Vol. 36 (2005) ACTA PHYSICA POLONICA B No 6

ap — m°n DECAY IN QCD SUM RULES
HuseYIN KORUT, BERNA YILMAZ
Physics Department, Gazi University, Ankara, Turkey
(Received January 3, 2005)

We investigate the ag — 7°n decay in the framework of QCD sum rules.
We estimate the coupling constant g,,», which plays an essential role in the
analysis of physical processes involving a(980) meson. We also estimate
the coupling constant gq,~, by using the experimental limits of the decay
width of the ag — 7%n decay and compare with our QCD sum rule result.
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The flavor SU(3) forms an approximate global symmetry of hadron spec-
trum according to which mesons are classified as bound states of a quark
and antiquark (gq) and they are placed in nonet representations of SU(3)
group. However, whether light scalar mesons form a scalar nonet is still
an open question. In the constituent quark model, ay(980) meson is rep-
resented by Gq state [1], however, it is given by a four quark state g¢> [2]
in the framework of MIT-bag model. Another possible structure of a((980)
meson is that of a KK molecule [3]. Understanding the nature and the
quark substructure of the scalar mesons is still an open problem in hadron
physics.

The scalar mesons play an important role in the hadronic decays. In the
VO — 7%y decays, where V represents the lowest multiplet of vector mesons
p, w and ¢, the 7% system is a scalar isovector state I(JFC) = 1(0*F). In
particular, the analysis of the V9 — 7%y decays requires the coupling
constant geory [4].

At present, there is no quantitative theory which is based on a fundamen-
tal Lagrangian to calculate the properties of hadrons. Asymptotic freedom
property of QCD allows perturbative calculations of strong interactions at
short distances. However, in the long distance region perturbation theory
fails and thus one has to confront the nonperturbative effects. The method
of QCD sum rules developed by Shifman, Vainstain and Zakharov [5] is a
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very powerful and informative tool to be used in hadron phenomenology in
the nonperturbative region. The decay channels of ap(980) meson can be
analyzed in the context of QCD sum rules. In this work, we study ag — 7%
decay in the framework of three-point QCD sum rules and we obtain the
coupling constant ggqmy-

In the QCD sum rule method, hadrons are represented by their interpo-
lating quark currents. The correlation function of these currents is treated
within the framework of the operator product expansion (OPE), where the
short and long distance quark—gluon interactions are separated. In order
to study the QCD sum rule for agmn-vertex, we consider the three-point
correlation function

Tw(p.p'sq) = i/d4w d'y Ve (OT {7 (0)5% (@)jl (W) }0), (1)

where jgo, 4% and 7, are the interpolating currents for 7°, ag and 7 mesons,
respectively. The interpolating currents in terms of quark fields are

o 1 _
Jp = 5@psu = dyysd),
1 _ 2
) = —= @y ysu 4+ dyysd) — —=357958
J 6(775 Y Y5d) s
1 _
j* = 5@ —dd). 2)

We choose the pseudovector current for the 7 meson. We work in SU(2)
flavor context with m, = mg4 = my and we work in the limit m, — 0.

The correlation function can be calculated phenomenologically in terms
of hadron states. In order to construct the correlation function phenomeno-
logically we consider the double dispersion relation satisfied by this function
and we saturate this double dispersion relation for the ag — 7n channel as

T (p,psq) = (0] 7% | ao(pzi)iag(]:g .;,(erll 71(1:71)12;)( n(p’) | 0 | 0)

o0 o cont /)
(s,s
+ [ ds ds’ p“ - + subtraction terms,
(s —p?)

(3)

where the hadronic spectral density p®™ (s, s’) includes the contributions of
higher resonances and the continuum. The first part of Eq. (3) corresponds
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to low values of s and s’ where the states are treated in the narrow-width ap-
proximation proportional to double d-function. The current particle matrix
element for n-meson is given by

(n(p') 13 10) = =ifypl, (4)

where f,, is the decay constant of 7-meson. The scalar current j%° is assumed
to have a non-vanishing matrix element between the vacuum and ag(980)
meson state

(015 [ao(p)) = Aa (5)

where A, is called the overlap amplitude. The overlap amplitude \,, which
was calculated in [6] is needed in the sum rule.
The matrix element of pseudovector current for 70 is given as

(ao(p) |35 1) = 2952 (p = )., (6)

ao

where ¢ = p— p/. The correlation function in Eq. (1) can be decomposed as
T (p;0'50) = T1 pup, + To pupy, + T3 pupy + Ta pypy +T5 g - (7)

Since (n(p’) | 4 | 0) ~ pl,, the physical part of the correlation function
includes p), structure. The corresponding structure in the theoretical part
of correlation function is p,p),. We are therefore interested in the invariant
function 77 in this work.

