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The presently available high-statistics data of the D — K9z* 7z~ processes measured by the Belle and
BABAR collaborations are analyzed within a quasi-two-body factorization framework. Starting from the
weak effective Hamiltonian, tree and annihilation amplitudes build up the D° — K9z 7~ decay amplitude.
Two of the three final-state mesons are assumed to form a single scalar, vector or tensor state originating
from a quark-antiquark pair so that the factorization hypothesis can be applied. The meson-meson final
state interactions are described by Kz and 7z scalar and vector form factors for the S and P waves and by
relativistic Breit-Wigner formulas for the D waves. A combined y” fit to a Belle Dalitz plot density
distribution, to the total experimental branching fraction and to the 7~ — K3z~ v, decay data, is carried out
to fix the 33 free parameters. These are mainly related to the strengths of the scalar form factors and to
unknown meson to meson transition form factors at a large momentum transfer squared equal to the D°
mass squared. A good overall agreement to the Belle Dalitz plot density distribution is achieved. Another
set of parameters fits equally well the BABAR collaboration Dalitz plot model. The parameters of both fits
are close, following from similar Dalitz density distribution data for both collaborations. The corresponding
one-dimensional effective mass distributions display the contributions of the ten quasi-two-body channels
entering our D° — K97+ 7~ decay amplitude. The branching fractions of the dominant channels compare
well with those of the isobar Belle or BABAR models. The lower-limit values of the branching fractions
of the annihilation amplitudes are significant. Built upon experimental data from other processes, the
unitary Kz and 7z scalar form factors, entering our decay amplitude and satisfying analyticity and chiral
symmetry constraints, are furthermore constrained by the present Dalitz plot analysis. Our D° — K%z "z~
decay amplitude could be a useful input for determinations of D°-D® mixing parameters and of the

Cabibbo-Kobayashi-Maskawa angle y (or ¢3).
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I. INTRODUCTION

Measurements of the D°-D° mixing parameters, through
Dalitz-plot time dependent amplitude analyses of the weak
process D° — K(S)zﬁﬂ‘, have been performed by the Belle
[1] and BABAR [2] collaborations. These studies could help
in the understanding of the origin of mixing and may
indicate the possible presence of new physics contribution.
No CP violation in these D° decays [3.4] has yet been
found, in agreement with the very small value predicted by
the standard model in the charm sector. The Cabibbo-
Kobayashi-Maskawa (CKM) angle y (or ¢3;) has been
evaluated from the analyses of the B* — D°K*, D" —
K7z~ decays [5-10]. A good knowledge of the final
state meson interactions is important to reduce the uncer-
tainties in the determination of the D°-D° mixing param-
eters and of the angle y. The very rich structures seen in the
Dalitz plot spectra point to the complexity of these final
state strong interactions.
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The experimental analyses [1,2] rely mainly on the use of
the isobar model. In this approach, one can take into
account the many existing resonances coupled to the
interacting pairs of mesons. However, the corresponding
decay amplitudes are not unitary and unitarity is not
preserved in the three-body decay channels; it is also
violated in the two-body subchannels. Furthermore, it is
difficult to differentiate the S-wave amplitudes from the
nonresonant background terms. Their interferences are
noteworthy and then some two-body branching fractions,
extracted from the data, could be unreliable. The isobar
model is tractable but it has many free parameters: at least
two fitted parameters for each amplitude and for example,
the Belle collaboration in Ref. [1] has used 40 fitted
parameters and the BABAR collaboration 43 in Ref. [2].

Imposing unitarity for three-body strong interactions in a
wide range of meson-meson effective masses is difficult.
Some three-body unitarity corrections have been evaluated
in Ref. [11] for D — 72%2% 7~ decays and in Ref. [12] for
DT - K ztz". In a unitary coupled-channel model
Ref. [11] has shown that two-body rescattering terms could

© 2014 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.89.094018
http://dx.doi.org/10.1103/PhysRevD.89.094018
http://dx.doi.org/10.1103/PhysRevD.89.094018
http://dx.doi.org/10.1103/PhysRevD.89.094018

DEDONDER et al.

be important. They find that the decay amplitudes of the
unitary model can be rather different from those of the isobar
model. In Ref. [12] the three-body unitarity is formulated
with an integral equation inspired by the Faddeev formalism.
There, they sum up a perturbation series and find that three-
body effects important close to threshold fade away at higher
energies. In the present work, as a first step, we require two-
body unitarity in the D-decay amplitudes with the K9r™*
final state in S wave and with the z" 7~ final state in S and P
waves. According to the experimental works [1,2], the sum
of the branching fractions corresponding to these amplitudes
yields an important part of the total branching fraction of the
D° - K4zta~ decay.

The two-body QCD factorization has been applied with
success to charmless nonleptonic B decays (see e.g.
Ref. [13]). For the D meson the charm quark mass m,
is lighter than the bottom quark mass by about a factor of 3.
The ¢ quark mass is too high to apply chiral perturbation
theory and too light to use heavy quark expansion
approaches. One expects nonperturbative D-decay contri-
butions of order Agcp/m, to be more important than in B
decays. Consequently, the factorization hypothesis could
be less reliable. Nevertheless, following the initial articles
of Bauer, Stech, and Wirbel [14,15] the assumption of
factorization has been applied successfully to D decays in
several recent papers [16—19]. The Wilson coefficients are
treated as phenomenological parameters to account for
possible important nonfactorizable corrections [20]. An
alternative diagrammatic approach for the description of
hadronic charmed meson decays into two-body has been
the support of the works presented in Refs. [21] and [22].

In the framework of the quasi-two-body factorization
approximation [13] and of the extension of a program
devoted to the understanding of rare three-body B decays
[23-27], we analyze the presently available D° — Kgﬂ+7f_
data. So far no factorization scheme has been worked out
for three-body decays. Then, as in our previous studies, we
assume that two of the three final-state mesons forms a
single state which originates from a quark-antiquark, ¢g,
pair. Such a hypothesis leads to quasi-two-body final states
to which the factorization procedure is applied. The three-
meson final states K g;ﬁzz‘ are here supposed to be formed
by the following quasi-two-body pairs, [K9z"], 7",
[K%7~],z" and K[z " x~],, where two of the three mesons
form a state in L = S, P or D wave. The D° — K"z~
decay amplitudes, derived from the weak effective
Hamiltonian, have contributions from tree diagrams but
none from penguin or W-loop diagrams. There are also
annihilation amplitudes arising from W-meson exchange
between the D° quark constituents. The amplitudes corre-
sponding to the ¢ — sud transition are Cabibbo favored
(CF) while those with ¢ — dus are doubly Cabibbo
suppressed (DCS).

In the factorization approach, the CF and DCS ampli-
tudes are expressed as superpositions of appropriate
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effective coefficients and two products of two transition
matrix elements. For the CF tree amplitudes, the first and
second product correspond to the transition matrix element
between the D° and [K°z~]; or [zt 7], state multiplied by
the transition matrix element between the vacuum and the
n" (proportional to the pion decay constant) or the K°
(proportional to the kaon decay constant), respectively. For
the DCS tree amplitude these products correspond to the
transition between the D° and 7~ or [z~z "], state multi-
plied by the transition between the vacuum and the [K°z ],
(proportional to the kaon-pion form factor) or the K°
(proportional to the kaon decay constant), respectively. In
the latter case, in the K%z center-of-mass frame, the bilinear
quark current involved forces the [K°z"] pair to be in a
L = S or P wave. For the CF (DCS) annihilation amplitudes
the products correspond to the transition between the 7 or
K°(K®) and [K°z7], ([K°7"],) or [T 2~]; state, multiplied
by the transition between the vacuum and the D (propor-
tional to the D° decay constant), respectively.

We presume that the transition of the D° to the meson
pairs [K°z~], or [z"z~], goes first through the dominant
intermediate resonance R; of these pairs. For the [K°z7];
pair, we take, Rg[K°z7] = K;(1430)~, Rp[K’z7] =
K*(892)~, Rp[K°z~] = K3(1430)~ and for the [z*77],
pair, Rg[ztn™] = f(980), Rplrtn~]=p(770)° and
Rp[rta~] = f,(1270). We further calculate the D° —
K%z~ or #tz~ matrix elements as products of the D° —
R;|K°z7] or R, [z"#n~] transition form factors by the
relevant vertex function describing the decay of the
[K7], or [zx], states into the final meson pair. The vertex
functions are in turn expected to be proportional to the
kaon-pion or pion scalar form factor for the S wave, to
the vector form factor for the P wave and to a relativistic
Breit-Wigner formula for the D wave. For the CF (DCS)
annihilation amplitudes we follow the same steps as for the
tree amplitudes but for the replacement of D° by =x
or K°(K?).

The meson-meson final state interactions for the S and P
waves are then described in terms of experimentally and
theoretically constrained Kz and zz scalar and vector form
factors. Using unitarity, analyticity and chiral symmetry
constraints, the scalar form factors have been been derived
in Ref. [25] for the Kz case and in Ref. [27] for the pion
one. They are single unitary functions describing the two
scalar resonances K((800) (or ), K;(1430) and the three
scalar resonances, f((500), f((980) and f,(1400) present
in the Kz* and 7"z~ interactions, respectively. The vector
form factors are based on the Belle analyses of the 7= —
K(S)ﬂ_v, [28] and of the 7~ — 7~ 7, [29] decay processes.
We also include the amplitude describing the D° —
@(782)KY channel followed by the »(782) — 'z~ decay.
Relativistic Breit-Wigner formulas are introduced to
describe the final state D wave meson-meson interactions.
The undetermined parameters of our D° — K97z~ decay
amplitudes, mainly related to the strength of the [Kz|; and
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[n7]¢ scalar form factors and to the unknown meson to
meson transition form factors, are obtained through a y? fit
to the Dalitz plot data sample of the 2010 Belle collabo-
ration analysis [10,30]. We also fit the Dalitz plot density of
the BABAR collaboration model [31].

The paper is structured as follows. Section II describes
formally the amplitudes calculated in the framework of the
quasi-two-body factorization approach. Section III pro-
vides a practical formulation of these amplitudes by
introducing combinations of some of them more amenable
to numerical calculations. A discussion of the branching
fractions is also given there. Section IV lists the necessary
input for the evaluation of the amplitudes. Results are
presented and discussed in Sec. V while Sec. VI summa-
rizes the outcome of this analysis and Sec. VII proposes
some conclusions and perspectives.

IL. THE D — K%z "z~ DECAY AMPLITUDES
IN FACTORIZATION FRAMEWORK

The decay amplitudes for the D — K%z~ process can
be evaluated as matrix elements of the effective weak
Hamiltonian [32]

G

H. g :7gVCKM[C1 ()01 (u) + Co () Oz ()] +Hec., (1)
where the coefficients V ky are given in terms of Cabibbo-
Kobayashi-Maskawa quark-mixing matrix elements and
G denotes the Fermi coupling constant. The C;(u) are the
Wilson coefficients of the four-quark operators O;(u) at a
renormalization scale y, chosen to be equal to the c-quark
mass m,. The left-handed current-current operators O ,(u)
arise from W-boson exchange.

The transition matrix elements that occur in the present
work require two specific values of the Vky coupling
matrix elements:

G
T (s, 5-,5,) = = A
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AN=ViV,, and A =VEV,. 2)

The amplitudes are functions of the Mandelstam invariants

se=mi=(po+ps) so=my=(py+p )’ (3

where p, p. and p_ are the four momenta of the K%, z*
and 7~ mesons, respectively. Energy-momentum conser-
vation implies

ppo=po+pr+p.  and

S0 + S +s5_ = m%)() —+ mio + 2m]27;7 (4)

where p o is the D° four momentum and my, mgo and m,
denote the D°, K and charged pion masses.

