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We report a Dalitz-plot analysis of the charmless hadronic decays of charged B mesons to the final
state KT r ™. Using a sample of (383.2 £+ 4.2) x 10% BB pairs collected by the BABAR detector, we
measure CP-averaged branching fractions and direct CP asymmetries for intermediate resonant and
nonresonant contributions. We find evidence for direct CP violation in the decay B¥ — p°(770)K ¥,
with a CP-violation parameter Acp = (+44 +10+475.,)% .

PACS numbers: 13.25.Hw, 12.15.Hh, 11.30.Er
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I. INTRODUCTION

The Kobayashi-Maskawa mechanism of CP nonconser-
vation [1] has, in recent years, been confirmed through
observations of direct CP violation in the kaon sys-
tem [2, 3] and of both mixing-induced [4, 5] and di-
rect [6] CP violation in the B meson system. How-
ever, it is striking that despite an enormous experimen-
tal effort [7, |8], no observation of CP violation in the
decay of any charged particle has yet been made. In
some cases, for example, in BT — 79K* [9,[10], the ab-
sence of an asymmetry is difficult to understand theoret-
ically [11, 12, 13, |14, [15,16]. The search for such effects
is therefore a priority for studies of the weak interaction.

Several theoretical investigations have suggested
that large CP asymmetries may be observed in
B — p%(770)K* decays [17, 18, 19, 120, 21, 22, 23,
24, 25]. Because of the large width of the p° meson,
this channel must be studied using a Dalitz-plot analy-
sis of the K*7F7n* final state. Previous measurements
found Acp(B* — p(T70)K*) = (+32+13+6 75)% [26]
and Acp(B* — p*(7T70)K*) = (430 + 11 +£21;1)% [217]
(where the errors are statistical, systematic, and model-
dependent, respectively), indicating evidence for CP vi-
olation in this decay, and leaving a strong need for more
precise and conclusive studies.

Several other considerations motivate a precise analy-
sis of B¥ — K*rTn* decays. The CP asymmetries in
the decays BT — K*°(892)r", BT — K3°(1430)r™,
and BY — K3°(1430)7" are predicted to be negligi-
ble [19, 120] compared to the current precision, since
these are mediated by b — s loop (penguin) transitions
only, with no b — u tree component. A significant CP-
violation effect in any of these channels would there-
fore provide a signature of new physics. On the other
hand, decays such as BT — p°K*+ may have compara-
ble contributions from both tree and penguin amplitudes,
and their interference is sensitive to their relative weak
(CP violating) phase difference . Results from ampli-
tude analyses of B¥ — K*nFx* and other B — Knrm
decays |28, 129, 30] can be combined to constrain the
hadronic parameters and allow a relatively clean deter-
mination of v [31,132, 133, 134, 134, 136].

Understanding the dynamics of the B¥ — K*rFr*
Dalitz plot is also a priority. Previous studies have left
unresolved the nature of a structure peaking at invari-
ant mass around 1300 MeV/c? in the 7F7~ spectrum
(denoted fx(1300) in this work). Similar enhancements
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have also been seen at low K+TK ™ invariant masses in
B — KKK [31, 38, 139] and B* — K*KTx* [40] de-
cays. The origin of these structures has aroused consid-
erable interest among theorists |41, 42, |43, 144, 45], as it
is of great importance in the understanding of low energy
spectroscopy [46].

In this paper we present results from an amplitude
analysis of B¥ — K*nF71% decays based on a 347.5fb !
data sample containing (383.244.2) x 106 BB pairs
(Ngg)- Compared to our previous publication [26], we
have increased the data sample by 70%, included several
improvements in reconstruction algorithms that enhance
the signal efficiency, made several modifications to the
analysis to increase the sensitivity to direct CP-violating
effects (for example, by including more discriminating
variables in the maximum likelihood fit), and improved
our model of the Dalitz-plot structure. Moreover, we
have developed a novel parametrization of the coefficients
used in the fit that ensures good statistical behavior of
the fitted parameters.

The data were collected with the BABAR detector [47]
at the SLAC PEP-II asymmetric-energy eTe™ storage
rings |48] operating at the 1°(4.5) resonance with center-
of-mass (CM) energy of /s = 10.58 GeV. An additional
total integrated luminosity of 36.6fb™! was recorded
40 MeV below the 1°(4S) resonance (“off-peak” data) and
was used to study backgrounds from continuum produc-
tion.

