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We present some recent measurements of rare flavor-changing neutral current B decays, using
data collected with the BABAR detector at the PEP-II e*e™ collider at SLAC. First, we search for
the rare process BT — K777~ and we do not find evidence for a signal. The measured branching
fraction is (1.31fg:g?(stat.)fgég(sys.)) x 1073 with an upper limit, at the 90% confidence level,
of B(B— Ktttt) <225 1073, We then study the lepton forward-backward asymmetry
g and the longitudinal K* polarization Fy, in the rare decays B — K*I"[~, where [T]~ is either
ete™ or utu~. We report results for both the K*(892)°/*/~ and K*(892)*/*I~ final states,
as well as their combination K*/*/~, in five disjoint dilepton mass-squared bins. Finally, we
measure the time-dependent CP asymmetry in the radiative-penguin decay B® — Kgﬂ'_ Ty, The
Knm resonant structure is extracted by an amplitude analysis of the mgr; and mg, spectra in
Bt — KTn~ n"y decays. We use these results to extract the mixing-induced CP parameters of
the process B® — K‘S) p°y from the time-dependent analysis of B® — Kga* 7~y decays and obtain
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1. Introduction

Flavor-changing neutral current (FCNC) B decays of the form B — K(*)X where X = or nxy
and / = e, u are highly suppressed in the Standard Model (SM). The lowest-order SM processes
contributing to these decays are the photon and Z penguins and the WW ~ box diagrams. These
decays can provide a stringent test of the SM and a fertile ground for New Physics (NP) searches
as virtual particles may enter in the loop and allow us to probe new physics at large mass scales.
Details and references for each of the decay modes covered in this work are given in the following
sections.

We use data recorded by the BABAR detector at the PEP-II asymmetric-energy e’ e storage
rings operated at the SLAC National Accelerator Laboratory. The data sample consists of 424
fb~! of e*e™ collisions recorded at the center-of-mass (CM) energy +/s = 10.58 GeV. The cross
section for BB-pair production at the Y(4S5) is 05 ~ 1.1 nb corresponding to a data sample of about
471 x 10° BB-pairs [1]. A detailed description of the BABAR detector is given elsewhere [2].

2. Search for Bt — KTt71~

The predicted decay rate for BY — K*1+7~ in the SM is in the range 1 —2 x 1073 [3, 4].
This decay is the third family equivalent of Bt — K*["[~, previously measured at BABAR [5] and
other experiments [6], which shows some tension with the SM expectations [7], and may provide
additional sensitivity to new physics due to third-generation couplings and the large mass of the ©
lepton. An important potential contribution to this decay is from neutral Higgs boson couplings,
where the lepton-lepton-Higgs vertices are proportional to the squared mass of the leptons involved
[8]; thus, in the case of the 7 lepton, such contributions can be significant and could alter the total
decay rate. We use hadronic B meson tagging techniques, where one of the two B mesons, referred
to as the By, 18 reconstructed exclusively via its decay into one of several hadronic decay modes
[9]. We consider only leptonic decays of the 7, i.e. T+ — e*V,v; and 7% — u* v, v,, which re-
sults in three different final states with an ee , up or an eu pair. Simulated Monte Carlo (MC)
signal and background events, generated with EvtGen [10], are used to develop signal selection
criteria and to study potential backgrounds. We select B;,, candidates using AE = /s/2 — Ej;