The full amplitude is the superposition of two tree
Cabibbo favored and doubly Cabibbo suppressed ampli-
tudes, T (sg,s_,s,) and TPS(sq,s_,s,) and of two
annihilation (i.e., exchange of W meson between the
c and @ quarks of the D°) CF and DCS amplitudes,
A (sg,5_,s,) and APS(sy,s_,s,). Thus, one writes
the full amplitude as

M((sg.5_.51) = (K§(po)m* (P4 )7~ (p-)[Hett|D°(ppo))
T (g5_05.) + TS (s50.5_05.)

+ A (50, 5_,5,) + AP (s9,5_,55), (5)

where the CF amplitudes are proportional to A; and the
DCS ones to A,. Although the three variables sq, s_, 5.
appear as arguments of the amplitudes, because of the
relation (4) all amplitudes depend only on two of them.

Assuming that the factorization approach [13,20,32,33]
with quasi-two-body [Kz|, z or K[zz],, L = S, P, D, states
holds, the tree CF amplitudes, T, read, with |0) indicating
the vacuum state,

> Z [ay (me)([K°(po)m™ (P)LI(5C)y_al DY (ppo)) - (&t (py )| (@d)y_s|0)

L=S.P.D

+ ay(me)(K°(po)(3d)y_410) - {[* (p )a~ (p)]LI(7c)y_sID° (P o))
- Z T%)”—]L”+(SO7S—?S+)+ Z T%E[n+ﬂ_]L(S0,S_,S+)

L=S.,P.D

L=S,P.D

= T?[_g)ﬂ_]ﬂ+ (SO’ S_, S+) + TI%E[”+”_] (S()v S_, S+). (6)

In deriving Eq. (6) small CP violation effects in K decays are neglected and we use

1
V2

|K§) ~

(IK%) +K?)). o

At leading order in the strong coupling constant ag, the effective QCD factorization coefficients a;(m.) and a,(m,) are

expressed as

() = Cy(m) + E),

Cl (mc)

ar(m.) = Cy(m.) + N¢

: ®)
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FIG. 1. Tree diagram for Cabibbo favored amplitudes with

[KOz~ ]z final states.
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FIG. 2. As in Fig. 1 but for K°[z* 7] final states.

where N~ = 3 is the number of colors. Higher order vertex
and hard scattering corrections are not discussed in the
present work and we introduce effective values for these
coefficients (see Sec. IV). From now on, the simplified
notation a; = a;(m.) and a, = a,(m.) will be used. In
Eq. (6), we have introduced the short-hand notation

(@9)y_a = ar(1 —ys)g ©)
|

G
TS (59, 5-.51) = - A

L=S,P.D

Az (p)a™ (Pl (@e)y_4 1D (po))]
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C
Do
U U
FIG. 3. Tree diagram for the doubly Cabibbo suppressed

amplitude with [K°z*]z~ final states.

DO

u

FIG. 4. As in Fig. 3 but for K°[z*z~] final states.

which will be used throughout the text. The amplitudes
T%”_]ﬂ+ (s0,5_,5,) and T(f?;[nm-] (s0,s_, s, ) are illustrated
diagrammatically in Figs. 1 and 2.
Similarly, the DCS tree amplitudes,
the diagrams shown in Figs. 3 and 4, read

TPCS illustrated by

[al<[K0(p0>”+(p+)]L|(aS)V—A|O> : <”_(P—>|(30)V—A|D0(PDO)> + az<KO(P0)|<EZS)V—A|O>

= 2 TS (o) b 0 TR (sgusias)

L=S.P.D L=S.P.D
= Tﬁ{%iﬂﬂ_(m, S_,5.) + Tgoc[i_m(so, S_,854). (10)
A similar derivation for the CF annihilation amplitudes, AT, illustrated by the diagram in Fig. 5, yields
CF GF I_(O — + —
AT (0,50 54) =My > LK (po)a= ()]t (p)l(5d)y_al0)
L=S.P.D
+(K%(po)[m= (p=) 7" (p)]L|(5d)y_410)] - (O|(€u)y_a| D° (o))
= A%)fh,ﬁ(so»s—’SJr) + Z A%;[ﬁ,r—]L(SO’S—’SJr)
L=S.P.D L=S.P.D
= A[CI'(F%*W (50,85_,5,) + A%f[ﬂﬂ,] (50,5_,5,). (11)
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The corresponding DCS annihilation amplitudes, AP®S, (see Fig. 6), obtained from Eq. (11) with the substitutions

A = Ay, 7t en, K° = K% and d& s, read

ADCS<SO75—78+):%A2‘12 > LK (po)a™ (py )] (p-)l(ds)y-al0)

L=S,P.D

+ <K0(P0)[”+(P+)”_(P—)]L|(ZZS)V—A|O>] : <0|(Eu)V—A|D0(pDU)>
= Z AS(CO,S,+]L,,7(SO»S—7S+)+ Z Azoc[if,ﬁh(so,s—’h)

L=S.P.D L=SP.D
= A][%C%Sﬁ]f(so’ S_,5.)+ A?f):[i,ﬂ](so, S_,8.). (12)

Let us now review in detail the 28 amplitudes that build
up the total D° — Kgﬂﬂr‘ amplitude defined in Eq. (5).
Indeed, for each amplitude in Eq. (5) there are three (L = S,
P, D) contributions for the [Kz|z states and three for the
K|zz] ones as can be seen from Egs. (6), (10)—~(12). To
these 24 amplitudes one has to add the four contributions in
which the [zx], pair in the K[zz] final state originates from
the w(782) — n"z~ decay.

A. Cabibbo favored amplitudes

1. The [K)n~|gn* and K}[n"n~)g amplitudes
Starting from Eq. (6) we build now the expression of the
different CF amplitudes following a derivation similar to
that described in detail in Ref. [27] (see, in particular,
Appendix A of Ref. [27] and Sec. 11 C of this paper where
an analogous explicit derivation for the annihilation ampli-
tudes is presented). The K%z~ ]gz* amplitude is

G
T%ﬂsﬁ(sw—’h) = _TFalAl)(l(m%)O —-5_)
x foFg ST ) FE (s2)
=T,. (13)

The transition form factor F, ODOR“ (Ko ](m,zz) is dominated by
the K{;(1430)~ resonance. It is real in the kinematical range
considered here. The form factor FX'#"(s_) includes the
contribution of the K;(800)~ (or x7) and K{(1430)~

resonances.

i d

FIG. 5. Diagram for the Cabibbo favored annihilation
(W-exchange) amplitudes.

[
The K9[z"7~]s amplitude reads

G
T%;[ﬂ+,,-]s(so7 S_.54) = —TFazAu{z(méo = So)
DORg[n*n~ g
X fxoFy st ](miO)Fo (50)
=T, (14)

where the transition form factor Fp "Rs =Tl m2y) s
assumed to be dominated by the f;,(980) resonance. It is
also purely real.

In the equations above, f, and f o represent the pion and
K° decay constants. The [zz] S-wave form factor FZ * (so)
includes the contribution of the f,(500) (or ¢), f,(980) and
f0(1400) resonances. The Kz and zz scalar form factors
FE(s_) and FZ 7 (s0) = \/§ I (s,) will be built
following the methods discussed in Refs. [25] and [27].

In Egs. (13) and (14) the factors y; and y, are related to
the strength of the [Kz]g and [zz]g scalar form factors,
respectively. As just mentioned these form factors receive
contributions from different resonances. If a resonance
Rg[Kr] or Rg[zn] was dominant y; and y, could be
evaluated in terms of the decay constant of these reso-
nances. As shown in Eq. (A.8) of Ref. [27] and as discussed
in Sec. V of the present paper, their values could be
estimated from the dominating resonance decay properties.
Here, there is no dominant resonance then y; and y, are
taken as complex constants to be fitted.

u S

FIG. 6. As in Fig. 5 but for the doubly Cabibbo suppressed
annihilation (W-exchange) amplitudes.
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2. The Ky~ |pn" and K3zt 7~ |p amplitudes

The [K%z~]px* amplitude reads, with K*~ = K*(892),

Gr f
T[Cig)nf],;f (S0, 8-, 54) = 76111\1 f;_ <So — 54+ (m
where AODOR” (K] (m2) denotes the form factor describing

the D° to [K°z7], transition, largely dominated by the
K*(892)~ resonance. The form factor FX"* (s_) includes
a priori the contribution of the K*(892)~, K(1410)~ and
K*(1680)~ resonances [28] (see Sec. IV). It has been
discussed notably in Refs. [25], [34], and [35].

The K9[z" 7], amplitude is given by

T%:[,ﬁ,,f]P (SO’ S—, S+)

G OR (2t 7= _
= O A LB (s — 5 ) AP R T (2 e ()
> 7
= T4, (16)

OR 7
where the transition form factor A> <" " J(m2,) is domi-

nated by the p(770)° resonance. The form factor F7' * (s)
which includes a priori the contributions of the p(770)°,
p(1450)° and p(1700)° is the same as that introduced in
Ref. [27], following the analysis in Ref. [29] based on a
Gounaris-Sakurai form with parameters extracted from the
third column of their Table VII. Alternatively we also use
one of the unitary parametrizations derived by Hanhart in
Ref. [36]. Since the K*~ and p(770)° are dominating
resonances, we use in Egs. (15) and (16), fx- and f, to
represent the Rp[K°z~] and Rp[z"7z~] decay constants
(here, f, denotes the charged p decay constant).

The D° — K°[z"7~], decay can also proceed through
the two-step process D° — K@ followed by the decay
® — ntx7; it yields an amplitude similar to that of the
D® - K°ztz~], process with the replacement of the
[z777]p pair by the ® and the subsequent decay
® — ztn~, which violates isospin conservation. Thus, this
term has to be added to the P-wave amplitude. Defining

(K°(po) [z (p1)a= (p=)] | Here| D°(pp))

— T%E[”+ﬂ,]w(S0,S_,S+), (17)

one has, in the quasi-two-body factorization,

T%£h+n1w(so’s—vs+)
Gr Z0 3
= 7§A102<K (Po)[(5d)y_410)

Az (p)a™ (P, |(@e)y_ 41D (o)) (18)

with

m2

—m2 co - o
- m,%)”’s—)f‘é) T )R () = a0 (19)

(K°(po)|(3d)y_410) = if o po. (19)
and

([t (p)a™ (p-)ol(@c)y_41D°(p o))
1

= 7§Gwﬂ+ﬂ’ (SO)e : <p+ - P_)

x(o(ps + po)|(@c)y_alD(ppo)).  (20)

where e represents the four-vector polarization of the w
meson. The matrix element in the above equation reads
[see, e.g., Eq. (24) of Ref. [33]]

- . me(e* : p ) [0
{@(s0)|(c)y_41D° (o)) = B 22 poAf"” (pY)
0
+ “other terms”, 21)

where the “other terms” do not contribute when they
are multiplied by Eq. (19). The wzx "z~ vertex function
is given by

g
Gorta (p+ + p—) = e — Sowiﬂl'm r’ (22)

W™ @

where the expression of the coupling coefficient g,,, is
given in Sec. [Vand I',, is the w total width. One eventually
arrives at

TSt o), (S0: 52 54)
G ]mADOw mZ
=L a)A @mm(s— —s) gzw . ( ) =Ts.
2 V2 m2 — sy —im,l,

(23)

3. The K%z~ |pat and K}z 7~} amplitudes
One has finally to evaluate the [K$z],z" amplitude

associated to the K3~ = K}7(1430) resonance for the

[K%77],, states and the K$[z"z7], one related to the
f2=1>(1270) for the [z"z|, states. With the nota-
tion M = Mg (1430)s the amplitude related to the K3~

resonance reads
CF G DOR[KO%] 2
T[Koﬂ—]Dﬂ+(SO7S—7S+) = _TQIAlan (s_,mz)
QK;-Kgn-D(Pl Py)

2 —s_—imgTpe
My, — 8- —img;lg;

