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ABSTRACT

We have proposed a method that involves quantities independent of strong
interaction phases to test the factorization model in Cabibbo-favored two-body
decays of D mesons. The method tests if the factorization model correctly
predicts the magnitudes of the isospin amplitudes. We have applied this method
to the Cabibbo-favored decays D — K, Kp and K*r. The test, used as a
diagnostic tool, allows us to pin point the isospin amplitudes for which the
factorization model fails. We discuss the roles of annihilation terms and inelastic

final state interactions in resolving the differences between the factorization
model predictions and experiments.
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1 : Introduction

With the availability of precise data [1] on some of the hadronic two-body and
semi-leptonic decays of D mesons, we claim [2] it is now possible to test the factor-
ization model purely from two-body hadronic decay measurements using the form
factors extracted from the data on semi-leptonic decays [3] . The advantage of the
tests we are proposing is that the quantities to be tested against experiments are
independent of the strong interaction phases; in contrast a comparison of two-body
hadronic decays with semi-leptonic decays is often marred by strong interference ef-
fects [1, 4, 5]. A feature of our proposal is that it shifts the emphasis from the decay
amplitudes for particular decay modes to the decay amplitudes in particular isospin
states.

Precise semileptonic decay measurements have determined certain form factors
rather well. For example, from the measurements of CLEO-II [6], E-687 [7] and
E-691 [8] one can extract [1]

DE(0) = 0.77 £ 0.04 (1)

We remind the reader that f,(¢%) = Fy(q?) of ref. [9], a notation we use in this
paper. For a comparison of this measurement with calculated values [10] of f4(0) we
refer the reader to [1]. This experimental determination removes the dependence on

theoretical models, at least for fP%(0). Experiments [1] are also narrowing down the

freedom in f£7(0), a harder quantity to measure:

FET0)/fPE0) = 1.04598+0.1 (MarkIII [11])
= 12940214011  (CLEO [12)) (2)

CLEO data, in particular, suggests that fP™(0) could be larger than P%(0)
contrary to the theoretical model calculation of ref. [9] and many others [1, 10].
There is, however, a calculation [13] based on heavy quark symmetry and chiral per-
turbation theory that yields fPm(0)/ fPK(0) = 1.18, though this prediction is based
on a monopole extrapolation from ¢? = ¢2_ to ¢* = 0.

It has recently been inferred by Chau and Cheng [14] that fP™(0) ~ 0.83 is needed
to understand the ratio of the rates T(D* — 7% *)/T(D* — K°r+). Hence there is
strong evidence that f27(0) > fPX(0). We show that this narrowing down of fP¥(0)
and f£7(0) helps us to test the factorization model in D — Kr decays. The tests for
the Cabibbo-suppressed D — 77 and KK decays have been discussed in ref. [2].

Unfortunately, the same cannot be said about the form factors involved in D — K*

and D — p transitions. The determination of the form factors in D — K* transitions
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is in a state of flux, the E-653 [15] and E-687 [16] results are significantly different
from the older E-691 [17] determination. We refer the reader to ref. [1] for a summary
of the present status. As for the D — p transition form factors, measurements do
not exist at the moment. As a consequence the test for D — Kp decays are based
on theoretical arguments such as SU(3) symmetry and are not as independent of
theoretical input as those involving D — K7 (and D — 77 and KK).

This paper is organized as follows. In Section 2, we state the problem and define
the quantities we propose to test against experiments for the Cabibbo-favored D —
K7, Kp and K*r decays. We perform the test and discuss the missing elements in

the factorization model where the tests fail. We summarize our findings in Section 3.

2 : Tests of Factorization in Cabibbo-favored
decays

The test of factorization model we are proposing is to compare quantities that are
independent of the strong interaction phases with experiments. As we show below
(see also ref. [18]). Such quantities are the sum B(D° — K~nt) + B(D® — K°x0)
and B(D* — K°t) for D — Kr and B(D® — K~ p*) + B(D° — K°°) and
B(D* — K%%t) for the D — Kp decays etc. We compute these quantities in the
factorization model using experimentally measured form factors whenever possible,

and compare them with experiments. If there is disagreement we search for the

missing physics.

