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Using 385 fb™! of ete™ collisions, we study the amplitudes of the singly Cabibbo-suppressed
decay D° — K~ K'n° We measure the strong phase difference between the D° and D° decays
to K*(892)" K~ to be —35.5° £ 1.9° (stat) £2.2° (syst), and their amplitude ratio to be 0.599 =+
0.013 (stat) & 0.011 (syst). We observe contributions from the Km and K~ K™ scalar and vector
amplitudes, and analyze their angular moments. We find no evidence for charged &, nor for higher
spin states. We also perform a partial wave analysis of the K~ K™ system in a limited mass range.

PACS numbers: 13.25.Ft, 12.15.Hh, 11.30.Er

The amplitudes describing D meson weak-decays into
three-body final states are dominated by intermediate
resonances that lead to highly non-uniform intensity dis-
tributions in the available phase space. Analyses of these
distributions have led to new insights into the role of the
light-meson systems produced [1]. The K*r° systems
from the decay DY — K~ K*7° [2] can provide informa-
tion on the Km S-wave (spin-0) amplitude in the mass
range 0.6-1.4 GeV/c?, and hence on the possible exis-
tence of the x(800), reported to date only in the neutral
state (k¥ — K ~n ") [3]. If the s has isospin 1/2, it should
be observable also in the charged states. Results of the
present analysis can be an input for extracting the CP-
violating phase v = arg (—=V, ,V.%/V.,V.) of the quark
mixing matrix by exploiting interference structure in the
Dalitz plot from the decay B* — D% _ ., (K* [4, 5].
Singly Cabibbo-suppressed decays are also important be-
cause they might be sensitive to direct CP violation in
charm decays [6], the discovery of which might indicate
physics beyond the Standard Model.

We perform the present analysis on 385 fb~! of ete™
collision data collected at and around 10.58 GeV center-
of-mass (CM) energy with the BABAR detector [7] at the
PEP-II storage ring. We distinguish D° from D° by
reconstructing the decays D** — DYzrT and D*~ —
D71~ . The event-selection criteria are the same as those
used in our measurement of the branching ratio of the
decay D° — K~K*7% [8]. In particular, we require
that the CM momentum of the D° candidate be greater
than 2.77 GeV/c, and that |mp-+ — mpo — 145.4| <
0.6 MeV/c?, where m refers to a reconstructed invariant
mass. In the signal region, 1855 < mpo < 1875 MeV/c?,
we find 11278 4+ 110 signal events with a purity of about
98.1%. We estimate signal efficiency using simulated
D — K~K*70 events from c¢ decays, generated uni-
formly in the available phase space, and subjected to the
same selection procedure applied to the data.

Neglecting CP violation in D meson decays, we de-
fine the D° (D) decay amplitude A (A) in the D° —
K~ K+7Y Dalitz plot of Fig. 1, as:

A[D® — K~ Kt7% = fpo(m3es 0, Mm% o), (1)
AD® — KK~ 7% = fpo(m3— o,m%ki0).  (2)
The complex quantum mechanical amplitude f is a co-
herent sum of all relevant quasi-two-body D° — (r —

AB)C isobar model [9] resonances, f =Y a,e'?r A, (s).
Here s = m? 5, and A, is the resonance amplitude. We

obtain coefficients a, and ¢, from a likelihood fit. The
probability density function for signal events is | f|>. We
model incoherent background empirically using events
from the lower sideband of the mpo [8] distribution.

For D decays to spin-1 (P-wave) and spin-2 states, we
use the Breit-Wigner amplitude,

1
M@ — s —iMyIl'(s)’ 3)

WG El o

where My (Tg) is the resonance mass (width) [10], L is
the angular momentum quantum number, p is the mo-
mentum of either daughter in the resonance rest frame,
and po is the value of p when s = MZ. The func-
tion Fr, is the Blatt-Weisskopf barrier factor [11]: Fo
=1, F1 = 1/v/1+ Rp?, and F» = 1/1/9 + 3Rp*> + Rp",
where we take the meson radial parameter R to be 1.5
GeV~! [12]. We define the spin part of the amplitude,
My, ast Mo = M3y, My = -2 pa.pe, and My = % [
3(pa.pe)’ = pal’ ve ] Mp,3, where Mpo is the nominal
D mass, and p; is the 3-momentum of particle i in the
resonance rest frame.

