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Coupled-channel analysis of D™ - K 72+ decay
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We perform a coupled-channel analysis of pseudodata for the Dt — K~z"z" Dalitz plot. The
pseudodata are generated from the isobar model of the E791 Collaboration, and are reasonably realistic. We
demonstrate that it is feasible to analyze the high-quality data within a coupled-channel framework that
describes the final state interaction of D* — K~ z"z" as multiple rescatterings of three pseudoscalar
mesons through two-pseudoscalar-meson interactions in accordance with the two-body and three-body
unitarity. The two-pseudoscalar-meson interactions are designed to reproduce empirical 7z and 7K
scattering amplitudes. Furthermore, we also include mechanisms that are beyond simple iterations of the
two-body interactions, i.e., a three-meson force, derived from the hidden local symmetry model. A picture
of hadronic dynamics in DT — K~z z" described by our coupled-channel model is found to be quite
different from those of the previous isobar-type analyses. For example, we find that the D™ — K~z 7"
decay width can get almost triplicated when the rescattering mechanisms are turned on. Among the
rescattering mechanisms, those associated with the p(770)l_( 0 channel, which contribute to D™ — K~ ztz"
only through a channel coupling, give a large contribution and significantly improve the quality of the fits.
The K~z s-wave amplitude from our analysis is reasonably consistent with those extracted from the E791
model independent partial-wave analysis; the hadronic rescattering and the coupling to the p(770)K°
channel play a major role here. We also find that the dressed D decay vertices have phases, induced by the
strong rescatterings, that strongly depend on the momenta of the final pseudoscalar mesons. Although the
conventional isobar-type analyses have assumed the phases to be constant, this common assumption is not

supported by our more microscopic viewpoint.
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I. INTRODUCTION

With the advent of charm and B factories, a large amount
of data for charmed-meson decays have been accumulated
in the last decades. Among a number of physical interests,
one appealing aspect of studying these charmed-meson
decays is that we can gain information about interactions
between light mesons and resonances. This was particularly
highlighted by the E791 Collaboration’s report on their
identification of the & meson in the Dalitz plot of the Dt —
a~mtn" decay [1]. A similar analysis was also made for
the D¥ — K~z"zn" decay to identify the x resonance [2].
These findings triggered further analyses of the DT —
K~ n"z* Dalitz plot data, paying special attention to the
K=zt s-wave amplitude, as follows. Oller [3] analyzed the
E791 data [2] using the Kz I = 1/2 (I: total isospin) s-
wave amplitude based on the chiral unitary approach [4],
instead of Breit-Wigner functions for the K~z s wave
used in the E791 analysis, and obtained a reasonable fit.
The I = 3/2 s wave was not considered in his analysis. The
E791 Collaboration reanalyzed their data without assuming
a particular functional form for the K~z" s-wave ampli-
tude. Rather, they determined it bin by bin, which they call
model-independent partial-wave analysis (MIPWA) [5]. An
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interesting finding in the MIPWA was that the obtained
K=zt s-wave amplitude has the phase that depends on the
K~ 7" energy in a manner significantly different from what
is expected from the Watson theorem combined with the
LASS empirical amplitude [6], assuming the 7= 1/2
dominance. Edera et al. suggested that this difference
can be understood as a substantial mixture of the Kz I =
1/2 and 3/2 s-wave amplitudes [7]. This idea was
implemented in the Dalitz plot analysis done by the
FOCUS Collaboration [8]. They parametrized the K~ z™
s-wave amplitude in terms of the K matrix of / = 1/2 and
3/2 that had been fitted to the LASS amplitudes [6,9]. They
found that the D* — K~z z " Dalitz plot can be well fitted
with the K~z s-wave amplitude in which the / = 1/2 and
3/2 components interfere with each other in a rather
destructive manner. The FOCUS Collaboration also has
done a MIPWA in a subsequent work [10] to find results
similar to those of the E791 MIPWA. The quasi-MIPWA
has also been done by the CLEO Collaboration [11]. Their
new finding was that / = 2 zz nonresonant amplitude can
give a non-negligible contribution. Meanwhile, an analo-
gous decay, Dt — K$z%z", has been analyzed by the
BESIII Collaboration [12]. An interesting finding was that
the p(770)K channel gives by far the dominant contribu-
tion. This implies that, although the p(770)K contribution
is not directly observed in the D* — K~z "z™ Dalitz plot,

© 2016 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.93.014005
http://dx.doi.org/10.1103/PhysRevD.93.014005
http://dx.doi.org/10.1103/PhysRevD.93.014005
http://dx.doi.org/10.1103/PhysRevD.93.014005

SATOSHI X. NAKAMURA

it can play a substantial role in the hadronic final state
interactions (FSI) of the D™ — K~z z" decay, consider-
ing that the two D' decays share the same hadronic
dynamics to a large extent.

Many of the previous analyses of the D* — K=zt 7™
Dalitz plot have been done with the so-called isobar model
in which a D*-meson decays into an excited state R (k, K*,
K3, etc.) and a pseudoscalar meson. The R subsequently
decays into a pair of light pseudoscalar mesons, while the
third pseudoscalar meson is treated as a spectator. The
propagation of R is commonly parametrized by a Breit-
Wigner function. The total decay amplitude is given by a
coherent sum of these isobar amplitudes supplemented by a
flat interfering background. On the other hand, as men-
tioned in the above paragraph, some analysis groups
modified the conventional isobar model to use the K
matrix or chiral unitary model for the K~z s-wave
amplitude so that the consistency with the LASS data
for K~z7 — K~z and with the two-body unitarity is
maintained. Meanwhile, in (Q)MIPWA, the K~z s-wave
amplitude is solely determined by the D™ — K~ztz™
Dalitz plot data. We will refer to these models, which do
not explicitly consider three-meson-rescattering required
by the three-body unitarity, as isobar-type models. The
basic assumptions common to all of these models are that
the spectator pseudoscalar meson interacts with the others
very weakly, and/or D™ — Rc (c: spectator meson) vertices
with complex coupling constants can absorb such effects.

Although each analysis group has obtained a reasonable
fit to its own data, their results are not necessarily in
conformity with theoretical expectations. For example, the
E791 Collaboration reported that the phase of the
I =1/2 Kn p-wave amplitude used in their MIPWA is,
according to the Watson theorem, not consistent with that
of the LASS analysis in the elastic region [5]. This may be
originated from either or both of two possible reasons
below, each of which signals a serious problem in the basic
assumptions underlying in the analysis model. One pos-
sible reason is that the I = 1/2 Kz p-wave amplitude in
the E791 analysis is given by a coherent sum of Breit-
Wigner functions for K*(892) and K*(1680), and it is not
consistent with the LASS data to the required precision. Or
the amplitude does not satisfy the two-body unitarity not
only formally but also quantitatively. Another possibility is
that the (neglected) rescattering of the spectator meson with
the other mesons actually plays a substantial role to
generate an energy-dependent phase so that the Watson
theorem does not hold in reality, and the analysis model
tried to fit it. Not only the E791 analysis but also all the
previous analyses mentioned above would share the same
problem, and this seems to indicate a need for going beyond
the conventional isobar-type analysis; a unitary coupled-
channel approach. In order to extract from data a right
physics, e.g., K-zt s-wave amplitude from Dt —
K~z zt Dalitz plot data, one needs to use a theoretically
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sound model so that unnecessary model artifacts do not
come into play.

Recently, we have developed a unitary coupled-channel
framework for describing a heavy-meson decay into three
light mesons [13]; both the two-body and three-body
unitarity are maintained. In the reference, we studied the
extent to which the isobar-type description of heavy-meson
(or excited meson) decays is valid by analyzing simple
pseudodata. We found a significant effect of the channel
couplings and multiple rescattering on the Dalitz plot
distributions. This study has been extended to an analysis
of pseudodata for excited meson photoproductions [14].
In the present work, we apply the formalism of Ref. [13]
with some modifications to a realistic case. Thus, we will
perform a coupled-channel analysis of the D* — K~ ntz™
Dalitz plot pseudodata generated from the E791 isobar
model [5]. To the best of our knowledge, this is the first
coupled-channel Dalitz plot analysis of a D-meson decay
into three pseudoscalar mesons. We will demonstrate that a
quantitative coupled-channel partial wave analysis of the
D" — K ztz" Dalitz plot is feasible. Then we will
examine the hadronic dynamics in the FSI of the D™ —
K~z n" decay within the coupled-channel model. We will
study how the partial wave amplitudes and their fit fractions
are different between an isobar-type model and a model that
includes the three-body scattering. We also examine con-
tributions from the rescattering and channel couplings to
the Dalitz plot distribution. Through these investigations,
we address the validity of the above-mentioned basic
assumptions of the isobar-type model from this more
microscopic viewpoint.

So far, the three-body FSI for the D™ — K~z "zt decay
has been explored by Magalhdes et al. [15] (see also
Guimaraes et al. [16]). They were concerned with whether
the difference in the phase between the K~z' s-wave
amplitudes from MIPWA (E791 [5] and FOCUS [10]) and
the Kz I = 1/2 s-wave amplitude from the LASS analysis
can be understood as a result of the FSI. They calculated the
K~ 7" s-wave amplitude in the D™ — K~z "z" decay with
only the Kz I = 1/2 s-wave scattering amplitude of the
chiral unitary model that had been fitted to the LASS
amplitude in the elastic region; other partial waves as well
as inelasticities were not taken into account. An interesting
finding in their work was that the K~z s-wave amplitude
originated from the weak vector current and the subsequent
s-wave rescattering is in a fairly good agreement with the
phases from the MIPWA in the elastic region; the quali-
tative feature of the modulus of the MIPWA amplitude is
also described. This finding was further confirmed in their
subsequent works [17] where p(770) contribution was also
partly taken into account. Although their results are
interesting and suggestive, they should be looked with a
caution for the reasons below. First, their calculated
amplitudes are still qualitatively in agreement with those
from the MIPWA in the elastic region, and more
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refinements are needed particularly in the inelastic region.
There will be a delicate interplay between new mechanisms
to be included for the refinements and the already existing
mechanisms, and thus it is not clear if their current findings
persist after the refinements. Second, the authors of
Refs. [15,17] treated the K~z s-wave amplitudes from
the MIPWA as data, and did not analyze the Dalitz plot
directly. However, we note that the MIPWA s-wave
amplitude was obtained under the assumption that all the
other partial wave amplitudes are basically not changed by
the FSI. In case the s-wave amplitude is significantly
modified by the FSL, the other partial wave amplitudes are
also probably modified, and the MIPWA s-wave amplitude
may no longer be compatible with them. In order to fully
examine the FSI effects on each of the partial wave
amplitudes for the Dt — K~ ztz" decay, it is first neces-
sary to analyze the Dalitz plot with a model that takes
account of all relevant partial waves and the FSI, thereby
extracting the partial wave amplitudes, as we will do in this
work. Then, the FSI effects on the extracted amplitudes can
be studied.

In our analysis, we use two-pseudoscalar-meson inter-
actions that generate unitary amplitudes for Kz and 7z
scatterings and consider resonances (k, K*, p, etc.) as poles
in the amplitudes. The two-body interactions are fitted to
the LASS and CERN-Munich [18-20] data. With the two-
body interactions, we solve the Faddeev equation for a
three-pseudoscalar-meson scattering to obtain an amplitude
that respects the three-body unitarity and thus channel
couplings. This amplitude is used to describe the FSI of
the DT decay. The pseudodata are fitted by adjusting the
strengths and phases of (bare) D* — Rc vertices, while the
two-pseudoscalar-meson interactions are fixed as those
obtained by fitting the two-body scattering data. In this
way, we will examine the extent to which we can fit the D*-
decay pseudodata, keeping the consistency with the two-
body scattering data for all partial waves considered in our
model. This is in contrast with the previous D™ — K~z z+
analyses where some of the resonance parameters were also
adjusted along with the D™ — Rc vertices. We consider the
I1=1/2 Kz s, p, and d waves as commonly included in
the previous analyses. We also explicitly include the
I=13/2 Kn s wave (I =2 n s wave) as has been done
in the FOCUS [8] (CLEO [11]) analysis. We also consider
the I = 1 zz p wave where the p(770) plays a major role.
This partial wave has not been considered in the previous
Dalitz plot analyses because it does not directly decay into
the K~z ™" final state. However, this partial wave can still
contribute to D™ — K~ z"z" through the channel cou-
plings. Considering the BESIII analysis mentioned above,
the p(770)K channel is expected to play a substantial role
also here, and we will see that this is indeed the case, at
least within our analysis.

