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Within the framework of chiral effective field theory, we study various electromagnetic processes
with light vector resonances: K*(892) — Ky, eTe™ — K*(892)K, and the wry* form factors. With two
multiplets of vector resonances being introduced, we fit the decay widths of K*© — K%, K** — K¥y, and
the pertinent measurements from the e*e™ — K**(892)K¥ cross sections, such as moduli and relative
phases between the isoscalar and isovector components from the BABAR Collaboration, together with the
wzn form factors from the NA60, SND, and CLEO collaborations. The values of resonance couplings,
masses and widths of the excited vector states p’ and ¢’ are then determined. The @’-¢’ mixing angle is
discussed and turns out to be quite different from the ideal mixing case. Three sources of SU(3) symmetry

breaking effects in the I'(K* — Ky) decays are identified and analyzed in detail.
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I. INTRODUCTION

The electromagnetic transition form factor of light
mesons is one of the key ingredients to study hadron
properties, and it has recently gained intensive interest.
There are fruitful updated measurements from different
experimental collaborations, such as NA60 [1,2], SND
[3,4], and BABAR [5]. On the theoretical side, the transition
form factor provides us with an important tool to study the
intrinsic properties of light hadrons, including light pseu-
doscalar mesons and vector resonances. More importantly,
it may also help us to reduce the hadronic uncertainties in
the light-by-light scattering, which is an important source
of theoretical uncertainties of the muon anomalous mag-
netic moment [6-8].

The transition form factor of z%/*y* is one of the most
important form factors in the light-by-light scattering.
Physics involved in this kind of form factor is quite
complicated since one needs to handle different dynamics
within a broad energy region. In the very high and low
energy regions, we have reliable and model-independent
theoretical tools, namely, pQCD and chiral perturbation
theory (yPT). However, this is not the case in the inter-
mediate energy region, where various resonances enter. In
the present work, we follow the chiral effective field theory,
explicitly including resonance states developed in Ref. [9]
to study the radiative transition form factors involved with
vector resonances.
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xPT is a model-independent method to describe the
QCD dynamics in the very low energy region (E < M),
which is based on chiral symmetry and expansions in terms
of external momentum and light quark masses [10].
However, the dynamical degrees of freedom in yPT are
restricted to the light pseudo-Goldstone bosons 7z, K, 7 [11].
In the intermediate energy region (E~ M), clearly the
resonance fields need to be explicitly included.
References [9,12] proposed an approach to incorporate
resonances in a chiral covariant way. In this theory, not only
the chiral symmetry but also the QCD inspired high-energy
behaviors at large N are implemented; thus, the resonance
chiral theory (RyT) has more properties of QCD. Moreover,
implementing the high energy constraints in the chiral
effective theory also makes it possible to apply the results
from this theory directly to some form factors with virtual
particles, such as those in light-by-light scattering, where
the QCD high energy behavior can be important [7]. At the
practical level, imposing the high energy constraints is an
efficient way to reduce the number of free resonance
couplings, which makes RyT more predictive in the
phenomenological discussions [13-22].

In our previous work [21], we have performed an
extensive study on the electromagnetic transition form
factors and decays of light pseudoscalar mesons .7,
in the framework of RyT. In the present work, we focus on
similar form factors and decays but involving light vector
resonances. The relevant resonance operators in these
kinds of processes are of the odd-intrinsic-parity type.
For the odd-intrinsic-parity sector, Ref. [14] introduced a
general effective chiral Lagrangian containing symmetry
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allowed interactions between two vector objects (currents
or lowest multiplet of resonances) and one pseudoscalar
meson, by employing the antisymmetric tensor formalism
as used in Ref. [9] to describe the vector resonances. While
in Ref. [23], a similar study was carried out, but the vector
resonances were described in terms of the Proca vector field
representation. Later, the vector-vector-pseudoscalar (VVP)
type Lagrangian with vector resonances in the antisym-
metric tensor representation has been put forward in
different aspects: Reference [17] introduced a second
nonet of vector resonances, Ref. [24] worked out the
complete basis of resonance operators that are relevant to
the O(p®) yPT Lagrangian in the anomaly sector, and in
Ref. [21] we have given a comprehensive discussion on
the inclusion of the singlet #;. Though we have seen
impressive progress in this research field, one still needs
to bear in mind that in the strict large N QCD, there is
an infinite tower of zero-width resonances. In practice,
typically one has to truncate the tower to the lowest
multiplet of resonances, which is called the minimal
hadronical ansatz in Ref. [25]. Under this approximation,
RyT has been successfully applied to the phenomeno-
logical study on many processes where the intermediate
resonances play an important role [15,16,19-21,26-29].

However, we notice that in the previous study of RyT,
most efforts have been made on the lowest lying reso-
nances. For example, in the vector sector, the lowest nonet
of p(770), w(782), K*(892) and ¢(1020) has been
extensively studied, while investigation on the higher mass
resonances is relatively rare. One of the important improve-
ments of our present work is to study the excited vector
resonances in chiral effective theory, comparing with our
previous work [21]. On the experimental side, recently the
BABAR Collaboration measured the ete™ — K*(892)K
cross sections from the threshold to the energy region
around 2-3 GeV [5], which enables us to study properties
of more massive vector resonances, i.e., p/, @, and ¢'.
In this measurement, the moduli and relative phases of
isoscalar and isovector components of the ete™ —
K*(892)K cross sections are provided. The updated data
make a strong constraint on the free parameters in our theory
and hence allow us to accurately extract the resonance
properties, such as the masses and widths of the p’ and ¢’
(and also '), their mixings, and their couplings to light
mesons. The @’ — ¢’ mixing angle is estimated, and we find
that it is far from the ideal mixing case.

Another important issue we will address in this article is
the SU(3) symmetry breaking effect in radiative decays.

An ideal process to study this effect is K*0 — K and

K** — K*y. It is well known that the ratio % =4

in the SU(3) limit [30], while the world average value from
experimental measurements is around 2.3 [31]. The large
SU(3) symmetry breaking effect has been discussed in
many previous works [32-36]. In the framework of Ry T,
it is interesting to point out that there exists a special
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resonance operator O%Yp = }’;—ieﬂ,www [P, ]y [14],
which contributes exclusively to the charged processes
K** — K*y. Hence, it provides an important source of
SU(3) symmetry breaking. In fact, Ref. [16] has deter-
mined several values for the ¢, parameter in the discussion
of hadronic 7 decays. Our present work provides another
way to determine its value and allows us to check which
kinds of values from Ref. [16] are reasonable. A careful
analysis of the strengths of different SU(3) breaking terms
['(K* - K%) and T'(K** — K*y) will be delivered in
our work.