For D° decays to K*n® S-wave states, we consider
three amplitude models. One model uses the LASS am-
plitude for K—7t — K~ elastic scattering [13],

Apw(s) = My(s,p)

I'(s)

Arens) (5) = % sin 5(s)ei*), (5)
_ 1 bp _ M2 — s
ol ( Lo (. My—s
d(s) =co (pa + 5 ) + cot (Mofo . % ) p%), (6)

where My (T'g) refers to the K;(1430) mass (width),
a = 1.9540.09 GeV~lc, and b = 1.76 4 0.36 GeV~'c.
The unitary nature of Eq. 5 provides a good description
of the amplitude up to 1.45 GeV/c? (i.e., K1’ threshold).
In Eq. 6, the first term is a non-resonant contribution
defined by a scattering length a and an effective range b,
and the second term represents the K;(1430) resonance.
The phase space factor v/s/p converts the scattering am-
plitude to the invariant amplitude. Our second model
uses the E-791 results for the K7™ S-wave amplitude
from an energy-independent partial wave analysis in the
decay D* — K- 7tnt [14]. The third model uses a
coherent sum of a uniform non-resonant term, and Breit-
Wigner terms for the x(800) and K(1430) resonances.
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. 1: (Color online) Dalitz plot for D° — K~ K x° [2] data
(a), and the corresponding squared invariant mass projections
(b—d). The three-body invariant mass of the D° candidate is
constrained to the nominal value. In plots (b-d), the dots
(with error bars, black) are data points and the solid lines
(blue) correspond to the best isobar fit models.
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FIG. 2: (Color online) LASS (solid line, blue) and E-791 (dots
with error bars) Kn S-wave amplitudes (a), in arbitrary units,
and phase (b). The double headed arrow (red) indicates the
mass range available in the decay D® — K~ K70,

In Fig. 2 we compare the K7 S-wave amplitude from
the E-791 analysis [14] to the LASS amplitude of Eqs. 5—
6. For easy comparison, we have normalized the LASS
amplitude in Fig. 2a approximately to the E-791 mea-
surements with /s > 1.15GeV/c?, and have reduced
the LASS phase, d(s), in Fig. 2b by 80°. We then ob-
serve good agreements in the mass dependence of ampli-
tude and phase for /s > 1.15GeV/c?%. As the mass de-
creases from 1.15 GeV/c?, the E-791 amplitude increases
while the LASS amplitude decreases, with the ratio fi-
nally reaching ~1.7 at threshold. At the same time, their
phase difference increases to ~40° at threshold. This be-

havior might be due to the form factor describing D°
decay to a K S-wave system and a bachelor K. Since
no centrifugal barrier is involved, such an effect should
be more significant for S-wave than for higher spin waves
because of the larger overlap between the initial and final
state wave functions. However, the inverse momentum of
the K system in the D° rest frame increases from 0.27
Fermi at K threshold to 0.48 Fermi at 1.15 GeV/c?,
therefore any form factor effect would decrease with in-
creasing K7 mass. If the effect is essentially gone by
1.15 GeV/c?, similar mass dependence of amplitude and
phase in DY decay and K7 scattering would be observ-
able at higher mass values, in agreement with Fig. 2. In
the present analysis, we make an attempt to distinguish
between the two rather different K S-wave mass depen-
dences in the region below ~1.15 GeV/c?. In each case,
we also allow the fit to determine the strength and phase
of these amplitudes relative to the K*(892)" reference.
We describe the D° decay to a K~ K+ S-wave state
by a coupled-channel Breit-Wigner amplitude for the
f0(980) and a((980) resonances, with their respective
couplings to 7, KK and nm, KK final states [15],

PR M3,
. a S = . :
folao] Mg —5— z(g% Prrinm] T g% PKEK)

(7)