Now we discuss the last piece of our model. The FSI of
the D¥ — K-n"zn" decay is a three-pseudoscalar-meson
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scattering. Generally in a three-body scattering, there can
exist a mechanism that cannot be expressed by a combi-
nation of two-body mechanisms, i.e., a three-body force.
Based on the hidden local symmetry (HLS) model [21], in
which vector and pseudoscalar mesons are implemented
together in a chiral Lagrangian, we can actually derive a
“three-meson force” essentially in a parameter-free fashion,
up to form factors we include. Thus we consider some of
the HLS-based three-meson force acting on important
channels and examine how they play a role in the Dt —
K~ ztn" decay. If two-pseudoscalar-meson interactions are
well determined by precise two-body scattering data, the
D — Knr decays and also other decay modes such as D —
zzw could serve as a ground to study the three-meson force.

The organization of this paper is as follows. In Sec. II,
we discuss our coupled-channel model and present for-
mulas to calculate the D™ — K~z"z" decay amplitude.
Then in Sec. III, we present numerical results from our
analyses of the two-pseudoscalar-meson scattering data
and of the D™ — K~ztz" decay Dalitz plot pseudodata.
Finally, we give a summary and future prospects in Sec. I'V.
A derivation and the resulting expressions for the three-
meson force and model parameters are presented in the
Appendixes.

II. FORMULATION

We have already developed a formalism to describe a
heavy-meson decay into three light mesons in Ref. [13]. In
the present work, we basically use the same formalism with
some modifications. Thus, here we just present expressions
that are needed in the following discussions, specifying the
modifications we make for this work. For derivations of
most of the expressions, see Sec. I of Ref. [13]. Our
formalism can be regarded as a three-dimensional reduction
of a fully relativistic formulation. Because we deal with
scatterings of light particles, i.e. pions, one may question
the validity of this approximation. Although a legitimate
concern, we made an argument on this along with improve-
ments needed in the future in Sec. V of Ref. [13]. In our
formalism, we first construct a two-light-meson (7, K)
interaction model that is subsequently applied to three-
light-meson scattering. The following presentations are
also given in this order.

A. Two-light-meson scattering model

We describe two-light-meson scatterings with a unitary
coupled-channel model. For example, we consider zz and
KK channels for a 7z scattering, and 7K and 'K channels
for I = 1/2 s-wave nK scattering. We will specify channels
for each partial wave later. We model the two-light-meson
interactions with resonance(R)-excitation mechanisms or
contact interactions or both. We choose this parametrization
of the two-meson interactions so that it can be easily
applied to a three-meson scattering. A difference from
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Diagrammatic representation of two-light-meson partial wave scattering, ab — a'b’. (a) two-meson interaction potentials;

(b) two-meson partial wave scattering amplitude; (c) two-meson partial wave scattering amplitude from separable contact interactions;
(d) dressed R — ab decay vertex; (e) the inverse of dressed R Green function.

Ref. [13] is that we include the contact interactions here but
we did not in Ref. [13]. This is because we include partial
wave amplitudes that do not have resonances in analyzing
the DT - K~ n"zn" decay Dalitz plot. Besides, we use a
parametrization for R — ab (a, b: pseudoscalar mesons)
vertex functions that are different from those used in the
previous work and, with this parametrization, we need to
include contact interactions in addition to R-excitation
mechanisms in order to obtain reasonable fits to some
empirical partial wave amplitudes.

We consider a partial wave ab — a’b’ scattering (see
Fig. 1 for a diagrammatic representation) with total energy
E, total angular momentum L, total isospin /. We will also
denote the incoming and outgoing momenta by ¢ an ¢,
respectively; ¢ = |q| throughout this paper, except for the
Appendix. When ¢ is on-shell, it is related to E by E =
E.(q) + Ey(q) and E,(q) = \/q* +mg: m, being the
mass of a. First let us consider a ab — a'b’ scattering
that is not accompanied by a resonance excitation. In this
case, we use a separable two-light-meson interaction
potential [first term of rhs of Fig. 1(a)] as follows:

”IJ!b’_ab(‘I” q) = Wﬁlb/(q/)hs[;f,abw%(@» (1)

LI
where i b ab

function. We use the following parametrization for wt/!(g):

is a coupling constant, and w./ () is a vertex

v T ()
(2)

whi(q) =

where bL! is a cutoff parameter. Meanwhile, we allow an
exception for L = 0, [ = 2 zz scattering for which we use
a different parametrization for the vertex function:

L T <q1/b£,’,>2]3’ G)

where an additional coupling constant 4’ has been intro-
duced to obtain a reasonable fit to data. For a later
convenience, let us define w./ by

_ L+ Hg/my)

wiz(q) E.(q)

o %Vv%(q) (if @ and b are identical particles),
Wab(‘l) -

whl(g)  (otherwise).

(4)
With the above interaction potential, the partial wave

amplitude is given as follows [see Fig. I(c) for a dia-
grammatic representation]:

tﬁ,’b,‘ab(q’, ¢ E) = ZWIQ'II;’(q/)ffﬂ]b',a”b”<E) %,n’abw%(q),
a,/b//
(5)
with
()™ vt ab = Oarvt ab = Oy a1y (E) (6)

o B, Tw ()2
oLy o (E) = / dggp B OF
’ 0 E—E.(q) - Ey(q) + ie
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The amplitude of Eq. (5) can contain resonance pole(s), in
general.

Now we extend the model to include explicit degrees of
freedom for excitations of spin-L isospin-/ resonances that
contribute to the ab — a’b’ scattering. In this case, a two-
light-meson interaction potential includes bare R-excitation
mechanisms in addition to the contact potential v%,
defined in Eq. (1) as follows [see also Fig. 1(a)]:

Vi .an(d' 4 E)

= Va0 D)+ D Ty a(d) g TRan(@): ®)
R

where my is the bare mass of R; f% . (g) denotes a bare

R — ab and fRub() _cLifR(Q)-

Following Ref. [13], we introduce fa,,,R( ) that is related
to fL1 x(q) as follows:

vertex function

_%R(Q)
{ 7 fLE r(q) (if a and b are identical particles),

i r(q) (otherwise).

©)

Then we employ the following parametrization for the bare
vertex function:

o] )

where g,,z and c,, g are coupling constant and cutoff,
respectively. This parametrization is different from that
used in Eq. (35) of Ref. [13], and has a proper kinematical
factor. With the potential in Eq. (8), the resulting scattering
amplitude is given by [Fig. 1(b)]:

ab R(q) Yab,R

T,b,ab(q q:E) =1L, (4. q:E)
+Zfab’R’ q's E)thl o (E)fkia(q: E),

(11)

where the first term is the scattering amplitude from
the contact interactions only, as has been defined in

Eq. (5). The symbol ]:”ab,R denotes the dressed vertex that
describes the bare R — ab decay followed by ab rescatter-

ing through the contact interactions. Expressions for ]_‘ab, R
and fg, are [Fig. 1(d)]:

PHYSICAL REVIEW D 93, 014005 (2016)
=LI
Sab.r (G:E) = ab R

/ d / /2 abab’(q q E) ’b/ <ql)
ab’ Ey(q)—Ey(q)+ie’

(12)
T @ E) = F&L,(q)
/ dq ¢ Rab’( Nty (4 @ E)
ab’ E (q)—Ey(q)+ie
(13)

In Eq. (11), the dressed Green function for R, T’;e,” <(E), has
been introduced, and is given by [Fig. 1(e)]:

(e (E) o = (E = mp)dp g — T/ (E).  (14)

where 2% (E) is the self-energy of R, and is defined
by

() =3 [T

In case ab — a'b’ interaction is given by only resonant
mechanisms [no first term in Eq. (8)], which is the case in
Ref. [13], the corresponding scattering amplitude is
obtained from Eq. (11) by dropping the first term, and

FH (@) Farr(a: E)
TE-Eq) - E)q) +ic

(15)

replacing the dressed vertex (f) with the bare one (f) in
Egs. (11) and (15).

The partial wave amplitude, 7%/, in Eq. (11), is related

a'b',ab
to the S matrix by

% w(E) = npe*on =1-— 2”iﬂabT%,ub(%,%;E)’ (16)

where ¢, is the on-shell momentum that satisfies
E=E.(q,) + Ey(q,), and pu, = q,E.(q,)Es(q,)/E is
the phase-space factor. The phase shift and inelasticity
are denoted by &;; and 7, respectively.

The parameters contained in the two-light-meson poten-
tials such as mg, gaprs Caprs Moty o and DL are deter-
mined by fitting experimental data. A particular choice of
the potential, such as the number of R and contact
interactions included, will be specified later for each partial
wave and for each of zz and Kr interactions.

B. Three-light-meson scattering model

We now consider a case where three light-mesons are
scattering. First, let us assume that the three mesons interact
with each other only through the two-meson interactions
discussed in the previous subsection. Because our two-
meson interaction potential is given in a separable form, we
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FIG. 2. Diagrammatic representation of scattering equation of
Eq. (17) for cR — ¢’R’ scattering. The gray blob represents the
dressed R Green function in Egs. (18)-(21).

can cast the Faddeev equation into a two-body like scattering
equation (the so-called Alt-Grassberger-Sandhas (AGS)
equation [22]) for a ¢R — ¢'R’ scattering. Here, R stands
for either R or r,, and r,, is a spurious “state” that is
supposed to live within a contact interaction in a very short
time, and decays (going to the left in equations) into the two
light-mesons, ab. This degree of freedom is introduced
merely for extending the AGS-type cR — ¢'R’ scattering
equation used in Ref. [13] to include the contact two-meson
interactions. Thus, the scattering equation for a partial wave

amplitude, T { RN (R )I(p’, p; E), is given as (see Fig. 2 for

a diagrammatic representation)

T,{%Tz/) (R )(P/,P§E)
_ geJPT

Ry (), (P> P E)

+ /
R R 0

X GC//RII/’CIIR//(q’ E)T/‘(]};R") ( )I(q, p, E), (17)

2 " JPT .
d Z /R/) (//R///)l“(p/,q,E)

where JPT are the total angular momentum, parity, and the
total isospin of the ¢’R system and they are conserved in the
scattering. The ¢R state with the relative orbital angular
momentum / is denoted by (¢R),; the allowed range for / is
determined by JP and the spin-parity of R. The magnitude

|
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c’ R’

]

c

FIG. 3. Z diagram for ¢R — ¢'R’ process via ¢ exchange.

of the incoming (outgoing) relative momentum of the cR
(¢'"R) state is denoted by p (p’). The driving term of the
scattering is a partial wave form of the so-called “Z

diagram,” Zf {7% (R), (p', p; E). The Z diagram is a process

in which R — ¢’¢ decay is followed by ¢¢ — R’ formation,
as illustrated in Fig. 3. For a more explicit definition as well
as the partial wave expansion of the Z diagram, we refer the
readers to Appendix C of Ref. [13]; in particular,
Egs. (C10)—(C12) of Ref. [13] give an explicit expression

for ZE{,';? (R )(p’,p;E) (note R =R and R' =R in

Ref. [13]) in which X%, and fi/ . defined in Eq. (10)
can be directly inserted. When R = r.; (R’ =r/,,), the
corresponding expression for the Z diagram can be

practically obtained by replacing f“ R (fcc ) In

Z0IRT o, (P D) with WL (R, WD) defined in

Eq. (4). The Z diagrams are known to have the moon-shape
singularity [23] that prevents us from solving Eq. (17) with
the standard subtraction method. Here we employ the spline
method (see Ref. [23] for detailed explanations) to obtain
numerical solutions from Eq. (17).

In Eq. (17), we have also used the Green function,
G.rr(q,E), for R and R’ which can be coupled through
R — ab —» R'. It is given by

[G'(q, E)]CR/,CR =[E-E.(q) — Er(q)]0r & zé/I,R(CI, E-E.q)) (18)
for (R,R') = (R,R’), and
G4 E)ley, e = =08 (@ E=Ecla) for (R.R) = (R.ry,). (19)
(G4 E)lew er,, = —0%.,,, (@ E = Ec(q)) for (R.R') = (rep. R'). (20)
G Ber, cry = By, = 0% o (@ E=Eel@) for (RR)) = (raps ). (21)

where we have introduced the self-energies X%/ . (¢.
dimension of square-root of the energy, as defined by

Mprm
s (p, 1/ KRR /
K R\P Ep(p)ER(p

E), and also quantities

GR/ (¢, E), which is either dimensionless or

M, (q) fR/ uh( ) ahR(q)

\/M2 (q) + p*E - \/M (q) + p? tic
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hity avWan @) i r (4)

mR/ /
ER/

aR,,b(p,

ol (p,E):/ q*d
rn/b/»rah 0

with M, (q) = E,(q) + E,(gq), and ), runs over all two-
meson states from R — ab decays. The kinematical factors
in the expressions are from the Lorentz transformation to
boost the R-at-rest frame to the ¢R center-of-mass frame.

