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I. INTRODUCTION

The Cabibbo-Kobayashi-Maskawa (CKM) mecha-
nism [1, 2] for quark mixing describes all transitions be-
tween quarks in terms of only four parameters: three
rotation angles and one irreducible phase. Consequently,
the flavor sector of the Standard Model (SM) is highly
predictive. One particularly interesting prediction is that
mixing-induced CP asymmetries in decays governed by
b — qds (¢ = u,d, s) transitions are, to a good approxi-
mation, the same as those found in b — c¢és transitions.
Since flavor changing neutral currents are forbidden at
tree-level in the Standard Model, the b — s transition
proceeds via loop diagrams (penguins), which are af-
fected by new particles in many extensions of the SM.

Various b — s dominated charmless hadronic B de-
cays have been studied in order to probe this predic-
tion. The values of the mixing-induced CP asymmetry
measured for each (quasi-)two-body mode can be com-
pared to that measured in b — ccs transitions (typi-
cally using B® — J/$K2). A recent compilation [3]
of results shows that they tend to have central values
below that for b — cés. Recent theoretical evalua-
tions [4, 5, 6, [7, [8, 19, [10, [11, [12] suggest that SM correc-
tions to the b — ¢g¢s mixing-induced CP violation param-
eters should be small, in particular for the modes ¢K°,
7’ K°, and KgKgKg, and tend to increase the values,
i.e. the opposite trend to that seen in the data. How-
ever, there is currently no convincing evidence for new
physics effects in these transitions. Clearly, more precise
experimental results are required.

The compilation given in [3] includes several three-
body modes, which may be used either by virtue of
being CP eigenstates (KGKIKY, Kom7%) [13] or be-
cause their CP content can be determined experimen-
tally (KTK~K°) [14, [15]. It also includes quasi-two-
body (Q2B) modes, such as fo(980)KY and p°(770)K3,
which are reconstructed via their three-body final states
(K2mtm~ for these modes). The precision of the Q2B ap-
proach is limited as other structures in the phase space
may cause interference with the resonances considered
as signal. Therefore, more precise results can be ob-
tained using a time-dependent amplitude analysis cov-
ering the complete phase space, or Dalitz plot (DP), of
B — KYrTm~. Furthermore the interference terms al-
low the cosine of the effective weak phase difference in
mixing and decay to be determined, helping to resolve
ambiguities which arise from the Q2B analysis. This ap-
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proach has been successfully used in a time-dependent
DP analysis of B — KTK~K° [15].

The discussion above assumes that the b — s penguin
amplitude dominates the decay. However, for each mode
contributing to the K277~ final state, there is also the
possibility of a b — u tree diagram. These are doubly
CKM suppressed compared to the b — s penguin dia-
gram (the tree is O(A*) whereas the penguin is O()\?),
where A is the usual Wolfenstein parameter [16, [17]).
However, hadronic factors may enhance the tree ampli-
tudes, resulting in a significant “tree pollution.” These
hadronic factors may be different for each Q2B state,
thus the relative magnitudes of each tree and penguin
amplitudes, |T/PJ, and the strong phase difference may
be different as well. Nontheless, the relative weak phase
between these two amplitudes is the same — and in the
Standard Model is equal to the CKM unitarity triangle
angle v. An amplitude analysis, in contrast to a Q2B
analysis, yields sufficient information to extract relative
phases and magnitudes. Measurements of decay ampli-
tudes in the DP analysis of B — K277~ (and similar
modes) can therefore be used to set constraints on the
CKM parameters (p,7) [18, 119, 20, 21].

Recently published results on time-dependent DP anal-
ysis of B — KYrTn~ are available [22]. Previous
studies of the B — K%7T7~ decay were either based
on a Q2B approach [23], or were amplitude analyses
that did not take into account either time-dependence
or flavor-tag dependence [24]. The available results for
BY — K2nt 7~ are consistent with studies obtained from
other B — Knr decay modes: KTn—n% [25, 26] and
K*rtn~ |27, 28]. The latter results indicate evidence
for direct CP violation in the B* — p°(770)K* channel.
If confirmed, this will be the first observation of CP viola-
tion in the decay of any charged particle. The relevance
of B — K is further highlighted by recent theoreti-
cal calculations [29] suggesting that large CP violation
effects are expected in several B — K*m and B — Kp
resonant modes.

In this paper we present results from a time-dependent
amplitude analysis of the B° — ng"’w_ decay. In
Sec. [[Il we describe the time-dependent DP formalism,
and introduce the signal parameters that are extracted
in the fit to data. In Sec.[IIlwe briefly describe the BABAR
detector and the data set. In Sec. [Vl we explain the se-
lection requirements used to obtain the signal candidates
and suppress backgrounds. In Sec. [Vl we describe the fit
method and the approach used to control experimental
effects such as resolution. In Sec. [VI we present the re-
sults of the fit, and extract parameters relevant to the
contributing intermediate resonant states. In Sec. [VII]
we discuss systematic uncertainties in the results, and
finally we summarize the results in Sec. [VIIIl



II. ANALYSIS OVERVIEW

Taking advantage of the interference pattern in the DP,
we measure relative magnitudes and phases for the dif-
ferent resonant decay modes using a maximum-likelihood
fit. Below, we detail the formalism used in the present
analysis.

A. Decay amplitudes

We consider the decay of a spin-zero B® with four-
momentum pp into the three daughters 7%, 7=, and Kg
with p4, p—, and pg their corresponding four-momenta.
Using as independent (Mandelstam) variables the invari-
ant squared masses

s+ = m%qgﬁ = (p+ +p0)*, (1)
s- = Mg = (p-+po)?,
the invariant squared mass so = m2, _ = (py +p-)?

can be obtained from energy and momentum conserva-
tion:

S0 = mpo +2m2, + mig — Sy —S_. (2)

The differential B® decay width with respect to the vari-
ables defined in Eq. (1)) (i.e. the Dalitz plot) reads

1 AP
(2m)3 32mi,

where A is the Lorentz-invariant amplitude of the three-
body decay. In the following, the amplitudes A and
A correspond to the transitions B® — K9rtn~ and
BY — K%nt7~, respectively. We describe the distribu-
tion of signal events in the DP using an isobar approx-
imation, which models the total amplitude as resulting
from a coherent sum of amplitudes from the N individual
decay channels

dl'(BY — K3nt7n™) = dsyds— , (3)

] =

A(sy,s-) = Cij(S+7S—) ) (4)

<.
Il
—

.A(SJr7 S,) =

M=

¢ Fj(s+,5-) (5)

<.
I

where F; are DP-dependent dynamical amplitudes de-
scribed below, and c; complex coefficients describing the
relative magnitude and phase of the different decay chan-
nels. All the weak phase dependence is contained in c;,
and F}; contains strong dynamics only; therefore,

Fj(s+,5-) = Fj(s—,s4) . (6)
The resonance dynamics are contained within the F
terms, which are represented by the product of the in-
variant mass and angular distribution probabilities, i.e.,
Ff(s4,5-) = Ryj(m) X (|p* )X (17] )T (L, 7, 7)
(7)
where

e m is the invariant mass of the decay products of
the resonance,

e R;(m) is the resonance mass term or “lineshape”
(e.g. Breit-Wigner),

e [ is the orbital angular momentum between the
resonance and the bachelor particle,

e p* is the momentum of the bachelor particle eval-
uated in the rest frame of the B,

e p' and ¢ are the momenta of the bachelor particle
and one of the resonance daughters, respectively,
both evaluated in the rest frame of the resonance
(for K¢r—, K2n™, and nt7~ resonances, ¢ is as-
signed to the momentum of the K¢, 7, and 7,
respectively),

e X, are Blatt—Weisskopf barrier factors [30] with
parameters 7’ (taken to be 2(GeV/c)™!) and r
(given in Table[l), and

e T;(L,p,q) is the angular distribution:

L=1:T;=-4p7, (9)
8 . - -
L=2:T;=3[3 7" - (Fla)’] - (10)

The helicity angle of a resonance is defined as the an-
gle between p and ¢. Explicitly, for Kgr—, Ko ", and
77~ resonances the helicity angle is defined between
the momenta of the bachelor particle and of the K2, 7,
and 77, respectively, in the resonance rest frame.

For most resonances in this analysis the R; are taken
to be relativistic Breit-Wigner (RBW) [31] lineshapes:

1
R;j(m) = (2 ) fmeT ) (11)

where my is the nominal mass of the resonance and T'(m)
is the mass-dependent width. In the general case of a
spin-J resonance, the latter can be expressed as

P(m) = Ty (1)2"“ (1) ) gy

qo X3(q)’

The symbol I'y denotes the nominal width of the reso-
nance. The values of mg and I’y are listed in Table 1
The symbol gy denotes the value of ¢ when m = my.

For the f,(980) lineshape the Flatté form [32] is used.
In this case the mass-dependent width is given by the
sum of the widths in the 77 and K K systems:

I'(m) =Trr(m) + Trx(m), (13)



where

Tor(m) = gr <%,/1_4m§0/m2+ (14)
2 2 2
51/1—4mwi/m ),

FKK0n>-gK<§\/1—4m;iﬂn2+ (15)
%\/1—4m§(0/m2>.