Here p represents Lorentz invariant phase space, 2p/+/s.
For the fy(980), we use the BES [16] parameter val-
ues My = 965+10 MeV/c?, g2 = 165418 MeV?/ct,
and g3/g% = 4.2140.33. For the ao(980), we use the
Crystal Barrel [17] values My = 99942 MeV/c?, g1 =
324+15 MeV/c?, and ¢?/g5 = 1.034£0.14. Only the
high mass tails of f,(980) and a¢(980) are observable,
as shown in Fig. 3a. They are similar, so we try a model
for each as a description of the K =K S-wave amplitude.
In Fig. 3b we show, in the same mass range, the K~ K
P-wave amplitude parametrized by the ¢(1020) meson.
To fit the Dalitz plot, we try several models incor-
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FIG. 3: (Color online) The phase-space-corrected K~ KT S-
and P-wave amplitudes, |S| and |P| respectively, in arbitrary
units, as functions of the invariant mass. (a) Lineshapes for
(solid line, blue) fo(980), and (broken line, blue) ao(980), de-
rived from Eq. 7. (b) Lineshape for ¢(1020) (solid line, blue).
In each plot, solid circles with error bars correspond to values
obtained from the model-independent analysis for |S| and |P|
using Eq. 8. In (a), the open triangles (red) correspond to
values obtained from the decay D° — K~ KTKO (see text).



TABLE I: The results obtained from the D° — K~ K x° Dalitz plot fit. We define amplitude coefficients, a, and @,, relative
to those of the K*(892)". The errors are statistical and systematic, respectively. We show the ao(980) contribution, when
it is included in place of the fo(980), in square brackets. We denote the K S-wave states here by Kiﬂ'O(S). We use LASS
amplitude to describe the K7 S-wave states in both the isobar models (I and II).

Model-1 Model-11

State Amplitude, a, Phase, ¢, (°) Fraction, f. (%) Amplitude, a,  Phase, ¢, (°) Fraction, f. (%)
K (392)7 1.0 (fixed) 0.0 (fixed)  45.220.8+0.6 1.0 (fixed) 0.0 (fixed)  44.4£0.8£0.6
K*(1410)+ 2.29+0.37£0.20 86.7£12.0+9.6 3.7+1.1£1.1

K+7TO(S) 1.76+0.36+£0.18 -179.84£21.3+12.3 16.3+3.4£2.1 3.66+0.114+0.09 -148.0+£2.04+2.8 71.1£3.7+1.9
¢(1020) 0.6940.01+0.02  -20.74+13.6+9.3 19.3+0.6£0.4 0.70£0.014£0.02  18.0+3.743.6 19.440.6£0.5
f0(980) 0.514+0.074+0.04 -177.54+13.7+8.6 6.7+1.4+1.2 0.6440.044+0.03 -60.8+2.54+3.0 10.54+1.1£1.2
[00(980)°] | [0.4820.08:£0.04] [-154.0£14.148.6]  [6.0£1.841.2]| [0.680.06::0.03] [-38.5:4.343.0] [11.0+£1.541.2]
fé(1525) 1.1140.38+0.28 -18.7£19.3+13.6 0.08+0.04+0.05

K*(892)” |0.601+0.011+0.011 -37.0+1.9+£2.2 16.0+0.840.6 |0.597+0.013+0.009 -34.1+£1.942.2 15.940.7£0.6
K*(1410)~ 2.63+£0.514+0.47  -172.0+£6.616.2 4.841.8+1.2

K7W0(5§ 0.704£0.2740.24 133.24+22.5+25.2 2.74+1.4+0.8 0.8540.0940.11 108.44+7.8+8.9 3.940.9£1.0

porating various combinations of intermediate states. In
each fit, we include the K*(892)" and measure the com-
plex amplitude coefficients of other states relative to it.
As a check on the quality of each fit, we compare the
number of events observed in bins in the Dalitz plot with
the number predicted by the fit. We compute residuals
and statistical uncertainties to form a x?2, and take x?/v
(where v is the number of bins less number of variable
parameters) as a figure of merit. We also compare the
distributions of angular moments (described later) pre-
dicted by the fit and actually observed in the data.

The LASS K7 S-wave amplitude gives the best agree-
ment with data and we use it in our nominal fits (see next
paragraph). The Km S-wave modeled by the combina-
tion of x(800) (with parameters taken from Ref. [3]), a
non-resonant term and K;(1430) has a smaller fit prob-
ability (x? probability < 5%). The best fit with this
model (x? probability 13%) yields a charged x of mass
(870 + 30) MeV/c?, and width (150 4 20) MeV/c?, sig-
nificantly different from those reported in Ref. [3] for the
neutral state. This does not support the hypothesis that
production of a charged, scalar k is being observed. The
E-791 amplitude [14] describes the data well, except near
threshold (x? probability 23%). Though our data favor
the LASS parametrization for /s < 1.15 GeV/c?, the in-
sensitivity of the fit to small variations in amplitude at
these masses does not allow an independent S-wave mea-
surement with the present data sample. Therefore, we
use the E-791 amplitude to estimate systematic uncer-
tainty in our results.