II. AMPLITUDE ANALYSIS FORMALISM

A number of intermediate states contribute to the de-
cay B* — K*rFn%. Their individual contributions are
obtained from a maximum likelihood fit of the distribu-
tion of events in the Dalitz plot formed from the two
variables m%. = m%., - and m2_ =m?2, .. The total
signal amplitudes for BT and B~ decays are given, in
the isobar formalism (see for example [49, 150, 51]), by:

A= A(m%ﬁr’m?m) = ZCij(m%{wm?m) (1)
J

A= Z(m%ﬁr’ m721'7r) = ZEJ'FJ' (m%{w mgrﬂ')7 . (2)
J

The complex coeflicient for a given decay mode j is c;
and is measured relative to one of the contributing chan-
nels (K*9(892) in this analysis). The ¢; contain all the
weak phase dependence and so F; = F;. The distribu-
tions F; describe the dynamics of the decay amplitudes
and are the product of an invariant mass term (R;), two
Blatt-Weisskopf barrier form factors (X (z)) [52], and an
angular function (T7):

F; =R; x X;(p*) x X;(q) x T}, (3)

where J is the spin of the resonance, ¢ is the momentum
of either daughter in the rest frame of the resonance, and



p* is the momentum of the bachelor particle in the rest

frame of the B. The F; are normalized over the entire
Dalitz plot:

[ 1B )P amieganz =1, )
The Blatt-Weisskopf barrier form factors are given by:

XJ:Q(Z) = 1, (5)
Xy=1(z) = V1/(L+ (zrew)?), (6)
Xj—a(2) = V1/((zrew)* +3(zrsw)2 +9), (7)

where rgw, the meson radius parameter, is taken to be
(4.0 £ 1.0) (GeV/e)~! [53)].

For most resonances in this analysis the R; are taken
to be relativistic Breit-Wigner line shapes:

1
—m?) —imol'(m)’

Rj(m) = o (8)
where my is the nominal mass of the resonance and I'(m)
is the mass-dependent width. In the general case of a

spin-J resonance, the latter can be expressed as

=) () Sy ©

The symbol I'y denotes the nominal width of the reso-
nance. The values of mg and I'g are obtained from stan-
dard tables [7]. The symbol gy denotes the value of ¢
when m = mg.

For the f5(980) line shape the Flatté form [54] is used.
In this case the mass-dependent width is given by the
sum of the widths in the 77 and KK systems:

I‘(m) = Pﬂw(m) + FKK(TI’L), (10)

where

[rn(m) = gw<%\/1—4mi0/m2+ (11)
%1/1—4mii/m2>,
FKK(m) = 9K<%1/1_4m§<i/m2+ (12)
Ly 2 2
B 1 —4mi./m ) .

The fractional coefficients arise from isospin conservation
and g, and gk are coupling constants for which we take
the values:

gx = (0.165+0.010 + 0.015) GeV/c®,  (13)
gk = (4.2140.25+0.21) x g, ,

from results obtained by the BES experiment [55].

The 07 component of the K7 spectrum is not well un-
derstood |56, 57]; we dub this component (K)i° and
use the LASS parametrization |56] which consists of the
K%(1430) resonance together with an effective range
nonresonant component:

MKn

R, - BT 14
s(m) gcotdp —iq (14)
m
+ €2i63 D) D) mOFO.q_OD )
(m§ — mic.) — imol'o miﬂ. %

where cotdp = a—lq + %Tq. We have used the following
values for the scattering length and effective range pa-
rameters of this distribution [26]:

a = (2.07+0.10) (GeV/e)™* (15)
r = (3.3240.34) (GeV/c) ™!,

and the effective range part of the amplitude is cut off at
mxy = 1.8 GeV/c?. With our final fit model we have de-
termined the preferred values of the a and r parameters
and obtain results consistent with those given above. In-
tegrating separately the resonant part, the effective range
part, and the coherent sum we find that the K3°(1430)
resonance accounts for 81%, the effective range term 45%,
and destructive interference between the two terms is re-
sponsible for the excess 26%.

The nonresonant component of the Dalitz plot is mod-
eled with a constant complex amplitude. We use alterna-
tive models [27] to evaluate the model dependence of our
results. In these studies we also use the Gounaris-Sakurai
form [58] as an alternative model for the p%(770).

For the angular distribution terms 7} we follow the
Zemach tensor formalism [59, [60]. For the decay of a
spin 0 B meson into a spin J resonance and a spin 0
bachelor particle this gives [61]:

/=0 =1

T = 25q (16)
4. o

)= = 3 B0 = (plla))?],

where p is the momentum of the bachelor particle and ¢
is the momentum of the resonance daughter with charge
opposite from that of the bachelor particle, both mea-
sured in the rest frame of the resonance.

The complex coefficients c; and ¢; can be parametrized
in various ways that take the possibility of direct CP vi-
olation into account. We have investigated the choices
used in previous studies |27, |62] and found that they
are susceptible to biases on the fitted parameters, par-
ticularly when a resonant contribution is small in magni-
tude. To ensure the good statistical behavior of our fit,
we parametrize the complex coefficients in the following
way:

¢j = (zj + Azj) +i(y; + Ay;) (17)
¢ = (vj — Axj) +i(y; — Ayy) .



We have verified that these parameters have approxi-
mately Gaussian behavior independent of their true val-
ues. In this approach, Az; and Ay; are CP-violating
parameters.

To allow comparison among experiments we present
also fit fractions (FF), defined as the integral of a single
decay amplitude squared divided by the coherent matrix
element squared for the complete Dalitz plot:

// |CJF| —|—|ch ‘ )deTrdmw_,r

The sum of all the fit fractions is not necessarily unity
due to the potential presence of net constructive or de-
structive interference. The CP asymmetry for a given
intermediate state is easily determined from the fitted
parameters

(18)

— 2
1
— 12 2
1" + Iejl
=2 (z;Az; +y;Ay;)

= . (19)
w3+ Ax? 4+ y? + Ay?