=T, (24)
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where 9Ky Kon- is the K5~ coupling constant to the Kgﬂ_
pair since the width F,(; will be considered as constant [see
Egs. (123)—(125)]. The function D(py, p, ) is expressed in
terms of the momenta in the [K$z~] center-of-mass system
defined in the Appendix:

(Ipillp ) = Py -pL)% (25)

W | =

D(p;.py) =

The transition form factor FP*RolK°="] (5_ m2) follows from
Ref. [37] [see their Eq. (10a)], and depends on three distinct
functions of the four momentum transfer squared at m2,

0 grs— 0 g*—
KD°Ks (m2), bi K, (m2) and pP ke (m2), such that

0 — — 0 gri—
FPRolK (5 m2) = KPS (m2) + b7 (m2)(m2, = 5.)

e (m2)m2. (26)

For the amplitude related to the f, meson with mass
My, = Mg, (1270), one has

A _Gr T FD°Rp

R, (50,8 84) = 5@ A N 7 (59, m%,)

gf2ﬂ+n"D(p2’ pO)
m%z - SO - lmf2Ff2 (S())

=T, 27)

where gy, ,+,- characterizes the strength of the f, — 7"z~
transition [see Eqgs. (119) and (120)]. Here, because of the
rather large width of the f, meson, the total width I';, (s)
depends on the invariant mass squared s,. The function
D(p,, po) is given by the same expression as in Eq. (25)
replacing p; by p, and p, by p, the corresponding
momenta and scalar product defined in Egs. (A4)—(A6).
In Eq. (27), the D° to f, transition form factor,
FD'Rolz' ] (s0.m%,) depends on three distinct functions
of the four momentum transfer squared at mioz

_ 0
FP'Rol™ (g, myy) = kP12 (mo) + bl (mgo) (Mo = 50)

+ bl_)ofz(méo)mio. (28)

B. The doubly Cabibbo suppressed amplitudes

To the Cabbibo favored amplitudes of the preceding
subsection must now be added the doubly Cabibbo sup-
pressed tree amplitudes which are derived from Eq. (10) in
a similar way to that used for the CF amplitudes. For the
(K97 ]gn~ amplitude, we have
GF 2 2 miﬂ - miz'[

DCS 2, - m2)

T[Ko”qs;z-(SOvs—vs—s-) = 5t

PHYSICAL REVIEW D 89, 094018 (2014)

while the K[z~z"]g amplitude reads

A

DCS CF B
TKO[”’”*]S(SO’ $-84) = A_1 Tko[nm‘]s(SO» S_,8y) = A_1 7).
(30
For the [K9z ]z~ amplitude we obtain
T][?(%i+]Pﬂ_(s0’ S, S+)
G m2 _ m2
- ‘TFalAz so = s_ + (m2, —mk) K
S+
x PP (s, )FF™™ (s.) = To. 31)

For the K9[z~x"], amplitude, one has two contributions,
associated mainly to the p(770)° and to the w(782). They
read

A

DCS CF B
TKO[Ir’fﬁ]P (So, S_, S+) - A_l Tkrl[ﬁﬂ,][’(SO, S_, s+) = A_l T,
(32)
and
ngj[i_”Jr]m (SO’ S_’ s+) - A_l T%E[ﬂ+ﬂ_]a) (SO, S—’ S+) = A_l T59
(33)

respectively. Associated to the [Kz] and [zz| D states, there
is only one nonzero amplitude, that related to the f, meson,

A
T?oc[ifﬂ]o (S0, 5_.84) = A_l T%j[n*ﬂ’]o(so’ $-o84) = A "

No contribution comes from the [Kz] D wave since one has
(0[(@s)y_4|K5*) = 0, so that

TDCS

[K0”+]D7[_ (So, S_, S+) X TlO =0. (35)

The expressions of the CF and DCS “emission” ampli-
tudes of the D° to pseudoscalar-vector meson decays, given
in the Appendix of Ref. [19], agree with our CF [see
Egs. (15), (16), and (23)] and DCS [see Eqgs. (31)—(33)] tree
amplitudes for the dominant resonance K*(892), p(770)°
and w part, respectively.

C. The annihilation (W-exchange) Cabibbo
favored amplitudes

Let us sketch a systematic derivation for these ampli-
tudes defined in Eq. (11) and illustrated diagrammatically
by Fig. 5 (see, e.g., Sec. V C in Ref. [33]). Denoting by
M (p1) and M,(p,) the quasi-two-meson final state, we
may write, in the quasi-two-body factorization, for the CF
amplitudes,
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(M (p1)M>(p2)|Hegr| DO(ppo)) = ﬁC12/\1<Ml (P1)M3(p2)|(5d)y_a]0) - (O] (@tc)y_a| D (ppo)). (36)

V2

The second term in the right-hand side of Eq. (36)
corresponds to the annihilation of the D° that goes through
the W exchange between the cii quark pair that builds the
D (see Ref. [33]). In Eq. (36) the possible quasi-two-
meson pairs are [see Eq. (11)]

M (po+p-)=[K(po)n(p_)l.. Ma(py)=z(p.).

(37)

M;(po) EKO(PO)-
(38)

The meson pairs are assumed to originate from a pair of
quarks: a si pair in the first case and a dd one in the second.
For the D° decay constant, fpo, one takes [the phase is
chosen in accordance with the choice made in Eq. (A.3) of
Ref. [27]]

M(p.+p)=[z"(py)a (p)lL

(Ol(@ic)y_alD(ppo)) = =if po pro- (39)

Thus, all annihilation amplitudes will be proportional
to the DY decay constant fpo. The form factor

For [m;m,]g waves

|
(M (py)M>(p,)|(5d)y_4]0) is evaluated in terms of the
transition form factors between the pseudoscalar M, (—p,)
and the meson pair [m(p3)my(p4)], in the scalar, the
vector or the tensor state, with respective four momenta p;
and p,. We introduce the hypothesis that the transitions of
the pseudoscalar meson M,(—p,) to the [m;(p3)m,(p4)];
states go through intermediate resonances M, (p;) where
the four momentum p; fulfills the energy-momentum
conservation relation p; = ps; + p4; these intermediate
resonances then decay into the [m;(p3),m,(p,)] pairs.
In the case of Eq. (37), one identifies m,(p;) with the K°
meson with four momentum p, and m,(p,) with the 7~
meson with four momentum p_ whereas, in the case of
Eq. (38) one identifies m, (p3) with the z meson with four
momentum p_ and m,(p4) with the z~ meson with four
momentum p_. The resonance decays are described by
vertex functions Gg, f, m,)( p?) modeled assuming them to
be proportional to the scalar Rg[m;m,] or vector R p[mm,)
form factor for the S and P amplitudes or to a relativistic
Breit-Wigner function for the Ry [mm,] states. The model
thus yields the following contributions.

(M (p1)M>(p2)|(3d)y_410) = GRyfim,m,) (534) (Rs[m1 (p3)ma(pa)]|(5d)y_a|Mr(=p2))

: 14
= _ZGRS[m]mz]<S34){ |:_p2 +p3t+pst 2

M,R
X F1 2Rg[mymy)

where F, OMZRS[m'mZ] (m2,) and F yst[mlmz](szU) denote the
M>Rg[m;m,] scalar and vector form factors. The vertex
function Ggj,m,] (s34) is modeled according to

GRS[mlmz] (S34) :)(Rs[mlmz]Fglmz (s34)5 with

s34 = p1 = (p3 + pa)’ 41)

Fy'"™ (s34) being the [mm5] scalar form factor and y g, m,|
characterizing the strength of the S-state form factor con-
tribution as discussed in Sec. I A. With yp g0~ =yx1 [see
Eq. (13)] the CF [K°(p°)z=(p_)]sn"(p,) annihilation
amplitude is

G
A%ﬂ_]sﬂJr (S(), S_, S+) = — TFazAlj(l (m,zr — S_)fDo
X F8+R"[k0”7](méo)F§o”_ (s_)
=A;. (42)

(”%0) -

% — (p3 + pa)? }
— 5 —— —Pp°
mi,

p3— (ps+ pa)? MyRglmims)

PPt b)) (m2,) . (40)

mDO

|
For the [z (p.. )z~ (p_)]s pair, we have, with yg (z+ -] = 1>
[see Eq. (14)]

A, (S0 5-051) = _TFC‘ZAW 2 (1m0 = 50) po
« F(I;(ORs[ﬂ+ﬂ_] (m%o)FngIf (SO)

Since the DY mass is larger than the masses of the
two-meson thresholds m, + M- (800) and mgo + Mg, (500)
F8+Rs[ffof](m2 )

DO
K0 5 . . .
Fi s bt ](mf)o) appearing in these equations are unknown
complex parameters to be fitted.
For the [m;m,]p, wave contributions, denoting for sim-

plicity the vector meson resonances as

the transition form factors and
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Vi = Rp[mimy],

we may write

([m1(p3)may(pa)]pMa(p2)|(ds)y_410)

= GVR(P%)G‘ (p3 — P4)<VR(P%)|(§d)V—A|M2(—P2)>’
(44)

€ being the polarization of the vector resonance and Gy, the
Vi decay vertex function. One has [33]

(Ve(pD)I(5d)y_s|Ma(=p2))
2 .
= —iMpDoAgth (m3,) + “other terms”.
pDO
(45)

Here ppo = p1 + p,. The “other terms” do not contribute
when multiplying the matrix element (45) by that of
Eq. (39). The P states being characterized by dominant
resonances, one writes

Gy, (pi) = F{""™(pi),

mVRfVR

where fy, is the Vg decay constant. One thus arrives at the
following expressions:

A[Cf?),,f]P,ﬁ (S0. 8- 54)

G [ (mpy = mz)(m, — my)
= _TFQZAI f57 SO—S+ D° 5 K
7t Rp[K7 KO _
Ay BT g PR (s.) = As, (46)

and

A%:[,ﬁ,f]f, (So, S_s S+)

G KRp[ntn~ -
= O 2 (s s DA T 2 7 ()
fo
~ A, “7)

and, if the [z~7 "], originates from the @ resonance,

ROlrt
_ G I (s_—s )ga"mA0 T M)
2 L TN T e s = im, T,
= As. (48)

Since we are in the KV scattering region, the values of

the form factors A(I)_( UR”W”_](m%O) and Agﬂ[”“f]“’(mén) are

complex numbers.

PHYSICAL REVIEW D 89, 094018 (2014)
Finally, for the [m;m,],-wave contributions, denoting
for simplicity the tensor meson resonances as

Tg = Tg[mmy]

and the polarization tensor of the D-wave resonance as
€45(4), A being the spin projection, one can write

([mi(p3)ma(p4)lpMa(p2)|(5d)y_410)

= Gr,(p}) _Z €ap(A) PIPL(Th(P}) M (=p2)|(3d)y_4]0).

(49)

Reformulating the matrix element for the M, Ty to vacuum
transition

—if poppo - (Tr(PT)Ma(p2)|(5d)y_410)
= fpoF™Tk(pi, m2, e, (2) psph. (50)

where (see Ref. [37])

—iFMaTr(pt,m) = KMTe (i) 4 DY () (miy, = p?)

DU
+ bM2Tr(m? Yym2,. (51)
Here, kM2Tx, b{‘sz’* and bM2Tk are complex transition form
factors since m7, > (my, + mr,)*. Assuming then, for
these cases, Breit-Wigner representations of the resonance
vertex functions Gy, (p}) and summing over the spin

projections A, one arrives at the following expressions:
CF
A[[’(O,,—]p,ﬁ (50’ S—, s+)

G -
=L a, A, f o FRolK' (s szO)

2
D(p;.p.)

X 9Ky K9n 2. — g 1_ i; To =Aq (52

K; - Kz Kz
Agg[fﬂf]n(so’s—’h)
GF fDO =0 + -
— 24 A _FK Rplrtz7] 2

2 a 1\/2 (So»mDo)
D(p,.,

NP (P2. Po) —A. (53)

my — 80— imfZFfZ(sO)

where the expressions of gg:- Ko Gfyrta and of the
resonance widths are discussed in Sec. IV.

