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1 Introduction

Despite extensive studies during last decades, physics of the light scalar
mesons ag(980) (I€(JPC) = 17(071)), f0(980) and f(600) = o (I¢(JFC) =
07 (071)) is far from complete understanding. In particular, there are doubts
whether simple quark model can explain their properties, see, e.g., the review
in [1].

The dominant decay channels of scalar mesons are known to be 77~
7070 for the f5(980) and o meson, and 77 for the ag(980) meson. Much
experimental attention has already been paid to the radiative decays of the
¢ meson: ¢(1020) — yag — ywn |2, 3] and ¢(1020) — ~fo (or yo) = y7w
[4, 5] (see also the KLOE summary in [6] and results from Novosibirsk [7, 8,
9]). Such measurements are a good source of information about the scalar
meson properties [10]. Various models have been proposed to describe these
decays, [10, 11, 12, 13, 14|, to mention a few. The calculated decay widths
turn out to be very sensitive to model ingredients, however, the experimental
data is still insufficient to unambiguously discriminate between the models.

In the case of the neutral final state (FS), i.e., 7°7%y and 7%, the cross
section is determined solely by final-state radiation (FSR) mechanism, since
there is no initial-state radiation (ISR) contribution resulting in the same
final state. Despite the lower value of the cross section, compared to the
charged pion case (eTe™ — 77w~ 7), processes with the neutral-meson FS
are an invaluable source of information on complicated hadron dynamics.

In this paper we describe the differential cross section of the eTe™ an-
nihilation to a pair of neutral pseudoscalar mesons and one photon in the
FS,

e (p1) e (p=) = 7" = Pi(p1) Pap2) (k). (1)
The pseudoscalar mesons (J©¢ = 0~F) are denoted by PP, = 7%7° and
79n. In Section 2 we present a formalism for a differential cross section,

which is the main task of this paper. We provide a more general framework
in comparison with Refs. [15] and [16], namely, no integration is performed.
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It gives a convenient ground to implement the results in the Monte Carlo
generators, e.g., in FASTERD [17] (based on the general structure given in
Ref. [15]) or PHOKHARA [18].

Our framework is consistent with symmetries of the strong and electro-
magnetic interactions. It incorporates a model-dependent description of the
FSR only through the explicit form of the Lorentz-invariant functions f; 23
and has a model-independent tensor decomposition.

In Sections 3 and 4 we calculate the F'S hadronic tensor in the frame-
work of Resonance Chiral Theory (RxT) [19]. It is the second goal of the
paper to provide such a description in terms of functions f; 23. The RxT is
a consistent extension of Chiral Perturbation Theory to the region of ener-
gies near 1 GeV, which introduces the explicit resonance fields and exploits
the idea of resonance saturation. One of the advantages of the RyT La-
grangian at leading order (LO) (which we essentially use) is that, having a
good predictive power, it contains very few free parameters compared with
other phenomenological models.

We consider in detail the following intermediate states with scalar and
vector resonances, which lead to the same FS P P»y:

scalar decay, (Section 3)
e- = =Sy — PPy (2)
ete™ — A* =V = Sy — PPy
vector contribution, (Section 4)
efe” — A" =5 VP o — PPy (3)
efe” = 4 = V,—= VyPio— PPy

where S (JPC = 0*7) is an intermediate scalar meson (S = fy, o for mom FS
and S = ag for myn). Only the lowest nonet of vector mesons (V, V,, V, = p,
w and ¢) is taken into account.

We are interested in the center-of-mass energy /s range from the thresh-
old up to M. This framework may also be used in a somewhat dedicated
case of \/s = My, giving, e.g., the ¢ radiative decay description.

For the quantitative illustration of our approach, in Section 5 we show the
numerical results for the values of /s = 1 GeV and /s = M. The meson-
pair invariant mass distributions are of interest, and for /s = M, they are
compared with available results from KLOE. We demonstrate the interplay
of the contributions (2) and (3). Conclusions follow in Section 6.



— Uy k
’ WM
b+ Q \\p2

Fig. 1. Generic scheme for electron-positron annihilation into two particles
with final state radiation

2 General structure of the FSR cross section

For a generic reaction ete™ — yP; P, we define 4-momenta as shown in
Fig. 1:
p = p1+Dp2, [ =p1 — p2, (4)
Q = pyr+p-=k+p+pa

The masses of pseudoscalars are m(Py) = mq, m(Py) = mao.
The cross section of the FSR process can be written as

1
dO'F = mClQ
7d3p1 d3p2 dgk
4 _ _ _ M o PFL® Pa™ v
< [61Q =1~ b2~ TrsrP o2
= ClgN/|MFSR|2dcosﬁd¢dm%7dp2, (5)
1 1
N= (27m)% 6452’

where s = Q2, # is the azimuthal angle, ¢ is the polar angle of the photon
and mi, = (k4 p1)®. The factor Ciy = 1/2 for 7%z in the final state and
C1o = 1 for 7¥7. The matrix element Mpgg is

€ v — *
Mpsg = EMI u(—=p4)ypu(p-)e,, (6)

where e = Vdra ~ /47/137 ~ 0.303 and the FSR tensor M*” can be
decomposed into three gauge-invariant independent tensors:

M (Q, k1) = —ie* (T fi + 74" fo + 75" f3), (7)
o = KQY — gk Q)
Y =k A0MQ" — g™ Q- ) + I (K'Q 1 = 1"k Q),
Y = Q(g" k1=K + QMK - Q — Q" - 1)
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with the Lorentz-invariant functions

fi= fil@% k- Q. k1), (8)

i =1,2,3. If my = mag, these tensors coincide with the result of Ref. [15,
20]. One may also find a similar approach in [21]. We emphasize that the
decomposition (7) is model independent; the model dependence is contained
in an explicit form of functions f; only. Notice that the scalar products can
be written in terms of the invariant masses:

kQ = (s—pQ)/27
k-l = mi,—mi—k-Q,
Q-1 = k-1+s5/2, (9)

where § = 2(m? — m3)/s.
For the matrix element squared and averaged over the eTe™ polarizations
we obtain
6

- e "
|Mpsr? = 2 ai1]f1)? + 2a12Re(f1 £3) + ass| fo|?
+ 2 ass Re(fof3) + ass|fs|* + 2a13Re(f1f5) ], (10)
with the coefficients
_ /S v _pA
Qi = (§gup — P+uP—p _erppfu)T{L T/f gu, (11)
equal to
ap;;n = 1 2+ t2
1 = 48( T 13),
1
a9 = g Sl4(t1 + t2)2 + 4l2 (U12 (82 =+ S(tl =+ tg) + t%)

Hup? (82 + s(t1 + ta) + t%)
+2uquz (8% + s(t1 + t2) — tita))

+8s(uf +u3)(ur + uz)”

2 5
— (4} +4u3 + P25 + t1 + 12)) w
5362
+(1%s + 2uf + 2u3) =
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2
2
—0s(uaty + ultg)),

ass = (t1t212 + 2(ug + u2)(usty + uita)

1
3 sI%(ty +t2)? + 4ud (5% + sty +13)

HAuz(s® + st +17) + durua(25” + st + ta) — 2t1ts)

a12

+252 (trug + taur + 2s(uq + us2)) 0 + s10?],

o
ams = g (w1 + ua)(sty + sta + tita) — urts — ust?