So far, we have considered the three-meson scattering
due to multiple iterations of the two-meson interactions.
Given the two-meson interactions, this is a necessary
consequence of the three-body unitarity. In a three-meson
system, however, there may be a room for a new mecha-
nism that is absent in a two-meson system to play a role. We
will refer to such mechanisms as a “three-meson force”
hereafter. Diagrams shown in Fig. 4 can work as a three-
meson force. These are interactions between a vector-
meson and a pseudoscalar meson via a vector-meson
exchange; for our particular application to Dt —
K-ntnt, they are bare p-K, and bare K*-r interactions.
These mechanisms are based on the hidden local symmetry
(HLS) model [21] in which vector and pseudoscalar
mesons are implemented in a Lagrangian that has a
symmetry under nonlinear chiral transformations.
Expressions for the Lagrangian and the resulting interaction
potentials of Fig. 4 are presented in Appendix A. These
mechanisms in Fig. 4 along with the Z diagram in Fig. 3
have been studied by Jansen et al. [24-26] to examine the
7-p correlation and its relevance to a soft zZNN form factor

Vex

(a) (b)

FIG. 4. Vector (V) and pseudoscalar (P) mesons interaction
potentials based on the hidden local symmetry model [21]. Vector
mesons (V) are exchanged.

M2, (q) + p*E — \/M2,(q) + p> +ie

(23)
./M2 )+ p*E—/M?,(q) + p? tie
T @wit(a) o)
1/M2 )+ p*E— /M?,(q) + p? tie
Ma(q) hgily ab ey (@) (25)

in a NN potential. There are also other possible mecha-
nisms that can work as a three-meson force. We show some
diagrams in Fig. 5 as examples. The diagram in Fig. 5(a)
describes an interaction between a pseudoscalar-meson pair
(ab) in s wave and another pseudoscalar meson (c) via a
vector-meson exchange; this mechanism is also from the
HLS Lagrangian. Meanwhile, in the diagram of Fig. 5(b),
an R interacts with a pseudoscalar meson to form a
resonance (M*), which is followed by a decay into an R’
and a pseudoscalar meson. This is a familiar mechanism
and often assumed in partial wave analyses for meson
spectroscopy.

In this work, we consider the vector-pseudoscalar
interactions shown in Fig. 4 in our analysis of the D™ —
K~ ztz" decay to study their relevance. Thus, the scatter-
ing equation in Eq. (17) is modified by adding the new
mechanisms to the Z diagrams:

Z?CJIIQJ’T cR (p ps E)

=~ Z{k)y (en) (P PE)

+ ViR, (er), (P’ P) in Eq.(17). (26)

a’ b’ c’ R’ c’
. ; ,
\ :
, 1
! 1
L
L
) ,
\ '
=
: M*
X Vex h
P :
/
/
a b c R c
(@) (b)

FIG. 5. Three-meson force not considered in this work.
(a) Vector-meson exchange between a pseudoscalar-meson pair
(ab) in s wave and a pseudoscalar meson (c). (b) Rc interaction
via meson-resonance (M*) excitation.
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JPT
Vier), (cr),

wave form for which we give explicit expressions in
Egs. (A8), (A12), and (A17). In Eq. (26), R and R’ are
the lightest spin-1 bare states of either (7, S[strangeness]) =
(1,0) or (1,8) = (1/2,—1) which we denote “p” and
“K*,” respectively. For our particular application to the
Dt - K ztz" decay, we include (VP,V'P',V.)=
(p"K.“p"K.p), (“"p"K.“K”’m,K*), (“K*"z,“K"z.p)
for the diagram Fig. 4(a), and (VP,V'P', V)=
(DK, 0K, K*), (“p°K,“K*m ), (“K*m,“K*m, K*)
for the diagram Fig. 4(b). On the other hand, we leave
examination of mechanisms such as those shown in Fig. 5
to future work for the following reasons. As we emphasized
in the Introduction, even effects of multiple scattering due
to the two-meson force on the D decay has still not been
studied in a realistic setting. In this situation, studying the
relevance of the three-meson force to the D decay is indeed
in an exploratory level, and thus a reasonable starting point
would be to include it in the most important channel. As we
will see, the vector-pseudoscalar (p-K) channel plays a very
important role in the rescattering process, and therefore it
would be good to study the new mechanisms of Fig. 4 in
this channel at first. Also, regarding the mechanism in
Fig. 5(b), no relevant meson-resonance of spin-0, I = 3/2,
S = —1 is known in the D-meson mass region, and thus we
do not need to include it for the moment.

where the added term, (p', p), is in the partial

C.D" - K ntn" decay amplitude

In our coupled-channel model, the decay amplitude for
DT — K~ztz" is given by

Tkt 7t D (PKﬂPﬂ;an;QE = mp+)
cyclic

= Z T(ab)c,DJr (pmpb’pc; E)? (27)
(abc)

where we have introduced the cyclic summation that takes
the sum over abc = K~n{ny, n{n3 K=, a3 K~ x|, and

T(ab)c,D*Q’a,vaPc;E)
= Z fZ;;),R(pmpb)GcR.cR’(pc’E)fZ?z"D+ (me)’
R.R 55,

(28)

where s7% is the z component of the spin of R, and G .x’
is the Green function that has been defined in Eqs. (18)—
(21). This decay amplitude in Eq. (28) is diagrammatically
represented in Fig. 6. The symbol fj;ﬁ denotes a R — ab
decay vertex function which is explicitly given as

PHYSICAL REVIEW D 93, 014005 (2016)

a
a
} R b
b - = Dt 4+
c c

(a) (b)

FIG. 6. Diagrammatic representation of DT decay into three
pseudoscalar mesons a, b, ¢ in our coupled-channel model.
(a) The isobar-type diagram. (b) The rescattering diagram. The
amplitude 7" is from the scattering equation represented by Fig. 2.
The gray blob represents the dressed R Green function.

fﬁa,R(pmpb)

_ \/ mEq(9)Ep(q)
Eg(PR)Ea(Pa)Esb(Pp)

It + ti>YL,LZ(E])J~C%,R(Q) for R =R,

X (t,totpty

(29)
LZ
fab,R(puvph)
E.(9)E,(q) L
= | =22 B, BLE+B)Y - Wfil
Ea(pa)E,,(ph)< b1 Yo (@)wi,(q)
for R = ry, (30)

where f4! » and W/ have been defined in Egs. (9) and (4),
respectively; (jm,j,m,|JM) is the Clebsch-Gordan coef-
ficient, and ¢, is the isospin of meson a and £ is its z
component. The kinematical factors in the equations are
from the Lorentz transformation to boost the ab-pair
center-of-mass (CM) frame to the total CM frame. The
momentum ¢ is the relative momentum of the ab pair in

their CM frame. The dressed D™ — R/c vertex, 1_"?7“‘3', D+
has also been introduced in Eq. (28), and it is explicitly

given by

T o e E) =) D (IFsrsiy|SpSh)

PT ¢
X (tpits + it 1| T + 15 + 12)
A -SpPT
XY (pc)F(:R/),Jy (pe. E), (31)

where Sp(=0) is the D-meson spin, and 5 + f; + 15 =
3/2 for D™ — K~ z"z". We sum over the parity (P) and
total isospin (7) of the final hadronic states because the
weak D decay does not conserve them. The last factor in
the above equation is given by
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FIL ()
—FL L (po)
+R;Z A T dpep TR o, (e e E)
X Gorreme(pe EVFIL (o). (32)
where T’(’C ®).(err, is the partial wave amplitude for

¢'R" = ¢R’ scattering obtained by solving the coupled-
channel scattering equation, Eq. (17). The first term on the
rhs corresponds to the isobar-type contribution [Fig. 6(a)]
while the second term is the contribution from the rescat-
tering [Fig. 6(b)]. The quantity F{%),,Dr (p) is the bare

— (Rc), vertex function for which we choose a para-
metrization,

JPT i 1 JPT
FIPT  (p) = Ar C( R); expls (cR)]
Rn? (272 \/2E.(p)

AJPT 2 +(1/2)

G )
with
2E’pr) for R=R, Ap=1 forR=ry,.

(34)
In Eq. (33), CJPT (1575)1’ and A{Lfg)[ are the coupling,
phase, and cutoff respectively, and they will be determined

by fitting Dalitz plot distribution data. The couplings C(J P T)

are nonzero only when [Sp —sg| <! <Sp+ sg. The
parametrization used in this work [Eq. (33)] is different
from the one used in Ref. [13] in choosing the kinematical
factor.

The isobar-model-type amplitude [Fig. 6(a)] for the

Dt — K- ntnt decay, TI(“’b)ar o+ is obtained from the

above equations (27)—(34) by just dropping the second
term of the rhs of Eq. (32).

The procedure to calculate the Dalitz plot distribution
from the decay amplitude of Eq. (27) is explained in detail
in Appendix B of Ref. [13], and we do not repeat it here.

III. ANALYSIS AND RESULTS

Now we apply the coupled-channel formalism discussed
in the previous section to analyses of data. First we
determine parameters in the two-pseudoscalar-meson scat-
tering model by analyzing experimental data for 7z and 7K
scatterings. Then we extract resonance parameters from
amplitudes of the two-meson interaction model. This
two-meson interaction model is a basic ingredient for the

PHYSICAL REVIEW D 93, 014005 (2016)

three-meson scattering model. In the subsequent subsection,
we analyze the D™ — K~z z" decay in a realistic setting.

A. Two-pseudoscalar-meson scattering

For studying the D* — K=zt z" decay in our coupled-
channel framework, the 7z and zK scatterings of E <
2 GeV are relevant. We will determine the model param-
eters of our zz and zK scattering models, i.e., kL', ab bLI,
Mg, Gap.r» and c,p g in Egs. (1)—(3), (8), and (10), by fitting
empirical scattering amplitudes for £ <2 GeV.

1. 7K scattering

We analyze the nK scattering amplitudes from the
LASS experiment [6,9]. For our application to the D™ —
K~ztxn" decay in the next section, we determine the model
parameters for {L,I} ={0,1/2}, {0,3/2}, {1,1/2},
{2,1/2} partial waves. We explain details of our zK
scattering model for each partial wave. For the {L,I} =
{0,1/2} wave, we consider zK-K coupled channels
because the #'K channel is known to play a significant
role while 7K does not in this partial wave. We include two
bare R states supplemented by a contact 7K — 7K inter-
action. For the {L,I} = {0,3/2} wave, we consider a
contact 7K — zK interaction only. For the {L,I} =
{1,1/2} and {2,1/2} waves, we consider coupling of
7K and effective inelastic channels; masses of the two

particles’ in the inelastic channel, denoted by m%! and
m4!, are also fitted to the data. We include three bare R
states for {L, I} = {1,1/2} while a single bare R state for
{2,1/2}. We present the 7K model parameters determined
by the fits in Table VII of Appendix B.

We present the quality of the fits to the empirical partial
wave amplitude [6] of ztK~ L =0 partial wave and
{L,1} ={1,1/2}, {2, 1/2} partial waves in Fig. 7 where
phases (upper panels) and modulus (lower panels) of the
amplitudes are shown. Also the elastic scattering phase
shifts for the {L,I} = {0,3/2} partial wave calculated
with our model are compared with the data [9] in Fig. 8
(left). The »* values obtained in the fits are tabulated in
Table I. The s-wave ztK~ amplitude is calculated by
linearly combining the {L, I} = {0,1/2}, {0,3/2} partial
wave amplitudes. Overall, as seen in the figures, we obtain
a reasonable description of the data included in the fit.
However, one notices that the model has a sudden change
and deviation from the data in the phase for the {L, [} =
{1,1/2} partial wave at E ~ 1.3 GeV. This is perhaps an
artifact of our model that has the threshold where the
effective inelastic channel opens. Fortunately, the magni-
tude of the amplitude is rather small around this energy so
that the deviation in the phase will not give a significant
impact on observables calculated with this model.

