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Abstract. A model is developed for electromagnetic form factors of the charged and neutral K-mesons.
The formalism is based on ChPT Lagrangians with vector mesons. The form factors, calculated without
fitting parameters, are in a good agreement with experiment for space-like and time-like photon momenta.
Contribution of the two-kaon channels to the muon anomalous magnetic moment a,, is calculated.
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1 Introduction

Hadronic contribution to the vacuum polarization plays an
important role in the test of the standard model at the
electroweak precision level. It is the main source of the
theoretical uncertainties in value of the muon anomalous
magnetic moment a,, = (g, —2)/2. The dominant piece of
the hadronic contribution is the 777~ channel, which is
expressed in terms of the pion electromagnetic form fac-
tor (FF) Fr(s). This FF has been studied during the last
years both experimentally [1,2] and theoretically (e.g., in
hadronic models [3—5]). The two-pion channel at low ener-
gies accounts for about 70% of the leading order (LO) total
hadronic contribution to a,, at the same time the other
hadronic channels are also important. High precision meas-
urements of various hadronic channels were performed by
CMD-2 and SND in Novosibirsk, and of 777~ channel by
KLOE in Frascati.

In this paper we concentrate on the electromagnetic
(EM) FF’s of the kaons, the charged ones K+, K, and
the neutral ones K% K9 mainly in the time-like region
of the momentum transfer. Experimental information on
these FF’s comes from measurement of the total cross sec-
tion of the electron—positron annihilation ete™ — KT K~:

a? am2 \*/?
o(efe” = KTK™) = W33 (1— 3K> |Ficr (5)?
(1)

and similarly for ete™ — KsKp. In (1) s is the squared
total energy in center of mass (CM) frame, « is the fine-
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structure constant, mg is the K-meson mass (the electron
mass in (1) is neglected).

New accurate data on the neutral kaon FF’s have re-
cently been obtained in Novosibirsk (CMD-2 collabora-
tion [6] and SND collaboration [7]), and results for the
charged kaon are being analyzed. The kaon FF’s are con-
ventionally studied in terms of the intermediate J© =1~
mesons: p(770), w(782) and ¢(1020). It turns out that at
energies above /s &~ 1 GeV vector resonances p’ = p(1450),
w' =w(1420) and ¢’ = ¢(1680), which are the low-lying
radial excitations of the p(770), w(782) and ¢(1020) respec-
tively, also begin to play an important role. The proper-
ties of the latter resonances are not well known. Recently
a model has been worked out [8] which accounts for main
vector-meson contributions. The parameters within ap-
proach [8] have been fitted to existing data on pion and
kaon FF’s.

In the present paper we develop a model for the charged
and neutral kaon EM FF’s in both the time-like region (at
V/s =1-2 GeV) and space-like region, s <0. It is based on
ChPT with vector mesons [9,10]. On the tree-diagrams
level the processete™ — Kt K~ (orete™ — K°K?) is de-
scribed via intermediate p(770), w(782) , ¢(1020) states
(and possibly including other JF = 1~ resonances), the
couplings of which to the photon, fy, are related by the fla-
vor SU(3) symmetry. The couplings to the kaons, gyx+x-
and gy, o0, also obey SU(3) symmetry relations. It is
also possible to determine some of these couplings from
decay widths, and this way is preferable as the SU(3)
symmetry is not exact. In this model the photon vector-
meson vertices by construction depend on the photon
momentum ¢ and explicitly guarantee gauge invariance
of the theory. These properties are important because
they automatically give the correct normalization of FF’s,
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Fy+(¢>=0)=1 and Fyo(¢> =0) = 0, naturally account
for the energy dependence of the EM vertices and the
vertices vanish in the case of real-photon vector meson
transition.

In the model we include certain loop corrections be-
yond the tree level. In particular, there are self-energy
polarization operators that modify vector-meson propa-
gators and loop corrections that lead to “dressing” of
the photon—meson vertices. For construction of vertices
in the odd-intrinsic-parity sector, when necessary, we ap-
ply the chiral anomalous Lagrangian of Wess—Zumino—
Witten (WZW) [11,12] for v@PP interaction and chiral
Lagrangians [13-15] for Vy®, V&P and VPPP interac-
tions. As an option we also use method of [16,17] to con-
strain parameters of the interaction of the vector mesons.
Parameters of the model are fixed from decay widths of the
vector mesons, and the kaon FF’s are calculated without
fitting the parameters.

The plan of the paper is as follows. Section 2 con-
tains formalism needed to describe the photon, vector-
meson and pseudoscalar-meson interactions. The formal-
ism is based on ChPT Lagrangians with vector mesons in
the even and odd intrinsic-parity sectors. In Sect. 3 this for-
malism is applied to calculation of the kaon form factors.
The model is extended by using the “dressed” propagators
and vertices, and adding the higher resonances. Results of
calculations and discussion are presented in Sect. 4. The
K K-channel contribution to muon anomalous magnetic
moment a, is also calculated. In Sect. 5 we draw conclu-
sions. Appendix contains ChPT Lagrangian with vector
mesons.

2 Formalism

2.1 ChPT Lagrangian

In the even-intrinsic-parity sector we apply ChPT La-
grangian of Ecker et al. [9,10] (see Appendix for details)
which is an appropriate model in the energy region of in-
terest. The antisymmetric tensor formulation for the spin-1
fields is used as it directly fulfills the high-energy con-
straints of QCD (the model I of [10]). The other possibility,
vector formulation, is shown [10] to be equivalent to the
tensor formulation to order O(p*) only if additional local
terms of order O(p?) are present in Lagrangian.