_g(tl + tQ)SQ] )

ST
a3 = Z l2(u1t2 — U,Qtl)(tl — tg) — 2S(U1 =+ UQ)B

+2(U1 + u2)(u1 — u2)(t2u1 — u2t1)
+3s (uruz(4s + 1 +t2) + ui(2s — ta) + uj(2s — t2))

—§83(U1 +U2):|, (12)

where

(- — k)2 —m? = —2p_ -k,

t1 -
2 2
tr = (py—k)2—m?=—2. -k

u = l-p_, us=1-py. (13)

For numerical calculations the relation [ = 2(m? 4+ m3) — p? may be useful.

The Egs. (5) and (10), with the explicit expressions (12) and (13), fix the
whole model-independent part of the partial differential cross section. It is
worth illustrating a relation of these formulae to the partial differential cross
section. Taking into account the corresponding factors and integrating the
coefficients a;; over the angular variables of the final-meson phase space we
have

dO’ a3012 *
., dp? = a5, (A11|f1]* + 2415Re(f1f3) + Azl fo]?
+2As3Re(fof5) + Ass|f3]* + 2A13Re(f1£3)), (14)
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where

42
A = 3
2
A = Pl w1020~ 14 2) 2001 — ) +57,
4s
A13 = —?x(xl — T2 — 5),
2 2
Ayy = —%(xl — 22)(6 — 1 + 12)?,
2
Ay = %[(xl _372)4+2(371 —322)2(1 —a:)(o— 1+$)
+22%(0 — 1+ 2)?
—20(z1 — 22) (21 — 22)*> + (0 — 1+ 2) (21 + 22))
+02 ((z1 — 22)* + 2(0 — 1+ 2))],
2 2
Asy = % [($1 _ x2)2(1 +x)— x2(g —1+42x)
+6(0 = (2+ 2) (21 — 2))], (15)
and
s —p? 2B,  p*+mi, —m3
x = 5 xl = —F = —7
s NG s
2_E2_s+m§—m%7 2(m?2 +m3)

N . , 0= . . (16)
For the case m; = mg Eq. (12) reduces to Eq. (17) of Ref. [15]. Also
the results (14), (15) coincide with Eqs. (2.7), (2.8) of [16]. However, for an
MC generator, the expressions (5) and (10) with coefficients a;; are more
convenient than (14).
Integrating Eq. (14) over m%7 one obtains the distribution of the invariant

To =

mass /p2 of two pseudoscalar mesons:

do (mi;)mas do
L N dm (7> . 17
d V p2 (m%fy)m'in B dml’)’ dp2 ( )

The bounds of integration over m%w at the fixed value of p? are determined
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2
2 _ s(p?o + s0)
(mlfy)mam/min 4p2
s — p? s 5242
+ 279 <1j: 1—p—‘;+@>. (18)

At the ¢-meson peak (s = M 5) one can present the results in terms of
the branching ratio for the ¢ — P; P>~y decay, which is related to the cross
section as follows:

dB(¢p — PiPyy) M
dy/p? ~ 127B(¢ — ete)

" do(ete™ — P Py)
d/p? 7
where the ¢ — ete™ branching ratio B(¢ — eTe™) is used. In the context

of this paper, a calculation of this branching ratio is useful for comparison of
model predictions with available data.

(19)

3 Scalar contribution

In this Section we consider in detail the transition amplitudes
v = foy = w0,
v = oy — 7070,
v = agy = 7y (20)

for the 7°7%y and 7%y final states, respectively. They contibute to
ete™ — Sy — P Pyy as illustrated in Fig. 2.

Y
,.)/* ” \fﬂ
'\ ’/l,,’
R
S

Fig. 2. Scheme of ete™ — Sy — P Py subprocess.

To describe the processes (20) we use RxT [19] at the linear-in-resonance
level, following [12, 22]. In this framework the leading contribution to the
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v*~.S vertex comes from the one-loop diagrams. We will see that for the case
of the 7070 final state both the kaon and pion loops contribute (recall, in
our approach the v* invariant mass /s is not constrained to the ¢ meson
mass). The mechanism of the ¢ meson decay via the kaon loop was first
considered in a different formalism in [10] and is consistent with the data [6].
In the current model the loop mechanism is a predicted subprocess rather
than an assumption.

The basic features of the Lagrangian framework of the RxT are sketched
in Appendix A. We emphasize that both light isoscalar scalar resonances,
fo and o are included in the formalism in a natural way. Throughout this
section we work in the tensor representation for spin-1 particles [19, 23].
In the present work we take into account the pseudoscalar decay constants
splitting (fr # fx) which was discussed in the same context in Ref. [22].

The interaction of pseudoscalars with the photon field B* in RxT is iden-
tical to the scalar QED. We shall now discuss the interaction terms of the
interaction Lagrangian of (A3) relevant to the processes (20) (cf. [12]). For
the vector mesons in the even-intrinsic-parity sector one has

1 1

6 3—\/5%11)’ (21)

1
Lyv = eFVFW(y;Ow +

LVPP = ZGV [ (2 pgyaltﬂ.-i-al/ﬂ_—)

1

12
1

+f—2(p,°w + W — V20,,) (" KTOVK )
K

+é(—ﬂfw +wpy — \/§¢W)(6"K08”f(0)] , (22)

Lywvpp = —efi;a”B”p?w ata~
—%5”3” (p?,,, + Wy — \/§¢,W) KYK~
2eGy
R
eGy
- T%

X (K*a"K* + K*&P«KJF) ’ (23)

B0, (w0 + 7 00n)

BY (pgy W, — \/§¢W)
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Table 1. The vertices from Resonance Chiral Lagrangian terms (21)-(23).
The dashed line stands for pseudoscalar meson (momentum [), double solid
— for vector meson, wavy line — for photon (momentum g).