A. D — Kr decays

In terms of isospin amplitudes and strong interaction phases,

- 1 . .
AD® - K~n%) = A (A3/2 exp(163/2) + \/§A1/2 €$P(Z51/2))

1 ) .
% (\/2_A3/2 ea:p(z63/2) - A1/2 exp(zél/z))

A(D-%-_,R’Oﬂ-'*') = \/§A3/2 633[)(263/2) (3)

A(DO — §'07r0) =

The phase-independent quantities are,
|A(D® — K=a %) + JA(D® — K°7°) = |Aypof* + | Aspal” (4)

and

|A(DY — K% 1)|? = 3| Agpa|? (5)
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These equations imply that the sum
> B(D' - Kr)= B(D° — K™ nt) 4+ B(D® — K°°) (6)

and B(D* — K°z*) are independent of the strong interaction phases. Hence, one
might as well evaluate them without the phases in the factorization model and test
them against experiments. We emphasise one other point: Since Aszpa[Ayy = 1/3
[19] the sum in Eq. (4) is not very sensitive to changes in Asyz, while Eq. (5) is.

In evaluating the branching ratios in the factorization model we use the following

weak Hamiltonian for Cabibbo-favored decays,

Gr .. <. B _ ~ _ ”
Heg = 7% Via Vi lad(ud) g (3¢) g + ag(ue)y (3d) g (7)

where V.4 and V., are the Cabibbo-Kobayashi-Maskawa(CKM) angles and the Dirac
bilinears (ud)y etc stand for (V' — A) color singlets, the subscript H instructs us to
treat these bilinears are interpolating fields for hadrons (no further Fierz reordering
in color is needed). a; and a; are related to the Wilson coefficients c; and c_ through

the following equations,

1

a = ¢+ Ak az = ¢cg + ;\701

c+ = C]:tCQ (8)
and

64+ /(33—2ny)
as(m%v)] o
csly) = |2l )
) as(p?)

where v_ = —2v4 = 2 and ny, the number of ‘active’ flavors, 3 for D decays. N is

the number of colors.
Phenomenological evidence [9] is that for charm decays, the limit N — oo works

well though for obscure reasons. We treat a; and a, as phenomenological parameters
and use the values advocated by Chau and Cheng [14]

a; = 1.26 + 0.05, ay = —0.51 £0.05 (10)

where the errors are assigned as in ref. [2].
In the factorization model without the annihilation term( we are omitting an
overall factor of (GF/\/ﬁ)VudVC;) the D — K7 decay amplitudes are:

AD® = K~n%) = arfoFPN(m2)(m? — m3,)

- a
A(D® — K°1% = ﬁfA'Ff”(m%—)(m% —my)

ks

ADT = K°n%) = aifoF " (m3)(mh — m) + ap fie Fy " (mk ) (mp — m3)(11)

kis
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We emphasize once more that factorization model would admit a factorized anni-
hilation term which would have entered A(D® — K~7*) and A(D° — K°x°).
As the sum B(D° — Kr) is independent of the strong interaction phases we

calculate this sum from Eq. (11) with phases set to zero. After a straightforward

calculation we find
> B(D° — Kr) = (7.5+0.9)% (12)

The numerical input in this calculation is as in ref. [2] and largely taken from [14]

and [20]. a; and ag are given in Eq. (10) and ref. [2]

FPE(0) = 0.76+0.04, FP™(0) = 0.83 +0.08

fr = 132MeV, fx = 161 MeV

f, = 212MeV, fir = 221 MeV

Vie = 0975, Vo = =V, =0.220

o = 42x107%s,  m+ = 10.66 x 1075 (13)

The reason for assigning only a 10% error to FP™(0) is given in ref. [2].