Expansion in powers of momenta describes standard
EM interaction of the charged pseudoscalar fields @

L) = 1B, Tr(Q[0,2, 9))
— 1B, <W+5“W_ —|—K+3“K_) . @
2
e
L= 5 B"B,Tr([®,Q]?)
=e’B*B,(rTn” + KTK™), (3)

where notation mtdtr~ =7t (9Hn) — (Ot )T, ete.
has been introduced and e = v4ra ~ 0.303 (see Ap-
pendix A for definition of @ and quark charge matrix Q).
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One also obtains direct photon vector-meson coupling

P
¢V2 FPTr(V,,Q)

1 1 1
= eFyFW 0 L — u .
eFy (2,0,”‘1'6“’# 3\/2% >

Efyv =e€
(4)

This Lagrangian is explicitly gauge invariant and leads
to momentum-dependent vertices for the (vy(u)|V(vp))
transition, which are proportional to eFy(¢”g?* — ¢ g""),
where u, v, p =0, ..., 3 are the Lorentz indices.

The interaction of vector mesons with pseudoscalars is
given by

2
ﬁv@@ =1 2 TI‘(VM,,alL@aV@)
Gv L
—ng [ph, (2047t 0¥

+OKTO"K~ — 9" K°0"K")

+wu (P KOV K~ + 0" K0V K°)

+ G (—V20" K"K~ — V20" K9V K?)].
(5)

In deriving (5) the antisymmetry of the vector fields, V,,,, =
—V,u, has been used. The pion weak-decay constant is
F.=92.4MeV.

The coupling constants Fyy and Gy can be found from
experimental widths of decays I'(p — ete™) and I'(p —
m), respectively. It will be further convenient to use other
constants, g and f, related to Fy and Gy. Using the data
from [18] we obtain

Fy =156.35MeV, Gy = 65.65 MéV ,
— My _ _Gvm, _
f= =196,  g= | = 5965 (6)

In (4) and (5) the exact SU(3) symmetry is supposed. To
have a more flexible model we introduce for each vec-
tor meson independent EM couplings fv = (f», fuw, fo)
and strong couplings gpnr, 9ox+K-> JpkOROs Juk+K—»
Jurogo and gyt -, gypxogo- The SU(3) relations for
these constants are shown in Tables 1 and 2. The cou-
plings fv can be directly fixed from the decay widths
I'(V —1"17) (see Table 1) and these values will be used in
calculations.

The odd-intrinsic-parity interactions are discussed in
the following subsections.

2.2 Photon-pseudoscalar interaction

The WZW Lagrangian [11,12] involving interaction of
pseudoscalar mesons with external EM field reads

Lwaw = Lopw + Livnw
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Table 1. Values of the EM coupling constants for V' = pO, w, @

p w ¢
SU(3): fv f 3f —\;’Qf
exp.: I'(V—ete), keV 7.02+0.11 0.60+0.02 1.27+0.04
fv 4.966 +0.038 17.06 £0.29 —13.38£0.21
exp.: I(V = ptp™), keV 6.66+0.2 0.76 +0.26 1.2140.08
fv 5.094+0.08 15.154+2.8 —13.71+£0.45
Table 2. SU(3) values of the vec- for 17 resonances ensures correct behavior of Green func-
tor-meson coupling to two pseudo- tions to order O(p%). In the alternative tensor formu-
scalar mesons lation, however, local terms of O(p®) would be explic-
. o 00 itly needed to fulfill high-energy constraints of QCD. Ex-
T K"K KK panding the corresponding Lagrangian (see Appendix ) we
p° g 39 —39 find
1 1
w - 29 29 20y
Lyve =— meB 9,V {®,0aV5}), (11
s ~ ~lg —lg vve Poc r(0uViA 5}, (11)
£ = — Ve e g v (Q[(0,1)(0aU ) (@50) U A2y
WZW — 487T26 uil v (e B ,CVAY@ = — r € auB,,TI‘(Va{ag@, Q}) . (12)
_ + +
(0,U7)(0U)(95U )U])’ These terms induce the interactions
@)= Negwos g g yp 4o
WZIW = gq72 © wv) e Lopr == p € 0, (0aps), (13)
2 + 277+ ks
xTr(Q OsU)UT + QU (93U) i WY s
1 1 V0 = — € nv
- ,QUQOU) + QUFQ@)),  (7) 3 .
X (P2 +3wa + 3 €wpda ) Opm°. (14)

where N, =3 is the number of quark colors, €g123 =
—e"123 = 1 and U = exp(iv/2®/Fy).

We keep in (7) the lowest-order EM interaction with
three and one pseudoscalar mesons:

1/2eN,
1272F3

N
= 1;e 2 g3 e“”o‘ﬁBu <8,,7r_8a7r+3g7ro
71— s

+20,m00. K~ 95K " + 8V7r08af{03gK0),
(8)
P9, B, 0,BsTr(Q*®). (9)

Lyoos = P B, Tr(Q0, 206 P03P)

V2e2N,

£ne == grop,

The latter, in particular, describes anomalous 7%~ inter-
action

e’ N,

Lo o=—
1m0 T T ogr2p

89, B,0,Bgn®.  (10)

2.3 Vector-pseudoscalar-photon interactions
For the odd-intrinsic-parity interactions of vector mesons

we use chiral Lagrangians in vector formulation for spin-
1 fields [13-15]. As shown in [13] the use of vector fields

The last term in (14) represents the OZI-forbidden pro-
cess, and €,4 = 0.058 [3] is the w-¢ mixing parameter. The
V $PP interaction is