Using the Borel transformation

3 1 IR e s/M?
v |y = [ m] s

with respect to Q> = —p? we then obtain the following result after double
Borel transformation of T3

. g —m2 2 2072
By By Ty = —i 2000\, fy e~ ™ao/ M g=mi /M
i 2 a0
o0 [e.e]
+/ds/d8/pcont.e—s/M12 e—s’/MQQ' (8)
50 s

The unknown subtraction term in the dispersion relation disappears after
the Borel transformation.

We then calculate the perturbative and nonperturbative contributions
to the three-point correlation function of ag(p) — 7(q)n(p') decay. In the
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Euclidean region defined by p? = —Q?, p’?> = —Q"? where Q? and Q'? are
large, the perturbative contribution can be approximated by the lowest order
quark loop diagram shown in Fig. 1(a). Therefore we do not consider the

diagram in Fig. 1(b). The contribution of the diagram in Fig. 1(a) can be
written as

d*k /
Fla:Nc/WTr [DF(]C)FlDF(k+p)F2DF(k+p)F3] ) (9)

where the quark propagator is Dp(p1) = i/(h — mz), I'; are the vertex
functions of quark currents and N, = 3 is the color factor.

NN
S AR R M/\w A /\M
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Fig. 1. Possible diagrams for three-point correlation function for d < 6. (a) lowest
order bare-loop diagrams, (b) bare loop with a virtual gluon, (c) gluon condensate
diagrams (d) quark condensate diagrams (e) quark condensate diagrams with one

external field, and (f) diagrams obtained by simultaneous cutting of two quark lines
in the diagrams (b).

Diagrams of power corrections shown in Fig. 1(c) and Fig. 1(f) do not
give any contributions to ag(p) — 7(q)n(p’) decay, because it is easily seen
that the trace terms in the expressions corresponding to diagrams in Fig. 1(c)
and Fig. 1(f) vanish. The relevant Feynman diagrams of power corrections
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for ag(p) — w(q)n(p') decay are shown in Fig. 1(d) and Fig. 1(e). The
last two diagrams in Fig. 1(d) and the last four diagrams in Fig. 1(e) vanish
after double Borel transformation. We therefore do not consider them in the
following. The remaining three diagrams contribute to ag(p) — m(q)n(p’)
decay.

We perform the calculations of the power corrections in the fixed-point
gauge, x, A" = 0. The general forms of the contributions corresponding to
Feynman diagrams are derived with respect to their dimensions. For the first
diagram in Fig. 1(d), there are four contributions with different dimensions
for d < 6 as

Fia(3d) = <ww> Tv [\ Dr(p') [2Dr(p)T5)
Fua(ad) = N, 1—5’ - T (D)D)
2 o 0
Fua(sd) = ~No T (00)5 5~ 5 -Tr [Dr () T2Dr(p) T3]
_ 10 0
—N. 3_2 <¢9G§\X()‘6/2)0>\X¢>2 Opx Opx
xTr [I'1Dp(p') [2Dr(p) 5]
P = 1 0 0
+N. 9% (WgG5n (A°/2)arntp >§ ENY
xTr [[1Dp(p') 2D (p) Fsoan]

i 0 0 0

Fi4(6d) = N, = —
1a(6d) 2 Opx Opx Opr

X {B1gxx/ Tr [N Dp(p") 2 Dr(p) 37,

+Ciganr Tr [T Dp(p') 2 Dr(p) F3yx]

+Digwx Te [[1Dp(9) T2 Dr(p) o] } (10)
where Bi, C1, and D are constants which are given as D1 = B; = %

and C; = —5By. In the notation of Fi4(Nd), 1d shows the diagram (d) in
Fig. 1 and (Nd) denotes the dimension N.

The first diagram in Fig. 1(e) has the d = 5 and d = 6 contributions that
are given by

Fle(5d)1 = N, 48 4 <¢G ()‘C/Z)Jkpw>

0
X a—k/\Tr [T Dp(p") 2 Dr(p)v,Dr(p — k) 305 |, »
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Similarly, we obtain the d = 5 and d = 6 contributions from the second
diagram in Fig. 1(e) as

Fle(5d)2 = —N, 48 4 <¢G (AC/Q)O-)\pﬂ)>

0
< 5T (DY De (0 = F)eDip = K)oy

_ _z 92 Tl \ 2 c c 9 i
Fie(Bd)e = 5 Ne g57sr () T{OC/2)(X/2)] 5 51
xTr [IDp(p')v,Dr(p — k)2 Dr(p — k) Fs(8-p7 — 62a%p)]| 1o
j 2 — 0o 0
3 Ne g scgn (W0 T/ )] g5
xTr [ Dr(p")y,Dr(p —k) I 2DF(p—k‘)F 3(5>\77p_5>\p7T_iGATP€757§)]‘ k=0 "
(12)

+

For ag(p) — 7(q)n(p’) decay the vertex functions are I't = —(i/v/6),7s,
I'y = —(i/2)yu7s, and I3 = —(i/2)I. Using these vertex functions in
Egs. (9)-(12) we then get the non-vanishing contributions from power cor-
rections to the correlation function T}, (p,p’; ¢) in the limit my — 0 as