D. The annihilation (W-exchange) doubly Cabibbo
suppressed amplitudes

One has to evaluate the corresponding Cabbibo
suppressed amplitudes. One obtains for the [K3zt|gn~
amplitudes
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DCS
A[K0”+]Sﬂ— (SO’ S_, s-‘r)

G 7 Rg[Kz =
=~ ax Ay (m} =) fpoFy T ) P (5. )
= Ag, 54)
and
ADCS ACF AZA
Kz~ s (SO’ S_, 8§ ) KOztr s (SO’ S_, S+) A] 2
(55)

for the K§[z~n"]; amplitude, having assumed the charge
symmetry relation for the form factors

K'Rg[n~nt KORg[ntn~
Fo 7T m) = Fy S ). (56)

For the [K%7"]pz~ amplitudes, one has with K** =
K*"(892) [compare with Eq. (46)]

E(CO,S,+]P”—(5055—’S+)
G m> —m,z, m> —m,zr
ey S [ = ) = )
2 fK*+ S+
Rp[K'n " at
AT (2 VR ()
= Ao, (57)

while for the K[z~ "
symmetry relations

|p amplitudes, assuming the charge

0 ﬂ.fﬂ+ K0 ﬂ+”*

AR g2y — AS R D 2 (58)
0 Jia ]T+ 74\l 7'[+7L'

Ay " ) = Ay T (my).(59)

one obtains respectively

Ay Ay
A?"C[ifﬁ]f,(so’ S_.8y) = AlACF p (S0, 8-, 84) = A_1A4’
(60)
Ay Ay
A?S:;,mw(so, S_,8,) = A Agﬂw L (50.85_,5,) = A—1A5.
(61)
Finally, the [K%7 "]z~ amplitude reads
B{CO,STWD”— (SOv S—» S+)
G e
B TFC’ZAZfDUFRD[KO (sp.m D”)
D
X ggKont — 3 (ps, p_) =Ay, (62)
20 mK; —S+—lm](;rk;

PHYSICAL REVIEW D 89, 094018 (2014)

where p; and p_ are defined in the Appendix, and with the
charge symmetry relation
FKORD[;:-,;+]( ngO) _ FKORD[”+”_]<S0, méo), (63)

So,

the K9[z~ 7 "], amplitude is

DCS

A
K9], (So, S_, s+) — A_? CF

I‘(o[ﬂ+,r—]D(s0» S_.54) = A A
(64)

To summarize, of the 28 amplitudes describing the D° —
K9rn"z~ decays, only 20 are independent among which
one, T][?KCO?:*] ~(50,5_,54) or Ty, is zero [Eq. (35)].

III. QUASI-TWO-BODY CHANNEL AMPLITUDES
AND BRANCHING FRACTIONS

This section is devoted to the construction of amplitudes
suited for numerical computations. This aim leads us to
build specific combinations out of the amplitudes formally
derived in the preceding section. The full decay amplitude
given in Eq. (5§) can be written in the quasi two-body-
factorization approximation as a superposition of ten partial
amplitudes M; which are each made of a tree 7; and of an
annihilation (W-exchange) A; contribution:

10

DT+ A (65)

i=1

10
MF = ZM, =
i=1

A. Amplitudes recombined

From Egs. (6), (11), (13), and (42),
[K%7~|gz" CF amplitudes read

the summed

Ml = Tl + .A1
x [ay (m2 = s_)foFp SE T (m2)

+ay(m2—s_)fp oFR’[K I (m2,)]. (66)

DO

G —
=T, +A = —TFAUHF(I)(O” (s-)

Recombining the tree amplitudes defined in Egs. (6) and
(10) and given by Eqgs. (14) and (30), and the annihilation
amplitudes defined in Eqgs. (11) and (12), and given by
Egs. (43) and (55), yields the complete K[z * 7~ | amplitude,

A
My=T, + A = <1+A2>(T2+A2)
1

G .
= —TF@(AI + M) B 7 (s0)

x [(m2, = 50)fxoFe "7 (m2,)
+ (m2y = so) fooFa ST m2)). (67)

For the P states, the summed [K%7~ ],z CF amplitudes
from Eqgs. (6), (11), (15), and (46) yield
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G m2, —m2)(m2y —m2)| ., _
M3ET3+A3:T3+A3:7FA1 So_s++( = 3( = )}F{(% (s-)
) [al f];i DRI () ]{TD AT RIE] (méo)] ' (68)

As in the case of the Kg [z 7] channel, one aggregates the four CF and DCS amplitudes given in Egs. (16), (32), (47),
and (60) to obtain the complete K[z*z~], amplitude,

A
My=T4+ Ay = (1+A—2)(T4+A4)
1

G 1 . ORp [z - RORp[x" -
- TF@(A1 + AZ)JT (s_ = )FE ™ (s0)[fxoAp W m2o) + froAg 7 7 m2,)). (69)
P
The combination,
0 rtr 0 ot
FroAg T m2,) 4 fpoaq © T (m2y), (70)
will be treated as a single real parameter (see Sec. III B).
The K%[z"z~], amplitude results from Egs. (23), (33), (48), and (61):
Ay
Ms=Ts+As= (1 1 (Ts + As)
1
Gr day 0 Klzt7), Yoz
=5 (A )Tz (s- = s U AR () = Fiodg " M) (D)

The [K%7~]p7x" amplitude, which arises from Eqs. (6), (11), (24), (35), and (52), reads

G 70 - R0 110t
Mg=Te+ Ag =T+ As = TFAIQKZ‘K%-B@(%» s_)[=arf PR (s m2) + ay f po FROKTIA (s_ ),

DO
(72)
|
where while d; and e, related to the form factors in Eq. (51) by
ot Ki~nt
Bk*(S+, S—) ) D(pl’l).+) . (73) dy = K (sz") + b= (m%)")sz" and
2 mK; - 5_ - lmKSFK; K;“n* )
€ = b+ (mDO)
Using are complex. One finally obtains
FP'RolK'x] (¢ m2) = D, + E, (my—s_) (74) Gr 5
Me = 7/\191(;*1(‘;”* Mg ‘f‘ﬁs— BK;(SJr’S—)
and 5
(76)
FRoKxIx" (6 2 Y = d, + e;(m2 —s_), 75
where D; and E; are real coefficients, related to the form o 5 5
factors in Eq. (26) by q()mK; - _alfn(Dl +ElmDO) +aZfDO (dl +el’”fz)! (77)
- 56
D, = kK"K (m2) + pP'Ks (m2)m?  and P afE\ —ayfpoey. (78)
2

Ey = b7 (m2
1 =by 2 (mg) The unknown complex parameters gq and s¢ will be fitted.
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For the K{[z"z~], amplitude dominated by the f,
meson, we have, from Eqgs. (6), (10)—(12), (27), (34),
(53), and (64),

A
M, =T5+ Ay = (1 +A2>(T7 +A7)
1
G
B 2—\%‘12(/\1 + M2)Gpynt n
% [_fl(o FDORD Eam (SO’ m?{o)
+ /b o FK°Rpla*a” ](So,szo)}sz(s-&-aSO) (79)

with
D b
By, (54.50) = — (Pz. Po) (80)
| my, = so = im,I'y, (s0)
It is reexpressed as
G s
M; = 2\;— (A + A2>gf~;ﬂ+ <617mfz + m—;zso>
X By, (s, 0), (81)
with
qimpy = ay[=fxo(Dy + Exm2,) + fpo(dy + eam2y,)]
(82)
$7
—— = ay(fxoEy — foes). (83)
mf2

As for the [K97~],n" amplitude, the coefficients D,, E,
are real but related to the form factors in Eq. (28) by

Dy = kP12 (m2,) + b2'12(m2,)m%,  and

.
Ey = bV (mi),

while d, and e,, arising from the form factors of Eq. (51),
are complex. As g and s¢, g7 and s; are unknown
parameters that will be fitted.

The DCS [K%z*|gn~ amplitude results from Egs. (10),
(12), (29), and (54) and reads

Mg = Tg + Ag
= z3(Tg + Ag)
G m2, —m2 i}
= TFAzzs al(’"%)o - mzzr)KOs—FoDoﬂ (s4)
+
7 Rs[K'x+ zt
— a1 foo(m3 = s, )Fy T ) | FE'™ (s2)

(84)

and the DCS [K97 "]z~ amplitude results from Egs. (10),
(12), (31), and (57):

PHYSICAL REVIEW D 89, 094018 (2014)
Mg = Tg + Ag
= z9(T9 + Ag)

G _
—7FA229 {alF?oﬂ (54)

f Rp[K'z
a 2f1(*+A . ﬂ]ﬂ( %)")
m? m2)(m2, — m>
x |:S()—S_ +( DO ﬂ)( KO 7[):| FK0”+( +)
S+

(85)

The unknown multiplicative complex constants zg and zg,
appearing in Egs. (84) and (85), are introduced to allow
some charge independence violation in the [Kz|¢z and
[Kr|pn amplitudes, as can be seen comparing, on the one
hand, amplitudes M in Eq. (66) and My in Eq. (84) and,
on the other hand, amplitudes M3 in Eq. (68) and M, in
Eq. (85). They will be fitted. In the calculations that follow,
we assume that the [K7|g p form factors fulfill the relation

o
FEx(s) = FiT (s). (86)

Finally, from Eq. (62), the DCS annihilation [Kz|,z
amplitude is My = A;y. In analogy with the amplitudes
M and M, we introduce the parametrization

- 510
aszOFRD[KO;z+]7T (S+, szo) = qumK; + m—S+, (87)

2
where the unknown coefficients g;, and s, related to the
transition form factors in Eq. (51), are free complex
parameters that will be fitted. We calculate practically

G Ik kor D(P3, P-)
MloITFA <Q1omk*+—o S+) 22_ﬂ T
Mg mK; S+ lsz K;
(88)

To summarize this subsection, the recombined ampli-
tudes used in our calculations are given in Table I (a similar
table can be established for the conjugate D° decays).

B. On branching fractions

The differential branching fraction or the Dalitz plot
density distribution is defined as

d°Br
ds_ds,

(M
32(22)°m3,Tpe’

(89)

where ' is the D width. The total branching fraction for
the D° decay into Kzt 7~ is obtained by integration of the
differential branching fraction over the Dalitz diagram
surface. One can also obtain one-dimensional densities
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TABLE L.

PHYSICAL REVIEW D 89, 094018 (2014)

Summary of the Cabibbo favored, CF, and doubly Cabibbo suppressed, DCS, amplitudes associated to

the different quasi-two-body channels. For each channel, the dominant resonances are listed in column 3 and the
total amplitudes, M;, i = 1, 10, are the sum of the CF and DCS amplitudes. The tree and annihilation amplitudes are

denoted T; and A;, respectively.