Contrary to the K* — Ky process, the @ — 7%* form
factor is free of large SU(3) corrections. Nevertheless,
another difficulty arises in this form factor, since it is found
that the well-established vector-meson-dominant (VMD)
model fails to describe @ — 7z%* [37-39]. In the present
work, we discuss this transition form factor in RyT by
including excited vector resonances in addition to the
p(770). We will also confront our theoretical results with
the new measurements from the SND Collaboration [3,4].

This paper is organized as follows. In Sec. II, we
introduce the theoretical framework and elaborate on the
calculations for K*(892) - Ky and ete™ — K*(892)K,
the @ — 7%* transition form factor, and the spectral
function for 7~ — wz"v,. In Sec. III, we present the fit
results and discuss the SU(3) symmetry breaking mecha-
nism and the wz form factors in detail. A summary and
conclusions are given in Sec. IV.

II. THEORETICAL FRAMEWORK

A. Resonance chiral theory and the odd-intrinsic-parity
effective Lagrangian

The low-energy (A < m, =700 MeV) dynamics of
QCD is ruled by the interaction of the octet of pseudoscalar
mesons, which are characterized by the spontaneous break-
ing of chiral symmetry. The remarkably successful yPT
[10] describes the strong interactions among pseudoscalar
mesons in a model-independent way. The -effective
Lagrangian to lowest order, O(p?), is given by

2
) = w42, 1)

where

u, = ilut (0, —ir,)u—u(0, — il,)u'],
xe=uyut fuytu,  y=2By(s+ip). (2)

The unitary matrix in flavor space,

. exp{i\/ng}, 3)

incorporates the pseudo-Goldstone octet:
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%ﬂo—‘rﬁl’]g xt K+
P = n -5+ Ens KO (4)
K~ K° —%'ls

The external sources r,,[,,s, and p promote the global
symmetry in the flavor space to a local one. The parameter
F corresponds to the pion decay constant F, = 92.2 MeV
in the chiral limit, and B, is related to the quark condensate
via (Oly|0) = —F?By[1 + O(m,)], with m, the light
quark mass. The explicit chiral symmetry breaking is
implemented in yPT by taking the vacuum expectation
values of the scalar sources as s = Diag{m,,my, m}.
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We work in the isospin limit throughout, i.e., taking
m, = mg.

In a chiral covariant way, the lowest multiplet of vector
meson resonances was explicitly included in Ref. [9] in
terms of antisymmetric tensor fields. In this formalism,
the kinetic term of the vector resonance Lagrangian takes
the form

2
Lo (V) = <v4vi,lv,,vw—%vwwv>, (5)

1
2

with the ground vector nonet

%ﬂo‘i‘ﬁ(Dg —I—%a}l pt K**
- 0 1 I 40
Vi = p VAR AL | K : (6)
*,— 1 %0 2 1
K K —%0)8 +ﬁa)1 w

and the covariant derivative and the chiral connection
defined as

V,V=9,V+[[,.V],

r,= %{Lﬁ(aﬂ Cirut u(@, — b}, (7)

At leading order of 1/N, the mass splitting of the ground
vector multiplet is governed by a single resonance
operator [40]

1
—56,‘2<Vﬂyvﬂv){+>. (8)

In Ref. [41], it was demonstrated that this single operator
can explain the mass splittings of p(770), K*(895), and
¢(1020) well. In addition to the mass splittings of these
vector resonances, this operator is also shown to be able to
perfectly reproduce the quark mass dependence of the
p(770) mass from the lattice simulation [42]. We will then
employ the single operator in Eq. (8) to account for the
mass splittings of the lowest vector multiplet in this work.
Additional 1/N suppressed operators, such as (V) (V*),
will not be considered for the well-established ground
vectors, due to the fact that @(782) and ¢(1020) in the
ground multiplet are well described by the ideal mixing
between the octet and singlet vector states. However,
because of the unclear situation for the excited vectors,
the 1/N¢ suppressed operators will be introduced later.
Combining Egs. (5) and (8), it can be easily verified that the

physical states of @(782) and ¢(1020) result from the ideal
mixing of w; and wg,

W, = \/gw - \/gd), wg = \/gfﬁ + \/ga) )

Then the mass splitting pattern of the ground vector
multiplet takes the form

2 __ 2 2 V._.2
M2 = M2, = M}, — 4elm?,
2 2 V.2
M2, = M2 — 4elm?,

Mé = M3 —4de) (2m3% — m2), (10)

where we have used the leading order relations 2m, By =
m? and (m, + mg)By = m%.
For the general interaction Lagrangian linear in V,,, up to

O(p?), it reads [9]

Ly(V) = ;\/VEW,,JT) +"G¢g<v,wuﬂuv>, (11)

i =uFut £ utFu, (12)

with F;’y the field strength tensors of the left and right
external sources /, and r,,, respectively. F'y and Gy are real
resonance coupling constants, and only Fy is relevant in
our current study.

The interaction operators containing two-vector and one-
pseudoscalar objects have been worked out in Ref. [14],
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Cq o %) 2 o
‘CVJP = M_V /uzpa<{V fﬂ }v u > MV ﬂl/p6<{v f/ }v > MV ;wpa<{v f{)k }Z—>

icy BT Cs o Ce I
+E€yupa<vy [f/i ’ZJrD +MV ;wpa({v Vi fp }” > MV /u/pa<{v v fp }M >

C7 a
+M_ ”Ww<{v:7vyy fp }u > (13)

Vv
[’VVP = dleyvpo'<{vlw’ Vpa}vau0'> + id2€;wp¢7<{vlw’ Vpo})(_>
+ d3€;wp6<{vavlw’ Vpu}u0> + d4€/wp6<{vﬁv}w’ V/m}ua>’ (14)

with €,,,,

straightforwardly constructed [17],

the Levi-Civita antisymmetric tensor. Similar operators with an excited vector multiplet V; can be

Fy
Lo(V)) = —2L (V). 15
2(V1) 2ﬁ< %) (15)
'CVVIP - a /wpa<{v Vpa}v u >+ dbe;wp6<{vlm VPU}V u >+ dceyupo<{vavlw’ V/I’a}uo>
€ {VIVI VI bug) + id g, (V. VI ). (16)

+ ddellbpa<{vavlmﬂ Vllm}u > +d.e

The kinetic Lagrangian for the excited vector takes the
same form as that in Eq. (5). The operators equivalent to
Eq. (13) involving the excited vector multiplet V; happen
to be irrelevant to the discussions in the present article.