From [20], the sum of the branching ratios is,
Y "B(D° — Kr) = (5.75 £ 0.54)% (14)

If we use the average value for B(D® — K~n%) given in [1] which incorporate
the latest CLEO determination [21] this sum rises to (6.09 £ 0.52)% Thus within
experimental and theoretical errors, theory and experiments could just barely be in
agreement. On the other hand, comparing the central values one might argue that
the prediction of the factorization model without the annihilation term is higher than
experiment by ~ 1.5%. To determine which of the two amplitudes, Ay/e and Ag)y,
is being overestimated, we check, in the following, how well the factorization model
predicts B(D* — K°r%). With the parameters of Eq. (10) and Eq. (13) and the
decay amplitude in Eq. (11) we obtain:

B(Dt — [{'07r+) =(2.5+1.3)% (15)
and,
|ASF1/1AT] = (0.22 £ 0.11) (16)

Though the errors are large, the prediction for B(D* — K°xt) is in agreement
with experiment [20]:

B(D* — K°n%) = (2.6 £ 0.4)%. (17)
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The agreement with experiment is also good for the ratio of the isospin amplitude.
From [20], we obtain

|ART] = (2933 40.175) x 107° GeV
|ABT] = (0.744 £ 0.056) x 107° GeV
|ARS1/1ARE] = (0.253 4 0.034)
63/2 51/2 = (93%53%)° (18)

Also a more recent world-averaged data [1] gives,

|A 1/21 = (3.021 £0.156) x 107° GeV
ARl = (0.744 4 0.056) x 1076 GeV
| 3/2|/|A1/2| = (0.246 £ 0.031)
655 — 655 = (88£11.0)° (19)

We emphasise that the choice of FP7(0) in [14] not only fits B(D¥ — K°xt) as
above, but it also fits B(Dt — #»*x%), as shown in [2].

In view of the agreement between theory and experiment for B(D* — K°r%), we
conclude that the source of the possible discrepancy between theory and experiment
in 2" B(D® — Kr)is that the factorization model overestimates A; /2 This conclusion
is valid despite the fact that the error in Eq. (15) is of the same size as the possible
overestimate of 1.5% in " B(D® — Kr), the reason being that the role of |Az/,|? in
Y B(D° — Kn) is diluted by a factor of 3 compared to its role in B(D* — K°rt)
(see Eq. (4) and Eq. (5)). As Penguin diagrams do not contribute to Cabibbo-favored
decays, this difference could be attributed to a rather small inelasticity in [ = 1/2
channel or to an annihilation term, or, indeed, to both.

If we ascribe this difference of about 1.5% between the factorization model pre-
diction for $B(D° — Kr) and experiment, to the annihilation process, we can set
an upper limit on its contribution as follows.

Inclusion of an annihilation term to the decay amplitudes can be parametrized as

(an overall factor of (Gr/v/2)V,4V is suppressed),

AD® - K= nt) = alfWFDI‘( )(mD —m3) + ag(mA m2)¢
A(D® — K°7°%) = % [fKFcP”(mK)(m% —m2) — (mk — mfr)é] (20)

In the factorization approximation,

€= fply "(mp) (21)



¢ given in Eq. (21) would of necessity be complex being proportional to the form
factor FE™ at ¢ = m% which is above the K threshold. However, if we treat it as
essentially real and demand that it suppress S B(D° — K7) by 1.5%, we find

¢ ~ 0.35GeV (22)

This value of ¢ implies that the upper limit of the annihilation term in
A(D® — K~ xt) is a little under 10% of the term calculated in Eq. (11) while
in A(D® — K% it is < 23% of the term in Eq. (11). The presence of a strange,
JP = 0T resonance K;(1430) with a width of ~ 300 MeV [20], which decays almost
exclusively to K channel lends credence to the presence of the annihilation term.

Summarizing this section, the factorization model does very well in predicting
B(D* — K°r%). There are no annihilation terms here. This implies that the rescat-
tering in I = 3/2 state is weak and very likely elastic with a scattering phase suffi-
ciently small as not to cause the magnitude of the amplitude to change significantly
[22]. Evidence in support of this statement comes from a partial wave analysis of K
scattering [23] where it is found that the S—wave scattering in I = 3/2 state is elastic
up to 1.4 GeV, the maximum energy involved in their analysis.