The fractional coefficients arise from isospin conservation
and g, and g are coupling constants for which the values
are given in Table[ll

For the p®(770) we use the Gounaris-Sakurai (GS) pa-
rameterization [33], that describes the P-wave scattering
amplitude for a broad resonance, decaying to two pions:

() = 1+d-l"0/m0
Bi(m) = o =y + fom) — omal(m) © 00
where
m2
ﬂm=m%{fwmmen+ a7)
')
(mE-m?) @ 3| ]

and the function h(m) is defined as

2 q m + 2q
h =——=1 1
)= 2 L (122 (18)
with
dh 1 1 1
an —h ) —— (19
|,y (5~ 57) * g+ (09

The normalization condition at R;(0) fixes the parameter
d = f(0)/(Tomg). It is found to be:

3 mfr mo + 2qo mo
d=—-——In — 3
T g3 2my 2mq0 TG

2
mazmo

(20)

The 07 component of the K7 spectrum is not well un-
derstood [34, 135); we dub this component (K7)i* and
use the LASS parameterization [34] which consists of the
K*(1430) resonance together with an effective range non-
resonant (NR) component:

MKnx
R = T 21
5(m) gcotdp —iq (21)
m
+ e 2mol“0q—0°
- prry
(mg —m¥%..) — szFOmLKWq—U“

where cotdp = a—lq + %rq. The values we have used for

the scattering length (a) and effective range (r) param-
eters of this distribution are given in Table[ll The effec-

tive range part of the amplitude is cut off at mSitoff =

1800 MeV/c?. Integrating separately the resonant part,
the effective range part, and the coherent sum we find
that the K*(1430) resonance accounts for 81.7%, the ef-
fective range term 44.1%, and destructive interference be-
tween the two terms is responsible for the excess 25.8%.

A flat phase space term has been included in the signal
model to account for NR BY — K2nT 7~ decays.

We determine a nominal signal Dalitz-plot model us-
ing information from previous studies [23, [24] and the
change in the fit likelihood value observed when omitting
or adding resonances. The components of the nominal
signal model are summarized in Table [l Other compo-
nents, taken into account only to estimate the DP model
uncertainty, are discussed in Sec. [VIIl

TABLE I: Parameters of the DP model used in the fit. Values
are given in MeV (/c?), unless mentioned otherwise. The mass
and width for the fx (1300) are averaged from results in B —
K*r~nt Dalitz analyses |27, 28].

Resonance Parameters Lineshape Ref. for
Parameters
£0(980) mo = 965 £ 10 Flatté (36]
g = 165+ 18
gx = 695+ 93
p°(770) mo = 775.5 4+ 0.4 GS [31]
To=146.4+1.1
r=53"02 (GeV/c)™?
K**(892) mo = 891.66 + 0.26 RBW [31]
K*~ (892 To =50.84+0.9
r=3.6%+06(GeV/c)!
(Km)pt mo = 1415+ 3 LASS 27]
(Km)y~ o =300+6
mgge™ = 1800
a=2.07=40.10 (GeV/c)™!
r =3.3240.34 (GeV/c) !
F2(1270) mo = 12754+ 1.1 RBW [31]
o =185.2731
r=3.0(GeV/c) ™!
Fx(1300) mo=1471+£7 RBW [27, 28
To=97+15
NR decays flat phase space
Xco mo = 3414.75 + 0.35 RBW [31]
To=10.440.7

B. Time dependence

With At = 4z — tiag defined as the proper time
interval between the decay of the fully reconstructed
B® — Kgrntn~ (BJ,) and that of the other meson
(Blng) from the 7'(4S), the time-dependent decay rate
|AL (At)]2 (AL, (At)|?) when the BY , is a B® (B°) is

sig sig tag



given by

o=t /750
C drge
F (JA]? — [A]?) cos(AmgAt)

A (A =

sig

[W i

+2Im [AA*] sin(AmdAt)] . (22)

where 7o is the neutral B meson lifetime and Amy is the
B°B° mass difference. In the last formula and in the fol-
lowing, the DP dependence of the amplitudes is implicit.
Here, we have assumed that there is no CP violation in
mixing, and have used a convention whereby the phase
from BYB° mixing is absorbed into the B decay ampli-
tude (i.e. into the ¢; terms). In other words, we assume
that the B°B? mixing parameters satisfy |¢/p| = 1 and
absorb ¢/p into ¢;. Lifetime differences in the neutral B
meson system are assumed to be negligible.

C. The square Dalitz plot

Both the signal events and the combinatorial ete™ —
qq (¢ = u,d, s, ¢) continuum background events populate
the kinematic boundaries of the DP due to the low final
state masses compared with the B® mass. The represen-
tation in Eq. (@) is inconvenient when empirical reference
shapes are to be used. Large variations occurring in small
areas of the DP are very difficult to describe in detail. We
therefore apply the transformation

dsy ds_ — |det JJ|dm’do’ (23)

which defines the square Dalitz plot (SDP). The new co-
ordinates are

1 _ ,ymin 1
m/ = — arccos (2% - 1> , 0= =00, (24)
T mmax — mx T

where mg = /3o is the 717~ invariant mass, mJ*** =

mpo — Mo and mP" = 2m .+ are the kinematic limits
of myg, 0y is the 7+~ resonance helicity angle and J
is the Jacobian of the transformation. Both variables
range between 0 and 1. The determinant of the Jacobian
is given by

Omg 0 cosby

[det 7| = AlpLllpglmo - S SR (25)

where |p%| = /E3?2 —m?2, and |p§| = /Ej? —mi{g,
and where the 7t (K3) energy E7 (Ej), is defined in the
7t~ rest frame. This transformation was introduced
in Ref. |37], and has been used in several B decay DP
analyses.

III. THE BABAR DETECTOR AND DATASET

The data used in this analysis were collected with the
BABAR detector at the PEP-II asymmetric-energy eTe™

storage ring at SLAC between October 1999 and August
2006. The sample consists of an integrated luminosity of
347.3 fb™!, corresponding to (383 & 3) x 106 BB pairs
collected at the 7°(4S) resonance (“on-resonance”), and
36.6 fb~! collected about 40 MeV below the 1'(45) (“off-
resonance” ).

A detailed description of the BABAR detector is pre-
sented in Ref. [38]. The tracking system used for track
and vertex reconstruction has two components: a silicon
vertex tracker (SVT) and a drift chamber (DCH), both
operating within a 1.5 T magnetic field generated by a
superconducting solenoidal magnet. Photons are iden-
tified in an electromagnetic calorimeter (EMC). It sur-
rounds a detector of internally reflected Cherenkov light
(DIRC), which associates Cherenkov photons with tracks
for particle identification. Muon candidates are identified
with the use of the instrumented flux return (IFR) of the
solenoid.

IV. EVENT SELECTION AND BACKGROUNDS

We reconstruct BY — K7™~ candidates from pairs
of oppositely-charged tracks and a K3 — 77~ candi-
date, which are required to form a good quality vertex. In
order to ensure that all events are within the DP bound-
aries, we constrain the invariant mass of the final state
to the B mass. For the 777~ pair from the B, we use
information from the tracking system, EMC, and DIRC
to remove tracks consistent with electron, kaon, and pro-
ton hypotheses. In addition we require at least one track
to be inconsistent with the muon hypothesis based on
information from the IFR. The K¢ candidate is required
to have a mass within 15MeV/c? of the nominal K°
mass [31], and a lifetime significance of at least five stan-
dard deviations. The last requirement ensures that the
decay vertices of the B° and the Kg are well separated.
In addition, combinatorial background is suppressed by
requiring the cosine of the angle between the K9 flight
direction and the vector connecting the B-daughter pions
and the Kg vertices to be greater than 0.999.

A B-meson candidate is characterized kinemat-
ically by the energy-substituted mass mgs =
V(s/2+p; -p)?/E? —p% and energy difference
AE = Ej — 1\/s, where (Ep,pp) and (E;,p;) are
the four-vectors of the B-candidate and the initial
electron-positron system, respectively. The asterisk
denotes the 1'(4S) frame, and s is the square of the in-
variant mass of the electron-positron system. We require
5.272 < mps < 5.286GeV/c? and |AE| < 0.065GeV.
Following the calculation of these kinematic variables,
each of the B candidates is refitted with its mass
constrained to the world average value of the B-meson
mass [31] in order to improve the DP position resolution,
and ensure that Eq. (@) holds.

Backgrounds arise primarily from random combina-
tions in continuum events. To enhance discrimination
between signal and continuum, we use a neural network




(NN) [39] to combine four discriminating variables: the
angles with respect to the beam axis of the B momen-
tum and B thrust axis in the 7'(45) frame, and the ze-
roth and second order monomials Ly » of the energy flow
about the B thrust axis. The monomials are defined by
L, =, pi % |cosb;|", where §; is the angle with respect
to the B thrust axis of track or neutral cluster ¢ and p;
is the magnitude of its momentum. The sum excludes
the B candidate and all quantities are calculated in the
Y (4S) frame. The NN is trained using off-resonance data
as well as simulated signal events, all of which passed the
selection criteria. The final sample of signal candidates
is selected with a requirement on the NN output that re-
tains 90% of the signal and rejects 71% of the continuum.

