SCALAR MESONS IN RADIATIVE PHI-MESON DECAYS INTO NEUTRAL
K-MESON STATES

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

CANAN SISMAN KORKMAZ

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF SCIENCE
IN

PHYSICS

SEPTEMBER 2006



Approval of the Graduate School of Natural and Applied Sciences.

Prof. Dr. Canan Ozgen
Director

I certify that this thesis satisfies all the requirements as a thesis for the degree of
Master of Science.

Prof. Dr. Sinan Bilikmen
Head of Department

This is to certify that we have read this thesis and that in our opinion it is fully
adequate, in scope and quality, as a thesis for the degree of Master of Science.

Prof. Dr. Osman Yilmaz
Supervisor

Examining Committee Members

Prof. Dr. Mehmet Abak (Hacettepe University)

Prof. Dr. Ramazan Sever (METU)

Prof. Dr. Giirsevil Turan (METU)

Prof. Dr. Osman Yilmaz (METU)

Prof. Dr. Ciineyt Can (METU)




I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also declare
that, as required by these rules and conduct, I have fully cited and referenced all

material and results that are not original to this work.

Name, Lastname : Canan Sisman Korkmaz

Signature

iii



ABSTRACT

SCALAR MESONS IN RADIATIVE PHI-MESON DECAYS INTO NEUTRAL
K-MESON STATES

Sisman Korkmaz, Canan
M.S., Department of Physics

Supervisor: Prof. Dr. Osman Yilmaz

September 2006, 36 pages.

Radiative decays of the ¢ meson to the scalar mesons f,(980) and a((980) are
investigated within the framework of K™K~ loop model for both point-like scalar
mesons and for scalar mesons with extended structure. Then, the radiative decay
¢ — KK’y is studied via a two step mechanism in which the scalar mesons
couple the final state to the ¢ meson through the KK~ loop. The branching
ratio of this decay is calculated and it is shown that this reaction will not provide
a significant background to the measurements of ¢ — K Ure decay for testing CP

violation.

Keywords: Radiative decays, ¢ meson, Scalar mesons
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PHI-MEZONUN NOTR K-MEZON DURUMLARINA ISINSAL
BOZUNMALARINDA SKALER MEZONLAR

Sisman Korkmaz, Canan
Yiiksek Lisans , Fizik Boliimii

Tez Yoneticisi: Prof. Dr. Osman Yilmaz

Eyliil 2006, 36 sayfa.

¢ mezonun f,(980) ve ap(980) skaler mezonlarina 1gmsal bozunmalari, noktasal
skaler mezonlar ve bir yapiya sahip skaler mezonlar i¢cin K™K~ modeli ¢ercevesi
iginde incelendi. Ayrica ¢ — K OFO’y 1smsal bozunumu, skaler mezonlarin K+ K~
dongiisii araciligi ile ¢ mezonun son durumuna baglandigi iki agamali bir mekaniz-
mayla ¢alisildi. Bu 1smsal bozunumun dallanma orani hesapland: ve bu reaksiy-
onun CP bozulmasini test etmek i¢in yapilan ¢ — K OFOV bozunumunun o6lgiimleri

i¢in 6nemli bir sorun yaratmayacagi gosterildi.

Anahtar Kelimeler: Iginsal bozunmalar, ¢ mezonu, skaler mezonlar
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CHAPTER 1

INTRODUCTION

The nature of light scalar mesons with the quantum numbers J©¢ = 0%+ in the
mass region up to 1 GeV has been an unsolved problem of hadronic QCD. Be-
sides the two well established isoscalar resonance f,(980) and isovector resonance
ao(980) [1], these mesons include the controvertial isoscalar ¢(600) [2] , and re-
cently discovered isodoublet x(800) [3] resonances. The question of the nature of
these light scalar mesons is important for the understanding of the mechanism of
the chiral symmetry realization arising from confinement.

In order to explain the properties of this nonet of light scalar mesons several
proposals have been put forward over the years. Although the naive quark model
qq has been very successful in predicting and correlating the masses and the
properties of pseudoscalar mesons, the mass predictions in the scalar sector vary
considerably [4]. The predictions for masses strongly depend on the choice for the
Dirac structure of the confining potentials and in particular the models cannot
explain the reason for the fy — ag mass degeneracy. Furthermore, it has been
suggested based on the relativistic models that glueball mixing with the calculated

states may be needed to reproduce the experimental data [5].

A four quark ¢?@? state interpretation for the structure of light scalar mesons



was also proposed in the framework of MIT-bag model in which case the scalar
meson states are spatially compact [6]. It was observed that the four quarks in
the confining potential are mainly arranged as two color singlets at a distance
of the order of 1-1.5 fm and thus this way the notion of a mesonic molecule was
introduced. However, in ¢?¢® interpretation the number of expected four-quark

states and the interpretation of these states vary for different calculations [7].

Another possibility was suggested where the light scalar meson states are con-
sidered to be bound states of hadrons and they are referred to be mesonic mole-
cules [8]. In particular, the proposal was put forward for the structure of ay and
fo scalar mesons as their being KK molecules in which case they are spatially
extended objects [9]. It should be noted that although the quark content of the
states in ¢2¢? interpretation and in mesonic molecule interpretation are identical,
their dynamical structure are radically different. The essential difference is that
in ¢%q? case the multiquark system is confined within a scalar meson state with
radius of the order of Aélo p forming a compact system whereas in mesonic mole-
cule case the two pseudoscalar mesons are spread over a region with radius of the
order of \/uE , where p is the reduced mass of the system and E is the interhadron
binding energy, which is significantly greater than Aélc p thus forming a spatially
extended system. The resulting branching ratio for the scalar meson considered
is therefore different in ¢?g?> and mesonic molecule interpretations. Furthermore,
some analyses suggest the qualitative picture that these scalar meson states have

a compact ¢?g? structure that spends some part of its lifetime in a mesonic bound



state system [10].