Tw,(p p/' q) = Fld(?)d) + Fld(5d) + F16(5d)1 + F16(5d)2

N \/_ 4 W’W 22 [Puply, + Popy, =P 1G]

. _ 1
_216\/6 <WGM' <7> JAW> <p6p’6>

{pu [2p2p’4pu + ("*p? — 2p%p"p - ' + p*p?)p))
p*(20"p -0 — p*P*) (=pub), + 0 P )

+p2p* [P, + 20°P,0, — 0P P g — p2p’29;w]}
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3i _ ¢ pupy, + 0o, — -V g
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where (1gG$ H(X/2)o 1) = m2(11p). The lowest order perturbative quark-
loop diagram and the d = 6 contributions F5(6d), F3(6d); and F3(6d)2 do
not make any contribution in the limit m, — 0.

The structure p,p), is chosen to compare the theoretical and phenomeno-
logical parts and to obtain the coupling constant g,=,. We then find the
theoretical part of the invariant function 77 for ag(p) — m(q)n(p') decay as

T - 3 1
7= —— °
! V6 W) 4 pp?
. 2 2
T~ mf 1 1 q
+\/6 (Yy) 4 | ptp? + 2 p4p’4]

(14)

The first line in Eq. (14) is d = 3 and the second line d = 5 contributions.
We perform double Borel transform with respect to the variables Q? = —p?
and Q? = —p?, using By2(1/Q*)* = 1/[(k — 1)!M>* =], we then obtain

7 o 3 m ]_ ]. q2
Ty =——— < Bt IE T ImE !
Bug Bug T =~ @0 {3+ |5+ 3 + g |+ 09

where M12 and M22 are Borel masses corresponding to ag and 7 mesons,
respectively, and (1)) = (wu) + (dd) ~ 2(uu).

The n-n' mixing may have a considerable effect on the ggyxy coupling
constant. We note that the physical eigenstates | n) and | ') can be ex-
pressed as the linear combinations of two states | 7y) and | ns) as

| ) = cos@ | ng) —sing | ns),
| 7') = sing | ng) +coso | ns), (16)

where | 7q) = %(ﬂu +dd) and | n5) = 3s, and ¢ is the mixing angle [7].
The corresponding currents in terms of quark fields can be taken as the axial
vector currents jgu = %(ﬂ’m%u + dyusd) and jg, = Sy,
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After performing a double Borel transformation the higher resonance and
continuum contributions are eliminated, and then matching the theoretical

and physical parts given in Eq. (8) and (15), respectively, we then obtain

the coupling constant g,y including 7' mixing effects as
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The overlap amplitude A,, was determined by

)

0.014 4+ 0.002
experimental data given by Particle Data Group [9]. The recent value of the

employing QCD sum rules method as A,
n-meson decay constant is obtained as f

0.02) GeV?, (qu) = (—
0.547 GeV are used [9].

(17) ¢? is large

37.7 £ 2.4)° |7]. We note that in Eq.

(

Fig. 2 shows that the stability
is in the intervals 2 < M? < 5 GeV?2

mixing angle is ¢
and negative.

n
for

—1 GeV?2. The dependence of the coupling constant Jagmn on the Borel

parameters M7 and M3 are studied in Fig. 3. The limits of the stability

2

and 0.4 < M2 < 0.5 GeV?

region of the coupling constant gu,n

1

(]2

Fig.2. The coupling constant g,,~, as a function of the Borel parameters M?

and M23.
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Fig.3. The coupling constant g, .y as a function of the Borel parameter M7 for
different values of the Borel parameter MZ2. The curves denote the limits of the
stability region.

region is shown for M2 = 0.4 GeV? and M2 = 0.5 GeV? in Fig. 3 for
q*> = —1 GeV?. We choose the middle value of M? as M? = 3 GeV? and we
find the coupling constant gayry s gagrny = (2.0+0.3) GeV. We also vary q>
from —0.5 GeV? to —1.5 GeV?, and we observe that our result is practically
constant for this interval of ¢ values.

The coupling constant ggy=y given in Eq. (6) is related to the decay width
of the ag — 7% as

p(aoﬁﬂon):ggo# \/[1_M} [1_M] (18)

16 myg,

If we use the experimental limits given by Particle Data group [9] as 50 MeV <
I'(ap — 7°n) < 100 MeV, we obtain the coupling constant Jagrn as 1.96 <
Gagry < 2.78 GeV. Our QCD sum rule result is consistent with this result.
Furthermore, if we compare our value of the coupling constant g, ~, with
the value calculated using the light-cone QCD sum rule [10], our value is
less than the limit values of the light-cone QCD sum rule result which is
2.6 < gagry < 3.4 GeV.

The KLOE Collaboration estimated the coupling constant g, x+x- as
Gaok+k- = (2.3£0.7) GeV [11]. We see that the SU(3) relation ggyry = 0.85
JagK+ K~ 1s satisfied within reasonable limits.
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