For later convenience, we follow the convention intro-
duced in Ref. [19] to define certain combinations of d; in
Eq. (16),

m:da+db_dc+8df’
dy =d,—d,+d,—2d,,

d,=d.+d, - d,. (17)

In the present article, since we focus on the processes
involving the pion and kaon, the additional operators
that we introduced in Ref. [21] to discuss # and 7' will
be irrelevant. So we do not elaborate more on this issue.
The flavor structure for the excited vector multiplet V is
the same as the ground multiplet in Eq. (6). However,
unlike the well-established entries in the ground vector
multiplet, the contents of the excited vector multiplet are
still not clear. Therefore, we include a general set of mass
splitting operators to describe the excited vectors, instead of
only using a single operator in the ground multiplet case.
Up to the linear quark mass corrections, the pertinent
operators read [40]

}’VIM

1
li Vv
Emass Pt ) (em] <V|MUVlﬂy)(+> 2

V) V) ”>),
(18)

where the second operator is 1 /N suppressed compared to
the first one and My, is the mass of the excited vector
multiplet in the ch1ra1 limit. Another type of operator,
e.g., —1/(2v3)kn <V1W)<V1 Yx+), was also introduced in

|
Ref. [40], but we consider this operator to be less relevant
compared to the two terms in Eq. (18). The reason for this is
that compared to the en! term, though the yy, termis 1/N Ic
suppressed, its chiral order is enhanced, whlle for the k'
term, its chiral and 1/N orders are both suppressed.
Owing to the 1/N suppressed operator in Eq. (18), the
excited states @’ and ¢’ cannot be simply described as
the ideal mixing of @} and wj as in the ground-state case.
The physical states of @’ and ¢’ are related to the octet-
singlet basis through

o' = sinOywg + cos Oy,

@' = cos Oywg — sin Oy ).

(19)

The mixing angle 6y, and the masses of @’ and ¢’ can be
expressed in terms of the couplings in Lagrangian (18),

Mi), = M%] + M%Z - \/(1‘4211 - M22)2 + 4M%2 , (20)
a2 o MM, (M - My) +aME,
¢ 2 ’ ( )

M2

VO3, = M2) (M3, — M)
with
4
M3, =M}, — gem "(4m% — m2), (23)
4
M3y = M3, (1+7y,) =5 el (i + ), (24)
8vV2 v

Miy = =~ ew' (mi —m3). (25)
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However, for the masses of p’ and K * only the e,‘,/1‘ term in
Eq. (18) contributes, and they take the same form as the
ground states in Eq. (10),

M2 = M3, —4ey'm?, (26)

M, =My, ~ 4en mk. (27)

Including the quark mass corrections to the resonance
masses in the Lagrangian approach allows us to incorporate
the SU(3) symmetry breaking effects in a systematic way.
This is important to understand the SU(3) symmetry
breaking mechanism in the K*K transitions. The quark
mass corrections to the resonance masses, as well as to
interacting vertices, are important to fully study the SU(3)
symmetry breaking effects. The VVP-type Lagrangians
introduced in Egs. (13), (14), and (16), which are
constructed by using the chiral building blocks of the
pseudo-Goldstone mesons, provide us with an appropriate
framework to systematically take into account the relevant
interacting vertices. Though it consists of a large number of
free couplings, we will see later that in a given process
not all of them are independent. In fact, in our present
discussion, only six, at most, of the combinations of the
VVP-type couplings will appear after taking into account
the high energy constraints dictated by QCD.

Imposing the high energy constraints will not only give
the RyT more properties from QCD, but it will also be
helpful in reducing the number of free parameters. To
proceed, we match the leading operator product expansion
(OPE) of the VVP Green function with the result evaluated
within RyT, and we require that the vector form factor
vanish in the high energy limit. This leads to the following
constraints on resonance couplings:

PHYSICAL REVIEW D 90, 034013 (2014)
4C3 + = 0,

Cl - C2 + C5 = 0,

2d3Fy + dgFy,

ENETT (28)

Co — C5 =

which were already given by one of us in Ref. [19].
We point out that the previous constraints are obtained in
the chiral and large N limits, as done in most of the Ry T
studies [13-22] in the literature.

B. The transition amplitudes of K*— Ky decays
and e"e”—K*K processes

At leading order of 1/N. in RyT, the V—Py(y")
transitions receive two types of contributions, as displayed
in Fig. 1, namely, the direct type depicted by diagram (a)
and the indirect one depicted by diagram (b).

The structure of the amplitude for the K*(q) — K + y(k)
process can be written as

: — v o, ,total
lMK*Ky = leﬂyme";(*e},qpk egK*Ky,

total __ _direct indirect
9%, = IKKy T IKKy > (29)

where ¢ and k denote the four-momenta of K* and y,
respectively, ex- and e, correspond to the polarization
vectors in that order, and e stands for the electric charge of a
positron. In the previous equation, we collect the contri-
butions from the direct and indirect diagrams of Fig. 1 in
the quantities g%, and gi§e, respectively.

By using the previously introduced resonance
Lagrangian in Sec. II A, it is straightforward to calculate

direct indirect.
Jx'k, and ggaet:

. 42
9(}(1520;, T T3F MyMg. [(c1 + ¢34+ 8e3 = cs)my + (c3 + ¢5 — ) = 2¢6) M.,
o 2F 1 3 2
direct _ 14 2 2
Kooy = T3F M (M—ﬁ, e M—j) [(dy + 8dy — dy)my + dsMy.].,
Fy, [(2V2cos@y —sin@y)sin@, 3 (cos@y + 2v/2sinOy) cos by
3FxMy M?, M, M,
X (d,,m% + dyM%.), (30)
. 2V2
xSk, = 3F My My [(c1 + 2+ 8es — es)mg + (c2 + €5 — €1 = 2¢6) M.
+ 24y (m —mz)],
L 2F 1 3 2
direct _ 14 2 2
Irrxr, = T3F M. <M—§, + ﬁ% - M—é) [(dy + 8dy — d3)my + d3My.]
Fy, {(Zﬁcos 0y —sin@y) sin Oy, n 3 (cos@y +2v/2sin6y)cos by,
- 2 2 2
x (d,m% + dyM%.). (31)
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P P
+

q——
14 4 %
h"?
(a) (b)
FIG. 1. Diagrams relevant to the V — Py(y*) processes: (a) di-

rect type and (b) indirect type.

Physical meson masses are used in the kinematics. The
kaon decay constant Fg has been employed in the
amplitude, instead of the pseudo-Goldstone decay constant
F in the chiral limit that appears in the resonance
chiral Lagrangian. We take Fg = 0.113 GeV from particle
data group (PDGQG) [31].

. V2
M-y = ZT(My*—>K*+K* + M, gogo)
Soppoe V2 2V2
= iCappocic r K e S0\ T 3,

+ (¢ = ¢ 4 ¢5)s = 24c4(my — m3)] — 4Fy {

x [(d) + 8dy)m¥k + d3y(M%. + s — m%)] — 2Fy, [

(cos @y + 21/2sin6y) cos by,

PHYSICAL REVIEW D 90, 034013 (2014)

Within our formalism, the I'(K* — Ky) decay width is
given by

1 (Mg —mi\3
Ik = Kp) = a5 ) g, P G2

with @ = €?/(4x) the fine-structure constant.