ag
and mps = /s — ﬁgz, where E gmg and ﬁgmg are the CM energy and three-momentum vector of the
B,qg respectively. We require a properly reconstructed By, to have mgg consistent with the mass
of a B meson and —0.12 < AE < 0.12 GeV. B" — K" 117 signal events are required to have a
charged By, candidate with mgg > 5.27 GeV/c? and a non-zero missing energy, E,,iss, given by the
energy component of p ... Continuum events are further suppressed using a multivariate likeli-
hood selector, based on six event-shape variables which removes more than 75% of the continuum
events while retaining more than 80% of (signal and background) BB MC events. Signal can-
didates are then required to possess exactly three charged tracks satisfying particle identification
(PID) requirements consistent with one charged K and an e™e™, u*uu~, or e" ™ pair. Further-
more, events with 3.00 < my+;- < 3.19 GeV/c? are discarded to remove backgrounds from J/¥
resonance. The invariant mass of the combination of the K with the oppositely charged lepton must
also lie outside the region of the D mass, i.e. mg;+ < 1.80 GeV/c? or mg—;+ > 1.90 GeV/c?,
to remove events where a 7 coming from the D decay is misidentified as a muon. At this stage,
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remaining backgrounds are primarily BB events in which a properly reconstructed B4, accompa-
nied by a By — DX vy, with D& — K1’ vy which have the same detected final state particles as
signal events. A multi-layer perceptron (MLP) neural network [11], with eight input variables and
one hidden layer, is employed to suppress this background. The MLP is trained and tested using
randomly split dedicated signal MC and B* B~ background events, for each of the three channels.
The results are shown in Fig. 1 (left) for the three modes combined. We require the output of the
neural network is > 0.70 for the e"e™ and u*u~ channels and > 0.75 for the e™ y~ channel. This
requirement is optimized to yield the most stringent upper limit in the absence of a signal. A B,
yield correction is determined by calculating the ratio of data to B¥ B~ MC events before the final
MLP requirement. This correction factor is determined to be 0.913 £0.020 and is applied to the
MC reconstruction efficiency for both signal and background events (Fig. 1 (right)). The most
important contributions to the systematic uncertainty include the uncertainty associated with the
theoretical model which is evaluated by comparing signal MC sample based on the LCSR [12]
theoretical model to that of [13] and determining the difference in efficiency, which is found to be
3.0%. Additional uncertainties on &, and Ny, arise due to the modeling of PID selectors (4.8%
for ete™, 7.0% for u™u~, and 5.0% for e* ™) and the 7° veto (3.0%). The level of agreement
between data and MC results in a systematic uncertainty of 2.6%.

The yields in the ete™ and u ™~ channels are consistent with the expected background es-
timate. The signal yield in the et~ channel is about twice the expected rate, which corresponds
to an excess of 3.70 over the background expectation. Kinematic distributions in the e™ = do not
give any clear hint of signal-like behavior or of systematic problems with background modeling.
When combined with the ete™ and u* ™ modes, the overall significance of the Bt — Kttt 1~
signal is less than 20, and hence we do not interpret this as evidence of signal. Nevertheless, under
the assumption that the excess observed is signal, the branching fraction for the combined three
modes is B(B* — Kt1+77) = (1.3170%(stat.) )32 (sys.)) x 1073 The upper limit at the 90%
confidence level is B(B* — K" tt17) <2.25x 1073,

300 T T T T

g i t BaB fimi ] PE 80E B‘B Il' e | E
% an% apar preliminary { % Iﬁn? apBar preliminary 7;
= ] = of =
5 20 E ch 120F =
150 E 3 100}~ =

I 1 ‘.é 80— —

100 ‘ E o 60 =

S0F : 0E E

E s E 20E =

( L T T i, - ] (I': a PR P o . ey
D700 02 04 06 08 1 iz 14 16 8 181 182 1.83 18 185 186 187 18 189 L9

2

MLP output my.. GeV/c~

Figure 1: MLP output distribution (left) for the three signal channels combined. The BT — KTt 7~
signal MC distribution is shown (dashed) with arbitrary normalization. The data (points) are overlaid on the
expected combinatorial (hatched) plus mgs-peaking (solid line) background contributions. Invariant-mass
distribution (right) of the K~ 7" pairin B — D% v;, D° — K~ control samples after all signal selection
criteria are applied, except for the final requirement on the MLP output.
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3. Angular analysis of B — K*[T]~

The amplitudes for the decays B — K*(892)/71~, where K* — K7 are expressed in terms of
hadronic form factors and perturbatively-calculable effective Wilson coefficients, CIf | C&f and
Cf(f)f, which represent the electromagnetic penguin diagram, and the vector part and the axial-vector
part of the linear combination of the Z penguin and WW ~ box diagrams, respectively [14, 15].
Non-SM physics may add new penguin and/or box diagrams, as well as possible contributions from
new scalar, pseudoscalar, and/or tensor currents, which can contribute at the same order as the SM
diagrams, modifying the effective Wilson coefficients from their SM expectations [16, 17].