We also find that the factorization model without the annihilation term possibly
overestimates S B(D° — Kr) by about 1.5%. If this discrepancy is attributed to an
annihilation term in the I = 1/2 amplitude then it amounts to a little under 10%
of the factorization model amplitude without the annihilation terms in D® — K—=+
decay and ~ 23% in D° — K°z° decay. An alternative mechanism to bring about
the same effect would be to assume that the S—wave scattering in [ = 1/2 state has
a small inelasticity. In fact there is supporting evidence for this statement. In [23] it
was found that the S—wave K7 scattering in [ = 1/2 state becomes inelastic above
1.3GeV. We emphasise, in view of the known inelasticity in I = 1/2 channel, that
our analysis should not be interpreted as positive evidence for the annihilation term

in D — K decays. OQur estimate of the annihilation term is only an upper limit.

B. D — Kp decays

The isospin structure of the decay amplitudes for D — Kp is exactly as in Eq.
(3) and therefore the analogues of Eq. (4) and Eq. (5) and their consequences follow.
A test of the factorization model can, therefore, be made in D — K p decays also. In
the factorization model without the annihilation term the decay amplitudes are given
by (an overall factor (Gr/v/2)V,aVZ is being suppressed),



AD® - K=p™) = 2aym,f,FPN(m?)e" - p

P

A(D® = K%)= 2=Fm, fx A (mi)e - p

7
A(D* = R%%) = 2m, [af, FPX(m?) + az fr A (mi)] € p (23)

Here p is the D meson four-momentum and the form factors are defined in ref. [9]. We
evaluate FP*(m?2) using both a monopole and a dipole formula with mass 2.11 GeV
(D7 pole) and FPH(0) = FPX(0) given in Eq. (13). For AJ?(0), unknown exper-
imentally, we use the value 0.669 [9] with a 10% error, and extrapolate it with a
monopole formula with mass 1.865 GeV (D pole). Although the model of ref. [9] can-
not be trusted for D — light vector meson transitions, we show later that it correctly
predicts APX"(0) despite the fact that its estimates of APX" and APX" are individu-
ally wrong. A simple calculation then results in (‘monopole’ and ‘dipole’ refer to the

extrapolation of FP¥)
S B(D°— Kp) = (11.0£1.4)%  (monopole)
= (15.0£1.9%  (dipole) (24)
with
S B(D° — Kp) = B(D° — K~p*) + B(D® — K°°) (25)
Experimentally,

Y B(D°— Kp) = (1.9+1.1)% [20]
= (1.6 £1.8)%  [24] (26)

First, we note that the use of the dipole extrapolation for FP¥(m?2) yields too
large a value for "B(D° — Kp). Second, Particle Data Group listing [20] provides
S B(D® — Kp) somewhat below the theoretical estimate with a monopole form for
FPK(m?), and finally, Mark-TII data [24] agree well with the factorization model
prediction with a monopole extrapolation for F{P%(m?2).

Let us now check to see how well the factorization model fares in predicting

B(D* — K°*) and hence |A3,|. A simple calculation yields,

B(Dt — K%%) = (15.2+2.1% (monopole)

= (209+£4.0)0% (depole) (27)
and for the the ratio of the isospin amplitude, we find
|A§/‘;|/|A{§/’; = (0.485 £ 0.055) (monopole)
|AAl/IATSl = (0.498 £0.055)  (dipole) (28)

8




Experiments yield,

B(D* — K%*) = (6.6+1.71)% [20]
= (6.9£08+23)%  [24] (29)
and from [20],
[AFSl = (1488 4 0.125) x 107° GeV

(
|ANEl = (0.521 £ 0.067) x 107° GeV
|ASEI/IAREL = (0.350 + 0.074)
(

she ke 0.0 £ 29)° (30)

3/2 12 —

Note that there are neither Penguin contributions nor annihilation terms in D* —
K°*. The factorization model obviously overestimates the branching ratio by more
than a factor of 2. Of the two terms in A(D* — K°*) in Eq. (23) the first is well
determined experimentally; however, the second term proportional to Aé)p has to be
calculated in a theoretical model. We used AY?(0) = 0.669 [9] with a 10% error. We
would have to more than double this estimate to make theory agree with experiment.
We contend that this is an unlikely scenario. A more interesting scenario is that there
is considerable inelasticity in I = 3/2 state, Kp channel mixing with K*r channel.
In the following section we will provide further credibility to this contention.

