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We present measurements of B-meson decays to the final states n'p, 1’ fo, and n’ K*, where K*
stands for a vector, scalar, or tensor strange meson. We observe a significant signal or evidence
for n’p™ and all the ' K* channels. We also measure, where applicable, the charge asymmetries,
finding results consistent with no direct CP violation in all cases. The measurements are performed
on a data sample consisting of 467 x 10% BB pairs, collected with the BABAR detector at the PEP-
Il eTe™ collider at the SLAC National Accelerator Laboratory. Our results favor the theoretical
predictions from perturbative QCD and QCD Factorization and we observe an enhancement of the
tensor K5 (1430) with respect to the vector K™*(892) component.

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

contribution [2]. B meson decays to the final states

erful probe for testing the standard model (SM) and
searching for new physics phenomena [1]. Decays to fi-
nal states containing 7 or 7’ mesons exhibit a distinctive
pattern of interference among the dominant amplitudes
and are also sensitive to a potentially large flavor-singlet

n'p and 7' K*(892) have been investigated theoretically
within the SM by means of perturbative QCD (pQCD)
[3], QCD Factorization (QCDF) [4], Soft Collinear Ef-
fective Theory (SCET) [5], and SU(3) flavor symmetry
[6]. The predicted branching fractions to the final states



7' K*(892)" and n'K*(892)° are in the range of a few
times 1079, whereas the branching fraction for B® — 7’ p°
is suppressed to 1077 — 1078, There is some disagree-
ment on the predictions of the branching fraction for
Bt — 5/pt: SCET calculations give a value of 0.4x 1076,
whereas pQCD and QCDF predict a branching fraction
of (6 —9) x 1075. There are no theoretical predictions
for the branching fraction of B® — 7/ fo.

Experimentally, searches for these decays have been
performed by the BABAR [17] and Belle [g] collaborations.
The former claimed evidence for the n'p*, n' K*(892)",
and 1’ K*(892)° final states, while the latter establishes
upper limits that are in poor agreement with the branch-
ing fractions, in the range (4 — 9) x 1075, measured by
BABAR.

Very few predictions exist for B meson decays to
7 K§(1430) and ' K;5(1430). In Ref. |9], based on pQCD,
the branching fraction of B — 1/ K;(1430) is predicted
to be in the range (2 — 10) x 107%, while in Ref. [10]
the branching fraction of B — 7/ K}(1430) is calculated
to be ~ 2 x 1079, exploiting QCDF calculations. No
searches for the 7' K} (1430) and n' K3 (1430) final states
have been reported. In a recent paper by the BABAR
collaboration [11], which studied B — wK™* decays, the
tensor and scalar K* components were found to be sig-
nificantly larger than the vector K*(892), a fact which
was not anticipated by theory.

In this paper, we report measurements of the branch-
ing fractions of B mesons decaying to the final states
7' p, 7' fo, and 7’ K*, where K* denotes the spin 0, 1, or
2 states K5(1430), K*(892), and K;(1430). Where ap-
plicable, we also measure the charge asymmetry Aq, =
(I~ —T7")/(T~ +T*), where the superscript to the decay
width T' refers to the charge of the B¥ meson or to the
charge of the kaon in the neutral B decays.

For this analysis we use the full BABAR dataset, col-
lected at the PEP-II asymmetric-energy eTe™ collider
located at the SLAC National Accelerator Laboratory,
consisting of 467 x 10° BB pairs originating from the
decay of the 1°(4S5) resonance, produced at a center-of-
mass (CM) energy /s = 10.58 GeV. The BABAR detector
is described in detail elsewhere [12].

