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SECTION 1

1.1 Introduction

Radiative non-leptonic decays have been historically very important to understand
GIM suppression in rare kaon decays [1]. They also play a crucial role in our understanding
of low energy physics. Indeed, as we will see, they enable us to study phenomena which
will lighten our knowledge of chiral dynamics. We overview the decays which we will
be interested in table I. We have used the average experimental widths from [2]; in the
channels where more recent data with smaller errors have appeared (like K — yete™, see
§5.2), these have been used. Furthermore, in the case of the internal bremsstrahlung decays
where no average number was quoted in [2], we have used the experiments with the smaller
error. More details on theory and experiments will be found in the relative sections. To
illustrate the improvements at DA®NE, we have assumed the following numbers of tagged
decays [3]:

1.1-10°K /yr

0.9-10'°K* or K~ /yr (1.1)
1.7-10°Ks/yr

which are reasonable for a luminosity of 5103257 ¢cm ™2 and a machine working 107s/yr.
Furthermore, to deduce the numbers of events expected at DA®NE, for the channels
where there are only experimental limits or poor statistics, we have used the theoretical
predictions. We have divided the radiative non-leptonic decays in table I in the following
groups:

1) two photons in the final state;

i7) ”Internal Bremsstrahlung” one photon in the final state;
i11) "Direct Emission” one photon in the final state;

1v) Dalitz pair with one pion;

v) Dalitz pair with one photon.

We will give also some possible bounds that can be put at the ¢-factory on CP

violating quantities with radiative non-leptonic decays.

1.2 Chiral perturbation theory

For a general introduction on this subject we refer for instance to [4,5,6]. We just
summarize the motivations of the theory and the results. Due to the non-perturbative



TABLE I
L£L=5-102cm~ 251
channel Ezp.BR. Th.BR. Fluxes
Ks > vy (2.4+1.2)-10°® 2.1-107% 3570
Ky — vy (5.7 .27)-10~* ~ 1074 6.3-10°
K — x0y (21+£.6)-10°5 ~1.-10°5 2300
Ks — x%y - 3.8.107° 65
Kt o xtyy <15.-107* 6-1077 5400
Kp — x'x0yy - ~ 1077 ~ 110
Internal Bremsstrahlung
Ks —» xtx
E; > 50MeV (1.63 £ .05)-1073 1.75-1073 3.108
K, »xtxy
E> > 20MeV (1.32 £ .05)-10°° 1.4-107° 1.5-10*
K* - x*x0y
55MeV < T; < 90MeV | (2.55+.18)-10~* 2.61.10 2.3-10°
Kt o xtxtxy
E; > 11MeV (1. £ .4)-107* 0.61-10~* 5.5-10°
K+ - xtxx0y
E; > 10MeV (7.4%33)-107© 7.0-107° 6 - 104
K — xtx—xly
E; > 10MeV - 1.5.-107* 1.65 - 10°
Direct Emission
K, —xtxy (2.95+ .11)-107° ~ 1073 3.2-10°
K* 5 x¥xly
55MeV < T) < 90MeV | (1.84+.4)-1075 ~107% 1.6-10°
Ks —»xtx~y
E? > 50MeV <.9.-107* ~ 1076 ~ 1700
Ks — x0x0y - ~ 1078 ~ 17
x — Dalitz pair
Ks — x%te- <45-107° 5.100°~5.10"10] <8
Ks — xOutu~ - 1079 ~ 1010 <2
K* - r¥ete (2.7+.5)-1077 input 2.4-10°
K* o x¥pty- <23-1077 (4~6.1)-1078 < 550
v — Dalitz pair
Kp — yete” (9.1+.47%)-10°° 9.1.107° 1.0- 10*
Kp — yutyu (2.8+2.8)-10°7 3.8-10°7 418
Kg — yete~ - 3.4.10°° 58
Ks — yutpu~ - 7.9-10°10 0
[ KL o efeeter | (4£3)-107° | —~ | 44




structure of QCD at low energy, matrix elements for kaon decays should be evaluated using
symmetry arguments. PCAC and soft pion theorems have been very useful in this regard.
For instance, assuming that pions and kaons are the Goldstone bosons of the approximate

chiral symmetry SU(3)r x SU(3)g broken to SU(3)v, it is possible for instance to relate
the K — 27 to the K — 37 amplitude

lim < ()7 (p2)m° (p) | Hw |[K° >= ﬁ’% <7 (p1)n” (p2)| Hw|K° > (1.2)
Though the physical pions in the K — 37 decay are kinematically somewhat faraway from
the pions of K — 2w decay, this relation holds phenomenologically at 20% ~ 30% level.
The problem is then how to take care of non-vanishing four-momenta of the physical pions
(or kaons). '

CHPT fulfills this task, introducing a Lagrangian which satisfies symmetry require-
ments (the interactions have to be invariant under SU(3)L x SU(3)r) and by having the
mesons as the Goldstone bosons associated with the spontaneous breaking of the chiral
symmetry of SU(3)r x SU(3)r — SU(3)v. Meson masses are introduced through an
explicit breaking of the symmetry. At tree level all the low energy theorems, PCAC and
soft pion properties are recovered.

Furthermore, although the theory is not renormalizable we do require unitarity, which
is obtained perturbatively by considering also meson loops. This can be done at the price
of adding to the theory, order by order, new counterterms which have to be determined
by experiments. Nevertheless CHPT furnishes a systematic way of computing physical
amplitudes correcting the soft pion theorems.

Radiative non-leptonic decays are very important since, like other meson amplitudes,
they will give us information on chiral dynamics. Furthermore some decays, such as
Ks — vy and K; — w%y9, have the property to depend only on meson loops and not
on counterterms (which are vanishing for these decays), so that experiments will probe in
that case an unambigous prediction of CHPT.

The Lagrangian

L = Las=o+ Las=1 (1.3)

can be expanded in the external momenta and masses. Las=o is the strong lagrangian
including electromagnetic interactions. At order p® one has

2 2
Las=o = ll—lsz’rD,,UD“UT + '%TrUtp.M + TTTUMM (1.4)
where N
U=er™T D, U=0,U+ied,[Q,U] (1.5)

M = diag(m,,mq,m,) Q= diag(2/3,-1/3,-1/3)
TrT,Ty = %5(15, f~ Fr=933MeV T, = A,/2 (1.6)

A, are the Gell-Mann matrices, i is the correct factor to reproduce the observed meson
masses and A, is the electromagnetic field".

t The Condon-Shortley-De Swart phase convention is not satisfied.



The C P-conserving AS = 1 weak Lagrangian consists of two pieces: the octet and
the 27-plet:

1
L&, = ; f2hsTrA¢D, U D UT (1.7)
ho- 2 , .
@0 = —%]—C—Ti’;-'(UDuUT)}C(UD”UT)f + he. (1.8)
where the tensor T is the U-spin=1, AS=1, AQ=0 element of the 27 with components:
3 3
T =Th =T =Tl =¢ T =Ty =T =Taf = -5 (1.9)
From K — 77 decays we have at order p?
hg =3.2 1077  hyr=-—1 -1078 (1.10)

1.3 Higher dimension operators

We will consider also o(p*) operators. There are strong o(p*) counterterms described
by Gasser and Leutwyler [5]. Their coefficients can be taken from the experiments, vector
meson dominance [7] or 1/N. model [8,9]. Weak operator for the octet and for the 27-plet
operators are described by Kambor, Missimer and Wyler [10] ( see also [11]). Furthermore,
they have tried to fit some coefficients of these operators fitting them to all experiments
on K— 77 and K— mrw [12]. Some of these coefficients are well reproduced by VMD [13].

For electromagnetic couplings there are two kinds of operators: i) the ones obtained
by minimal coupling 8,U — D,U (thus these can be fixed also from amplitudes without
photons; all o(p*) operators relevant for K — 27 and K — 3n will appear in radiative
non-leptonic decays); i2) direct couplings in Las=¢ and Las=1; these couplings can be
determined only through amplitudes involving photons (real and virtual). In Las=o at
o(p*) we have couplings with one photon and with two photons

LY = —ieLyF*ir(QD,UD,UY + QD UI DU + L1 F* F, tr(UQUTQ) (1.11).

In addition to these new operators there are meson loops, which are generally divergent and
therefore will be regulated at a scale p; such scale dependence must cancel a correspondent
scale dependence in the afore-mentioned counterterms. The full physical amplitude is thus
scale independent. Lg + Ly is scale independent and from the decay m — Ilvy it turns out
to be [5,6]

Lo + Lyp = (1.39 £+ .38) - 1073 (1.12)



For the AS = 1 direct couplings there are several operators [14,10]. Specifically the relevant
ones for K — 7my* — xll are

(4) o —'iehs v ]
LAS:l,em - 8f4 F* (wltT(QAG—ﬂL#LV) + wztr(QLﬂAﬁ*”LV)'*— (1.13)

1D3€#ypgt1'(QLp)tT(A5_,'7 Ld)) -+ h.c.

L, =if?uD, Ul (1.14).

It is to be remarked that new o(p*) direct counterterms will appear in K — wmy
decays [15], as we will describe in §3.4. The direct coupling to two photons which appears
for instance in K* — w¥yy is

2
e
LYy e = %—hgw‘;F“”F,wtr(,\s_nQUQUT) + hec. (1.15).
Furthermore at order p* there is the anomalous Wess-Zumino term; the contribution linear
in the meson fields is

4 a o 8
L(VV)Z,em2 - —8—7‘_—}—6“”,”}7'#"]7/’ (WO + —) (1'16)'

V3

This will be relevant for Ks — 7%y, K — 47* — vI*l~ and others.



