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With a sample of about 227 X 10° BB pairs recorded with the BABAR detector we perform a full
angular analysis of the decay B’ — ¢K**(892). We make novel measurements of five parameters
sensitive to CP violation. We also measure the branching fraction to be (9.2 + 0.9 = 0.5) X 107¢ and
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determine the fractions of longitudinal and parity-odd transverse contributions as f; = 0.52 = 0.05 =
0.02 and f; = 0.22 = 0.05 = 0.02. The phases of the parity-even and parity-odd transverse amplitudes
relative to the longitudinal amplitude are found to be ¢ = 2.347023 +0.05 rad and ¢, = 2.47 =
0.25 #+ 0.05 rad. We also observe the decay B® — ¢ K*°(1430).

DOI: 10.1103/PhysRevLett.93.231804

We make novel measurements of five parameters sen-
sitive to CP violation in the angular analysis of the B
decays [1], while improving knowledge of the decay rate,
polarization, and final-state interactions. Angular corre-
lation and asymmetry measurements in decays such as
B — $K*(892), which are expected to arise only from
virtual loop effects in the standard model, are particu-
larly sensitive to contributions from beyond the standard
model [1]. The first evidence for this decay was provided
by the CLEO [2] and BABAR [3] experiments. The large
fraction of transverse polarization observed by BABAR

[4] and confirmed by BELLE [5] enables a full angular
|

87 4T _ 1
OF dH dFH ,,dd  |Ag|* + |A)> + 1AL [?

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

analysis described by ten parameters for contributing
amplitudes and their relative phases.

The angular distribution of the B — ¢K* decay prod-
ucts can be expressed as a function of {; = cosé,; and ®,
where 6, is the angle between the direction of the K from
the K* — Km (0,) or ¢ — KK (6,) and the direction
opposite the B in the vector resonance rest frame, and
@ is the angle between the two resonance decay planes.
The differential decay width has three complex ampli-
tudes A, corresponding to the vector meson helicity A =
0 or £1 [1,6]. When the last two are expressed in terms of
AL = (A4 = A_,)/+2 we have

x (AP A3 + 204 + IALPI — 301 = 3 + 304y

— AP = H)(1 = H3)cos2d — Im(A A1 - HH(1 — H3I)sin2d

+ \/iRe(A”AE‘))}[l.’z’-[z\/l - 5’-[%\/1 — HZcosd

— ﬁlm(AlA(’;).’r'-[l}[z\/l — 5{%\/1 — gsimb}. (1)

In this analysis, we measure the branching fraction,
obtained from the number of signal events ng,, the
polarization parameters f; = |A|>/2IA,%,  fL =
|A1[*/2|A,I°, and the relative phases ¢ = arg(A;/Ao),
¢, = arg(A, /Ay). We allow for CP-violating differences
between the B® (Q = +1) and B (Q = —1) decay am-
plitudes (A, and A),), where the flavor sign Q is deter-
mined in the self-tagging final-state with a K* or K*:

n, = nge(l + Q Acp)/2: ?)

fE=Ful+ QA [ =f1(1+QAL):
of = o1+ 0ad ¢ =dL+7+0(dds+7)

If one loop diagram dominates the decay amplitude,
the three direct CP asymmetries A ¢p, ALy, and Af,,
and the two weak-phase differences A¢ and A¢; are
expected to be negligible. From the above parameters one

can derive vector triple-product asymmetries ﬂ! and
AY. as discussed in Ref. [1]:

ﬂtw:%(

1,0
e ©)

S|A,P

We use data collected with the BABAR detector [7] at
the PEP-II asymmetric-energy e* e~ collider [8] operated

\
at the center-of-mass (c.m.) energy of the Y(4S) reso-

nance (y/s = 10.58 GeV). These data represent an inte-
grated luminosity of about 205 fb~!, corresponding to
(226.6 = 2.5) X 10° BB pairs. Charged-particle momenta
are measured in a tracking system consisting of a five-
layer double-sided silicon vertex tracker and a 40-layer
drift chamber, both immersed in a 1.5-T solenoidal mag-
netic field. Charged-particle identification is provided by
measurements of the energy loss in the tracking devices
and by a ring-imaging Cherenkov detector.
=) (=)
We fully reconstruct B — ¢K** candidates from their
(=)

decay products ¢ — K"K~ and K*® — K*7r*. Charged
track candidates are required to originate from a single
vertex near the interaction point. We identify B meson
candidates kinematically using the beam-energy-
substituted mass mgg = [(s/2 + p; - pp)*/E? — p3]'/>
and the energy difference AE = (E;Ez —p,; pg —
5/2)/+/s, where (E;, p;) is the initial state four-momentum
obtained from the beam momenta, and (Eg, pg) is the
four-momentum of the reconstructed B candidate. The
requirements on the ¢ and K* invariant masses are
0.99 <mge <1.05 and 0.75 < mg, < 1.05 (GeV). The
selection window is 1.13 < mg, < 1.73 (GeV) in the
study of the higher-mass K* resonances.
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To reject the dominant quark-antiquark continuum  TABLE L Summary of the B — ¢K*0(892) fit results. We

background, we require |cosf;| < 0.8, where 6; is the
angle between the B-candidate thrust axis and that of the
rest of the tracks and neutral clusters in the event, calcu-
lated in the c.m. frame. We also construct a Fisher dis-
criminant, ‘F, further discriminating between signal and
background, that combines the following variables: the
polar angles of the B-momentum vector and the
B-candidate thrust axis with respect to the beam axis in
the c.m. frame, and the two Legendre moments L and L,
of the energy flow around the B-candidate thrust axis [9].