We reconstruct B-daughter candidates through their
decays 1" — nntm™ (er)s 0 = p%v () — 7Y,
pt —= w0 p¥ — 7tr~ fo(980) — nta~ [13], K*0 —
Kta=, K*T = Ktn0(K;h o), K*F — ng+(K;<EW+),
K% — 7t7=, and 7° — vy. We use both n’ — nrtn~
and 1’ — p°~ for ' K*, but due to the larger backgrounds
affecting the 7, channel, we do not use the " — %y de-
cay mode for the 1/p and 7/’ fy final states. We require the
invariant masses of the B-daughter candidates to satisfy
the following requirements: 910 < m(n’) < 1000 MeV,
510 < m(n) < 580 MeV, 510 < m(p/fo) < 1060 MeV,
750 < m(K*) < 1550 MeV, 488 < m(K?) < 508 MeV,
and 120 < m(n%) < 150 MeV; these mass intervals are

chosen to include sidebands to estimate the background
levels. We require the photon energy of the 7° candidates
to be greater than 30 MeV in the laboratory frame, while
the minimum energy is 100 MeV for the photons of n can-
didates and 200 MeV for the photons from the ' — p°y
decay. A fit constraining the two pion tracks from the
K9 decay to originate from the same decay vertex is per-
formed and a K candidate is selected if its flight length
exceeds three times its uncertainty. Daughter particles
from 7', n, p, fo, and K* decays are rejected if their par-
ticle identification signatures are consistent with those
of electrons or protons; KT candidates are required to
be positively identified as kaons, and pions must fail this
criterion. Unless otherwise stated, charge-conjugate re-
actions are always implied.

A B-meson candidate is characterized by two kine-
matic variables, whose small correlation is accounted
for in the correction of the fit bias: the energy substi-
tuted mass mgs = \/s/4 — p% and the energy difference
AE = Eg —+/s/2, where (Ep,pp) is the B-meson four-
momentum vector in the 7°(4S5) rest frame. Signal events
peak at 0 in AF and at the B mass [14] in mgg, with a
resolution in AFE (mgg) of 20-35 MeV (3 MeV). We se-
lect events with 5.25 < mpgg < 5.29 GeV and |AE]| < 0.2
GeV.

The dominant backgrounds arise from random com-
binations of particles in continuum e*te™ — ¢q events
(¢ = u,d,s,c). The angle 7 between the thrust axis
[15] of the B candidate in the 7°(4S) rest frame and that
of the remaining particles in the event is used to sup-
press this background. Jet-like continuum events peak
at | cosfr| close to 1, while spherical B decays exhibit
a flat distribution for this variable. Further rejection is
achieved by restricting the range of the helicity angle of
the p or K* meson. The helicity angle 04 is defined in
the rest frame of the p or K* and corresponds to the
angle between two vectors: one is the momentum of the
daughter pion and the other is the direction of the boost
into this rest frame from the B meson rest frame; for the
pt candidate we use the positively charged pion. Table
[ summarizes the requirements we apply on | cos 6| and
cos 0. After the selection criteria have been applied, the
average number of combinations per event in data is be-
tween 1.1 and 1.3, and we select the candidate with the
highest x? probability in a geometric fit to a common
B-decay vertex. In this way the probability of selecting
the correctly reconstructed event is a few percent higher
with respect to a random selection.

Further signal/background separation is provided by
a Fisher discriminant F exploiting four variables sensi-
tive to the production dynamics and event shape: the
polar angles, with respect to the beam axis in the ete~
CM frame, of the B candidate momentum and of the B
thrust axis; and the zeroth and second angular moments
Lo 2 of the energy flow, excluding the B candidate. The

moments are defined by L; = >, p; X |cos 0’ , where



TABLE I: Selection requirements on cosfr and cosfy for
the different modes.

State |cosOr| cosfy range
n'p°/ fo <09 [-0.95,0.95]
n'p" <09  [-0.80,1]
Ny K *° <09  [-0.85,1]
Ty B <06  [-0.85,1]
nimK%tﬂo <09  [-0.751]
M K o <07 [-0.75,1]
niqu;}tﬂo <09  [-0.90,1]
M K o <07 [-0.90,1]

1 labels a track or neutral cluster, 6; is its angle with
respect to the B thrust axis, and p; is its momentum.
The mean of F is shifted so that it is independent of the
B-flavor tagging category [16] for ¢g background. The
Fisher variable provides about one standard deviation
discrimination between B-decay events and continuum
background.