Acp; =

The signal Dalitz-plot probability density function
(PDF) is formed from the total amplitude as follows:

m72'r7r7QB) = (20)
1+2QB |A|2 €+ 172‘13 |Z|2 z

//( |A|? e + [A]PE) dm%. dm?,

where ¢p is the charge of the B meson candidate and
e = c(m¥,.m2,) and & = S(mj,.m2,) arc the signal
reconstruction efficiencies for BT and B~ events, respec-
tively, defined for all points in the Dalitz plot.

. 2
Lsig (Mg

)

III. CANDIDATE SELECTION

The B candidates are reconstructed from events that
have four or more charged tracks. Each track is required
to be well measured and to originate from the beam spot.
The B candidates are formed from three-charged-track
combinations and particle identification criteria are ap-
plied to reject electrons and to separate kaons and pi-
ons. In our final state, the average selection efficiency
for kaons that have passed the tracking requirements is
about 80% including geometrical acceptance, while the
average misidentification probability of pions as kaons is
about 2%.

Two kinematic variables are used to identify signal B
decays. The first variable is

AE = Ej —/5/2, (21)

the difference between the reconstructed CM energy of
the B-meson candidate and /s/2, where /s is the total

CM energy. The second is the energy-substituted mass

mes = \/(s/2+ 5 F5)2/ B2 — [psl, (22)

where pp is the B momentum and (E;,p;) is the four mo-
mentum of the initial state, all measured in the labora-
tory frame. The mgg distribution for signal events peaks
near the B mass with a resolution of around 2.4 MeV/c?,
while the AF distribution peaks near zero with a resolu-
tion of around 19 MeV. The resolution of AFE is strongly
dependent on the position in the Dalitz plot and so in-
stead of AE we use
r_ AFE

AE = GAD (23)
where oap is the error on AFE, determined separately
for each event. This variable exhibits no such depen-
dence. We initially require events to lie in the re-
gion formed by the following selection criteria: 5.200 <
mps < 5.286 GeV/c? and —4.0 < AE’ < 15.0. The re-
gion of AE’ below —4 is heavily contaminated by four-
body B backgrounds and so is not useful for studying
the continuum background. The selected region is then
subdivided into three areas: the “left sideband” region
(5.20 < mgs < 5.26 GeV/c? and —4.0 < AE' < 4.0)
used to study the background AE’ and Dalitz-plot dis-
tributions; the “upper sideband” region (5.200 < mgs <
5.286 GeV/c? and 7.0 < AE’" < 15.0) used to study the
background mgg distributions; and the “signal region”
(5.272 < mps < 5.286 GeV/c? and —4.0 < AE’ < 4.0)
where the final fit to data is performed. These three re-
gions are illustrated in Fig. [l 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 [7] in order to improve the
Dalitz-plot position resolution.
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FIG. 1: Regions of the AFE'-mgs plane. The red /horizontal
hatching is the “upper sideband,” the green/crossed hatching
is the “left sideband,” and the blue/vertical hatching is the
“signal region.”

The dominant source of background comes from light
quark and charm continuum production (ete™ — ¢q,



where ¢ = u,d, s,c). This background is suppressed by
requirements on event-shape variables calculated in the
CM frame. We compute a neural network (NN) from the
following five variables: the ratio of the Legendre polyno-
mial moments Lo and Lo [63], the absolute value of the
cosine of the angle between the direction of the B and the
detector axis, the absolute value of the cosine of the an-
gle between the B thrust axis and the detector axis, the
output of a multivariate B-flavor tagging algorithm [64]
multiplied by the charge of the B candidate, and the sig-
nificance of the measured proper time difference of the B
decay vertices. The NN is trained using samples of off-
resonance data and signal Monte Carlo (MC) simulated
events. The selection requirement placed on the NN out-
put, optimized with MC events, accepts 61% of signal
events while rejecting 97% of background events. We see
no significant difference between the selection efficiencies
of positive and negative candidates.

The reconstruction efficiency distribution over the
Dalitz plot is modeled using two-dimensional histograms
formed from a sample of around 24 x 10 B+ — K+gTr+
MC events. All selection criteria are applied except for
those corresponding to the invariant mass veto regions
described below. The ratio is taken of two histograms,
the denominator containing the true Dalitz-plot distri-
bution of all generated MC events and the numerator
containing the reconstructed MC events. The recon-
structed events are weighted in order to correct for dif-
ferences between MC and data in the particle identifi-
cation and tracking efficiencies. In order to give better
resolution near the edges of the Dalitz plot, where most
reconstructed events lie, the histograms are formed in the
“square Dalitz plot” [65] coordinates. Linear interpola-
tion is also applied between bins. The efficiency shows
very little variation across the majority of the Dalitz plot
but decreases towards the corners where one of the par-
ticles has low momentum. The effect of experimental
resolution on the signal model is neglected since the res-
onances under consideration are sufficiently broad. The
average reconstruction efficiency for events in the signal
box for the nonresonant MC sample is 21.2%. As shown
in Eq. (20)), in the likelihood fit we use event-by-event ef-
ficiencies that depend on the Dalitz-plot position and are
different, but consistent, for BT and B~ candidates. The
fraction of misreconstructed signal events is very small,
~ 2%, and so such events are not treated explicitly in the
signal model.