— 10 —

SECTION 2. Radiative kaon decays with two photons in the final state

Two photons can have either CP = +1 or CP = —1. Thus in the case of two
photon final state, due to gauge invariance, the amplitude will be proportional either to
F,, F** (parallel polarization, CP = +1) or to €,,,0F** F?* (perpendicular polarization

u P uvp perp ’

CP = —1). In the case of more particles in the final state also other invariant amplitudes
will appear.

21 Ks - vy

Since K° is neutral, there is no tree level contribution to K° — yy. We will con-
sider the long distance contribution to the C P conserving amplitude A(Ks — v7) in the
framework of CHPT [16]. There are no o(p?) tree diagrams, thus we have to consider
o(p*) contributions: chiral meson loops (Fig. 2.1) and in principle the o(p*) countert-

erms (see (1.15)); but again since K° is neutral o(p*) counterterms are vanishing for these
amplitudes.

/—‘\ Y /—\\
,’ \\A‘N\N 4 \

/ \
=l ) (W,

\ p
\\--—’/%h"y NG

T G -G
’ N / h
\ \
——— MV ——-— |
\ / \ /
\ 7/ \ 7/

Figure 2.1 : Long distance contributions to K° — 77, where the photons have parallel
polarizations.

This fact has two implications:

1) the chiral meson loops are finite and so free of the ambiguity of the cut-off;

2) these are the only contributions o(p*); no dependence on unknown coupling constants
of counterterms. -
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The finiteness of the 1-loop amplitude can be simply understood also by the fact that
the superficial degree of divergence of the amplitude ~ A? (with A an ultraviolet cut-off)
is decreased by gauge invariance together with the condition that the amplitude should
be proportional to A(K; — 777 ~) and consequently to m%, —m?, (Cabibbo, Gell-Mann

theorem [17]). Kaon loops, for the previous argument, are proportional to m%, — m%.,
and thus they can be neglected.
Adding the 8 and 27 contributions one obtains {16,18]:
a hs 3h27 2 2
A(K, _)27")__W§<(2f 57 J(mk —my)
B -
Aay - c€ — €7 - . "12 2.1
(q1-€292-€1 — €1 - €291 - q2) [ ) (2.1)
where q;,€;,¢2,€2 are the photon momenta and polarizations and
4m?
B=4/1- =5 (22)
Mg

The argument of the logarithm is negative because the two pions can be on shell

Indeed 4 3
-1 m2 1-— ., 1-p
"12 =1 In? 2 4+ 9nl 2.
P g T e g T ) (23)

From the amplitude in (2.1) we can calculate the rate with the result

hs — Ehy7)?(m? —mfrzaz2 —1/?
F(KS d 2")/”) = ( 8 ] 22576)7;-ng 2 ) Wl 2'8
kf B+1

The prediction for this decay is I'(Ks — vvy) = 1.52 10_lleV, giving a branching
ratio

(2.4)

Br(Ks — vy) =2.1-107° (2.5)

and the ratio R
F(Ks — 27)th

T(KL — 29)ezp
Experimentally NA31 [19] has measured the branching ratio

R =

~ 2 (2.6)

Br(Ks —2y) =(2.4+1.2)-107° (2.7)

It is important to remark that this is a significant test for chiral perturbation theory,
since it is unambiguously predicted by this theory in terms of the pion loop with coupling
given by CHPT. Indeed, the lacking of the corresponding o(p*) operator not only says the

amplitude is finite but also ensures that contact terms will be order p® and so suppressed
m?

by —A— Since the absorptive part, which is model indeperdent, is overwhelming in this

decay, using a phenomenological coupling in the pion loop model [20,21] one obtains similar
results. DA®NE is certainly suitable to improve the experimental result (2.7).
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2.2 Ky, —» %y

The general amplitude for K7 — 7%yv is given by

M(KL — 7°(p')v(q1,€1)7(g2,€2)) = €1,62, M*" (9, 01, 92) (2.8)

where €1, €5 are the photon polarizations and M#*”, if C P is conserved, is made of two
invariant amplitudes:

Ay, z
M"Y = f,n:; )(qé‘qi’ —q1 - g29"")
K
2B(y,z v
+m—4’)(—p Q1P 29" — @1 - @2P"P” + P q1g5p” +p - 2p"q)) (2.9)
K
where
y=lp-(q1 — q2)|/m% z=(q + q)°/mk

Note that A(y,z) and B(y,2) are symmetric for ¢, < ¢z as required by Bose symmetry.
The physical region in the dimensionless variables y and z is given by the inequalities

1
0<y < oN/*(1,r7,2) 0<z<(1—rp)? (2.10)

where .
myo

A1,72,2) =1+ 22 +r2 ~2(z+2r2 +72) and 7, = (2.11)
mpgo

From (2.10) and (2.11) we obtain the double differential rate for unpolarized pinotons:

) 2 _ .\2 2
PT _mi [y gy [ o (W= L] e 2.12
dy dz 2973 4 "

We remark that, due to the different tensor structure in (2.9), the A and B parts of
the amplitude give rise to contributions to the differential decay rate which have different

dependence on the two-photon invariant mass z. In particular, the second term in (2.12)
dl'(K 0

(K = m'77) in the limit z — 0. Thus the

z

kinematical region with collinear photons is important to disentangle the B amplitude.
We will consider the long distance contributions to this decay in the framework of CHPT.
Since Kz and 7° are neutral there is no tree level o(p?) contribution. At o(p*) there are
loops and the counterterms in (1.13). But since again K and #° are neutral the latter
ones do not contribute and this. implies that the 1-loop amplitude is finite [22,23]. In
Fig. 2.2 are reported the relative diagrams. Actually at order p* the amplitude B(y, 2)
is zero since there are not enough powers of momenta at this order. The result for the

gives a non vanishing contribution to
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Figure 2.2 : Long distance contribution to K1 — 7%y in the basis of [22].

amplitude A(y,z) (which at this order it depends only on z), limiting to the SU(3)1 octet
contribution, is {22,23]:

AO(y,z) = 22K (1~’~'5)-f(,,%>—(1—1'5—§)f<z>] (213)
LB -1 [
fla) =1+ Lin ﬂ(m)+1 Blz) = 4/1-= (2.14)

The function f(z) is real for ¢ < 4 and complex for z > 4. More explicitly it is written

1-4 a.rc:sm2 ‘/— z<4
f(o) = (2.15)

Lt i 558 — n? + 2imin sy @ 2 4

In (2.13) the contribution proportional to f(z) comes from the kaon loops and so
it does not have absorptive part, while the one proportional to f(5) comes from pion
loops and has absorptive part, since the pions can be on shell. Corregpondingly the kaon
contribution is much less than the one of pions.

An interesting aspect of this decay could be the contribution of the 27. Due to the van-
ishing of the corresponding counterterms also this contribution is finite and unambigously
predicted; for the pion loop, which give the larger contribution, one obtains [24]:

2

haram? z
A w2) = =30 - () (216)

2 2 4 2

27y harami [3 —72 — 14r; — (5 — 14r7)z z

27) _ z 2.17
4372 8mf? (1-12)z f r2 (217)
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Compared to the octet, there is a slight modification of the spectrum and of the width,
which might be measured with high precision experiments.
The z spectrum for the y independent amplitudes (2.13), (2.16) and (2.17) is given by

ar m 1 1
= (1 ) = (L= ) — 2l FIA()P (2.18)
5
10 - T Y T T T T T T T T T
8x10 |—
6x10° — —
‘§4x10'6 — ]
&-}- | -
o s F .
2x10 ]
0 B ] | | ] .
0 .6

Figure 2.3 : Theoretical predictions for i2—1—-‘-([( r — 7°47v). The full lines are total contri-
2

butions. The lower curve is the o(p*) 8+27 contribution. The upper curve is obtained
by adding all o(p*) K — 37 contributions in the absorptive part [24] and taking hs and
ha7 from a; and a3 ( these constants are defined for instance in [11,12] ) in the dispersive
part. The dashed and dotted lines are are the absorptive and dispersive contributions
respectively.

d
The o(p*) CHPT prediction of %(KL — m'yv) is reported in Fig. 2.3, while the
z

prediction for the branching ratio is:

Br®(Kp — 7°yy) = .68-107¢ BrB+?D(Ky — n%y~) = .60-107° (2.19)

As for the A(Ks — +v) this i$ an excellent test for chiral perturbation theory. In
particular the spectrum and the width are very characteristic of CHPT; in fact the peak
is due to the absorptive part. It is interesting to remark that from the amplitude (2.13)
we can recover the soft pion limit [25].

NA31 and E731 have recently obtained some data in this decay. An important back-

ground for this process is K — m%7%; as a consequence experiments cannot. explore the
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region z ~ m;'. In particular NA31 [26] and E731 [27] have given the result for the
Mk
branching ratio

Br(Kp — 7°vy) =(2.14£0.6)-107% for m., >280MeV NA3l (2.20)

Br(Kp — 7°yy) = (1.86 + .60 + .60) - 107° for m.., > 280MeV ET731  (2.21)

where m.., is the two photon invariant mass:

—_

q1 + ¢2)?

Myy =

= 20 MeV
]

\

2_u
/ 7
i Y/
2777/
o1 I T 0
0 01 0.2 0.3 04
Vgt [GeV]

Figure 2.4 : Measured v invariant mass distribution [26] for K — 7%y (solid histogram).
The shaded area indicates the region where NA31 experiment is insensitive. The experi-

mental acceptance is given by the dashed-dotted line. The dashed histogram corresponds
to the estimated remaining background.

