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Abstract. Inb — sy transitions, the Standard Model predicts that B® (B°) decays are related
predominantly to the presence of right- (left-) handed photons in the final state. Therefore, the
mixing-induced CP asymmetry in B — fcpvy decays is expected to be small, thus being any
sizeable observed asymmetries due to New Physics. In this analysis, we extract information
about the K7m resonant structures by means of an amplitude analysis of the mgr- and mgx
spectra in BT — K7~ 7w "y. The results are used, assuming isospin symmetry, to extract the
mixing-induced CP parameters of the process B® — K%p°y from the time-dependent analysis
of B® —» K97 n~~ decays without an explicit amplitude analysis of this mode.

1. Introduction

In b — sy transitions, the Standard Model predicts that BY (B°) decays are related
predominantly to the presence of right- (left-) handed photons in the final state. Therefore, the
mixing-induced CP asymmetry in B — fop7y decays, where fop is a CP eigenstate, is expected to
be small (~ 0.03 [1]). This prediction may be altered by New Physics processes, which might emit
a photon with both helicity states. Moreover, decays to K7y can display an interesting hadronic
structure: they have contributions from several kaon resonances decaying to Kzm. In this
analysis, we extract information about the K77 resonant structures by means of an amplitude
analysis of the m g, and mp, spectra in the charged decay channel'| Bt — K*7~7Ty. The
results are used, assuming isospin symmetry, to extract the mixing-induced CP parameters of
the process B? — K9py from the time-dependent analysis of B — K977~y decays without
an explicit amplitude analysis of this mode.

Belle has previously reported a time-dependent CP asymmetry measurement of decays [2].
Similar measurements with B® — K97%y decays have been reported by BABAR [3] and Belle [4].
At this time the CP asymmetry parameters are compatible with SM predictions, and no
evidence of NP has been observed. LHCb has recently observed the photon polarization
in BT — K'tn 7 7 decay via the distribution of the angle of the photon with respect to
plane defined by the final state hadrons [5]. Studies of the processes BT — Ktntn~~ and
B — K% 7%y including measurements of the branching fractions have been performed by
both BABAR [6] and Belle [7]. The latter also finds the branching fraction of the resonant decay
Bt — K1(1270)*.



2. Analysis strategy
The present study aims to perform a time-dependent analysis of B — K977~ decays to
extract the direct and mixing-induced CP asymmetry parameters, CKg oy and S K py: in the

BY — K9y mode. However, due to the large natural width of the p°(770), a non negligible
amount of BY — K**(K27%)7T~ events, which are not CP eigenstates and do not contribute

to S KOpys A€ expected to lie under the p°(770) resonance and dilute SKg oy We can define a
dilution factor Do, such as
SKO +
Doy = %7 (1)
K3pv

where Syor+,-, is the effective value of the mixing-induced CP asymmetry measured for

the whole B — K%7t7~. This sample is expected to produce a small number of signal
events, so that a proper amplitude analysis to discriminate B — K*i(Kgﬂ'i)w%y from
BY — K%Y Fr*)y is not feasible. Hence the dilution factor needs to be obtained in
some other way. We decided to perform the amplitude analysis in the charged decay channel
BY — K*tn~ 7%+, which has a richer statistics, and is related to B® — K%r"7~~ by isospin
symmetry. Assuming that the resonant amplitudes are the same in both modes, the dilution
factor is calculated from those of BT — KTn~mt~y. Moreover, the amplitude analysis of

! Charge conjugation is implicit throughout the document.
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Figure 1. Distributions of mgs (top left), AE (top right) and the Fisher-discriminant output
(bottom) showing the fit results on the BT — KTr~ 7t~y data sample. The distributions have their
signal/background ratio enhanced by means of the following requirements: —0.100 < AE < 0.075 GeV
(mgs), mes > 5.27GeV/c? (AE) and mgs > 5.27GeV/c?; —0.100 < AE < 0.075GeV (Fisher). Points
with error bars give the data. The solid histogram shows the projection of the fit result, and the shaded
areas represent the contributions from different backgrounds, as described in the legend. Some of the
contributions are hardly visible due to their small fractions.