IV. BACKGROUNDS

In addition to the continuum (qq) background there
are also backgrounds from BB events. There are four
main sources: (i) combinatorial background from three
unrelated tracks; (ii) three- and four-body B decays in-
volving an intermediate D meson; (iii) charmless two-
and four-body decays with an extra or missing parti-
cle, and (iv) three-body decays with one or more par-

ticles misidentified. We veto candidates from charm
and charmonium decays with large branching fractions
by rejecting events that have invariant masses (in units
of GeV/c?) in the ranges: 1.756 < mg+.- < 1.931,
1.660 < my+,- < 1.800, 3.019 < my+,- < 3.179,
and 3.627 < m +,- < 3.747. These ranges reject de-
cays from D — K*tn~ (or #fn~), Jhb — £+~ and
¥(28) — €147, respectively, where £ is a lepton that has
been misidentified.

We study the remaining charm backgrounds that es-
cape the vetoes and the backgrounds from charmless B
decays with a large sample of MC-simulated BB decays
equivalent to approximately 3 times the integrated lu-
minosity of the data sample. Higher-statistics, exclusive
MC samples are used to further study 68 B-meson decay
modes and to determine the mgg, AE’, and Dalitz-plot
distributions that are used in the likelihood fit. These
distributions are normalized to the number of predicted
events in the final data sample, which we estimate using
the reconstruction efficiencies determined from the MC,
the number of BB pairs in our data sample, and the
branching fractions listed by the Particle Data Group [7]
and the Heavy Flavor Averaging Group [8]. We fur-
ther combine modes that have a similar behavior in
each of the discriminating variables mgs and AE’ into
a B-background category. For each category combined
Dalitz-plot, mgs, and AE’ PDFs are created, and each
is included as a separate component in the fit. The pre-
dicted yields of BB background events in the signal re-
gion are 619+17 (659+18) for the negatively (positively)
charged sample.

The background Dalitz-plot distributions are included
in the likelihood fit through the use of two-dimensional
histograms. For backgrounds from B decays these his-
tograms are formed from the various MC samples. For
the continuum background the “left sideband” data sam-
ple is used. This data sideband also contains events
from B decays and so MC samples are again used to
subtract these events. Like the reconstruction efficiency
histograms, those for the backgrounds are formed in the
square Dalitz-plot coordinates and have linear interpo-
lation applied between bins. Separate histograms are
constructed for B¥ and B~ events. The ¢g and B-
background PDF's are identical in their construction and
the qg PDF is shown here as an example:

Eqﬁ (m%(w ) m721'7r) =

(1 —gBAqgq) x (24)

DN | =

1+qB Q(mKW, 2 )

/ Q mKw’ 71'7r) deﬂ' dmﬂ'ﬂ'

52 QM miy)

/ Q mKﬂ" 7r7r) deﬂ- dmmr

)

where A, parametrizes possible charge asymmetry in



the background, and Q(m%_,m2_ ) and Q(m%, ,m2,)

are the Dalitz-plot distributions of the ¢g events for B
and B~ events, respectively.

V. MAXIMUM LIKELIHOOD FIT

To provide further discrimination between the signal
and background hypotheses in the likelihood fit we in-
clude PDFs for the kinematic variables mgg and AFE’,
which multiply that of the Dalitz plot. The signal is mod-
eled with a double Gaussian function in both cases. The
parameters of these functions are obtained from a sample
of K*n¥F 7% MC events and are fixed in the fit to data.
The qg mgg distribution is modeled with the experimen-
tally motivated ARGUS function [66]. The end point for
this ARGUS function is fixed to 1/s/2 and the parameter
describing the shape is fixed to the value determined from
the “upper sideband.” For AE’ the continuum is mod-
eled with a linear function, the slope of which is allowed
to float in the fit to data. The BB background distri-
butions are modeled using histograms obtained from the
mixture of BB MC samples and are fixed in the fit. The
yields of signal and ¢g events are allowed to float in the
final fit to the data while the yield of BB background
events is fixed.

The complete likelihood function is given by:

L = exp <—ZNk> X (25)
k

Ne
H [Z Nkpij(m%(ﬂ', m72-r7ra mgs, AE’v QB) )
i k

where Ny, is the event yield for species k, N, is the total
number of events in the data sample, and P;, is the PDF
for species k for event 4, which consists of a product of the
Dalitz-plot, mgs, and AE’ PDFs. The function —In £ is
used in the unbinned fit to the data.

We determine a nominal signal Dalitz-plot model us-
ing information from previous studies [26, 217, 137, |67, [68]
and the change in the fit likelihood value observed when
omitting or adding resonances. In our previous study
of B¥ — K*n¥n* [26] we used a nominal model con-
taining a phase-space nonresonant component and five
intermediate resonant states: K*9(892)rt, (Km)i0r™,
PP (TT0)K™*, fo(980)K+, and x.oK*. With the higher
statistics and improved techniques of this analysis, we
find it necessary to include additional contributions from
K3°(1430)7F, f2(1270)K+, and fx(1300)K* in order to
achieve a reasonable agreement of the fit with the data.

