (curvea) and I", = 60 MeV (curve b)

(curvea), I, =60 MeV (curveb). Width values out-
side this range are not dual to QCD. As one may
appreciate from Fig. 1 there is a wide duality region
for S, ~ 1-2GeV? which allows us to predict

I, =(50%10)MeV, (12)

in nice agreement with the experimental value I', [exp=
(54 + T)MeV.

The above determination of the width required the
use of the experimental value of the a,(980) mass. In
order to assess the reliability of this determination we
proceed to estimate M, in the same framework by
using the additional FESR [12]

01 3
g dS;Im W(S) = WS% [md(so) - mu(so)]2

“[1 4+ Ry(s0) +2C4 <04 /s3], (13)
where
C4(04>=§<a362>+4n2(mu+md)<ﬁu>. (14)

Taking the ratio between (13) and (8) and making a
narrow-width approximation in (10), well justified in
view of (12), we find

1 [1 + R, (s0) +2C4<04>/Sg:|
270 14 R, (s0)

Although the actual value of the gluon condensate
appearing in (14) is somewhat controversial (for recent
reviews see e.g. (8, 15]) it does not have a major impact
here, and we take the conservative range C,<{0,) ~
0.05 — 0.15 GeV*. Solving (15) we find M, to be rather
stable in the duality region s, = 1-2GeV?, viz

M, ~08—1.0GeV, (16)

which is in good agreement with experiment.

It is possible to estimate I, in still another way by
using the Laplace transform version of (5). Including
vacuum condensates up to dimension d = 6 this sum

2
M,

11

(15)

41

rule reads
©dg
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where (1) is the digamma function, C,<{0,> was
defined in (14), and the leading contribution to C;<{0g>
comes from the four-quark condensate, which in the
vacuum saturation approximation is given by [10]

CoCOlys = =25 w52 19)
Present uncertainties in Cq{0O4> have no sizable
influence here and we use Cz{0g4)> ~ —0.04 GeV®.
The integral in the lhs of (17) is split as usuval into two
pieces, viz. in the interval 0 <s<s, the spectral
function is given by the hadronic parametrization (10),
and for s> s, it takes the asymptotic freedom form
which can be calculated using two-loop perturbative
QCD [16]. Here the influence of s, is exponentially
suppressed and thus the results are not so sensitive
to this parameter, which we choose in the range
5o~ 1-2GeV=2.

Neglecting ¥(0) as before, and using the experi-
mental value of M, we have solved (17) inside the
“sum rule window” ¢ ~0.5 — 1.3 GeV ™2 and obtained

r, = (30— 50)MeV, (19)

which nicely confirms our previous estimate (12) based
on the FESR.

In view of our results for M, and I, we conclude
that the observed experimental mass and hadronic
width of the a,(980) are not incompatible with the gg
assignment.

3 Mass and hadronic width of a ¢%§> state
We consider the two-point function
n(g%) =ifd*xe (0| T(Jx(x)J5(0))|0, (20)

where Jz(x) is a local current built from four quark
fields and which when acting on the vacuum creates
the E=gdqgq colour singlet, spin zero state. In
principle, several combinations in colour and spin of
the quark fields could be used to construct the current
operator Jy(x). Following [9] we use the following
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combination

1 - 1
—=(u —dd)§s +—
N AR
which, in addition to having the desired quantum
numbers, has the important property of being free of
troublesome In(— g?)/e singularities (d =4 — ¢ is the
number of space-time dimensions in the dimensional
regularization scheme).