The time difference At is obtained from the measured

distance between the positions of the BY, and By, decay
vertices, using the boost 3y = 0.56 of the eTe™ system.

BY candidates with |At| > 20 ps are rejected, as are can-
didates for which the error on At is higher than 2.5 ps. To
determine the flavor of Btoag we use the B flavor tagging
algorithm of Ref. [40]. This algorithm combines several
different signatures, such as charges, momenta, and decay
angles of charged particles in the event to achieve optimal
separation between the two B flavors. This produces six
mutually exclusive tagging categories: lepton, two dif-
ferent kaon categories, slow pion, kaon-slow pion, and a
category that uses a combination of other signatures. We
also retain untagged events in a seventh category since
although these events do not contribute to the measure-
ment of the time-dependent CP asymmetries they do pro-
vide additional statistics for the measurements of direct
CP violation and CP-conserving quantities such as the
branching fractions [41]. Multiple B candidates passing
the full selection occur between ~ 1% of the time for NR
signal events and ~ 8% of the time for B® — f,(980) K2
signal events. If an event has more than one candidate,
we select one using a reproducible pseudo-random proce-
dure based on the event timestamp.

With the above selection criteria, we obtain a signal
efficiency determined from Monte Carlo (MC) simulation
of 21 — 25%, depending on the position in the DP.

Of the selected signal events, 8% of B® — p"K2, 6%
of B® — K*(892)"7~ and 4% of B° — f£,(980)K?%
events are misreconstructed. Misreconstructed events
occur when a track from the tagging B is assigned to
the reconstructed signal candidate. This occurs most of-
ten for low-momentum tracks and hence the misrecon-
structed events are concentrated in the corners of the
DP. Since these are also where the low-mass resonances
overlap strongly with other resonances, it is important to
model the misreconstructed events correctly. The model
used to account for misreconstructed events is detailed
in Sec. /Al

We use MC events to study the background from other
B decays (B background). More than fifty channels were
considered in preliminary studies, of which twenty are in-
cluded in the final likelihood model — those with at least
two events expected after selection. These exclusive B
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background modes are grouped into ten different classes
that gather decays with similar kinematic and topological
properties: nine for neutral B decays, one of which ac-
counts for inclusive decays, and one for inclusive charged
B decays.

Table [l summarizes the ten B background classes that
are used in the fit. The yields of those classes that have
a clear signature in the DP are allowed to float in the
maximume-likelihood fit, the remainder are fixed. When
the yield of a class is varied in the maximum-likelihood
fit the quoted number of events corresponds to the fit
results. For the other modes, the expected numbers of
selected events are computed by multiplying the selection
efficiencies (estimated using MC simulated decays) by the
world average branching fractions [3, [31], scaled to the
data set luminosity (347 fb™1).

V. THE MAXIMUM-LIKELIHOOD FIT

We perform an unbinned extended maximum-
likelihood fit to extract the inclusive B? — K gwﬂr_
event yield and the resonant amplitudes. The fit uses the
variables mgg, AF, the NN output, and the SDP to dis-
criminate signal from background. The At measurement
allows the determination of mixing-induced CP violation
and provides additional continuum background rejection.

The selected on-resonance data sample is assumed to
consist of signal, continuum background, and B back-
ground components. The signal likelihood consists of the
sum of a correctly reconstructed (“truth-matched,” TM)
term and a misreconstructed (“self-cross-feed,” SCF)
term. Generally, the components in the fit are separated
by the flavor and tagging category of the tag side B de-
cay.

The probability density function (PDF) Py for an event
7 in tagging category c is the sum of the probability den-
sities of all components, namely

c _ c 7€ c 7€ c
P; = Nsigfgg [(1 — fscr)Psig—t™,i + fSCF,Psig—SCF,z}

C 1 ¢
4 Nq¢7§ (1 + Qtag,iAqlf) P¢1¢7>i

1
+ Np+ i+ 3 (14 Geag,iAp+) ,P]Cs’ti

NB°

class
+ Y NpojfoPho; - (26)
j=1
The variables are defined in Table [Tl The PDFs
P% (X = {sig—TM, sig—SCF, ¢q, BT, B"}) are the
product of the four PDF's of the discriminating variables,
r1 = mgs, £2 = AFE, x3 = NN output, and the triplet
x4 ={m/ ¢ At}:
4
Piiy = 11 Pray (@) - (27)
k=1
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TABLE II: Summary of B background modes included in the fit model. When the yield is varied in the fit, the quoted number
of events corresponds to the fit results. Otherwise, the expected number, taking into account the branching ratios and efficiency,

is given.

Mode Varied BR Number of events
B® = D™ (— K3r)nt yes 3377 £ 60
B — Jap(— IT17)K2 yes 1803 £ 43
B — ¢(28)K2 yes 142 +13
B° - 'K yes e 37+ 16
B® — afn¥ no (39.7£3.7) x 1076 7.3+0.7
B® — D*7(— Dn)nt no (2.57 4+ 0.10) x 1073 438425
B - D ht ; B - D uty, no (2.9440.19) x 1073 281 £ 20
B® — D* p* no (14.2 £ 1.4) x 1073 34.54+4.6
B° — {neutral generic decays} no not applicable 114+ 7
B — {charged generic decays} no not applicable 282 £ 11

TABLE III: Definitions of the different variables in the likelihood function given in Eq. (26]).

Variable Definition

Nsig total number of ngﬂf signal events in the data sample

feie fraction of signal events that are tagged in category c

fgCF fraction of SCF events in tagging category c, averaged over the DP

sig—TM,; Product of PDFs of the discriminating variables used in tagging category c for TM events

sig—scr,; product of PDFs of the discriminating variables used in tagging category c for SCF events

Ngz number of continuum events that are tagged in category c

Grag,i tag flavor of the event, defined to be 41 for a Bgag and —1 for a ESag

Aqq parameterizes possible asymmetry in continuum events

Poai continuum PDF for tagging category c

Ng;ss number of neutral B-related background classes considered in the fit, namely nine
Np+ number of expected charged B background events

Npo, number of expected events in the neutral B background class j

fa+ fraction of charged B background events that are tagged in category c

fgoj fraction of neutral B background events of class j that are tagged in category c
Ap+ describes a possible asymmetry in the charged B background

Bt i BT background PDF for tagging category ¢

50 i neutral B background PDF for tagging category c and class j

where 7 is the event index and j is a B background class.
Not all the PDFs depend on the tagging category; the
general notations wa(j) and 73;’(71-(].) are used for sim-
plicity. Correlations between the tag and the position in
the DP are absorbed in tag-flavor-dependent SDP PDFs
that are used for continuum and charged B backgrounds.
The parameters Ap+ and Ayg parametrize any potential
asymmetry between these PDFs. The extended likeli-
hood over all tagging categories is given by

7 _ N°©
c=J]e™ [IPs, (28)
c=1 i

where N°¢ is the total number of events expected in cat-
egory c.

A total of 75 parameters are varied in the fit. They in-
clude the 12 inclusive yields (signal, four B background

classes, and seven continuum yields, one per tagging cat-
egory), 30 parameters for the complex amplitudes from
Eq. 22), and 33 parameters of the different PDFs. The
latter include most of the parameters describing the con-
tinuum distributions.

A. The At and Dalitz plot PDFs

The SDP PDFs require as input the DP-dependent
selection efficiency, ¢ = e(m/,0’), and SCF fraction,
fscr = fscr(m/,6). Both quantities are taken from
MC simulation. Away from the DP corners the efficiency
is uniform. It decreases when approaching the corners,
where one of the three particles in the final state is nearly
at rest so that the acceptance requirements on the par-
ticle reconstruction become restrictive. Combinatorial



backgrounds and hence SCF fractions are large in the
corners of the DP due to the presence of soft tracks.
For an event ¢ we define the time-dependent SDP PDFs
PsingM,i (m/, 9/, At) = (29)
Ei (1 — fSCF,i) | det JZ| |Ai(At)|2 ,

Psg—scr,i(m’,0', At) = (30)

ei fsor.i | det Ji| [AF (AL)?
where Pysig_mm,i(m/, 0, At) and Psg_scr,i(m’, ', At) are
normalized to unity. The phase space integration involves
the expectation values (e (1 — fscr)|det J| FipF},) and
(€ fscr | det J| Fi Fy:) for TM and SCF events, where the
indices k, k' run over all resonances belonging to the sig-

nal model. The expectation values are model-dependent
and are computed by MC integration over the SDP:

(e (1 = fscr) |det J| Fi.Fy) = (31)
Iy Jo e (1= fscr) | det J| Fy Fy dm'de’
fol fol e |det J| Fy Fy, dm’do’

)

and similarly for (e fscr |det J| FiFy,), where all quan-
tities in the integrands are DP-dependent.

Equation (20 invokes the phase space-averaged SCF
fraction fgcp = (fscr | det J| FyF},). The PDF normal-
ization is decay-dynamics-dependent and is computed it-
eratively. We determine the average SCF fractions sepa-
rately for each tagging category from MC simulation.