I, l;r
(1) :" (1) :’ (:)
Diagramm ) ®) l:‘ -
Vertex function | eFy [guaqu — Gupqn] 26:7‘% [l;l;r — l;{lﬂ SQGTIQ‘)’ [gua(l™ +17),
— G (I +17)A]
+% [gu)\q;L - guuQ)\]
p Jw] o p| w | o P w ¢
= (fp = f») 51 0 | 0 ) 0 | 0
K* (fp = fx) 1] 1 | =2 1 1| =2
KO (fp = fr) 11 v | oo 0o | o
T T =1
2 |5 [5m

where F*? stands for the electromagnetic field tensor and V# for the vector
field in the tensor representation, Fy and Gy are the model parameters
(see Appendix B for numerical values). Vertex functions for Egs. (21)-(23)

are shown in Table 1.

The Lagrangian terms for scalar and pseudoscalar meson interactions,
which follow from (A5) are

1 gSrm —2
Esca,lar = ZS(F D) +
S ™

™

igsnn 2

17

2

1 0
N+ 2595 1
Iz

1 _ 1 .
+—5gskkx (KTK™ 4+ (-1)"K°K°) + ﬁ(gsmﬂ)@u )2
K T

1

+ f_ﬁ (QSnn/z) (8,,,77)2 +

17

gSwonauﬂ-Oaun

1 —
+—Gskk (O KTO"K™ + (—1)fs 0, K 9" K")
K

1 Lo Lo
+ngry7m—€BM7T 8M ™ + _IQ(QS’YKKGBMK ({9“ K

1 o ~
+ngwme2BuB”7r+7r +—12(gSWKKeQBMB“K+K ).(24)

(interactions with 1’ are omitted here for brevity). Here S stands for any
scalar field, ag,fo or o, and P — for pseudoscalar T= 79, 7% or K+, K9, K°
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and 7. We have introduced the effective couplings gsxr~, gsny, etc. listed in
Table 2, Is = 0 for fy and o and Ig = 1 for ag. Couplings are expressed
in terms of the model parameters ¢4, ¢,, and 0, see also the expression (A2)

Table 2. Effective couplings for scalar mesons [22] (to be used with vertices
of Fig. 3). Model parameters are ¢4 and ¢,,; the scalar octet-singlet mixing
angle 6 is defined in Eq. (A4); i’ couplings are omitted; singlet couplings ¢4
and ¢, are related to ¢4 and ¢, in the large-N. approximation. Notice that
the entries relevant to the 7 meson correct the results of Table 9 in Ref. [12].

Gfen = —2cmm2(2cosf—+/2 sin@)/\/_
9o = —cm(2 (02(2mK m )+02 2) cos®
+V2(C%(4m% —2m2) — 02 2) sinf)/v/3,
JfKK = —Cmmi(4 c0s0+\/§bm0)/\/_
Gfrn = 2cq(2cos0 —+/2sin0)/V/3,
grm = ca(2(CZ 4 CZ)cosb
—V2(C2 — 2C2)sin) /3
drxr = ca(4cosf++/2sin0)/V/3.
Jornr = —2¢mm2(V/2 cosd+ 2 sind)//3,
Gonn — —cm(— \/_(02(4’{71}( —2m? ) 02 ) cos 0
+2(C2(2m3 —m2) + C2m2) sm9)/\/_
JoKK = —Cmmi(— \/_c059+451n9)/\/_.
Gonr = 2ca(v/2cos6 + 2 sin6)//3,
Jonm = cd(\/i(C{? —2C?) cos®
+2(C2 4+ C2)sin 0)/V3 ,
ok = ca(—V2 c0s9+4sin9)/\/§.
Jaxk = —V2emmi,
Gann — _2\/5 Cq Cm m721— 5
Jaxx = V2ca,
gmrn — 2\/50(1 Cqd -

9frn — gfﬂ'n Gornn — Qmm =0,
Jarn — ga'rrﬂ' = Gann — g(mn =0.

gSyrm — _igSﬂ'TU 9SvKK — _ZQSKK )
9Syyrm  —  YSnm, JdSyyKK — YSKK

12



a a a
- I (¥)
vgspp _ 1gspp - 1€ _ 2¢2,
B EISPP (1 —17), 2C19SPP g
P P fp fp

Fig. 3. The vertices corresponding to the Lagrangian (24). The dotted line
stands for a scalar meson S, the dashed one — for a pseudoscalar P. Cou-
plings are shown in Table 2.

for the Cj s coefficients. The Lagrangian (24) leads to the vertices shown in
Fig. 3.

When working with the three-point vertex functions v*v.S we factorize
the kaon-loop part in the ag case and separately the pion-loop and kaon-loop
part for fy and o, as illustrated in Fig. 4.

vy Y
* * N aud *
~ At + W\.e:” P ] 3\@4 ]
-« AR LN -«
v @x‘r’" B fo Jfo Jo
) ""“"'fO * * L 7 * v
—+ g i l’ =+ J’\YI\.QLQK’K’) =+ ’V\@K K}
-y, S, -,
fo v=pwo) fo fo
Y Y
* * * - *
J\’va‘( \)IJ\, — J’}/I\QK*K’) + J’Z\@Lé[{‘l\ ) —W\@]\‘K\)’J\,
- ag Y ey v=pwe aop “ ag

Fig. 4. Scheme for the v*v fy and v*yo (top) and y*vyao (bottom) transition.

The scalar meson contribution relevant to the 727 final state is

P =Y Ds()Gsnn0?) (GEL, (0%, Q1) F(Q7)

S=fo, o
K
+GE) 0% QI FE.(@Y), (25)
and in the 797 case one has
FT = Dag(0°)Gagmen(07) G0, (07, Q1)L (QP), (26)

The pion and kaon electromagnetic form factors (FF’s) in the above formulae
are discussed in Appendix C.
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We use the scalar meson propagator Dg(p?) in the form [22]

D3'p?) = p* = ME+ Ms Sm (s, ion(M2)
+i /P2 T's, ot (p?) (27)
with
Tiot,s(p?) = Tsonn(®) +Tsxx (@), S=fo.0
Tiotag(@?) = Tagomn(0®) + Tugms e (P%)- (28)

Modified widths T in the above expressions are defined similarly to the tree-
level decay widths given in Appendix B, see Egs. (B10), but the analytic
continuation is used:

f(p?) = ¢ AN /TR )], (29)

see Ref. [22]. We do not include contributions of heavy particles to the total
widths, e.g., the T'f, .y, (p?) is neglected.