21v/2
Lyvoss = — Z\;,?,HV e PTr(V,, 0,8 00D 05P)

s

_22\/29\/6[“,@5
F}
+ 0, 0,7 0o K® O3 K° + 3w, 8,m° O™ Opm™
+w, 0,1 O K+ 05K~ —w, 0,m° 0o K° 95 K°
+V2w, 8,1t 0, K° 95K~
+V2w, 0,1 0a K 93K°
.
\/
.
\/
3 Byt 0uK 95K~ + ¢, Oy~ O K+ aﬁz‘(O) .
(15)

(pg 8,10 9K+ 95K~

) $ 0,0 0 K+ Og K~

) b, 0,0 0o K° 05 K°

The parameter hvy is fixed to the value hy = 0.039 from
the width of the w — yn° decay. To obtain 6y and oy
we use experimental values [18] for the three-pion decay



700

Table 3. Values of parameters in Lagrangians (11), (12) and (15).
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g = 5.965 is fixed

from p — 7 decay, and f' = 1/0.17 ~ 5.9 [14, 15]

Parameters hv Ov oy
“Ideal” values lf,=0040 7 —0054 3, =034
Fixed from experiment 0.039 0.0011 0.33
Values in model [14,15] for g4 =1 N5/ <0020 NI —0.053 N5f) =0.33

widths of w and ¢ mesons [19]. It is usually supposed that
the ¢-meson decays into the three pions via the w-¢ mixing
(for other options see [20—22]), and that the amplitudes for
the direct decay, ¢ — w77, and decay through the interme-
diate state, ¢ — pm — 7w, sum up incoherently. Accord-
ing to [23-25] the direct w — www (and ¢ — wmw) decay
is suppressed with respect to the process w — pm — 7w
(and ¢ — pr — 7). In view of these constraints we ob-
tain oy = 0.33 and #yv = 0.0011.

There is an interesting approach [16,17] which gen-
eralizes the WZW anomaly term [11,12] for the case of
vector and axial-vector mesons. The authors of [16, 17] ap-
plied Bardeen’s form of anomaly to keep the vector current
anomaly free and have anomaly for the axial-vector cur-
rent. The VPP and VV @ pieces of Lagrangian in this
approach have the form

2

Lyvess = — A2 e“uaﬁTr(V,L 0, P 0, P 03P), (16)
Lyyve = — 3g° P T(0, VP, 0aV5}) .
16V/2m2F, . ’
(17)

The EM field can be included, based on U (1) gauge invari-
ance and vector-meson dominance, by the substitution
2e
V=V, + \/g QB, (18)
in the covariant derivative [16,17] acting on U. By substi-
tuting (18) in (17) one obtains V@ interaction

3eg

grop € 0BT (Va {059, Q})

Lyye =— (19)
and yy® Lagrangian (9). Further, substitution of (18)
in (16) leads to y@PP interaction (8).

Equations (16), (17) and (19) can be used to estimate
parameters hy, 6y and oy in (11), (12) and (15) (we call
the corresponding values “ideal” ones). These values are
shown in the 2nd line of Table 3 and the values determined
from experiment are listed in the 3rd line. It is seen that
the parameters hy and oy agree well, while the experiment
favors very small value of the constant 6y for the VPP
vertex.

In the last line of Table 3 we present results for these
couplings in an extended Nambu—Jona—Lasinio model of
QCD [14, 15]. For a particular value of axial constant g4 =
1, and f’ &~ 5.9 from [14, 15], the obtained couplings agree
with the “ideal” values.

3 Kaon electromagnetic form factors

The kaon EM FF’s can be defined in terms of the quark EM
current (see, e.g., [26])

) 2 _ 1- 1_
Jem (@) = gu(@)y*u(z) — Jd(@)y*d(z) — ;5(2)7"s(2)
1
=VH#x)+ Vi), 20
@+ W) (20)
where the isovector and isoscalar components are
respectively
A 1 -
V(@) =) a =, (ay"u—dy"d),
1 1 Ag
Vi (x) = T
3 g () s o
1 - 1
= 6(&7“u+d’y“d)— 357“3. (21)

Then the FF’s are defined through the matrix elements

(KT (p1) K~ (p2)|54a(0)[0) = (p1 — p2)* Fic+ (¢°),
(K°(p1) K (p2) it (0)|0) = (p1 — p2)" Fio (¢°) , (22)

where pq, ps are the kaon momenta, ¢ = p1 +p» and ¢> = s.
These FF’s, being defined in the time-like region s > 4m%,
due to the analyticity describe also the space-like region
s < 0 corresponding to elastic electron scattering on the
kaon.

The direct vV coupling in (4) leads to the following
form for FF’s:

Fer(s)=1- Y g‘;fi{g* Ay (s),

V=p,w,p
Foo(s) = — gVKOR'OA :
i) == 3 TR A (23)
Av(s) = s (24)

s—mi —IIy(s)’

where ITy(s) is the self-energy operator for the vector me-
sonV = p,w, ¢.

It is seen that due to gauge invariance of the pho-
ton vector-meson interaction the coupling is proportional
to photon invariant mass s and vanishes for real pho-
tons. This automatically leads to the correct normalization
conditions

F‘K7L (0) =1 )

Fro(0)=0. (25)



S.A. Ivashyn, A.Y. Korchin: Electromagnetic form factors of charged and neutral kaons

Thus there is no need to impose constraints on coefficients
in (23) in order to obey (25). An additional energy depen-
dence of the couplings fy(s) arises due to higher-order
corrections, as described in Sect. 3.2.