The width of the dominant resonances are large com-
pared to the mass resolution for TM events (about
8 MeV/c? core Gaussian resolution). We therefore neglect
resolution effects in the TM model. Misreconstructed
events have a poor mass resolution that strongly varies
across the DP. It is described in the fit by a 2 x 2-
dimensional resolution function

RSCF (m;«v 9;"5 m;&v 91/5) ) (32)

which represents the probability to reconstruct at the co-
ordinates (m.., 6.) an event that has the true coordinates

YU

(m},0;). It obeys the unitarity condition

1 1
/ / Recw(m’, 0 m!.0) dm'd0. =1, (33)
0 O

and is convolved with the signal model. The Rgcr func-
tion is obtained from MC simulation.

We use the signal model described in Sec. [TAl It con-
tains the dynamical information and is connected with
At via the matrix element in Eq. ([22]), which intervenes
in the signal PDFs defined in Eq. (2Z9) and (30). The
PDFs are diluted by the effects of mistagging and the
limited vertex resolution [42]. The At resolution func-
tion for signal (both TM and SCF) and B background
events is a sum of three Gaussian distributions. The pa-
rameters of the signal resolution function are determined
by a fit to fully reconstructed BY decays [40].
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The charged B background contribution to the likeli-
hood, given in Eq. (26]), uses distinct SDP PDF's for each
reconstructed B flavor tag, and a flavor-tag-averaged
PDF for untagged events. The PDFs are obtained from
MC simulation and are described by histograms. The
At resolution parameters are determined by a fit to fully
reconstructed BT decays. For the BT background class
we adjust the effective lifetime to account for the misre-
construction of the event that modifies the nominal At
resolution function.

The neutral B background is parameterized with PDF's
that depend on the flavor tag of the event. In the case of
CP eigenstates, correlations between the flavor tag and
the Dalitz coordinates are expected to be small. How-
ever, non-CP eigenstates, such as a{tw:F, may exhibit
such correlations. Both types of decays can have di-
rect and mixing-induced CP violation. A third type of
decay involves charged D mesons and does not exhibit
mixing-induced CP violation, but usually has a strong
correlation between the flavor tag and the DP coordi-
nates because it consists of B-flavor eigenstates. Direct
CP violation is also possible in these decays, though it
is set to zero in the nominal model. The DP PDFs are
obtained from MC simulation and are described by his-
tograms. For neutral B background, the signal At res-
olution model is assumed. Note that the SDP- and At-
dependent PDFs factorize for the charged B background
modes, but not necessarily for the neutral B background
due to B°B? mixing.

The DP treatment of the continuum events is similar
to that used for charged B background. The SDP PDF
for continuum background is obtained from on-resonance
events selected in the mgg sidebands and corrected for
feed-through from B decays. A large number of cross
checks have been performed to validate the empirical
shape used. The continuum At distribution is param-
eterized as the sum of three Gaussian distributions with
common mean and three distinct widths that scale with
the At per-event error. This introduces six shape pa-
rameters that are determined by the fit. The model is
motivated by the observation that the mean of the At
distribution is independent of the per-event error, and
that the width depends linearly on this error.

B. Description of the other variables

The mgg distribution of TM signal events is parame-
terized by a bifurcated Crystal Ball function [43, 44, |45],
which is a combination of a one-sided Gaussian and a
Crystal Ball function. The mean and the two widths of
this function are determined by the fit. The AFE distri-
bution of TM signal events is parameterized by a double
Gaussian function. The five parameters of this function
are determined by the fit. Both mgs and AFE PDFs
are described by histograms, taken from the distributions
found in appropriate MC samples, for SCF signal events
and all B background classes. Exceptions to this are the
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FIG. 1: Standard (left) and square (right) Dalitz plots of the selected data sample of 22525 B — K2n "7~ candidates. The
narrow bands correspond to D¥rt, J/PpK2 and (25) K% background events.

mps PDFs for the B — D~ 7" and B® — J/ K2 com-
ponents, and the AE PDF for B® — D~n", which are
the same as the corresponding distributions of TM signal
events. The mggs and AE PDF's for continuum events are
parameterized by an ARGUS shape function [46] and a
first-order polynomial, respectively, with parameters de-
termined by the fit.

We use histograms to empirically describe the distri-
butions of the NN output found in the MC simulation
for TM and SCF signal events and for all B background
classes. We distinguish tagging categories for TM signal
events to account for differences observed in the shapes.
The continuum NN distribution is parameterized by a
third-order polynomial that is constrained to take pos-
itive values in the range populated by the data. The
coefficients of the polynomial are determined by the fit.
Continuum events exhibit a correlation between the DP
coordinates and the shape of the event that is exploited
in the NN. To correct for this effect, we introduce a
linear dependence of the polynomial coefficients on the
variable App, defined as the smallest of the three in-
variant masses, and is thus a measure of the distance
of the DP coordinates from the kinematic boundaries of
the DP. The parameters describing this dependence are
determined by the fit.

VI. FIT RESULTS

The standard and square Dalitz plots of the se-
lected data sample are shown in Fig. [ The
maximume-likelihood fit of 22525 candidates results in a
BY — ng"’w_ event yield of 2182464 and a continuum
yield of 14240 4+ 126, where the uncertainties are statisti-
cal only. The remaining number of events is covered by
the yields of backgrounds from charged and neutral B
decays, where the dominant contributions are 3361 + 60

BY — D™t and 1804 + 44 B® — J/p K2 events.

When the fit is repeated starting from input parame-
ter values randomly chosen within wide ranges above and
below the nominal values for the magnitudes and within
the [0 — 360°] interval for the phases, we observe conver-
gence toward two solutions with minimum values of the
negative log likelihood function —2log £ that are equal
within 0.32 units. In the following, we refer to them as
solution I (the global minimum) and solution II (a local
minimum). Between the two solutions, the fit values for
most free parameters are very similar. Exceptions occur
among isobar parameters, and most particularly isobar
phases, some of which can differ significantly.

For a given event i, we define the likelihood ratio as
R = Pgig—1™,i/Pi (see Eq. (28] and explanations below).
Figure[2shows distributions of log R for all the events en-
tering the fit, and for the signal-like region. We obtain
signal enriched samples that are used in some of the fig-
ures below, by removing events with small values of R;
in each case R is computed excluding the variable being
plotted. Figure Bl shows distributions of AFE, mgs, and
the NN output which are enhanced in signal content by
requirements on R. Figures[d] to[1 show similar distribu-
tions for m(n+7~), m(K2m), and App. These distribu-
tions illustrate the good quality of the fit in the signal-
enhanced regions. Signal enriched distributions of At and
At asymmetry for events in the regions of fo(980)Kg and
p°(770)K?2 are shown in Fig.[Bl

In the fit, we measure directly the relative magni-
tudes and phases of the different components of the sig-
nal model. The magnitude and phase of the B® —
f0(980)K ¢ amplitude are fixed to 4 and 0, respectively,
as a reference. The results corresponding to the two so-
lutions are given together with their statistical uncer-
tainties in Table[[Vl The full (statistical, systematic and
model dependent) correlation matrices between the mag-
nitudes and the phases for the two solutions are given
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FIG. 2: Distributions of the logarithm of likelihood ratio (log R) for all events entering the fit (left) and in the signal-like
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TABLE IV: Results of fit to data for the isobar amplitudes with statistical uncertainties. Both solutions are shown.

Solution I Solution II
Isobar Amplitude Magnitude Phase (°) Magnitude Phase (°)
Cfo(QSO)Kg 4.0 0.0 4.0 0.0
Efo(98O)Kg 3.7+04 —73.9+19.6 32406 —112.3+£20.9
Cp(TTVKY 0.10+0.02 356+149 0.09+£002 66.7+18.3
Ep(770)Kg 0.11 +£0.02 15.34+20.0 0.10+£0.03 —0.1+18.2
Crot (802 0-154 £ 0.016 —138.7 £ 25.7 0.145 £ 0.017 —107.0 =+ 24.1
CK*— (892)n+ 0.125 £0.015 163.1 +£23.0 0.119 £0.015 76.4 £23.0
Clrmyitn— 69+06 —151.7+£19.7 6.5£0.6 —122.5+20.3
E(Kﬂ);*ﬁr 7.6 +0.6 136.2 £19.8 7.3+0.7 52.6 £ 20.3
Cf,(1270) K 0.014 £0.002 5.84+19.2 0.012+0.003 23.9 £22.7
Ef2(1270)Kg 0.011 £0.003 —24.0+28.0 0.011 +0.003 —83.3 +24.3
Chx (1300) KO 141+023 432+220 140+028 859+2438
Efx(1300)Kg 1.24 £0.27 31.6 £23.0 1.02£0.33 —67.9+£22.1
CNR 2.6 £0.5 35.3+16.4 1.9+0.7 56.7 = 23.6
CNR 2.71+0.6 36.1 £18.3 3.1+0.6 —45.2+17.8
Cxeo KO 0.33 £0.15 61.44+44.5 028=£0.16 51.9+384
Excng 0.44 £+ 0.09 15.1£30.0 0.43+£0.08 —58.5+279
in the Appendix. The measured relative amplitudes ¢, fined as:
where the index represents an intermediate resonance, 9 - 12
are used to extract the Q2B parameters defined below. Ck) = ek ]” — lek] 7 (35)
For a resonant decay mode k which is a CP eigenstate, ek |® + [ex[?
the following Q2B parameters are extracted: the angle
Bet defined as
2Im(ckcy
S(k) = 2Zmlenc) (36)
|ek]? + |ek]?