In Fig. 2.4 the NA31 two-photon invariant mass histogram is reported. The shaded area
is not accessible experimentally. Furthermore notice that the experimental acceptance is
larger at small z. We can see that, though the rate seems underestimated, the spectrum
agrees rather well, confirming in some way the loop amplitude. Actually, in this regard
we would like to comment on this situation [24,28]; the spectrum results as sum of the
square of dispersive and absorptive parts. The latter can be expressed in a complete
model independent way in terms of the physical A(K — 3w) [11,12]; thus one obtains
including linear and quadratic slopes from just this contribution the branching ratio:
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Brays(Kp — n%yy) = .61-107° (2.22)

This is still far away from the experimental numbers, which accordingly would imply a large
dispersive part, much larger than predicted by CHPT. In fact as a way to estimate the
higher order effects coming from the pion extrapolation, we have changed the determination
of hg and haz7 in (2.13), (2.16) and (2.17) from K — 27 to that given by K — 37 at order
p®. One obtains the spectrum in Fig. 2.3 and the branching ratio

Br(K — 7°yy) = .86-10"° (2.23)

Of course a full o(p®) dispersion relation of all these contributions would be quite interesting
(24].

Another point of interest of K; — w%yy is his role in K;, — m’eTe~. The decay
K1 — m%te™ has three kinds of contributions [29,30,31,32]: direct CP violation, mass
CP violation K — 7%y* — n%e*e™ and CP conserving K; — 7%y*y* — n%etTe™. The
CP violating contributions are expected to give a Br(K — n°e*te™) ~ 10~!!, while since
o(p*) K — 7%y~ gives an helicity suppressed CP conserving amplitude ( from A(y,z) in
(2.13) ), only the o(p®) contribution might give an appreciable rate, which indeed CHPT
naive power counting would predict of order 10~ [31,32,33]; still in this framework, o(p®)
vector meson exchange diagrams [32,34,35] might enhance both Br(K; — 7%yv) and the
CP conserving Br(Kj — m%ete™)cp, but it is difficult to reach values for these branching
ratios of about 2:107% and 107!! respectively. »

Phenomenological models with large vector [36,37] or scalar exchange [38] can obtain
these values, but would alter the z-spectrum, particularly at small z, where they would
predict a large increase. These models have been criticized by the authors of [32], claiming

that diagrams with o(p*) direct weak vertices, L(;.), have to be added to the ones in Fig.

2.5, arising from Lf;), and a cancellation between these two kinds of diagrams might occur.
/ m°

s ra
LLLLLL'Y

”

Figure 2.5 : Diagrams arising from Lf;), the o(p*) strong Lagrangian, to K — wn°v7.

In particular, they show how neglecting the L(p:‘,) term for (KT — xtet

! ] . e~ ) brings to a
width 30 times bigger than the experimental one. They parametrize the of ) X

p%) contributions
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to A(Kp — m%y7v), including direct weak transitions, by an effective vector coupling av:

hsm3.a 2
A(y’z) = 47rf2 aV(3 — 2z + T',r) (224)
hgmﬁ(a
B(y,z) = — 27rf2 ay (225)

Then Br(Ky — mete™ )|ass = 4.44% - 107!2, Varying ay they obtain:

ay Br(Krp — n%yy)- 108 Br(Kp — mete )op=qt1 - 10"
0 0.67 0.08
0.32 0.60 4.5
-0.32 0.89 4.5
1.5 1.6 100
-1.5 3.0 ' 100
The weak deformation model predicts ay = —.32 [32]. It is important to remark that

eq.(2.25) will change the spectrum in the region of small z. Actually NA31, due to its larger
experimental acceptance in this region, seems to exclude a large dispersive contribution
at small z. So as a conclusion DA®NE seems an ideal machine to investigate the relative
roles of CHPT and VMD; in particular to assess the values of both the absorptive ; rt
and the dispersive part of these amplitude.

23 Kt - nthyy

At present there is only an upper bound for the branching ratio [39], which depends
upon the shape of the spectrum due to the different experimental acceptance. For a
constant amplitude and for the o(p*) CHPT amplitude, which will be discussed below, the
following limits are respectively obtained:

Brez,(Kt — 7tyy) <1.0-107° (2.26)

and
Breg (KT - ntyy) <15.107* (2.27)

A cut in the two-photon invariant mass ¢° is necessary to disentangle this channel from
the background K+ — m*n® — ntyy. Gauge invariance and chiral symmetry imply that
this decay can start only at order p* in CHPT. Two invariant amplitudes contribute at
this order:

M(K*(p) — =+ (p')v(q1,e1)7(q2, €2)) =

6 v nz .
—q1 929 vag 1a92
= ea(a)en(a2) | Ay 2)\BE =8 929") | oy ewves BeBn] (595
My My
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where y and z have been defined in formula (2.9). The physical region of y and z is given
in (2.10) and (2.11) with

M+

Tn =

— (2.29)
The amplitude A corresponds to a final state with CP = +1, while C corresponds to a
state with CP = —1. Compared to (2.9) the new amplitude C(y,z) appears, since the
initial and final states have no definite CP. The theoretical estimates of A and C, reported
in the following, give a dependence only on z. Therefore it is possible to integrate on all the
other variables, obtaining the following expression for the two photon normalized invariant
mass spectrum:

T = whyy) = o821 — (1= ) = AR +(CE)P) (230)

The calculation for this decay proceeds very similarly to the case outlined previously

for K — w%yv. The crucial difference is that in this case the o(p*) counterterms do

not vanish, since here the external kaon and pion are charged. Loops and counterterms

contribute to A and the pole diagram in Fig. 2.6 contribute to C; to notice that the

Al = % coupling K¥ 7~ 7? is different from zero for off-shell #°. It is possible to show that
the 27 contribution is negligible for A and C in our kinematical region.

K+

n+

Figure 2.6: Pole diagram to K* — ntyy.

The loop contribution turns out to be finite and this implies that the total contribution
of the counterterms have to be scale independent. One finds [33]:

hemZ, o 2 . '
A=kt 2 () - - ) + i (231)
hsm? ,a z 12 z— giar;
C="tp i v B (2:52)
Z—Tr e 7

f(z) is defined in (2.14). ¢ is an unknown complex (if there is C P violation) coupling
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constant due to o(p*) counterterms (see formulae (1.12) and (1.13)):

1
é=327%[4(Le + L1o) — §(wl + 2wy + 2w,)] (2.33)

Lg + Lyo and w; +2w3 + 2w, are separately both scale independent. Analogously to (2.13),
in (2.31) the term in f(2) comes from the kaon loops and so does not have absorptive part,
while the term in f(%) comes from pion loops and thus has absorptive part, so that the
kaon loop contribution is much smaller than the pion loop one.

Using (2.31) and (2.32) the rate depends smoothly on the cut on z and one has

Cy(Kt — 7Fyy) =(2.80 + 0.87¢ +0.176%) - 107*°MeV (2.34)

To(Kt - ntyy) = 0.26-1072°MeV (2.35)

Since ¢ is unknown we can deduce from (2.34) only a lower bound for the rate, which
is obtained for ¢ = —2.6. One obtains

I(Kt — xtyy) =T4+Tc >2.0-1072° MeV (2.36)

or equivalently .

Br(K* — ntyy)>3.7-1077 (2.37)

which is below the present experimental upper limit (2.27). The analytic form (2.30) of the
z-spectrum is predicted up to the unknown parameter é. Experiments can both test the
predicted shape and constrain the possible values of ¢ (and so the related counterterms).
We observe that the shape of the spectrum is very sensitive to the value of ¢é (see Fig. 2.7).
The weak deformation model predicts é=0 [32] and consequently Br(K*+ — =ntyy) =
5.8-1077.

1 1 1 1} I

Cin 3

Figure 2.7 : Normalized theoretical z-distribution for K+ — x*~yy [33] for several values

of ¢: ¢ = 0 full curve, ¢ = —4 dotted curve, é = 4 dashed curve; the dashed-dotted curve
is the phase space.
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. CP wviolation
C P violation in this channel can originate from the interference between the imagi-
nary part of ¢ and the absorptive part of the A amplitude. The amplitude A(K~(p) —

7~ (p')v(q1,€1)7(q2,€2)) is obtained from the K* one replacing hs and é by their complex
conjugates. This generates a charge asymmetry

KT > afyy)—T(K™ - 7 yy) =

Imélhgal*mi,

(1-rs)?
1 2\, 2 ZN - -207, »
Qligs fi A‘ dzA?(1,z,75)(ry — 1 — 2)z Imf(;?r—) =1.5-10"""Imé MeV

2
Tx

(2.38)

The lower integration limit is not zero but 4r2 since the imaginary part of f(-%) has the
threshold in this point.

Let us comment on the formula of ¢ (2.33). Lg and L, correspond to strong countert-
erms and consequently do not have C P violation. The electroweak counterterms w;,ws, wy
might have C P violation. The authors of [33] claim that only w; has a large imaginary part
since the operator corresponding to it, which transforms as an octet, takes contribution

from the electromagnetic penguin quark diagram. Using the 1—\}; expansion, they obtain
the following estimate:

412G
Im(hswy) = 3—f——Fc231.szsgs,slnmt

Jan? . (2.39)

Under the assumption Imhé - Rew; < Rehg - Imw, and taking % = 60 they obtain
the following value:

|[Imé| ~ 31073 (2.40)

Using this value in (2.38) one obtains the following estimate of the charge asymmetry
(Kt — 7tyy) = T(K~ — 7 yy)| ~ 4-1072* MeV (2.41)

A slightly larger value is obtained by using in (2.38) the total absorptive part from K — 3

6-10-2% MeV [24]. |
Considering the lower limit (2.36) for the rate one obtains for the asymmetry

IT(Kt - ntyy) —T(K~ > 77 yy)] _3
<1-1 2.42
(Kt - ntyy) + (K- - 7~ yy) 0 (2.42)

To measure this asymmetry one needs approximately 10*2K * and thus DA@NE will
put only a limit on it.
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2.4 Kg — m0%yy

This decay proceeds through the diagram in Fig. 2.8 [22], where the anomalous
coupling 7° (n) v is given by formula (1.16). We have not included the n —n' mixing since
this is an higher order in CHPT. Actually, as we will see, the process is sensitive only to the
70 pole, and as result we are probing the momentum dependence of the coupling K°m7?,
deduced by CHPT in (1.7). Due to the strong background coming from Ks — n°° a cut
in z has to be done.