The production of scalar mesons in radiative decays of vector meson decays
is a valuable source of information on hadron spectroscopy. In particular, the
decay reactions ¢(1020) — f5(980)~ and ¢(1020) — a((980)~ have recently been
observed and they are studied with good accuracy [11]. The SND collaboration
reports the branching ratios BR(¢ — foy) = (3.5 £0.3) x 107* and BR(¢ —
apy) = (0.884+0.17) x 1074, respectively. The CMD-2 collaboration, on the other
hand, reports BR(¢ — foy) = (2.90 £0.21) x 10~*. Since this value arises from a
combined fit to ¢ — 7°7%y and ¢ — 7T 7~ data, we take this value for ¢ — foy
decay and considering the value for ¢ — agy reported by SND collaboration , we
obtain the result BR(¢ — foy)/BR(¢ — agy) = 3.3 £ 2.0. Furthermore, the
KLOE collaboration reports the results BR(¢ — foy) = (4.47£0.21) x 10~* and
BR(¢ — agy) = (0.7440.07) x 10~%. However, it should be noted that their value
for ¢ — foy decay is obtained by including a very specific destructive interference

in the low energy region.

The simplest mechanism for these radiative decays assumes that fy and ag are
qq states with 3P, configuration, and the decays proceed through a quark loop.
However, since the ¢ meson is mostly an ss state, this mechanism cannot be
responsible for the ¢ — agy decay because in the qq picture ag has the structure
(utt — dd)/+/2 and the decay is suppressed by OZI rule. On the other hand since
both f, and a are close to K K threshold and they are known to couple strongly

to this channel it was suggested that the ¢ meson couples to the scalar mesons f,



and aq through an intermediate charged kaon loop with the photon radiated by the
intermediate charged kaons [9]. It was shown that this mechanism is supported
by the existing data on radiative decays.

The branching ratios for the radiative decays ¢ — foy and ¢ — agy can be

calculated in the intermediate kaon loop mechanism as [9, 12]

BR(¢ — foy) = (0.55 £ 0.14) x 10~* cos*(0) g3, c+ - F 7, (K) (1.1)

BR(¢ — agy) = (0.55 £ 0.14) x 10™*sin*(0) g2 i+ x- For, (K)

where the factor F} (K) and F; (K) are related to the spatial extensions of fo and
ap mesons , and for point-like effective field theory calculations F?(K) =1 . The
angle 6 is the isospin mixing angle in fy — ag system, if the isospin is assumed to
be exact, this angle is given as § = 7 /4. The factors F} (K) and F7 (K) as well
as the coupling constants g, x+x- and g, x+x- depend on the assumed structure
for the scalar fy and ap mesons and they reflect the properties of the models for
these structures. Furthermore, not only the absolute branching ratios, but also
the ratio R = BR(¢ — foy)/BR(¢ — agy) is of special importance since in the
intermediate kaon loop mechanism for the radiative decays ¢ — foy and ¢ — agy

this ratio takes the form

2 (K
R = IhKK ];0( )cot2(9) (1.2)
gaoK+K* Fao(K)

which only involves the quantities related to the structure of scalar mesons because
the factors belonging to ¢ K K~ vertex, phase space and loop integrals common

to both decays cancel in the ratio. If, for example, the scalar mesons fy and ag



have common constituents and are eigenstates of isospin, then their affinity to
K™K~ should be the same in which case the ratio would be R ~ 1. On the
other hand, it was suggested [13] that in strong interactions isospin has been
believed to be a nearly exact symmetry, broken only by the different masses of
the u and d quarks and electroweak effects, the dynamics of strongly coupled
KK states would give rise to a violation of isospin. If that is the case, then
the experimental ratio R = 3.3 can be produced by an isospin mixing angle of
6 = 30°. However, this point of view is criticized using the arguments based on the
overlapping resonances [14]. If the experiments clarify isospin breaking then the
individual branching ratios may be used as a measure of F7 (K) and F, (K). The
form factors F?(K) << 1 resulting from the experimental values of the branching
ratios would imply that the scalar meson states are spatially extended. If, on the
other hand, the experimental branching ratios indicate that F?(K) — 1, then the
fo and aq states are spatially compact. It should be mentioned that the coupling
constants gp,x+rx- and g, x+x- satisfy the relation g x+x- = goox+Kx- both in
q7 and in ¢?¢® models. However, in the analysis of radiative decays ¢ — foy
and ¢ — ag7, the values obtained for these coupling constants by the analysis of
different physical processes and by different theoretical predictions based on chiral
symmetry and the linear sigma model and QCD sum rules are critically utilized

[15].



CHAPTER 2

MODELS OF ¢(1020) — f,(980)7 and $(1020) — ao(980)y

DECAYS

In this chapter, we present the models and the related the theoretical considera-
tions used for the calculations of the branching ratios of the ¢ — fyv and ¢ — agy
radiative decays. We first discuss the point coupling model in some detail. We
then summarize the theoretical details of the coupling of an extended scalar me-
son to an intermediate K K loop, and the resulting modifications of the branching

ratios.

