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CHIRAL PHENOMENOLOGICAL RELATIONS
BETWEEN RATES OF RARE RADIATIVE DECAYS
OF KAON TO PION AND LEPTONS
AND THE MESON FORM FACTORS
V. N. Pervushin, V. I. Shilin

Joint Institute for Nuclear Research, Dubna

In the framework of the chiral perturbation theory we obtain the phenomenological relations between
decay branches of rare radiative kaon to pion and leptons K+ — 7717~ and K3 — 7% "1~ and meson
form factors. The comparison of these results with the present-day experimental data shows us that the

ChPT relations for a charge kaon can determine meson form factors from already measured decay rates

at high precision level. However, in the case of the neutral kaon decays K° — 7% e (utp™) the

form factor data are known to a higher precision than data on the differential rates of radiative kaon
decay K° — n%te (utp™).

B p MK X KHp JIbHOU TEOpPHHU BO3MYIIEHHS MOJTyd eM (heHOMEHOIOTHIECKHEe OTHOIICHUS MEXIY BEpO-
ATHOCTSMH PEAKHUX P IU LUOHHBIX p CIl JOBK OH B ITMOH M JIEITOHBI Kt >atitl—u Kg — 70t
U Me30HHBIMU (hopMd KTOp Mu. Cp BHEHHE DTHX Pe3yJbT TOB C COBPEMEHHBIMH DKCIIEPUMEHT JIbHBIMH
I HHBIMH TIOK 3bIB €T, YTO MOJTy4eHHbIe KUDP JIbHBIC OTHOLICHUS MOTYT OIpeeIuTh Me30HHbIe (hopMd K-

TOPBI U3 I HHBIX IO P CI1 1T M H YPOBHE COBpeMeHHOﬁ BBICOKOU OKCIIEPUMEHT JIbHOU TouHOCTH. OH KO

B CJIyd e p cn 10B HeidTp jbHoro K o K® — mlete™ (ut ™) o HHble MO hopMb KTOP M H3BECTHBI

¢ Goltee BBICOKOI TOYHOCTBIO, YEM I HHBIC 11O p CII O M.

PACS: 11.30.Rd; 12.39.Fe; 12.40.Vv; 13.20.Eb; 13.25.Es; 13.75.Lb

INTRODUCTION

New data of decay branches Br (K+ — n+*17) and Br (KY — 7%1"1~) were obtained
a few years ago in the NA48 experiment [1-3]. In analysis of these data a number of
theoretical models were used [4-8]. One of them is chiral perturbation theory with weak
static interactions [7,8] which take into account fermion loops. In this paper, we upgrade this
result in order to study the relations between the decay branches and form factors including
the decay K3 — w911,

In transitions KT — 77"~ and K3 — 79T/~ the main role is played by one virtual
photon exchange: K — my* — wltl~. To describe it, we must use the theory of strong
interactions (QCD) and the electroweak theory. Instead of QCD we use the chiral perturbation
theory (ChPT) in bosonization form [7-10] and take into account the experimental meson
electromagnetic form factors and their resonance nature.

Main difference of the present paper from other approaches (for example, [4-6,9, 11])
is that we have only one coupling constant (gg). Nevertheless, if we take experimentally



28 Pervushin V. N., Shilin V. L.

determined charge radii of mesons and resonances, our prediction becomes more accurate.
We can conclude that the chiral effective Lagrangian approach helps us to obtain the set of
relations between experimental form factors and decay branches.

In this article, we ameliorate amplitudes from [7, 8], calculate the corresponding decay
rates, and test them with available experiments. Really, the results of [7,8] are improved and
expanded on the neutral kaon decays.

1. CHIRAL BOSONIZATION OF EW MODEL

We start with Lagrangian of weak interactions in bosonized form [7]:

e
Bl 24/2 sin Oy

JiE = [Jy+iJ ] cosOc + [Jy+iJ}] sinfc,

L= (J;W;%—J:W;),

where Cabibbo angle sin ¢ = 0.223. Using the Gell-Mann matrices \*, one can define the
meson current as [10]
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here F ~ 92.4 MeV. In the first orders in mesons one can write

V, = V2(sinfc (K~89,7° — 71°9,K~) 4 cosfc (n~ 0, m° — n°8,77))

and
A, = V2F, (0, K™ sinfc + 0,7~ cosbc).