The first of these additions improves the agreement in
the K*7¥ invariant mass projection; although some dis-
crepancy remains, this cannot be reduced by including
other known resonances nor by using alternative forms
for the (K7)i° shape. In the 7¥7T invariant mass pro-
jection, we find the best agreement to data is achieved by
including both the f2(1270)K* and fx(1300)K™* terms

with X =0 (i.e. fx(1300) being a scalar). A reason-
able fit can be achieved including instead a single broad
vector resonance. However, in the case X = 1 it is nat-
ural to identify the fx(1300) as the p°(1450), and the
observed large ratio of product branching fractions be-
tween B(Bt — p°(1450)K ) x B(p°(1450) — 777 ~) and
B(B* — p°(770)KT) x B(p®(770) — nt7~) leads us to
conclude that this cannot be the correct physical inter-
pretation of the data. Note that the fo(1270)K ™ contri-
bution was observed by Belle |27].

In addition, we include a small contribution
from w(782)K*, which is known to be present
based on the well-measured branching fractions of
Bt — w(782)K " [69, [70] and w(782) — ntx— [71]. AL
though the magnitude of this contribution is known to
be very small, due to the narrow width of the w(782),
it can have a noticeable effect on the p°(770) line
shape. Thus, our nominal signal Dalitz-plot model com-
prises a phase-space nonresonant component and nine
intermediate resonance states: K*9(892)r ™, (Km)i’rT,
K3°(1430)7t,  p°(T70)KT,  w(782)Kt,  fo(980)K™T,
f2(1270) KT, fx(1300)K ™, and x.0K ™. This model dif-
fers from that used by Belle |27] by the inclusion of
K3°(1430)7" and the different parametrization of the
(K7)i%7+ and nonresonant terms.

Our choice of parametrization of the (K7)i%7r+ and
nonresonant terms is motivated by a number of physi-
cal considerations. Different parametrizations result in
changes in likelihood that are highly dependent on the
composition of the rest of the decay model. Compared
to our final model, including all resonant terms, the
parametrization used by Belle gives a larger fit likelihood.
However, this model exhibits large interference between
the K°(1430) and nonresonant terms that can be either
constructive or destructive, leading to alternative solu-
tions with similar likelihoods but very different values of
the fit fractions for these terms. In the case that these
terms interfere destructively, the sum of fit fractions far
exceeds 100%, which we consider unlikely to be the cor-
rect physical description. Moreover, the preferred solu-
tion can change depending on the exact composition of
the rest of the model — in particular, we find that this
problem, which was previously reported by Belle [37], is
exacerbated by the presence of the K3;°(1430). We have
also tried a recent proposal for the nonresonant distri-
bution [72] that results in a worse likelihood. Therefore,
we use in our nominal model the LASS parametrization
for the (K)3°7" and a nonresonant term as described
above.

The mass and width of the fx(1300) are determined to
be m g, = (1479+8) MeV/c?, T, = (80£19) MeV, with a
correlation of (—45+3)%, where the errors are statistical
only and are determined from a fit to the 2D likelihood
profile. These parameters are consistent with the values
obtained by Belle [27]: mf, = (1449+£13) MeV/c?, Ty, =
(126 + 25) MeV (statistical errors only), and with those
listed for the fo(1500) [7].

We fit 12 753 signal candidates selected from the data
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FIG. 2: Background-subtracted Dalitz plot of the combined
B* — K*7Fx% data sample in the signal region. The plot
shows bins with greater than zero entries. The area of the
boxes is proportional to the number of entries. The depleted
horizontal bands are the charmonium vetoes.

using our nominal Dalitz-plot model to obtain the cen-
tral values of the x;, Ax;, y;, Ay; parameters for each
component. The z and y parameters of the K*°(892) are
fixed (to one and zero, respectively) as the reference. The
Az and Ay parameters of the w(782) and nonresonant
components are fixed to zero in order to improve the fit
stability. They are allowed to vary as a cross-check and
are found to be consistent with zero. The signal yield, ¢g
background yield, and asymmetry and the slope of the
qg@ AE' PDF are also floated parameters in the fit. We
then generate a large number of MC experiments using
the fitted values, and from the spread of results of fits
to those experiments determine the statistical uncertain-
ties on those parameters, as well as the central values
and statistical uncertainties on the extracted parameters
FF; and Acp ;. This procedure takes into account cor-
relations between the x;, Az;, y;, Ay; parameters. In
order to make comparisons with previous measurements
and predictions from factorization models we multiply
each fit fraction by the total branching fraction to calcu-
late the product branching fraction of each mode. The
results are shown in Tables [l and Il In order to deter-
mine the statistical significance of the direct CP viola-
tion exhibited by a component we evaluate the difference
Aln £ between the negative log-likelihood of the nominal
fit and that of a fit where the Ax and Ay parameters for
the given component are fixed to zero. This is then used
to evaluate a p-value:

p= / | fEna e, (26)

where f(2z;n4) is the x? PDF and ng is the number of de-
grees of freedom, two in this case. We then determine the
equivalent one-dimensional significance from this p-value.
Note that this differs from the significance of Acp ; # 0,

since direct CP violation can be observed in a Dalitz-
plot analysis not only through B and B amplitudes be-
ing different in magnitude, but also by differences in their
phases. The significance estimations were cross-checked
using MC simulations based on the fit results.