2.1 Point Coupling Model

The mechanism of ¢ — foy and ¢ — agy in the intermediate K K loop model

is described by the Feynman diagrams shown in Fig.1.

In Fig. 1 the last diagram assures gauge invariance. The ¢K K vertex is

described by the effective Lagrangian

L= —igoxxd" (K 0,K" —0,K K™) (2.1)

which results from the standard chiral Lagrangians in lowest order of chiral



Figure 2.1: Feynman diagrams for the decay ¢ — S where S denotes the scalar
meson fo or ag

perturbation theory [16]. The decay rate resulting from this Lagrangian is

2 2
I'(¢p— KTK™) = g¢f§:‘ M, [1 - <2MK> ] . (2.2)

Utilizing the experimental value for the branching ratio

BR(¢p — KTK~) = 0.491 £ 0.007 for the decay ¢ — KtK~ [1], we determine
the coupling constant gyxx as gexrx = 4.43 £ 0.05. Upon making the ¢ and K
interactions described by the Lagrangian given in Eq. 2.1 gauge invariant by the

minimal coupling of the photon field, we obtain
Lr=—i(eA* + goxx ") (K~ 0,K" — 0, K K*) + 2egs¢" A, KTK~ . (2.3)

The different Feynman diagrams shown in Fig. 1 result from this Lagrangian.
The SKK vertex, where S denotes the scalar meson fy or ag, is described by

the effective Lagrangian
ACSKK = —gSKKKJrK*S (2.4)

which also serves to define the coupling constant gsx k-



The amplitude of the radiative ¢ decay into the scalar meson has therefore the

following structure imposed by gauge invariance

€IpKKYSKK
————J(a,b 2.5
272 MI% (a,) (2:5)

M(¢p — Sv) = u"e"(pugu — 9uwp-q)

where (u,p) and (e, q) are the polarization and four momenta of the ¢ meson and
. ]\J2 M2

the photon, respectively, and a = 577, and b = 575 In the case an unstable scalar
K K

meson is produced, which then decays into a final state such as 7w or KK, M2

must be replaced by the square of the invariant mass of the decay products. The

invariant function I(a,b) has been calculated in different contexts [17]. For the

point-like model of scalar mesons, it is given by

I{a,b) = 2(a1—b) B (a—zb)Q [f (2) N (i)] * (a—ab)2 {9 (51)) Y (i)] (2:6)

2
— {arcsin(ﬁ)} , x>
@) = 2
: [ln(Z—f) - m} , r<i
(4z — 1)z arcsin(ﬁ) , r>1
g(x) =
2(1— Ax)2 [ln(%) — i?T} ., r<i

N

ni:;[li(l—élx) |- (2.7)

x
In order to derive this formula, it is noted that the amplitude M (¢ — S7) can be
written from the Feynman diagrams shown in Fig. 1(a, b, ¢) by the usual rules

that follows from the Lagrangian given in Eq. 2.3 as

M(¢ — Sv) = egoxrgsxxu'e” Ju, - (2.8)



In this expression J/W is given by
b C a C
I J(ay) + 7(b) + J(u) 2 ](V) + ](V) . (jg_g)

p

The terms are calculated from the corresponding Feynman diagrams in Fig. 1 in

the form
d*k (Qk — p) (2k’ — p)
Jo — “ v . (210
Ol e (e e i e v 2 R ALY
d*k 1
JC = —2q,, - — . 2.11
=20 | i G I T P T (2.11)

Each of the above integrals are divergent. However, they can be evaluated by
dimensional regularization and the divergent pieces can be isolated. Then, in the
sum, the divergent pieces cancel and the sum given on Eq. 2.8 is finite. In order
to calculate the finite part and demonstrate the cancelation of divergent parts the

expression for Jj, can be decomposed as

2Jy, = Jpuqy — (0-0) 9] + 29 Ja (2.12)
where it follows that J can be calculated in the form

i 1 1 l—az(l—2), 1—0bz(1-2)
J:_ZWQMQ{(a—b)/o dzll =2 = z(a — ) lnl—az(l—z)]

_(aiﬁby/ll/m dz[1 — (11— ZM} = —le(a,b) . (2.13)

/n- z m?

Furthermore, .J, can be evaluated to give

’ 1 2 m2 7

J —vg—In—] - —
e n47r,u2] 82

@~ 1672 [E

/01 dz(1— 2)In[l —bz(1—2)],  (2.14)

where p is the auxiliary mass parameter, v is the Euler constant, and the number

of dimensions D is equal to 4 — e. Similarly, the term corresponding to contact



diagram in Fig. 1(c) can be written as J/Sfj) = —2gu,,J; and J, can be calculated

as

/ v 2 m? ?