In the leading order of large N, the e*e™ — K*(892)K
transition also receives two types of contributions, i.e.,
direct and indirect types, as displayed in Fig. 2.

The main difference between e"e™ — K*(892)K and
K* — Ky is that now we have an off-shell photon. The final
results for the amplitudes of y*— K*K can be obtained in
the same way as in the K* — Ky case. In order to confront
our theoretical results with the experimental data, we need
to work in the isospin bases for the amplitudes,

[(Cl + CH + 8C3 - CS)MK + (CZ + Cs —Cp — 266)M%(*

1 2
3(M2—s—iM,L,) 3(M}—s—iMTy)
(2v/2cos Oy — sinfy) sin 6y,

3(M§)’ —-s—iM ’F(u( ))

w

:| (dmm%( + dMM%(* + dss)}

3(M3, — 5 —iMyTy(s))
2 ieaﬂpgeﬁ‘(*e{,}qpk"er, (33)
. V2
M, = 17 (My*—ﬂ_(*OKO - My*—)K**K’)
V2 1 2v2
zeaﬂpgeK*sﬁq/’k” 2 FoM. {_M—v [(c1 + ¢3 + 8¢z — c5)M% + (¢ + ¢5 — ¢ —2¢6)M
1
+ (c1 — ¢3 + ¢5)s + 8cy(mk — m2)| + 4Fy =T ) [(d) + 8dy)m%
1
M 5 2P e G b 4}
é iea/}/)oretll(*egqpkgeAla (34)

where ¢ and k stand for the momenta of K* and
y*, respectively, and s = k* is the energy square of the
ete” system in the center-of-mass frame. The energy-
dependent decay widths for intermediate resonances,
such as I',(s),T'y(s),Ty(s), and T',y(s), can be important
since the widths of the relevant resonances are typically
not so narrow and the final results can be sensitive to the
off-shell width effects. To rigorously include the off-shell

indirect

direct

FIG. 2. Relevant diagrams for the process e”e™—>K*(892)K.
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width effects, one needs to carry out the next-to-leading
order of 1/N, computation in RyT, which is beyond the
scope of this work since we focus on the calculations of
the various amplitudes at leading order of 1/N.
Nevertheless, in order to quantitatively estimate to what
extent the off-shell width effects will affect the final
outputs, we study two different forms of the energy-
dependent widths, which will be discussed in detail in the
next section.

We see that only the w-like and ¢-like intermediate
mesons contribute to the M;_,, and only the p-like
intermediate mesons contribute to the M;_;. However,
the local terms or the so-called background terms in many
other works [5] are obtained here from a Lagrangian-based
theory, not simply introduced by hand. The cross sections
are related to the isospin amplitudes through

PHYSICAL REVIEW D 90, 034013 (2014)

2 2
_ ma|Aig
Octem—K*K(I=0,1) = 4&3

(s? + My + my
— 2sM%. = 2sm% — 2M%.m% )3,
(35)
where the masses of the electron and positron have been
neglected.

C. The w—z"y* transition form factor and the
spectral function for = - wzx v,

The amplitude for the radiative decay w(g) —
7%(p)y* (k) can be written as

iMw—mO}’* = iegﬂl/ﬂrfez’e;* q/)kﬁfwﬂo(s)’ (36)

where s = k2, and €, and €,~ denote the polarization vectors of the w resonance and the off-shell photon, respectively.
The explicit expression of the electromagnetic transition form factor f,o(s) is

2V2
Jor(8) ==
FnMVMaJ
L AR 1
FoM, M2 — s —iM,T,(s)
L 2Py, 1

FoM, M2 — 5 = iM,Ty(s)

[(c; +ca+8cy —cs)mE:+ (cy + ¢5 — ¢ = 2¢6)M2% + (¢) — ¢a + ¢5)s]
[(dy + 8dy — d3)m; + dy(M7, + 5)]

[dyM? + dgs + d,,m?]. (37)

In the phenomenological discussion, it is common to normalize the form factor f,0(s) by its value at s = 0. So the

interesting quantity that we will study later is

F(l)ﬂ'o (s>

 fuals)
= Fa0) (38)

The charged wx form factor or the wz spectral function can be measured in the semileptonic decays of the 7 lepton.
In Eq. (35) of Ref. [19], one of us calculated the 7= — wz~v, spectral function. We give the explicit expression here for

completeness:
1
V(s) = g Ik + (3 = 52 = 20 = )
x|y + d,Fy) M2 1 Fy (2 + b2+ ds) 1
I m S
3Ly stV M%/ Vi\&ma M7 w UM — s — iM/;’Fp’<s)
P
1 2

+2Fy[(d) + 8d,)m2 + ds(s + M2, — m2)]

. , (39)
M2 —s—iM,I,(s)

where the electroweak correction factor Sgw has been analyzed in [43], and its value will be taken as Sgw = 1.0194.

III. PHENOMENOLOGICAL DISCUSSIONS
A. The fit results

The experimental data that we consider here consist of
eight different types: [(K*® - K%) [31], T(K*" — KTy)

[31], the ete™ — K**(892)KT cross sections [5], the
moduli and relative phases of isoscalar and isovector
components of the eTe™ — K*(892)K cross sections [5],
the w — noy* transition form factor [1-4,44], and the 7~ —
wn~ v, spectral function [45].
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For the eTe™ — K*(892)K data in Ref. [5], since in the
energy region above 1.8 GeV the contributions coming
from other excited vector resonances with higher mass
and spin certainly affect the KK*(892) channel, we only
fit the data below 1.8 GeV. For the ' [w(1420)], we fix its
mass and width at their world average values, M, =
1.42 GeV and I'); = 0.215 GeV [31], because its mass is
quite close to the K*K threshold and its contribution only
marginally shows up in the left tail of the ete™ —
K*(892)K cross sections.

Due to the fact that the masses of the ground vector
resonances, p,®, ¢, K*, can be perfectly described by
Eq. (10) (see Refs. [41,42]), we simply employ the
physical masses of p,w, ¢, K* in the numerical discus-
sions, instead of fitting the e}, coupling. We point out that
if the value of e}, is fitted, it turns out to be very close to
the values given in Refs. [41,42]. For the mass of the
ground vector in the chiral limit, we take the value My, =
764.3 MeV from Ref. [41]. As to the value of Fy, it has
been accurately determined by taking into account a large
amount of experimental data in our previous work [21].
Hence, we will take the value from that reference in this
work, which is Fy = 0.137 GeV. For Fy in Eq. (15),
since what appears in our discussion is always the
combination of Fy (d,m¥ +dyM%.) or Fy (d,mi+

|

PHYSICAL REVIEW D 90, 034013 (2014)

dyM?%. + ds), which was already noticed in Ref. [19],
we can fix the sign of F'y, and leave d,,, dy;, and d free. In
Ref. [19], Fy, = —0.1 GeV has been determined, and we
will take this value in our current study.