The K*rFnt signal yield is found to be 4585 +
90 + 297 + 63 and the total charge asymmetry to be
(2.8 £2.0+2.0 £1.2)%, where the uncertainties are sta-
tistical, systematic, and model-dependent, respectively.
The continuum background yield and charge asymme-
try are found to be 6830 £ 110 and (—2.8 £ 1.5)%, re-
spectively, where the uncertainty is statistical only. The
Dalitz plot of the data in the signal region, after subtrac-
tion of the two background distributions (using the sPlot
technique [73]), can be seen in Fig.[2l Projections of the
data, with the fit result overlaid, onto K*7F and n*x™
invariant mass distributions can be seen in Fig. Bl For
the mg+,.5 plots the requirement is made that m + =
is greater than 2 GeV/c? and vice versa in order to better
illustrate the structures present. The agreement between
the fit result and the data is generally very good, al-
though the discrepancy discussed above is visible in the
my+r+ spectrum. Using the fitted signal distribution
we calculate the average reconstruction efficiency for our
signal sample to be 22.5%.

VI. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties that affect the measure-
ment of the fit fractions, phases, and event yields are as
follows. The fixed BB-background yields and asymme-
tries of the largest categories are allowed to float and the
variation of the other fitted parameters is taken as the
uncertainty. The effect of the statistics of the MC and
data sideband samples used to obtain the fixed shapes
of the efficiency, ¢g- and BB-background Dalitz-plot his-
tograms and the BB-background histograms for mgg and
AE’ is accounted for by fluctuating independently the
histogram bin contents in accordance with their errors
and repeating the nominal fit. The uncertainties on how
well the samples model these distributions are also taken
into account through various cross-checks, including vari-
ation of the charm veto range and comparison of contin-
uum shapes between sideband and signal region in MC
samples.

The fixed parameters of the signal mps and AFE’
PDFs are studied in the control sample Bt — D%z*;
D°® — K*n~. The parameters are determined from MC
and data samples, from which biases and scale factors
are calculated and used to adjust the parameters for the
nominal fit. The parameters are then varied in accor-
dance with the error on these biases and scale factors
and the fit repeated. The uncertainties due to fixing the
ARGUS parameter of the gg-background mggs PDF are
determined by comparing the results of the fit when the
parameter value is obtained from off-peak data.

To confirm the fitting procedure, 500 MC experiments
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FIG. 3: Invariant mass projections for the data in the signal region and the fit results. The left-hand plot shows the m g+ .+
spectrum up to 1.7 GeV/cz. The right-hand plot shows the m_+.+ spectrum up to 1.6 GeV/cz. The bottom plot shows the
m, .+, spectrum in the region of the xco. The data are the black points with statistical error bars, the lower solid (red/dark)
histogram is the ¢gg component, the middle solid (green/light) histogram is the BB background contribution, while the upper
blue curve shows the total fit result. For the m g+, + plots the requirement is made that m + 5 is greater than 2 GeV/c2 and

vice versa.

were performed in which the events are generated from
the PDF's used in the fit to data. Small fit biases are
observed for some of the fit parameters and are included
in the systematic uncertainties. The contributions due
to particle identification, tracking efficiency corrections,
and the calculation of Ny are 4.2%, 2.4%, and 1.1%,
respectively. The efficiency correction due to the selec-
tion requirement on the NN has also been calculated from
Bt — Dzt DY - K*7~ data and MC samples, and is
found to be 0.979+0.015. The error on this correction is
incorporated into the branching fraction systematic un-
certainties. Measured CP asymmetries could be affected
by detector charge bias. In previous studies ﬂﬂ, @] this
effect has been estimated to be very small compared with
the precision of our measurements; we take it to be 0.5%.

In addition to the above systematic uncertainties we
also estimate effects due to model-dependence, i.e. that
characterize the uncertainty on the results due to ele-
ments of the signal Dalitz-plot model. The first of these

elements consists of the parameters of the various com-
ponents of the signal model — the masses and widths of
all resonances, the effective range and scattering length of
the LASS model of the (Kn)3°, the coupling constants of
the fp(980) Flatté parametrization, and the value of the
Blatt-Weisskopf barrier radius. The associated uncer-
tainties are evaluated by adjusting the parameters within
their experimental errors and refitting. The second el-
ement is due to the different possible models both for
the nonresonant component, which is evaluated by refit-
ting with the parametrization used by Belle [27], and for
the p°(770), which is determined by refitting with the
Gounaris-Sakurai form. The third element is the uncer-
tainty due to the composition of the signal model. It
reflects observed changes in the parameters of the com-
ponents when the data are fitted with one of the smaller
components removed from the model and when the state
K*°(1680) is added to the model. The uncertainties from
each of these elements are added in quadrature to obtain
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TABLE I: Results of fits to data, with statistical, systematic, and model-dependent uncertainties.