— PV | _
¢ 1671'2[6 e n47r,u2] 1672

/01 dz(1— 2)m[l —b2(1—2)] . (2.15)

Therefore, in the sum the divergent and auxiliary mass dependent terms cancel,
and furthermore since [ dz(1 — 22)In[l — bz(1 — 2)] = 0 the final expression for
J,, results in the amplitude M(¢ — S7v) with the structure given in Eq. 2.5.
In the above calculation, it is assumed that My > 2Mg and Mg < 2Mg. Since
My, = 1020 MeV, Mg = 493.68 MeV, My, = My, = 980 MeV these conditions are
fulfilled. The decay width of the radiative decay ¢ — S7 then can be obtained

from the amplitude M (¢ — S7v) given in Eq. 2.5 as

D(6 — ) = MonricJ5cric @ D) I(a.b) |2 2.16

where « is the fine structure constant and w = (M@? — M32)/2My is the photon
energy. It therefore follows that, in the point coupling model, the crucial ingredient
for the calculations of ¢ — Sy decay rates, is the coupling constant ggx+x-.
The coupling constants gy x+x- and g, ,x+x- are important parameters in
hadron electrodynamics. They are essential in analysis of different hadronic re-
actions, in particular for the study of radiative decays of vector mesons such as
¢ — mry and ¢ — wny. The above analysis of the decay reactions ¢ — S and the
resulting formula for the decay rate I'(¢ — S7) given in Eq. 2.16 can therefore be
used to obtain these coupling constants by utilizing the experimental values of the

branching ratios BR(¢ — foy) and BR(¢ — agy). If we use the values BR(¢ —

10



foy) = (3.54+0.3) x 107* and BR(¢ — agy) = (0.88 + 0.17) x 10~ reported by
the SND collaboration [11], we then obtain the values g, x+x- = (4.59 £17) and
Jaok+k- = (2.30 £ 07) for the coupling constants. However, if the recent results
BR(¢ — foy) = (4.40 £ 0.21) x 10~* and BR(¢ — apy) = (0.76 £ 0.06) x 10~
reported by the KLOE collaboration [11] is used, the resulting values for the

coupling constants are g, x+x- = (5.14 £12) and g x+x- = (2.13£0.8).

These coupling constants have been calculated by different theoretical ap-
proaches, and they have also been determined experimentally by the analysis
of several hadronic processes. Therefore, the formula given in Eq. 2.16 for the
decay rate I'(¢ — S7v) which involves these coupling constants can be used to
calculate the branching ratio for the decays ¢ — S7v and by comparing the ob-
tained value with the experimental result thus provide a test for the theoretical
and experimental analysis used to obtain these coupling constants. In Table 1
we show the branching ratios for the decays ¢ — S7v calculated with different
coupling constants gy x+x- and g x+x- given in the literature. A comparison

of the results obtained can then be performed with the experimental values given

above [2].
Table 2.1: BR(¢ — foy) for different g p+ k-
gf0K+K7 BR<¢ — fo’)/) Ref
62 < grrin- < 7.8 | 641 x 101 < BR< 10.15 x 101 [15]
4.10 2.80 x 10~ * (18]
2.24 0.84 % 10 ° [19]
0.51 0.43 x 107 [20]

11



Table 2.2: BR(¢ — agy) for different gqox+x-

JaoK+ K- BR(¢ — ag) Ref.
44 < goox+x- <5.6 | 313 x 107" < BR <523 x 107* [15]
2.80 1.30 x 10~* [18]
-1.53 0.39 x 1074 [21]

It should be noted that both in the ¢ and ¢?g® models the coupling constants
9o+ K~ and gq x+ k- satisfy the relation gg x+x- = goox+ K-, the point coupling
model gives thus the result R = BR(¢ — foy)/BR(¢p — agy) = 1 which con-
tradicts the experimental result R=3.2. This contradiction can be remedied by
introducing large isospin mixing effect into fy—ag system. One writes the physical

fo and ag states as mixtures of isotopic spin I=1 and I=0 states as

|fo >=cosVU|fo(I =0) > +sinWl|ag({ =1) >

lag >= cos V]ag(I =1) > —sinV|fo(I =0) > (2.17)
where |ao(I = 1) >= (KT K~ — K°K°) /2, | fo(I =0) >= (KT K~ + K°K®)/\/2
and introducing the angle # by = T — W, one obtains the relation R = cot? § and
using the experimental result R = 3.2 gives the mixing angle # = 30°. However,

this argument is criticized as missing the effect of the overlapping resonances, and

thus as such being unrealistic [14].

2.2 Scalar Mesons with Extended Structure

In this section we summarize the calculation of the branching ratio BR(¢ —
S7) for the radiative decay ¢ — S+ when the scalar meson is treated as an ex-

tended object [9]. If it is assumed that K™ and K~ pseudoscalar mesons with

12



three-momenta k and —k respectively produce a scalar meson with extended struc-
ture, then the interaction Hamiltonian which is in general a function of momen-
tum, can be written as H; = gsg+x-o(| k |)SK+K~. Then, after the electromag-
netic interaction is introduced through the minimum coupling k — k—eA and
o(| k—eA |) is expanded to leading order in e, a new electromagnetic coupling in
addition to those of the point coupling model in the form H; = —eggx+ k- qﬁ’(k)/%- g
results. In this expression b=k /k. The corresponding Feynman diagrams in case
of an extended scalar meson for the decay ¢ — S+v are shown in Fig. 2.1. The
extra contact vertex results from the extended structure of the scalar meson and
plays the role of a form factor introduced in a gauge invariant way. The effect
of this form factor can be taken into account by utilizing time-ordered pertur-
bation theory in the non-relativistic approximation [9]. The specific model for
the KK molecule used is a deuteron like model [22], where the wave function is
parametarized as

(2p)*?  p
T (Rt R

¢(k) = (2.18)

where p = \/§/2RK? with the radius of the molecule R, 7% ~ 1.2 fm. The
branching ratio BR(¢ — S7) can then be calculated as a function of R,z [9, 23].
As Ry — 0 and ¢(k) — 1 the numerical results of the point-like field theory
for the branching ratio BR(¢ — S7) are recovered. On the other hand, for the
specific KK molecule wave function given in Eq. 2.18 the predicted branching

ratio for the decay ¢ — S+ is about 1/5 of the point-like field theory result.