Using for the strong couplings the SU(3) relations
in Table 2 we can write

Fie(s)=1=, 5 Ap(s)

~ ap() RO ;¢(S)A¢(s>, (26)
Bl = 79 4 0) 5 )M 0)

+ \/2J€¢(S)A¢(s). (27)

3.1 Self-energy operators

In general the dressed propagator of vector particles in-
cludes the self-energy operators Iy (s). The latter should
account for all intermediate states, such as 7t7—, wn?,
KK, wn®— 7K+ K~ for p meson, KK, pr, m'ntn—,
pr — ot~ pr — m°KK for w meson, KK, pn,
KK, pr—n°KK, 7%tr=, pr— m'7t7~ for ¢
meson (including those with w — ¢ mixing), and possibly
others. As our calculation indicates, in the region of inter-
est the most important contributions to ITy(s) consist of
the diagrams shown in Fig. 1. These diagrams are the dom-
inant ones in the energy interval /s about few GeVs, they
contribute to the self-energy for p, w and ¢ mesons about
86%, 95% and 95% respectively. We take into consideration
that there is experimental evidence [23—25] of a relatively
small direct couplings w, ¢ — wrm.

These diagrams can be collected in the self-energy oper-
ators as follows

1, = I y(xou)p + L p(rmp 5
oy = 11, (70 ) + ok K)o + 2 (3m,mp)
1y =Hyxr)s (30)
where the subscript notation is explained in Fig. 1.
In the following we include only the imaginary parts of

the loop contributions. These will be the dominant contri-
butions giving rise to the energy-dependent widths

Iy(s) = —my' Im ITy(s). (31)
70 Tt m
i N RN
\ \ \
P p P =4 =/ w w
\\xx-’,’
w e P
K w0 K
I,—x-\‘ I,—x-\‘ I,—x-\‘
w =4 —uv w =+-—x-(9= w ¢ =4 — ¢
S\ / \ \ /)
\l(./ Noe’ 14 Soe -
K w K

Fig. 1. Loops included in self-energy of vector mesons. Crosses
indicate imaginary part of the diagrams
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The real part of the self-energy, Re ITy(s), usually can
be taken into account by an appropriate renormalization
of the coupling constants and masses. An approximation,
consisting in neglecting the real part of the loop contribu-
tions compared to the imaginary part, is often used in scat-
tering theory and is known as K-matrix approach. For an
example of successful application of the coupled-channel
K-matrix approach to reactions on the nucleon see [27, 28].

Applying the Cutkosky rules ([26], Ch.6.3) to the dia-
grams shown in Fig. 1 we find the imaginary parts:

—/s160%
12r  F2

2 3/2
y ((s—i—mi—mi) —m2>

Im Hp(wow)p(s) =

4s
x 0 (s— (mx+mu)?),
Im I (), (5) = 48_7rg\2/3 (s—4m2)
x 0 (s—4m?2),
—/s160%
12r  F2

2 3/2
) <<s+mz—m§> _m2>

3/2

Im Hw(ﬂop)w (3) =

4s i

X 4 ((p710+)2 — pfpﬁ)

_ 924V2hyoy
3 2F4

1
p%—m%—zlmﬂp]

4 ((P—P+)2 —pfpﬁ) = [(\/s— E.—E.)"+m?
] m2)
x (B2 —m2), (32)

x Im

where 0(z) =1 for x >0 and 6(z) =0 otherwise, By =
V/P+2+m2, and region of integration is restricted by

my < Er <+\/s—2mg,
E{+E_<\s—mg.,
p:’p->—(pyp-)*>0.
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Choosing pf, = pio, pi+ ; pi, allows one to include all three

possible charge states of the most complicated diagram for
w meson in Fig. 1:

P = s+l +2y5(By + L),
pii =s+m2—2y/sE+ .

In order to restrict the fast growth of the partial widths
with s we introduce cut-off FF’s for the vertices describing
vector-meson decay into two pseudoscalars and pseudo-
scalar-vector. For the particular form of these FF we
choose [20]

Cvvp(s,10) = 11:((7“07:7))2 ; (33)
Tov S
14 (roge (m2))?
Cvpp(s,ro) = \/ 1+ (roqp(8;/)2 ) (34)

gp(s) = \/3—4m12,,
ro=(2.5+1.14£0.5)GeV 1.

Here ro stands for vector-meson effective radius which is
taken the same for all decays. With this FF I'(s) — const
as s — oo. All the above expressions for the self-energy op-
erators are multiplied by the corresponding FF squared,
ie. Im I1...(s) = Im II...(s)C? (s, o).

3.2 Electromagnetic vertex modification

In this subsection we focus on the photon vector-meson
vertices, which follow from (2), (8), (13) and (15). As men-
tioned in Sect. 3.1 the EM couplings fv(s) acquire energy
dependence due to loop corrections in the present model.

To be consistent with the approximation for the self-
energy we include only the imaginary part of the loop con-
tributions to the EM vertex functions which are shown
in Fig. 2.