Figure 2.8 : Ks — n%y~ diagram .

The amplitude [22] is given by

M(Ks(p) = 7°(0 (g, &1 )12, @2)) = C(2)e P L2 (g1)e, (g2) =

K
hsa vapf 12928 2~z 7'3,- F,,(2 -3z 4 ’rﬁ,)
— 47rf2 ol ﬂ—_—.mz 6p(Q1)€u(¢12) 2 T T.o 5 - T (2.43)
x s— 12 tirg s 3F,(z— 12 +ir,LL)

where r, = ':l’;: and r, = %’}(— F, can be put phenomenologically different from Fy, but
this does not affect the z-spectrum, which is dominated by the 7° pole and is given by

T (Ks = n%yy) = K 21 = (1) - OEE (244)

This spectrum and the one obtained with a constant weak coupling are shown in Fig. 2.9,
where the cut z > 0.2 has been made. Also the very marginal dependence on the 7 pole is
shown. The branching ratio with this cut is

Br(Ks — 7°47):50.2 = 3.8-107° (2.45)
DA®NE, see table I, should be able to see this decay, but it will be very difficult to look

for the momentum dependence of the vertex.
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Q
™

0.4 0.5 2
Z= /MZK.

Figure 2.9 : Normalized theoretical [22] z-distribution for Ks — 7%y~ in the region .2 <
z < (1 —rx)? (full curve). The pion pole contribution alone is given by the dotted curve.
The dashed curve shows the spectrum for momentum independent weak vertices.

2.5 K1, — %70y

We just mention this decay, which can be predicted by using the leading Wess-Zumino
term. The rate predicted [40] with a cut of width 26m in the mass of the photon pair around
my is

3.4P
Loyt = ————— P=49-107".T 2.
t= (bm/MeV) L (2.46)
Thus for ém ~ 20MeV one predicts a Br(Kp — n°n%yy) ~ 10~7, which could be within
reach for DA®NE, thus testing the Wess-Zumino term.
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2.6 Ky — vy

If CP is conserved K goes into two photons with perpendicular polarizations (27 ).
This decay has been historically very important to understand GIM mechanism {1]; also
the interplay between the short distance contributions in Fig. 2.10 and the long distance
contribution in Fig. 2.11 is matter of past and current interest [41,42,21]. The interplay
becomes even more attractive in connection to the study of C' P violation in this channel
at LEAR [44,20,18,21,45]. Unfortunately, the theory is affected by several uncertainties
for this process, as we shall see. Nevertheless the experimental width I'(Kr — v7) can be
used as input to predict direct C P violation in this channel.

S u,ct

Figure 2.10 : Short distance contribution to K% — 4+, where the photons have perpendic-
ular polarizations.

L 3
K° m°nn

y

Figure 2.11 :Long distance contribution to K® — 7, where the photons have perpendicular
polarizations.

5

The loop integral of the short distance contributions in Fig. 2.10 is a function of
2
%","—, where m; is the mass of intermediate quark. The contributions for m; = 0 (anomaly
w

contributions) cancel, when we sum over all the u-like quarks (GIM mechanism). Also
for m; # 0 short distance contributions are negligible compared to the long distance ones
(1,41]. Thus the main contribution is expected to come from long distance effects, which
can be described in the framework of CHPT. The effective Wess-Zumino term and the
AS =1 weak Lagrangian will generate the C P conserving amplitude. At the lowest order
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in CHPT one has:

A(KL = 271)0(pr) = A(KL = 7° — 271) + A(KL — 7s — 271) =

1 1 1
— 0 0
= AL =~ A = ) e Yy |
o« A(Kp — m)A(x® > 29, ) [4mk — 3m] —mZ] ~ 0 (2.47)

The Gell-Mann Okubo formula, which holds at this order, tells us that the amplitude
(2.7) is zero at the lowest order. Going to the next order, one assumes {1,41,42,16,20,43,18]
that inclusion of SU(3) breaking effects, which are described by CHPT (42}, 7 — %’ mixing
and the ' —pole would correctly describe the decay. In other words one assumes that the
higher order operators which contribute to Ky — 4+ are dominated by the »’ resonances,
which is called “pole model”.

We briefly sketch the n — 7’ mixing scheme; 1y and 73 are the strong interaction
eigenstates, while 7 and n' are the mass eigenstates:

= ngcosf —nysin § n' = ngsinf + ny cos § 2.48
n=n n

The couplings 7%y~ and ng+y7 are given by the Wess-Zumino term [6] in (1.16). Nonet
symmetry will give also the coupling no F'F as:

none e? 2 7 7 v o
Lz = 3272 F, (2770 \/%) FF  FF = ¢,,,\F"F°* (2.49)

Actually to account for symmetry breaking effects, different values of decay constants
F,, F3, Fy are introduced in the physical amplitudes. Neglecting direct o(p*) coupling for-
pseudoscalars going in two photons [46], from (1.16), (2.48) and (2.49) one can write the
following amplitudes

A(n — 2v) 1 Fr . o Fr
T = 60— — 2v/2sin §— :
A 527 3 cos 2 v/2sin 7 (2.50)
A(n' — 2v) 2 F, sinf F;
—_—_— 2 - 0_ e .
A(r® — 27) 3\ F * 22 Fy (251)
The most recent average values of the widths [47] are:
T(r® - yy) = (7.50 £ .17) eV
D(n — v7) = (526 + .044) keV (2.52)

[(n - vy) =(4.29 £ .19) keV

From (2.50), (2.51) and (2.52) and assuming % = .8, as CHPT predicts, one obtains
8
(47 ,
8 =(—22.4+15)° (2.53)

Fy
T = 957 + .027 (2.54)
Fo
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This angle is consistent with the i prediction. Though this is a consistent scheme it
is not universally accepted.

Back to K1 — 77, assuming the pole model [41,42,20,18,48,21], one writes
A(K° > P
A(K® - 2v,) = Z (—2—2)A(P — 2v,1) (2.55).

While for < n°|Hyyv|K> > and < ng|Hyw|K, > one can use CHPT prediction [42]:

<ms|Hw|K> > (1+¢§) (2.56)
<70 Hw|Ky > V3 .

where ¢ comes from the o(p*) corrections [42]. < no|Hw|K2 > cannot be related by
SU(3) x SU(3) symmetry. For this matrix element the quark model will be used. Let us
write the hamiltonian

.

Hw = %cos f.sin 0, Z ci(p)Oi(p) (2.57)

where ¢;(p) are numerical coeflicients calculable in perturbative QCD [49,11] and O;(p)
are local four-quark operators made of the strange, up and down quarks. For our purposes
we can assume that only four operators are relevant: 0;,0s,0s5 and Og; the last two
(penguin operators) are believed to be responsible for the Al = 1 enhancement and C'P
violation. Within the factorization approximation [50] one obtains

2
< T]0|C101 + CSOSIKO >= \/% < 7\’0‘6101 + CSOSIKO > (258)
2
< 7]0'6505 + CsOsIKO >= —2\/; < W0|C505 -+ 6605|K0 > (259)
Consequently

<770|Hw|KL > 2 . 2

<O Hw K > ——\/;(3]‘ -1)= —2\/;;) (2.60)
where p should be one if nonet symmetry would be exact and f is the penguin fraction
of the amplitude < 7r°1r°|HW|K1 >, due to Os and Og; f should be close to 1 to explain
the AI = 1/2 rule. Using the experimental widths (2.52) and the experimental value for
['(KL — v7) one obtains two different values for p and consequently for f: f, = .92 and
f- = .45. The explanation of the AI = 1/2 rule and the decay 'K, — ntn~v) [43]
seem to indicate that the first solution is correct. This, unfortunately would indicate a
small value for direct CP violation in this channel. Direct C'P violation in the decays of
kaons in two photons can arise from diagrams in Fig. 2.1, where the photons have parallel

polarizations (2 ), or from Fig. 2.11, where the photons have perpendicular polarizations
(271). The corresponding C P violating quantities are

A(KL—)2‘)/”) A(Ks-—>27_]_) ,
= = = . .61
i A(Ks - 27”) L A(KL — 27_L) €+ €yy (2 6 )
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The theoretical prediction for the first is 7 > € + ¢ [20,18], while for €.. there are two
solutions, according to the value of the penguin fraction: €., ~ —9|¢'| for f, and 70|€'| for
f-. However, short distance contributions might eahance somehow the direct CP violation
in this channel {45]. As shown in [51], it is possible to study CP violation through time
asymmetries in this channel, but statistics at DA®NE does not seem to be large enough
to see direct C P violation.