Bt — K*tn~nT~ provides also the branching fractions of B — Kyesy (Where Ko designates a
kaonic resonance decaying to Kmm), which are in general not well known.

We use the full dataset collected at the 7°(4S5) resonance with the BABAR detector [§] at the
PEP-II asymmetric-energy ete™ collider at the SLAC National Accelerator Laboratory. This
corresponds to a total integrated luminosity of 429fb~!, and to 471 x 10¢ BB pairs produced.

3. The charged channel BT — KTr 7ty

To select the charged mode candidates, we require the center-of-mass energy of the photon to be
between 1.5 and 3.5 GeV. We also require 5.200 < mps < 5.292 GeV/c? and |AE| < 200 MeV.
AF is defined as the difference between the expected and reconstructed B meson energy,
AE = Ej — /s/2, where E3 is the reconstructed energy of the B in the ee™ CM frame,

while mgg = \/(3/2 — pspo)’ /E3 — p%, where (Ep,pp) and (Ep,po) are the four-vectors of
the B-candidate and of the CM frame, respectively. Charged particle identication is performed
to assign the pion and kaon hypotheses. We also reject events where the v comes from a 7% or
an.

We first perform an unbinned extended maximum-likelihood fit to data to extract the yield of
BT — Ktrn 7Ty signal events. The fit uses the variables AE, mgs, and the Fisher-discriminant
output to discriminate signal events from background. The Fisher-discriminant combine six
discriminating variables related to the shape of the event. Using information from the maximum
likelihood fit, the m g r, M, and my, spectra in signal events (where mx is the invariant mass
of the X particle system) are extracted using the sPlot technique [9]. The results are shown in
Figure |1l A signal yield of 2441 + 911?% is observed.

We perform a fit to the signal jPlot of mg,, in order to extract from data the branching
fractions of kaonic resonances decaying to KTn~7". We model the my, distribution as a
coherent sum of five Relativistic Breit-Wigner (RBW) line shapes, with constant widths. Since
helicity angles are not explicitly taken into account, the interference occurs between resonances
with same J¥ only. The result of the fit is shown in Figure [2 and the branching fractions
obtained are given in Table [T}
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Figure 2. Distribution of mg., for BT — KTr 7t~y signal events (;Plot), extracted from the
maximum likelihood fit to mgs, AFE and the Fisher discriminant. Points with error bars give the sum
of ;Weights. The blue solid curve is the result of the fit performed directly to this m g, distribution
to extract the different contributions from kaonic resonances decaying to K7~ 7. Below each bin are
shown the residuals, normalized in error units. The parallel dotted and full lines mark the 1o and 20
levels, respectively.



Mode 5 (Kiff;*id?:i))i " B(B* — Mode) x 106 | PDG values (x10°)
?ﬁhii‘;eﬁﬂ_ﬂw 27.2+1.0*11 27.6 + 2.2
K1(1270) Ty 14.5729+12 44.0T50435 4 46 43 +13

K (1400) 41978 9.7t 5134 £0.6 <15
K*(1410) 9.7+2 1+ 238452459 1 94 o
K3(1430) "y 1571209 104150458 £ 0.5 <1444
K*(1680)*y 17.0757+30 7172 £ 5.8 < 1900

Table 1. Branching fractions of the different K., decaying into K+t7~ 7T, extracted from the fit to
the mgrr spectrum. The quoted numbers are obtained using the fit fraction of each component and
the corresponding efficiency. To correct for the secondary branching fractions we use the values from
PDG [10]. The upper limit reported are at 90% C.L.. The first uncertainty is statistical, the second is
systematic, and the third, when present, is due to the uncertainties on the secondary branching fractions.