From the 7K amplitudes of the model determined above,
we extract resonance pole positions by the analytic con-
tinuation [29,30] as shown in Table II. We present poles
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FIG. 7. Phase (upper) and modulus (lower) of the amplitudes for the zK scatterings: (Left) L =0 for ztK~. (Center)
{L,I} ={1,1/2}. (Right) {L,I} = {2,1/2}. Data are taken from Ref. [6].
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FIG. 8. Phase shifts (5;;) of the zK and zz scatterings: (Left) K phase shifts for {L,I} = {0,3/2} partial wave; data are from
Ref. [9]. (Right) zz phase shifts for {L,I} = {0,2} partial wave; data are from Refs. [27,28].

below Re[E] <2 GeV and [Im[E]| <0.25 GeV. We can
consistently identify most of the extracted poles with the
corresponding particles listed by the Particle Data Group
(PDG) [31] as shown in the table. For the {L,I} =
{0,1/2} partial wave, our model has a pole at 0.71 —
0.23i GeV that corresponds to the so-called x whose mass
is 682 £ 29 MeV, and width 547 + 24 MeV in the PDG
listing. Also we find two poles at Re[E] ~ 1.4 GeV on
different Riemann sheets. These two poles are associated
with a single resonance [Kj(1430)] that is split by coupling

to 'K channel. For the {L, I} = {1, 1/2} partial wave, our
model has the well-established K*(892). Also in the same
partial wave, there is a pole at 1.28-0.058i GeV that is a bit
off the K*(1410) resonance parameters from the PDG.

2. nrx scattering

We perform an analysis of zz scattering data with our
coupled-channel model in a way similar to the analysis of
7K data in the previous section. Although we only need a
zrr model for the {L,I} = {1,1},{0,2} partial waves for

TABLEL 42 values for the fits to empirical 7K and 7z partial wave amplitudes. Each entry in the row indicated by “# of parameters” is

the number of model parameters adjusted to fit the data.

7K

b7

{L.1} {0.1/2} {0.3/2} {1,1/2} {2.1/2} {0,0} {0.2} {1} 2.0
e 304 158 344 183 274 114 291 276
# of data points 84 19 84 64 148 42 130 130
# of parameters 12 2 17 7 12 3 10 5
r*/d.of 4.2 93 5.1 32 2.0 29 2.4 22
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TABLE II.  Pole positions of the zK partial-wave amplitudes in the complex-energy plane. A partial wave is specified by the orbital
angular momentum (L) and the isospin (/). Poles below Re[E] < 2 GeV and |[Im[E]| < 0.25 GeV are presented. Roman numerals in the
square brackets specify the Riemann sheet on which each of the poles exist. We use the convention defined in, e.g., Ref. [32], to specify
each of the Riemann sheets, I-IV. Each of the states is identified with the corresponding particle name used in the PDG listings [31].

L 1 Pole positions (GeV), [Riemann sheet], Name

0 1/2 0.71 — 0.23i [ K 1.44 —0.14i (] K{(1430) 1.88 —0.13 [I1] K{(1950)
1.46 — 0.25i [I01] K{(1430)

1 1/2 0.90 — 0.025i [m K*(892) 1.28 — 0.058i [ K*(1410) 1.66 — 0.088i [ K*(1680)

2 1/2 1.42 — 0.055i (1] K3 (1430) — —

our coupled-channel analysis of the D* — K~z z" decay,
we present here our 7z model for all major partial waves for
a future reference. We consider zz-KK coupled channels
for all partial waves except for {L, I} = {0,2} where only
the elastic zz channel is taken into account. Regarding
details of our model for each partial wave, we include two
bare R states supplemented by a contact 7z — 77z inter-
action for the {L,I} ={0,0} wave. For the {L,I} =
{1,1} and {2,0} waves, we include two bare R states
and a single bare R state, respectively. Finally for the
{L,I} ={0,2} wave, we consider a contact 7z — n7x
interaction only. We present the zz interaction model
parameters determined by the fits in Table VIII of
Appendix B.

We present the quality of the fits in Figs. 9 and 8 (right)
where phase shifts and inelasticities are shown. The y?
values obtained in the fits are tabulated in Table I. As seen
in the figures, we obtain reasonable fits to the data from
Refs. [18-20]. Although the quality of the fits is not much
improved from those we obtained in Ref. [13], the purpose
of updating the zz scattering model is to take account of the
proper kinematical factor, as mentioned below Eq. (10).

The nonzero inelasticities from our model are due to the
coupling to the KK channel of our coupled-channel model.
We note that the KK channel in our model effectively
simulates all inelastic channels in which the true KK
channel is a major component, because we did not include
an — KK and KK — KK data in our analysis, and also
because we did not include the 4z channel in the model.
From the determined zz partial-wave amplitudes of our
model, we extract resonance poles as presented in Table III.
Most of the extracted poles are consistently identified with
the counterparts in the PDG listings, as shown in Table III.
A difference from the PDG value is found for the width of
f0(980); our model has a rather small width (~2 MeV) in
comparison with the PDG average (40-100 MeV). This
difference was also found in the model used in Ref. [13],
and possible sources of the difference were discussed
there. Also the second resonance in the {L,I} = {1,1}
partial wave perhaps does not correspond to p(1450).
However, an effect of this resonance pole on the amplitude
seems to be very small, and our model reproduces the
empirical amplitude very well. These differences from the
PDG listings in the pole positions could be due to the fact

500 . . . . 200 200
400}
150 | 150 |
g 300 B 3
2 2 2
o S 100 - £ 100 |
8 200 E E
50 + 50 -
100}
0 0 0
1 1F 10
8 T 8
= o5} = o5l = o5t
0 ‘ ‘ ‘ o ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘
200 600 1000 1400 1800 200 600 1000 1400 1800 200 600 1000 1400 1800

E (MeV)

FIG. 9.
{L,I} = {2,0}. Data are taken from Ref. [18-20].

E (MeV)

E (MeV)

Phase shifts (upper) and inelasticities (lower) for the zz scattering: (Left) {L, I} = {0,0}. (Center) {L,1} = {1, 1}. (Right)
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TABLE III.  Pole positions of the zz partial-wave amplitudes in the complex-energy plane. The other features are the same as those in
Table II.

L 1 Pole positions (GeV), [Riemann sheet], Name

0 0 0.41 —0.24i [11] o 1.02-0.001 [1I] f0(980) 1.38-0.15i [II1] fo(1370)
1 1 0.77-0.079i [I1] p(770) 1.01-0.083; [II1] p(1450) 1.58-0.16i [II1] p(1700)
2 0 1.25-0.099i [1I1] f2(1270) — —

that we employ the simple parametrization for the two-
pseudoscalar-meson interactions in order to make our
three-meson scattering model relatively easy to handle.
The behavior of the amplitudes on the unphysical (complex
energy) region may be different from those of more
sophisticated two-meson interaction models cited in the
PDG. Thus, we would not mean to claim that the pole
positions presented on Tables II and III have a comparable
reliability to those from the more sophisticated analyses.
The tables are just for showing the properties of the
amplitudes used in our analysis of the D™ - K-zt z*
decay, and thus we do not quote errors for the pole
positions. Yet, the zz and 7K amplitudes our model
generates are reasonable on the real physical energy axis,
and should be good enough for our purpose, that is, a
coupled-channel analysis of the DT — K~ztz" decay
with realistic zzz and #K amplitudes.

B. Analysis of D™ - K-z"z+ Dalitz plot

Now we will perform a partial-wave analysis of pseu-
dodata for D¥ — K~z z" Dalitz plot distribution using
our coupled-channel model. In what follows, we explain
setups of our models used in the analysis. Then we discuss
how we prepare pseudodata and our analysis procedure,
which is followed by numerical results.

1. Model setup

In our coupled-channel framework, DT-meson decays
into Rc channels, followed by multiple scatterings due to
the hadronic dynamics, leading to the final K~z tz™" state.
This process is expressed by Eqgs. (28), (31), and (32);
with the symmetrization, the decay amplitude is given by
Eq. (27). We consider the following 11 Rc¢ coupled
channels in our full calculation:

1 1 1 11 11 11 p2l
{Rc} = {R%"%,R9'x, I”gkﬂ',Rl 7, Ry 'm, Ry 7, Ry'm,

RPR.RPR. 1%z r%K}, (35)

where RY* stands for the ith bare R state with the spin L
and the isospin /; when [ is an integer (half-integer), it is
understood that this R state has the strangeness S =0
(S = —1) in this paper. Thus, RV', R!!, R?!, R!? are seeds of
K, K*, K3, p resonances, respectively. In our model, these
resonances are included as poles in the unitary scattering

amplitudes. 5% is a “state” associated with a contact

interaction in a partial wave of L and /, as has been
introduced in Sec. I B. Most of the partial waves associated
with these channels have been considered in the previous
Dalitz plot analyses of the D™ — K z"z" decay
[2,3,5,8,10,11]. However, the {L, I} = {0,2} partial wave
associated with the 7% K channel was considered only in
the CLEO analysis [11]. Also, the {L,I} ={0,3/2}
partial wave associated with the r%% z channel was explic-
itly considered only in the FOCUS analysis [8], but other
MIPWA can implicitly take account of this partial wave.
The {L,1} = {1, 1} partial wave associated with the RI2K
channel has not been considered in the previous analyses.
This channel can contribute to D™ — K~z"z" only
through the coupled-channel dynamics, and therefore it
does not show up in isobar-type models. A possible
important role of this channel was hinted by the
Brazilian group [15,17], as stated in the Introduction.
We note that, unlike most of the previous isobar-type
analyses, we do not include a flat interfering background
amplitude. With the coupled channels considered in this
work [Eq. (35)], the final hadronic system has the total spin
J =0, parity P = +1, total isospin T = 3/2, and | = sp.
We fit Dalitz plot pseudodata for D™ — K~ z"z" by
adjusting parameters associated with the D™ — Rc vertex

fon JPT  4JPT
function in Eq. (33). Among the parameters, C R Pler),

and A{fg}l, we fix A(Jfg)l =5 GeV for all DT - (c¢R),

vertices, and set C{PIQ) =1, {P;,) = 0. Then, we fit the
R, R,
pseudodata by adjusting the other C{ 57%), and (J f%)l under a

requirement that all R*?/, which belong to the same partial
wave characterized by {L, I}, share the same phase ¢/7, .
With this requirement, when the hadronic rescattering is
turned off, the Watson theorem is satisfied, up to a slight
violation due to the fact that our model takes account of the
center-of-mass motion of the scattering two mesons. More
specifically, the p.-dependence of the phase of G % .z’ in
Eq. (28) leads to the slight violation.

The hadronic rescattering processes are described by the

scattering amplitude, 7"/ 572% (e, defined in Eq. (17), and

also by the Rc¢ Green function defined in Egs. (18)—(21).
The main driving force of the rescattering processes is the
two-pseudoscalar-meson interactions that have been fixed
in the previous section by fitting the empirical 7K and 7z
scattering amplitudes. The two-pseudoscalar-meson inter-
actions enter the scattering equation [Eq. (17)] as the Z
diagrams and also through the R self-energies and o’%’,R in
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Egs. (22)—(25). Given the coupled channels specified above
and the two-meson interactions, we can find all the contrib-
uting Z diagrams that induce channel-couplings. In our
analysis, we consider all of the contributing Z diagrams that
contain zzK and KK K intermediate states. In addition, we
include the three-meson force based on the HLS model and,
as mentioned below Eq. (26), we have totally six diagrams of
this type. As described in Appendix A, once two coupling
constants are fixed by the p — zz and w — 7p decay widths,
all the other couplings are fixed by SU(3) and the HLS. We
use the same form factor [Eq. (A15)] for all the different
diagrams of the three-meson force. The cutoff, Az, in the
form factor is determined by fitting the pseudodata.