13



Figure 2.2: Feynman diagrams for the decay ¢ — S~ for an extended scalar meson

Although these calculations [9, 23] clearly demonstrate the effect of the ex-
tended structure of the scalar mesons on the decay rate of the reactions ¢ — Sv,
they are essentially nonrelativistic in character through their use of time ordered
perturbation theory and the wave function describing the structure of the scalar
mesons. A fully relativistic calculation is needed, moreover the difference between
the structures of the scalar mesons f;(980) and ao(980) should somehow be taken

mto account.

14



CHAPTER 3

THE ¢ — KK’y DECAY

The study of the radiative decay process ¢ — KK v is important because it
provides a background to the reaction ¢ — K 0%’. This latter process has been
proposed as a way to study CP violation [24]. Since this involves seeking for very
small effects, if the branching ratio of the decay ¢ — K OFOV is of the order of
1075 or more precisely BR(¢ — K 0?07) > 1075, then this background decay will
limit the scope of CP violation measurements in the ¢ — K Ure decay. Therefore,
the study of the reaction ¢ — K Ofov and the calculation of the branching ratio
BR(¢p — K Ofofy) is crutial for the measurement of CP violation and small CP
violating parameters in ¢ — K Ure decay. There are several calculations of this
branching ratio [17, 25]. In this chapter, we will present the calculation of the
branching ratio BR(¢ — K OFO’y) within the framework of K™K~ loop model by

including the fy and ay scalar meson resonances.

3.1 Mechanism of ¢ — K°K "~ Decay

The mechanism of the radiative decay process ¢ — K OFOV in the KK~
loop model is provided by the reactions ¢ — KK~y — K OFOV where the last

reaction proceeds by a two-step mechanism with KK~ loop coupling to the final

15



Figure 3.1: Diagrams for the decay ¢ — KK~ where S denotes the scalar meson
resonance fy or ag

KK state with the scalar resonance fo or ag. We show the processes contributing
to the ¢ — Kofov amplitude diagramatically in Fig. 3.1. We describe ¢ K+ K~

vertex in the diagrams shown in Fig. 3.1 by the phenomenological lagrangian
‘CqbK"'K— = —Z'gd)KK(ﬁ“(KJrauKi - K78HK+) (31)

The decay rate for the ¢ — KK~ decay resulting from this Lagrangian is given

in Eq. 2.2. We utilize the experimental value for the branching ratio BR(¢ —

K*K~) and determine the coupling constant gyxx as goxrx = (4.43 £ 0.05).
The SKTK~ vertex, where S denotes the scalar meson fy or ag, is described

by the phenomenological lagrangian
Lsx+x- = —gSK+K7K+K_S . (32)

The decay width of the scalar meson that follows from this Lagrangian is

1/2

2 B IM 2

16



which is usually considered to define the coupling constant ggx+x-. We describe

the SKOK" vertex similarly by the effective Lagrangian

c WSKK . (3.4)

sKOR? = TYgkoR

If the arguments of isotopic spin invariance are used the coupling constants ggx—+ k-

and g, o0 are related by the following relations [9]

9fK+K—- = ngKOFO

ga0K+K7 - _gaOKOKO 9 (35)

therefore in our phenomenological approach, the coupling constants ggx+x- and
Gg o are connected by the above relations.

In our calculation we use the values for the coupling constants g rx+x- =
(5.14 £ 12) and g, x+x- = (2.13 £0.8) that we determine in Chapter 2 using the
decay rate formula I'(¢ — S7v) given in Eq. 2.16 in K™K~ loop model and the
experimental values of the branching ratios BR(¢ — foy) = (4.40 £0.21) x 1074
and BR(¢ — agy) = (0.76 £ 0.06) x 1074

We therefore obtain the amplitude for the radiative decay reaction ¢ — KK

following from the diagrams shown in Fig. 3.1 as

Mo — KR') = —o 8 (o b)ew) = (- - w)] I(0.)
x M(K*K~ — K'K") (3.6)

where (u, p) and (e, k) are the polarizations and four-momenta of the ¢ meson and

the photon, respectively. The loop function I(a, b) is defined in Eq. (2.6), however,

17



in this case a = Mj/My and b = Mg /M7 with Mg being the invariant

mass of the final KOK"~ system given by Mf(ofo = (p — k)%. The amplitude

MEKTK™ = K OFO) contains the scalar fy and ag resonances and in the approach

we adopted it is given by

1

_ -0 .
M(K+K — KOK ) = —ZgSKJrngSK()FO (p — k)2 — Mb%

(3.7)