(k) = 5 arg(cac) 39

and the direct and mixing-induced CP asymmetries, de-

For a flavor-specific resonant decay mode k such as
BY — K**(892)7~, it is customary to define the direct



15

60— ! —
— < soE- 3
3 2 = F E
o Q 8 4o =
S g s =t E
S 30— —
it S § E E
5 % @ 20 7
1 E
o i
I 10
» [} o 4
® ® | 9 £ |
.8 .3 R ; ; =
£3 E2 ES O e e
58 - 58 - T 88 o F ‘ -+
Z Zx | | | | | | ZX 4 Il L L L L L L L L
X 272 5274 5276 5278 528 5282 5284 5286 © 01 02 03 04 05 06 07 08 09 1
AE(GeV) me{(GeV/c) NN
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CP asymmetry parameter Acp as:

CeRl? = le)?

Acp(k) = ————.
CP( ) |E;;|2+|C]g|2 (37)

For a pair of resonances k and k', the phase ¢(k,k’)
relating their amplitudes ¢ and cg/, defined as

¢(k, k') = arg(cxc),

can be accessed by exploiting the interference pattern in
the DP areas where k and k' overlap; correspondingly,

the phase ¢(k, k') for the CP-conjugated amplitudes ¢
and ¢’ i8S

(38)

o(k, k') = arg(cxcy).

From these two phases, the difference A¢(k, k') =

ok, k') — ¢(k, k'), can be extracted. This parameter is a

(39)

direct CP violation observable, and can only be accessed
in an amplitude analysis.

For a resonant decay mode k, the phase relating its
amplitude ¢ to its charge conjugate ¢ is defined as

AD(k) = arg(cxcr); (40)

here it is worth recalling that we use a convention in
which the B° decay amplitudes have absorbed the phase
from B°BY mixing, and so the phase of ¢/p is implicit in
the A®(k) parameter. Although the definition of this
parameter is technically similar to the S.g phase de-
fined in Eq. (34), they differ in their physical interpreta-
tion. The parameter fog quantifies the time-dependent
mixing-induced CP asymmetry, and therefore is most rel-
evant for the CP eigenstate modes, such as p°(770) K2
and fo(980)K2. On the other hand the A®(k) pa-
rameter concerns mostly flavor-specific modes, such as
B — K**(892)7~, for which there is no interference be-



tween decays with and without mixing. For such modes,
sensitivity to A®(k) is provided indirectly by the inter-
ference pattern of the resonance k with other modes that
are accessible both to B° and B° decays.

We also extract the relative fit fraction F'F' of a Q2B
channel k, which is calculated as:

(lexl® + lex*) (Fi Fy)

FF(k) = — , (41)
ZW (cuch + cucs ) (FuFy)
where the terms
(FLE) = / FFds.ds_ (42)

are obtained by integration over the complete Dalitz plot.
The total fit fraction is defined as the algebraic sum of all
fit fractions. This quantity is not necessarily unity due to
the potential presence of net constructive or destructive
interference. Using the relative fit fractions, we calculate
the branching fraction B for the intermediate mode k as

FF(k) x B(B® - K2rtrm™) | (43)

where B(B? — K27 7™) is the total inclusive branching
fraction

Nsi
B(B® — Kdntr—) = =22 .
ENBB

(44)

We compute the average efficiency, &, by weighting MC
events with the measured intensity distribution of sig-
nal events, (JA(DP)? + |A(DP)|?)/2. The term Npjp
is the total number of BB pairs in the sample. Fi-
nally, we use the following integrals of amplitudes over
the complete Dalitz plot to measure the inclusive direct

CP-asymmetry:

JI (1A = 141 ) dsyds-
IS (LA + 147 ) ds s

The Q2B parameters and fit fractions are given in Ta-
ble [Vl together with their statistical and systematic er-
rors. The branching fractions are shown in Table [Vl
To extract the statistical uncertainties on the Q2B pa-
rameters we perform likelihood scans, not relying on any
assumption about the shape of the likelihood function.
Since the Q2B parameters are not directly used in the fit,
we instead must perform the scan fixing one or two pa-
rameters among the signal model magnitudes and phases.
These are chosen in such a way that the resulting like-
lihood curve can be trivially interpreted in terms of the
Q2B parameter of interest. In each case the chosen pa-
rameters are fixed at several consecutive values, for each
of which the fit to the data is repeated. The error on
the Q2B parameter is determined by the points, or the
contour, where the —2 log £ function changes by one unit
with respect to its minimum value. Systematic uncertain-
ties are discussed in Sec. [VIII Results of the likelihood
scans in terms of —2Alog £ are shown in Fig. [0 to

incl __
cpP —

(45)
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The measurements of time-dependent CP-violation in
the fo(980)K2 and p°(770)K3 modes are presented as
two-dimensional likelihood scans in the (Bugr, C) plane,
shown in Fig. @ The scans are displayed as confidence
level contours after two-dimensional convolution with the
covariance matrix of systematic uncertainties. On the
same figure are also displayed the one-dimensional like-
lihood scans of Beg. For fo(980)K3 the two solutions lie
below and above 45 degrees and correspond very closely
to the trigonometric ambiguity between a given value of
Lot and 90° — Beg (mirror solutions). On the other hand,
for p°(770) K2 both solutions are below 45 degrees. In
this case the local solutions corresponding to the trigono-
metric ambiguities of the two observed solutions are sup-
pressed at 3.6 and 2.0 standard deviations, respectively.

The (Bofr,C') plane can be transformed to the more
familiar (S, C) plane using Eq. (34) to [B8). The corre-
sponding two-dimensional contours are shown in Fig.
While a part of the information on the phases is lost, this
representation has nonetheless the advantage of allowing
direct comparison with the measurement of sin 23 and C'
in b — s modes. For fy(980)KY, the results agree with
the expectation based on b — cés to 1.1a; for p°(770) K2
the agreement is better than 1o. For the measured values
of (Ber, C) for fo(980)K?2, CP conservation is excluded
at 3.50. For p°(770)K?%, the measurement of (Begr, C) is
consistent with CP conservation within 1o.

The measurement of the phase A®(K**(892)7) is
presented as a one-dimensional likelihood scan in Fig. [l
For this flavor-specific mode, there is virtually no region
in phase space that is accessible both to B and B°; thus,
sensitivity to this phase difference is limited. Simula-
tion shows that interference of the K**(892)r~ with the
f0(980)KS and p°(770) K2 modes (for which B® and B°
amplitudes interfere via mixing) provides most of the sen-
sitivity to A®(K*T(892)7~); unfortunately, the overlap
in phase space of these resonances is small. As a conse-
quence, only the (—137,—5)° interval is excluded at 95%
confidence level. Figure [[1] also shows the measurement
of the similar phase difference for the (K){ component.
As for K*(892), the measurement sets no strong con-
straint on this phase. Only the interval [—132,425]° is
excluded at 95% confidence level.

In contrast, due to the sizable overlap in phase
space between the K7 S- and P- waves of the same
charge, the relative phases ¢((Km)jE, K*+(892)) are
measured to +13° including systematics. The one-
dimensional scans are shown in Fig. The associated
observable A¢((Km)s%, K*+(892)) is compatible with
CP conservation. Figure also shows the scans for
O(fo(980)KY, pO(TT0)K),  (p (770)KY, K= (892)7™),
and their corresponding CP-conjugates. It is clear from
this figure and from Table V that the phases for the for-
mer are measured to a better accuracy. This is due to
the larger overlap in phase space between the f;(980) and
the p°(770). In both cases the associated observables A¢
are compatible with CP conservation.

For the remaining resonant modes in the signal DP
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TABLE V: Summary of measurements of the Q2B parameters for solutions I and II. The first uncertainty is statistical,
the second is systematic, and the third represents the DP signal model dependence. We also show the total (statistical and
systematic) linear correlations between the parameters Beg (S) and C. Phases are given in degrees and F'F's in percent.