The angular distributions in B — K*I*1~ decays, as function of squared di-lepton mass g*> =
mlz+ ,-» are sensitive to many new physics models, with several measurements presented over the
past few years [18]-[22]. For a given ¢ value, the kinematic distribution of the decay products
can be expressed as a triply differential cross-section in three angles: Ok , the angle between the
K and the B directions in the K* rest frame; 6;, the angle between the [ and the B direction in
the 71~ rest frame; and ¢, the angle between the [T/~ and K7 decay planes in the B rest frame.
From the distribution of the angle Ok obtained after integrating over ¢ and 6, , we determine the
K* longitudinal polarization fraction Fy, using a fit to cos 8k of the form

1 dar _§ 5 § B ) o
T dleont) — 37H7) <005+ 3(1 = Fulg)(1 - cos” o) 6.

while, integrating over ¢ and Ox we extract the forward-backward asymmetry /g from a fit to
cos 6;

F(;Z) d(c((i)l;el) = ZFL(qz)(l —cos?6)) + %(1 — Fi.(¢?))(1 +cos® 6)) + rp(q*)cos 6. (3.2)
We determine F; and </rp in the five disjoint bins of q2 (Fig. 2). We also present results in a
g* range 1.0 < q% < 6.0 GeV?/c*, the perturbative window away from the ¢> — 0 photon pole
and the ¢¢ resonances at higher ¢, where theory uncertainties are considered to be under good
control. We reconstruct signal events in 5 different final states: BT — K*"(— KonH)utu~,
B » K= KTn)utu~, Bt - K**(— K"n%e"e™, B — K*"(— KIn")eTe™ and B® —
K*9(— K" 7~ )eTe™; we do not include other modes as their signal/background ratio is seen to be
very poor. We require K* candidates to have an invariant mass 0.72 < mg, < 1.10 GeV/c>. We
reconstruct Kg candidates in the 7" 7~ final state, requiring an invariant mass consistent with the
nominal K® mass, and a flight distance from the e e~ interaction point that is more than three times
the flight distance uncertainty. Neutral pion candidates are formed from two photons with £, > 50
MeV, and an invariant mass between 115 and 155 MeV/c?. In each final state, we use the kinematic
variables mgs and AE as defined in the previous section. We reject events with mgs < 5.2 GeV/c?.

Random combinations of leptons from semileptonic B and D decays are the predominant
source of backgrounds; these combinatorial backgrounds occur in both BB events and ete™ — ¢g
continuum events (where ¢ = u,d,s,c), and are suppressed using eight bagged decision trees
(BDTs) [23] depending on the background class, final state (ee or pft), and ¢* region.

We extract the angular observables F; and o7pp from the data using a series of likelihood (LH)
fits which proceed in several steps:
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e In each ¢ bin, for each of the five signal modes separately and using the full mgg > 5.2
GeV/c? dataset, an initial unbinned maximum LH fit of mgg, mg, and a likelihood ratio that
discriminates against random combinatorial BB backgrounds is performed. After this first
fit, all normalizations and the probability density function (pdf) shapes are fixed.

e Second, in each q2 bin and for each of the five signal modes, mgs, mgr and LR pdfs and
normalizations are defined for mgg > 5.27 GeV/c? events (the “mgg angular fit region™) using
the results of the prior three-dimensional fits. Only mgg angular fit region events and pdfs
are subsequently used in the fits for F;, and @7p.

e Next, cos Ok is added as fourth dimension to the likelihood function, and four-dimensional
likelihoods with Fy, as the only free parameter are defined for mgg angular fit region events.
Each ¢? bin and each of the five signal modes has its own separate LH function. Thus, it
becomes possible to extract Fy, and o7pp for arbitrary combinations of the five final states. In
particular, we quote results using three different sets of our five signal modes: the charged
mode BT — K*t[T[~, the neutral mode B® — K*°[T[~, and the inclusive mode.

o In the final step, we use the fitted value of F; from the previous fit step as input to a similar
4-d fit for <Zrp, in which cos 6; replaces cos Ok as the fourth dimension in the LH function.
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Figure 2: F; (top) and .7 (bottom) results in disjoint ¢ bins, along with those of other experiments and
the SM expectations (blue dashed lines, which also define the extent of each individual g bin): (black filled
star) Belle [18], (black filled circle) CDF [19], (black open square) [20], (black open circle) CMS [21],
(black open star) ATLAS [22], (blue filled square) BABAR B — K*I[~, (red filled down-pointing triangle)
B® — K*°I*]~ | (magenta filled up-pointing triangle) B* — K*T17/~. The BABAR g2 results are drawn in
the 14 < ¢* < 16 GeV?/c* region, however, they are valid for the entire ¢*> > 14 GeV?/c* region.
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Fig. 2 graphically shows our F; and .2/p results [24] in disjoint ¢ bins alongside other pub-
lished results and the SM theory expectations, the latter of which typically have 5-10% theory
uncertainties (absolute) in the regions below and above the charmonium resonances.