In numerical calculation the following formulae are
used:

\/26 hv
= ov Im Hp(‘/row)p(s) )

e
Im 1L () () :g Im Hp(?ﬂr)p(s) )

Im 17, (0,),(8)

70 7wt T
I,—x-\\ l,—x-\\ ’,—x-\\
¥ U P Y~ —/, 7 U w
\‘X'”
w ~— p
Kt 11'0 K+t
,,—x-\‘ 7N I,—x-\\‘
Y~ —u Y~ % T w Y ~ng — 1)
\\~)(-” \\“X" p \\‘X-’I
K~ T K~

Fig. 2. Loops for EM vertex modification
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_\/2€hv

Im H’y(wop)w(s) = 3ov Im Hw(wop)w(s)’

e
Im H’y(KK)w(s) :g Im Hw(KK)w(S) y

e
Im H’y(KK)qS(S) = — \/ Im H(b(KK)qS(S) y

29
Im Hw(37r,7rp)w (S) .
(35)

e
Im I, 3, s) =
V(3 (5) 24+/272 Oy

These expressions should also be multiplied by cut-off
FF Cvyp(s,79), which is chosen equal to Cyvp(s,ro)
in (33).

Figure 3 illustrates the model for the FF’s including
self-energy and EM vertex loop corrections. The diagrams
in Fig. 3 can also be re-arranged in a different way. As an
example, selecting in Fig. 3 contribution from prm vertex
by taking V' = p and P = 7 one obtains Fig. 4. This figure
shows that the kaon FF contains the pion EM vertex F(7)
as a building block. For the on-mass-shell pions F(™) would
reproduce the pion FF.

The equations for the modified EM couplings read in
terms of the loop corrections

1 1

1
= o= > ImITy(s) (36)
v(e)V ;
fuls) T D es &
for V = p° w, ¢, and where index ¢ = (r°w, 7, 7%, KK,

3w, 3w — pr) stands for the diagrams shown in Fig. 2. The

“bare” constants f\(,o) are real-valued, i.e. Im f\(,o) =0. The
modified couplings fyv(s) at s =m?% have to describe the
leptonic decay widths of the vector mesons

4 2 mvy
yes

|fV (S:m%/)|2:3 F(V—)6+67). (37)

This allows us to find the bare couplings
1 B 1
, =
(F) v (s=md)
1 2
(X mi ey (s=mf))".

e2mé .
(38)

2

Using the particle properties [18] (see also Table 1) we
obtain

FO =5.021, f©=17.0601, f°=-13.3824,
(39)

and for arbitrary s the real and imaginary parts of
the momentum-dependent couplings fy(s) are calculated
from (36).

On the mass shells the imaginary parts Im IT, (¢, (s =
m2) and Im IT,(¢)s(s = m3) turn out to be small and the
corresponding bare couplings fo(,o) and fd()o) are very close
to the values Re f,,(s = m?2) and Re fy(s = mi) Neverthe-

less, off the mass shells there remains certain s-dependence
(see Fig. 5).
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,,.]g K g K o ,"K
p RN
m@\ = - 2 e G ===
YK ‘K v.p K w K
L L b
= =+ = = + = I = + e Fig. 3. Electromagnetic form
g v P factor of K+ (K7)
SK K ) ‘K I K K
JV\@ = M: + + -n/x..'\ +
K K K ! K
K ~K T K
. )4 ‘ N 4
K K " K
T LT s
& 4 Fig. 4. Representation of kaon
_— UV« (V2 Ryo N 3 . .
M@\ = form factor in terms of pion elec-
T N R tromagnetic vertex
Re f Im f
et — P s
15 [
— p 4 ---- w /
o /
10 ecr L ¢ s
...... ¢ 3 = — -
B /‘
2} .
L7
: : : : : Vs,GeV] s
0.8 1.2 14 1.6 1.8 2 L.
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Fig. 5. Real (left) and imaginary (right) parts of the coupling constants fy (s) for p, w and ¢ mesons

3.3 Contribution from higher resonances I'(p(1450) — 777~ ) x I'(p(1450) — eTe™)

Ttot(p(1450))
3/2
The contribution from the higher resonances p’, w’, ¢ is in- 1 QKQ,/Mmp' 4 m2 e*m,y
cluded by adding T Lio(p!) 3-167 mi, 127 fﬁ,
, _ =0.12keV, (41a)
AFgr(s) == ) g\} KZSK) Av(s). £0.015
Vi=p'w ¢! 7V = (0.027 _0'010 > keV (41b)
AFyo(s)=— Z g\}/KESO Ay (s), (40)
V=g w7 I (¢(1680) — K2 KQ) x I' (¢(1680) — ete)
Tot (¢(1680))2
to FF’s in (23). , +(#(1680)) 3/
Though the current experimental data are not sufficient _ 1 9 00 Mg’ 1 m% e4m¢/
to unambiguously find the couplings fv/, gyx+x- and " Lt(¢)? 3-167m Tm2, 127 f2,
gv' K0 g0, there is a way to constrain them. One can use the 6 ¢ ¢
branching ratios [18] = (0.131£0.059) x 10 (42)
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Table 4. Ratios of coupling constants for resonances p’,w’, ¢’ (only couplings to K T K~ are shown for brevity). Errors
are due to uncertainty in decay widths (first) and branching ratios (second). The signs of couplings are chosen opposite

to those for p,w, ¢

Ratios Egs. (41a), (42) Egs. (41b), (42) constrained fit [8] unconstrained fit [8]

Gorictie —0.063+0.005 ~0.034£0.0024£0.007  — {182 9RIET = 0,056 — {128 9TET = —0.065

gu,}(”tK_ gplst-FlK— g,,/é(f+/;<— _ ?i&l)g ngf+K— - —0.016 — ?.Zég ngf+K— - _0.002
; , . : ; ’

9o k+K— 0.018 Yo+ K- _ 0.001 9o+ T

I —0.036£0.012+£0.008  —0.036:£0.012£0.008  — OGN = 0005 — 0995 " KT 2 0.0

and total widths Iio(p’) = 400460 MeV, Itot (w
35 MeV and Iiot(¢') = 150 = 50 MeV.