This Lagrangian allows us to use the instantaneous weak interaction model [7, 8].

2. THE K — wl™l~ AMPLITUDE

In this section we briefly remind the results of paper [7], which we will use in our work.
Further discussions can be found in paper [8].

According to [7,8], for the process K+ — 77IT]~ we have diagrams shown in Fig. 1,
leading to the amplitude:

Agmiri- = 298¢Grw Ly D] (q) (ky + )T (0%, K2, p?), (1)
where gg ~ 5.1 is the effective parameter of enhancement [4,7, 8],

G sinfc cosfe €2 o P Gr
= = sinf¢ cos O —,
W 8MZ,  sin? Oy CTRIC R
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Fig. 1. Diagrams
L,, = lv,l is leptonic current and

(fX(q2)k2 N SR (?)p? +f;‘?(q2)+f;?(q2)>.

m2 —k? —ie M2 —p? —ie 2

T(¢* k%, p*) = F 2)
Here F; ~ 92.4 MeV, fX x(¢*) and ff, (¢%) are phenomenological meson form factors
denoted by fat dots in Fig. 1, a, b, e, f and 1, ¢, d, g, h, respectively.
On the mass shell the sum (2) takes the form
f2(®) + f2(q? m2
() = p2 (L@ vy (fe@®) = (@) 7 |-
2 Mg —m2

In case of K2 — w0/~ there are not diagrams Fig.1,a—d and in the amplitude (1)
instead of gs should be (gs — 1).
These amplitudes lead to the decay rate [4,8,9]

_ da? .
=g mier / Y )) P 3)
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where [4]
am2\ 12 22 2 2
plg?) = (1- 2L 1+ on) a2 (1, L )
¢ q* M3 M2
Aa,b,c) = a® + b% + 2 — 2(ab + be + ca),
Trsmtir— = 1.37-10719 MeV,
and [7]
3 gs —1\” -
Dronorii- = ( ) P+t
gs
2 (4m)*7 (¢°)
¢(q2) = T =
4TEF2)? [ f2(q®) + fA(¢? m2
- 7 ! ( it )2 W) vig) + (@) - 1Y ) W) 4)

Thus, ChPT and instantaneous weak interaction model lead to formulas (3) and (4) as rela-
tionship between decay rates and form factors.

3. FORM FACTORS

3.1. KT — 7TITI~. One can make an assumption that electromagnetic form factors of the
kaon and pion are saturated with resonances as in the p-dominance model. One of possible
models of such a suturation is ChPT with both meson and baryon loops [10, 12-14], so
in [7,8] at small ¢? they were chosen in the form

@) ~ fr(@®) ~ FU(°) =1+ M7?¢* + aoll(¢%) + ... .,

&)
FA@®) = FR(@°) = fAG*) =1+ M2 + ..
We can calculate decay rates using the resonances [15]:
M, = (775.49 & 0.34) MeV, 199 =1ta-), ©
M1 = (980 4+ 20) MeV, I1¢(JPC) =17 (0"F);
0
and pion loop contribution
_ 4 e 01926+ 0.00077
W3 U AU
1 12 £1/2 _ t
M) =(1-%)(=-1 tan [ ————— | — 1, fee— <1
0=-0(3-1) " areton (1 S5 Gy
1/2 / / @
t—1 1 , 24 (—1)Y/2 _
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Let us make two remarks on this point.

First, f¥ (q?) and f}/(¢?) are nothing but electromagnetic form factors of the charged pion
and kaon, but we know them much better from experiment [15]. So we can prove [V (q?)
using experimental data. At ¢ — O:

V2 ~ <7‘2> 2
[ (a —>0)—1+—6(h6)2q : (8)
(r)_+ = (0.672 4 0.008) fm, o
(r) v = (0.560 & 0.031) fm.