Amplitude Quasi-two-body channel Dominant resonances CF amplitudes DCS amplitudes
M, [KOn~ st K;(800)", K;3(1430)~ T\ + A
M, K§latn]s J0(500), f,(980), fo(1400) T + Ay (T +4,)
M3 [Kgﬂ_]lgﬂ+ K* (892)_ T3 + A3
My K§lzta]p p(770) Ty+ A, ﬁ—f (Ty +Ag)
Ms K$[z 7], w(782) Ts +As ﬁ—f (Ts + As)
M K7 ) pn* K3(1430)~ Te + Aq
M; K§[z*n7]p 12(1270) T7 +Aq ﬁ—f(T7 +47)
My [K§n* s~ K;(800)*, K;(1430)* z5(Ts + Ag)
M, [Kn*]pn~ K*(892)" 29(Tg + Ag)
Mo [K§z|pm” K5(1430)* Al
by integration over one variable s, for example the d*Brire _ |7, ©93)
s_ distribution reads ds_ds, 32(2ﬂ)3m%0FDo ’
dB (mpo-me)*  d°B and
dBr _ / 0 s, (90)
ds_ (mytm )2 ds_ds .
‘ d’Bri™ _ JAI* _ e MM =T, 94)
. - : ds_ds, Sm? B Smd Tpo
We infer from Eq. (89) that it is not possible to calculate s-ds. 32027) mpplpe - 32027) myy Uy
all the phases of the amplitudes M; by knowing the .
differential branching fraction distribution only. Out of since from Egs. (65) and (91) one has
the ten phases, h t be determined. Let 11 .
e ten phases, one phase cannot be determined. Let us ca A = e N, — T, 95)

this particular phase ¢, and define the modified partial
amplitudes M, as follows:

M; = e s M,. 1)

The phase ¢, is taken equal to the phase of the constant
coefficient of the amplitude M, defined in Eq. (69). By
making this choice we proceed in the same way as in the
isobar model analyses of Refs. [1,2,10]. Our basic ampli-
tudes, which will be determined from the fit to the Dalitz
plot density distributions, are the M; and 7 ; amplitudes.

The branching fraction distributions corresponding to the
amplitudes M; are defined as

d*Br; |2
no_ M ©2)

ds_ds,  32(2x)*m3 Tpo’

If one replaces M; by ./\;li then the above branching
fractions remain unchanged. It is instructive to define
separately the branching fractions corresponding to differ-
ent tree and annihilation components i of the decay
amplitudes,

While the branching fractions d”Br;/ds_ds., and the tree
branching fractions d’>Br™¢/ds_ds. can be directly calcu-
lated from the fitted amplitudes, the annihilation branching
fractions @’Bri™/ds_ds, cannot be evaluated since the
phase ¢, is in general unknown. From Eq. (95) we can,
however, obtain the following inequality:

|-/\;li|2 +|T)* - 2|-/\;li”7'i| <|AP < |-A;li|2
+|T:* + 2|/\;li||7i\ %6)

from which the lower and upper limits of the annihilation
branching fractions can be calculated. For example, the
lower limits of the integrated annihilation branching
fractions are given by

Bri"™°" = Br; + B — 2 // ds_ds |M||T;|. (97)

where the double integration is performed over the Dalitz
plot surface.

We introduce also the
(W-exchange) amplitudes A;’:

modified annihilation
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M,’ - T,' +Ai/' (98)

As follows from Egs. (65) and (91) these amplitudes are
related to the tree and annihilation amplitudes:

Ai/ = Ti(e_i¢4 - 1) + e_id"‘A,-. (99)

The formulas for the modified amplitudes A,/ can be
rewritten in the same way as the corresponding formulas
for the annihilation amplitudes if we introduce new
coefficients replacing the former form factors calculated
at the momentum transfer squared mZDO. Thus, for example,
the new coefficient Ay " ! for'the A, amplitude is
given by the formula

“KO[rtx]p —i Sk DRpzta
Ay T = (et = ) ZE AT T )
+ et pl R (2 ). (100)

Similar relations are valid for the new complex coefficients
F([)koﬂ_]sﬂ, Fg( OW”_]S, /Nl([)koﬂ_]”ﬁ and /N\Ok“"), related to the
amplitudes A,’, A,’, A3/, and A5, respectively. By defi-
nition, the Ag ‘I coefficient is real. All the six new
coefficients, defined above, will be extracted by fitting the
Dalitz density distributions.

Due to our poor knowledge of the form factor combi-
nations, defined in Eqs. (26) and (28) for the D waves, we
are unable to calculate separately the tree contributions 7 ¢
and 7 ;. Therefore in the following considerations leading
to the possibly best determination of the lower limit of the
annihilation branching fraction we have to omit temporarily
from the total sum the contributions Mg and M.

Denoting by 7", A” and M” the sums of the tree,
annihilation and modified partial amplitudes,

T'=3 T, A=) A M'=> M, (10D

i#6.7 i#6.,7 i#6.7

7t ]p

and using Eq. (95) we obtain

A" = eits M — T (102)

Then similar inequalities to those of Eq. (96) are satisfied:

SR+ | TV = 2l ST < AP < AP

+IT"P + 2l M| T, (103)
from which we get the lower and upper limits of the total
annihilation branching fractions

Br//

ann,low

= Br’ + Brl,, — 2 // ds_ds.|M"||T"] (104)

and
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B p = Bt + Brl, + 2 // ds_ds,|M"||T"]. (105)

Here Br” is the total branching fraction for the decay
process considered by us with exclusion of the amplitudes

Te and 75:

B = // ds_ds.| M2 (106)
and Bry,.. is defined as

Bt/ = // ds_ds., | T"|>. (107)

IV. INPUT DATA AND USEFUL FORMULAS

The calculation of the full amplitude derived in the
preceding section requires the input of many physical
ingredients in addition to a number of parameters which
will be considered as free.

The Fermi coupling constant G is taken to be equal to
1.16637 x 107 GeV~—2 [38]. The values of the CKM
coupling matrix elements of Eq. (2) are, to order A*, where
A = 0.2253 is the sine of the Cabibbo angle [38] A| ~ 1 —
A2 and A, ~—2°. In the literature one can find many
different values for the effective coefficients a;, i = 1, 2.
Reference [17] uses the leading order, a; = 1.1463, a, =
—0.2349 while Ref. [16] approximates these by a; = 1.15,
a, = —0.25. The phenomenological values a; = 1.2 + 0.1,
a, =—0.5+0.1 have been introduced in Ref. [18].
Reference [21], invoking a large N approach, quotes
the following a; = C,(m.) = 1.274 and a, = C,(m,) =
—0.529 with m.(m.) = 1.25 GeV, values extracted from
Tables VI and VII of Ref. [32]. In Refs. [19], [21], and [22],
the parameters a; and a, have been fitted to data for
different kinds of two-body D-decays. Moreover, in
Ref. [19] two additional phenomenological coefficients
a, and ap have been included to account for the W-
annihilation and W-exchange contributions. Let us note
that in the factorization approach the coefficient ag is equal
to a, as follows from the derivation of our annihilation
amplitudes in Sec. II.

All the annihilation amplitudes, proportional to a,, can
acquire strong phases related to the final state interactions
described by the relevant form factors fixed at the momen-
tum transfer squared mi)o [see Egs. (42), (43), (46)—(48),
(57), (62)]. Thus the a, phase cannot result from a fit to
data. Furthermore, only the products of a, with the above-
mentioned form factors can be well determined from the fit.
Therefore in the present work we will adopt the real values

a =11 and  a,=—05. (108)
The amplitudes incorporate the 7, K°, p and D° meson

decay constants as well as their masses and, when
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appropriate, their widths. They are respectively, following
mainly Ref. [38] except when otherwise stated:

f,=0.13041 GeV  and  m, = 0.13957 GeV,

(109)

fx-=0.1561 GeV  and  mgo = 0.497614 GeV,

(110)

f, =0.209 GeV (111)

m,, = 0.78265 GeV and I', =0.00849 GeV,

(112)

fpo = 0.2067 GeV, mpo = 1.86486 GeV  and
Tpo = 1.605 x 10712 GeV. (113)

The p decay constant is extracted from Ref. [13]. The D°
decay constant is assimilated to the D' one, given in
Ref. [38]. The mass and width of the K*(892)F are
considered as free parameters. Its decay constant,
fx- = fr+ =0.2143 GeV, is taken from Ref. [25].

In addition, the mass and total width of the f;, and K3
mesons read [38]

my, =12751 GeV  and  Tj, =0.1851 GeV,

(114)

my= = 1.4256 GeV and 'k = 0.0985 GeV,
2 2

(115)

respectively.

We use Fyy RslKon] (m2) = 0.48 following Ref. [22] and
F ODORS 7] (m%,) = 0.18 according to Ref. [17]. We extract
ADRET] 12y — 076 from Table 9 of Ref. [39].

Although the values given in Table 14 of Ref. [15] are
at zero momentum transfer, we assume here that

AYF T (2 ) = 0.7 and AP (m2,) = 0.669.
Finally, from Eq. (4.12) and Table 12 of Ref. [39], we
have

Fo

FP'7 (s,) = (116)

2
s Ky
I =015+ 025y

with M = 2.01 GeV, 6, = 0.54, 6, = 0.32 and F, = 0.69,
and, from Eq. (4.10) and Table 12 of the same reference,
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Fy

(1 =321 =01 35)

with M = 2.01 GeV, ¢ = 0.30 and F, = 0.69.
The coupling constant g,,,, is given by

2T, , 1
—%  with p:E\/mg,—élm,%
p

(118)

FP7 (s5,) = (117)

Yorr = My

and, using T,,, = 0.0153 T, = 1.299 x 107* GeV, we
have g,,, = 0.3504.
The coupling constant gy ,+,- in Egs. (27) and (53) is

defined as
B 60ﬂrf2ﬂ+”— 119
gfzifrlr’ - mf2 5 . ( )
qf,
The partial width I'f,;+,- is given by
2
Cprin = 50.8481}2 (120)

with T, from Eq. (114), so that 'y +,- = 0.1046 GeV
and gy, = 18.55 GeV~!.

The total width Ty, (s() reads [see, e.g. Egs. (A.29) and
(A.30) of Ref. [27]]

_ q > my, (qur)4 Jr3(qur)2 +9
Ly, (s0) = {— 7 3 for
qr,) /So (qr)*+3(qr)”>+9
(121)

with 7 = 4.0 GeV~!.
The center-of-mass pion momenta that enter those

expressions are respectively
1
q 25\/s0—4m,2r.

(122)

1

a5, =5 my, —4m; and

The coupling constant Ik Kon appearing in Eqgs. (24) and
(52) is fixed at

607 k- 0~
Ik = Mg | ——=——=11.72 GeV~' (123)
2 B 2 qK;
with
i, = o T — (e )2, — (e — )’
K; me* K f.d K 3 K
(124)
and
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TABLE II. Values of the fixed form factors and coupling
constants.
Parameter Value
FORETT 2y 0.48
FOD<)R5[;r+n'] (méo) 0.18
ADRETT (2 0.76
AODt)RP[mﬂ'] (m?(“) 07
AP (m2,) 0.669
/- 0.3504
9fyrtr 18.55 GeV~!
IK; KOn 11.72 GeV~!
2
FK;_K(%,[_ = §O.489 FK; = 0.0321 GeV. (125)

We take gg-+ g0+ = Gx3-K0a-
To summarize this section, we have 33 free parameters:

14 complex parameters, namely, y1, 72, F* (Ko (m2),

~ 0 + = ~ K0 =1+ ~ 0
FESE 2 ), AR (2 ) AR (m2,), g6, 565 43,

T KRp[nta]
57, q10> S10- <8» 9 and five real parameters, A,

(m%(,), K, ¢, Mg+, I'g+. The parameters x and ¢ enter the
pion scalar form factor [see Egs. (28) and (39) in Ref. [27]].
The dominating P- and S-wave amplitudes require nine and
12 parameters, respectively, while the D amplitudes, whose
magnitudes are much smaller, depend on 12 parameters.

In addition to a; and a, fixed at the values given in
Eq. (108), and to the masses, widths and decay constants
listed in Eqs. (109)—(115), Table II sums up the values of
the fixed form factors and of the coupling constants needed
in the calculations that follow.