We begin by discussing the parametrization of the
hadronic spectral function associated to the current
operator (21). As in the gq case the lowest lying
two-particle intermediate states are ym and KK but
now they involve the transition matrix elements
{0|Jglnm> and {0]Jz|KK> which are not known a
priori. In order to fix the scale of these matrix elements
we have used soft-meson techniques and evaluated the
resulting commutators of the axial-vector charges with
the operator J; by means of standard quark model
commutation rules. In this way, and after appropriate
Fierz rearrangements we have expressed the required
matrix elements, in the SU(3) x SU(3) limit, in terms
of vacuum expectation values of four quark operators.
Finally, assuming vacuum saturation the latter can be
related to the familiar quark condensate {gq ). After
this lengthy but straightforward procedure the thres-
hold behaviour of the hadronic spectral function is
given by

. N ACTIAN
;Imn(s)’thr-:W< S )

AL —s4/9)(1 —s_/9)]20(s —5.)
+o(1—4ug/9)'20(s — 4p) (22)

where we assumed also the flavour SU(3) limit {gq) =
Cuu) ={dd)=<{5s), and f,=f,=f,=93MeV. As
usual, finite Goldstone boson masses are accounted
for by using physical thresholds in (22). We point out
that the procedure described above, always in the
chiral limit, would lead to vanishing matrix elements
in the case of colour octet-colour octet §q combina-
tions. This case is an alternative to the singlet—singlet
choice made in (21) to construct Jz. Imposing the
threshold behaviour (22) on a Breit—Wigner resonance
form and using the PCAC relation: — u2 f2 = (m, + my)
{qq> we obtain

Jg= (@iysu—diysd)siyss, (21)

S B gy

812 (m, + my)?

AL =54 /)1 —s-/5)]"/20(s — 5)
+5(1—4ug/s)20(s — 4pg)}

(54 — M2+ MiT';
s—M2E+MIIZ°’

1Im n(s) =
7

(23)

where M, I'; are the mass and width of the lowest
resonance state in (20), which we proceed to estimate

and then compare with the mass and width of the
a,(980).

The large Q2 behaviour of (19) in QCD was obtained
in [9] to lowest order in perturbation theory, with
power corrections up to dimension d =10, and to
leading order in the strange quark mass m,, with the
result

Q%)= —In(Q*/v?)
[Co08+C,0°+ C,<0,>0*+ Cs<06> Q]

C1oé?1o>’ 24)
where
Co = 1/409607° =~ 2.5 x 1078, (25.a)

C,=m3/102475 ~(3.5—45) x 1078GeV?>  (25.b)

my(5sy | {aG*)
C4<04>= 1287'[4 641.[5

~(2-5)x10"°GeV* (25.¢)

Mg

T 12874
3 _

—@(<uu>2+<ss>2)

~_75x1075GeV® (25.d)

C10<010>=§ms<§s><du>2
~—-3-95x 1077 GeV1O. (25.¢)

The numbers quoted in (25) were obtained using: m;
(1GeV) =200+ 50 MeV, (iu) ~ (5s) ~ —0.01 GeV>
(at a scale of 1GeV), n{a,G*>>/3~0.04—0.1GeV?,
and {g,56AGs)=2M3{5s) with M3~05GeV>.
Uncertainties in these QCD parameters induce lesser
uncertainties in M and I'y and will not affect our
conclusions.

Notice that in the present case, in contrast with
the Gq alternative, the spectral function contains in
addition to the purely perturbative piece a number of
non-perturbative vacuum condensates, viz

Ce<0¢) = {g;50AGs)

1
—Imn(s)|gcp = Cos* — C8°
T
+C4< 045~ C6{0¢)s. (26)
In any case, we have checked that with the choice of

parameters as in (25) there is no contradiction with
positivity. The Laplace transform QCD sum rules read

So 1
[dse™*=Imn(s)
0 T

= 24S8(1 — £ (50)) — 62(1~fs50))
o g

)



Cﬁ<06>(1 ~f1(50) + C16< 010, @7)
fasse - tma() =102 —1,(60)
_24 21 f4(o))+6c“<04>(1 —f3(s0))
C6<0 A 28)
where

(s0)

Sulsg)=e™ ™7 2,0
[0 =1, 29)

arising from the integration of the asymptotic freedom
piece, i.e.