As mentioned previously, we introduce the finite-width
effects to the intermediate resonances. To systematically
include the finite-width contributions in RyT, one has to
step into the next-to-leading order of 1/N, computation,
e.g., the one-loop calculations, which is far beyond the
scope of our study. Nevertheless, we will employ two
different parametrizations for the energy-dependent widths
for the broad resonances in order to see how important the
off-shell width effects will affect the fit results. For the
narrow-width resonances, such as @ and ¢, we simply use
the constant widths in their propagators.

For the first case, which will be referred to as Fit I in later
discussions, we construct the energy-dependent widths
for broad resonances following the approach given in
Ref. [46], where the authors have taken the chiral sym-
metry, analyticity, and unitarity into account when discus-
sing the form of the off-shell width for the p(770)
resonance. The result of the previous reference has been
generalized to other resonances in many phenomenological
discussions [15,19,21,47]. In this formalism, we construct
the energy-dependent widths in the following way:

sM 1
[6) = gonts |o2(5) + 3ok
N o 0ag) Lok, 7))
3 (2v/2 cos Oy —sin Oy )?
r (S) r ) Ullﬂ(s) + 3(V2cos Oy +sin6y)? (S)
o o 2 2v/2cos 0y —sin 0y ’
Moy | ope(M2) +W xx(M2y)
3 4(v/2cos Oy +sinfy)? 3
Fy(s) =T s ok-k($) + 3(cosav+zﬁsin 0y )2 T (9) (40)
A R Y o, )2 ’
M‘/’I GK K (M y )+ 3(2?551?%2&6;‘,))2 635'7 (M 5)’)
|
where should be less than 1, in such a way that the phase of the
| amplitudes in Eqgs. (33) and (34) would approach z. In Fit I,
oor(s) =~ \/(s = (mg + mg)?)(s — (mg — mg)?) we adopt the results from Ref. [46], where only zz and
§ ) KK channels are considered when deriving the finite width
X 0(s = (mg + mg)*), (41)  for p(770). In principle, an infinite number of channels will

with 0(s) the standard step function.

In Fit 11, we take a different asymptotic behavior for the
energy-dependent widths compared to that used in Fit I,
Mg

5

with Tk (s) defined in Eq. (40). In the asymptotic region
where s — oo, the power of the energy-dependent width

Tr(s) = Tk(s) R=p.p. o ¢,  (42)

be open when s — oo, which could finally alternate the
asymptotic behaviors obtained by considering a finite
number of channels. A definite answer to this problem
clearly deserves an independent work. As a phenomeno-
logical study, we will exploit both forms to perform the fits
and examine to what extent different forms can affect the
final outputs.

The values for the fit parameters are summarized in
Table I. The results of I'(K** — K%), T'(K** — K*y), and
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TABLE I. The parameter results from Fit I and Fit II.

Fit I Fit II

My, 1587 +7 1523 +£5
en -0.262 £ 0.014 —0.329 £0.010
v, —0.246 £ 0.006 —0.180 £ 0.006
r, (MeV) 545 +£22 433 £13
Iy MeV) 266 + 17 210 £ 11
Cy4 —0.0023 £ 0.0006 —0.0024 + 0.0005
ds —0.198 £ 0.004 —0.191 £ 0.004
dy -0.38 £0.10 -0.21 £0.08
d, —0.13 £0.02 —0.12 +0.02
d, ~1.79£0.15 ~1224£0.12
dy + 8d, -0.38 £0.04 —0.36 £ 0.04

2
£ 1ol =2.35 a0 =296
Results for V,
M, (MeV) 1593 £8 1531 £8
My (MeV) 1709 =7 1690 £ 6
Mg (MeV) 1667 =6 1626 £7
Oy 15.1°£2.0° 21.3°+£2.2°
% from the fits are given in Table II. The final

results corresponding to the e™e™ — K*(892)K processes
and the wx spectral function from 7~ — wz~v, are shown
in Figs. 3 and 4, respectively. In these two figures, we
distinguish different results from Fit I and Fit II by solid
and dashed lines, respectively. The resulting curves for the
@ — n’y* form factors are plotted in Fig. 5, together with
the results from Refs. [48,49].

Some comments about the fitting results are given below.

First, we observe that Fit I is slightly preferred over Fit 11,
according to the values of y?/degrees of freedom (d.o.f.).
Nevertheless, due to the fact that the values of y?/d.o.f. are
already bigger than 2, the preference is not really signifi-
cant. Regarding the somewhat large values of y*/d.o.f., we
find that they are mainly contributed by the ® — zy* form
factors from the NAO60 and Lepton-G measurements,
especially from the data points in the energy region around
0.5-0.63 GeV. Therefore, we have tried another kind of fit
to exclude the data from these two measurements. It turns
out that the resulting values of y?/d.o.f. decrease to around
1.2 in Fit I and to 1.9 in Fit II, and we do not observe
significant changes of the fit parameters compared with the

Experimental and fit values of I'(K*0 — K%),

TABLE 1I.
Fgeo_ g0,

(K - Kty) and -

K*J’A»K*y.
Experimental Fit I Fit I
Tgo_go,(x107° GeV) 11612 13.14£13 141+12
Tgeiogy(x107° GeV)  504+£06  50+10 53+10
T 26+03  26+£04 27+05
—RY

PHYSICAL REVIEW D 90, 034013 (2014)

results in Table 1. Later we will analyze the @ — zy* form
factor in detail.

Second, regarding the c¢; and d; parameters given in
Table I, we see that the resulting values from the two fits are
more or less compatible. The situation for the masses and
widths of broad resonances is different. Roughly speaking,
we observe that the determinations of the masses and
widths for ¢’ from the two fits are consistent, or at least not
so different from each other. This conclusion also holds
roughly for the masses of K*'. Nevertheless, we find that
the masses and widths of p’ from the two fits are clearly not
compatible, indicating that the mass and width of the p’ are
more sensitive to the forms of energy-dependent widths,
compared to the ¢’ case.

Focusing on the mass and width of ¢', our determina-
tions in Table I are in good agreement with the correspond-
ing parameters of ¢(1680) reported in PDG [31]. Though
the mass of ¢ in Ref. [5] is compatible with PDG, its width
is somewhat larger. In addition, the uncertainties in our
determination of the mass and width for ¢’ are much
smaller than those obtained in Ref. [5]. Furthermore, we do
not need to add the so-called background terms by hand in
our amplitude, while this is not the case in the experimental
analyses [5]. All of the terms appearing in our amplitudes
are obtained from the symmetry allowed operators illus-
trated in Sec. I A, where the contact terms and contribu-
tions from p(770),w(782),$(1020), and «'(1420) are
incorporated in a consistent way.