As conclusion DA®NE could improve the present experimental width and it might be
of interest to study C' P violation in this channel.
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SECTION 3. Radiative kaon decays with one photon in the final state

3.1 Introduction and motivation for K — 7my

The total amplitude for the processes [52,53,54,55,56,57,58|

Ks,1(p) = n* (py )7 (p-)7(g,€) (3.1)

is a linear combination of these three Lorentz and gauge invariants:

€ €-p-
p=&8P+t_ £E°P

= 3.2a

q-p+ q-p- ( )

B=¢-pyq-p- — €-p-q-p+ (3.2b)
ey — a, B v 6

Bwz = €apsPiP_q'€ _ (3.2¢)

which are the possible invariants up to third order in momenta. The total invariant am-
plitude for the process must be then a superposition of these invariants multiplied some .
scalar functions. B and B correspond to electric transitions, while By z to magnetic tran-
sitions. If photon polarization is not measured there is no interference among electric and
magnetic transitions. Although

B=gq-piq-p-B (3.3)
one generally prefers to treat B abd B separately because of the different behaviour with
the photon energy going to zero; in this limit Low theorem [59] establishes a correspondence

among radiative and non radiative decays (and cross-sections). In particular for K51 —
wmy it tells us that the amplitude can be written as:

Elémo A(Ksp — ntn~y) ~ eBA(Ksy —ntn7) = Arp(KsL — 7777 y) (3.4)

where we have defined the Internal Bremsstrahlung (IB) amplitude and E7 is the photon
energy in the kaon rest frame. This can be interpreted in the classical limit as radiation
by the external charged particles. The photon spectrum behaves as % for E — 0:

5 N

dr _ al(Ksy — ntmr™) (1+ﬁ§ 1+ Bo
Ksp —nt ~ = : l -2 3.5
agz Ko = ™ |p 0> T E;, Bo 1—fBo (35)

~
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where
2
4m?2

2
My

Bo=4/1— (3.6).

Direct Emission (DE) amplitude Apg, which is defined by subtracting Arp from the
total amplitude, does not have poles for EZ — 0 and thus it can be observed at large
values of E}. Apg depends upon the Kmmy couplings and so upon chiral dynamics.
This is different from Internal Bremsstrahlung which is predicted just by gauge invariance
Historically these contributions were studied to check the validity of the Al = 1 5 rule
outside the area of the purely hadronic weak processes.

An analogous distinction in Internal Bremsstrahlung and Direct Emission amplitudes
holds for K* — n*n%y.

We have reported in table I the possible channels to study at DA®NE with the relative
experimental and theoretical branching ratios. As explained in §1.1, for the IB rate, since
in [2] no average experimental branching is quoted (only the total branching), we have used
the result from the experiment with the smaller error. The references and the details are
in the relative sections. Furthermore, note that Ks — 7°7%y has no bremsstrahlung since
the external particles are neutral; due to the very small branching ratio and the difficult
detection, we will not discussed it.

3.2 Invariants and Low theorem

The total amplitude for the process Ks 1(p) — 71 (p+ )7~ (p-)v(g,€) is a linear com-
bination of the three Lorentz and gauge invariants B, B and By z in (3.2). Analogously

for the decay K¥(p) — m*(p+)7°(po)v(g,€) the total amplitude is a superposition of the
following invariants:

B¢ € P+ E-p

= L 3.7a

g p+ q°P (3.72)

B°=¢-prqg-p—c-pqg-p+ (3.70)

By, = *pf g7’ (3.7¢)
wz = €apysP P19 € .

The amplitudes B® and B°, analogously to B and B (see (3.3)), though not indepen-
dent, are treated separately.

Con51stently with Low theorem, one predicts from gauge invariance for the brems-
strahlung amplitude of a neutral scalar particle M in the charged scalar particles m.,m_
plus n photons [15]
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Ars(M(p) — my(p+),m—(p-),71(q1,€1), -, Yn(gn,n)) = (3.8)

:A(M(p)'—’m+(p+)’m—(p——))'AB(Eaaqa’pi) a:]-s-'an i:0a+,_

A(M(p) —» m4(p+),m—(p-)) is the on-shell amplitude for the decay of either scalar into
the other two, and Ap(€,,qq,p:) is the general bremsstrahlung amplitude, independent of
the weak lagrangian. For the Kg; — n* 7~y amplitudes one obtains

Arp(Ks,L — 7r+7r"'y) = eBA(KS’L — 7l'+7'r_) (3.9)

Defining EZ as the photon energy in the CMS (center of mass system or kaon rest frame)
and 6 as the angle between the photon and the ™ in the di-pion rest frame and summing
over the photon polarizations one has

4 sin? 6%‘ (1 — EE;—)

2 __ E—y mg
Z B = (1 — B2 cos? 6)2 (3.10)
pol .
where
4m?2
fanat 1 — L '
7 \/ mi — 2myE? (3.11)
Since
&ST(Ksy —ntn™y)  BE;
’ = lA(K +a~)|2 )
dEzd cos 6 2m i (4m)3’ (Ksp —mmy)) (3.12)

integrating one obtains

dI'(Ks,L - ntn y)ip _ aTl(Ksp - wtn™) (1 3 ?ﬂ) B (1 + 32 o 1+ 2)
dE? T E* Bo B €1-3
(3.13)
where 8y has been defined in (3.6). The (3.13) represents the Low theorem for radiative
kaon decays. Analogously for K* — 7%7%y one obtains for the bremsstrahlung on the
external legs

mgk

Arp(K* - ntn%y) = eB°A(KE — 7% 1) (3.14)

where B¢ has been defined in (3.7) and A;g(K* — w¥n%y) is then suppressed by AI = 1
rule.

Choosing as independent variables EJ, the photon energy in the K * rest frame and
another kinematical variable, for instance the angle between the 7% and the photon in the
7wt 70 rest-frame, one would recover the % behaviour; however for a better experimental

*
analysis of this spectrum, as we shall see in §3.7, one prefers different kinematical variables.
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3.3 Direct Emission: selection rules, multipole expansion

Direct Emission is defined by subtracting the Internal Bremsstrahlung contribution
from the total amplitude. It is interesting since it tests the meson structure. In general
there are three contributions: I'yy z, which comes from the Wess-Zumino term [60,6] and it
does not interfere with the other amplitudes when the photon polanzatxon is not measured,
I';nt, which comes from interference between B and B (or B¢ and B ) and thus can
be negative and there is the pure [B|? (|B°|? for K* — n%x%y) term I'52- The F

dependence strongly tends to enhance the IB amplitudes compared to DE ones, unless the
.amplitudes A(K — mr) are inhibited. Indeed A(KL — m*w~v);p is forbidden if CP is
conserved while A(K* — ntx%y)p is suppressed by the AT = 1 rule.

To understand the selection rules and the angular momenta of these radiative decays,
we give sketchy and naive arguments and we refer to the literature for the complete analysis
[61,57]. Let us define L the relative angular momentum of 7% 7~ and I their total isospin,
[ the relative angular momentum between the photon and the di-pion system: we mean
that ! and the spin I of the photon express the properties of the wave function under the
rotation group. In particular, the parity of the photon will be (—1)!*!. Since the kaons
are spinless

I+ L+1=0

Then the lowest angular momentum states consistent with Bose symmetry for K — wmy
are

L 1 I CP=(-1)
1 0 1 +1
11 1 -1

We have also given the C'P eigenvalue of these states, which is (—1)'. Note the state with
L=0, Il=1, I=0,2 (CP=-1) does not satisfy the transversality condition which
has to be 1mposed on the photon and thus has been omitted. The possible values of parity
in terms of the total angular momentum J = [ + § are

l=J, P=(-1)"*=(-1)" l=J+1, P=(-1)"*"=(-1)’

Thus we can introduce the conventional terminology [61]: a photon with angular momen-
tum J and parity (—1)7 is defined electric 27-pole (EJ), while if parity is (—1)7*+! it is
called magnetic 27-pole (MJ). Consequently, the EJ transitions will have CP = (—1)7+!
while MJ will have CP +(~1)7; CP invariance would require E1,M2,E3,M4... transitions
vanish for K;, — n*n~y and M1,E2,M3,E4... for Kg — ntn~v [53,56]. Alternatively
expanding [56] the amplitudes Ar and Ap; defined in

A(KS’L — 7l'+7l'_’7) = CA(KS,L — 7I'+7I'_)B +—B-AE((]J+ +p_)2,(p+ —P—) . ‘I)+
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+BwzAu((p+ +p-)*(p+ —P-) - q) (3.15)

(p+ —p-)-q

2
Mg

in powers of

Ag am((p+ + P—)z,(P+ -p-)- Q= A(El,)lt[((p"l- + P—)Z) + A(EZ,)M((p+ + P—)z)(—?‘t;-g:—)—.—q

K
(3.16)
one defines the first term as electric or magnetic dipole moment while the second corre-
sponds to the quadrupole one. The higher multipoles are expected to be small [55]. Due
to its different physical nature, IB does not follow this amplitude expansion [59]. Anal-
ogous discussion holds for charged kaons. It is important to remark that so far there is
no evidence of BB interference, which is theoretically expected and it is important for

CP violation and meson dynamics. Chiral perturbation theory can try to predict this
amplitude.

3.4 CHPT: o(p?);o(p*) loops and counterterms

At the lowest order in CHPT one obtains only internal bremsstrahlung amplitudes.
For instance in Kg — wt7 ™5 at order p® the diagrams in Fig. 3.1 will appear. Diagram

3.1a is needed to make the amplitude o(p?) gauge invariant. The total contribution at this
order is:

A(Kg — 7r+7r_‘7)0(p2) =eA(Ks — 7"+7T_)o(p2)B (3.17)

Thus diagram 3.1a, contrary to appearance, contribute to the IB amplitude; its existence
is due to the derivative couplings in CHPT. Actually we take (3.9) as a definition of the
Internal Bremsstrahlung amplitudes, meaning that this relation holds order by order in

CHPT.