We obtain the yields and the charge asymmetries Ay
from extended maximum-likelihood (ML) fits to the six
observables: AE, mgg, J, the masses of the two reso-
nance candidates m, and m,, s /k+, and cosf;. The
fits distinguish among several categories: ¢gg background,
BB background, and signal component(s) (one for ’p*,
two for n/p°/ fo, and three for the  K* modes). For each
event ¢ and category j we define the probability density
functions (PDFs) Pj(x) for the variable z, with the re-
sulting likelihood L:

P = Pi(mes’)P;(AE")P;(F') (1)
Pj(may )Pj(my, 0 rc- ) Pjcos 03)
-3 N
e J i
L= ——II>Xv7 (2)

i=1 j

where Y is the yield for category j and N is the num-
ber of events entering the fit. Where applicable, we split
the yields by the flavor of the decaying B meson in order
to measure A,. We find correlations among the observ-
ables to be small, except for the case of the ¢g back-
ground in the BT — 77;)7K;<++7r0 mode, for which the
correlation between mpg~ and cosfy, if not taken into
account, may cause large biases in the yield of the differ-
ent K* components. In this case we use two-dimensional
non-parametric PDFs [17] to model the mass-helicity cor-
relations.

The signal component is studied from the Monte Carlo
(MC) simulation [18] of the decay process and the re-
sponse of the detector and reconstruction chain. Signal
events selected in simulation contain both properly re-
constructed and incorrectly reconstructed B meson can-
didates, which are labeled as ”self-crossfeed” (SXF). SXF

occurs either when some particles from the correct par-
ent B meson are incorrectly assigned to intermediate res-
onances or when particles from the rest of the event are
used in the signal B reconstruction. The fraction of SXF
events ranges between 14% and 32% and we do not sep-
arate correctly reconstructed events from SXF in the fit.
For the scalar K7 component, we use the LASS model
[19, [20], which consists of the KF(1430) resonance to-
gether with an effective-range nonresonant component.
Backgrounds arising from BB decays to charmless final
states are modeled from the simulation. We select the
channels (20-40 for each final state) which have a high
probability of passing our selection and build a sample of
simulated specimens of these, weighting each component
by its branching fraction, either measured or estimated.
We model from this sample the PDFs for the BB back-
ground component and fix its yield (25-350 events, de-
pending on the final state) to the MC prediction. Back-
grounds arising from b — ¢ transitions have distribu-
tions very similar to those of ¢g events and thus they
are absorbed by the continuum component. For the 7’p
modes, we estimate the contribution of the nonresonant
n'mm with a fit of the data, selecting only the central
region of the n’ww Dalitz plot. The expected nonreso-
nant component is then included in the charmless BB
background PDF. This procedure is not necessary for
the ’ K* fits, since the nonresonant ' K7 component is
already included in the LASS model.

PDF shapes for the signals and BB background are
determined from fits to MC samples, while for the ¢g
component we use data sidebands, which we obtain ex-
cluding the signal region 5.27 < mgs < 5.29 GeV and
|AE| < 0.075 GeV. The calibration of mgg and AFE
is checked by means of large data control samples of
B decays to charmed mesons with topology similar to
the decays under study (e.g. Bt — DY(Ktn— 707,
Bt — D°(K+tn—70)p™t).

We use a combination of Gaussian, exponential, and
polynomial functions to parameterize most of the PDFs.
For the mgg distribution of the ¢gg background compo-
nent, we use a parameterization motivated by phase-
space arguments |21]. The following are free to vary
in the fit: the signal and ¢g background yields and
charge asymmetries A, along with the parameters that
most strongly influence the shape of the continuum back-
ground.

We perform fits to ensembles of simulated experiments
in order to evaluate the potential bias Yy on the fitted sig-
nal yield, which originates from our neglect of the correla-
tions among the variables. Each such experiment has the
same number of signal and background candidates as the
data; given that correlations among fit variables are neg-
ligible for ¢g events, these are generated from the PDFs,
while signal and BB background events are taken from
fully simulated MC samples. In computing the branching
fraction B for each mode, we subtract Yy from the fitted
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FIG. 1: B-candidate mgs projections for (a) n'p°/n’fo, (b)
n'pt, (c) n K*°, (d) n” K*T. Color online: the solid curve
is the fit function, black long-dash-dotted is the total back-
ground, and the blue dashed curve is the total signal contribu-
tion. In (a) we separate the p° component (red dashed) from
the fo (green dotted). In (c,d) we separate the K*(892) (red
dashed), the (K)y (green dotted), and K35 (1430) (magenta
dot-dashed) components.