Regarding the p’ resonance, we should mention that the
spectra of the excited p resonances are still not clear in PDG
[31]. The value of the p’ mass from the recent determination
of the SND Collaboration [4] is around 1490 MeV, which
is clearly lower than our determinations in Table I. As
mentioned previously, we find that the resulting p’ masses
from our fits vary accordingly by using different forms of
energy-dependent widths. In Ref. [4], a constant width is
used for the p’ resonance, which is obviously different from
ours. We have explicitly checked that if a constant width
for the p’ is used, our determination for its mass decreases
to around 1500 MeV in both fits, which becomes close to
the value in Ref. [4]. The masses and widths of p’ from our
fits lie between p(1450) and p(1700). Notice that there are
roughly two peaks in the experimental isovector compo-
nent of the o+ cross sections [see Fig. 3(c)], which may
be due to the contributions of p(1450) and p(1700).
However, since the statistics are still very poor, we only
include one set of the p’ resonances in the current fit. This
indicates that the p’ here may be regarded as a combined
effect of p(1450) and p(1700).

Finally, we find that the mixing angles of @’ — ¢’ from
the two fits are roughly consistent. The resulting angle is
around 20°, and it is clearly different from the ideal mixing
case. This indicates that the 1/N . suppressed operator in
Eq. (18) is quite important in the determination of the
masses of excited vector resonances since the ideal mixing
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FIG. 3 (color online).
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(b)

o (nb)
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E (GeV)
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15 1.8

The results of Fit I (red solid line) and Fit II (blue dashed line). Panel (a) displays the cross sections of

ok x+(892). Panel (b) displays the isoscalar components of the k- x. Panel (c) displays isovector components of the o . Panel (d)
displays the phase differences between isovector and isoscalar K*(892)K amplitudes.

will result if only the leading-order operators at large N,
are included for the resonance masses.

B. Anatomy of the SU(3) breaking mechanism
in K*— Ky decays

*O_) 0
For the ratio H the SU(3) symmetry tells us that
I(K0-K")
T(KT=K77)
F(K*“—>K”y)
TKT=K77)

lsuz) = 4 [30], while the experimental value is

lgx = 2.3 [31]. The SU(3) symmetry breaking

0.06 T T T T T T T T T T T T T T

0.05 +

0.04

£ 0.034

0.02

0.01 1

1.3
m_(GeV)

FIG. 4 (color online). Spectral function for 7~ — wn v,.
The experimental data are taken from [45].

effect in the K*— Ky decay has been discussed in many
previous works [32-35]. In the context of the VMD model
[36], Ref. [32] points out that there is a significant
contribution from an intermediate s5 pair (¢ meson) in
these decays, and if all partial s5 production is suppressed
by only (20-30)% relative to those involving nonstrange
pairs, the ratio of the neutral to charged K* decay widths
would be brought into line with the data. Including the
SU(3) symmetry breaking in the hidden local symmetry
model [34,35], it is found that the rate of T'(K** — K%) is
reduced compared to the SU(3) symmetry prediction; in
particular, it is pointed out that the vector mesons should
be “renormalized” [35].

In the framework of RyT, there is a special operator in
Eq. (13), namely, the OY;p(= 7+ €0 (V¥ [27. .])) term,
which breaks the SU(3) symmetry by the factor (m,; — m,,)
and exclusively contributes to the charged processes
K** — K*y. Hence, the value of the coupling c, is
important to decode the SU(3) symmetry mechanism in
the present work.

In fact, the ¢, value has been determined in Ref. [16].
In that reference, the authors only included the lightest
multiplet of vector resonances, so the heavier degrees of
freedom, such as the excited p’ state, are implicitly included
in their ¢4. By fitting the first six data points of the isovector
component of eTe"—K*(892)K — KgK*xnT, they get
¢y = —0.047 £ 0.002, and by fitting the branching ratios
of =—>KKnv,, they obtain ¢, = —0.07 & 0.01. Clearly,
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FIG. 5 (color online). The form factors of wz’y*: the data in the
left side of 0.8 GeV correspond to the w-decay processes, and
those in the right side correspond to the w-production processes.
The red solid line denotes the result from Fit I, and the blue
dashed line denotes the result from Fit II. The green dash-dotted
line denotes the prediction of Fit I by simply excluding the
contributions from the excited p’ resonance. The orange dotted
line corresponds to the results of Fit III in which the wz form-
factor data from the SND Collaboration and the wz spectral
function data from tau decays are not included in the analysis.
The magenta dash-dot-dotted and cyan short-dashed lines
correspond to the predictions of the parameter set 1 (P1) and
parameter set 2 (P2) in Ref. [48]. Sources of the different
experimental data are as follows: open circles [1], solid triangles
[2], open squares [44], open triangles [3], and solid circles [4].

neither value determined in Ref. [16] is compatible with our
results in Table I, and the magnitudes of c, in our fits are
around 1 order smaller than those in Ref. [16].

We would like to mention that in Ref. [20], an unex-
pected phenomenon is observed by using ¢, = —0.07 in the
radiative decay of 7 — Kyv,. Typically, one would expect
that for a low energy cutoff of the photon in 7 — Kyv,, the
decay rate should be dominated by the internal brems-
strahlung (IB) contribution. For example, to take the cutoff
for the photon energy at 50 MeV, the IB part contributes
more than 90% of the decay rate for the © — zyv, process
(see Table I in Ref. [20]). However, if one looks at Table II
in the same reference, the contribution from the IB part in
7 — Kyv, dramatically decreases to 6% by taking
¢y = —0.07, and in this case, the ¢, term dominates the
whole process. In the case with ¢, = 0, one can see some
reasonable results. This clearly gives us a hint that the large
magnitude of ¢4 (compared to 0.07) does not lead to
reasonable results in the radiative tau decays. Therefore,
our current determination for ¢4, around 1 order smaller in
magnitude than the values given in Ref. [16], seems more
meaningful. However, due to the lack of experimental
measurements on the radiative tau decays, we still cannot
make a concrete conclusion as to whether the ¢, values
in Table I will reasonably describe the 7 — Kyv, process.

PHYSICAL REVIEW D 90, 034013 (2014)

A future measurement on this channel is definitively
helpful to answer this question.