Tt T+
Y
Ks Ks Yy K
a) T ) ' T ¢)

Figure 3.1 : Long distance contribution to Ks — ntx 7.
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Analogous discussion holds for the other channels. At higher orders, where loops and
counterterms will appear, also direct emission amplitudes, proportional to B and Byyz,
will be in general present. At order p* we will have counterterms for the IB amplitude,
fl_xed by K — wm decays, and direct electroweak counterterms contributing to Bwz and
B. The direct weak counterterms contributing to Bywz come from the chiral anomaly,
which give rise to'a AS =1 non-leptonic o(p*) Lagrangian. For the octet one has

A G iehg - . o
;l'n.somz.l = 32 2f3 Fpuau 0(K+D —n~ D K+) + h.c. (318)
where
Fpu = Euup/\FpA (319)
D'nt = (8" +ied" )t (3.20)

At order p* the number of independent counterterms for electric transitions is de-
creased by the requirement that the chiral Lagrangian has to be invariant under CPS
symmetry [14,62]. Indeed the AS = 1 quark Lagrangian is invariant under a C'P trans-
formation plus an interchange of d and s quarks, even if CP is violated. Also strong and
electromagnetic Lagrangian satisfies this symmetry. CPS i 1mposes that there are only four
chiral invariant o(p*) independent counterterms for K — my* and K — nry. Defining’

C; as [14]

Cip = F* < QXe—izL,L, >

Cor = F"" < QL Xs—i7L, >
Cir = F* < QU'X\s_i7UR,R, > (3.21)
C,p = F*" < QR,R, U \s_i7U >

Cyr = F*" < QR U ¢_7UR, >
where L, is defined in (1.14) and
R, =if’U'D,U

<A>=1ird

Due to CPS symmetry only the combination Ci1r + C, ; appears.

! Note that we have a different definition of L and R compared to [14].
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In the Lagrangian

iehg

8f*
w; are dimensionless coupling constant which could be determined from decays like K t
ntete™, K — nlete”, Kt — ntvyy, Ks — ntm~v. The coeflicients appearing in
(1.13) and in [15] can be written in terms of the ones in (3.22):

wiRr tWig
2

Ler = wi1CiL + w2 Cor + (Cir +Cip) + wzncm} +hc. (3.22)

wy =wiL +WiR T Wi R wo = WL + wW2R

(3.23)

w! =wip — (wir + W) Wy = waL — W2R

As we shall see the same combination of counterterms will appear in electric transitions
of Ks — n¥mw~v [63] and K+ — «tx%y [15]; thus CHPT is predictive. Furthermore this
combination turns out to be scale independent [10,64,65], as it has to be since the loop
contribution is finite.

35 Kg —»mtny

If we neglect C'P violation we can write the total amplitude for the process Ks(p) —
7 (P4 )m 7 (p-)7(g:€) as

eB
A(Kg — mtn7y) =eBA(Ks — ntn™) + WfDE(E;,cos 6) (3.24)

where fpp(EJ,cosf) is the structure dependent amplitude, E7 is the photon energy in
the Kg rest frame, 6 is the angle between the photon and the =% in the dipion frame,
and B and B have been defined in (3.2). Magnetic transitions proportional to Bz have
been neglected since suppressed by C P violation and/or angular momentum barrier. One
obtains for the double differential decay width for unpolarized photon

mg

d’T(Ks 5 mtr~y)  2a8° 2EZN ., +
dE_*Y'dcosﬂ = B (1 — ——) sin fI'(Ks — 77w~ )%

1 EXRe[fpe(E%,cos8)A*(Ks — ntn ™))
" Ex(1= B2 cos28)2 T 2(4nf)2(1 — B2 cos? )] A(Ks — mtm-)|?

+

* *3
for(Es 0] (325)

16(4wf)*|A(Ks — wta)|2

and —~-1<cosf<1
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B and By have been defined in (3.11) and (3.6) respectively. The first term is the Internal
Bremsstrahlung, the second the interference term between B and Bj the third is the pure
Direct Emission rate. fpg(EZ,cosf) can be computed in chiral perturbation theory. At
the lowest order in the chiral expansion only Internal Bremsstrahlung appears. At order
p*, where chiral loops and counterterms contribute, one has IB, which satisfies (3.9), and
DE amplitudes. The counterterms from (3.21) give the following combination:

A(Ks — 7r+7r“7) (w1 + 2wy — “-’1 + 2w2) (3.26)

4 f 3

We notice that this give a § independent contribution to fpr(EZ,cos8). These coef-
ficients have not been determined yet, but this combination is known to be scale indepen-
dent. This implies that the loop contribution is finite. Indeed this has been computed and

fpe(EZ, cos 8) turns out also to be independent of cos§ at this order [63]. Thus one can
integrate the (3.25):

(Ks g 7r+7r—'y)

dr 2a(Ks o ntam)g® (28,
dE?, - B0 x

mg

1 [14+p62, 148 1
X{_*[ 283 l”l-ﬁ‘@%

E Re[fpp(E})A"(Ks - n¥n”)] [3 -1 +ﬂ}}
2(4m f)?|A(Ks — wtr—)f p? g 1-p

where we have neglected the term proportional to | fpg|? since it is small and in CHPT is of
the same order of an interference between the IB amplitude and a two loop DE amplitude,
which has not been computed yet. We remark that the interference for £ — 0 goes as
constant; this is due to loop contribution, while the counterterms give a contribution which
goes as EJ; this implies that looking at the spectrum it could be possible to disentangle
between these effects. The predicted theoretical Internal Bremsstrahlung branching ratio
depends upon the photon energy cut:

(3.27)

Br(Ks — nt 77 y)p:>s0nev = 1.75-107°

Br(Ks — 7r+7"_7)E;>20AIeV =4.80-107°

The interferencial photon energy spectrum and width depend upon the unknown val-
ues of the counterterms; furthermore there is the ambiguity of the value to choose for
A(Ks — ntr~): o(p?) CHPT, o(p*) CHPT, or the physical value [63]. Anyway varying
w = w; + 2wy — w} + 2w, appearing in the counterterm amplitude (3.26) from 0 to 8Ly one
obtains for the interferencial Br(Ks — 7r+7r_'7)5;>20Mev values between 107% and 107%,
which is statistically within reach at DA®NE, and it would be very interesting to observe.
Indeed it would fix the value of the counterterm combination, testing theoretical models
[32], like the weak deformation model, which try to predict the counterterms.
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Ezperimental results

We have two experiments for Ks — n* 7~ v: [66] and E731 [67]. In table I for IB we
have reported the data from E731; here we zive the details on the two experiments which
have both 4000 events. Authors of [66] looking the photon spectrum have been able to
measure the I'rp and to put limits on the interference term I'rnters. and on the pure DE
emission width I'pg. [67] reports only the total width, but the theoretical prediction for
Lrnters. and I'(pgy is a value smaller than the experimental error; so in the following table
and in table I to summarize the results we will assume that E731 is measuring really I';p.
The results for IB are summarized below.

BR(Ks—nr* 7~ v)(rp)

Experiments BR(Ks 5nF o) cut on E7
[66] (2.68 +0.15) x 10™3 > 50MeV.
(67] (2.38 £ 0.06 £0.04) x 1073 > 50MeV.
[67] (6.36 + 0.09 +0.05) x 1072 > 20MeV.
Theory 2.55 x 1073 > 50MeV.
Theory 7.00 x 1073 > 20MeV.

It has to be noticed that E731 gives the results with two photon energy cuts, with
different relative errors. :

The bounds of Taureg et al. [66] for DE and interference terms are:

BrpE s >s0mey < 0.06 x 107

IBrInterf.,E; >501\16VI < 0.09 x 10-3

In principle ®-factories have more statistics (table I). The potential backgrounds are:
i) Ks — nt 7~ plus accidental photons.

it)K® — ntm~ 7% where one photon is missed.

i11) K —» wtny

36 Ky »ntn v

The amplitude for the decay K1(p) — =t (p+)7 (p-)7v(g,¢) is defined analogously to
K (see (3.1)). The IB amplitude

Arp(Kp — ntn~y) = eBA(KL — 7r+;r_) (3.28)
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is suppressed by CP violation. The term B gives rise to CP violating amplitudes
for odd multipole electric transitions (E1,E3...) and C P conserving amplitudes for even
multipoles (E2,E4...). By z will contribute to CP conserving amplitudes for odd multi-
pole magnetic transitions (M1,M3...) and CP violating amplitudes for even multipoles
(M2,M4...). The spectrum for the IB contribution is given in (3.13).

If the photon polarization is not measured, there is no interference a,mong electric and
magnetic transitions. Interference amplitudes are not enhanced by the E* behaviour; this

implies that interference between the C P violating IB amplitude and a CP conserving E2
amplitude is very suppressed (1072 compared to IB rate) due also to the high multipolarity
state. Also interference between CP violating IB amplitudes and CP violating E1 are
suppressed by a factor 1072 at least. Thus the non-IB contributions are dominated by
the magnetic transition M1, which is not suppressed by CP violation; in CHPT this is
generated by the chiral Wess-Zumino [60,15,6] term. Very similarly to K — ~v, the
amplitude A(K; — nt7~v)wz can be understood in terms of pole diagrams (Fig. 3.2).
The o(p*) CHPT amplitude, which has only 7° and 7s poles vanishes exactly. At the
next order the 7’ pole, the mixing angle ¥, the SU(3) breaking, nonet symmetry breaking
become relevant and the prediction for the width is model dependent [58,43,48,68,69,15].

Tt+

K. °n.n'

-
Figure 3.2 : Long distance contribution to Kp — ntr ™.
Using the same notation as for K; — v+ (see §2.6) one has, neglecting form factors
A(Kp —» ntn " y)wz = ABwz (3.29)

1 e

mi, — m2 4n? F3
cos?d 2

14+ ———2Z (1 + +2\/tsin19 X

N AR

Fs \/§ 3 F() s

2 2 I 3 . 3
my — mi sind /2 -! { [ Fx\ sind \/5 Fy
— —cosPf - i< ) —=+1/=| = .
i{ — 3’, |:( +&)— \/~ 3 cos { l_ 7 75 3\ 7 cosd|} (3.30)

where By z has been defined in (3.2c). Kr — 77 is slightly different compared to this
amplitude: the former has a linear dependence on %— and F , while the latter has a
cubic dependence, which makes it even more sensitive to breakmg symmetry corrections.

A= A(Kp — 7°)

X
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Thus this amplitude is strongly dependent on the theoretical uncertainties, making it
unpredictable.