We find that two different isobar models describe
the data well. Both yield almost identical behavior in
invariant mass (Fig. 1b—1d) and angular distribution
(Fig. 4). We use LASS amplitude to describe the K
S-wave amplitudes in both the isobar models (I and
IT). We summarize the results of the best fits (Model-I:
x?%/v = 702.08/714, probability 61.9%; Model-II: x?/v =
718.89/717, probability 47.3%) in Table I. We also list

the fit fraction for each resonant process r, defined as
fr = [larAr|?d7/ [ | fpo|*dr, where dT = dmi,ﬁodmiﬁﬂo,
in Table I. Due to interference among the contributing
amplitudes, the f, do not sum to one in general. We
find that the K7 S-wave is not in phase with the P-wave
at threshold as it was in the LASS scattering data. For
Model-I (IT), the S-wave phase relative to the K*(892)%
is ~180° (150°) for the positive charge and 135° (110°)
for the negative charge.

We have also considered the possible contributions
from other resonant states such as: K3 (1430), f2(1270),
f0(1370), and fo(1510). We find that none of them is
needed to describe the Dalitz plot, they all provide small
contributions and lead to smaller x? probabilities.

Angular distributions provide a more detailed infor-
mation on specific features of the amplitudes used in
the description of the Dalitz plot. We define the he-
licity angle 6y for the decay D° — (r — AB)C
as the angle between the momentum of A in the AB
rest frame and the momentum of AB in the D rest
frame. The moments of cos @, defined as the efficiency-
corrected and background-subtracted invariant mass dis-
tributions of events weighted by spherical harmonic func-
1/% P,(cosfy), where the P, are
Legendre polynomials of order [, are shown in Fig. 4 for
the K70 and K~ K+ channels, for ] = 0—7. The K~ 7°
moments are similar to those for K+x0.

The mass dependent K~ K ™' S- and P-wave complex
amplitudes can also be obtained directly from our data in
a model independent way in a limited mass range around
1 GeV/c?. In a region of the Dalitz plot where S- and P-
waves in a single channel dominate, their amplitudes are
given by the following Legendre polynomial moments,

1> +|P?
Py = T

1
using [ P P,d(cos@y) = Oun. Here |S| and |P| are,
21

tions, Y;?(cos0g) =

2
, P1 =/2|S||P| cosbsp, Po = \/g |P|2, (8)

respectively, the magnitudes of the S- and P-wave am-
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FIG. 4: (Color online) The mass dependence of the spherical harmonic moments of cos@y after efficiency corrections and
background subtraction: K+7° (columns I, IT) and K~ K™ (columns III, TV). The circles with error-bars are data points and
the curves (red) are derived from the fit functions (see text). For the sake of visibility, we do not show error bars on the curves.

plitudes, and 8sp = 65 — Op is the relative phase be-
tween them. We use these relations to evaluate |S| and
|P|, shown in Fig. 3, for the K~ K™ channel in the mass
range my- g+ < 1.15 GeV/c?. The measured values of
|S| agree well with those obtained in the analysis of the
decay D° — K~ KTKO [18]. They also agree well with
either the f,(980) or the a¢(980) lineshape. The mea-
sured values of |P| are consistent with a Breit-Wigner
lineshape for ¢(1020). Results for cosfsp and Osp are
shown in Figs. 5a—5b. A two-fold ambiguity in the sign of
fsp exists, as shown in Fig. 5b. It is, however, straight-
forward to choose the physical solution. In this region,
the ¢(1020) meson (P-wave) has a very rapidly rising
phase, while we expect the S-wave phase to be relatively
slowly varying. Thus, the upper solution, in which s—60p
is rapidly falling, is the physical solution. We take the
Breit-Wigner phase of ¢(1020), shown in Fig. 5¢, to be a
good model for fp and obtain fg, as plotted in Fig. 5d.
These results show little variation in S-wave phase up to
about 1.02-1.03 GeV/c?, then a rapid rise above that.
Also, in Fig. 3b, we observe that |P| follows the ¢(1020)
curve well up to about the same mass, with a significant
deviation above that. The behavior observed matches
well to that obtained from the isobar model I or II. No
distinction between them appears possible from this anal-
ysis. The partial wave analysis described above is valid,
in the absence of higher spin states, only if no interference
occurs from the crossing K7 channels. The behavior ob-
served in both S- and P-waves above ~1.03 GeV/c? can,
therefore, be attributed to high mass tails of the K™*(892)
and low mass tails of possible higher K* resonances.
Systematic uncertainties in quantities in Table I arise
from experimental effects, and also from uncertainties
in the nature of the models used to describe the data.
We determine these separately and add them in quadra-
ture. In both cases, we assign the maximum deviation