Resonance T Y Ax Ay

K*°(892)m* 1.0 fixed 0.0 fixed —0.017-£0.029+0.005 T 006 —0.238-£0.228+0.062 =) (12
(Km)eont 1.71840.0844-0.064 9-359 —0.72740.10840.080 79331 —0.1544-0.13140.030 9555 —0.28540.33740.091 *9-223
p’(TT0)K*  0.6830.07520.045 T 015 —0.02540.1354+0.071 7015 —0.16040.049+0.024 19075 0.169+0.096£0.057 555
fo(980) KT —0.220-£0.200-£0.203 T0:502  1.203£0.085+0.052 T¢:653 —0.109+0.14340.087 0955 0.04740.0454+0.012 79018
Xeo KT —0.263+0.0440.016 75575 0.180:0.052::0.034 75753 —0.033:£0.049+0.012 T35 —0.0070.0570.019 T3]

Nonresonant —0.5944:0.0704:0.170 +9-222
K3°(1430)7" —0.30140.0604-0.030 79932
w(782)Kt  —0.05840.067+0.018 TJ933
f2(1270) K+ —0.19340.04340.022 +3-92¢

0.068+0.132+40.154 +9-112
0.424:£0.0600.045 F9:912
0.100+0.05140.010 +9:933
0.110+0.050+0.034 +9-978

fx(1300) K+ —0.290+0.047+0.064 £5-937 —0.136+0.085+0.098 £5:252

0.0 fixed 0.0 fixed
0.03240.078+0.024 T3557 0.0074:0.086+0.017 *9:525
0.0 fixed 0.0 fixed

—0.08940.04640.019 +5-934

0.02440.040+0.019 5923

0.12540.058+0.021 +9:934
0.05640.087+0.044 5518

the final model-dependence.

VII. SUMMARY AND DISCUSSION

Our results are shown in Tables [l and Il The to-
tal branching fraction B(BT — KTr—7nt) = (54.4 £
1.1 +4.540.7) x 107° is compatible with Belle’s mea-
surement of (48.8 & 1.1 £ 3.6) x 1076 [27]. This result
was cross-checked by using the same procedure to mea-
sure the BY — D%r%; D° — K*7~ branching fraction,
which was found to be consistent with the PDG value ﬂ]
The total charge asymmetry for BT — KT7n~ 7T has
been measured to be consistent with zero to a higher
degree of precision than previous measurements.

We see evidence of large direct CP violation in
Bt — p?(770)K*, consistent with the findings of our
previous analysis [26] and of Belle [27]. The statistical
significance of the direct CP violation effect is found to
be 3.70 from the change in likelihood when the Az and
Ay terms associated with p°(770) KT are fixed to zero.
We have verified this estimate of the significance using
MC simulations. As experimental systematic uncertain-
ties are much smaller than the statistical errors, they do
not affect this conclusion. We have cross-checked the ef-
fect of the choice of the Dalitz model on the significance.
We find that the significance remains above 30 with al-
ternative models, including that used by Belle ﬂﬂ]

Plots of the 77~ invariant mass projections in the re-
gion of the p°(770) and fo(980) are shown separately for
BT and B~ candidates in Fig. @ In an attempt to high-
light the direct CP violation effect, we also show plots
with the data further subdivided into positive and nega-
tive values of cos0y = p'- §/(|P||¢]), using the notation
of Eq. (I0). The asymmetry in the excess of events above
background in the p°(770) region is particularly apparent
in the distributions with the requirement cosfy > 0.

The statistical significance of direct CP violation in
Bt — f5(1270) K is also above 30, but this result suf-
fers from large model uncertainties. The K*°(892)rt,

(K7)§07t, and K3°(1430)7" charge asymmetries are all
consistent with zero, as expected.

=
15}
S

100

[0
o

60|

Events/ (0.03 GeV/c?)  Events/ (0.015 GeV/c?)

Events/ (0.03 GeV/c?)

06 07 08 09 1 11
My (GeV/EA)

07 08 09 1 11 12
My (GeV/c?)

FIG. 4: Projection plots of the 777~ invariant mass in the
region of the p°(770) and f5(980) resonances. The left (right)
plots are for B~ (B") candidates. The top row shows all
candidates, the middle row shows those where cosfg > 0,
and the bottom row shows those where cosfy < 0. The data
are the black points with statistical error bars, the lower solid
(red/dark) histogram is the ¢g component, the middle solid
(green/light) histogram is the BB background contribution,
while the blue open histogram shows the total fit result.

After correcting for the secondary branch-
ing fraction B(K*°(892) - K*r~) = 2 we find

B(B* — K*0(892)n") to be (10.84+0.6+1.17-3) x 107°.
Similarly we find B(BT — f2(1270)K™) to be (0.88 +
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TABLE II: Summary of measurements of branching fractions (averaged over charge conjugate states) and CP asymmetries.
Note that these results are not corrected for secondary branching fractions. The first uncertainty is statistical, the second
is systematic, and the third represents the model dependence. The final column is the statistical significance of direct CP

violation determined as described in the text.