The double differential spectrum for the magnetic transition (3.29) is given by

*

2 ! 2 )
'L B B sin? o<1 - 7)m3{|A|2 (3.31)
mg

dE*dcosf  8(4m)?

where 3 is defined in (3.11) and the kinematical limits are given in (3.25).

Ezperimental situation
After the K — 777 + events have been selected one generally fits the photon
energy spectrum to a linear combination of the IB and the DE theoretical amplitudes.
Alternatively one could measure the DE by subtracting the IB from the total rate. There
have been two experiments which have measured K — n*w~v. The IB contribution,
which is proportional to |7 _|? is found in agreement with the theoretical prediction. In

table I the results from [67] has been used, while the complete list of experimental results
is

BT(KL—*W+7T_‘Y)IB,E:’>20M¢V

Br(K—n¥r-) #events
[70] (7.5 + .8)-1072 516 + 31
[67] (6.49 +.17 + .20)-10~% 1453 £ 38
Theory 7.00-1073 /
DASNE / 1.6 104

For the DE these are the experimental values

Br(KL - ntn~y)pe  #events

[70] (2.89 +.28)-1075 546+ 32
[67]  (2.95+.06+.09)-10"5 2363
DA®NE / 3.2.10*

Of course, since kinematical cuts have to be made, the number of events at DA®NE
will be much less of the ones in the tables. Furthermore we remind that the separation of
the events in IB and DE has only a statistical meaning. Due to the theoretical uncertainties
there is no clear prediction for the total rate. The photon spectrum is predicted by the
pseudoscalar pole model, i.e. A constant. [70] shows possible evidence for a form factor in
(3.29), which could be explained by VMD [58]. However the experiment in [67] does not
seem to confirm such a form factor, which is not theoretically established [15]. DA®NE
should allow important progress at this issue.
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3.7 K* - n¥n0y

The Internal Bremsstrahlung amplitude for the decay Ki(p) — wi(pi)ﬂ‘o (po)y{(g,¢)
is suppressed by Al = % rule.

A(KE - ntn%y) g = +eB°A(K* - 7%7%) = +eB°Aw(K* - 1ri7r0)ei5g (3.32)

B’-‘:(*‘"”i - e'p) (3.33)

yE} p-q

where it has been shown the explicit dependence upon the §7 phases: I is the isospin of
the two pions and L their relative angular momentum. Direct Emission amplitudes, which
can be electric or magnetic, do not need to be suppressed by the Al = % rule. Actually,
as it can be seen in table I, the branching ratios for IB and DE are almost comparable,
since the factor 222 of Al = % enhancement competes with the 10~ suppression of DE
amplitudes, which do not have the -El—; pole. T which appears in table I is the kinetic
energy of the charged pion in the CMS.

Particularly interesting at DA®NE could be the measurement of the charge asymmetry

(Kt - atn%y) - T(K~ — 7 %)
K+ - ntaly) + (K~ - 7w~ nly)

(3.34)

which could arise from interference of the E1 transitions (which is not suppressed by the
AI =  rule) with the IB amplitude. The total amplitude is the sum of the IB in (3.32),
electric and magnetic amplitudes, which we write in the following way:

A(K*E - 7ri7r07)E =teAdw(K* — wiWO)XEei(éii'ﬁE)(p -€pr-q — p-qp+-€) (3.35)

AKE - 78 7%y)y = tedw (KT — WiWO)Xzy[ei(‘s}i"”“)e,,,,agpip"qaeﬂ (3.36)

where Xg and Xps are in general functions of the kinematical variables. ¢g and ¢
are the CP violating phases. As for Ks — m777«, at o(p?) in CHPT there is no DE
amplitude, but just IB (without strong interaction phases). At the next order o(p*), the
chiral anomaly generates (3.36), while loops and o(p*) counterterms contribute to both
(3.32) and (3.35). There is no interference among electric (including IB) and magnetic
transitions if photon polarization is not measured. Experimentally this process requires
the detection of three photons, consequently there is an ambiguity on the photon energy
spectrum. The kinetic energy of the charged pion (T in the CMS) is not affected by this
problem. The second variable is chosen as the angle § between =+ and 7 in the 7° — v



— 39—

rest-frame. The resulting Dalitz plot is rectangular

—-1<cosf <1

(3.37)

0 < T* < (mK+ —m7r+)2 _mfl'o
= c =

2mK+

By choosing these variables the Low theorem is' not manifest and the differential rate is
written as :

2 + + .0 P,
PT(KE - n¥nly) P 190 S A(KE - wtnty)P? (3.38)

dT*dcos 8 B (47r)3mK\/(—I_’_:;d:_)2 pol

where |p?%.| is the modulus of the 7% three-momentum in the CMS and ¢, is the photon
momentum in the 7% — 4 rest frame.

DALITZ PLOT K* - n" n%

1 1 1 1

.8 —
6 —
2 -
4 = _
2 P —

O B ] | B

0 20 40 60 80 100 120
T."

Figure 3.3 : T} — W Dalitz plot for the decay K% o nExly,
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_ )
= VT v am) w= O (3:39)
pP—p+

Since from (3.32), (3.35) and (3.36) one has

2p-ps micy m?,
A K:t _}7‘.:!:71,0 2 _ 62 A K:i: __),n_:i:ﬂ,O 2 - K _ x x
;‘ ( 7l A ) papx-q (p-9)? (px-9)?
[1+2Xgm2 m% W2cos (6] — & + ¢E) + (XE + X3 )mirmycs W?] (3.40)
where

w2 P ap:-q

2 2
mi . mey,

(3.41)

it is convenient to choose T and W as independent variables. The Dalitz plot for these
variables is shown in Fig. 3.3. Thus the (3.32), (3.35) and (3.36) can be disentangled by
looking at the different behaviour in W2.

If the strong phases, Xg and Xj; are constant over the Dalitz plot the differential
branching ratio is

dBr(K* — n*n%y)  dBr(K* — n*x%)5
aw B daw

1+ 2Xgm2,m3 W2 cos(6; — 65 + g )+

+HXE + Xiymprmie W (3.42)

dB Kﬂ: +..0
where ( - T y)is

is the IB spectrum.

Thus one obtains for the asymmetry and the sum of the branching ratios

+ - + +..0

‘ZLW _ % _ 4. 9B(X i DIB | ¥ pm? 2, WP sin (61 — 82)singr (3.43)
+ - dB(K* — n*x°

‘fil;V + (fi?/V =2. ( :V;’r ™ )iz 14+ 2Xgm2, m? W?cos (6] — 62)cos pg+

HXE 4+ X3 )md emie, W (3.44)

For a complete analysis of all physical parameters the sum and the asymmetry have
to be measured. For experimental reasons the region 55MeV < T7 < 90MeV has to
be chosen. To decrease the number of parameters to be determined experimentally, the
average over the Dalitz plot for (§} — §2) has been taken [71,72]: 10° [73]. Then one tries
to fit (3.43) and (3.44) to the experimental data. As it can be seen in Fig. 3.4, there is
some evidence that the DE is different from zero. Furthermore a pure magnetic transition
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(no interference term) seems favoured (Fig. 3.5). The experimental situation for IB and

DE is:

Br(K* — nta%9)1p Br(K*% — ntn%)pp
55MeV <T; <90MeV 55MeV < TF < 90MeV
[71] (2.55 + .18) - 10~* (1.56 + .35 + .5) - 10~°
[72] / (2.3 +3.2).10-3
(74) (2.50 + .44) - 10* (2.05 + .46 *33).10-3
Theory 2.61-107¢ (8to1.1)-10°°
T T T T T T T T T T
10° = = —10’
¥ 1 =
| . w
>
[®)
Z
L
| 107 L -10° 0
o] B - 3 T
'O+ © - Z m
- - P
+
- 1l &
33 [ 1 5
O
W
-
w
]
10° \ \ I L
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N \ -
o \ —
= \ -
\
TS VN W SN BN SRS S > (6 i
0.0 0.5 1.0
W :

. d(B* + B™) . . .
Figure 3.4 : Results for ——aw (defined in (3.44)) as a function of W [71]. The solid

curve is the best fit to the sum of IB and DE; the dashed curves are the best fits to IB
alone. Also shown, as dot-dashed curve, is the detection efficiency. '
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Figure 3.5 Results for fitting [71] data to the sum of IB, DE and interference term; the axis
are defined in (3.44). The best fit is the cross and the contours are shown for 1 to 4 standard
deviations. The interference limit is obtained by setting X = 0 and cos(§} —§3) cos ¢ = 1.

The quoted theoretical prediction for the DE regards only the contribution from mag-
netic transitions, which experiments seem to indicate to be the relevant one; furthermore
for this contribution only the leading contribution in CHPT [15] has been considered in
the quoted prediction. Other predictions are available in the literature [75,68,76,77] which
might reproduce the experimental average value (1.8 & .4) - 1075, The inclusion of higher
dimension operators in CHPT [77] seems to be important, as shown by ~; models [76]. El
electric transitions arise from the loop amplitude and from the countertermsin (3.21). The
counterterm combination for this decay is the same which appearsin A(Ks — 77~ y)pg;
thus the measurement of the interference of bremsstrahlung with El transitions in hoth
channels is very important for our knowledge of these counterterms.