in the observed quantities (i.e., a,, ¢, and f,) from the
central value as a systematic uncertainty, taking correla-
tions among fit-parameters into account. We character-
ize the uncertainties due to Km S-wave amplitudes and
resonance mass-width values as model dependent. We
estimate them from the variation that results when ei-
ther the LASS amplitude in the fit is replaced by the E-
791 amplitude, or the resonance parameters are changed
by one standard deviation (o). Similarly, we estimate
the experimental uncertainty from the variation in result
when either the signal efficiency parameters are varied
by 1o, or the background shape is taken from simulation
instead of the data sideband, or the ratio of particle-
identification rates in data and simulation is varied by
lo. Model and experimental systematics contribute al-
most equally to the total uncertainty.

Neglecting CP violation, the strong phase difference,
§p, between the D° and D° decays to K*(892)" K ~ state
and their amplitude ratio, rp, are given by
Sp ApDo_, K+— K+

rpe’ e Orr—x+Oceric=) - (9)

ApPO_, Kx+ K —

Combining the results of models I and II, we find dp =
—35.5°4+1.9° (stat) £2.2° (syst) and rp = 0.599 + 0.013
(stat) £ 0.011 (syst). These results are consistent with
the previous measurements [19], p = —28° £ 8° (stat)
+11° (syst) and rp = 0.52 + 0.05 (stat) £ 0.04 (syst).

In conclusion, we have studied the amplitude struc-
ture of the decay D° — K~ K17 and measured dp
and rp. We find that two isobar models give excellent
descriptions of the data. Both models include signifi-
cant contributions from K*(892), and each indicates that
D° — K** K~ dominates over D' — K*~ K. This sug-
gests that, in tree-level diagrams, the form factor for D°
coupling to K*~ is suppressed compared to the corre-
sponding K~ coupling. While the measured fit-fraction
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FIG. 5: (Color online) Results of the partial-wave analysis
of the K~ K™ system using Eq. 8 described in the text. (a)
Cosine of relative phase sp = s — 0p, (b) two solutions for
0sp, (c) P-wave phase taken from Egs. 3-4 for the ¢(1020)
meson, and (d) S-wave phase derived from the upper solution
in (b). Solid bullets are data points, and open circles (blue)
and open triangles (red) correspond, respectively, to isobar
models I and II. The number of simulated events used for the
two models is 10 times larger than data. Errors for quanti-
ties from the isobar models arise from Monte Carlo statistical
limitations, and differ from errors derived from Eq. 8.

for D° — K*TK~ agrees well with a phenomenological
prediction [20] based on a large SU(3) symmetry break-
ing, the corresponding results for D° — K*~K* and
the color-suppressed D? — ¢n¥ decays differ significantly
from the predicted values. It appears from Table I that
the KT7% S-wave amplitude can absorb any K*(1410)
and f5(1525) if those are not in the model. The other
components are quite well established, independent of
the model. The K7 S-wave amplitude is consistent with
that from the LASS analysis, throughout the available
mass range. We cannot, however, completely exclude
the behavior at masses below ~1.15 GeV/c? observed in
the decay D — K-ntnt [3, 14]. The K~ K™* S-wave
amplitude, parametrized as either f;(980) or ay(980)°,
is required in both isobar models. No higher mass fj
states are found to contribute significantly. In a limited
mass range, from threshold up to 1.02 GeV/c?, we mea-
sure this amplitude using a model independent partial
wave analysis. Agreement with similar measurements
from D° — K~ K*+KO° decay [18], and with the isobar
models considered here, is excellent.
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