Mode Fit fraction (%) B(B* — Mode)(10~°) Acp (%) DCPV sig.
K*Tn~nt total 544411445407 284+20+20+1.2
K*°(892)nt; K*°(892) — K*tn~ 133407407708 72404407752 432452411752 090
(Km)g’nt; (Km)g® — Ktn™ 450+ 14412703 245409+21170 432435420777 1.20
P2 (TT0)K+; p°(770) — ntm™ 6.54 +0.81 +0.58 7052 3.56 4+ 0.45 + 0.43 0% 4144 +10+4 15, 3.70
fo(980)K; £5(980) — 7w~ 1894094+ 1.73%  1034+05+1.3%)7 —106+£50+1.175F 180
xeoK*; xeo = wtn™ 1.2940.19+0.15 7042 0.70£0.10+0.10 755 —14+15+3 "} 0.50
K7~ 7" nonresonant 45409424108 2.4+05+ 13753 — —
K3°(1430)7T; K3°(1430) —» KT7~ 3.40+0.75 £ 0427999 1.854+0.41 £ 0.28 793 454+ 93 +47+!18 0.20
0.13 0.08 7
w(782)K*; w(782) — ntr™ 0.17 £ 0.24 + 0.03 995 0.09 4 0.13 £ 0.02 £33 — —
f2(1270) K5 f2(1270) — 7hm™ 0.9140.27 +0.11 7522 0.50 £ 0.15 £ 0.07 1513 —85+22+13+2 3.50
fx(1300)K*; fx(1300) — 77~ 1.334+0.3840.86 7005 0.734+0.21 +£0.47 7002 428 4+26+ 1317 0.60

0.2640.13 £9-22 +0:-01) 51076 and B(B+ — K3°(1430)x )
to be (5.6 +1.24+0.8 755 +0.1) x 10-%, where the fourth
errors are due to the uncertainties on the secondary
branching fractions. These and the other branching
fraction measurements are, in general, consistent with
previous measurements. The product branching fraction
of Bt — w(782)K™; w(782) — 77~ agrees with the
expectation from previous measurements, albeit with
large uncertainties. The only disparities between our
results and those reported by Belle [27] arise from
the different treatments of the KTwn~ S-wave. The
forward-backward asymmetry apparent in both the
K*0(892) and £,(980) bands in Fig. Bis well reproduced
by the fit and is due to S-P-wave interference in the
Dalitz plot.

The (K7)§" component is modeled in our analysis by
the LASS parametrization |56], which consists of a non-
resonant effective range term plus a relativistic Breit-
Wigner term for the K;°(1430) resonance itself. This
parametrization makes use of the available experimental
information, however the size of the phase space here
means that the range of K7~ invariant masses un-
der consideration is much greater than in previous stud-
ies. The agreement between the model and the data in
the region of the K3°(1430) is not as good as in the
remainder of the Dalitz plot but all alternative mod-
els tried yielded poorer results. If we assume that the
model used is correct then we can calculate the branch-
ing fraction for BT — K3°(1430)7* and find it to be:
(32.0 £ 1.2 + 2,711 + 5.2) x 1076, where the fourth
error is due to the uncertainty on the branching frac-
tion of K3°(1430) — K combined with the uncertainty
on the proportion of the (K7)3° component due to the
K°(1430) resonance. In addition we can calculate the

total nonresonant contribution by combining coherently
the nonresonant part of the LASS parametrization and
the phase-space nonresonant. We find this total nonreso-
nant branching fraction to be: (9.3+1.041.2 75 74+1.2)x
10~%, where the fourth error is due to the uncertainty on
the proportion of the (K7)i° component that is nonres-
onant. The Belle collaboration finds somewhat larger
K°(1430) and nonresonant branching fractions though
they treat the K3°(1430) as a Breit-Wigner component,
separate from the rest of the S-wave modeled as a non-
resonant amplitude that has variation in magnitude but
no variation in phase over the Dalitz plot [27].

In conclusion, we have performed a Dalitz-plot anal-
ysis of B¥ — K*nFnt decays based on a 347.5fb "
data sample containing (383.2 4 4.2) x 10° BB pairs col-
lected by the BABAR detector. To obtain a good fit to
the data we find that contributions from f2(1270)K*
and fx(1300)K* are necessary, with fx(1300) being
a scalar with parameters myp, = (1479 + 8) MeV/c?,
Iy, = (80 £ 19) MeV, with a correlation of (—45 £ 3)%,
where the errors are statistical only. These are consis-
tent with the mass and width of the f5(1500). In the
K*7F invariant mass projection some discrepancy re-
mains in the 1200-1400 MeV/c? range — our model in-
cludes (K7)0nt (using the LASS parametrization) and
K3°(1430)7" terms in this region, although some alter-
native models also give a good description of the data.
We measure CP-averaged branching fractions and direct
CP asymmetries for intermediate resonant and nonreso-
nant contributions. Our results are consistent with the
standard model, and can be used together with results
from other B — Knm decays to obtain constraints on
the CKM phase v. We find evidence for direct CP viola-
tion in the decay BT — p°(770)K™*, with a CP-violation



parameter Acp = (+44 +10 +£473,)% . These results
supersede those in our previous publication [26].
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