Returning now to - B(D® — Kp) ,part of the excess in Eq. (24) compared to the
Particle Data Group value Eq. (25) is obviously due to a large A3/, estimated by the
factorization model. The fact that the factorization model predicts too large a value
of Assz is reflected in the ratio As/5/A;/, in Eq. (28) which is considerably larger
than that determined by experiments (see Eq. (30)). However, as A3/, contributes
only about 10% to 3-B(D® — Kp), this excess in Eq. (24) is primarily due to Aija.
We argue in the following that an inelastic coupling between Kp and K*x in I = 1/2
channel could lower ¥ B(D® — Kp)(and raise 3. B(D° — K*r)) to be in better
agreement with data. All these comments assume the correctness of the listing in
[20]; Mark-IIT data [24] agree well with the factorization model prediction Eq. (24)
with monopole extrapolation of FPK.

C. D — K*r decays

The considerations of Sections 2.A and 2.B also apply to D — K*r decays. The

factorization model amplitudes without the annihilation terms, are (an overall factor

(Gr/V/2)VidVZ is being suppressed),



AD® = K*n%) = 2aympsfrADE (m2)e* - p

A(D® — K*°7%) = Q%m;\u froFP™ (m)e - p
A(DY - K*x%) = 2mg. [alf,rAé)K'(mfr) + ang.FlD”(mir.)] €-p (31)

Among the form factors appearing in Eq. (31), we have good control over
FP(0) = FP™(0) (see Eq. (13)). To minimise having to rely on theory for APE(0)
(= APE™(0)) we use [9]

2mK~A3DK'(O) = (mp + mg+)A;1(0) — (mp — m+)A2(0) (32)

with experimental input [1] for APE"(0) and AP®"(0). Theoretical models have so
far failed in predicting correctly the form factor APE*(0) [1]. We use [1],

APRY(0) =061 £0.05  APK'(0) = 0.45 £ 0.09 (33)
to obtain from Eq. (32)
APET(0) = 0.70 £ 0.09 (34)

We note in passing that the model of [9] yields 0.73 which is in agreement with
Eq. (34). A straightforward calculation then yields,

Y B(D°— K*r) = (4.5+0.9)% (monopole)
= (53+1.0)% (dipole) (35)
with
Y B(D° = K*r)= B(D° — K*~n*) + B(D® - K*°x°) (36)

where ‘monopole’ and ‘dipole’ refer to the extrapolation of FP™(m%.), using FP7(0) =
FP™(0) given in Eq. (13).

Experiments yield,

Y B(D® - K*r) = (6.6+£1.2)%  [20]
= (19+1.3)%  [24] (37)

Thus, the factorization model with a dipole extrapolation of FP7(m%.) agrees with

data while the monopole extrapolation results in a slight underestimate of Y B(D® —
K*7).
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Coming now to B(D* — K*°z%), from Eq. (31), due to large cancellations
between the two terms proportional to a; and a,, this branching ratio turns out to
be rather small with the following results,

B(D* — K*7%) < 0.3% (monopole)
= (0.5553)%  (dipole) (38)

and for the ratio of the isospin amplitude,

|AL 3/2 I/IA = (0.01 £0.13) (monopole)
|AS 3/2 = (0.085 £ 0.160) (dipole) (39)
Experiments yield,
B(Dt — K*z") = (1.9+0.7% [20]
= (5.9+1.9+25% [24] (40)
and from [20]
AT = (1.319 % 0.156) x 107° GeV
|A§§‘; = (0.261 £ 0.048) x 107% GeV
|A3/2 |/| AR = (0.198 £+ 0.060)
53/2 ‘51/2 = (8L.1%57)° (41)

Thus the monopole extrapolation of FP™(m?%.) results in too low a prediction for
B(D* — K*%z%) while the dipole extrapolation yields an estimate consistent with
the Particle Data Group listing [20] though not with Mark-III determination [24].
Inspection of Eq. (38) and Eq. (40) leads one to the conclusion that the factorization
model underestimates A%" /2 - This leads to a very interesting scenario considering that
the factorization model had overestimated B(Dt — K%™) (see Eq. (26) and Eq.
(29)). It is possible that inelastic final state interactions could feed K*°x* channel
at the expense of K%p" channel. As inelastic final state interactions, being absorp-
tive, do not have to conserve branching ratios, they could lower B(D* — K%%) to
agree with experiment and at the same time raise B(D* — K*%r%t) to agree with
data. This would also help in bridging the gap between theory and experiment for
Y B(D° — K*r) (see Eq. (35) and Eq. (37)).

