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Abstract

Analytical expressions for the vector and scalar form factors of
semileptonic decays K;3 have been obtained in the Quark Confine-
ment Model.The contribution from the direct diagrams, as well as
that one from the intermediate vector states in the form factors
are examined.The performed investigation proofs that the semilep-
tonic kaon decays can be successfully described in the framework
of QCM. We need no additional parameters and assumptions for
adequate description of this kind of decays. Well known CTMOP
relation, obtained in the current algebra approach,is reproduces in
QCM with 10% accuracy.Numerical values for slope parameters
X, = 0.031 and Xj = 0.0165 are in satisfactory agreement with
experimental data.We also study the radiative decays of neutral
kaons K% g — 7y in the framework of effective weak lagrangian
approach. It is shown that the dominant contribution to Kg — ¥y
amplitude is given by the weak transitions of kaons into m,n and
7’ mesons. It should also be noted that the amplitudes associated
with the operator Os,are strengthened in comparison with other.
Decay Kg — v is completely described by graphs with interme-
diate scalar states .Recived values Br(KY — ~v) = 5.58 x 1074
and Br(K3 — v7y) = 2.083 x 1075 are in a good agreement with
experimental data.
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1 Introduction

Study of kaon decays has attracted the attention of researchers for decades.
The reason is that kaon decays involve an intricate interplay between weak,
electromagnetic and strong interactions.This decays are of extraordinary
interest as a source of information about a New Physics beyond Standard
Model. From this point of view it is very important to have trustworthy
quantitative estimations of parameters of mentioned decays in the frame-
work of Standard model. The problem is that calculation of hadronic
matrix elements in the most of theoretical approaches needs a great num-
ber of additional parameters and model assumptions . Kaon decays have
been treated in several reviews and lecture notes during the past 20 years
[1].

Pure leptonic and semileptonic decays are among the theoretically
cleanest K decays. From this point of view it is very important to have
trustworthy quantitative estimations of parameters of mentioned decays in
the framework of Standard model.

The aim of this work is theoretical study of semileptonic and electrom-
fgnetic interactions of kaons by means of effective Lagrangians proposed
in [2], [3],[4]. The calculation of hadronic matrix elements are performed
in the Quark Confinement Model (QCM) [5]. This model based on the
certain assumptions about nature of quark confinement and hadroniza-
tion allows to describe the electromagnetic,strong and weak interactions of
light (nonstrange and strange)mesons from a unique point of view. Basic
low-energy properties of kaons in QCM were considered by us in [6]. The
undoubtful dignity of model is that further study of kaon decays doesn’t
need no more additional assumptions and no more additional parametres.

2 Quark Interactions

The hadronic interactions will be described in the QCM.This model is
based on the following assumptions [5]:

The hadron fields are assumed to arise after integration over gluon
and quark variables in the QCM generating function. The transition of
hadrons to quarks and vice versa is given by the interaction Lagrangian.
In particular necessary interaction Lagrangians for 7fand /K mesons look
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like: p
L = ZLMGTA™ ¢ 1
M NG q q (1)
where I'- Dirak matrix,\"™ - is a corresponding SU(3)-matrix,q- quark vec-
tor

g =1 d
S(l

In order to quantify the mixing in the 7,7’ system, one have to define ap-
propriate mixing parameters, which can be related to physical observables.
In the [8] the best agreement with experimental data was achieved with
the

v = 39.3° (2)

The properties of scalars are not well established and its description
needs an additional assumptions. We use the Lagrangian with additional
interaction with derivative [9]:

Ls = 2 s(a)gla) (1 — i

V2

= =
0— 0

==

( ))Asq(x) (3)

with
diag(1,—1,0) = ao(980)
As =  diag(cosdy,cosd,, —v/2sind,) = o (600)
diag(— sin d,, — sin &, —v/2 cos d,) = f,(980)

We use the values of additional parameters H, 0, fixed in [9]:
H =0.54; 0g=17° (4)

The coupling constants g, for meson-quark interaction are defined from so-
called compositeness condition. It us convenient to use interaction constant
in a form: )
3 1
= )
A Thylma)
M M

instead of gj; in the further calculations. All hadron-quark interac-
tions are described by quark diagrams induced by S matrix averaged over
vacuum backgrounds.
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The confinement ansatz in the case of one-loop quark diagrams consists
in following replacement:

/dO'VAcTT|M(ZL‘1)S(ZL'1, To|By ac)...M(x,)S(xy, 21| By ac)| —

/davTr|M(a:1)Sv(:1:1 — x9)... M () Sy (T, — 1), (6)

where

d*p : 1
_ — —ip(z1—x2)
Sl = 2) / i(27r)4€ vAg —p (M)

The parameter A, characterizes the confinement rang of quark with flavor
number ¢ = u,d, s. The measure do, is defined as:

/ 990 _ G2y = a(=22) + 2b(=2) (®)

v—Zz

The function G(z) is called the confinement function. G(z) is independent
on flavor or color of quark. G(z) is an entire analytical function on the
z-plane.G(z) decreases faster then any degree of z in Euclidean region.The
choice of G(z),or as the same of a(—2%) andq b(—2?), is one of model
assumptions.In the note [5] a(—z2) and b(—2?%) are chosen as:

a(u) = age” 4"

b(u) = be~ ¥ 01" (9)

The request of satisfaction of Ward anomaly identity in QCM gives
the additional correlation between a(0) and b(0): b(0) = —a’(0), a(0) = 2.
Using a(u) and b(u) as (9), one can receive: ag = 2, a; = 2. So, the
free parameters of the model are Ay, by, b;. The model parameters for
nonstrange quarks were fixed by fitting the well-established constants of

low-energy physics in [6]
A, = 460 MeV,  Ag =506 MeV,
bo - 2, bl == 02,
ap = 2, a; = 0.5. (10)

We put A, = A4 in the most of decays.
Semileptonic transitions are mediated by the effective Lagrangian

Gr

Losr = =5 Sewlbn(l = ssmlin (L= )Vigd] + he. (1)
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where V;; denotes the ij element of CKM matrix [10], Gp = 1.1663788(7) X
107°GeV 2 [11] is the Fermi constant as extracted from muon decay. The
universal short distance factor

Qg
2

Sgw =14+ —(1—-)In=2 +O(—2) =1.0223£0.0005  (12)

encodes electroweak corrections not included in Gz and small QCD effects
[12].
Electromagnetic quark interaction is described in the standard form:

L™ = eA,qQv"q. (13)
the notation is adopted
u
g=1| d
s
2/3 0 0
Q= 0o —-1/3 0

0o 0 —1/3

The quark weak interaction is described by effective Lagrangian £¢/7 for
AS = 1 -transitions (the K™ — ~v decays are of this type). This La-
grangian is a sum of usual four-quark operators [3] :

G ¢
eff — TF * E .
L m udVigs ;0 (14)
=1

where four-quark local operators O; are chosen in following way:

O, = (dO¥s)(uO}u) — (dO%u) (WO s) (15)
Oy = (dO}u)(WO s) + (dO¥ s)(WOH u) + 2(d0Y s)(dO%d) + 2(dO} s)(50% s)
O3 = (dO}u) (@07 s) + (dOfs)(@WO ) — (dO7s) (307 s)

Oy = (dOju)(@OYs) + (dOf s)(@WO7u) — (dO7s)(dOd)

05 = (dO}X"s ) (a0RA"q)

05 = (dO}s) (GO%Q)
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Figure 1: Graphs define K, matrix element. Indexes a and b indicate the
contributions of direct graph (a) and graph with intermediate K* reso-
nanse(b).