By construction, the functions f; in (25), (26) are of the chiral order
O(p®): the diagrams of Fig. 4 are O(p*) and SPP transition is O(p?). In
Egs. (26), (25) the v*(Q?) — 7S (p?) transition FF’s are defined as

2 2 2
Go7.QY) = —GS’T”(“I(Q— p—) S=foo

272 m2 mZ’ m2
Gskr(p?) [ Q% p?
B 2oy = 71 , S =
S’y’y( 7Q ) 272 mK m%( m%( an
Gaoxx(P?) [ Q° p°
GU) (2.7 = KK ) 30
0,0ten) = Sl 2 (30)
in terms of momentum-dependent S PP vertices
Gsxx(P®) = 1/f% (Gsxx(mi—p*/2)
+9sKK)
GSTHT(p2) = 1/f72 (QS'rrﬂ'(m?r - p2/2) + gSﬂ"rr) ) (31)

for S = fy,0 and

Gaork (P?) 1/ fi (Gaok (M3 — P°/2) + Gaoi i)
Gaown (pz) 1/f72 (gawn(m% + m72'r - p2)/2 + gawn) - (32)

For a definition of the loop integral I(a,b) one can see, e.g., Eqgs. (3.4), (3.5)
in [11].
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Table 3. Mechanisms of the vector contribution

| | Dominant | Suppressed |

iny* — (o) = 7070y :

1-vector (p°70), (wr?) (¢7°)
2-vector | (w— p'r0), (p° —wr?) | (¢ — p°70), (¢ —wr?)
(p° — o)

iny*— () = 7%y :

wr?) (¢7?)

wn) (ém)

w— pr0) | (p— ¢7°), (¢ — pm°)
w — wn) (¢ — én), (¢ = wn)

1-vector (pm©),

(p

1)
2-vector | (p — wn?),
(p = pn),

Y

—~

>~

’y*V\ YV, .

~
~ ~
N N

Fig. 5. The vector, v* — VP, — Py Py, and double vector, v* — V, —
Vy Py — Py P57y, contributions

4 Vector contribution

For v* — (--+) — 7%7% the vector contribution mechanisms are listed in
Table 3 and the corresponding diagrams are shown in Fig. 5.

For the odd-intrinsic-parity vector-vector-pseudoscalar and vector-
photon-pseudoscalar interactions we use the chiral Lagrangian in the vector
formulation for spin-1 fields. As shown in [25], the use of vector formulation
for 1~ fields ensures the correct behavior of Green functions to order O(p%),
while the tensor formulation would require additional local terms (see also
discussion in the Appendix F of [15]). We choose Lagrangians of Ref. [25, 26],
that are O(p?) and O(p?), for construction of the vector vV P and double-
vector V'V P contribution to f;. General Lagrangian terms are given in Ap-
pendix A.

Assuming exact SU(3) case, the vV interaction can be written as

;a’w - féw) (33)

with f/,,,u = 0,V, — 0,V, and fy = Fy /M, is the coupling for the vector
representation of the spin-1 fields [23].

15
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The interactions of vector mesons in the odd-intrinsic-parity sector read

4+/2eh
Cvfyp = —%EuyagaaBﬁ {(p0”+3w”+35w¢¢”)6”7r0

+[(3p° + w)Cy + 29 Cs] 8”77] , (34)

4
'CVVP = _%euuaﬁ |:ﬂ_08uwl/8ap0,3
—|—7705w¢8"¢”8°‘p0ﬂ + 70 9w’ 9% P
1
—|—T] [(8”/)01/8&/)05 4 a/twvaawﬂ)§ Cq

—8"¢”8a¢ﬁ% Cs + €w¢8"¢”8awﬁ(cq + CS)} , (35)
where €,,q5 is the totally antisymmetric Levi-Civita tensor. As before, we
omit the 1’ meson.

As it is also seen from (34) and (35), the transitions y¢m", ¢pp°7° and ¢wn
are related to a small parameter €,,4, responsible for the uu + dd component
in the physical ¢ meson. The parameter &’ is responsible for the G-parity-
violating ¢wn® vertex, caused by isospin breaking. The coupling constants
fv, hy and 6y are model parameters. Numerical values for all parameters
are given in Appendix B.

Due to a similar structure of the Ly p, and Ly v p interactions, the pro-
cesses 7* — VP 5 — Py Pyy (one-vector-meson exchange) and v* — V, —
Vo P12 — Pi Pyy (double-vector-meson exchange) can be described together.
For this purpose it is convenient to introduce the form factors F,«y p(Q?)
which describe the transitions v*(Q?) — VP including both these mecha-
nisms. Of course, the vector resonance enters off-mass-shell.

For the v* — V¥ transition we obtain

Fropn(@?) = %[\/ﬁhv—avaQQDw(Qz)
+ewpV20v frQ?Dy(Q%)], (36)
Frwr(Q?) = fi[ﬁhv—vavQQDp(QQ)
+6'§vavQ2D¢(Q2)],

Frogn(Q?) = €w¢fi[\/§hv—UVfVQ2Dp(Q2)]-
16



The vector meson V = p, w, ¢ propagators are

Dv(Q*) = [Q*—ME+iv/QTiwv(Q*)] " (37)

with an energy-dependent width for the p meson

G2 M?
Lioto(@) = J5r7ie (@ — 4m?2)*0(Q* — 4m?2)
5@~ 4m3)*0(@ — am) (39)

and the constant widths for the w and ¢ mesons.
In terms of these FF’s we find the contribution to the functions f; (see
Eq. (7)) coming from the processes (3). For the 7%7%+ final state one obtains:

- 7 Z Fy v Fy “vr(0)

V pw
x[(k-Q+1%)(Dv(RY) + Dy(R?)) (39)
+2k : l(DV(R2 ) — DV(RQ_))L
o= Z Fyevr(Q*) Fyvr(0)[Dyv (RY) + Dy (R2)],
V pw
fi = Z Fyevr(Q%) Fy-v#(0)[Dv(RY) — Dv(R?)],
V pw

where the contribution proportional to Fy«pr(Q?)Fyspr(0) o sf@ has been
neglected. The momenta are defined as

R = (1/4)(Q*+ 1P +2k-Q=+2(k-1+Q-1)), (40)

or equivalently R? = (k + p1)? and RZ = (k + p2)%.
Similarly, for the v* — V1 transition we obtain FF’s
F’Y*PW(QQ) = CqF'y*wﬂ'(QQ)a (41)
Fw*wn(QQ) = CyFy- p7r (QQ)a
F’y*¢n(Q2) = 2C; [\/_hv - UVfVQ2D¢(Q )]

5w¢(C +Cs)=— vaVQ2 L(Q7).