© —ua' uo"
j'xft G'de_ n+1n Z ( )
u g k=0

We have written two sets of QCD sum rules in order
to estimate both M and I';. To check the consistency
of the results it is useful to consider also FESR. Since
the OPE has been truncated at dimension d = 10 we
can only write the single FESR

(30)

30 1
g ds;Im ()= C10{ 010 + Cos3/5 — C,s¢/4

+Co{04)55/3— C{06>55/2 (31

Solving the Laplace transform QCD sum rules
(27)—(28) inside the window o =~ (0.3 — 1.1)GeV 2 and
for values of s, in the range s, = (1 — 1.5)GeV?, we
find the remarkable stable value

My =(09 — 1.0)GeV, (32)

which is practically insensitive to changes in the values
of the QCD parameters. Concerning the width, for a
given value of s, and a given set of QCD parameters
it is absolutely stable against changes in o. It exhibits,
though, some dependence on s, and on the QCD
vacuum condensates. For instance, for fixed values
of the latter I’y varies about 20% in the region
5o = (1 — 1.5)GeV?, while for fixed s, a change in the
QCD parameters at the level of 30-40% induces a
change in I of roughly the same amount. Taking into
account all these uncertainties our prediction for the
width is

Iz~ (200 — 330) MeV. (33)

Next, using My as input we have solved the FESR
(31) for I'y. Changing s, within the same range as
before induces changes in I'p at the level of 109
However, the values of the condensates have now a
slightly bigger impact on I'. All things considered we
obtain

Iy ~ (200 — 360) MeV, (34)
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which is nicely consistent with the Laplace estimate
(33).

It should be clear, in view of our results for I'g, that
a zero-width parametrization of the hadronic spectral
function is not a sensible approximation. Given the
rather large width of this ¢>g> state one could also
question the choice of a Breit—Wigner parametriza-
tion. However, we can safely conclude that the inter-
pretation of the ay(980) as a single pure ¢*>g> state
is inconsistent with the observed width I, =
(54 + TYMeV.

4 Two photon width of the a,(980) in the 74 assignment

The two-photon width of the ay(980) has been
measured recently by the Cristal Ball collaboration
[17] with the resuit

I'(ag—7yy) x BR(ay—nn)

+0.10
=|{0. ) V. 35
(0191007_0'07>ke (35)

The theoretical description of two-photon meson
decays through constituent quark annihilation
diagrams coupled to gg hadronic bound state wave-
functions, though successful for 7° — y7yleads to a gross
overestimate [18], i.e.

I'(ag—yy)=1.5—-38keV, (36)

A priori, this result appears to provide a serious
motivation to cast doubt on the ggq assignment of the
a,(980). However, to assess how compelling this argu-
ment really is, one should keep in mind that quark
model estimates of this kind are definitely guaranteed
to work for n°—yy on account of PCAC and the
triangle anomaly. This is not necessarily the case for
a,—7y7 as these powerful theoretical concepts do not
directly apply to scalars. In fact, in some alternative
approaches to the quark model a,— y7 is predicted to
be suppressed relative to the result in (36) even within
the gq assignment [19].

We wish to argue here that some suppression of
ag— 77 can also be obtained in the framework of QCD
sum rules for vertex functions. Our arguments will
closely follow those of [20]. However, our interpreta-
tion of the results is somewhat different and lead us
to a much weaker conclusion against the gq assign-
ment of the a,(980).

We begin by using Vector Meson Dominance
(VMD), as illustrated in Fig. 2, to express the ratio of
the a, —»yy and the n® —yy widths

I(ao—7y) =M20<gwpao>2
I®->yy)  pz \ gopm

where g,,,,, and g,,, are the corresponding strong
coupling constants, and the vector meson-photon
couplings have cancelled in the ratio. Also, non-

negligible off-mass shell corrections are expected to
cancel out in this ratio [21]. Since I'(z° - yy) is well