Here Og, ;. = (1 ++°), \»-Gell-Mann matrices, acting in colour space.
The numerical values of ¢; depend on QCD parameters p, a5 [4]. In
this note we use the set of coefficients c¢; corresponding pus = 0.25 GeV,
a, =0.45 :

cp=—197 =012 ¢3=0.093 ¢4 =047 c5=—0.036 (16)

3 K3 Decay

Matrix element of K3 decay is determined by graphs shown in Figure 1.
and can be written as

M" = F(t)(p1 + p2)" + F_(t)(pr — p2)" (17)
where

Fo(t) = F(t) + F (1)
FL(t) = F*(t) + F*(1)
t= (b1 — po)? (18)

Contribution from graph (1a) have been obtained in following form:

Fo(t) = /2hicha Fypp(t, mie,m2, A, Ay, Ay)
F(t) = /2hih Fifpp(t, mi, m2, Ay, Ay, Ay) (19)

where hg, h,- K, m-quark interaction constants calculated by (5).
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Fpp(t,m%,m2, Ay, A, A,)-loop integrals for triangle graph, describ-
ing V' — PP transition:

Fipp(p? kY k3, Ay, Mgy Ag) = (20)
Ap? p? \/ Au,,
= o ], ey (G

/// dOéldOéQdOé35 l—a; —ay — Oég)X

P [(Qq — O[Q A1 AQ)(AQ Ag) + A3(A1 Ag)] + (1/1]{3 + (12]{32
OflA% + OCQA% + OégAg

X

F\;PP(p27k%ak§7AlaA27A3) = (21)

_1 00 p2 uA p2 \/ Au2
—5/ dub(u) + 8A2/ dub(— 4A2) 1—u +(7)+

/// dOéldangé35 l—a; —ay — Oég)X

% P [(Oél —+ OéQ)(Al A3 Ag Ag) + Ag(Al + A2 Ag)] + ozlk:% + Oégk%
ozlAl + 062A2 + OégA%

The following notations have been introduced:

1
A% = 5(A%+A§) (22)
AT+ A3
2

u -
AT Iy VI A?
p— a1a2p2 + 011043/{5% + a2a3k‘§
A+ AR+ ashAd

For sequential account of the intermediate vector meson the contribution
the so-called chain approximation have been used for its propagator:

1 P Ta(p?)
hovGH 2y 4 +
VO i ) U LG8 — I (m) + %))
(23)
where IT; 5(p?) are transverse and longitudinal parts of vector polarization
operator.
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So, after standard transformations, we obtain the following expressions
for Fo(t):

PO = P20~ g v 1)
By = By — e

I () — My (m.)

Fyy(t) is a loop integral, corresponding the transverse part of vector po-
larization operator.
The very simple relationship between F(m%) and F_(m?%) was es-

tablished by C.G. Callan and S.B.Treiman [13],V.Mattur, S.Okubo and
L.Pandit [14] by means of current algebra:

Fy(mic) + F-(mi) = fu/ fx (25)

In QCM we can obtain analogous relationship without any additional with-
out any additional assumptions. So after calculating F', (¢) and F_(¢) with

t = m3, (m2 = 0), one obtains

Fy(mic) + F-(mi) = 0.9fi/ fx (26)

i.,e. QCM with 10% accuracy reproduces CTMOP relation. One have to
mention the cancelation of resonance graphs.

The vector form factor F(t) deined in (17 ) represents the p-wave
projection of the crossed-channel matrix element (0[sy*u|K ) whereas the
s-wave projection is described by the scalar form factor [15]

Folt) = Fy(t) + ———F (1) (27)

my —mi
It is convenient to normalize all the form factors to F. (0), so

Pyt
- P (0)

f+0(t) (28)

In the analysis of experimental data form factors usually parameterized in
the form [16]

t 1 t
Frolt) =1+ Nypgmig + 2N (29)

™
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Slope parameters can be calculated as follows:

>‘/+,—,0 = m72rf-/‘r,—,0(0) (30)

For K 3decays, recent measurements of the quadratic slope parameters of

the vector form factor (N, \”) from (refeq:tey ) are available from KTeV

[17], KLOE [18], ISTRA+ [19], and NA48 [20]. Calculated values for slope

parameters X and averaged experimental data are displayed in table 1
Table 1.

N QCM | Experiment
N X 1073 31 25.24+0.9
Nox 1073 3 0
N x 103 | 165 | 11.7+1.4

4 K(p) = v*y* Transition
The amplitude of a transition

K = v (q1)7"(q2) (31)

can be written in the general form compatible with gauge invariance as

[15]

Hov Hov
v v a1 9 429 q1 - 42 v
M" = [g,u - 121 - 222 + 2 9 Q?QZ]m%(fl(QiQS) + (32)
qi q3 414>
1297 12%7
v q1 9 >4 q1 - 492 v
HB e — a5 + 25— S d @) fadl ) +

qi a3 4192
+i5WWCJ1pQ2af3 (Qi q;)

When one of the photons is on-shell (¢7 = 0 for instance) M* is described
by two invariant amplitudes

M"™ = (ghq) — q1 - 429" f2(0, G3) + 1" 41,025 f3(0, 3) (33)

The (33)remains valid for both photons on-shell.