In order to have a better understanding of the origin of
the differences for the ¢, values between ours and Ref. [16],
we next employ the same VVP Lagrangian as used in
Ref. [16], indicating in the discussions below that we
exclude the excited vector resonances in our theory. In this
case, it is interesting to point out that after taking into
account the high energy constraints given in the previous
work [14,21],

4C3+C1:0,
Cl—Cz+05:0,
Ne My
C5—Ce = ——5 ,
>0 64n2 \2F,
F2
d +8dy —dy = ¢ .
4
Ne M2
dy=—-—CS V. (43)
647 F?,

we can totally predict the K** — K% decay width, which
turns out to be 109.1 KeV and agrees well with the
experimental value (116.2 4+ 11.6) KeV [31]. For the
charged process K** — K*y, we only have one free
parameter, ¢4, to determine its decay width. Therefore,
one could use the experimental information I'g-+_ g+, =
(50.3 £5.5) KeV to determine the value of ¢,. We then
obtain two solutions,

¢4 = 0.0003 £ 0.0007 or —0.0251 +£ 0.0007. (44)

By setting ¢4, = —0.0251 4+ 0.0007 in the decay ampli-
tudes, we find that the ¢, term then dominates the K** —
K*y process, which indicates that the SU(3) symmetry
breaking effect overwhelmingly controls this process and
clearly contradicts a general rule that this effect should be
at most around 30%. This tells us that only the solution
of ¢4 = 0.0003 £ 0.0007 in Eq. (44) corresponds to the
physical one. Indeed, this observation also confirms the
conclusion about the role of ¢, in radiative tau decays [20],
where a small magnitude of ¢, is preferred. In the
determination of Eq. (44), we do not explicitly include
the vector resonance excitations, and the corresponding
results after the incorporation of the excited states can be
found in Table I, where the magnitude of ¢, is still 1 order
smaller than that in Ref. [16]. In the present work, we
provide another important and easy way to determine the c,4
value, comparing with Ref. [16], which can be useful for
the future study of various tau decays.

In order to have a clear idea about how different parts
contribute to the SU(3) breaking, we decompose the
amplitudes gg-ogo, and gg++g+, in Egs. (30) and (31) into
two parts: the SU(3) symmetric term and the SU(3)
breaking term. The decomposition takes the form
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SU(3)symmetr 4\/5
Kl*jf)<1<2)yy = T3P My Mg [(c1 4¢3+ 8e3 — cs)my + (3 + 5 — ¢ = 2¢6) M|
2Fy (1 3 2
TAF M, <W e W) [(d) + 8, — d3)my, + dsM%.]
- \My v v
Fy, < 132 )
- - (dmm2 + dMMz*),
3FkMyg- \M3 M3, M3, K
SU(3 )breakmg 2FV 1 _ i _ 2
KKk’ T 3FxMy |\ M? M} M;
1 3 2 )]
N\ =5 ——5——5 ) |[(d) + 8d, — d3)m% + dsM%.]
(=30 o
_Fy, (2v/2 cos 6y, — sin @y sin @y, 3 (costy + 21/25sin@y) cos 6y,
3FxMy- M2, M, M,
1 3 2 )}
- - - (d,m% + dyM%.), (45)
(i ) Y= o
SU(3)symm 2\/§
gKu(K)zyy W= m [(c1 4¢3+ 8c3 = cs)my + (3 4 ¢5 = ¢ = 2¢6) M|
kMy Mg
1
3FKMK < — > [(dl + 8d2 - d3)mK + d3M%<*]
- My,
( 7
(dmm2 +dMM2*),
3F,<M,(* M%,l M%,l K
SU(3)breaking 2
A 3FKMK* M2 M
<1+ 2)][(d+8d d3)m% + dsM%.]
- - 1 203 mK 3 Mg
M: ML M3 K
Fy, (2v/2cos 0y — sin @y, sin 6y, . 3 (cos@y +2+/2sin6y)cos by
3FxMy- M?, M, M3,
1 3 2 162
— - d,m% +dyM>32.) + —"——— 2 —m2). 46
(5 3~ ) o+ i)+ et = (46)

The criteria to make the above decomposition is that in
the SU(3) symmetric terms, we do not distinguish the mass
differences of intermediate vectors and we also assume
the ideal mixing for @ —¢'. So it is easy to check that
9> Gy Kobymmetry /G K)iymmetry| = 2, consistent with the SU(3)
symmetry requirement. However, for the SU(3) breaking
parts, there are three sources: different masses of the
intermediate vector resonances, the nonideal mixing angle

of the @ — ¢, and the ¢, term in the charged process.

The mass differences and the mixing angle of o' — ¢’
are directly related to the resonance operators in Egs. (8)
and (18). Therefore, it is crucial to include these mass
splitting parameters in the Lagrangian approach in order
to systematically study the SU(3) symmetry mechanism.

Next, let us take the results from Fit I in Table I to make a
concrete analysis on the strengths of different parts con-
tributing to the SU(3) symmetry breaking. The following
numbers can be straightforwardly obtained according to the
parameters from Fit I in Table I:
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SU(3)symmetry SU(3)breaking
9Kk KK, + gK*OKOy o —-16.1+2.5 (47)
v Y6 SU(3)breaki : B — ’
Ik Kty gKliSIngr)}llmmetry + (gK(!£12+;e ing g;é**]{*;/) + g?**K*y 80+20-1.6

It is obvious that these SU(3) breaking effects suppress
the neutral K* decay width but enhance the charged K*
mode; as a result, the ratio between them becomes
compatible with the data. Notice that among the SU(3)
breaking effects in K** — KTy, the ¢4 term contributes at
the same order as the other SU(3) breaking effects in RyT,
although the values of the ¢, parameter, with the order
of 1073 in Table I, seem unnaturally small. The small
magnitude of ¢4 can be attributed to the normalization of
the VJP operators in Eq. (13). This conclusion can be
easily verified by comparing the values of other VIJP
couplings with ¢,. We notice that one VJP operator is
considered in Ref. [48], namely, the ¢, term in Eq. (15) of
that reference. It is easy to obtain that the ¢4 term is related
to our cg term in Eq. (13) through cg = e4/(8v/2¢), with
e, estimated to be around 1.5 x 1072 in Ref. [48], which
leads to ¢ = 4.4 x 1073, Therefore, we show that the
magnitude of the ¢, parameter given in Table I is at the
same order as other c; couplings in the VJP Lagrangian
(13) estimated from other works.

C. Discussion on the »—7zy* transition
form factor

Recently, the new measurements on the @ — z°y* form
factors from the NA60 Collaboration [1,2] have activated
several updated theoretical works [48-50]. The main
problem is that the conventional VMD approach cannot
incorporate these data well, so new ideas are proposed to
have a deeper understanding as to why the successful
VMD is not working here.