From these relations one finds ratios of the strong and
EM couplings, g, 5+~ / for and g 0 go/ for- We can also
use the SU(3) relations for the ratios (see Tables 1 and 2):

=215+

9o K+K—  Guik+Kk—  9prK+K— _ 1 . 1 . 1 (43)
fo 7 e 2°6 3’
JprKOKO  GuykOR0  9gKOKO 1 11
for fu T fw 2763
and |gp/K+K*| = |gp/K0f<0 B

From (41a) and (42) we get the 2nd column of Table 4.
It is seen that g, p+x-/fp and g4+ x-/fy approxi-
mately follow SU(3) symmetry (43) that allows us to ob-
tain parameters for w’-meson. Note that SU(3) symme-
try is not satisfied for parameters calculated from (41b)
and (42), which are shown in the 3rd column of Table 4.
Above estimates for parameters of the “primed” reso-
nances are used further in calculations. For comparison in
the 4th and 5th columns we present the values obtained
from the “constrained” and “unconstrained” fits to data
in [8].

There still remains a sign ambiguity in these ratios.
One may determine the relative sign of the p’,w’, ¢ contri-
bution with respect to the p,w, ¢ one using the following
reasoning. On the basis of quark counting rule in pertur-
bative QCD [29, 30] the FF behaves like Fi+(s) — a/s at
s — —00, where a = —167F2a,(s). We obtain in this limit
from (23) and (40)

FK""( )—>b+ , (44)
Z gVK+K* _ Z IV'K+K—
1 1 ! / fvl ,
V=p,w,¢ Vi=p/ w!,¢
(45)
a Gyr+K- Y
V=p,w,¢ v
2
-m
-y e w0
Vi=p/ W' ¢ Fvr

For the correct asymptotic behavior the constant b in (45)
should be equal to zero. One can check however that
the contribution from the lowest resonances p,w, ¢ with
the couplings gyx+x-/fv taken from experiment does

not lead to vanishing of b. If we add the contribution
from the higher resonances p’,w’, ¢’ choosing the nega-
tive relative sign of couplings gy/x+x-/ fv+ with respect to
gvk+x-—/fv, then the constant b becomes closer to zero.
In this way the asymptotic behavior of the form factors is
partially improved. The sign “minus” for the higher res-
onances also improves significantly description of the ex-
perimental form factors which are calculated in Sect. 4.
Note also that the constant a in (46) takes negative values
with the parameters in Table 4.

There is also experimental information on the relative
phases of the higher resonance contribution in a differ-
ent reaction ete™ — =70 [20, 31, 32]. Our choice of the
relative sign is in line with the findings of these papers.

4 Results of calculation

4.1 Kaon form factors and cross section
of ete— — K K reaction

In this section we present results for the charged and neu-
tral kaons. The FF’s are calculated from (26), (27), (40),
and the ete™ annihilation cross section from (1). Figures 6
and 7 show FF in the time-like region.

The solid curves (see legends in the plots) represent
a simple VMD-like model in which only p, w and ¢ reso-
nances are included. The meson widths are taken s-depen-
dent (see Sect. 3.1) while the couplings of vector mesons
to photon fy are independent of momentum. As known,

F2 | pwyp and p‘,w*,¢°. T(s). f(s)
10f -—-  pw,¢ and p‘,w,¢. [(s). f=const
10° ---  pyw,p. T(s). £(8)
102 —  p,w,p. ['(s). f=const

Vs,[GeV]

RETEE

Fig. 6. Charged kaon EM form factor in the time-like region.
Data: diamonds (open) are from [33], triangles from [34]

107"
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2
I Py and p',' g% T(s). ()
-—-  p,w,p and p',w',¢". T'(s). f=const
10°
=== pw. I(8). f(s)
102 —  pyw,. I'(s). f=const
10
Vs,[GeV]
107!

Fig. 7. Neutral kaon EM form factor in the time-like region.
Data (bozes) are from [35]

such a model can describe experiment only in vicinity of
the ¢(1020) resonance.

The long-dashed curves include in addition the mo-
mentum-dependent EM couplings. It is seen that this in-
clusion does not improve considerably the description.
These results suggest the need for further complication of
the model.

Taking into consideration the excited resonances p’, w’
and ¢’ with momentum-dependent widths and constant
couplings fy we obtain the dot-dashed curves. The corres-
ponding calculation improves the agreement with available
data in comparison with the simple VMD model. The con-
tribution from p(1450), w(1420) and ¢(1680) resonances is
noticeable.

The short-dashed curves represent the most advanced
calculation. These curves include the momentum-de-
pendent widths for all intermediate states, “dressed” EM
vertices (for p, w and ¢ resonances) and cut-off FF’s
in the self-energies and EM vertices (see (33) and (34)).
We have not attempted to develop vertex “dressing”
for the higher resonances due to the present experimen-
tal uncertainties in their decay rates. We should note
that the authors of [8] also obtained a good description
of the data by fixing the values of the parameters fy
from the fit. In our procedure of “dressing” the couplings

IFf°

10*r
10°:
10% 1

10+
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a reasonable agreement is achieved without fitting the
parameters.

It is of interest to study sensitivity of calculated FF’s to
uncertainties in the model parameters. The uncertainties
in parameters fy and gy g/ fyv for vector mesons (see
Tables 1 and 4) arises due to a limited experimental accu-
racy in decay widths and branching ratios, especially for
the primed resonances. Figure 8 demonstrates how these
model uncertainties influence FF’s.