The K9 — ~v decay produces photons with perpendicular polarisation
(Epwpe F* FP7) and then only f35(0,0) in (33)contributes to the width.Let
denote it as

£3(0,0) = M(KL — v7)
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Amplitude of the studied decay can be written in the form:

6

GF * i %
M(K} = y7) = mVuqus Y allio, + Y TipDe(mi)gey, (mk))
i=1 P=mmnmn

(34)
The following notation has been adopted:

an 9 / dydaydaodage™ ™ P22 twss (0| T(LE™ (1) LE™ (22) Lk (23) 0" (y))|0)

(35)
Tjep = / dydae:daye™ P (O[T (Lp () Lic(22)O'(9))[0)  (36)

L™ (), Lp(x) are defined by (13) and (1 ) correspondingly. We use the

chain approximation for propagator of pseudoscalar meson P Dp(m3):

1
hpDp(p*) = : 37
PPR) = ) — T o
where IIp(p?)-mass operator of P.
gpr(m3) -form factor of P — v decay:
1+/3h
9 (@) = oL Fovv(55)Tr{(Ar Q%) (38)

Fpyv (%) is the loop integral (20) with p* = z,¢7 = ¢5 = 0,A; = Ay =
Ay

Analytical expressions for invariant amplitudes TIZ'(BW and T} p ob-
tained in the QCM are given in the Table 2 and the numerical values
are shown in Table 3.

The table 3 shows that the dominant contribution is given by the weak
transitions of kaons into 7,7 and 7’ mesons. This is consistent with [15].
It should also be noted that the amplitudes associated with the operator
Os,are strengthened in comparison with other.
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Analytical expression

Tl

_ls /hK s Hpa(mic, Au, As) Favy (mi)

KO
e 3?2[[‘2;3 (Fpyvr(mi, As, As, As, Ay)+
Tf(%w Fpyvr(mie, As, Ag, Ag, Ay) + Fpyrv(mie, Ay, Mg, Ay, Ay))—
— A3 pa(mic, Aus Ns) Fpyy (55 2 )+
+A 27HPP(mK7Au;A )FPVV< A2 )]
Tho, | /2 /mTpa(mk, A, A) Fp(5E)mic Ay /AT + A2
Tf(g,r %16[HPP<mK7Au7A )HPP(mKaAuaA )M‘i‘
+F[pp(0 mK, 2 A A A )(A3 +A3)CA ]
Tll(0 Py hae /T pa(m3, Ay, Ag )Fp( 2A, \/A iR cos
2 2
T2, N mK\/A L2 HPA(mK,Au,A )%
X [—6 cos goAqu(A—Q) + 4+/2sin @ASFP(F)]
TI?’(0 1/hn/hK/Wzm%(\/%HPA(m%,Au,AS)x
2 2
X [—6 cos A, Fp(5K) — 6v/2sin oA Fp(55)]
VIR 16 o5 o (A2 S0 T (m, A, A) X
XHPP<m%(aAS;AS)+
TI5<2"7 +FIPP(07m%(7m727’7Au7Au7AS)(A?L +A§)CI(41))_
— ZSin@(AgA%;AEpr(m%(,Au,AS))FPP(%)—F
+F[pp(0 m%(,mg,,As,As,A )<A3 —Q—A?’)C(ﬁ)}
Tlign —/hyhic /7T pa(mi, A, As )Fp m3 A, \/ A sin ¢
Tl%ﬁn /oyl /T mK\/A2+A%HpA mK,Au,A )X
2
x[6 sin pA,, Fp( )—1—4\/_003(,0/\ Fp (2K )]
TS, N mK\/ ML Mpa (m, A )¢