V. RESULTS AND DISCUSSION

The free parameters of the D° — ngﬁﬂ‘ decay ampli-
tudes described in the preceding section are fitted to the
2010 the Belle collaboration data [10,30]. We have calcu-
lated the two-dimensional effective mass distribution cor-
rected for background and efficiency variation as a function
of Dalitz plot position. A grid of 125 x 125 squared cells
covering the Dalitz plot in s_ and s, variables is con-
structed. For each cell a corresponding number of events is
evaluated. The width of each cell is chosen to be
As = 0.02055 GeV?. If the number of events in a given
cell is smaller than 5 then the adjacent cells with the same
s_ value are combined. If necessary, in the vicinity of the
Dalitz plot edge, cells corresponding to s_ and s_ + As
values are grouped in order to accumulate more than five
events. This allows a better application of mathematical
methods to estimate the statistical errors AN®P of the
experimental event numbers N®P. The total number of
effective cells with N®*P greater than 5 is 6321. The total
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number of signal events in these cells is equal to 453876.
The corresponding theoretical number of events N}h is
calculated using the model density distribution integrated
over the surface of a given cell j. The experimental finite
effective mass resolution is taken into account by calculat-
ing the convolution of the theoretical distribution with the
Gaussian function using its resolution parameter equal to
0.0055 GeV? [30]. The total number of events in the
theoretical distribution is normalized to the experimental
one. The parameter fitting procedure is based on the
following definition of the y% function:
Nt — NOP72
4 } (126)

)(%FZ[ ;

ANS®P
J J

The statistical have Dbeen calculated as

ANjfXP = N;f"p.

In the fitting procedure, as indicated in Sec. IV, the mass
and width of the K*(892) meson are free parameters. These
parameters enter also in the Kz vector form factor taken
from the Belle collaboration fit to the 7= — K%z~ v, decays
[28]. The contributions of K*(892) and K*(1410) reso-
nances are taken into account but without that of the
K*(1680) resonance. Including that resonance cannot
improve the quality of the fit because its large mass is
close to the upper limit of the Kz effective mass in the
D° - KOn"zn~ decay. The parameters of the K*(1410)
resonance are fixed to the values given in the middle
column of Table 3 in Ref. [28].

In order to have consistent K*(892) parameters we
perform a simultaneous fit of the D° and 7 decay data.
The y? function is defined similarly to the y?, function of
Eq. (126). We use the first 89 experimental points up to the
Kr effective mass equal to 1.65 GeV covering a range
where the statistical errors are not too large [28]. The Kz
mass distribution is calculated with Eq. (2) of this refer-
ence. Alternatively to the experimental parametrization of
Ref. [28] we use the model of the Kz vector form factor of
Boito et al. [35] in which some constraints from analyticity
and elastic unitarity are incorporated. We also found that
the unitary Kz vector form factor derived and used in
Ref. [25] to fit the B - Kz"z~ decay data gives K*(892)
parameters in disagreement with those required here to fit
well the present high statistics D — K$ztz~ data. As
mentioned in Sec. IT A, the scalar Kz form factor is
calculated as in Ref. [25]. Its functional form in the Kz
effective mass range close to the position of the K(1430)
resonance depends sensitively on the fg/f, ratio of the
kaon to pion coupling constants [40]. It is illustrated in
Fig. 7. We find that the best fit is obtained with the Kz
scalar form factor calculated with a fg/f, value of 1.175.

As pointed out below Eq. (16), two types of the pion
vector form factor have been tested, namely the exper-
imental parametrization used by the Belle collaboration in

€1rors
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FIG. 7. The modulus (left panel) and the phase (right panel) of the Kz scalar form factor FX™ as function of the K effective mass for

two values of the fx/f, ratio.

the data analysis of the 7= — 277", decays [29] and the
Hanhart model presented in Ref. [36].

We fit also the total experimental branching fraction of
the D° —» K9z*z~ decay, Bri), = (2.82£0.19)% [38].
Denoting its contribution to the total ? function as y3. we
define

X =xb a7+ Wik (127)
where the weight w, in principle equals to 1, will be set so
as to obtain reasonable value of the total branching fraction
(see below). The total number of free parameters in our
model being equal to 33, the number of degrees of freedom,
ndf, in the fit is ndf = 6321 + 89 + 1 — 33 = 6378. The
combined D° and 7 decay data fit leads, with w =1, to
% = 9451 which gives y?/ndf = 1.48. The values of y%,
x% and y3_ are equal to 9328, 123 and 0.04, respectively.
The calculated total branching fraction is Br'® = 2.78%.
This fit is obtained for the pion vector form factor
calculated according to Hanhart’s model with the 2 C fit
parameters shown in Table 1 of Ref. [36]. For the Kz vector
form factor we have used the Belle parametrization of
Ref. [28]. The results quoted above have been obtained for
the value of fyx/f, = 1.175 which belongs to input
parameters in the Kz scalar form factor as described in
Ref. [25]. In studies of the B decays into Kz~ [25] the
value fx/f, = 1.193 has been used although it has already
been noticed that the lower value of this ratio, 1.183, gave
an improved y*. Here, for the D° — K%z "z~ decays, we
have checked that with f/f, = 1.193 one obtains a much
worse fit with y> = 10045. However, if we lower the fx/ f,
value down to 1.165 the y? rises again to 9979, being by
528 units higher than the minimum of y?> = 9451 for
fx/f==1.175. Thus the functional dependence of the
scalar Kz form factor on the Kz effective mass plays a

major role in finding the y*> minimum. Taking the vector Kz
form factor of Boito et al. [35] instead of that from Belle
parametrization [28] leads to slightly higher y> = 9488.
The two sets of parameters obtained for y*> = 9451 and for
y> =9488 will be discussed in more detail below.
However, for the sake of completeness we quote the
corresponding y? values when the Hanhart’s pion vector
form factor is replaced by the Belle form factor of Ref. [29].
Then one gets still higher y? values equal to 9514 and 9522,
respectively.

The resulting values of parameters for the best fit are
shown in Table III. As in the experimental analyses we fix
the phase of the term multiplying the pion vector form
factor F7' 7 (sy) to be zero. Consequently, the parameter
AY el (m2,) is real as explained in Sec. IIl B. This
forces us to introduce a tilda on the other form factor
parameters appearing in Table I1I to differentiate them from
the physical form factors. The value of y; can be estimated
from a Breit-Wigner amplitude representation for the
strange scalar meson K{(1430) whose decay into Kz
dominates the Kz § wave. Using a formula similar to

Eq. (18) of Ref. [23] with |[F§™™ (m2. 10| = 1.73 [25]

for fx/fr = 1.175 one obtains y, = 5.6 GeV~! which
is close to the value (5.4340.22) GeV~! given in
Table III. It is also comparable to the y$f = (4.9 +
0.4) GeV~! obtained in the Dalitz plot analysis of the
Dt — K~ztn" decay performed in Ref. [18], as can be
seen from their Eq. (38). A similar estimation of y, for the
[z"7~] S wave is unfeasible since in that channel one has
three scalar resonances which cannot be properly approxi-
mated by Breit-Wigner functions so the y, value represents
an effective coupling. However, its value is compatible with
the y, value of (26 +9) GeV~' obtained in Ref. [16] for
the D — ztz~x" decays, as seen from their Eq. (46).
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TABLE IIl. Parameters obtained from the best fit to the Belle
data [10] (y*> = 9451). The first error is statistical and the second
one shows the modulus of the difference between the parameter
value obtained in the fit using the Kz form factor of Boito et al.
[35] (x* = 9488) and that of the best fit performed with the Belle
parametrization [28] for this form factor.

Parameter Modulus Phase (deg)

7 543+022+£000 248.1+1.3+2.0
1 32.50 £ 121 £0.09 2219+ 0.9+ 0.7
Rl (m2 ) 19440034000 2456+ 1.1+ 1.1
F®rel ) 13640024000 377404 +0.2
AT R (p2)0.954£0.05+£0.06  2942+22411.9
ASEATTT (m2y) 0.6 +0.04 £ 0.01 0.0 (fixed)
AK'(m2,) 12340044003 3191+ 1.1+£02
e 1444007 +0.15 262+1.6+38
s 1.844+0.09+0.16 1992+ 13+ 15
4 0.68 +0.03+£0.02 2459+ 1.6+£49
57 1.01 £0.05+0.03 1023+ 1.7 £4.1
2 209+ 0.12+£0.04  206.1 £3.1+3.5
2 1.64+£0.09+031 1353+ 1.9+03
a0 2319+ 1.26+£3.10 220.8+3.1+15.6
S10 2426 £ 133 £3.74 403 +£3.0 £ 14.5
¢ (GeV) 0.29 £ 0.02 + 0.02

x (MeV) 305.61 +2.74 + 1.33

mg= (MeV) 894.74 + 0.08

Tk (MeV) 46.98 +0.18

The parameters gg, Sg. 7, S7, q10, S10 are related to the
D-wave contributions. As noted in Sec. III, the multipli-
cative complex parameters zg and z¢ entering the doubly
Cabibbo suppressed Mg and M,y amplitudes can be
interpreted in terms of some charge independence violation
in the [K7|g p7 systems [see Eqs. (84) and (85)].

The parameters ¢ and « enter the calculation of the pion
scalar form factor as described in chapter 3 of Ref. [27].
Figure 8 displays this form factor, obtained in the present fit
to the Belle data compared to that calculated in the fit to the
B — zzr data with x =2 GeV and ¢ = 19.5 GeV ~* in
Ref. [27]. In spite of the seemingly large differences
observed, we have checked that, with the form factor fitted
here to achieve the lowest 2, for the D° — K%z z~ decay,
the main conclusions drawn in Ref. [27] for the B — nxn
were not altered. This is due to the interplay between x and
¢ with the parameter y in Ref. [27] and to the fact that the
B — zzrx data (see Ref. [41]) are statistically less restricting
than the D° — K%z 7~ data. We also want to point out that
the modulus of the pion scalar form factor is presently
closer to that of the form factor calculated by Moussallam
solving the Muskhelishvili-Omnes equations [42], notably
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below 1 GeV. Moussallam’s form factor has been calcu-
lated for the meson-meson amplitudes taken from the three-
channel model of Ref. [43] under an additional assumption
that the off-diagonal matrix elements 73 and 7,3 are set
equal to zero in the region below the third threshold
(mg < 1.4 GeV). Moreover the cutoff energy E, defined
in [42] has been chosen equal to 2 GeV.

The Dalitz plot density distribution that emerges from
the fit of our model to the Belle data is plotted in Fig. 9. It
displays a very rich interference pattern dominated by the
presence of the K*(892) resonance. Figure 10 illustrates the
distribution of y? in the Dalitz plot. It shows that there is
only a limited number of regions where the y* exceeds 4
and, thus, that a good overall agreement of our model with
the experimental density distribution of Ref. [10] is
achieved. The mass and width of the charged K*(892)
that come out of the minimization process are in very good
agreement with the determination of the Belle collaboration
for 7= — K%z~ v, decays [28].

In Ref. [2] the BABAR collaboration has reported results
of their Dalitz plot analysis containing 540800 signal
events for the D° — ngﬁzz‘ decays. The Dalitz plot
density distribution has been fitted using the isobar model
with 43 free parameters. In the present paper, the values of
the density distribution are calculated starting from a
1000 x 1000 grid tabulating the values of the BABAR
model decay amplitude [31]. Summing these values in
adjacent cells, one gets a set of pseudodata on a 125 x 125
grid with 7286 cells. Then the 33 free parameters of our
model are fitted to these data using the same method as
described above for the Belle data. The weight w of y§, in
Eq. (127) is increased by a factor 10 since with w = 1 one
obtains a much too low value of Br'® in comparison
with the experimental value. Then, the total y? equals to
6687 for ndf = 7286 + 89 4+ 1 — 33 = 7343 which gives
x*/ndf = 0.91. The values of y3, y? and y3 are 6533, 151
and 0.3, respectively (Br'®* = 2.71%). Taking as previously
the alternative vector K form factor from Ref. [35] instead
of that from Ref. [28] leads to a much higher y*> = 6951.

Compared to Table III, Table IV reveals that the
numerical values of the parameters fitted to the Belle data
and to the BABAR model are quite close. Somehow
indirectly this means that the Dalitz density distributions
measured by both collaborations are very similar. Some
noticeable differences between parameters are seen, mostly
for the amplitudes whose contributions are small. In Fig. 11
two one-dimensional projections of the Dalitz density
distributions are shown as an illustration of an overall
agreement of the Belle data and the BABAR model.