Contamination from other B decays is small (about 2%
of the total background) according to Monte Carlo (MC)
simulation [10] and is taken into account in the fit de-
scribed below. We remove signal candidates that have
decay products with invariant mass within 12 MeV of
the nominal mass values for D or D* — ¢~.

‘We use an unbinned, extended maximum-likelihood fit
to extract simultaneously the signal yield and angular
distributions from a sample of selected events. There
are several event categories j: signal, continuum g¢g,
combinatoric BB background, B — ¢Km with a nonre-
sonant S-wave K~ 7" contribution, and B — f,(980)K*
with a broad S-wave K* K~ contribution. The likelihood
for each candidate i is defined as L;=

Zj,knf.?f(i,-; &; B), where each of the fPf»()?,-; &; B) is the
probability density function (PDF) for variables X; =
{mgs, AE, F, my,, myz, H,, H, & Q}. The flavor in-
dex k corresponds to the measured value of Q, that is
’Pk P; X 8yp- The n is the number of events with the
ﬂavor k in the category Jj-

The correlations among the fit input variables in the
data are found to be small (less than 4%). The PDF

Pk HETRH ) for a given candidate i is the product of the
PDFs for each of the variables and a joint PDF for the
helicity angles and resonance masses as discussed below.
The signal angular distributions are parametrized with
the set a= {fL’ fJ_» ¢||r d)l) ﬂ%P» ﬂéP’ A¢||) A¢J_}
which are left free to vary in the fit. The other PDF

parameters B describe the signal and background distri-
butions discussed below. They are extracted from MC
simulation or from data in mgg and AE sidebands and
are fixed in the fit. The MC resolutions are adjusted by
comparing data and MC simulation in calibration chan-
nels with similar kinematics and topology, such as B —
D~ 7" with D~ — K" 7~ 7~ . The PDF parametrization
for each event candidate accounts for the loss of accep-
tance near J{; = 0.8 due to the Dy and D™ rejection
requirements.

We use a three-dimensional description for the helicity
part of the signal PDE using the ideal angular distribu-
tion from Eq. (1) multiplied by an acceptance function
G(H ,, H ,, ®) parametrized with empirical polynomial
functions. The detector acceptance effects are found to be

show results for the ten primary signal fit parameters defined in
Eq. (2) and the derived parameters: reconstruction efficiency e
which depends on decay polarization, branching fraction B,
and triple-product asymmetries from Eq. (3). All results in-
clude systematic errors, which are quoted last. The dominant
correlation coefficients are given in the last column, they are
also —34% for {¢, Ady}, —51% for {¢p), A}, —42% for

{¢||, A¢L}’ and —40% for {¢L) A¢||}.

Fit parameter Fit result Correlation
ng, (events) 201 £20%6
fr 0.52 £ 0.05 = 0.02 |- 46%
fi 0.22 £ 0.05 = 0.02
¢ (rad) 2.341933 + 0.05 + 70%
¢, (rad) 247 £0.25+0.05
Acp —0.01 £0.09 = 0.02
AL, —0.06 + 0.10 = 0.01 —45%
Alp —0.10 = 0.24 * 0.05
Ay (rad) 0.27%929 = 0.05 |+ 70%
A¢, (rad) 0.36 £ 0.25 £ 0.05
€ (%) 9.7+0.5
B (9.2 +0.9=0.5) x 107°
Al —0.02 * 0.04 * 0.01
Al +0.11 = 0.05 = 0.01

uniform in @, and we factor the H | and H , dependence
as G = G,(H,) X G,(H,). We use two Gaussian func-
tions for the parametrization of the signal PDFs for AE,
mgs, and F. A relativistic P-wave Breit-Wigner distribu-
tion, convoluted with a Gaussian resolution function, is
used for the resonance masses.

Parametrization of the nonresonant B-decay contribu-
tions is identical to that of the signal for mgg, AE, and F,
but is different for the angular and invariant mass dis-
tributions. In particular, a broad invariant mass distribu-
tion accounts for all potential S-wave contributions
leaking into the mass selection window. For the combi-
natorial background, we use polynomials, except for mgg
and F distributions which are parametrized by an em-
pirical phase-space function and by the two Gaussian
functions, respectively. Resonance production occurs in
the background and this is taken into account in the PDE
The background JH ; distribution is separated into con-
tributions from combinatorial background and from real
vector mesons.

We allow for multiple candidates in a given event by
assigning to each a weight of 1/N;, where N; is the
number of candidates in the same event. The average
number of candidates per event is 1.04. The extended
likelihood for a sample of N4 candidates is

= exp< Zn > ﬁd exp(lr;\f") )
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FIG. 1. Projections onto the variables ngg (a), AE (b), myg

(c), and myg, (d) for the signal B — ¢K*°(892) and
¢K*0(1430) candidates combined.