Figures 9 and 10 represent the e*e™ — KK cross sec-
tion. They are compared with all available data. Finally
the plot in Fig. 11 shows the charged kaon FF in the space-
like region of photon momentum. This figure demonstrates
good agreement with data [38]. At the same time, the FF
in the region of —¢? < 0.16 GeV? is not sensitive to ingredi-
ents of the model.

Note that kaon FF’s in the space-like region have
been studied earlier in various approaches: quark Dyson—
Schwinger equation [39], ChPT in order O(p®) [40], quark
linear o-model [41,42], model based on pion FF and data
on Kt — ntete™ [43,44], relativistic constituent quark
model [45].

From Figs. 6-11 one can conclude that the developed
model is consistent with the experimental information [6,
33-37] in the 1-1.75 GeV energy region. Although the
most important contributions are included in the model,
some deviations show up in the higher-energy region. They
may be attributed to other intermediate states or ex-
perimental uncertainty in the parameters of p’, w’ and
¢’ resonances.

4.2 Contribution of Kt K~ and K°K?° channels
to anomalous magnetic moment of muon

The contribution of the K K-channel to a,, is directly re-
lated to Fi+(s) and Fyo(s) via the dispersion integral [46]
(see also [47]):

ds

had, KK o [
ad,8% — W(s)R
a, 32 /4m%( (s)R(s) s’

(47)

IFi

Fig. 8. Form factors of charged kaon (left) and neutral kaon (right). Hatched area shows error corridor caused by uncertainties in
parameters of vector mesons. Data are the same as in Figs. 6 and 7
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o [nb] o,y and p*io 6. T(S). £(S)
-—  pw,¢and p',w',¢". [(s). f=const
10° -=-  pw,d. T(s). £(S)
1 —  pyw,0. T(s). f=const
102

10

107"

Fig. 9. Total cross section of e*e™ annihilation into charged
kaons. Data: stars are from [36], diamonds (filled) — from [37],
triangles from [34], diamonds (open) from [33]

a,[nb]
10° = pw,g and p',w',¢t. T(S). f(S)

p,w,¢ and p‘,w',0°. T'(s). f=const
Py T(8)- f(s)
pywyp. T(s). f=const

10°

102

10

107"

Fig. 10. Total cross section of eTe™ annihilation into neutral
kaons. Data: stars are from [36], triangles (open) — from [6],
bozes (open) from [35]

B ! 2?(1—2x)
W(s)—/o x2—|—(1—1‘)3/mid

(1) (1+y12) [1n(1+y)—y+y;]

1+yy2

+l—

Iny,
where y=(1-08)/(1+0), f=(1 —4mi/s)1/2, my, is the
muon mass, and R(s) is the ratio of the cross sections

olete” = KK)
olete” = ptp~)

3/2
am?
(- %) 2
sy (o y e O
+277) (1-"7)

Here o(ete™ — KK) is the ‘bare’ (lowest order) cross sec-
tion, not including initial-state radiation, yeTe™ vertex
corrections and vacuum polarization effects.

The calculated values are presented in Table 5 together
with the inaccuracy caused by uncertainty in the param-
eters of the model. The K K-channels contribute (34.70 +
1.01) x 10719 to the hadronic contribution aﬁad. The latter,

R(s) =

(48)

S.A. Ivashyn, A.Y. Korchin: Electromagnetic form factors of charged and neutral kaons

IFf = pw,¢ and pf,w',¢" T(s). f(s)

-—  pw,¢ and p‘,w',¢". T(s). f=const
== pwyo. I(S). f(8)

—  p,w,o. I'(8). f=const

H+

0.9

0.8

0.7

0.6

V-s,[GeV]
0.1 0.2 0.3 0.4
Fig. 11. Charged kaon EM form factor in the space-like region.
Data are from [38]

according to [47], is af*®LO = (696.3 £+ 6.2¢xp =+ 3.6;ad) X
1071 (in LO). We can compare our result with that of [47]
for the K K-channels (see Table 1 in [47], entries for ¢ and
K K contributions in e*e™ annihilation):

(35.71 % 0.84xp £ 0.20,04) X 83.1%
+ (4.63 £ 0.4003p = 0.06a) i+ 5
+(0.94 4 0.100xp £ 0.01r00) ks &y
=35.24+ 1.2005p & 0.24,09

had,KK
u

in units 10710, It is seen that our model gives a very

close to the value obtained from ete~ annihilation cross
sections.

5 Conclusions

We developed a model for electromagnetic FF’s of the
charged and neutral kaon in the time-like (/s =1-2 GeV)
and space-like (s < 0) regions of the photon momentum.
The model is based on the chiral perturbation theory
(ChPT) with vector mesons [9]. The photon vector-meson
vertices by construction depend on the photon momen-
tum ¢ and are explicitly gauge invariant. This ensures
the correct normalization of FF’s at the real-photon point
Fy+(¢?> =0) =1 and Fyo(¢? = 0) = 0 without need for pa-
rameters adjustment.

Beyond the tree level the model includes certain loop
corrections, such as self-energy polarization operators in
vector-meson propagators, and “dressed” photon—meson
vertices. For construction of the vertices we apply chi-
ral Lagrangians [9,14-17] and WZW Lagrangians [11,12].
The coupling constants are fixed from experimental decay
widths of resonances. The parameters in the odd-intrinsic-
parity sector are also compared with those obtained from
a generalization of the WZW approach for vector and
axial-vector mesons [16,17] and extended Nambu—Jona—
Lasinio model [14, 15].