The total branching fractions for different quasi-two-
body channel amplitudes are given in Tables V and VI. The
contribution of the [K$z~]pz* amplitude is clearly dom-
inant as was also found in the isobar model analysis for the
K*(892)~z* of the Belle [1] and BABAR [2] collabora-
tions. The four amplitudes M, M,, M5 and M, give
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FIG. 8. The modulus (left panel) and the phase (right panel) of the pion scalar form factor F 6‘“’_ (my), obtained in the fit to the Belle
data, is plotted as the dark band which represents its variation when the parameters « and ¢ vary within their errors given in Table III. It is
compared with the same form factor introduced in Ref. [27] with the parameters k = 2 GeV and ¢ = 19.5 GeV~* (dashed line) and with
that calculated using the Muskhelishvili-Omnes equations [42] (dot-dashed line).

sizable contributions while the branching fractions of the
remaining amplitudes are small. Our branching fraction for
the M3 and M, amplitudes compare well with the
K*(892)zr and K% determinations of the experimental
analyses [1,2,10].

The amplitudes M and M,, corresponding to the S-
wave Kgrc and 7z~ subchannels, merge contributions
from several resonances. Then, if one wishes, for example,
to compare the branching fraction (16.92+1.27)%
obtained for the amplitude M, (see Table V) with the
results of the Belle collaboration [10], one has to com-
bine in the latter case the branching fractions for the
following intermediate states: K%c, K$f0(980), K%,
and K%f((1370). The sum of these four contributions,

05 10 15 20 25 30
s_ (GeV?)

FIG. 9. Dalitz plot distribution from the fit to the Belle data
[10].

18.16% compares well with the above value of our fit.
Because of interferences between amplitudes the sum of the
partial branching fractions differs from 100%. For example,
for the fit to the Belle data it is equal to 132.8%, so that the
total sum of the interference terms with respect to the total
branching fraction amounts to —32.8%. The most important
negative interference terms are equal to —26.4% for the
amplitudes M and M, and —10.1% for the amplitudes
Ms; and My, respectively. There is also a positive
interference term of 10.5% for the M, and M amplitudes.
Other interference contributions are much smaller.

As a consequence of the arbitrary choice of the M,
amplitude phase, one can only calculate the lower or
upper limits of the branching fractions of the annihilation

3.0

05 10 15 20 25 3.0
s (GeV?)

FIG. 10. Distribution of the y* values inside the Dalitz plot
contour drawn as a solid line. Black squares correspond to y>
values larger than 4.
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TABLE IV. Parameters obtained from the best fit to the BABAR
model data [31] (y> = 6687). The first error is statistical and the
second one shows the modulus of the difference between the
parameter value obtained in the fit using the Kz vector form
factor of Boito et al. [35] (¥*> = 6951) and that of the best fit
performed with the Belle parametrization [28] for this form

factor.

Parameter Modulus Phase (deg)

n 508+£0.104+0.03 2290+ 1.14+20
P 32.89 046 +0.13  214.1 £0.6+0.1
FrRET 2 ) 1994003 +£0.00 2628+ 1.0+12
FESFTl (2 ) 1414£001£000 410403 +04
AT BT p2 ) 0.96+0.0240.05  287.5+09+ 108
AFRATTT (2 ) 0.61+0.01 +0.00 0.0 (fixed)
AR (m2,) 11240024001  3189+0.6+0.1
s 124 4£0.03+005  5024+1.7+63
S 150 £0.04£0.10 2174+13+38
@ 0.74 £0.024+0.02 2272+ 1.0+44
57 08240034002 694+15+53
28 28440084006 1825419438
2 15340044026  12694+1.0+03
a0 2117 40.69+£4.15 1996422+ 118
S10 2236+£0.744+481 179422496
¢ (GeV™) 0.19 +0.01 £ 0.02

x (MeV) 306.09 & 1.78 4 0.72

mg= (MeV) 894.31 +0.07

e (MeV) 46.90 +0.15

10* events/0.02055 GeV?

1.0

0.0l

#

05 1.0 15

20 25 3.0

m? (GeV’)
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amplitudes (see derivation in Sec. III B). Their lower limits
are displayed in Tables V and VI. These are sizable for the
M, My, M5 and M, cases. This points to the importance
of the annihilation-diagram contributions. As can be seen
from Eq. (96) in Sec. III B, the upper limits are larger than
the sum of the branching fractions Br; and Br{°. Therefore
they are not shown in Table V.

Lower limits, Br! . of the summed annihilation
amplitudes with the exclusion of the small components
M and M can be calculated using Eq. (104). These
divided by the fitted total branching fraction Br'®* are
(20.0 £ 2.5)% and (20.5 & 2.1)%, for the fits to the Belle
data and to the BABAR model, respectively. The corre-
sponding values of the tree branching fractions defined in
Eq. (107) are 459% and 46.7% for the two cases
considered here. Taking into account the above large values
of the lower limits of the annihilation branching fractions,
close to 20%, one must conclude that the annihilation
contributions are important when compared with the tree
amplitude terms.

The importance of the annihilation diagrams has also
been pointed out in Refs. [19], [21], and [22]. In Ref. [19] a
calculation of branching ratios for two-body hadronic
decays of D and D, mesons into pseudoscalar-pseudoscalar
and pseudoscalar-vector mesons has been performed in a
factorization approach for the “emission”-type diagrams
and in a pole-dominance model for the annihilation-type
diagrams. Relative strong phases between the different
diagrams were introduced to obtain a better reproduction of
the experimental data. As in our model, the contribution of
the annihilation diagrams were found to be relatively large.
An analysis of experimental data on branching fractions of
charmed meson decays into pseudoscalar-pseudoscalar and

1
12f ]
Lof
08

0.6

0.4 [

10* events/0.02055 GeV?

0.2 F

0.5

1.0 1.5
m? (GeV?)

0.0 M
0.0

2.0

FIG. 11. Left panel: Comparison of the ngﬁ effective mass squared distributions for the Belle data [10] (black dots) with the BABAR
model [31] (solid curve), normalized to the number of events of the Belle experiment. Right panel: As in the left panel but for the z 7~
effective mass squared.
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TABLE V. Branching fractions (Br) for different quasi-two-body channels calculated for the best fit to the Belle
data [10] (y> = 9451). The sum of branching fractions is 132.81%. The branching fractions for the tree amplitudes
(Tree), and the lower limits for the annihilation amplitudes (Ann. low) are also given. The first error of Br is
statistical. The second error of Br and the errors of the tree and annihilation parts show the difference between the
branching fractions obtained for the fit with y?> = 9488 and those for the best fit (see Table III caption). All numbers

are in percent.

Amplitude Channel Br Tree Ann. low
M, [Kon|gn™ 25.03 £3.61 £0.18 8.24 £0.10 7.88 £0.11
M, KS[nnt]g 16.92 £1.27 £0.02 14.70 £ 0.17 2.92 +0.09
M; [K9n~]pnt 62.72 £4.45+0.15 24.69 £5.65 8.74 £2.97
My Kd[n=nt]p 21.96 £ 1.55 + 0.06 4.36 £0.06 6.74 + 0.04
M Kl 0.79 £ 0.07 £+ 0.04 0.24 +0.01 0.16 £0.02
Mg K7~ pnt 1.41 £0.11 +£0.04

M; K[n=zt]p 2.15+0.19+0.10

Mg [Kont]gn™ 0.56 £ 0.07 £ 0.03 0.07 £0.00 0.29 £0.02
M [KSnt)pn 0.64 +0.06 £ 0.02 0.77+£0.15 0.01 £0.01
My [Kont]pn 0.63+0.07 £ 0.11 0 0.63£0.11

pseudoscalar-vector mesons has been performed in
Ref. [21] using a quark-diagram approach. It suggests that
W-exchange topology must play an important role. A
comparison with the factorization procedure allowed to
extract information on the effective Wilson coefficients and
to discriminate between different solutions obtained in the
diagrammatic scheme. The flavor-diagram approach has
also been used in Ref. [22] to study D and D, decays into a
pseudoscalar meson and an even-parity scalar or axial
vector or tensor meson. It was found that the contribution of
annihilation diagrams could be important. The factorization
formalism has also been used as a complementary tool to
calculate some decay rates and again the inclusion of weak
annihilation processes was found to be necessary to
account for the data.

Dalitz plot projections or one-dimensional effective mass
distributions are obtained by proper integration of the

Dalitz plot density distributions. They are shown in
Figs. 12, 13, and 14. The experimental Kgﬂ'_ mass
distribution in Fig. 12, dominated by the K*(892)
resonance, is well reproduced by our model. In the right
panel of this figure, where the vertical scale is expanded,
some discrepancies above 2 GeV? are apparent. A good
agreement between the model and data is seen in the
left panel Fig. 13 showing the Kgﬂ'_ distributions. The
two prominent peaks, together with the minimum separat-
ing them, arise from the K*(892)~ resonance contribu-
tion. The left maximum is mainly associated with the
p(770)° while the minimum, in the vicinity of 0.8 GeV?,
comes from interferences with the K*(892)" resonance.
The maxima at 1.2 and at 2.75 GeV?, and the deep
minimum at about 2 GeV? are due to a typical P-wave
dependence of the M; amplitude dominated by the
K*(892)~ resonance.

TABLE VI. Branching fractions (Br) for different quasi-two-body channels calculated for the best fit to the BABAR
modeldata[2] (y> = 6687). The sum of branching fractions is 138.77%. The branching fractions for the tree amplitudes
(Tree), and the lower limits for the annihilation amplitudes (Ann. low) are also given. The first error of Br is statistical.
The second error of Br and the errors of the tree and annihilation parts show the difference between the branching
fractions obtained for the fit with y> = 6951 and those for the best fit (see Table IV caption). All numbers are in percent.

Amplitude Channel Br Tree Ann. low
M, [Kn]gnt 30.11 +£1.25+£0.03 7.40£0.13 10.64 £+ 0.04
M, K[zt 21.57£0.55£0.25 16.25 +0.12 4.20+0.16
M; [Kon~|pn™ 60.36 + 1.39 £ 0.28 25.33 +5.60 7.53 +2.77
My K[n=nt]p 20.79 £0.21 £0.11 4.48 £0.03 5.96 £+ 0.03
M Kl 0.64 +0.02 £ 0.01 0.25 £ 0.00 0.09 £ 0.00
M [KSa~|pnt 1.38 £0.04 £ 0.06

M; Kz~ nt], 1.75 £ 0.07 £ 0.12

Mg [KOnt|gn™ 0.99 £+ 0.06 + 0.06 0.13 £ 0.00 0.50 +£0.03
My [KSnt)pn 0.64 £ 0.03 £ 0.02 0.68 £0.11 0.00 £ 0.00
My [KSnt]pn 0.54 £0.03 £0.15 0 0.54 +£0.15
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FIG. 12. Comparison of the Kz~ effective mass squared distributions for our model (solid curve) with the Belle data [10] (points with
error bars). In the right panel the vertical scale is enlarged by a factor of 5 in order to enforce the differences at higher Kgﬂ'_ masses.

The right panel of Fig. 13 shows the very rich structure of
the Belle data which is well reproduced by our model. It
exhibits clearly the z*z~ S-, P- and D-wave resonance
effects. The first peak comes mainly from the K*(892)*
and £(500), the second one from the p(770)°, the strong
decrease on its right being due to its interference with the
narrow @(782), the f,(980) being responsible for the deep
minimum near 1 GeV?, the f,(1270) contributes to the rise
around 1.5 GeV?, the right-hand side bump being domi-
nated once more by the K*(892).