X [sin oA, Fp (54) — 6v/2 cos oA, Fp (% )]

Table 2: Analytical expressions for invariant amplitudes
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T Analytical expression

VI 10 gin (A2 T (1, Ay AT (e, Ay, A~
TIE}%"] _F]PP(Oam%{amZHAuaAuvAS)(Az+A§)Oz(41))+
+\/§COS @(Ag AE—Q’—AE HPP(m%(, Au7 As))HPP(m%(7 A57 As)_

—Frpp(0,m3, m%, Ay, Ay, A (A3 + A)CY)]

Torfra 2 2 a2
Tta0 %%(pr(mﬁ(,AU,AS)HIS(K—%K)Ai%qL

+Fspp(m2,,0,m3, Ay, Ay, A,) (A2 — AB)CE)

Miha 16005 §6(Tpp (M, Ay, As)Trs(m%, Ay, Ay )AZ S L

T, +Fspp(m2,0,m2, Ay, Ay, Ay) (A3 — A3)CD)—
—v/25sin 8 (T pp(m, Ay AT g(m, Ay, A AZ2HAE |

FFspp(m2,0,m2, Ay, Ay, Ay) (A2 — A3)CID)]

ofia S[sin G (Tpp (M, Auy M) (M, Ay, Ay) ) AZ B |

TRy, +Fspp(m?, 0,m3, Ay, Ay, M) (A2 — A3)C)—

+v/2cos 35 (ILpp(mk, Auy A )rs (ml, Ay, A )AZ2EN L

+Fspp(m?, 0,m%, Ay, Ay, A) (A2 — A3)CM)]

Table 2: Analytical expressions for invariant amplitudes (continue)

T Numerical value T Numerical value
Tho, | —1.06-107° GeV | Ty | —1.43-107* GeV

L L
Tho, | 9-69-107°GeV® | T, | 2.1-10"'GeV"
Tho, | 549-107°GeVt | T, | —6.6-10GeV"
Tho, | 1L7L-1072GeV! | T, | 6.3-10°GeV"
Tro, | —204-107GeV* | Ty | 9.15-107*GeV*
Tpo, | 407-107'GeV* | Tp,,, 0.22GeV*
Ty, 0.36GeV* Tios, 0.22GeV*

Table 3: Numerical values for invariant amplitudes

The photons K§ — v decay have parallel polarisation (F,, F'*),so its
amplitude is determined by f»(0,0) from (33)and, up to one loop, there is
no short- distance contribution due to Furry’s theoreme . We denote

£:(0,0) = M(Kg — )
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Matrix element of the studied decay can be written in the form:

Gp .
M(KJ = vy) = Q—ﬂVuqus $Cs - > T Ds(mic)gsyv(mi)
S=a0,(600), /o (980)
(39)
where gg.(m3% )-form factor of scalar radiative decay at m% = m3:

Gery (m2) = /B L Tr {QPA} [y (m2) + HFSyy (m2)] (40

F&?, (m?) are defined in following way:

Py (m2) = - /0 ' dua (—u2) (4w (%) (41)

z [! x 1+v1I—u
F&yy (m2) = Z/o dub (—uz) uln (ﬁ) (42)
Table 2 represents analytical expressions obtained in QCM for T}, while
the numerical value are displayed in Table 3.

The decay width of K° — v+ decay is given by

3
m
[(K® — yy) = ﬁIM((K0 — ) (43)

Matrix elements M((K° — ~v) is defined (34) and (39).Numerical value
of obtained in the QCM invariant amplitudes T Ii(%w , Ti-p and Tp are
given in Tables 2,3. We use the set of coefficients ¢; (16) and numerical
values G = 1.1664 x 107°GeV 2 for Fermi constant [11] ,|V,q| = 0.97425,
|Vius| = 0.2253 for CKM matrix elements [7].

Table 4 summarizes our values of branching ratios K,(—i’ s =Y

Decay QCM Experiment[7]
K = 77 | 558 x 101 | (5.47 £ 0.04) x 107
K% — 47 [ 2.083 x 1079 | (2.63 £ 0.17) x 10-©

Table 4: The values of branching ratios K 27 s =Y

The table shows that the obtained numerical values are in good agree-
ment with modern experimental data. It should be noted that intermediate
hadron states give the main contribution to the amplitude. We were able
to describe K3 — v due to the correct account of the intermediate scalar
mesons.