CP violation
Experiment in [72] quotes the following value for the asymmetry A

(Kt — 7t 7%y) — (K~ — 7 7n%)
MK+t 5> rtaly)+ (K- - 7w nly)

A= ~(4429)-1072 (3.45)

from which

Xpsing = (—167 +294) GeV ™ (3.46)

which is consistent with zero. DA®NE would improve the limit (3.45) from 2.9-1072 to
1073, Theoretically there is the optimistic limit [78] which puts a bound on this asymmetry

A<9-107*
which is at the limit of the capability for DA®NE.
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3.8 K — 3ry

For completeness we mention this decay, which have been analyzed in the non rel-
ativistic approximation {79,80] and in the NLC limit [81]. Due to the smallness of phase
space N.R. approximation seems justified and DE amplitudes should be suppressed [79].
However recently the authors of {81] have claimed that DE amplitudes are significant. We
report below the two predictions for total rates and the experimental status [2,82]

(79, 80] (81] experiments
Kt > natatn~y 61.107* 6-107* (1.0+.4)-107*
E} > 11MeV
K* - r*n2% 7.0-107% 2.2.107% (7.4%33)-10-°
ES > 10MeV
Ky —»ntn x% 15.107* 5.9.10°°
E3 > 10MeV

3.9 Improvements at DA®PNE for radiative decays with
one photon in the final state

We think DA®NE will be able to see an interference between IB and electric tran-
sitions, probably in both channels K* — «tn'y and Ks — ntn~v; furthermore it will
establish the relative roles of electric and magnetic transitions in K+ — 7w+ x%y and in this
last channel will improve the present experimental limit on the charge asymmetry. Finally,
DA®NE could clarify the role of vector mesons in Ky — ntmw .
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SECTION 4. ~#-Dalitz pairs: K — #lti~

K — my with v a real photon is forbidden by gauge invariance. The w-Dalitz pair
decays go through virtual photon ( K — wv*) and in CHPT at the lowest order there is
a mismatch between the number of derivatives and powers in masses required by chiral
symmetry and gauge invariance, so these decays start at order p*. At this order there
are contributions of the loops and contributions of the counterterms which depend on the
coeflicients w;, w, defined in (1.13). The determination of these coeflicients is one of the
goals of the study of these decays.

4.1 Kinematics

The general amplitude for
K(p) » n(p') +77(q) = n(@ N (K)i(k)  p*=mk (F)’=mi ¢ #0, (41)

can be written in the form dictated by Lorentz and gauge invariance

* .2 ST
41—y —te“hg —igh¥ _ ,
AK »=l™l7) = a2 Vu(p, q)—q2 n ieu(k)‘yyv(k ), (4.2)
where
2 ’ 2 2 ¢ mfr
V#(p, q) - [q (P +p )# - (mK - mn)q#]¢( m2. m2 ) (43)
K K

In (4.3) ¢ is the dynamical contribution which we will take from o(p*) CHPT [14]. Using
equation (4.2) one obtains for the total decay rate

2.2 3 p(mg—mg)? 2 2
'K — 7rl+l_) :M‘/ dqua/z(liq—z, m_27r)
1927 f4 Jym2 my miy (4.4)
4m? 2m? > m? .
(1 — 1\1/2 14 1 ¢ ™ 2,
(- ZEhie )

where A(a,b,¢) = a? + b% + c? — 2(ab + bc + ca).
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4.2 Theoretical predictions

Historically [1] short distance diagrams were expected to dominate these decays.
These diagrams are only logarithmically GIM suppressed and they reconstruct the effective
Gilman-Wise quark operator:

2
e
Q7 = :1—7;57#(1 — vs5)déyte (4.5)

Later it was shown that strong interaction corrections are important and the decays could
not be described by only short distance contributions. Long distance contributions can be
taken into account in CHPT framework.

The o(p*) contributions have been calculated in ref. [14], where one can find the
analytic expression of the loop amplitudes; these satisfy the following relation:

* 1 *
A(Ko - 7"07 )lloop = "‘ﬁA(K-F - 7"+7 )‘10011 (4-6)

For the counterterms they obtain:

. hae
C12f2

A(KO - 7r07*)|cou'n.te1'. =

AKT = 759 | counter. [wi — w2 + 3(wz — 4Lo)|g**(p + P') s

hee g , (4.7)
_ W[m — wa]q € (p + P )5

where the Ly contribution comes from pole diagrams. We remind that the coefficients w;,
wy and Lg have a divergent part which is compensated by the divergent part of the loops.
Both loops and counterterm coefficients depend on a renormalization scale y but the sum
(the physical amplitude) is x independent.
Since the loop contributions satisfy formula (4.6) for the divergent part, the following
relation must hold: _ _
wdV = 4L, | (4.8)
If one would find that the relation (4.8) holds also for the finite part of the counterterms,
ie.
wgtnzte — 4ngn1te’ (49)
this would imply that the physical amplitudes respect the symmetry imposed by the
Gilman-Wise operator (4.5).

The coefficient Ly can be taken from the measurement of the pion charge radius [6].
At the renormalization scale 4 = M, one has

Lo(p = M) = (7.34 £ 0.30) - 1073, (4.10)

From the measured value of I'(Kt — ntete™), assuming the relation (4.9), authors of
ref.[14] obtain two solutions for w{(p = My):

w! =(1.67 £0.19) - 1072

, (4.11)
w] =(4.95 + 0.19) - 1072,
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We report in table II the predicted branching ratios {14] for the other channels for the

1

two solutions (4.11). ~; models favour the first solution [76]. Furthermore also looking at
the spectrum in K* — wtu*u~ can give independent informations.

TABLE II

channel

wi = (1.67+.19)-10~*

o] = (4.95+.19).10~7

Kt Sxtutp-

(6.1 ¥15)-10°8

(4.5 T5%) . 1078

Kgs — x%te™

(18759 10

(4.9%0.6)-10~°

Ks — xuty~

(1.0 £ 0.4)-10"1°

(1.0£0.1)- 1079

SECTION 5. +y-Dalitz pairs: Ky/s — 7111

These decays proceed through K — yv* and thus their study will give information on
the form factor of this vertex. This information is of interest for the decays of Kp/s — I+,

From the kinematics it is clear that the form factor can be better studied when the
lepton pair is a p-pair, but this is unfortunately more suppressed by the phase space. As can
be seen from table I, only the K decays can be detected at the ¢—Factory; nevertheless,
good limits can be put for K5 decays.

5.1 Kinematics

The general amplitude for

K(p)—va)+71(e2) pP=mk 64=0 ¢ #0, (5.1)
dictated by Lorentz invariance is
+ 82 v — !
A(K - AlTT7) = 55— M"(q1, @2)eu(qr)u(k) (k') (5.2)

g5 +ie
where from gauge invariance M** has the form [33]

M* = 5(0,63)[—9"" 1 - g2 + a5 a¥] + ¢(0,43) ("7 g, 7 . (5.3)

b(0, g2) is the CP-odd invariant amplitude which contributes to K's decays with one photon,
while ¢(0,¢2) contributes to the K ones.
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5.2 Theoretical predictions

For the theoretical predictions the starting points are the on-shell decays K s — vv,

which depend respectively from ¢(0,0) and 5(0,0), thus we can generally write the width
in the form

dP(KL/S —*‘)/l+l_) HL/S(Z) 2 2a (1—2)3 272 4r?
=T(K A NEA Bt Sl S ) [ ,/ _ 1
dz (Kr/s = 77) Hp/s(0)) 37 2z ( + z> 1 z’
" (5.4)
where )
z=2 =L (wli<z<)
. mK mg

and H(z) is the form factor which is model dependent. For a rough prediction we can
set H(z) = H(0) in eq.(5.4). This estimate works better for K5 decays since, as in
Ks — v+, short distance contributions should be suppressed. Furthermore, this is also
a good approximation when the lepton pair is an et — e~ pair, because the spectrum is
peaked near z = 4m?/m%. In table I this approximation has been used.

In CHPT the expression for Hs(z) has been calculated by [33]. DA®NE will not
distinguish among the different model but it will only improve the existing bound. For
this reason we omit the explicit expression of Hs(z) which can be found in [33].

For the K decays the expression for Hp(z) has been calculated in a vector meson
dominance (VMD) model in ref.[83]. Their expression, putting the numerical values of the
vector meson masses, has the form

Hp(z) _
Hi(0)

1 COfcs 4 1 1 2
1-0418z ' 1-0.311z |3 1-0.418z 9(1—0.405z) 9(1—0.238z)]"

(5.5)

where ¢ has been evaluated in terms of known coupling constants to be ¢ = 2.5, and ak-
parametrizes the unknown electroweak coupling K* —v*. Using the vacuum insertion ap-
proximation with the effective QCD corrected hamiltonian one obtains {ag+| ~ 0.2 ~ 0.3
(this prediction is free from the delicate calculation of the penguin operator matrix ele-
ments).

Two recent experiments with about 10° K; — yete™ events [84,85]:

(9.2+ .54 .5)-10~° NA31 [84]
Br(Kp — eTe Y)exp =
(91+£.47%%).1078 85]
have confirmed that the approximation Hr(z) = Hr(0) works well for the estimate of

the width (see table I) and furthermore looking at the electron spectrum has confirmed
the VMD model, giving the value ag+ = —0.28 + 0.12. One should notice that although
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the uncertainty is large the unknown sign of ag+ has been fixed. DA®NE will have
more statistics on K — yeTe™ and thus will be able to measure K; — yutu~, where
the dependence from the form factor is strong enough to substantially change the width.
From both these measurements DA®NE will be able to check the prediction

[(Kp — vete™)
(KL — yptp™)

~ 24 (5.6)

based on the VMD model of [86] with ak+ ~ —0.28. An analogous value for (5.6) has been
obtained using a different VMD model in [87].

K; > ete ete™

The decay K1 — eTe"ete™ goes through two off-shell photons, so it depends from
c(¢?,42) in eq. (5.3). There is no explicit theoretical calculation but, due to the smallness
of ¢ and ¢2, one can argue that the width has little dependence on the form factor.
DA®NE will improve the existing results

(4+3)-10~% NA31 [88]
Br(Kp — e+e_e+e—)exp =
(5+2+3)-10-° AGS E845 [89]

and test the Ky — v*y* coupling constant.
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