Parameter Solution I Solution IT
C(fo(980)K3) 0.084£0.19 4 0.03 4+ 0.04  0.23 +0.19 + 0.03 + 0.04
Bett (fo(980) K'2) 36.0+98+214+21 56.2 £10.4 £2.1 2.1
S(fo(980)K2) —0.967522 £0.03+£0.02  —0.907525 4 0.03 £ 0.02

Corr[Best (f0(980)K2), C(fo(980)K2)]
Corr[S(fo(980)K3), C(fo(980)K3)]

-3.1%
19.7%

—-17.0%
12.5%

FF(fo(980)K3) 13.8715 £0.8+0.6 135714 +£0.8+0.6
C(p°(TT0)K) —0.05 4 0.26 + 0.10 £ 0.03 —0.14 £ 0.26 £ 0.10 £ 0.03
Betr (p°(770) K) 10.24+89+3.0+1.9 334+104+30+1.9
S(p0(770)KS) 0.3579:2 +0.06 + 0.03 0.917397 +0.06 + 0.03
Corr[ﬁcff( O(7T70)K2), C (p0(770)KS)] —23.0% —34.0%

Corr[S ( O(T70)K3), C(p°(7T70) K2)] —21.3% —10.4%
FF(p°(T70)K?) 86713 +£0.540.2 85713 +£0.540.2
Acp(K*(892)T) —0.21 £0.10+0.01 £0.02  —0.197319 +0.01 4+ 0.02
AD(K*(892)) 58.3 +32.7 4.6 £ 8.1 176.6 + 28.8 +£ 4.6 + 8.1
FF(K*(892)r) 11.0712 +£0.6 £ 0.8 109712 +£0.6 £0.8
Acp((Km)§m) 0.09 +0.07 £ 0.024+0.02  0.1275:97 +0.02 £ 0.02
AD((Km)gm) 722+246+4.1+44 1751 +226+4.1+44
FF((Kn)§m) 452+23+1.940.9 46.1+24+1.940.9
C(f2(1270)K2) 0.28%035 +£0.08+£0.07  0.09 4 0.46 + 0.08 + 0.07
Besr (f2(1270) K2) 1494+ 17.9+ 3.1+ 5.2 53.6 £ 16.7 £ 3.1 + 5.2
S(f2(1270)K2) —0.48 + 0.52 + 0.06 + 0.10 —0.95 £ 0.17 = 0.06 = 0.10

Corr|[Besr (f2(1270) K2), C(f2(1270) K3)]
Corr[S(f2(1270)K2), C(f2(1270) K2)]

11.5%
0.9%

—2.8%
21.2%

FF(f2(1270)K3) 23708402407 23109 +£0.240.7
C(fx(1300)K9) 0.137533 4+0.04 + 0.09 0.30753% 4 0.04 + 0.09
Berr (fx (1300) K'2) 58+ 15.2+2.2+2.3 76.9+13.8 +2.242.3
S(fx(1300)K2) —0.20 + 0.52 + 0.07 £ 0.07 —0.42 + 0.41 = 0.07 £ 0.07

Corr|[Bes (fx (1300)K3), C(fx (1300)K2)]
Corr[S(fx (1300)K2), C(fx (1300)K3))

—27.0%
28.5%

-9.3%
6.1%

FF(fx(1300)K3) 36753403409 35752403409
C(NR) 0.01 £ 0.25 4+ 0.06 + 0.05  —0.4552% 4 0.06 + 0.05
Bert (NR) 04+88+1.9+38 51.0+£13.3+£1.9+3.8
S(NR) —0.01 4+ 0.31 +0.05 +0.09 —0.87 £ 0.18 + 0.05 + 0.09

Corr[Beg(NR), C(NR)]
Corr[S(NR),C(NR)]

—10.6%
10.6%

—37.9%
—-91.5%

FF(NR) 11.5+2.04+1.0+0.6 12.6 +2.04+ 1.0+ 0.6
C(xc0K2) —0.2975933 +0.03 £0.05  —0.417332 4+ 0.03 4+ 0.05
Bett (X0 K$) 23.24 224 +23+4.2 55.2 4 23.3 £2.3 +4.2
S(xc0K2) —0.69 4+ 0.52 4 0.04 +0.07 —0.85 +0.34 + 0.04 £ 0.07

Corr[Best (X0 K$), C(xc0K3)]
Corr[S(xc0KS), C(xc0K3)]

—5.8%
—-19.1%

—5.8%
—74.2%

FF(x0K2) 1.041050 £0.04 £0.11 0.997037 +0.04 +0.11
total FF 97.271 7 + 2.1+ 1.15 98.3715 +£2.1+1.15
Als! —0.01 4+ 0.05 4 0.01 +0.01  0.01 4 0.05 4 0.01 + 0.01

¢(f°(980)K%7 p(T70)KS)
*(892)7r, (Km)pm)

(T70)K3, K*(892)7)

(T70)Kg, (Km)m)

—35.6+149+6.1+44
13.0£10.9 £4.6 £4.7
174.3 £28.0 £ 8.7+ 12.7
—172.8 £22.6 £10.1 £8.7

—66.7+183+£6.1+44
15.5+£10.2 £4.6 £4.7
—173.7 £29.8 £ 8.7 £12.7
—170.8 £26.8 £10.1 £ 8.7

FP(980) K%, p(T70)K5)
K* (892)71'7 (Kﬂ')Sﬂ')
p(770)Ks7 "(892))
o(

d(K
(p
(p
(
E
(p(TT0) K, (Km)gm)

¢
¢
¢
¢
¢
¢

—89.2+171+£85+£7.2
269+£92+49+6.1
—1478 £24.7£11.3 £ 11.9
—1209£21.6£87£7.3

—1122£17.8 £85+ 7.2
23.8+9.1+49+6.1
—76.5+£24.0£11.3£11.9
—52.7+214+£87+73
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TABLE VI: Summary of measurements of branching fractions averaged over charge conjugate states. The quoted numbers were
obtained by multiplying the corresponding fit fractions by the measured inclusive B® — K%~ 7~ branching fraction. R denotes
an intermediate resonant state and h stands for a final state hadron: a charged pion or a K°. To correct for the secondary
branching fractions we used the values from Ref. [31] and B(K**(892) — K°x") = 2. The first uncertainty is statistical, the
second is systematic, and the third represents the DP signal model dependence. The fourth errors, when applicable, are due
to the uncertainties on the secondary branching fractions. The quoted central values correspond to the global minimum, and
errors account for the presence of the second solution.

Mode B(B° — Mode) x B(R — hh) x 107° B(B® — Mode) x 107°
Inclusive B® — Kt~ - 50.15 + 1.47 4+ 1.60 & 0.73
fo(980)K° 6.92 £ 0.77 £ 0.46 & 0.32

p°(770)K° 4317979 +0.29 + 0.12 4.36757 +0.29 + 0.12 £ 0.01
K*T(892)m™ 5.5270-%1 £0.35 £ 0.41 8.2970-97 +£0.53 + 0.62
(Km)stn™ 227717 £1.240.6 e

f2(1270) K° 1.15t81§§ +0.11 4 0.35 2.717399 +0.26 + 0.83739%
Fx(1300)K° 1.8179-22 40.16 4+ 0.45 e

flat NR 5771180 £0.53 £0.31

Xeo K° 0.5279-20 +0.03 + 0.06 142755 £ 8+ 16 + 12




model: fx(1300)K3, f2(1270)K2, NR, and x.o(1P)K3,
we scan the likelihood as a function of the corresponding
fit fractions. These scans are shown in Fig. We ob-
tain a total (statistical and systematic) significance of 4.8
and 3.8 standard deviations for the NR and x.o(1P)KY
components, respectively. The significance for the sum
of fit fractions of the f2(1270)K 3 and fx(1300)K Y com-
ponents is 4.8 standard deviations while their individual
significances are 2.90 and 2.40, respectively.

The (K){ component is modeled in our analysis by
the LASS parametrization [34], which consists of a NR
effective range term plus a relativistic Breit-Wigner term
for the K*(1430) resonance. We separate from the
corresponding branching fraction, quoted in Table [V,
the contribution of the K*(1430) resonance and find it
to be (29.9733 + 1.6 +£ 0.6 + 3.2) x 107%. This value
is corrected for the secondary branching fraction using
B(K*(1430) — Km) from Ref. [31] and the isospin rela-
tion B(K**+(1430) — K°rT)/B(K**(1430) — K*7%) =
2. The first uncertainty is statistical, the second is sys-
tematic, the third represents the DP signal model de-
pendence, and the fourth is due to the uncertainty on
the secondary branching fraction. In addition we calcu-
late the total NR contribution by combining coherently
the effective range part of the LASS parametrization and
the flat phase-space NR component. We find this total
NR fit fraction to be 22.172% 4+ 2.1 + 0.7%. Note that
this number accounts for the destructive interference be-
tween the two NR terms. The corresponding branching
fraction is (11.071255 + 0.81 +0.40) x 107,

As a validation of our treatment of the time-
dependence, we allow 7go and Amy to vary in the fit. We
find 750 = 1.57940.061 ps and Amg = 0.497+0.035 ps—*
while the remaining free parameters are consistent with
the nominal fit. The numbers for 750 and Amg are
in agreement with current world averages |3]. In ad-
dition we perform a fit floating the S parameters for
BY — J/¢YKY and BY — ¢(2S)K2 events. We find
S = sin(2/3) = 0.690 £ 0.077 and 0.73 £ 0.27 for J/ K
and 1/1(2S)Kg respectively. These numbers are in agree-
ment with the current world average [3]. Signal enhanced
distributions of At and the At asymmetry for events in
the J/9 K2 region are shown in Fig. [T To validate the
SCF modeling, we leave the average SCF fractions per
tagging category free to vary in the fit and find results
that are consistent with the MC estimation.

As a further cross-check of the results, we performed
an independent analysis and obtained compatible re-
sults [47]. The main differences between this cross-check
analysis and the one presented here were the use of
a Fisher discriminant instead of a NN, the removal of
bands in invariant mass to cut away the B — D~ x ™,
B — JKY and B® — (2S)K?2 contributions, and
the use of Cartesian isobar parameters.
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VII. SYSTEMATIC STUDIES

To estimate the contribution to B% — ng+7r_ decay
via other resonances, we first fit the data including these
other decays in the fit model. We consider possible res-
onances, including w(782), p°(1450), p°(1700), fo(1710),
f2(1810), K**(1680), K;*(1430), xc2(1P), and a low
mass 0. A relativistic Breit—-Wigner lineshape is used to
parameterize these additional resonances, with masses
and widths from Ref. [31]. As a second step we simu-
late high statistic samples of events, using a model based
on the previous fits, including the additional resonances.
Finally, we fit these simulated samples using the nom-
inal signal model. The systematic effect (contained in
the “DP Model” field in Table [VII)) is taken from the
difference observed between the generated and fitted val-
ues. We quote this DP model uncertainty separately from
other systematics.