In our analysis of D™ — K~z z " Dalitz plot pseudodata,
we will basically use three models. The first one is the “full
model” that contains all the dynamical contents described
above. The second one is the “Z model” for which the
rescattering mechanism is solely due to multiple iteration of
the two-pseudoscalar-meson interactions in the form of the Z
diagrams and R propagators. Thus, the full model is obtained
by adding the three-meson force to the Z model. The third
model is the “Isobar model” that does not explicitly contain
the rescattering process. The decay amplitude for the Isobar
model has been described at the end of Sec. II C. This Isobar
model is still different from most of the isobar models used in
the previous Dalitz plotanalysesof D™ — K~z "z inthatall
two-pseudoscalar partial-wave amplitudes are unitary and fit
well the empirical amplitudes in the relevant energy region;
the Watson theorem is also maintained in the sense discussed
in the previous paragraph. Finally we remark that the two-
pseudoscalar-meson interactions, that have been determined
in the previous sections, will not be adjusted to fit the D"
decay pseudodata. This is in contrast with most of the
previous analyses where some of Breit-Wigner parameters
were also adjusted along with D — Rc vertices.

120

Myt (GeV?)

o

0.5 1 1.5 2 2.5 3
My (GeV?)
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2. Data and analysis method

We create reasonably realistic pseudodata of the Dt —
K~ z"z" Dalitz plot from the isobar model of the E791
Collaboration [5]. The E791 Collaboration obtained the
isobar model through their partial-wave analysis of the
D™ —» K~z 7 Dalitz plot of 15,079 events, among which
94.4 9% were determined to be signals. In generating
pseudodata, we take a procedure similar to Sec. V of
Ref. [33] where Dedonder et al. created pseudodata for
D° — K4ztz~ using the isobar model of the BABAR
Collaboration. We start with a grid 400 x 400 squared
cells covering all kinematical region of the Dalitz plot
distribution with M%_ . as x axis and another M%_ . as y
axis; M%«,ﬁ denotes the squared invariant mass of the
K=zt pair. Each cell is given by the E791 isobar model a
value of the Dalitz plot distribution at the center of the cell.
Then, the values of the Dalitz plot distribution in 10 x 10
adjacent cells are summed to obtain 40 x 40 cells, each of
which has the value of the partially integrated Dalitz plot
distribution. The width of each cell is 0.0649 GeV?. In the
E791 analysis [5], 40 x 40 cells were used to perform their
MIPWA and thus are a reasonable size also in our analysis.
The Dalitz plot distribution value in each cell is multiplied
by a common normalization constant and then is round off
to be an integer; the common normalization constant is
chosen so that the sum of the round-off values of all the
cells coincides with 15,079 x 94.4% ~ 14,234, the num-
ber of signals of the E791 experiment. In this way, we have
generated pseudodata for the D™ — K~z z" Dalitz plot,
as presented in the left panel of Fig. 10.

Next task is to analyze the above pseudodata with our
model. Again, Ref. [33] serves as a useful reference to find
an analysis procedure. We calculate the Dalitz plot dis-
tribution using the decay amplitude of Eqs. (27) and the
formulas given in Appendix B of Ref. [13]. In each cell of
the 40 x 40 grid, we integrate the Dalitz plot distribution

120

100

o

0.5 1 1.5 2 2.5 3
My (GeV?)

FIG. 10. The Dalitz plot distribution for D™ — K~z z" in 40 x 40 cells. The left panel shows our pseudodata generated with the
isobar model of the E791 Collaboration [5]. The right panel is the counterpart from the full model that has been fitted to the pseudodata.
An explanation for how the pseudodata are generated is found in Sec. III B 2.
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from our model; the overall normalization is chosen so that
the integral over all the kinematical region of the Dalitz plot
distribution becomes equal to 14,234, the number of signals
for the E791 data. In this way, we have the number of
events (a real number) in each of the cells, and can compare
it with the counterpart in the pseudodata. If a given cell of
the pseudodata has the number of events less than 5, then
the cell is merged with the adjacent cell in the same x axis
to be a larger cell. This grouping is repeated until the cell
contains more than or equal to 5 events. The same grouping
is also applied to the event samples from our model. Thus,
the total number of effective cells, each of which contains
more than or equal to 5 events of the pseudodata, is 725.

The quality of the fit can be quantified by calculating >
defined by

XZZZj:xf:Z:(

where j labels each cell, and N (N7™) is the number of
events in the j-th cell from our model (pseudodata). The
error of the pseudodata in each cell is assigned
by ANj?Xp = N;xp.

We will perform the least y? fit to the pseudodata with
the CERN program library MINUIT. Errors for the fitting
parameters are estimated in a standard manner as follows.

J

Nt.h _ N‘?XP) 2
A (36)
exp ’
AN

First we calculate Hessian matrix, H;;, defined by
=il )
200,001 010y

where »? is given in Eq. (36); 6; is one of the fitting
parameters and {6} is a set of the fitting parameters at the
minimum of y?. Then the error matrix is given by the
inverse of the Hessian, E;; = (H™');;, and the error for
the parameter 0; is assigned by /E;;. An error 6X for a
quantity X such as a fit fraction is estimated by the error
propagation formula:

X
90,
LJ

0X

[5X]2 = ij o
o=@  90;

(38)

)=}

3. Numerical results and discussions

We performed the least y? fit to the pseudodata following
the procedure explained in the previous subsection. We
used the three models; the full, Z, and Isobar models. All
the parameters and their statistical errors determined by the
fits are tabulated for each of the models in Table IX. The
Dalitz plot distribution from the full model is shown in
the right panel of Fig. 10. Comparing with the left panel of
the pseudodata, a difference is hardly discernible to the
eye. The situation is the same for the Z and Isobar models.
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TABLE IV. The total 2 values and y?/d.o.f. from the full, Z,
and Isobar models obtained by fitting the D™ — K-zt z " Dalitz
plot pseudodata. The Z model without couplings to (z*z°)5~' K0
is labeled by “Z (without p)”.

Full VA Isobar Z (without p)
7 157. 119. 303. 216.
x*/d.o.f. 0.22 0.17 0.42 0.30

The quality of the fit can be quantified by calculating the y?
values of Eq. (36) that are presented in the second row of
Table IV. The y? values of the Z model are the smallest, and
the full model comes in second. These models are signifi-
cantly better than the Isobar model in the fit quality. In the
third row of the table, we also show y* /d.o.f. to assess if
the better ¥ is simply due to more degrees of freedom in
the fits. The number of the fitting parameters for the full, Z,
and Isobar models are 16, 15, and 12, respectively, as can
be found in Table IX. The number of bins at which y? is
calculated is 725. Thus we obtain y?/d.o.f. as shown in
Table IV. Therefore, the ranking of the fit quality is still in
the same order as far as y? is concerned.

In order to see the quality of the fits more clearly, we
show the )(5 distribution at all of the bins in Fig. 11. These
figures show that all of our models fit the pseudodata rather
precisely. Most of the bins are fitted with 47 < 0.5, and 7
exceeds 1 at only a small number of the bins. Yet again, the
full and Z models clearly show a better performance in the
fit than the Isobar model does. The quality of the fit can also
be shown in the projection of the Dalitz plot distribution
onto the M%_ . or MZ. , distributions, as presented in
Fig. 12 for the full model as a representative.

What is the main reason that the full and Z models fit the
pseudodata better than the Isobar model? Because only
the former models have the R1?K (i.e., p™ K°) channels and
the hadronic FSI, one may guess either or both of these
dynamical contents are responsible. To address this point,
we introduce the “Z (without p)” model, that is, the Z
model with couplings to the R!?K channel turned off. By
fitting the pseudodata with the Z (without p) model, we
examine if the rescattering effects can improve the y?. The
x> value is shown in Table IV, and is significantly better
than that of the Isobar model. We note that the Isobar model
and the Z (without p) model have the same number of
adjustable parameters in the fits. Thus, the quality of the fit
is improved just by including the rescattering due to the Z
diagrams, and the inclusion of the R!2K channels further
improves the fit substantially.

We remark that we obtained the reasonable fits to the
pseudodata without adjusting the parameters associated
with the two-pseudoscalar-meson interactions. On the
other hand, as mentioned already, most of the previous
analyses varied some Breit-Wigner parameters in fitting
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FIG. 11. The )(% distributions. The left, middle, right panels are from the full, Z, and Isobar models, respectively. The bins with ;{% >4
are all given the same color (red); the same applies to the bins with )(% < 0.5 (dark blue).

their D* — K-zt z™" Dalitz plot data. A common claim in
those analyses [2,5,8,11] was that the width of 1?3(1430)
obtained in their fits, ~170 MeV, was significantly smaller
than those from the PDG and the LASS analysis,
~270 MeV. In our model, there are two poles associated
with K}(1430) as shown in Table II, and they are on
different Riemann sheets, the branch point of which is the
'K threshold. This two-pole structure is a coupled-channel
effect. One of the poles is close to the PDG value, while the
other one has a rather broad width. Thus, in our analysis,
we did not need Kj(1430) with a narrower width to obtain
the reasonable fits to the DT — K ztz" Dalitz plot
pseudodata.

Next we present partial-wave decay amplitudes defined
by Eq. (28) at ¢ - p. = 1 (g: relative momentum of the ab
pair in their CM frame) and the summation ) 5 » being
replaced by > r/ g, 165,101,101 Where {L, I} specify
the partial wave. These amplitudes correspond to Eq. (3) of
Ref. [5] at cos @ = 1, and in the same reference, the E791
Collaboration presented their amplitudes. Thus we can
compare our amplitudes with those from the E791
MIPWA. We denote a partial wave by “(ab)! ¢’ in which
a two-pseudoscalar-meson pair ab has the total angular
momentum L and the total isospin /. When ab is written

800 - B

600 - B

400 |- i

Events/0.065 GeV 2

0 I I

0 1 2 3

My (GeV?)

with a charge state, (ab)! is understood to be the total
isospin [ state projected onto the particular charge state,
e.g., (K _7[+)g:l/ 7t We note that a partial-wave amplitude
of a coupled-channel model generally contains all the
partial waves considered in the model as intermediate
states. Therefore, we refer to an amplitude with (ab)! c
in the final state as the (ab)!c amplitude. The partial-
wave amplitudes for (K_ﬂ+)§:1/2ﬂ+, (K2 )5 20t
(K=t 22, (K=2")5 2%, and (ntnt)iE2K- are
presented in Figs. 13(a)-13(e), respectively. The partial-
wave amplitudes from the full, Z, and Isobar models are
shown with their error bands as a function of

My, =/ (E, + Ey)?> — (p, +ps)> As a whole, the full
and Z models are similar in the amplitudes while the Isobar

model is rather different, particularly in (K_”+)§=1/ 271'+,

(K=aH)3 77+, and (z+7")i72K~. Because the models
maintain the Watson theorem when the hadronic rescatter-
ing is absent (see the note in Sec. III B 1), the phases (the
upper panels of Fig. 13) from the Isobar model in the elastic
region are essentially the same as those in Figs. 7 and 8 up
to overall constant shifts. The difference in the Mg-,-
dependence of the phases between the Isobar model and
the full (or Z) model is purely the effect of the hadronic
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100

O Il Il Il
0 0.5 1 1.5 2

M2 (GeV3)

FIG. 12. The K-zt (z"z") squared invariant mass spectrum of the full model compared with the pseudodata from the E791 isobar

model in the left (right) panel.
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FIG. 13. Phase (upper) and modulus (lower) of the partial-wave amplitudes for (a) (K‘n:+)§:1/ 2zt (b) (K‘zt+)§,:1/ 2pt,

© (K=z")52zt, (d) (K ‘7r+)§=3/ *zt, (e) (z*at)I2K~. The red solid, the blue cross-hatched, and the green bordered bands are
from the full, Z, and Isobar models, respectively; the band widths represents the errors. For the definition of the amplitudes, see the text. In
the panel (a), we also show the (K~ z") ¢z amplitude from the MIPWA of the E791 Collaboration [5] as the black squares with error bars.

rescattering. To put it the other way around, the Isobar
model does not have a degree of freedom to change the
phases using the rescattering in order to obtain an optimal
fit, which might have led to the rather different solution.