In Refs. [48,49], anew counting scheme, different from
RyT, is used: the masses of both vector mesons and
pseudoscalar mesons are treated as small expansion
parameters. So in their counting scheme, the
Lagrangian that accounts for the decay mechanism
through exchanging an intermediate vector meson
belongs to the leading order, while the Lagrangian
responsible for the contact terms in the decay amplitude
belongs to the next-to-leading order. In Ref. [48], all of
the leading-order contributions in their scheme and some
incomplete parts of next-to-leading-order contributions
are considered in their @ — 7%* form factor. After a
careful check, we realize that the VVP-type of
Lagrangian in Eq. (14) involving the lowest vector
multiplet coincides with the so-called leading-order
Lagrangian proposed in Ref. [48] up to some normali-
zation factors. For example, from Egs. (10) and (15) of
Ref. [48], it is easy to see that their b, corresponds to our

d,, and their h, relates to our d; + d3.1The e, term in
Ref. [48], which belongs to the next-to-leading order in
their counting, is equivalent to our ¢4 term, one of the six
VJP-type operators in Eq. (13). One should notice that the
authors in Ref. [48] mostly focus on the leading-order
computation, and in order to make a rough quantitative
estimate on the next-to-leading-order effects, they select a
particular operator to perform the numerical discussion.
In our case, the contact terms, i.e., the VJP operators in
Eq. (13), are not suppressed by any counting rule and are
fully included in the analyses. Also, the excited vector
resonances are not considered in Refs. [48,49].

Though we have some similar operators from the
beginning, the QCD high energy behavior is not appre-
ciated in the discussion of Refs. [48,49]. As we have
mentioned in the Introduction, the transition form factor
with a proper high energy constraint can be directly applied
to other physical quantities, such as the light-by-light
scattering. Thus, we consider it an improvement to impose
the QCD short-distance constraints in the form factor.

Next we make a close comparison with Refs. [48,49].
They employ a theoretical framework similar to ours, but
different experimental data are analyzed. The focus of
Refs. [48,49] is the w — 7’y* form factors from the
decay process, not from the @ production. It turns out that
the form factors in Refs. [48,49] can describe the @ — 7%*
data from the NA60O Collaboration fairly well. Then, it is
interesting for us to perform another fit to only consider the
same type of data as in Refs. [48,49], which will be referred
to as Fit I1I. To be more specific, we only include the form-
factor data from the w decay [1,2,44] in Fit III and exclude
these from the @ production [3,4] and the = — wz v,
spectral function [45]. As shown in Fig. 5, the final output
of our Fit III (the orange dotted line) tends to be quite
similar to those from Ref. [48] in the focused energy region,
which is below the @ mass. However, we observe that the
wn form factors in the production region are clearly
incompatible with the data from the SND Collaboration,
taking the resulting parameters from Fit III (see the orange

'Using the Shouten identity Iop€apuw T Goa€puvp + Jop€rvpa T
ou€upap T Gov€papy = 0 and  the equation of motion
Viu, =4 (- — NLF(;(_)) [13], we have A dy€ps ({ V.
VIV ) = 5 dieu (V9 V) Vo) = dyypn{ (V.
VP y ) = 15 d1€ups(VF*VP?) (x_). The last term with two
traces can be neglected, as it is 1/N suppressed. Since the
parameters of d; and d, always appear in the combination as
dy + 8d, in our case, the number of independent terms with two
vector resonances in this work agrees with that used in Ref. [48].
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dotted lines in the region above 0.9 GeV in Fig. 5).
Similarly, we find that the form factors in Refs. [48,49],
when extrapolated to the production region,2 are in contra-
diction with the SND data as well (see the magenta dot-
dot-dashed and the cyan dashed lines in Fig. 5). This tells
us that a good reproduction of the form factors in @ decay
does not necessarily guarantee a consistent description of
the form factors in @ production. Therefore, it is important
to consider both types of data simultaneously, as done in
our Fit I and Fit II. After including the SND and CLEO data
in the analysis, i.e., the fits presented in Table I, we find that
our description of the NA60 data becomes obviously worse
(see the difference between the red solid line and the orange
dotted line in Fig. 5). It turns out that our theoretical
framework starts to be incompatible with the NA60 data
above 0.5 GeV.

In this work, the excited vectors are explicitly included,
which are obviously important in the @ production proc-
esses from the SND [3,4] and CLEO [45] measurements on
the wx form factors. However, it is also interesting to see to
what extent the excited vector resonances can affect the wz
form factor in the @ decay, i.e., the energy region below
M, — m,. InFig. 5, we designate the green dot-dashed line
to the situation in which we simply exclude the p’
contribution. It is obvious that the p’ plays an important
role in describing the SND Collaboration data, while its
effect in the low energy region is quite small.

To briefly summarize the fit to the wz form factor, we
could describe the NA60 data in our case to the same extent
as in Refs. [48,49], if we had not considered the SND and
CLEO data. After the inclusion of the latter two measure-
ments, we conclude that our description is still inadequate
for the @ — zy* form factors from the NA60 measurements
in the energy region near the kinematical boundary, i.e.,
M, — m,. Hence, this is still an open problem in our
framework.

IV. CONCLUSIONS

In this work, the resonance chiral theory is used to study
K*(892) — Ky, ete™ = K*(892)K processes, the wr’y*

The plots in the energy region above M, —m, are not
explicitly given in Refs. [48,49]. We have exploited the theo-
retical formulas presented in the references to plot the curves in
Fig. 5.
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transition form factor, and the spectral function for
77 — wn"v,. By fitting the corresponding experimental
data, the values of resonance couplings, which cannot be
fixed through the QCD high energy constraints, are then
provided. The masses and widths of our ¢’ resonance are
quite compatible with the ¢(1680) in PDG [31], while our
p' looks more like a combined effect of the proposed
p(1450) and p(1700) from PDG. The mass and width of
the p’ resonance are found to be sensitive to the forms of the
energy-dependent widths used in the propagator, while the
parameters for the ¢’ are more or less stable. The resulting
values of the @’ — ¢’ mixing angle are found to be around
20°, clearly different from the ideal mixing case as in the
@ — ¢ case. The resonance coupling ¢, obtained here is
around 1 order smaller in magnitude than those in the
literature, and our results seem more meaningful when
considering the radiative tau decays. With the ¢, value
obtained here, we analyze the different SU(3) breaking

«0_, g0 . .
effects contributing to the ratio of % in detail. And

we find that the three sources of SU(3) symmetry breaking
effects, e.g., the different masses of intermediate resonan-
ces, the nonideal mixing angle of @' — ¢, and the non-
vanishing value of ¢4, are more or less equally important at
the numerical level.

The excited vector resonances are found to be essential
to reproduce the y* — @z” form-factor data from SND and
the CLEO wx spectral function from tau decays. Although
the low energy ws form-factor data from NA60 can be well
reproduced in our approach, the steep-rise behavior close to
the upper kinematical boundary region, /s < M, — m,, is
still not fully understood in the current work, even after
taking into account the excited vector resonances.
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