The event yields n;, asymmetries A j» and the signal
polarization parameters @ are obtained by maximizing
the likelihood L.

The results of our maximum-likelihood fit to the sam-
ple of B® — ¢K*°(892) candidates are summarized in
Table 1. We also repeat the fit with the requirement 1.13 <
Mg, < 1.73 (GeV) and without the angular information.
We observe 181 £ 17 events (statistical errors only) of the
decays B’ — ¢K*0(1430) with statistical significance
greater than 100. In Figs. 1-3 we show projections onto
the variables, where data distributions are shown with a
requirement on the signal-to-background probability ratio
P/ Pk calculated with the plotted variable excluded.
The solid (dashed) lines show the signal-plus-background
(background) PDF projections.

In the analysis of the decay B — ¢K*°(892) for any
given set of values (¢, ¢ 1, Ad|, Ad ) simple transfor-
mations of the angles, for example, (— d)”, T —
¢, —A¢d), —A¢,), give rise to other sets of values
which satisfy Eq. (1) in an identical manner. To resolve
this ambiguity, the set of values lying closest to the
theoretical expectation (77, 7, 0, 0) [1,6,11] is chosen. In
Fig. 4 we show likelihood function contour plots.

We find the decay B — ¢K*°(1430) to be predomi-
nantly longitudinally polarized based on the H{ , angular
distribution in Fig. 3(b). The width [12] and the angular
distribution of the K*°(1430) resonance structure are not
consistent with the pure K3°(1430) tensor state at more
than 100. However, the angular distribution provides
evidence (with statistical significance of 3.207) of the
longitudinally polarized tensor K3;°(1430) contribution
in addition to the scalar K;°(1430); see Fig. 3(a).

Our B — ¢K*°(892) fit is performed with the B —
foK* and B — ¢ K contributions unconstrained. We ob-
tain the event yields 25 + 10 and 11 * 15, respectively.
The systematic uncertainties due to interference are esti-
mated using generated samples with conservative as-

24 —————————

events / 0.0625
events / 0.0625

H
[«
4'_47_
©
ents / 20 degrees

events / 20 degrees

ven

PR 1
-180 0 180 o -180 0 180
Q ® (degrees) Q ® (degrees)

FIG. 2. Projections onto the variables H | (a), H, (b), Q®
(c), and the differences between the Q® projections for events
with HHH, >0 and with H |, <0 (d) for the signal
BY — $K*°(892) candidates.

sumptions about the S-wave intensity and the
interference phase. Additional systematic uncertainty
originating from B background is taken as the difference
between the fit results with the combinatoric BB back-
ground component fixed to zero and the expectation from
MC.

We vary the PDF parameters within their respective
uncertainties, and derive the associated systematic errors.
The biases from the finite resolution of the helicity angle
measurement, the dilution due to the presence of fake
combinations, or other imperfections in the signal PDF
model are estimated with MC simulation and are found to
be relatively small.

The systematic errors in efficiencies are dominated by
those in track finding and particle identification. Other
systematic effects arise from event-selection criteria, ¢
and K*? branching fractions, MC statistics, and number of
B mesons. We calculate the efficiencies using the mea-
sured polarization and assign a systematic error corre-
sponding to the total polarization uncertainty. We find the
uncertainty in the charge asymmetry due to the track
reconstruction and identification to be less than 0.02.

events / 0.0625

events / 0.0625

FIG. 3. Projections onto the variables | (a) and FH, (b) for
the signal B® — ¢K*(1430) candidates. The difference be-
tween the solid and dotted lines in (a) shows the contribution
of the tensor state to the angular distribution.
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FIG. 4. Likelihood function contours with 1o intervals for
polarization (a) and phase (b) measurements in the B® —
@K*0(892) analysis. The fit results are shown with dots.
Diagonal dashed lines f; = (1 — f;)/2 and ¢ = ¢ corre-
spond to |[A ;| > |A_,|. In (b) the (s, 7) point is indicated by
the crossed dashed lines.

In summary, we have performed a full angular analysis

and searched for CP violation in the angular distribution

=) (=)

with the decays B — ¢K*0(892). Our results are sum-
marized in Table I. We observe, with more than 5o
significance, nonzero contributions from all of the three
amplitudes |Agl, |A] |, and |A]; see Fig. 4(a). We also find
30 evidence for nonzero final-state-interaction phases,
see Fig. 4(b). These results supersede our earlier measure-
ments in this channel [3,4]. We also observe the decay
BY — ¢ K*°(1430).

For B decays to light charmless particles we expect the
hierarchy of decay amplitudes to be [Ay] > |A, ;| >
|A_;| under the assumption of pure loop diagram contri-
bution, which is analogous to the discussion in
Refs. [6,11,13]. Our measurements with the decay B® —
¢ K*0(892) do not agree with the first inequality but agree
with the previous measurements in Refs. [4,5]. This sug-
gests other contributions to the decay amplitude, previ-
ously neglected, either within or beyond the standard
model [1,13].
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