In Fig. 13(a), we also show the (K~z")¢zt amplitude
from the E791 MIPWA [5], denoted by [(K~z") gz 152 A
hereafter. The modulus in the figure is, in their notation,
¢ x FY(y/s), and numerical values for ¢ and F9(\/s) are
tabulated in Table III of Ref. [5]. Interestingly, the M g- -
dependence of the phases from the full and Z models are
in a very good agreement with those of the MIPWA for
M-+ < 1.5 GeV. The full model also agrees with the

modulus of [(K=z")ent|Ephva in the elastic region.
Because [(K~z")gnt ¥ implicitly contains all the
partial-wave amplitudes other than (K-z*)5"/*z* and
(K‘zﬁ)gzl/ *z*, for a more meaningful comparison, we
might need to compare it with the coherent sum of the
(K_ﬂ+)§:1/27[+, (K_ﬂ+)§:3/27[+ and (z7")72K~ ampli-
tudes of our models. However, because the (zz+)i2K~
amplitude depends on M +,+ while the others on Mg-,+,
they cannot be simply summed to obtain the counterpart
of [((K=n") g [Elwa- Still, we confirmed that the M-+~
dependence of the phase of the (K~ n*)é:l/ 27+ amplitude of
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the full and Z models does not significantly change even
after the (K_JT+)§:3/ 7zt amplitude is coherently added.
Thus, our coupled-channel models explain the gap between
the phase of [(K~z")sn"]Eoiva and that of the LASS
(K‘;r*)g:]/ >zt amplitude in a way qualitatively different
from the previous explanation. Edera et al. [7] and the
FOCUS K-matrix model analysis filled the gap with a rather
large (more than 100 %) destructive interference between the
(K _ﬂ+)§=1/ 2zt and (K _ﬂ'+)§=3/ 27+ amplitudes, without an
explicit consideration of the hadronic rescattering. Our
coupled-channel models, on the other hand, fill the gap
with the hadronic rescattering, and have a moderately
destructive interference between the (K_ﬂ'+)§:]/ 7zt and
(K_”+)1S:3/ 7+ amplitudes (see Table V).

We notice in Fig. 13 that the (K z")¢ /“z" and
(z*2")E72 K~ partial-wave amplitudes have relatively large
errors. Because we analyzed the data of the single charge
state, it may be difficult to separate the different isospin
states with a good precision. This situation would be
improved by analyzing data of different charge states,
ie., D" - K z*z" and D™ — Kz"2°, in a combined
manner. We also note that even though the phases of the

1=3/2
S

(K=z")5" 2+ amplitude from the Isobar model have very
large errors for M-+ < 1.5 GeV, this is simply because
the absolute value of the amplitude is very small.

Now we look into the fraction of each channel’s contri-
bution (fit fraction). In an isobar model that describes a D -
meson decay as D™ — >~ gRc — abc where R is expressed
by a Breit-Wigner function, the fit fractions of different Rc
contributions can be straightforwardly defined, and are often
presented in the previous analyses. However, in a model like
ours where the resonances are described as poles in unitary
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scattering amplitudes, the fit fraction of a certain resonance
contribution is not so straightforwardly defined, because the
scattering amplitude generally contains more than a single
resonance, as we have seen in Tables II and III. Furthermore,
the amplitude also contains nonresonant contributions. There
is no unambiguous way to single out a certain resonance
contribution. Therefore, we present the fit fractions of
contributions from different partial-wave amplitudes. We
calculate the (ab)! ¢ partial width using the partial-wave
amplitudes presented in the above paragraph, with the
angular (g - p,.) dependence being restored and the Bose
symmetrization being takenintoaccountasin Eq. (27). Thefit
fraction is then naturally defined as the (ab)! ¢ partial width
divided by the total width.

The fit fractions defined in the above paragraph are
presented in Table V for the full, Z, and Isobar models. The
incoherent sum of the fit fractions in the last row is not
necessarily 100% because of the interferences between
different contributions in the different rows of the table. We
can see that the full and Z models agree fairly well within
the errors, although the errors are rather large for the
(K=z")5?7 and (z+a+)72K~ fit fractions. On the
other hand, the Isobar model has quite different
(K=z")5?7 and (z+at)72K~ fit fractions that are
rather large, leading to the large incoherent sum (367%).
This indicates a very destructive interference between the
(K-2H)5Pxt and (z+a*)2K- partial waves. These
results are consistent with what we can expect from the
partial-wave amplitudes shown in Fig. 13. We also show
the coherent sum of the (K_ﬂ+)g=1/2ﬂ+, (K_ﬂ+)§=3/277:+,
and (z7x")2K~ fit fractions, labeled “S waves.”
Interestingly, all three models have consistent S-wave fit
fractions within the drastically reduced errors. Therefore, the

TABLE V. Fit fractions (%) from each of the models fitted to the D™ — K~z "z ™ pseudodata. See the text for the definition of the fit
fraction. The “S waves” fit fraction is the coherent sum of the (K‘zr*)ézl/ 2t (K‘zr*)ézy 22+, and (z*a")E2K~ fit fractions. The
numbers in the parentheses are not included in the “Sum” in the last row. The fit fractions from the E791 Isobar model [5], the FOCUS
K-matrix model analysis [8], and the CLEO QMIPWA [11] are also presented. The fit fractions in () are obtained by the incoherent sum
of different resonance contributions in the same partial wave, and the errors are added in quadrature.

Full Z Isobar E791 [5] FOCUS [8] CLEO [11]
isobar K matrix QMIPWA
K-zt =12+ 959+73 78.7+£4.3 689 +4.4 33.8 £ (10.8 207.25 £ 25.45 —
(K=n")s
(K—”+)IIDZI/2”+ 153+£1.5 16.2 £ 2.1 13.7+0.7 16.2 + (1.6) (15.99 + 1.18) (10.076 £+ 0.47)
(K—,ﬁ)lzl/?,ﬁ 0.5+ 0.1 0.4+0.1 0.3+0.1 0.6 +0.1 0.39 £0.09 0.204 £+ 0.040
D
(K—”+)§:3/2”+ 27.9+27.5 342 4+25.7 109.8 £ 27.8 — 40.50 +9.63 —
(wtat)2K- 21.1£19.3 5.1+£5.6 174.6 = 28.9 — - 155+£28
Background — — — 1724+523 - —
S waves (81.7 £ 0.8) (82.3£0.8) 81.2+£0.7) (79.8 £ (12.0)) (83.23 £ 1.50) (97.1 £3.9)
Sum 160.7 134.5 367.3 66.3 264.13 122.9
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data used in our analysis can constrain the S-waves fit
fraction rather well, while they cannot well constrain the
(K=2H)5 2+ and (z 2 ") =2 K~ fit fractions individually.

In Table V, we also list fit fractions from the previous
analyses done by the experimental groups for a comparison
with our result. Although each of the experimental groups
obtained several models through their analyses, we do not
try to exhaust all the models in the comparison. Rather we
pick up some cases that are particularly interesting to
compare with our results. Here, we tabulated three analyses
results in Table V: the E791 Isobar model [5] on which our
pseudodata are based, the FOCUS K-matrix model analysis
[8], and the CLEO QMIPWA [11]. We note that the
definition for the fit fraction used by the E791 in
Ref. [5] is different from what used here; the partial-wave
amplitudes are not Bose-symmetrized in calculating the fit
fractions, while our and the CLEQO’s [11] fit fractions are
from Bose-symmetrized amplitudes. However, we actually
tabulated in Table V the fit fractions for the E791 Isobar
model calculated by ourselves with our definition, and their
errors are assumed to be the same as those given in Ref. [5].
In the original papers, the experimental groups presented
the fit fractions of each of resonances considered. In order
to (roughly) compare their results with ours, we sum the
resonance contributions in the same partial wave incoher-
ently, and the errors are summed in quadrature. The
numbers enclosed by () are obtained by the incoherent
(quadrature) sum. For the (K ‘n*)ﬁ,:l/ 22+ fit fraction
obtained by the incoherent sum, the K*(892) fit fraction
dominates, and thus the interference effect would not be so
large. A general trend in Table V is that all the analyses
listed, and the E791 [5] and FOCUS [10] MIPWA results
(not listed on the table) as well, are in fairly good agreement
on the (K‘ﬂ*);:l/zzﬁ, (K‘;ﬁ)g:]ﬂﬂ*, and S-waves fit
fractions. Although the S-waves fit fraction from the CLEO
QMIPWA is somewhat larger than the others, it is probably
because the (z*z")L2K~ and K;(1430) fit fractions have
been added incoherently. The other fit fractions are rather
largely dependent on each of the analyses. For example, as
we have mentioned, the FOCUS K-matrix model analysis
gives rather large (K‘zr*)g:l/ 27t and (K_ﬂ+)§:3/ 2t fit
fractions that interfere very destructively while the inter-
ference is moderate in the full and Z models.

With our coupled-channel analysis, it is interesting to
examine bare fit fractions defined as follows. We first
calculate a bare (ab)!c partial width using the decay
amplitude in which all contributions from the rescattering
processes [the second term of Eq. (32); Fig. 6(b)] are
omitted. In our coupled-channel description of the D" —
K n"z" decay, we consider not only K~ z"z" but also
K°z%z% in the hadronic intermediate states. Therefore,
when calculating the bare partial width, we consider both
of the states in the final state sum. (Precisely speaking,
K%'z*, K°K°K*, and the effective inelastic channels in
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the 7K p and d waves are also included in the intermediate
states; their partial widths are rather small.) Then, the bare
fit fraction for a given (ab)! ¢ is defined by the bare (ab)! ¢
partial width divided by the sum of the bare partial widths
for all the considered (ab)! c. Thus the sum of all the bare
fit fractions is 100% by definition. The result is presented in
Table VI. We leave the column for the Isobar model blank.
This is because the DT — Rc vertices of the Isobar model
implicitly includes the rescattering effect, and we cannot
eliminate the effect to extract the bare vertices.

A remarkable feature in Table VI is the large fit fraction
of (z*z%)5-1K? in which p(770) plays a major role. This is
particularly true for the Z model. This fit fraction did not
appear in Table V because (7 7°)51 K° can appear only in
intermediate states of the D™ — K~z z" decay, and its
contribution is genuinely a coupled-channel effect. The
previous Dt — K-zt z" analyses cannot see this effect
because they did not explicitly consider three-body dynam-
ics. In order to see the contribution of (z7%)51K? to the
DT — K~ztz" decay more clearly, we show in Fig. 14
the K~z" (" x") squared invariant mass spectrum of the
full model but couplings to (zF7°)5-1K° are turned off.
The figures clearly show the large contribution from
(zta°)5-1KO. Tt increases the decay rate by ~7%, and
significantly changes the shape of the spectra. We found a
further enhanced contribution from (z*z°)5-1K? for the Z
model; it increases the decay rate by ~30%. Actually, the
dominance of the (zz°)5 1K fit fraction (~85%) was
also found in a recent analysis of D™ — Kgﬂ+ﬂ0 done by
the BESIII Collaboration [12]. The D™ — K~z 7" and
D* — K3n*n" decays share the same hadronic dynamics,
except for additional but much smaller doubly Cabibbo
suppressed channels in the latter. Therefore, the large
bare fit fraction of (z7°)5'K° for the D* - K=zt z™*
decay seems natural in order to understand the decay
mechanisms for D - K=z"z" and D* - K%z z° con-
sistently. However, we have seen the rather large model
dependence of the contribution from (z"z°)51KC.
This would be largely due to the fact that we analyzed
the D™ — K~ztz" data that do not contain this partial

TABLE VI. Bare D™ — K-n*znt, K°2°z* decay fit fractions
(%).

Full Z Isobar
(Rn) = nt 45.0+92 39.8+5.0 —
(Rn)5" o+ 13.1+22 58+ 1.1 —
(Kn)5 20t 03+0.2 0.1+0.1 —
(zt2%) 51K 16.0 £0.9 42.7+0.7 —
(Kn)'™ 8.7+ 11.7 77482 —
(zm)i2K 16.8 £19.1 39+44 —
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FIG. 14. Contributions of (z7°)5~'K? to the K~z [z* x*] squared invariant mass spectrum in the left [right] panel. The full model is
shown by the red solid curve. The blue dashed curve is also from the full model but couplings to (z*7z°)5 'K are turned off.

wave in the final state. Because the D™ — K9z z° decay
contains (z77%)5 1KY in the final state, a combined
analysis of these two decay modes would significantly
reduce the uncertainty associated with (z*7z%)51K©.
Now let us study how much the three-meson force
contributes to the D™ - K-ztz" decay. In Fig. 15, we
compare the K~z" (z*z") squared invariant mass spec-
trum of the full model with those from the same model but
the three-meson force being turned off. The three-meson
force suppresses the decay width by ~22%, and change the
spectrum shape significantly, as seen in Fig. 15. The K~z
spectrum is suppressed by the three-meson force at the
K*(892) peak region, and the z* z ™" spectrum is suppressed
at higher M fmﬁ. We found that the effect of the diagram in
Fig. 4(a) connected to (z+z°)5-1K? is the most important
among the three-body-type diagrams we consider. In the
same figure, we also show the spectrum from the full model
with all the rescattering processes [Fig. 6(b); second term
in Eq. (32)] being turned off. Effects of the rescattering
mechanisms are quite large; the decay width gets almost
triplicated by the rescattering effect. The spectra are rather
different from the blue dashed curves in Fig. 14 where
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FIG. 15.