(37
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Fig. 2. Vector Meson Dominance diagrams for z° —yy and a, - yy

known from experiment the problem then reduces to
the estimate of the ratio of coupling constants in (37).
This may be done e.g. by using three-point function
QCD sum rules. This technique, essentially a generali-
zation of the familiar procedure for two-point
functions, allows one to relate trilinear hadronic
couplings to the fundamental QCD parameters «,, m,
and {qq ). However, due to increased complications
over the two-point functions case, the intrinsic un-
certainties are now expected to be bigger and to limit
somewhat the accuracy of the estimates. With this due
reservation in mind we proceed to adopt the version
of vertex QCD sum rules proposed in [4b]. This
yields, to leading order in the quark masses,

~ (md B mu) f7l:1u12:
- %(md + mu) aoMgo (38)

The leptonic decay constant f,, appears in (38) on
account of the fact that in this framework one has to
treat resonances in the zero-width approximation from
the outset. Referring back to (1)—~(2) one has

0|3V, lag) = i(my —m,){O|dulay )
=/2f M2, (39)

gwpao

gmpn

and

1
;Im¢(3)=2f30M;‘o5(S—Mfo)- (40)
Making a narrow-width approximation to the spectral
function (10) and comparing with (40) one finds, to
leading order in the quark masses as in (38),

1 my,—m 1
2 d u

a0 = s . 41
f 4 37Cu <md+mu)\/MaoFao ( )
Using (41) in (38) leads to the prediction

gwpao fn Fao

= = |~8./3 -2 ~0.5. 42

Gon "M, M, @2

With I' (n® - yy) = (7.8 + 0.4) eV from experiment, and

BR (g, > n7) ~ 0.8 as quoted in [ 1.a] and as found here
in the gq assignment (cf. Sect. 2), we obtain from (37)
and (42)

I'(ag—7y)BR(ag—n7n) = 0.6keV, 43)

which is quite smaller than the non-relativistic quark
model prediction (36). Given the intrinsic uncertainties
of the QCD sum rule estimate (38), the error in (43)
could be as large as 509;. With this in mind, we believe
that a comparison with the experimental value (35)
does not provide enough compelling evidence against
the gq classification of the a,(980). On the other hand,
using similar techniques the two-photon width of the
a,(980) in the g*g* assignment has been predicted to
be at the level of (2 — 5) x 10~ *keV [20], which is far
too small to be reconciled with the data.

5 Summary

We have estimated here the mass, the hadronic and
the two-photon width of the a,(980) scalar-isovector
meson in the framework of QCD sum rules. A clear
advantage of this approach is that particle masses and
widths may be directly related to fundamental QCD
parameters, i€. ®, m,, and various vacuum matrix
elements of quark and gluon fields. The latter charac-
terize the fundamental features of quark confinement,
such as e.g. spontaneous symmetry breaking, and are
thus expected to be responsible for the rich and varied
resonance structure observed at low energies. The
only place where model-dependent parameters could
eventually appear is in the parametrization of the
hadronic spectral function. However, we have used
here the realization of QCD at long distances (chiral
Lagrangian) to get rid of this model dependency.

Assuming a gq assignment of the a,(980) we found
M, ~(08—1.0) GeV and I', = (50 £+ 10) MeV using
FESR, as well as I,,=(40 + 10)MeV using Laplace
transform QCD sum rules. In the case of a g>3*
interpretation we obtained, instead, I, ~ (200 — 360)
MeV, which is clearly incompatible with the data.

Using QCD sum rules for three-point functions,
together with VMD, we estimated the two-photon
width of the a,(980) (7 g). The result is somewhat bigger
than the experimental value, but given the uncertain-
ties of this method we do not find enough compelling
evidence against the g assignment. On the other hand,
I' (E —>yy) in the g*G* case appears to be too small by
several orders of magnitude [20].

We conclude that the observed mass and widths of
the a,(980) can be understood in QCD if this particle
is predominantly a gq state. We cannot rule out,
however, admixtures of more exotic components, e.g.
g*d%. From this point of view the real nature of the
a,(980), and in general the observed scalars, may still
remain an open problem in meson spectroscopy.
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