In Fig. 14 our m% and m3 distributions are compared
with the distributions calculated for the BABAR model.
A noticeable deviation is seen for values of mj around
1.2 GeV? where the BABAR model shows a shoulder. The
corresponding shoulder is also observed in the right panel

O e L L B

S o o
s~ o @

10* events,/0.02055 GeV?
o
N

5
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05 10 15 2.0

m? (GeV’)

25 3.0

of Fig. 13 for the Belle data. To account for the presence of
such a structure near 1.2 GeV2, a scalar resonance term
called o, with a mass of (1033 +7) MeV and a width of
(88 & 7) MeV, has been introduced in Ref. [10]. In Ref. [2]
the K-matrix parametrization of the zz S-wave state with a
coupling to the x#n channel is introduced. The threshold
mass squared corresponding to opening of the #x channel is
indeed equal to 1.201 GeV? and coincides with localization
of the structure seen in Fig. 14 (dashed line). However, as
seen in Fig. 3 of Ref. [2] this structure is rather wide. So, on
the basis of experimental data for the m3 distributions it is
difficult to identify clearly the origin of this rather wide
structure seen by both collaborations at 1.2 GeV?2. In our
pion scalar form factor shown in Fig. 8, one does not
observe a sharp structure near 1.1 GeV. Further studies of

1.4
12
1.0
0.8
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0.4

10* events/0.02055 GeV?
A A L B B L B L B
oo v b v by b by by

.0 0.5 1.0 1.5
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FIG. 13. Left panel: Comparison of the K g;ﬁ effective mass squared distributions for the best fit (solid curve) with the Belle data [10]
(points with error bars). Right panel: As in the left panel but for the # 7~ effective mass squared.
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10* events,/0.02055 GeV?

FIG. 14. Left panel: Comparison of the K9z " effective mass squared distributions for the best fit (solid curve) with the BABAR model
[31] (dashed curve). Right panel: As in the left panel but for the z* 7z~ effective mass squared.

different coupled channel production processes are needed
to resolve this structure question.

VI. SUMMARY

We have used the quasi-two-body factorization to
analyze the high-statistics data of the D} — K9z "z~ decay
process measured by the Belle [1] and BABAR [2] collab-
orations. The three-meson final states are assumed to be the
combinations of a meson pair in S-, P- and D waves and an
isolated meson, leading to the quasi-two-body chan-
nels, [Ksn*]sppn, [Ksa|sppnt and K§lz"z]spp.
The decay amplitudes, built from the weak effective
Hamiltonian, consist of Cabibbo favored (proportional to
ViV.q) and doubly Cabibbo suppressed (proportional to
V:,Vus) tree and W-exchange parts. All amplitudes are
given in terms of superpositions of the effective Wilson
coefficients and of the product of two transition matrix
elements. The CF tree amplitudes are proportional to the
product of the pion or kaon decay constant by the transi-
tion matrix element between the D° and [Kxlgp, or
[mt7~]gpp states, respectively. One DCS tree amplitude
is proportional to the scalar or vector Kz form factor
multiplied by the D° transition to the pion. The other DCS
tree amplitude is proportional to the kaon decay constant
times the D° transition to the [7z]gp, states. The
W-exchange (or annihilation) amplitudes are proportional
to the product of the D° decay constant by the form factor
of the meson pair transition to a pion or a kaon.

We calculate the different transition matrix elements
assuming that the meson pair involved goes first through
the dominant intermediate resonance of this pair. The
K{(1430), K*(892) and K3(1430) are the dominant res-
onances for the S, P, and D waves of the [Kz]g p |, states,
respectively and the f,(980), p(770)°, and f,(1270) for

those of the [z7] p ;, states. We then introduce the relevant
vertex function to describe the decays of the resonant
meson-pair state into the final meson pair. We further
express this vertex function as being proportional to the
kaon-pion or pion-pion scalar, vector or tensor form factors.
We use the unitary Kz and 7z scalar form factors calculated
with analyticity and chiral symmetry constraints in
Refs. [25] and [27], respectively. These functions describe
the K;(800), K;(1430) and the f((500), f((980) and
f0(1400) scalar resonances contributions to the Kz and zz
final state interactions. The Belle analysis of the 77 —
K97~ v, [28] and Hanhart’s model [36] of the = — 7~ 7",
[29] decays yield the vector form factors. The D —
w(782)[— n*z7]KY decay amplitude is also added. The
tensor vertex functions are parametrized by relativistic
Breit-Wigner formulas.

Our 27 nonzero amplitudes are then combined into ten
effective independent amplitudes. The reduction in the
number of effective amplitudes, as compared to the isobar
analyses, results from the factorization hypothesis. This
leads to parametrization in terms of transition matrix
elements which can be form factors or chosen to be
proportional to form factors in which resonances are
grouped together.

A y* fit to a Dalitz plot data sample of the Belle
collaboration analysis [30] is performed to determine the
33 free parameters of our D’ — K%z 7~ decay amplitude.
Our parameters are mainly related to the strength of
the [Kz|g and [zz]|g scalar form factors and to the
unknown meson to meson transition form factors at a
large momentum transfer squared equal to szo.

The fit to the data is very sensitive to the values of the
mass and width of the K*(892) resonance. We include them
in the fit, performing a combined analysis of the
D° - K4zta~ and 7= — K%zx7v, decay data. The total
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experimental branching fraction is also fitted. An overall
good fit, with a y?/ndf = 1.48 for a number of degree of
freedom, ndf = 6378, is carried out. Another set of
amplitudes fits the BABAR collaboration Dalitz plot model
of Ref. [31] with a y?>/ndf = 0.91 for ndf = 7343. The
parameters of both fits are close, which indicates similar
Dalitz density distribution measurements for both
collaborations.

The Dalitz plot distribution of our fit to the Belle data
[10] exhibits a very rich interference pattern governed by
the K*(892)~ resonance. A good overall agreement with
the experimental density distribution of Ref. [10] has been
achieved. The corresponding one-dimensional effective
mass distributions compare well those of Belle [10] or
BABAR [31] and show the contributions of the different Kz
[K(800), K*(892), K5(1430)] and 7z [f((500), f((980),
p(770)°, ®(782), £,(1270)] resonances and of their inter-
ferences. The small bulge in the slope of the 7z~ effective
mass squared distribution seen in the Belle and BABAR data
at 1.2 GeV? might be associated with the coupling of the
zz channel to the nn one. Our model, which does not
include this coupling, does not exhibit such a behavior.
Investigations on this matter would be worthwhile.

The branching fraction calculations show the dominance
of the quasi-two-body channel [K9z~] 7" with a branching
fraction Br = (62.7 +4.5)% close to the values found in
the isobar Belle [1] or BABAR [2] models for the
K*(892)~x* amplitude. The next important contributions
come from the [K%z7]¢z* amplitude with a Br of
(25.60 +3.6)%, from the K%[z~x"], one, with a Br
of (22.0 & 1.6)% and from the K$[z~z"]; one with a Br
of (16.9 £ 1.3)%. Branching fractions for the other ampli-
tudes, Ky[r~a*],,, [K9a~pn*, Kda~mt],, [K9r)gn,
[K%7"]pn~ and [K9z"]pn~ are small. The importance of
the interference contributions (—32.8%) is seen in the fact
that the total sum of all the branching fractions is larger
than 100%.

The branching fractions corresponding to the quasi-two-
body channel tree amplitudes give sizable contributions.
The knowledge of the branching fractions does not allow to
calculate all phases of our amplitudes, as it is the modulus
square of the amplitudes which appears in the branching
fraction formula. One of the phases of our ten amplitudes
cannot be determined. We proceed as in the isobar model
analysis in requiring the phase of the term multiplying the
pion vector form factor in the K%[z~z"], amplitude to be
zero. Consequently, we can predict only lower or upper
limits of the branching fraction contributions of the
annihilation amplitudes. We find that these lower limits
can be sizable for the important quasi-two-body channels,
(Ko |pn®, [KOn g™, K§[n~n"]p and K§[z~ 7 "] and we
can say that, compared to the tree amplitudes, the annihi-
lation ones have a significant contribution. The analyses of
the two-body hadronic decays of D and D, mesons in

PHYSICAL REVIEW D 89, 094018 (2014)

Refs. [19], [21], and [22] have also pointed out the
importance of the annihilation diagrams.

As we do not know the K, to p(770)° transition form
factor value at the D mass squared, our fit cannot be used to
estimate the physical unknown z or K meson to Kr or zz
meson pair transition form factors entering the annihilation
amplitudes. The full knowledge of the strong interaction
meson-meson form factors can be obtained only if the strong
meson-meson interaction is known at all energies [44].
Consequently, some information on the Kyp(770)° strong
interaction would be required to estimate the K, to p(770)°
transition form factor. It would be of interest if the unknown
form factors entering the present model could be evaluated.

VII. CONCLUDING REMARKS AND
PERSPECTIVES

In our quasi-two-body factorization approach the CP
asymmetry, proportional to the very small imaginary part of
Vi, Vs, is found to be of the order of 1074, This is in
agreement with present observations [3,4] and values
predicted by the standard model in the charm sector.
Our DY — K97z~ decay amplitudes could be useful input
for calculations of D°-D° mixing [1,2] and determination
([5-10]) of the CKM angle y (or ¢3). Upon request we can
provide numerical values of our amplitudes. The kaon-pion
and pion-pion scalar form factors, entering our quasi-two-
body factorization decay amplitude and built using other
experimental data, are constrained by the present Dalitz
plot analysis of the weak process D’ — ngﬁﬂ‘. In
principle our analysis could also give constraints on 7K
and zz tensor resonances. There have been recent obser-
vations (see e.g. Refs. [45,46]) of D and D, excited states
which can be formed due to the zD and KD strong
interactions, respectively. Their properties could be used
to constrain theoretical zD and KD scattering models and
possibly also zD and KD transition form factors.

Taking advantage of the coupling between the zz and the
KK channels and extending the derivation of the unitary
pion form factor [27] to that of the kaon, two of the present
authors, Le$niak and Kamifski, together with two collab-
orators, have recently studied, in the quasi-two-body
QCD factorization approach, the B* — K*K~K* decays
[47]. We could also extend our present work to study, in
the quasi-two-body factorization framework, the D —
K%K*K‘ data analyzed by the BABAR [2], CLEO [5],
and, more recently, by the LHCD [6] collaborations. A good
knowledge of the D° — K3K* K~ decay amplitudes will
also help in the determinations of the D°-D° mixing [2] and
of the CKM angle y [5,6].
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APPENDIX: ON KINEMATICS

In this Appendix, we recall some kinematic formulas
useful for the calculation of our amplitudes. These kin-
ematic expressions can also be found in Appendix A of
Ref. [48]. For the [K%x~], z" amplitudes, in the [K%7~]
center-of-mass system defined by po+ p_ =0, using
Egs. (3) and (4), one finds

P1 =P =-pP- and

p = VI E = =T
and
\/[Wl%)o — (m_ +m,)? [mZDO — (m_ —m,)?]
L 2m_
(A2)
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From Eq. (3) one obtains

m
4p; - pL =so— 54+ p . (A3)

a factor which enters the [K°z~| 7" amplitude, Eq. (15).
In the [z7z7] center-of-mass system, defined by
p. +p_ =0, one has

1
p2=p;=-p- and [p,| = 7 V50~ 4mi  (A4)

and
V2 = (mo + mio 2] m2, = (mg — myo ]
|p0’ - Zmo
(AS5)
The scalar product p, - py, given by
4py Py = 5- — 54, (A6)

enters the K[z "], amplitude, Eq. (16).

The analogous formulas for the [K%7 "], 7~ amplitudes,
in the [K9z"] center-of-mass system, are obtained by
exchanging subscripts — and + in Egs. (Al), (A2), and
(A3). Then p becomes p; and p, is changed into p_ [see
e.g. the corresponding [K°z+]pz~ amplitude, Eq. (31)].
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