3fx
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Correspondingly, the contribution to the functions f; for the 7%ny final
state is

o= X AR OF @)
V=p,w,p
x[(k-Q+1%)Dy(RL) + 2k - 1Dy (R%)]
+F7*Vn(O)Fv*V7T(Q2)
x[(k+Q+1%)Dy(R2) — 2k - 1Dy(R2)] },
o= iV;ﬁ){mVw<o>F7*vW<Q2>Dv<Ri>

+ny*Vn(0)F'v*VW(QQ)DV(RQ*)}’

fi = _i Z {FW*VW(O)FW*Vn(QQ)DV(Ri)
V=p,w,p

Py (0) Py Q1) Dy (R2) | (42)

5 Numerical results

In this section we present the numerical results obtained in our framework.
The model-dependent ingredients, namely, the functions f; 23 are given in
Sections 3 and 4.

The values of the model parameters, which we used in our numerical
results, are listed in Appendix B. The masses of vector and pseudoscalar
mesons are taken from [1]. The coupling of vector mesons to a pseudoscalar
and photon hy is estimated from the tree-level decay width. The scalar
meson couplings and masses were found from the fit [22].

5.1 Scalar mesons and ¢ radiative decay

As we discussed in this paper, in ete™ annihilation to 7°7%y and 7%y both
scalar (2) and vector decays (3) contribute to the observed events. The KLOE
Collaboration has reported data on the invariant mass distributions [2, 4] at
/s = My, in which the vector meson contribution has been subtracted.
In [22] we performed a combined fit of dB(¢ — agy — 7°77v)/d+/p? and

dB(¢ — (fo,0)y — 7%7%)/d+/p? to the KLOE 2002 data [2, 4], considering
only scalar meson contributions. We have found the inclusion of the o meson
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into the framework important, and have fixed the numerical values of scalar
meson couplings and pole masses within the model, for more detail see [22]. In
Fig. 6 we show our model results for dB(¢ — Sy — P1Pyy)/d\/p?, eq. (19),
at /s = My. In this and subsequent plots we use the notation m o 0 and
M0 for \/p—2 Note that only the scalar meson contribution to the P; Py
final state is plotted in this Figure. The plot for the 797% final state shows
a rather good fit [22] to the KLOE 2002 data [4], where both fy and o are
taken into account.

In 2009 the new KLOE data [3] on the 77y channel appeared. A com-
parison of the model prediction for ¢ — agy — 7%y with these new data
is also shown in Fig. 6 (bottom). We leave a refined fit of these new data

_ go |[KCOE2002 ]
K
S scalar
2 2
S 60 s5=M2 ]
o
o
—
x
%
*
£
3z
)
=l
L L L L L L L L
300 400 500 600 700 800 900 1000
Mpere [MeV]
70 T
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T 60 scalar ]
i 50
2 (5=M)
%, 40 | 1
-
X 30t
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s !
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700 750 800 850 900 950 1000
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3 10t
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;i
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Fig. 6. Invariant mass distributions in the e*e~ annihilation to 7%y (top
panel) and 797y (middle and bottom panel) for /s = M. Data are from [4]
(top), [2] (middle) and [3] (bottom).
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Fig. 7. Invariant mass distributions in the ete™ annihilation to 7%ny for

Vs = My, where the total contribution (vector and scalar) is taken into
account (cf. Fig. 6 (bottom)). Data are from [3].

for the future. Notice, if one adds vector contributions to o(ete™ — nn¥y)
according to Table 3, then the shape of the invariant mass distribution, cal-
culated from eq. (19), changes: cf. Fig. 6 (bottom) and Fig. 7. It turns out
that the 2009 KLOE data [3] are better described by the total contribution
rather than by the scalar part alone. Note that in Refs. [3, 8] it was claimed
that the ¢ — 7%y decay is dominated by the ¢ — agy mechanism and the
vector contribution is very small: B(ete™ — VP — nn%) <1076,

5.2 The v* - p — wrm and v* — ¢ — wn contribution

For the moment, to follow KLOE analysis [5] we neglect the G-parity-
violating vertex ¢wm?, ie., we set ¢/ = 0. For illustration we introduce
the constant Cf. [5, 17]. This constant can be obtained in terms of form
factors (36)

Clr(s) 1
l6ma = _Z F’y"wﬂ'(s) F’y*wﬂ'(o)y (43)
leading to
4+/2h
ct = —l6ra \/f; v (\/ihv - anVst(s))
~ (0.597 — 0.542 i) GeV 2 (44)

at /s = My. The KLOE result [5] for the same constant is C’,. = 0.850
GeV~2 (/s = My). Thus our prediction for the absolute value, |C?_| = 0.751
GeV~2, which includes only the v*(— p) — wm mechanism, is smaller than
that of KLOE by about 15%.
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Fig. 8. Partial differential cross section of eTe™ annihilation to 7%7%y for

/s = My due to the v* — p — wm mechanism compared to v* — (p, ¢) —

W

This difference can be attributed to the p’ = p(1450) meson which is not
included in the present calculation. To estimate the role of the p’ in the
constant C?_, we follow Ref. [27] (Egs. (32), (33)):

wT)

cr. = —16na 4‘/f§2hv (V2hy (45)

s

~ ovfrig g (Do(s) + By Dy(s))

~ (1.06 —0.69 i) GeV 2

for B, = —0.25, M, = 1.465 GeV, Pp/(Ml?,) = 400 MeV and obtain
|CP_| = 1.27 GeV~2.

Next we turn on the parameter ¢’ responsible for the G-parity-violating
¢mw vertex and check how the C’_ value changes. Omitting p’ we have

4v2hy
E:

2
+ %avase’DMs)) ~ (0.52 — 0.72 i) GeV 2

cr = —lbra (V2hy — oy fvsD,(s) (46)

and obtain |C? | = 0.892 GeV~2. While making this estimation the value
¢/ = —0.0026 has been chosen '. Apparently, the present model with the low-
est nonet of vector mesons, supplemented with the G-parity-violating effect,
allows one to obtain the value for C%, close to the KLOE value 0.850 GeV 2.
Influence of the &’ parameter on the cross section is presented in Fig. 8.