Since the scalar resonances fy and ag are unstable and they have a finite lifetime,
in the scalar meson propagator we make the replacement (p — k)? — M2 — (p —
k)2 — M2 + iMsD's and use the experimental values for the widths I'y, and T,
in the fy and ap meson propagators, respectively. Then the differential decay
probability for the radiative decay ¢ — K OFOV for an unpolarized ¢ meson at

rest is given as

ar 1 1

_ 2 3.8
dE,dE, — (2m)* 8M, [ M (3:8)

where E, and E; are the photon and K meson energies respectively. We perform
an average over the spin states of ¢ meson and a sum over the polarization states

of the photon. The decay width ¢ — K OFOV is then obtained by integration

F E’y,ma:a dE El,mam dE dF 3 9
B /E'y,mim K El,mim ldE’ydEl ( . )

where the minimum photon energy is E, :,. = 0 and the maximum photon energy
is given as Ey mae. = (M7 — 4Mp; ) /2My. The maximum and minimum values for

the energy E; of K meson are given by

1
2(2E, My — M?2)

2 2 3
{—2E2M, + 3E,M} — M}

B\ (=2, M, + M3)(—2E,M, + M2 —AMZ.) } . (3.10)
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The derivations of the formulas and the other relations are presented in Appendix

A, B [26] and in Appendix C.

3.2 Results

If we include the contribution of f; resonance only in the decay mechanism
of the radiative decay ¢ — K OFO% we obtained the result for the branching
ratio BR(¢ — K°K'v) = 1.11 x 1075, On the other hand, if the contribution
of ag resonance is considered only the branching ratio is BR(¢ — K OFOW) =
3.28 x 1078. Since both f; and ag resonances make a contribution to the decay
o — K OFO% when considering their contribution to the decay rate we have to note
that the amplitudes involving fy and ag resonances interfere destructively due to
isotopic spin invariance as reflected in the relations between the coupling constants
as Jfok+K- = 95 goi” and g x+K- = —9, KR Thus, if we consider that the
interference between the contributions of fy and ay resonances is destructive, we
obtain for the branching ratio the value BR(¢ — Kofov) = 7.6x1077. Therefore,
this reaction will not provide a significant background to the measurements of

¢ — KK decay for testing CP violation.

Table 3.1: Branching ratio of ¢ meson to K OFOV for different isospin channels

Jo ao Jo—ao
T(¢p — KK ) | 4.74x 1075 | 1.40 x 107 | 3.25 x 106
BR(¢ — K'K'~) | 1.11 x 1075 | 3.28 x 108 | 7.64 x 1077
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Figure 3.2: The distribution dBR/dM for the radiative decay ¢ — KOFOW

In Fig. 3.3, we plot the distribution dBR/dMk for the radiative decay ¢ —
K 0?07 in the phenomenological approach that we adopted, where we also indicate
the contributions coming from f; resonance, ag resonances, and the contribution
resulting from the destructive interference of these mechanisms. Furthermore, in
Fig. 3.3, we show the photon spectrum dI'/dE., for the process ¢ — K OFOV for

the same amplitudes as in Fig. 3.2.
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Figure 3.3: The photon spectrum dI'/dE., for the process ¢ — KOKOV
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CHAPTER 4

CONCLUSION

In this thesis we studied the effects of the structure of scalar mesons f,(980) and
a0(980) on the decay rate of the radiative decays ¢ — foy and ¢ — ayy analized
in the K™K~ loop model. The predictions for the branching ratios depend on the
assumed structure of the scalar mesons as reflected in the coupling constants of
the SKK system . Moreover, if the extenden nature of the scalar meson structure
is taken into account to reduction of the branching ratios of the decays ¢ — S~
result as opposed to the point coupling model.

We also studied the radiative ¢ — K°K%y decay using the two step reaction
mechanism in which the final state couples to the scalar meson which then couples
to the initial ¢ meson through K+ K~ loop. The decay ¢ — K°K%y may present
a background problem for measurements of CP violation in ¢ — K°K° decays.
We calculated the decay rate for the ¢ — K°K0y reaction and we noted that
the branching ratio is small enough as not to limit the precision of ¢ — KK

experiments.
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APPENDIX A

TWO BODY DECAY RATES

The transition probability for a transition from an initial state | i > to a final
state | f > is defined by |Sy|* =|< f|S | i > |>. The corresponding probability
amplitude is

< fIS|i>= 95 . (A1)

where the element of the scattering matrix-S is given as

< fIS i >= 67+ 2m)'6D (3 py = > pi) Ty (A.2)

where T is the transition matrix from the initial state to the final state.The
invariant matrix element, for the decay of a particle of mass M and energy E into
any number of particles 1,2,......N, is Ay; and the differential decay rate is given by
the multiplication of the transition probability per unit time by number of final

states. Thus the differential decay rate is described as

dr = (2m)*0® (3 ps = i) 1Ay 221E 11 (&) . (A.3)

!
where p; = (F, p;) and p'f = (E}, p7f) are the four momenta of the initial and final
particles respectively. If we consider the two body decay in which we have two

particles in the final state , then in the rest frame of decaying particle p1 = —p3 =
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p, Ey+ FEy = M, thus the differential decay rate is

1

dl = 22
3 1Al oM AF\FE,

(2 )

The first delta function is eliminated by integrating over d®p, and the differential

SO + p2)S(Ey + By — M)dPpid®py . (A.4)

d3p, is written as

E\Eyd(Ey + E,)
E,+ E, ’

d*p = p*d|pld§2 = |p]dQ (A.5)

since B — M? = E3 — M3 = p?. Integration over (F; + Es)eliminates the second

delta function and the result comes as

1
A = ool AnllfldQ (A.6)

Therefore, the decay rate is obtained as

D= Al (AT

In the rest frame of decaying particle, |p] is determined as

Pl = 57V [M? = (My + Mp)?|[M? — (My — M)?] (A.8)