We then extract the intermediate resonances decaying into K7~ and 777 —. The limited
statistics does not allow to perform a full two-dimensional amplitude analysis, so we perform
a binned maximum-likelihood project to the signal (Plot of the projected mpg, variable.
The spectrum is modeled as the projection of two 1~ and one 0% components. The vector
components are the p°(770) (described with a Gounaris-Sakurai lineshape), and the K*°(892)
(described with a Relativistic Breit-Wigner). The scalar component is modeled by the LASS
parametrization [L1], which consists of the K,(1430)° resonance together with an effective range
non-resonant component. Both in the fit to the m g, and the mg, spectra, we measure directly
the magnitudes and phases of the different components of the corresponding signal model. The
amplitudes of the different kaonic resonances extracted from the fit to m g, are used to compute
their fit fractions. These, in turn, are used to extract branching fractions of the different Kieg
contributions, that are used as inputs to the mpg, fit model. The result of the fit is given in
Figure |3, and gives the amplitudes of the three K7~ and 777~ intermediate states. In order

to optimize the sensitivity on Syo 9> 1O calculate the dilution factor, we apply the additional

cuts 600 < myr < 900 MeV/c?, in order to enhance the proportion of the p°(770) , and we apply
a veto on the K*Y(892) requiring my, < 845 A my, > 945MeV/c?. We obtain the dilution
factor:

Dy py = 054970505, (2)

where the quoted uncertainties are sums in quadrature of statistical and systematic uncertainties.
The branching fractions obtained are reported in Table

4. The neutral channel B? — K9rt7r =y

In the neutral decay mode, the event are selected with the same criteria as the charged mode.
The K7 is replaced with a K9 — 77~ candidate, which is required to have a mass within
11 MeV/c? from the nominal value, and a lifetime significance > 50, to ensure the decay vertices
of the B® and K9 to be well separated. In addition, we require the cosine of the angle between
the K9 flight direction and the vector connecting the B-daughter pions and the K vertex to be
> 0.995, to suppress combinatiorial background. The time difference At is obtained from the
measured distance between the decay vertices positions of the fully reconstructed B° candidate

(BY.) and of the other one (Bgag). The distance is transformed to At using the known boost
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Figure 3. Distribution of mg, for Bt — KTr~nT~y signal events (sPlot), extracted from the
maximum likelihood fit to mgs, AF, and the Fisher discriminant. Points with error bars give the sum of
sWeights. The blue solid curve is the result of the fit performed directly to this mg, distribution
to extract the different contributions from K7 and w7 intermediate states. The small-dashed red,
medium-dashed green and dotted magenta curves correspond to the K*°(892), p°(770) and (Km) S-
wave contributions, respectively. The dashed-dotted gray curve corresponds to the interferences between
the two P-wave components, i.e. the K*°(892) and the p°(770) , while the dashed-triple-dotted light
blue curve corresponds to the interferences between the (K7) S-wave and the p°(770) .

+
Mode l;((f_i —>_>h1}\l/§0>ile1)0>g B (BT — Mode) x 10° | PDG values (x10)
gfhf‘}‘;ﬂ_ﬁw 27.2 4+ 1.071} 27.6 + 2.2
K*0(892)mt 17.3+£0.9712 26.0713£1.8 20*7
K+p°(770)y 91405 £1.3 9.2+98 + 1.340.02 <20
(Km)ginty 11.3+1.5%32 e %)
(Km)Jnty (NR) 10.871 432 <9.2
K (1430)07t 0.51 +£0.071593 0.82 £ 0.11%515 +£0.08 @

Table 2. Branching fractions of the different resonances decaying to K7 and 7w, extracted from the
fit to the K7~ spectrum. The quoted numbers are obtained using the fit fraction of each component
and the corresponding efficiency. R denotes an intermediate resonant state and h stands for the final
state K, m.. To correct for the secondary branching fractions we used the values from PDG [I0] and
B(K*(892) — K*m~) = 2. The first uncertainty is statistical, the second is systematic, and the third,
when applicable, is due to the uncertainties on the secondary branching fractions. The last two rows of
the table are obtained by separating the contributions from the resonant and the non-resonant part of
the LASS parametrization.

By = 0.56 of the ete™ system. The candidates are rejected when |At| > 20 ps, or if the error on
At is higher than 2.5 ps. To determine the flavor of Bgag, we use the B flavor-tagging algorithm
described in Ref. [12].