(z+7°)5-1KO is turned off. Therefore, the hadronic rescat-
tering through partial waves other than (z*z°)5-1K? also
gives a major contribution.

In a Dalitz plot analysis with an isobar-type model,
it is assumed that a M* — Rc (M*: heavy meson, meson
resonance, etc.) decay vertex implicitly contains effects of
rescattering mechanisms that are simulated by a complex
coupling constant for the vertex. It is interesting to examine
the extent to which this assumption is valid. In Fig. 16, the
upper [lower] panels give the phase [modulus] of dressed
D' — Rc vertices defined in Eq. (32) for the full model
(red solid bands) and the Z model (blue cross-hatched
bands), as a function of the momentum of the unpaired
meson, p.. For comparison, we also show in the same
figure the D™ — Rc vertices from the Isobar model by the
green bordered bands. The left, middle, and right panels
are for RE%c = RV'zt, REY ¢ =RI'z", and RE ¢ =
R 7", respectively. R)' works as a seed to develop k and
K;(1430) resonances, while R}! and R}'z" will develop
K*(892) and K3;(1430) resonances, respectively. Even
though all of the models have been fitted to the same
pseudodata of the Dalitz plot distribution, they are rather

800 - A
600 | .

400

Events/0.045 GeV/?

200

Contributions of the three-meson force (Fig. 4) to the K~z [z*z"] squared invariant mass spectrum in the left [right] panel.

The full model is shown by the red solid curve. The blue dashed curve is also from the full model but the three-meson force is turned off.
The magenta dot-dashed curve is from the full model with all the rescattering effects turned off.
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FIG. 16. Phase (upper) and modulus (lower) of D+ — R ¢ dressed vertex: (Left) RE* ¢ = R)'z*; (Middle) RE* ¢ = Rz
(Right) R ¢ = R}'z*. The red solid bands are from the full model, the blue cross-hatched bands from the Z model, and the green
bordered bands from the Isobar model; the band widths represents the errors. The unit of the modulus is arbitrary, but the relative
magnitudes between the different bands in the three panels are given by the model.

different in the DT — Rc vertices. In particular, the
significant phase variations as a function of p,. in the full
and Z models are purely due to the three-body hadronic
dynamics required to satisfy the three-body unitarity. The
constant phase assumed in the isobar-type models is not
justified from this viewpoint.

IV. SUMMARY AND FUTURE PROSPECTS

In this work, we have performed a coupled-channel
analysis of the pseudodata for the D" — K~z z 1 Dalitz
plot. The pseudodata are generated from the isobar model
of the E791 Collaboration [5], and are reasonably realistic.
As far as we know, this is the first coupled-channel analysis
of a realistic Dalitz plot distribution for a D-meson decay
into a three-pseudoscalar-meson state. We have demon-
strated that it is indeed possible to analyze this kind of high-
quality data within a coupled-channel framework, and
found lots of interesting results that are beyond what can
be obtained with the conventional isobar-type model
analyses. Let us summarize below what we have done
and found in this work.

In our build-up approach, we started with developing a
two-pseudoscalar-meson interaction model. With a suitable
combination of contact interactions and bare resonance-
excitation mechanisms, our two-pseudoscalar-meson inter-
action model successfully describes empirical 7z and 7K
scattering amplitudes of low partial waves that are needed
to analyze the D™ — K~z ™" Dalitz plot. Poles associated
with zz and 7K resonances have been extracted, and most
of them are in agreement with the PDG listings. Then using

the two-pseudoscalar-meson interactions as building
blocks, we developed a three-pseudoscalar-meson interac-
tion model that describes the FSI of the D™ — K-zt z ™"
decay. The main driving force for the three-pseudoscalar-
meson scattering process is the Z diagrams and the dressed
‘R-propagator that appear as a necessary consequence of
the three-body unitarity. These mechanisms do not contain
any adjustable parameters once the two-pseudoscalar-
meson interactions have been fixed using the 7z and 7K
scattering data. In addition, we considered mechanisms that
are beyond simple iterations of the two-body interactions,
and thus may be called a three-meson force. We introduced
the three-meson force to an important channel in the FSI
of the D™ — K~z z™ decay, i.e., the vector-pseudoscalar
channels. Guided by the hidden local symmetry model [21]
that incorporates vector and pseudoscalar mesons in a
chiral Lagrangian, we derived the vector-pseudoscalar
interactions that work as a three-meson force.

In our analysis of the pseudodata for the D™ — K=zt 7"
Dalitz plot distribution, we basically used three models:
full, Z, and Isobar models. In the models, we took account
of all of the channels (partial waves) that had been
considered in the previous analyses of the same process.
This includes (Kz)5/?z ((zz)72K) that is considered
only in the FOCUS [8] (CLEO [11]) analysis. In addition,
in the full and Z models, we also considered (z*z%)5-1 K?
where p(770)K° plays a dominant role. This partial wave
can contribute to the D™ — K~z 7" decay only through
the rescattering, and thus this contribution is a pure
coupled-channel effect. A distinct feature of our models
is that all of the two-pseudoscalar-meson resonances are
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included as poles of the unitary scattering amplitudes that
fit well the empirical 7z and 7K amplitudes. With an
appropriately selected set of fitting parameters associated
with bare D* — Rh (h = r, K) vertices, the Watson theo-
rem is satisfied by the models when the rescattering is
turned off. The three-body unitarity is also taken care of
within the full and Z models. Unlike the previous analyses,
we did not include a flat background amplitude.

Our models fit the pseudodata with a reasonable pre-
cision. As far as the y? value is concerned, the full and Z
models are significantly better than the Isobar model.
Although this may be partly due to the larger number of
adjustable parameters in the fits, it would also be because
important mechanisms are considered in the better models.
Indeed, we showed that the Isobar model can be signifi-
cantly improved by just introducing the hadronic rescatter-
ing (y?/d.o.f. is reduced by ~29%), keeping the number of
the fitting parameters unchanged [Z (without p) model].
The inclusion of the pK channel further reduces y?/d.o.f.
by ~47%, and thus the importance of this channel seems
rather clear. On the other hand, the three-meson force does
not improve y* although it gives a significant effect on the
FSI. Another important point is that we achieved the good
fits using two-pseudoscalar-meson amplitudes fixed by the
empirical 7z and 7K amplitudes. This is in sharp contrast
with the previous analyses where the p-wave 7K amplitude
is given by a sum of the Breit-Wigner functions that does
not necessarily satisfy the Watson theorem. Also, the
previous analyses commonly adjusted parameters associ-
ated with K;(1430) in their fits, and obtained widths
significantly narrower than those in the PDG listings. In
our analysis, on the other hand, we were able to obtain the
reasonable fits with Kjj(1430) whose width is close to those
from the PDG.

We examined the partial-wave amplitudes and found
that the full and Z models have similar amplitudes, while
the Isobar model has significantly different amplitudes,
particularly for (K~zt)5z* and (z*a")2K. The
(K=2H)3 7 and (z+a+)22K~ amplitudes have rather
large errors due to the fact that the fitting parameters
associated with these partial waves cannot be precisely
determined by the data used in this work. We compared the

(K *ﬂ+)§:1/ 2zt amplitudes from our models with the
(K~n")gn" amplitude from the E791 MIPWA. We found
a good agreement between the full and Z models, and the
E791 MIPWA for Mg-,+ < 1.5 GeV. We stress that the
hadronic rescattering plays an essential role to bring
the phases of our models into agreement with those from
the E791 MIPWA. On the other hand, the Isobar model,
that maintains the Watson theorem, does not have a
freedom to change the phases in the elastic region, ending
up with a rather different solution. The partial-wave
amplitudes were used to calculate the fit fractions that
were compared with those from the previous analyses done
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by the experimental groups. We found a fairly good
agreement between the analyses on the (K-zt)5 "/t
and (K_ﬂ+)i)=1/2ﬂ+ fit fractions. For the (K_ﬂ+)§:1/2ﬂ+7
(K-7")5 27+ and (x*z")L=2K~ fit fractions, however,
we found a rather large dependence on each of the analyses
and also large errors. Even so, their coherent sum turned
out to be consistent among our three models and also the
(K~n")gn" fit fractions from the E791 and FOCUS
MIPWA within greatly reduced errors.

With the coupled-channel framework, we were able to
study the bare fit fractions for which all the hadronic
rescattering effects are absent. This quantity could be useful
to study the intrinsic quark-gluon substructure of the D
meson. Remarkably, (z+7°)5-1 K, that does not show up in
the usual fit fraction, gives a large bare fit fraction. This
result may appear a bit surprising. However, considering
that the D* — K=z"zt and D — K%2%2" decays share
the same hadronic dynamics to a large extent, this finding is
actually consistent with the recent BESIII analysis [12] that
found a dominant fit fraction (~85%) of (7 z°)5~' K* in the
Dt — K%%7" decay.

We further studied coupled-channel effects. We found
that the D* — K~z z" decay width gets triplicated by the
rescattering effects in the full model. We also found that the
phases of the dressed D™ — Rz vertices have rather large
dependence on the unpaired z* momentum. The phase
variation is a consequence of the explicit treatment of the
three-body dynamics. In the conventional isobar-type
model analyses of heavy or excited meson (M*) decay
into three light mesons, it is assumed that the rescattering
effects are small and/or the phases of the M* — Rc vertices
can be approximated by constants. Clearly, our analysis
indicates that neither of these assumptions are supported
from this more microscopic viewpoint, at least for the
DT — K-ztnt decay. With the above results as a basis,
we can rather clearly conclude that explicit treatment of the
hadronic FSI is essential for extracting partial-wave ampli-
tudes from Dalitz plots for D™ — K~ z"z" and probably
also many other processes.

In future, we will apply our coupled-channel model to a
combined analysis of the D™ — K~ ztz" and DT —
K9z decays. The strength of the coupled-channel
framework is to describe different processes in a unified
manner. Because different aspects of the hadronic dynam-
ics appear in different processes, the combined analysis
is a powerful method to understand the hadron dynamics
with smaller model-dependence. This is why a combined
analysis has become standard in the study of the baryon
spectroscopy. For example, zN, yN — zN, nN, KA, KX
reaction data are analyzed with a coupled-channel model in
a unified manner to extract the nucleon resonance proper-
ties in Ref. [34]. This direction should also be pursued to
better understand the hadronic dynamics in heavy-meson
decays and meson resonances. Getting back to the future
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combined analysis of D" - K=z"z" and K%zz*, we
expect to better understand the role of (z"z%)51K°
because contributions of this partial wave can be directly
seen in the D™ — K97z Dalitz plot. Although we found
the very important contribution of (z*z°)5-'K° to the
DT — K~zxtz" decay through the FSI, this finding is
based on the indirect information. Also in the combined
analysis, we would be able to better extract the (I_(ﬂ)§:3/ r
and (z7)5~2K amplitudes that have been determined with
large uncertainties in this work. By simultaneously analyz-
ing the D decays with differently charged final states, it
will be possible to better separate contributions from these
different isospin states. It will be interesting to examine
how the partial-wave amplitudes and fit fractions obtained
in this work will be in the combined analysis. Finally, we
will also study if a three-meson force plays an important
role in understanding the hadronic FSI of the two
D" -meson decays in a unified manner.
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APPENDIX A: THREE-MESON FORCE BASED
ON HIDDEN LOCAL SYMMETRY MODEL

In this Appendix, we first present a set of Lagrangians
from the hidden local symmetry (HLS) model [21]. Then
we present expressions for potentials, derived from the
Lagrangians, between vector-mesons and pseudoscalar-
mesons. These potentials work as a three-body force in
a three-pseudoscalar-meson system. Finally, we present the
potentials in a partial-wave form that is useful for numerical
calculations.