4. Study of B — Kn" 7~y decays

The V-A structure of the SM weak interaction implies that the circular polarization of the
photon emitted in b — sy transitions is predominantly left-handed, with contamination by right-
handed photons suppressed by a factor m;/my,. Thus, B® mesons decay mostly to right-handed
photons while decays of B® mesons produce mainly left-handed photons. Therefore, the mixing-
induced CP asymmetry in B — frpYy decays, where fcp is a CP eigenstate, is expected to be small.
This prediction may be altered by new-physics (NP) processes in which opposite helicity photons
are involved. Especially, in some NP models [25], the right-handed component may be comparable
in magnitude to the left-handed component, without affecting the SM prediction for the inclusive
radiative decay rate. Our goal consists of measuring the mixing-induced CP asymmetry parameter,
S K9p0y> in the radiative B decay to the CP eigenstate Kgpoy, which is sensitive to right-handed pho-
tons. Because of the irreducible background from B — K2n+7r_ 7. which is not a CP eigenstate,
we have to measure first the time-dependent CP asymmetry parameters Sgozzy and Cgozz, Which
are related to S K2p0y by S K0p0y = Skozzy/ DKgpoy where the dilution factor D K20y depends on the
amplitudes of the two-body decays K9p(770)°, K*(892) "7~ and (Kx)J 7~ and can be calculated
as shown in [26]. Because of the much higher signal yield for BY — K71~ ¥, compared to the
neutral mode, in our work the dilution factor D K2p0y is determined from a study of the charged mode
BT — K*mt "y, which is related to the neutral mode by isospin symmetry. Using an extended
unbinned maximum likelihood fit to mgg, AE and the Fisher discriminant .% [27], we extract the
signal yield for Bt — KTt~y for mgzz < 1.8 GeV/c?. Using the sPlot technique [28], we ex-
tract the mgrz, mgr and myy invariant-mass spectra. We model the mg, invariant-mass spectrum
as coherent sum of five resonances (Fig. 3), each parameterized by a relativistic Breit-Wigner line
shape and from a maximum likelihood fit to the mgz; spectrum we derive the branching fractions
of the individual kaonic resonances shown in Table 4. We measure the Bt — K7 7~ y branching
fraction to be B(B* — K*tntn~y) = (27.24+1.04£1.2) x 107 [29].

We then perform a further maximum likelihood fit to the mg, spectrum in which we include
p(770)°, K*(892)? and a (K7 ~)¢ non-resonant S-wave contribution. We model the K*(892)°
with a relativistic Breit-Wigner line shape, the p(770)° with a Gounaris-Sakurai line shape and the
(K7™ )o with the LASS parameterization [31]. Table 4 lists the branching fraction of the different
resonances decaying to K7~ and 777, This is the first observation of the decay BY — K p°y
and the BT — (K 71:)80 7"y S-wave contribution. From the measured two-body amplitudes we obtain
a dilution factor of DKgpy = —0.78f8:{2 with mass constraints mgzz < 1.8 GeV/c2, 0.6 < mzz < 0.9
GeV/c2, myr < 0.845 GeV/c? and mgy > 0.945 GeV/c2.

Finally for B® — K77~y we use a selection similar to B" — K™ 7" 7~y and by means of a
maximum likelihood fit we extract signal yield B(B® — Kz~ y) = (24.0£2.471:1) x 107® and
arn—y = 0.14£0.25£0.03 and Cyop+ 5, = —0.39 £0.207735 from
which we finally get § K0p0y = —0.18+ 0.321'8:82 in agreement with the SM.

CP asymmetry parameters S K?
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Table 1: Branching fractions of the different K™ 7~ 7" resonances extracted from the fit to the mg, spec-
trum. To correct for the secondary branching fractions, we use the values in PDG [30]. The first uncertainty
is statistical, the second is systematic, and the third, when present, is due to the uncertainties on the sec-
ondary branching fractions. “n/a” indicates that the corresponding branching fraction was not previously
reported.