Further, if the deficit between Y"B(D° — K*r) of Eq. (35) and Eq. (37) is real
and the surplus between Y B(D° — Kp) of Eq. (24) and the Particle Data Group
value of Eq. (26) is also real then an inelastic coupling between the K*x and Kp

channels in I = 1/2 state could also help resolve these disagreements.
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3 : Summary and Discussion

We have proposed a method to test the factorization model. This method uses
quantities that are independent of the strong interaction phases. Thus, they depend
only on the magnitudes of the isospin amplitudes. The method, in essence, allows
us to test if the factorization model correctly predicts the magnitudes of the isospin
amplitudes. In a previous publication [2] we have applied this method to D — ==
and D — KK decays.

In our analysis we have used experimental information on form factors as far as
possible, and the parameter sets Eq. (10) and Eq. (13) favored by [14]. In D — K,
we found that B(D*t — K°r*) is well reproduced by the factorization model. We
emphasise that this provides support for our choice of FP™. Recall [2] that this
choice also yields B(D* — n%#?) correctly. As there are no annihilation terms
involved in this decay and rescattering in S—wave K7 system in I = 3/2 state is
known to be weak [23], this result confirms theoretical expectation. As a consequence
a possible overestimate in 3" B(D°® — K) by ~ 1.5% is attributed to an overestimate
of Ay/;. We suggest that the amplitude could be reduced either by a small, < 10%
in A(D° — K~rt), annihilation term or inelastic final state interactions. The latter
scenario is not only likely but must occur since S—wave scattering in K« system in
I = 1/2 state is known to be inelastic [23].

The test involving D — Kp decays is not so clean for two reasons; first, we had
to use theoretical input for AJ” and, secondly, the Particle Data Group [20] number
for " B(D° — Kp) is significantly different from that, of Mark-III Collaboration [24].
Our conclusions depend on whose data we use. One conclusion is very likely correct,
namely, that the factorization model overestimates the I = 3/2 amplitude (see Eq.
(27) and Eq. (29)). We suggest that the Kp channel couples with K*r channel in
I = 3/2 state and that the excess could be drained away by inelasticity.

In testing the factorization model for D — K*r decays we were able to use
experimental input for the form factors APX". Despite the divergence between the
Particle Data Group [20] listing and that of Mark-III Collaboration [24] for B(Dt —
K*°r7%), we were able to conclude that the factorization model underestimates the
I = 3/2 amplitude in D — K*r decays. We suggest, as hinted at the end of the
last paragraph, that an inelastic coupling between Kp and K*r channels in I = 3/2
state could feed K*r final state at the expense of Kp channel. We suggest that the
same might also be happening in I = 1/2 state which could result in a lowering of
YB(D° — Kp) and a raising of YB(D° — K*r) . In addition, there could also be
an annihilation contribution in / = 1/2 channel.

In [2] we had tested factorization in Cabibbo-suppressed in D — 77 and D — KK
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decays. For completeness, we present our amplitude analysis of CLEO-II data [25]
on D — 7x branching ratios and Particle Data Group [20] of D — KK data:

|A7™| = (9.4£1.0) x 1077 GeV
|AT"| = (5.8640.93) x 1077 GeV
|AZ™|/|AZ"| = (0.62£0.11)
8" — 657 = (84.51179)° (42)

where A3™ and AJ™ are I = 0 and [ = 2 isospin ampitudes and 6J™ and 67" their
phases. We note that our solution corresponds to the solution in the footnote of [25].
From the D — KK data, we find,

|AKK] = (8.0740.74) x 1077 GeV
|ARE| = (5.00 £0.62) x 1077 GeV
|AKE /| AKR | = (0.62 £0.10)
SEK — 6K = (50T333)° (43)

where AKK and AKK are I = 0 and I = 1 isospin ampitudes and §KK and 6KK their

phases.
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