1. Lagrangians from the HLS model

We use symbols P and V to denote octet pseudoscalar-
mesons and nonet vector-mesons, respectively. The pseu-
doscalar meson fields in the SU(3) matrix form are

1 8
P= EZPM“
a=1

%n’o—i—%&ﬂ xt K+
1 - L0, 1 0
_ =) 2

K K NG

where 4, is a Gell-Mann matrix, while the vector meson
nonet is given by
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1 8
V:E;Va/la

1
- - _1 0, 1 #0
= \/E P Vo4 + Nohd K . (A2)
K* I‘(*O (p
where Ao = \/%1] (1: unit matrix), and the ideal mixing

between the neutral vector mesons is assumed. When P and
V are enclosed in the trace symbol, they are fields of the
SU(3) matrix form. Otherwise, e.g., they are in brackets,
they are understood to be one of particles contained in
the SU(3) matrix elements. It is convenient to work with
isospin states rather than the charge states used in Egs. (A1)
and (A2). For the relation between the two sets of the basis,
we employ a convention where the charge states are the
same as their isospin states (|/I°)) with some exceptions
that need additional phases as follows:

Py ==l =17 =1),

K*=) = =l = 1/2,1 = =1/2),
|7t) == =1,IF =1),
K™) = | = 1/2.1F = —1/2). (A3)

In what follows, |P) and |V) are understood to be isospin
states rather than charge states. Also, we use curly symbols
to denote creation or annihilation operators. For example, P
is the annihilation operator contained in the field P, and its
normalization is (0|P|P,) = 4,/2.

The mesonic interaction Lagrangians we use are those
from the HLS model [21,35]. The VPP interactions are
(with the Bjorken-Drell convention for the metric)

Lypp = 2igTHV, (PP~ POP).  (Ad)

where the trace is taken in the SU(3) space. The coupling ¢
is related to the pzz coupling by g = g,,,, and we use
9pzz = 6.0 determined from the p — 7z decay width. The
Yang-Mills type Lagrangian, from which we use VVV
interactions, is

1
Lym = _ETr[F/wFW]’ (AS)
with
F;w = a/AVIJ - aDV}l - ig[V;w Vu] (A6)
The VVP interactions are given by
’CVVP = 92C€“ﬂy5Tr[8aVﬂ8yV5P], (A7)

where we use the convention, €”'?* = +1. The coupling is

C = -3/(4n>f,) with f, being the pion decay constant. In
our numerical calculations, we use |g?C/2| = g, ~ 0.012
from an analysis by Durso [36] on the decay ® — zp — ny.
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2. VP — V'P' potentials

We consider a process V(py, ey, Iy, I5)P(pp.Ip. I}) —
V'(pv.ey. Iy, Iy, )P'(pp. Ipr, I3,) where the variables in
the parentheses specify each particle’s state such as the
four-momentum (p), polarization (¢), isospin (/) and its z
component (/¢). The Oth component of the four-momentum

|

PHYSICAL REVIEW D 93, 014005 (2016)

is related to the spatial part by p? = \/p2 + m2 where m, is
the mass for a particle x. The potential diagrammatically
represented in Fig. 4(a) is derived from the Lagrangians in
Eqgs. (A4) and (A5) following the unitary transformation
method [37] and is given by

avv'v,9v. PP , YN
VEiga(a) = et e (vl v 2 et (2] 4 1) (20 + 1)

2 _ 2
g —my,

Y (=V)TW(I Ly plps Iy 1) (I I d pI | 17) (L I d pr I | 1TF)
1

x{(pv +pv)-(pp+pplev- €y = (pv+q) - €,(pp+ pp) - €y

+(g=pv)-ev(pp+pp)-€

where ¢ = py — pyy = pp — pp, and my__ and Iy are the
exchanged vector-meson mass and isospin, respectively.
We have used the Racah and Clebsch-Gordan coefficients
denoted by W(jij2Jj3: j12j23) and (jimyjam,|JM), re-
spectively. The propagator for the exchanged vector-meson
is more explicitly written as

1 1 1 1

= +
g-my_ 2[(py=py)—my_ (pp—pp)—mij_

’

(A9)

as specified by the unitary transformation [37]. The
effective coupling gyyry_ is given by

v _ g T[W[V), Vex)]]
Ve V2 Iyl dy Iy |yE)

(A10)

Ve _ Gvv,P9v'v,rp
Figd(b) =~ 2 2
4q Vex Ji

X {Pv’ 'PP’(ey{// *Pv€y - Pp— Ey{/r T€yPy - PP) + py- Pv’(ey{// “€ypPp PP
+ey - py(€y - pppy - Pp =€y PvPp PP}

where the propagator for the exchanged vector-meson is
1 1 1 1

qz - m%/ex 2 [(pv - PP’)2 - m%/ex (pv — PP)2 - m%/ex
(A13)
The effective coupling gyy_p is given by
Tr[(P') ((V) Vex) + Vex) (V)]
y =2 , Al4
gVchP gwlrp (IchlgleXIP’IZ ) |Ivl€/) ( )
with (P') = (P'[P[0), (V) =(0[V|V) and (Vi) =

(Vex|V[0). gyry, p is obtained by exchanging labels V —
V' and P’ — P in the rhs of Eq. (A14), and the meaning of

V@I + 1)Ly + 1)) Wy dplply; Iy DIyl

s (A8)

|
with (V) = (0|V|V), (V)= (V|V|0) and (V)=
(Vex|V|0). The effective couplings gy as well as
gv.pp and gyy p appearing below are independent of
isospin z components. gy_pp is given by

_ 9 T[(Ve) [(P). (P)]]
v PP = ﬁ(fvcxlﬁcxlﬂﬂlp’[;/)’ (Al1)

with  (Vey) = (0[V|Ve),
(P'|P10).

Another potential diagrammatically represented by
Fig. 4(b) is derived from the Lagrangian in Eq. (A7) and
is given by

(P) = (O[P|P) and (P') =

IF)(Iy I Iy I | ITF)

*
— €y - ppey- pp)

(A12)

|
the matrix elements are (V') = (V'|V|0), (P) = (0|P|P)
and (Vey) = (0]V|Vey).

Following Ref. [25], we multiply the following form
factor to the potentials of Eqgs. (A8) and (A12):

Faur(g) <A%MF_m%/ >2
avrg) = | —5—= | >
Ny +¢°

(A15)
where Ay is a cutoff to be determined by fitting data.
We use the same cutoff value for all the potentials of
Egs. (A8) and (A12). We checked numerical values of the
potentials by comparing our calculation with Fig. 8
of Ref. [25].
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3. Partial-wave expansion
In order to implement the VP — V'P’ potentials of Egs. (A8) and (A12) into the scattering equation of Eq. (17), we need
to expand the potentials in terms of the partial-wave representation as,
(V'(pvr, ey, Iy, Iy )P (ppr I p 1) | VEig sl V(pvs €v Ly, Iy )P(pp, I p, I3))

= > (WEIpGITE, + L)1y Iy I p I |TT, + 1)
TJJRIELT?

X (U ey |JI) (U1 ey [TV Yy (Py ) Vi (V) V (i, oy, (P,

) (A16)

where JPT are the total angular momentum, parity, and total isospin, respectively, and [ (/') is the orbital angular
momentum of the relative motion of VP (V'P’). Inverting this equation, we obtain

4z
Vi o, (pvl oy = >~ (VBB TTE) Iy L p | T 55
L0 L T
x Z(—1)1+1’+€v+€v/<1evj—ev|lo><1eV,J—eV|l/eV,—ev>/d§z Yieye, (PV)
€y.Eyl
2 <V,(pV’a€V’7IV’?K/’)Pl(pP’vIP’?I;’)|VFig.4|V<va€V7IV’I%/)P(pFIPvI;»v (A17)

where py is taken along the z axis. This partial-wave form of the potentials is plugged in Eq. (26).

APPENDIX B: MODEL PARAMETERS

TABLE VII. Model parameters for the 7K partial-wave scattering with the angular momentum L and the isospin 1.
The parameters are defined in Egs. (1), (2), (8), and (10). For each partial wave specified by {L, I}, masses (mg.,),
couplings (gp, s, #,)» and cutoffs (¢, 4, r,) are for the i-th bare R states, R;, and h; and h, are particles in a two-
pseudoscalar-meson channel. Couplings (4, 5, 4,1,) and cutoffs (b, ;,) are for the contact interactions. Masses (m;,
m,) are for two “particles” in the effective inelastic channel, except for the {L, I} = {0, 1/2} wave for which (m,,
my)=(mg, m,). The superscripts, L1, of the parameters are suppressed for simplicity. The masses and cutoffs are
given in the unit of MeV. The hyphens indicate unused parameters.

R{L,I} K3{0,1/2} {0,3/2} Ki{1,1/2} K3{2,1/2}
mg, 1391 — 1081 3070
9k R, -6.28 — 0.52 0.18
CiR R, 609 — 1973 1954
Gnyhy R 4.30 — —0.00 0.97
Chyhy R, 1966 — 1706 1035
mg, 1767 — 1580 —
92K R, 8.22 — 1.84 —
Crk R, 395 — 395 —
Y, hy R, —4.87 — -3.00 —
Chyhy R, 395 — 411 —
mg, — — 1750 —
gﬂk,R3 - —_— 0.23 J—
Cxk.Ry — — 1316 —
Ghyhy Ry — — 2.65 —
Chyhy Ry - — 395 —
Mk 2k 1.31 0.45 — —
bk 710 1973 _ _
m 494 — 591 100
MMy 958 — 662 1049
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TABLE VIII. Model parameters for zz partial-wave scatterings. The coupling /' is defined in Eq. (3). The other
features are the same as those in Table VII.

R{L.1} f0{0.0} 10.2} P11} /2120
Mg, 1166 — 850 1561
Gk, 5.97 — 1.02 -0.32
Can, 1162 — 805 962
IKE R, -2.19 — -0.18 0.19
CKER, 1973 — 395 1216
mg, 1627 — 1551 —
Ynn,R, -5.23 — 0.49 —
Crnks 1973 — 1973 —
Ik &, 11.99 — 3.74 —
KR, 533 — 395 —
- 0.47 0.11 — —
4 — 0.21 — —
brs 897 913 — —

TABLE IX. Parameters determined by fitting D* — K~z z* Dalitz plot pseudodata; D* — hR- (h = z, K)
bare coupling (C,4.2) and phase (¢, z.2) in degrees, as defined in Eq. (33). RiL'zl stands for i-th bare R state with

the spin L and isospin /. ril‘,y stands for the spurious state (see Sec. II B for the definition) that decays into two
pseudoscalar mesons (ab) with the orbital angular momentum L and total isospin I. The total spin, parity, total
isospin, and AR relative orbital angular momentum are / = 0, P = +1, T = 3/2, and [ = L, respectively for all the
parameters, and thus labels of JPT and [ are suppressed in the table. The second, third, fourth, and fifth columns
show the parameters for the full, Z, Isobar, and Z (without p) models, respectively. The hyphens indicate unused
parameters. The cutoff for the three-meson force in the unit of MeV is denoted by Ajyr [see Eq. (Al5) for

definition].

Full Z Isobar Z (without p)
i ~72.+5. —80. + 4. 2,43, —24.+6.
Cr 10.54 + 0.57 24.32 +2.94 10.83 + 0.60 7.81 4+0.79
Col 0.00 & 0.28 0.00 & 0.87 8.37 £ 0.59 1234 + 1.16
c”,o]k 0.00 + 0.01 0.00 + 0.03 0.00 + 0.00 0.00 + 0.00
qS”R”n 0 (fixed) 0 (fixed) 0 (fixed) 0 (fixed)
C R 1 (fixed) 1 (fixed) 1 (fixed) 1 (fixed)
Cop 1.48 +0.31 4.08 +0.83 0.03 +0.26 0.19 + 0.24
Crrp 1.34 4+ 0.46 6.55 +1.28 0.03 + 0.43 0.39 + 0.50
b 82. 4 13. 136. + 24. —131.+9. 129. + 6.
Cop 0.27 +0.08 0.37 +0.10 0.21 £ 0.04 0.34 4+ 0.04
Dirn —44. + 8. 178. £ 7. — —
Ciro 0.00 £ 0.00 19.37 +3.12 — —
Cirr 17.27 + 1.48 0.00 = 0.84 — —
¢,,,03é 121. £ 19. 62. + 16. —133. + 4. —170. + 8.
C, 0.90 + 0.52 2.06 +1.12 2.61 +0.26 3.00 £ 0.36
brm 173. + 30. 36. + 42. —78.+5. —114.47.
Cyor 178 + 0.79 2.09 +1.20 4.67 +0.30 4.97 +0.48
Asur 2563. 4+ 722. — — —
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