Of course, in (r) the IL;(q?) term is already included. To retrieve II,(g?) (and nontrivial ¢>
dependence), expand it in series near zero:

ool (g2 — 0) ~ —ag & ¢ (10)
—0)~ —agyz- ——=
ollz(q 03(2mﬂ+)2a
subtract (10) from (8) and add (7):
Y (P —0)~1+ ﬁJraoé# @ + aoll:(¢?) (11)
B 6(hic)? 3 (2m+)? e
At large ¢2, fY (¢*) and f (¢*) have maximum at ¢*> = M?.
Second, beside a} there is
M,z = (1474 £19) MeV, [9(J"9) =17(0"). (12)

If a3 is not taken into account, a huge discrepancy with experiment results will be got.
Finally, using (6), (7), (9), (11), (12) we have the following improved hypothesis of (5)
in Padé-type approximations:

) = . 5 4% . + (1 =),
I—— (( GEE +ao—7> ¢’ +a0Hﬂ(q2)>

Yo \ \ 6(hc)? 3 (2mg+)?
fie @) = — e 4”{ 1 +(1=vk),  (13)
. "IK+ 2 )2 L (2
K <<G(hc)2 +a03(2mﬂ+)2> @+ aollala )>
A = @) = A = — e 1m1s CT
ﬂ—+q — K+q — q _1_ q2 - q2 — Ms(l) Mf(z) R}
M, M,
0 0

Yr = 1.176677 and vx = 0.855628 have been chosen to put the position of maximum of
fY.(¢?) and f)/ . (¢*) to ¢> = M?2. A plot of (4) with (13) is shown in Fig.2, z = ¢*/ M.
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Fig. 2. The |¢(q?)|? defined by (4) and (13) Fig. 3. The |¢(¢?)|* defined by (4) and (16)

3.2. K — 7% "=, In this case we have [15]
(r?) o = (—0.077 £ 0.010) fm?, (14)

and we can neglect the neutral pion electromagnetic radius [16]:

(r*) o = 0. (15)
Notice that
<T2>K0 6
Gy = 0331070 MeV,
do Tl
O(;(;Q (0) ~ —0.33 - 106 MeV,

which means that (r?) ., is determined almost only by Il (g?), that is why we will not use
resonance behavior of fY (¢%) and f)(¢%):

fio(a®) =0,

V o2y <7‘>§<0 ﬂ 1 2 2
Tro(a”) = (6(ﬁc)2 +a03 (2mﬂ+)2>q + aollx(¢7), (16)
A 2V o £A 2V o A2 _ 1 1 _Nq2 7
Jr0(q7) = fro(q) = f2(q7) = 1_(q2/M3(1)) + 1_(q2/M§%) 2~ Mfg) + Mfg + ..

A plot of (4) with (16) is shown in Fig.3, z = ¢*/M3,.

4. DECAY RATES

If we substitute formulae (13) and (16) for Egs. (4) and (3), we get decay rates summarized
in the table. We can see good agreement with experiments in all cases. Large inaccuracy in
K™ decays arises from subtraction approximately equal to f4 and f7‘r/+ (13) in formula (4).
This table shows us that at present-day precision level, it is better to extract f,‘r/+ and f4 from
decay rates K+ — w+[*]~. Differential decay rates are presented in Fig. 4.
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Decay rates compared with experiments

Decay rates T, 1072° MeV | Texp, 1072° MeV
K™ —ateTe™ 1.29 + 0.40 1.654 + 0.064 [1]
KT —7ntete™, 2> 0.08 0.94 +0.28 1.212 4+ 0.043 [1]
Kt —rntptu 0.394+0.11 | 0.431 4 0.075 [15]
K% — rlete” 5.41 £ 0.68 4.3722 2]
K% — nlete™, ¢ > 165 2.90 +0.37 22708 2]
K% — nutp 1.23+0.16 21758 3]

20

— —
S w
T T

dl'/dz, 10724 GeV
W

dl/dz, 1024 GeV

B 4 N
[=E -l
T T T

dl'/dz, 10724 GeV
(=)

dl'/dz, 10724 GeV
- o W
o S

Fig. 4. The dI'/dz determined by relations (13), (16), (4), and (3)

CONCLUSION

In the framework of ChPT we calculated decay rates of K+ — 7]~ and K% — 70T~
using measured electromagnetic meson radii [15] and inserting resonances with quantum
numbers of ap meson into the instantaneous weak interaction. Taking into account the
instantaneous weak interaction is the difference of our approach from other ones.
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The results we obtained are in good agreement with experiments, for instance, one can

determine the neutral kaon decay branch data using the meson form factor data. However,
there is a large amount of inaccuracy. On the other hand, the high sensitivity of obtained
decay rates allows us for a charge kaon to determine the form factors and masses of ag
mesons from already measured I'(K+ — 7717 ~) at high precision level.
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