Therefore for the decay M — M + M, where M, = M,

7 = ;M\/l - (2]]\\441)2 , (A.9)

and for the decay M — M, + v

1 M;\?
=-M|1l—-(— . A.10
- o (2 a
The invariant matrix element for the decay ¢ — K™K~ following from the effec-

tive Lagrangian

EqbK*K* = —ig¢,K+K—¢“(K+8#K_ — K_E?#KJF) s (All)
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is determined as A(¢ — KTK~) = —igyx+x-(2k — p),u*, where k is the four-
momentum of the plus signed kaon and p(u) is the four-momentum (polarization)

of the decaying ¢-meson. Therefore the decay rate I' for ¢ — KTK™ is
07 3/2
] . (A.12)

For the ¢ — S7v decay (where S = fy or ag), in which each ¢ and S mesons

2
- 2M
T'(¢p— KTK)= ‘%g:m [1 - <K>

couple strongly to KK, with the couplings Gor+r- for KT K™ and ggg+ - for

SK*K~, the invariant amplitude is obtained as

COpK+K- (gSK+K_MS) [(a b) <A13)

./4(¢ - S’)’) = U“€V<q;¢pu —9wq- p) 22 M2
K

where (u, p) is the polarization and four-momentum of the decaying vector meson
and (e, ) of the the photon and a = M7/M3, b = Mg/Mj.. Then,

o Mj— Mg
PO =5 = 5o a2

Q;KH« (gSK+K* M5)2|(a - b)I(a, b)|2 . (A-14)
For the decay S — KK~ ,using the effective Lagrangian,
L = gsir- My KYK™S | (A.15)

the invariant matrix element is obtained as A(S — K+t K ™) = iggx+x- Mg, there-

fore the decay rate is

2 2
(s — K7 K) = K [1 _ <2MK) ] . (A.16)
T
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APPENDIX B

THREE BODY DECAY AND THE BOUNDARY OF DALITZ

PLOT

For the decay of a particle S with four into N particles with four-momenta p =
(Es, p) and py = (£, v r) respectively the differential decay rate is determined
as

, 1 A —
ar = (2m)'5 (0 = ») 5 1;[ (%)3(2’”E}) ARl (B.1)

For the three body decay in which there are three particles in the final state

(M(p) — Mi(q1) + Ma(q2) + v(k)) the differential decay rate is given by

1 d3q1 d3QQ d3 k

dr = (2m)*6" (p—q1—q2—k) 2E, 2n)°(2E)) (27)(2E,) (27 2E,)

[Ayil? (B.2)

where | Ay;|? is the average over spin states of the absolute square of the decay
invariant matrix element. Therefore due to spin average we can write |Ap|? =

F(E\, E;). The 6% function can be written as
0 (p— g1 —qz—k) =6(M — Er — B, = )0V + @ +k) . (B3)

in the rest frame of the decaying particle and the momentum delta function can
be eliminated by firstly integrating over the (three-) momentum of the final-state

particle with momentum g¢,. Using

28



Pk |kPdkdQ, 1

= = —FE.dE.d0) B4
2E’y 2E’y 2 Y il Yo ( )
and
Ea aPdady 1
= = —|q1|dEdS) B.5
2, 28, plgildEad (B.5)

the equation below is obtained

S(Ey + By — M +/(F +¢)? + M2)

dr E ;
_ |G1E AP /dQ d, . . (B.6)
dEWdEl 16 M (2m)5 \/(k+q_i)2—|—M22
If we define the integral I by
§(M—-E,—E k+ 1) + M2
L= 11, [ a0, M B BVECRR AN

VO + )2+ M3

and perform the angular integrals then we obtain

0(Ey+ By — M +\/E} + E2 — M} 4 2E,|i| cos § + M3)
\/E% + E2 — M} 4 2E,|qi| cos 6 + M3

1
I =8n° /_1 d(cos0)|qi|E,

)

(B.8)
where 6 is defined by k - ¢; = |||q;| cos §.By changing of variable
5:\/E%+E$—M12+2Ey\qﬂcose+]\/[22 , (B.9)
the integral is obtained as
I= 8w2/d§5(M B B —¢) =8, (B.10)

using the condition M — E, — F; — §{ = 0. Therefore we obtain the double

differential decay rate as

a1 1
dE,dE; — (27)38M

F(E,,E,) . (B.11)
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The limits of integral are defined by the condition

(M — E, — E\)*> = E{ + E2 — M; + 2E,|gi| cos 6 + M; (B.12)
or
M—-E,—-E\)?—-E?—-E*>4+ M?— M?
_1§( »— By T L+ M 2 <. (B.13)
2[k].|gz]
in another way
M—-E,—FE\)?—-FE?—-FE>4+ M? - M?
_1§( Y 1) 04 1+ 1 2 Sl ) <B14)

2E,\/E? — M?

since B2 = |k2| and E? = |Gi%| + M2. We then solve this equation and find two

roots for EF as

1
Elmin = —2E*My + 3E,M? — M?
+ B\ (=2E, My, + M2)(—2E, M, + M2 — 4M2,) } (B.15)
1
Blmas = {—2E2M, + 3E,M} — M}

2(2E, M, — M2)

— B\ (=2, My + M3)(—2E, M, + M3 — 4M3,) } (B.16)
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APPENDIX C