Comparison of the calculations with available data for
the FF’s and eTe™ annihilation cross sections indicates
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Table 5. Contribution of KK —channels to anomalous magnetic moment of
had,KK . : —10
the muon a, in units 10
KTK~ K°K° total KK

Calculation based on (41a), (42) 19.184+0.45 15.60+0.40 34.78£0.85

Calculation based on (41b), (42) 19.00+0.51 15.70+0.39 34.70£0.90

Average 19.06+0.57 15.64+0.44 34.70£1.01
that the model is consistent with experimental information Vo Tr(Vi f47) + v Tr(Vulu’), (A1)

in the 1/s=1-1.75 GeV energy region. Using the dressed
photon—meson vertices and adding the resonances p’ =
p(1450), ' = w(1420) and ¢’ = #(1680) considerably im-
prove description of the data. A reasonable agreement is
achieved without fitting the parameters of the model.

Although the most important contributions are in-
cluded, deviations from the data appear at high energies,
/s ~2GeV. Those may be attributed to missing con-
tribution from the higher (“double-primed”) resonances
p(1700) and w(1650) [18], or possibly experimental uncer-
tainty in parameters of the p’, w’ and ¢'.

The charged kaon FF extended to the space-like re-
gion agrees with the data [38] at relatively small values
of momentum transfer, —g? < 0.16 GeV2, though all vari-
ants of the model lead to the close results. Current meas-
urements at JLab [48] of the longitudinal cross section
in the reactions ep — eAK* and ep — eX°K+ will pro-
vide information on kaon FF at momentum transfer up to
—q? ~ 3 GeV2. These experiments can help to discriminate
between variants of the present model, as well as between
various theoretical approaches [39-45].

The calculated FF’s allowed us also to evaluate leading-
order contribution of the K K-channel to the muon anoma-
lous magnetic moment a,. The calculated value
aﬁad’K+K7+KOKO = (34.70+£1.01) x 10719 is in agreement
with result [47] obtained from the experimental e™e™ anni-
hilation cross sections.
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Appendix: Chiral Lagrangian
for pseudoscalar, vector mesons
and photon

In the even intrinsic-parity sector we choose O(p?) chiral
Lagrangian derived by Ecker et al. [9], which includes inter-
action of pseudoscalar, polar-vector, axial-vector mesons
and photon. We omit in this Lagrangian contribution from
axial-vector mesons which is not relevant here. The explicit
form is then
2
Z ™ Tr(D,UDIUT

1
L= +xUT+xTU)—4FWF’“’

1
Tr (vAVnyvw -, M2 VWV‘“’>

2\/2

where U = eXp(i\/ 20/ F;), & describes the pseudoscalar

mesons, V), is antisymmetric field describing the vector

mesons, and F*” = 9" BY — ¥ B* is the EM tensor for the

gauge photon field B*. The pion weak-decay constant F;

and coupling constants Fy, Gy are specified in Sect. 2.
The covariant derivative D, is defined as

V2

D, U =0,U+eB,[U,Q], (A.2)

“L-l =g+
.,8) are the Gell- Mann matrices and

with quark charge matrix Q = diag(2,
2\/3)\8, )\a (a—l

Ao = g 1. Also in (A.1) x is proportional to quark mass
matrix M = diag(m,,, mq4, ms) and

U=u?, ut = (DU )ut
feH = eFM (uQut £utQu). (A.3)
For other definitions see [9].

In the odd intrinsic-parity sector, Lagrangian [13—15]
in the vector formulation for vector mesons is applied. The

pseudoscalar-vector interaction of chiral order O(p®) and
O(p?) is

Ly = i@vewagTr(V“u”uo‘uﬁ)

+ hVGuuaﬁTr(Vu{u”a fﬁﬁ})

+ 0vemapTr(V{u”, 0°VPY}), (A4)
where {a,b} = ab+ba and we omitted piece with axial-
vector fields, higher-order terms in vector fields V*, and
some other terms which give no contribution to form fac-
tors in the present model. The coupling parameters fv, hy
and oy are discussed in Sect. 2.

The SU(3) flavor symmetry of the meson multiplets is
conventionally accounted for by using notation for pseudo-
scalar-meson (J¥ =07) octet, and for the vector-meson
(JP€ =177) nonet in vector and tensor formulation,
respectively

1 8
2ZAG¢“, V.=
ZA )\0

AOVO

ZA Vet

(A.5)
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In the present paper we do not need K**, K*°, K*0 and
7 mesons and it is sufficient to take

1
(71'1)\1 + oA + T3 A3

@ =
V2
+K1)\4+K2>\5+K3)\6+K4>\7), (A6)
1
V= (P20 + 5o + P As (A7)
+ w*(Ag sin 8 + Ag cos 0) + ¢* (A cos § — Ag sin 9)) ,
v 1 v v v
= (5 X0+ 05" 22+ X (A8)

+ wh (Ao sin 0+ g cos §)
+ ¢ (Ao cos§ — Ag sin 6)) )

where the physical fields are defined as

1 1
+ +
= 7 , K¥= KiF:1K5),
T \/2(7r1:F 2) \/2( 1 2)
1 - 1
l(O (}<3 Z}<4)7 l(O \/2(1<3 Z}<4)7

1
pi:\/2(p1¢lpz), P’ =ps, w0 =ms.

Mixing angle 6 can be estimated from experiment. It
is convenient to use w— ¢ mixing parameter [3] €, =
sin(fy — @) = 0.058 which naturally appears for OZI-forbid-
den processes. The “ideal mixing” (with sinfy = 1/2/3,
cosflp = 1/+/3) corresponds to quark content of the vector
mesons: w = (Gu+dd)/v/2 and ¢ = 3s.
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