We vary the mass, width, and any other parameters of
all isobar fit components within their errors, as quoted
in Table . and assign the observed differences in the
measured amplitudes as systematic uncertainties (“Line-
shape” in Table [VII).

To validate the fitting tool, we perform fits on large
MC samples of fully-reconstructed events with the mea-
sured proportions of signal, continuum, and B back-
ground events. No significant biases are observed in these
fits and therefore no corrections are applied. The sta-
tistical uncertainties on the fit parameters are taken as
systematic uncertainties (“Fit Bias” in Table [VII).

Another major source of systematic uncertainty is the
B background model. The expected event yields from
the background modes are varied according to the uncer-
tainties in the measured or estimated branching fractions.
Since B background modes may exhibit CP violation, the
corresponding parameters are varied within their uncer-
tainties, or, if unknown, within the physical range. As is
done for the signal PDFs, we vary the At resolution pa-
rameters and the flavor-tagging parameters within their
uncertainties and assign the differences observed in these
fits with respect to the nominal fit as systematic errors.
These errors are listed as “B Background ” in Table [VT1l

Other systematic effects are much less important for
the measurements of the amplitudes and are combined in
the “Other” field in Table [VIIl Details are given below.

The parameters of the continuum PDFs are deter-
mined by the fit. No additional systematic uncertain-
ties are assigned to them. An exception to this is the
DP PDF: to estimate the systematic uncertainty from
the mgg sideband extrapolation, we use large samples of
ete™ — qq MC data (¢ = u,d,s,c). We compare the
distributions of m’ and 6’ between sidebands at different
ranges in mgg and find the two such sidebands that show
the maximum discrepancy. We assign as systematic un-
certainty the effect seen when weighting the continuum
DP PDF by the ratio of these two data sets.

The uncertainties associated with Amg and 7 are esti-
mated by varying these parameters within the uncertain-
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FIG. 9: Two-dimensional scans of —2Alog £ as a function of B¢ and C' (top) and the one-dimensional scans as a function of
Bet (bottom) for the fo(980)Kg (left) and p°(770)KS (right) isobar components. The value —2A log £ is computed including
systematic uncertainties. On the two-dimensional scans, shaded areas, from the darkest to the lightest, represent the one to five
standard deviations contours. The statistical (dashed line), and total (solid line) —2Alog £ are shown on the one-dimensional
scans, where horizontal dotted lines mark the one and two standard deviation levels.
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FIG. 10: Two-dimensional scans of —2Alog £ as a function of (S, C), for the fo(980)K2 (left) and p°(770)K% (right) isobar
components. The value —2Alog L is computed including systematic uncertainties. Shaded areas, from the darkest to the
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ties on the world average [31].

The signal PDFs for the At resolution and tagging
fractions are determined from fits to a control sample of
fully reconstructed B decays to exclusive final states with
charm, and the uncertainties are obtained by varying the
parameters within the statistical uncertainties.

Finally, the uncertainties due to particle identification,
tracking efficiency corrections, K2 reconstruction, and
the calculation of Ngg are 2.0%, 1.6%, 0.9%, and 1.1%,

respectively. These contribute only to the branching frac-
tion systematic uncertainties.

The average fraction of misreconstructed signal events
(fscr) predicted by the MC simulation has been verified
with fully reconstructed B — Dp events [42]. No signif-
icant differences between data and the simulation were
found. To estimate a systematic uncertainty from fqcp,
we vary these fractions, for all tagging categories. Tag-
ging efficiencies, dilutions, and biases for signal events
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TABLE VII: Summary of systematic uncertainties on Q2B parameters. Errors on relative fractions (SBesr and phases) are given
in percent (degrees).

Parameter DP Model Lineshape Fit Bias B Background Other Total
C(fo(980)K$) 0.04 0.02 <0.01 0.01 0.02  0.05
FF(f0(980)K2) 0.6 0.69 0.5 0.07 <0.01 1.03
Bett (£0(980) K'2) 2.1 1.9 <0.1 0.2 0.3 2.9

C(p°(TT0)KS) 0.03 0.04 <0.01 0.06 0.06  0.10
FF(p°(770)KY) 0.23 0.31 0.3 0.09 0.15  0.52
Betr (p°(T70) K) 1.8 2.2 <0.1 1.2 1.7 3.5

Acp(K*(892)T) 0.02 <0.01 <0.01 <0.01 <0.01  0.02
FF(K*(892)) 0.8 0.13 0.4 0.03 0.43  1.00
AD(K*(892)) 8.1 2.8 <0.1 1.4 3.3 9.3

Acp((Km)§m) 0.02 <0.01 <0.01 <0.01 0.02  0.03
FF((Kr)§r) 0.90 0.39 1.8 0.12 0.33  2.08
A®((Kn)§m) 4.4 2.4 <0.1 1.3 3.0 6.0

C(f2(1270)K2) 0.07 0.04 <0.01 0.05 0.06  0.11
FF(f2(1270)K2) 0.69 0.16 0.09 0.02 019  0.74
C(fx(1300)K3) 0.09 0.03 <0.01 0.01 0.03  0.10
FF(fx(1300)K2) 0.87 0.28 0.14 0.02 017  0.94
C(NR) 0.04 0.01 <0.01 0.01 0.07  0.08
FF(NR) 0.60 0.86 0.5 0.12 1.62  2.00
C(xc0K2) 0.05 0.02 <0.01 0.01 0.02  0.06
FF(xe0K2) 0.09 0.06 0.04 <0.01 <0.01 0.11
Alnet <0.01 <0.01 <0.01 <0.01 0.01  0.01
FPFro 1.15 0.55 2.0 0.08 0.36  2.40
&(fo(980)K g, p°(T70)K2) 4.4 2.6 <0.1 3.4 4.3 7.5

d(p°(T70) K2, K*(892)7) 12.7 3.0 <0.1 3.6 7.3 15.4
d(p°(TT0) K2, (Km)§m) 8.7 8.5 <0.1 3.9 3.7 13.3
H(K*(892)7, (K7)§m) 4.7 0.7 <0.1 0.3 4.6 6.6

Signal Yield 31.7 5.8 14.0 3.3 23.0 42.1




are varied within their experimental uncertainties.

VIII. SUMMARY

We have presented results from a time-dependent
Dalitz plot analysis of BY — ng"’w_ decays obtained
from a data sample of 383 million 7'(4S) — BB decays.
Using an amplitude analysis technique, we measure 15
pairs of relative magnitudes and phases for the different
resonances, taking advantage of the interference between
them in the Dalitz plot. From the measured decay am-
plitudes, we derive the Q2B parameters of the resonant
decay modes. Two solutions, with equivalent goodness-
of-fit, were found.

Including systematic and Dalitz plot model uncer-
tainties, the combined confidence interval for the mea-
sured values of B in BY decays to fo(980)K2 is 18° <
Begg < 76° at 95% C.L. CP conservation in BY decays
to fo(980)K? is excluded at 3.50, including systematics.
For BY decays to p°(770)K3, the combined confidence
interval is —9° < Beg < 57° at 95% C.L. These results
are both consistent with the measurements in b — ccs
modes.

In decays to K*t(892)r~, we find Acp = —0.20 £
0.10 + 0.01 £+ 0.02. For the relative phase be-
tween decay amplitudes of B — K*¥(892)r~ and
BY — K*=(892)n*, we exclude the interval —137° <
AD(K*(892)1) < —5° at 95% C.L. This last result, com-
bined with measurements of branching ratios, direct CP
asymmetries, and relative phases in K*T(892)r~ and
K*%(892)7°, plus a theoretical hypothesis on the contri-
butions of electroweak penguins to the decay amplitudes,
can be used to set non-trivial constraints on the CKM
parameters (p,7) by following the methods proposed in
Refs. [18, 119, 120, 21].
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APPENDIX

The full (statistical, systematic, and model depen-
dence) correlation matrices of the isobar parameters for
solutions T and II are given in Tables [VIII and [IX]
respectively. The tables are organized in blocks for
¢, ¢ argc, and argc. Here, the abbreviations fo, p°,
K* S, fa, fx, NR, and x represent the components
fo(980) K2, p°(T70)K2, K*(892)m, (Km)§m, f2(1270)K2,
[x(1300)K2, nonresonant, and x.oK2, respectively.
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TABLE VIII: Full correlation matrix for the isobar parameters of solution I. The entries are given in percent. Since the matrix
is symmetric, all elements above the diagonal are omitted.

l¢]