239



References

1]

2]

3]

Artuso, M. B, D and K Decays /Artuso, M., et al., Eur. Phys. J. C57
(2008) 309-492.

Gilman,F.J.K' — mete~in the six-quark model / Gilman F.J. and
M.B. Wise.- Phys. Rev. D 21 (1980) 3150-3165

Shifman,M.A. Asymptotic freedom, light quarks and the origin of the
AT = % rule in the non-leptonic decays of strange particles/Shifman
M.A., A.I Vainstein and V.I. Zakharov.- Nucl. Phys. B120 (1976)
316-324

Buras, A. J.,Weak Hamiltonian, CP violation and rare decays/Buras,
A.J.- in 'Probing the Standard Model of Particle Interactions’,
F.David and R. Gupta, eds., 1998, Elsevier Science B.V.Amsterdam,
281-539

Efimov,G.V.Confinment and Quark Structure of Light Hadrons /
G.V. Efimov, M.A. Ivanov.- Internat. J. Mod. Phys. A, 4, (1989) 2031-
2061.

Avakyan,E.Z. Polarizability Of 7 Mesons In The Quark Confinement
Model / Avakyan,E.Z.et al.- Soviet Jorn.of Nucl.Phys.v.49(1989),867-
872

Beringer,J. Review of Particle Physics (RPP)/J. Beringer et al.- Phys.
Rev. D86,(2012) 010001

Avakyan,E. Mixing Parameters of n and ' Mesons / E.Avakyan,
S.Avakyan . — Physics of Particles and Nuclei Letters- 2010-Vol. 7,
No. 6- P.391-396.

Avakyan, E.Z. Decays of Light Scalar Mesons in the Quark Con-
finement Model. / E.Z. Avakyan, S.L. Avakyan,Proceedings of the
Academy of Sciences of Belarus, Series of Physical-Mathematical Sci-
ences v3,70-75,2008.(in Russion)

Kobayashi, M. CP Violation in the Renormalizable Theory of Weak
Interaction/ Kobayashi, M., and T. Maskawa.-Prog.Theor.Phys. 49
(1973) 652-657

240



[11]

[15]

[16]

[17]

[18]

[19]

[20]

Webber, D. M., Measurement of the Positive Muon Lifetime and
Determination of the Fermi Constant to Part-per-Million Preci-
sion/Webber, D. M., et al. (MuLan Collab).- Phys. Rev. Lett.
106,(2011) 041803.

Marciano, W. J.Radiative corrections to mjy decays/Marciano, W. J.,
and A. Sirlin.-Phys. Rev. Lett. 71,(1993) 3629-3632

Callan,C.G. Equal Time Commutators and K Meson Decays /
C.G. Callan, S.B. Treiman. Phys. Rev. Lett. 16,(1966) 153-157.

Mattur,V. Algebra of Currents and K3 Decay /Mattur V., Okubo S.
and Pandit L.-Phys. Rev. Lett. 16,(1966) 371-374,601

Cirigliano,V.Kaon Decays in the Standard Model/Cirigliano,V. et al.-
Rev.Mod.Phys. 84 (2012) 399-449

Antonelli,M.Flavor Physics in the Quark Sector/Antonelli,M.et al.-
Phys.Rept. 494 (2010) 197-414

Alexopoulos, T.Measurements of Semileptonic K; Decay Form Fac-
tors/F. Ambrosino, et al.-Phys. Rev. D70 (2004) 092007.

Ambrosino,F.Measurement of the form-factor slopes for the decay
K — 7mrev with the KLOE detector /F. Ambrosino, et al.-Phys.
Lett. B636 (2006) 166-172.

Yushchenko,O.P.High statistic measurement of the K~ — 7'~ v de-
cay form-factors/Yushchenko,O.P.et al.-Phys. Lett. B589 (2004) 111-
117.

Lai,A. Measurement of K2 form factors/ Lai,A. et al.-Phys. Lett.
B604 (2004) 1-10.

241