B(B™ — Mode) x Previous world

Mode B(B* — Mode) x1076
B(Kyes — Ktntn)x 1076 ( ) average (x107°)
BT > Ktntay 245+0.9+1.2 27.6+2.2
Ki(1270) 7y 14570513 4417577361 4.6 43+13
K (1400)*y 41119412 9.77354+0.6 < 15 at 90% CL
K*(1410)*y 11.0722+1 27115452 +£2.7 n/a
K;(1430) "y 12759713 8.7+ 19, +0.4 14+4
K*(1680) "y 15.9723432 66.7193 103 £54 <1900 at 90% CL
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Figure 3: The mg, (Ieft) and mg (right) spectra for correctly-reconstructed BT — K~ " v signal events
extracted from maximum likelihood fit to mgs, AE and .% using ;Zlot technique. Points with error bars
give the sum of sWeights. The blue solid curve shows the fit to the mgzz spectrum and the total PDF fit
projection to mgy, respectively. The small-dashed red, medium-dashed green and dotted magenta curves
correspond to the K*(892)°, p(770)° and (K7)} contributions, respectively. The dashed-dotted gray curve
corresponds to the interference between the two P-wave components, i.e. the K*(892)° and the p(770)°, and
the dashed-triple-dotted light blue curve corresponds to the interference between the (K7);, and the p(770)°.
Below each bin are shown the residuals, normalized in units of standard deviations, where the parallel dotted
and full lines mark the one and two standard deviation levels, respectively.

5. Conclusion

In conclusion, we performed the first search for the decay B™ — K+ 777~ ; no significant signal
is observed and the upper limit on the final branching fraction is determined to be 2.25 x 103 at the
90% confidence level. We have measured the fraction Fy, of longitudinally polarized K* decays and
the lepton forward-backward asymmetry <7z in bins of dilepton mass-squared in B™ — K**[ [,
BY — K*01*|~ and B — K*I*1~. Results for the charged mode are presented for the first time
here. Our BY — K**7[~ results are in reasonable agreement with both SM theory expectations
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Figure 4: Distributions of Fisher discriminant (left) and Az (right), showing fit results to the B® — Kgir+ Yy
data sample with the additional requirements: —0.15 < AE < 0.10 GeV (mgs), mgs > 5.27 GeV/c? and
—0.15 < AE <0.10 GeV (Ar). Points with error bars show the data. The projection of the fit result is repre-
sented by stacked histograms, where the shaded areas represent the background contributions, as described
in the legend.

Table 2: Branching fractions of the resonances decaying to K7 and w7 extracted from the fit to the mgx
spectrum. R denotes an intermediate resonant state and 4 stands for a final state hadron: a charged pion
or kaon. To correct for the secondary branching fractions, we use values from [30] and B(K*(892)" —
KT 7~) = 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 nonresonant part of the LASS parametrization. “n/a”
indicates that the corresponding branching fraction was not previously reported.

B(B™ — Mode) x Previous world

Mode B(R — hm) x 1076 B(B" — Mode) x10°¢ average (x107°)
K*(892)°7'y  156+0.6+05 23.4+0.9708 2077
K*p(770)%y 8.1+£0.470% 824+0.4+£08+0.02 < 20at90% CL

(Km)idnty 10.375:5002 n/a
(Km)mty (NR) . 9.9+0.71}3 < 9.2 at90% CL
K;(1430)°z%y  0.82+£0.067012  1.327097539 £0.14 n/a

and other experimental results. Similarly, although with relatively larger uncertainties, we observe
broad agreement of the BT — K**[*[~ results with those for B — K*°I*[~. However, in the low
dilepton mass-squared region, we observe relatively very small values for F; in Bt — K*T 1],
exhibiting tension with both the B® — K*I*1~ results as well as the SM expectations. These
tensions in £ are difficult to interpret because of uncertainties due to form-factor contributions in
the calculation of this observable in both the SM and NP scenarios. We measured the branching
fractions of the decays B" — K™t n~yand B® — Kntn~y. For BT — K"n"n~y we observed
five different resonances decaying to Kz state and we measured their branching fractions. We
found first evidence for B — K;(1400)"y, B — K*(1410)"y and B — K*(1400) "y decays. We
have calculated the dilution factor Dgopoy from the measurement of B — K*(892)°n"y, BT —
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K*p(770)yand B — (K"~ )"y decays. We have measured the time-dependent CP asymmetry

parameters S Kortny and C Komtn—y and hence derived S K0pOy for the Kgp (770)°y CP eigenstate.
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