We perform an unbinned extended maximum-likelihood fit to data to extract the yield of
BY — K97nt7n~~ signal events. We consider also the additional selection cuts on m,, and
my, considered when computed Dkg oy~ The fit uses the variables AE, mpgg, and the Fisher-
discriminant. The including of time-dependence in the fit allows the determination of mixing-



induced CP violation and provides additional continuum background rejection. The signal
time-dependent decay rate is given by

—|At|/T50 A D¢
P (At, O'At) = 647 X 1 + qta,gi - C]tag <D>CCCOS (AmdAt)
TRO 2
+ Giag (D) Ssin (AmgAt) | @ RC (At,ont), (3)
where giag is the flavor-tag of the event: g = —1 for Brec = B, and +1 for By = B°,

Tgo is the BC lifetime and Amy is the B°B oscillation frequency, fixed to the measurement
from Ref. [12]. The parameters (D) and AD¢ are related to the mistag probability, and to
the performance difference for the two tags, respectively. The resolution function R, takes
into account the imperfect measurement of A¢. The coefficients S and C are the parameters
associated with mixing-induced CP violation and direct CP violation, respectively.

The maximum-likelihood fit to data yields 245 + 24"_%% signal events, which results in an
inclusive branching fraction of

B(B" = Kortn ) = (23.9+£2.47{7) x 107°. (4)

In both cases, the first quoted uncertainty is statistical and the second is systematic. Figure[]
shows signal-enhanced distributions of the four discriminating variables in the fit. The result of
the fit to data for the time-dependent CP violation parameters in signal events is
= +0.14 £ 0.257503, (5)
—0.39 + 0.20 &+ 0.05. (6)

SK%W*N*'}/

CKgﬂ'+7r*"/ =

We finally obtain & K%y dividing S K%m+m—y by the Do,y given in Eq. @):
0.076
Sy = 0.249 £ 0.455T7 50, (7)
which is compatible with the SM expectation of ~ 0.03 [IJ.

5. Systematic uncertaintiess

In the analysis of Bt — K*tn 7"y decays, we considered different sources of systematic
uncertainties affecting the amplitudes in the mg,r and mpg, spectra. These have been
propagated to the dilution factor DKg o and to the branching fractions calculated from the
amplitudes. As for the K¢ amplitudes, we account for effects from the fixed parameters in
the maximum-likelihood fit, the fixed line-shape parameters of the kaonic resonances in the fit
model, the effects of adding other resonances at high masses to the fit model, the procedure
of the mg,r sPlot extraction, as well as the binning in the fitted distribution. The dominant
systematic uncertainty originates from the fixed line-shape parameters of the resonances. The
amplitudes extracted from the mg, spectrum are affected mostly by the weights of the kaonic
resonances obtained in the mg., fit. Specific sources of systematic uncertainties are also taken
into account for the extraction of branching fractions, like the uncertainties on the number of
BB pairs recorded in the full BABAR dataset, the input branching fractions, and other detector-
related systematics. Similarly, for the neutral B® — K277~ channel, systematics due to the
fixed parameters in the maximum likelihood fit have been considered.
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Figure 4. Distributions of mgs (top left), AFE (top right), the Fisher-discriminant output (bottom left),
and At (bottom right), showing the fit results on the B® — K97t 7=~ data sample. The distributions
have their signal/background ratio enhanced by means of the following requirements: —0.15 < AE <
0.10 GeV (mgs), mges > 5.27GeV/c? (AE) and mgs > 5.27GeV/c?; —0.15 < AE < 0.10GeV (Fisher
and At).

6. Conclusions

The BABAR Collaboration, seven years after the shutdown of the experiment, is still producing
competitive results. We have presented a measurement of the time-dependent CP asymmetry
in the radiative-penguin decay B — K%p%y, using the full BABAR dataset recorded at the
7(4S) peak. We obtain the CP-violating parameters SKontn—ry = +0.14 £ 0.257003, and
CKg = —0.39 £ 0.20 + 0.05, where the first quoted errors are statistical and the second
are systematic. We extract from this measurement the time-dependent CP asymmetry related
to the hadronic CP eigenstate p’KY and obtain S KOpy = 0.25 + O.46f8:8§. This observables
is related to the photon polarization of the underlying b — sv transition. The dilution factor
has been extracted from the higher statistics charged mode BT — KTn~ 7T+, assuming isospin
symmetry, via the study of the resonant structures. Moreover, the branching fractions of the
different K,.s — K states and the overall branching fractions of the p? K+, K*97%, and
(K7)s.wavem " are also measured.
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