1Of course the experimental decay width ¢ — wm determines only the absolute value
of this parameter.
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Therefore, the difference between the CF. value originating from the
v*(— p) — wm mechanism, and the value measured by KLOE may be ex-
plained by the p’ meson and/or G-parity-violating contribution. To clarify
further this issue, an analysis of data at s = 1 GeV? will be essential 2.

5.3 The v* - ¢ — pr and v* - w — p7r

In a similar manner one can define C,. (s):

16707 Fyepn() Frpr(0) = Con(s) (47)
= CpDy(s) + Cpr
where
Cy. = —16ma 4@? (V2hy — oy fysDy(s))
~ (0.091 —0.002 i) GeV 2 (48)
and

4v2hy
e V2 0y cug fv s

~0.0052. (49)

cre = —l6ra

Q

The KLOE values for these constants are Cj2° =~ —0.0057 and
Cyr = 0.26 GeV~2. However, in the experiment, they are entangled and
one has to compare the total contributions. Using the values (48) and (49)
we have |Cpr (M£)| ~ 1.2, which is in a reasonable agreement with KLOE fit
|C,,7T(Mq25)| ~ 1.3.

5.4 Full model prediction for the cross section

Interference of leading vector resonance contributions (p7) and (wm) is pre-
sented in Fig. 9. One can see a destructive interference.

The interplay of the scalar (2) and vector decay (3) contributions to
do/dy/p? is shown in Fig. 10 (for \/s = My). One observes a complicated

2At s = 1 GeV? the G-parity-violating vertex is suppressed, whereas the p’ mechanism
survives. Therefore, any difference in the values of C5 at two energies, s = 1 GeV?2 and
s = M;, would indicate sizeable G-parity-violating effects.
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Fig. 9. Vector and double-vector decay contributions to do/d+\/p? of ete™ —
7070y at /s = M, in the approximation ,, = 0.058, ¢’ = —0.0026. The
(¢7) channel is negligible and not shown in the plot.
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Fig. 10. Differential cross section do/d+/p? of the eTe™ annihilation to 7%
(top panel) and 7%y (bottom panel) for \/s = M.

interference between vector and scalar contributions. We see that in the case
of the 7070+ final state the vector contribution has the same size as the scalar
meson one and is much smaller than the scalar one for the 77y final state.

Notice that there exist the off-peak (/s = 1 GeV) data collected by
KLOE. The ¢ meson decays get strongly suppressed and the total cross sec-
tion is determined by the vector contribution only. In order to support the
related activity and provide the important model estimates, we include this
case into our numerical calculation. The corresponding results are presented
in Fig. 11.
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Fig. 11. Differential cross section do/d+/p? of the eTe™ annihilation to 7%
(top panel) and 7%y (bottom panel) for /s = 1 GeV.

6 Conclusions

We presented a general framework for the model-independent decomposition
of the differential cross section for the final-state radiation in the reactions
ete™ — %% and ete™ — 7%y, for which the ISR contribution is absent
and the leading-order cross section is determined solely by the FSR mecha-
nism.

We calculated the explicit form of the functions f;, which carry the model-
dependent information about the processes, in the Resonance Chiral Theory
with the lowest nonet of vector and scalar mesons [19]. Scalar resonance, vec-
tor and double vector meson exchange contributions are considered. Notice
that all the relative phases are fixed from the Lagrangian. The only exception
is the sign of the & parameter, which is related to a rare ¢ — wr decay.

The Lagrangian is taken at the linear-in-resonance level in the even-
intrinsic-parity sector and at the bilinear-in-resonance level in the odd-
intrinsic-parity sector. We try to keep the number of model parameters
small by imposing flavor SU(3) symmetry for couplings. Thus, it is pos-
sible to generalize our formulae to the case of broken flavor SU(3) symmetry,
though it will require a phenomenological tuning of more parameters than in
a symmetric case.

The model parameters for the scalar sector were obtained from the fit [22]
to the KLOE data [2, 4].

The numerical results for the differential cross section do/d+/p? are given
for two cases: /s =1 GeV and /s = M, and demonstrate an interplay of
the scalar and vector decay contributions. The influence of the scalar and
vector contributions on the cross section is studied in detail.
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The main conclusions of the numerical studies are the following:

e for the 7%y final state the vector contribution is much smaller than
the scalar one at /s = M whereas for the 7%7%y channel the vector
and scalar contributions are of the same size;

e among the vector contributions to the 7°7%y channel the leading one
comes from the v*(— (p;¢)) — wm mechanism; comparing to the
KLOE fit [5] we have concluded that about 85% of this contribution is
caused by the p intermediate state, and the rest can be explained ei-
ther by the p(1450) or by the G-parity-violating process: v* — ¢ — wm.
New experimental data at /s = 1 GeV can help to clarify which of these
two mechanisms is responsible for the rest;

e at /s = 1 GeV the scalar contribution is suppressed and the total
cross section is determined only by the vector contribution both for the
7979 and 7%y channels.

At the end, we would like to emphasize that the developed approach
allows one to obtain the cross section and branching fraction close to the
experimental results. The main advantage of this approach is a small number
of model parameters.

The proposed framework can be implemented in a Monte Carlo generator,
for the inspection of the completely differential characteristics of the reaction,
and thus is useful for a data analysis and a detailed comparison of various
models.
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Appendix A : Pseudoscalar mesons, scalar mul-
tiplet and the RxT Lagrangian

In chiral theory, the pseudoscalar mesons mw, K, n can be treated as
pseudo-Nambu-Goldstone bosons of spontaneous G = SU(3)r, x SU(3)r to
H = SU(3)y broken symmetry. The physical states 7, ' can be introduced
using the scheme with two mixing angles (g, 0s), for a review see [28]. The
adopted scheme is consistent with chiral theory and takes into account the
effects of U(1) axial anomaly and SU(3) flavor breaking (ms > my. q). In
our notation [22]| the pseudoscalar nonet reads

0 +Can+Cyn’ + fx o+
— T =K
u = exp L \/E —m0+Cyn+Cyn’ éKO (A1)
V2fn " V2 i< ’
L= |- L=K0 —Con+Clyy

where

cos by — —\/§sln s (A2)

1
V3 cos 98 —6p) f_

( )
c, = ( V2 cos s + —sln00>
(% )

V3 cos 98 —6p)

V2 cos 0 —|— sm@
V3 cos 98 —6p) 0 i

A | S 1
C. = V3 cos(fs — 6p) (f8c0898 f\/—8m90>

The vielbein field which represents the pseudoscalar mesons is
u, = iutDyut and X+ = uTyu’ + uyu is the explicit symmetry-breaking
term, y & dlag( m2, , 2m3, —m?2) in the isospin symmetry limit.