INVARIANT AMPLITUDE OF THE RADIATIVE ¢ — K OFOV

DECAY

For the radiative decay ¢(p) — S(p — k)y(k) — K°(q1)K " (g2)v(k) the invariant

amplitude M is expressed as

M=M,+My+ M, | (C.1)

where M,, M,;, and M, are the invariant amplitudes obtained from the diagrams

(a), (b), and (c) in Fig. 3.1 as

M,

where (u,p)

the photon,

= M,

= TCYeK+tK-9SK+tK-YJgpox®

" / d*q (2¢ — p)ou”(2q — k)"
(2m)* (¢* — ME)[(q — k)? — ME][(p — ¢)* — ME]
1

[0~k — ME 1 iTsMy) (©2)

= 92 / d4q e
T TRISIE | m)i (g — kP = MR)[(p — 9 — MZ]
1

“Tp—k)? - M2+ ilsMs] (C3)

and (e, k) are the polarization and four momenta of the ¢ meson and

respectively. Using the gauge u”p, = 0 and ¢k, = 0, we then obtain
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the invariant amplitude

1
5 B g
€YK+ K-9SK+K~Ygxox® [(p— k)? — M2+ il'sMs]

v ll»/ d4q _4(]1/(1u +g;w
X U € 2
(2m)* (¢* — ME)[(q — k)* — ME][(p — ¢)* — ME]
(p— k?)Q - Mg —il'sMg
€g¢>K+K_gSK+K_gSKOfO [(p _ k’)Q _ Mg + (FSMS)Q]

Y { L (@bl u)(k-p) — (c-p)(k- u>1} (C.4)

Com2ML

M:

(p—k)2 _ MZ—2MyE,
2 - 2
MZ M3,

b= and

2
_ My
where a = M

2ul/€lj,/ d4q _4Qun + g/w _
(2m)* (2 — ME)[(q — k)2 = ME][(p — q)* — M%]
1

oMM

I(a,b)[(e - u)(k-p) = (e-p)(k-u)] . (C.5)

The invariant function I(a,b) has been calculated in different contexts. For the

point-like model of scalar mesons, it is given by

o= gy g ()~ ()] g b2 o (e

2
- {arcsin(ﬁ)} ., r>1
() = 2
Vin(2) —in]” , z<d
(42 —1)2 arcsin(ﬁ) . r>1
g(x) =
1 :
s(1—4x)2 [ln(Z—f) — ZT('} , r<i
= (14 (1 42)7]
2x

(C.7)
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We note thatl/a = 0.23 < 1/4 for the values M, = 1020MeV and Mg =
494MeV . However, 1/b > 1/4 for My < 985MeV? and 1/b < 1/4 for Mgy <

985MeV?, where Mgy = M3 — 2MyE,,. The functions f and g are for 1/a < 1/4
1 1

@) - 3

) -

Na) = 2

for 1/b>1/4

J1—4/aln (Z*>—z[g 1—4/4 , (C.8)

and for 1/b < 1/4

1) =G
QCL) - ; 1—4/bln<z+>—i[72r 1—4/5} . (C.10)

The complex invariant amplitude is parameterized with

M=M"+iM (C.11)
where M” and M’ are
, 1
M = —me%mxfgsmx—gsmﬁ[(é ~u)(k-p) — (e p)(k - u)]

x {0 = k) = ME|Im(a,b) — (UsMs)Rel (a,b) } A (p — )
M = =g s Gggoel(e W) = (e-p)(h- )
x{[(p = k)* = M3 Rel(a,b) + (T'sMs)ImlI(a,b)} AY(p — k)

(C.12)
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and

1
(¢> = M3)% 4 (PsMs)?

Al(q) = (C.13)

The absolute value of the square of the invariant amplitude is obtained as

| M |*= (M")? 4 (M")2. The squares of the real and imaginary parts become

2
1 2
N2 __ 2
(M) = {_27r2M12( €9¢K+K—QSK+K—QSKOK0} g(k D)

< {{[(p — k)* — M) ImI(a,b) — (TsMs)Rel(a,b)} AY(p— F)}
(M")? = {—le\@egwwgsxwgsm(o} ;(k-p)Q
< {{l(p — K)? ~ MReI(a,b) + (TsMs)ImI(a,b)} AY(p — b))

(C.14)
Using €a€,y = =0, and Ugliy = —3¢,, We then obtain

[(ew)(kp) = (ep) (k)] = [catiak-p — capakpup]leyu kp —€ypykyugy
= €abylaliy (k.p)* — €abyUaligk.pp, qy
—€a€y Ugly k. ppaks + €a€ UslgDakpDy kg

- ;[4(@)2 — (k.p)* — (k.p)* + p*K4)

= g(k.p)Q : (C.15)

In the rest frame of ¢ meson p-k = MyE, and (p — k)? = (1 + q2)* = M3 .
If we consider the contribution of fy resonance only or ay resonance only, the
above form of the scalar meson contribution is used. Both f, and ay resonances

make a contribution to the decay ¢ — K OFOW and they interfere destructively due
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to isotopic spin invariance. In this case, the complex amplitudes are parameterized

with
M= [Mf + M| +i M+ M, ] (C.16)

The absolute square of the invariant amplitude is now obtained as | M [?*=
2 2

 + MZO] + { "t Mflo] . The interference between fy and ag is destruc-

tive if the relations between the coupling constants are used as g x+x- = ¢ o KOR®

and go x+x- = — o KR
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