]

po K* S fo fx NR x| fo p K S fo fx NR x
p° | 100.0
K*| 519 100.0
S | 54.0 65.0 100.0
le|  fo| 84 28 21.0 100.0
fx | 149 232 322 227 100.0
NR| 52 350 244 126 39.3 100.0
X 64 99 7.8 20 74 6.1 100.0
fo | 3.3 303 39.9 252 367 313 8.0|100.0
p° | 206 486 512 80 27.7 275 56| 17.3 100.0
K*| 447 735 56.3 —4.8 249 220 9.5 226 43.4 100.0
| S| 596 719 79.7 21.8 39.3 269 11.3| 352 49.4 57.7 100.0

fo| 24 -101 63 —-56.1 —1.5 3.9 —03| 10.7 —6.2 —21.5 5.0 100.0
fx| 145 341 125 161 —23.0 124 25| 345 7.3 83 129 —6.2 100.0
NR| 17.8 57.6 41.7 127 10.1 49.7 24| 40.0 321 250 31.7 7.5 46.2 100.0
x | 189 270 306 58 118 9.5 —842| 21.5 17.8 241 27.8 0.8 81 20.2 100.0
P’ |-112 133 4.0 —161 —29 —-21 —05]| —0.2 241 163 32 —33 89 21 4.2
K*| 250 86 —32 —02 —157 —9.7 6.3|—-104 —3.9 55 160 38 6.3 —65 —3.2
S| 330 196 34 —47 —17.3 —165 62| —9.6 1.0 187 213 —42 96 —42 1.1

arg(c) fo | 121 —0.6 —9.8 —2.6 —23.1 =274  0.9|-16.7 —7.2 22 1.1 —10.6 7.2 —14.1 —2.6
fx| 250 102 54 —05—11.4 —11.8 10| —08 26 85 11.8 —3.8 156 24 04
NR| 316 17.0 393 1.0 —27.1 —31.7 —6.7| 11.3 128 145 190 3.3 21.5 19.6 14.2
X 86 18 9.8 06 —99 —89 —79/ 28 38 13 42 35 73 89 124
fo | 322 11.7 189 35 —20.3 —262 —16| —3.6 —6.9 7.3 182 1.8 203 —7.1 43
p° | 145 18.0 14.6 —17.3 —13.4 —21.0 —0.7| —8.7 143 198 134 1.7 72 —44 54
K*| 171 71 220 52 —135 —17.3 —21| 50 7.2 6.5 138 81 128 295 9.6

arg(¢) S | 225 159 252 —32 —169 —21.6 —0.5| 4.2 106 17.7 161 1.7 141 288 10.8
fo| 151 49 155 —5.0 —155 —17.9 —2.1| 10.0 —25 39 29 11.1 157 186 7.5
fx| 81 27 123 —06 165 —20.4 —0.9| 122 6.1 34 48 14 —146 47 6.5
NR| 153 41 145 —3.0 —22.6 —208 0.8 1.7 82 18 52 26 200 151 3.2
x | 109 11 128 0.7 —13.9 —180 —47| 21 33 06 39 59 98 134 82

arg(c) arg(c)
P’ K* S f2 fx NR X fo p° K- S fo fx NR «x

p° | 100.0
K*| 10.4 100.0
S | 182 90.9 100.0

arg(c) f2 | 19.6 54.1 61.8 100.0
fx| 255 493 569 581 100.0
NR| 243 172 299 31.6 47.8 100.0
X 50 67 7.9 102 17.6 30.8 100.0
fo | 18.0 343 420 398 529 55.6 23.8|100.0
p° | 553 222 324 257 366 422 17.4| 588 100.0
K*| 40 215 280 232 36.1 539 31.3| 468 33.5 100.0

arg(¢) S 9.6 23.7 351 27.8 412 60.7 33.3| 53.4 427 90.9 100.0
fo| 55 64 124 1.5 293 464 23.5| 44.1 36.7 56.7 60.8 100.0
fx| 17 00 54 138 155 364 195 222 225 421 448 39.4 100.0
NR| 7.2 192 275 289 423 555 329| 473 379 632 725 481 484 100.0
X 41 89 133 155 27.1 433 359| 380 269 559 589 40.0 33.6 52.1 100.0
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TABLE IX: Full correlation matrix for the isobar parameters of solution II. The entries are given in percent. Since the matrix
is symmetric, all elements above the diagonal are omitted.

lc]

E

P’ K S f2 fx NR X fo p’ K* S f2  fx NR X
p° | 100.0
K*| 46.9 100.0
S 49.1 68.2 100.0
le|  fo| 87 7.7 254 100.0
fx 16.8 40.3 385 26.6 100.0
NR| —8.4 30.2 212 9.4 49.9 100.0
X 5.5 11.7 9.3 3.4 121 9.1 100.0
fo 29.2 421 50.2 31.5 579 34.1 10.0{ 100.0
po 61.5 68.1 404 6.9 20.6 6.4 6.0 31.6 100.0
K*| 39.8 75.7 59.8 0.3 33.1 253 10.9| 33.2 36.3 100.0
el S 50.6 75.2 83.2 254 499 334 13.1| 51.6 46.0 61.4 100.0

f2 0.8 —6.1 9.6 —53.9 6.0 13.3 0.2| 14.7 5.3 —18.5 10.4 100.0
fx 10.0 —-3.3 —-0.9 —10.6 —68.7 —17.8 —5.2|—18.4 6.3 —4.0 —4.9 2.2 100.0
NR| 23.1 68.8 44.7 13.5 39.3 344 5.8] 45.6 583 32.8 454 14.7 —13.8 100.0
X 22.3 33,5 37.8 9.8 19.3 9.9 —-79.2] 31.3 20.7 30.2 36.1 3.3 —2.6 23.3 100.0
po —23.1 13.7 55 —11.4 8.0 5.2 0.0 9.0 —11.9 14.5 6.3 —0.2 0.3 3.8 6.9
K* 30.6 20 —-22 —-6.3 —16.1 —28.1 —-0.0|—15.2 143 -—-14 6.1 2.0 194 —-10.3 0.5
S 38.1 8.9 1.8 —10.1 —17.9 —-39.5 —-0.1|—15.8 174 9.4 77 =82 19.7 —12.1 3.7

arg(c) f2 18.1 —10.0 —13.7 —-7.4 —15.4 —41.3 —2.4|—18.6 1.0 —-6.2 —10.2 —12.7 10.7 —=21.6 —2.7
fx 26.2 —-7.8 —12.2 —-59 -—-7.7 =359 -—-1.7(—-14.5 7.8 =57 —-88 —-99 122 —-152 —-3.6
NR| 324 —-04 214 0.5 —29.5 —65.2 —10.4| —4.2 12.0 0.2 04 -6.4 21.2 —-81 10.2
X 154 —-2.2 0.2 —-1.6 —-99 —183 —-4.9| —5.6 56 —-3.0 —-0.2 -0.8 9.2 —5.6 4.0
fo 30.1 —-80 —-23 —-09 —-13.2 —43.0 -—-28(-16.7 121 -7.2 —-55 —49 104 —18.7 —1.6
po 76 114 5.8 —7.5 —1.8 —24.7 0.6| —7.5 4.1 15.1 5.5 —12.6 1.3 =70 4.0
K* 27.0 0.8 7.6 5.6 2.8 —27.8 0.6 —2.0 9.1 1.5 7.1 3.2 —6.9 139 4.1

arg(c) S 32.6 8.0 84 —1.1 0.6 —31.3 2.1 —4.1 126 12.1 76 —56 —4.4 122 4.7
f2 18.7 1.7 6.6 10.1 9.8 —22.9 0.7 7.6 8.6 3.5 0.6 —5.6 —21.6 93 4.6
fx 21.9 1.8 4.4 9.6 —0.7 —=30.2 0.1 —=5.0 8.1 2.8 4.0 —17.3 1.0 —6.6 —0.2
NR| 277 —-19 -=-3.0 3.9 —-0.5 -30.7 2.8/—13.3 78 —-15 —-1.2 —-13.8 —-72 -=-3.7 —5.0
X 19.7 —-5.0 -0.5 2.3 —4.4 —-27.6 2.7 —6.1 6.2 —4.1 -25 -—-16 -0.2 -0.1 —-29

arg(c) arg(c)
P’ K S f2 fx NR X fo p’ K* S f2  fx NR X

p° | 100.0
K* 2.9 100.0
S 7.4 90.6 100.0

arg(c) f»| 9.9 56.6 655 100.0
fx 59 57.0 64.4 69.5 100.0
NR| 10.1 37.0 50.3 44.4 46.6 100.0
X 2.6 393 40.3 29.1 31.3 28.6 100.0
fo —0.6 458 53.5 47.1 61.0 51.9 27.4| 100.0
po 41.3 29.5 39.2 31.2 39.1 33.0 16.5| 54.9 100.0
K*|-11.6 352 397 304 427 30.0 17.6/ 56.0 32.9 100.0

arg(c) S —8.7 388 47.7 36.1 49.1 33.7 19.5| 624 41.1 91.1 100.0
fo| =54 122 179 7.0 285 27.2 9.9] 52.8 42.0 59.3 61.6 100.0
fx| =70 232 286 28.0 344 299 154| 34.6 30.2 43.3 47.1 41.5 100.0
NR| —9.0 41.4 479 442 59.5 309 25.2| 689 481 68.6 77.6 54.6 558 100.0
X —-7.3 293 333 28.8 388 29.9 88| 47.1 26.9 54.7 58.0 38.6 35.8 54.6 100.0
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