The electromagnetic field B* is included as an external source,
F,., = 0,B,—0,B,, is the electromagnetic field tensor. It appears in the chiral
covariant derivative, which in our case is reduced to D, U = 0,U +ieB,[U, Q]
and in the tensor f1 = e'" (uQu™ +uTQu), where the quark charge matrix
Q = diag(2/3,—-1/3,—1/3).

For calculations in the even-intrinsic-parity sector we use the leading-order
RxT Lagrangian for pseudoscalar, scalar, vector mesons and photons derived
by Ecker et al. [19]. The spin-1 mesons are described by antisymmetric matrix
tensor fields V¥ and this Lagrangian is equivalent to the ChPT Lagrangian
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at order O(p*) (see [19, 23| for details). In our application we have somewhat
released the rigor of RxT and use different masses of resonances (M, # M, #
My and M, # My, # My,) without specifying a pattern of flavor symmetry
breaking (cf. Ref. [29]). Interaction terms for the pseudoscalar and vector
mesons read

f2
[’vector = Z <uuuu + X+>
Fy iGy
+—= (Vi ) + —= (Vi utu”) , A3
2\/§< f + > \/5 < / > ( )

here (- ) stands for the trace in flavor space.
For scalar mesons we assume the nonet symmetry of the interaction terms
and multiplet decomposition

ag =83,
fo =Sg cosf — Sg sin 6, (A4)
o =S5p sinf + Sg cos¥,

where S3 is the neutral isospin-one, Sy is the isospin-zero member of the flavor
octet. The angle € is the octet-singlet mixing parameter, and o = f(600).
The interaction Lagrangian for scalars takes the form

Escalar = Cq <Su,,,u”> + Cm <SX+> . (A5)

There are known problems with a rigorous inclusion of ¢ and f,(980) into
any RxT multiplet [29]. However, there is also a number of successfull appli-
cations [30, 31] of a scheme similar to (A4). In studies of ¢ radiative decays
this scheme was also applied in [22, 24].

Due to nonet symmetry, the relation for scalar singlet Sy and octet S°¢
coupling constants holds, ¢m,aS = ¢m,q (5 + So/v/3) . In nomenclature of
Ref. [19] this relation implies ¢, 4 = cm,d/\/g.

In the odd-intrinsic-parity sector we apply the Lagrangian [25, 26]

Lodd = hVG,u,uaﬁ <V“ (U'ufj:ﬁ + fjr!ﬂul/)> (AG)
+ oveuas (VH(u’0VP + 0°VPu")).
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Appendix B : Model parameters

Masses

The following values for the meson masses are used in our numerical calcu-
lations [1]: M, = 775.49 MeV, M, = 782.65 MeV, My = 1019.456 MeV,
My = my+ = 139.57 MeV, m,o = 134.98 MeV, mxg = 493.68 MeV,
my = 547.75 MeV.

Mixing parameters

The values of the n mixing angles 6y = —9.2° + 1.7° and g = —21.2° £ 1.6°
are used [33], thus fs = (1.26 £ 0.04)f and fo = (1.17 & 0.03) f, where
fr = 92.4 MeV. Thus, one obtains Cy ~ 0.738 and C ~ 0.535.

The w¢ mixing is given by one parameter £,4 = 0.058 [34]. The states
of “ideal mixing” w;q = (ut@ + dd)/+/2 and ¢;4 = s5 are expressed in terms of
the physical ones (mass eigenstates) as

Wia = W+ Ewd, (B1)
Gid = O — Eupw-

In order to include a G-parity-violating ¢wr’ vertex we determine the pa-
rameter ¢ from the ¢ — wn decay width:

2,3
g W pﬂ'
[(¢p — wr) = %7 (B2)

where p, = \/(Mf) +m2 — M2)%/(4 M7) —mZ, the effective coupling in our
formalism is ggur = 40v e’/ fr. Using the experimental value for the ¢ — wm

decay branching ratio B = (4.44-0.6) x 1075 [32] and oy = 0.34 one obtains
€' = 0.0026.

Couplings in the even-intrinsic-parity sector

The condition Fy = 2 Gy for the model couplings is used in our calculation
to make the one-loop amplitude finite [12] without use of counter-terms.
This relation has been addressed in [23] in a different context, namely it
has been shown that the constraints imposed by the high-energy behavior
of the vector and axial-vector FF’s lead to it, in addition to the relation
FyGy = f2. Note that Fiy = 2 Gy also appears in alternative models,
e.g., Hidden Local Gauge Symmetry Model and massive Yang-Mills theory
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for vector mesons, see a discussion in [23]. For numerical calculations we use
Gy = fr/V2=65.34 MeV, Fyy =2 Gy = 130.68 MeV.

Alternatively, respecting phenomenology, one may fix Fy and Gy by
means of fitting the measured partial decay widths of the vector mesons
(see, e.g., [19]) at tree level. In particular, for p — e*e™ one has

et F2
r - = v B
pete” T 19 M, (B3)
and for the p — 7m the tree level width is given by
G? 3/2
Lppin- = —2 (m?, —4m2) 2 (B4)

The experimental data are the following [1]: T'(p — 777~ ) = 146.2+0.7 MeV
and I'),c+o~ = 7.04 £ 0.06 keV. Values obtained in this way are Gy =
65.144+0.16 MeV and Fy = 156.414+0.67 MeV. The estimated values support
the Fyy =~ 2 Gy conjecture.

Couplings in the odd-intrinsic-parity sector

The coupling constant fyv is given by fv = Fy /M, ~ 0.17. The parameter
hy can be fixed from the V' — P~ decay width, in particular, the p — w7y

width ) 5
4aM3h3, (1 mz)

_ M B
27 f2 M2 (B5)

L(p—my) =

leads to hy = 0.041 £ 0.003.

One can use a special short-distance constraint of RxT in order to relate
oy to fy and hy. Namely, one can require the form factors (41) to vanish
at Q? — —oo as expected from QCD. In this connection we refer to [35, 36],
where in the framework of RxT high-energy behavior of three-point Green
functions VV P, VAP, AAP has been studied.

At Q% — —oo the propagators (37) Dy (Q?) — 1/Q? and we obtain the
following relation (neglecting mixing)

\/§hv - vav = 0. (BG)
This constraint reduces the number of independent parameters in the model,

in particular, expresses the poorly known parameter oy via hy and fy-, which
can be fixed from data. Thus we obtain oy ~ 0.34.
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Notice, an additional constraint on the parameters oy, hy and fy follows
from the short-distance behavior of the y*y*7° form factor (see a discussion
in Ref. [36]):

N
—st 16V2hy fy — 8oy f2 = 0. (BT)
It allows to further reduce the number of independent parameters. For ex-
ample, one can leave fy to be the only independent parameter and deduce
from (B6) and (B7)

VT 32 G
N,
hy = ——=¢ B8
v 32v2 72 fy (B8)

which results in the numerical values oy = 0.329 and hy = 0.0395 — fairly
close to those obtained with the use of Eq. (B5).

In favor of broken flavor SU(3) symmetry, one may introduce separate
couplings for each vector meson, i.e. replace fy by f,, fu, fs, and further
hv bY hypr, Pywr, By, - .. (vV P transition) , and also ov by owpr, Tppns - - -

Parameters for scalar mesons

The widths for ag — vy and fo — 7 decays are expressed in terms of (30),
for example:

etpt
LPagosny = 64 /—p2

The strong decay widths of the scalar mesons in the lowest order (tree level)
are

IGE) (p?,0)]%. (B9Y)

aoyy

—ma2, (B10)

Ga'rr p2 2 (p2+m2r_m2)2
Fao—>ﬂ-n(p2) _ | OTI( )| n

8mp? 4p?
1 ]G 7r7r(p2)|2
Lfonr(p®) = (14 5)%7 VP24 —mZ,

Gaoxx(P*)]®
Fao—>KI_((p2) = 2 087Tp2 p2/4 - m%{y

Groxx (@) /
Ffo—>Kf((p2) = 2 087Tp2 p2/4_m%(7
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Table 4. Scalar meson parameters [22]. Couplings and masses are given in
MeV.

Cd Cm Mao ]\4f0 Mcr 0
9371 4675 [ 1150755 986.170% 504723° | 36° £2°

where p? is the invariant mass squared of the scalar meson; see also defini-
tion (31), (32). For discussion of momentum-dependent couplings Gspp(p?)
and constant SPP couplings of other models (e.g., [10]) see Ref. [24].

The finite-width effects for scalar resonances are very important and
expressions (B9), (B10) do not have physical meaning of decay width,
when evaluated at the resonance peak value of p?. Nevertheless, in sev-
eral papers, e.g., [12, 19, 37], these tree-level expressions were used to find
the model parameters (¢4, ¢, and ) from measured widths. It was ob-
served [22, 24, 38| that the coupling constants could be better determined
from fitting the 77 and 7 invariant mass distributions in ete™ — ¢ — vy
and ete™ — ¢ — 7y reactions. The fit results [22] are shown in Table 4
and these values are used in our numerical calculations. Notice that for this
fit we used data from [4] (7°7%y) and [2] (7%97y). Recently, a new KLOE
result for the latter appeared [3], and we find reasonable agreement with it
without refitting, see a discussion in Section 5.

Appendix C : Example of the factorization of
the 7v* — ~vfy — 7’7" transition
amplitude

In this Appendix we sketch the general structure of the scalar meson con-
tribution f{ giving emphasis on the appearance of the electromagnetic form
factors of the pseudoscalars in the formula.

Consider the part of the M* amplitude (7) of v* — v fo — 777" with a

pion loop transition, M* Vl()op' Figure 4 is of help and one observes two terms
ng _ ng ng
M'rr loop M'y—>7r loop + M’y—>V—>ﬂ' loop? (Cl)

the former with the contact v* — 77~ coupling and the latter with an
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intermediate vector resonance. They read

—4e%i 2 Q?* p?
ny o /J,l/
M’y—nrloop - (47’(’) Gf07T7l'( )m_?r-[ (m_?ry m_gr
XDy, (p7)G forx(P7) (C2)
—4e?i 2 Q2 p2
pw _ % 2
M'y%V—)ﬂ'loop = (47T)2 1 Gfoﬂ"fr(p ) m_?rl (m_72'r7 m_gr>

Dy, (p°)G forr (%) 5 LR GrQD Q7). (C3)

f2

The momentum-dependent form factors Gy, (p?) are given by (31), (32)
and the loop integral I(a,b) can be found, e.g., in [11]. For a reference, we
remind the alternative notation of [12]:

\Il(m2ap2aQ2) = (Cl _b)I(a‘)b)v
1/(@Q-k) = 2/(Q°—p?), (C4)
with a = Q?/m? and b = p?/m?. The p meson propagator D,(Q?) is defined

n (37).
Combining (C2) and (C3), one finds

—4de?; Q% p?
uv _ /w
Mﬂ'loop - (47.(.) Gfoﬂ"ﬂ'( )mg I (m2 ) m2

s

XD 1, (p*)G ynr (07) F5 (Q)
—i€? Dy, ()G onr (%) FI, (QDGY (0%, Q7),

where the two-photon form factor of a scalar meson GE‘:)W (p%, Q?) is given
n (30). The pion electromagnetic form factor F7T (Q?) in RxT is given by

- FyG
Fem(QQ) = 1- ‘,/fQ VQ2DP(Q2)a (C5)
Generalization to the kaon case is straightforward. The kaon form factor
in RxT is
Gy
Fi
1 2 1 2
+2Du(@) +5Du(@) ), (6)
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Fig. 12. The O(p?) electromagnetic vertex of a (off-mass-shell) pseudoscalar
meson in RyT. All possible intermediate vector resonances V = p°,w, ¢, ...
in general contribute. For real photons only the first term on the r.h.s. is
non-zero.

The vector meson V = p,w, ¢ propagators are given by (37). The form
factors in form (C5) and (C6) include contributions from the photon—vector
transition (vector meson dominance, VMD) and the direct yvPP interaction,
see Fig. 12. The detailed discussion of two versions of VMD (VMD1 and
VMD?2) is given in the review [39]. It turns out that the RxT corresponds to
the VMD1 version.

For discussion of the one-loop modification of the electromagnetic vertex
and RyT-motivated calculation of the kaon form factor see [40].
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