signal yield Y and divide by the selection efficiency ¢ for
signal events, the number of B mesons in our sample, and
the product of the branching fractions of the intermedi-
ate resonances, [[ B;. We assume the branching fraction
of T(4S) to BTB~ and B°B° to be the same and equal
to 50%, consistent with the measurements [14]. The effi-
ciency ¢ is evaluated from the simulation.

The different submodes of i K*° and n/ K** are com-
bined by adding their —2In L curves. For the signifi-
cance of observation S we take the difference between
the value of —21n £ for the zero signal hypothesis and the
value at its minimum. For modes with a significance be-
low five standard deviations, we quote a 90% confidence
level (C.L.) upper limit, corresponding to the branching
fraction below which lies 90% of the total of the likeli-
hood integral, in the region where the branching fraction
is positive. The correlated and uncorrelated systematic
uncertainties are taken into account in the above eval-
uations by convolving the likelihood function given by
the fitter with a Gaussian function representing the sys-
tematic uncertainties. The results are collected in Table
I

We show in Fig. [l the data and the fit functions pro-
jected over the variable mgg, while in Fig. [2] we do the
same for the 77 and K7 invariant masses. In these plots

the signals are enhanced by the imposition of cuts on In £
and the fit variables, which retain 40-65% of the signal
events.
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FIG. 2: B-candidate mx~ projections for (a) n'p°/n’fo, (b)
7' pT, and my. for (c) n’ K*°, (d) n’ K*T. Color online: the
solid curve is the fit function, black long-dash-dotted is the
total background, and the blue dashed curve is the total sig-
nal contribution. In (a) we separate the p° component (red
dashed) from the fo (green dotted). In (c,d) we separate
the K*(892) (red dashed), the (Km)j (green dotted), and
K5 (1430) (magenta dot-dashed) components.

We evaluate the systematic uncertainties due to the
modeling of the signal PDF's by varying the relevant pa-
rameters by their uncertainty, derived from the consis-
tency of fits to the above mentioned data control sam-
ples. The fit bias arises mostly from correlations among
the fit variables, which are modeled by the MC; the as-
sociated uncertainty is the sum in quadrature of half the
correction itself and its statistical uncertainty; this is the
dominant source in most cases (2.1 — 15.4 events), espe-
cially for the 7 — p’y modes. The uncertainty for the
SXF fraction is estimated by varying the fraction pre-
dicted by the MC by 2.5% (5%) relative for each photon
(7%) in the final state (most of this uncertainty originates
from the simulation of neutral particles). We estimate
the uncertainty on the charmless BB background by re-
peating the fit with the yield of this component varied by
its estimated uncertainty (+£20%). For the S-wave K
components, we vary the LASS parameters by the un-
certainties found in [19] (the resulting uncertainties vary
from 0.1 to 14.9 events).

Multiplicative systematic uncertainties (which do not
affect the signal significance) account for imperfect
knowledge of the luminosity, tracking efficiency, 7° and



TABLE II: Signal yield Y and its statistical uncertainty, bias Yo, detection efficiency €, daughter branching fraction product
11 B;, significance S (with systematic uncertainties included), measured branching fraction B with statistical and systematic
errors, 90% C.L. upper limit (U.L.), and charge asymmetry Aa,. In the case of 1’ fo, the quoted branching fraction is the
product of B(B® — 0’ fo) with B(fo — ), which is not well known.

Mode Y Yo e JIB: S B B U.L. Acn
(events) (events) (%) (%) (o) (107%) (1079)

n p° 37415 945 234 175 20 1.5+084+03 28 -

1 fo 8+8 442 259 175 05 027934+01 0.9 -

n'pt 128422 1548 143 175 58 97713 +1.1 - 0.26 + 0.17 £ 0.02

n K*° 40 31709403 44  0.0240.23+£0.02
Ny K0 28410 442 189 11.7 2.7 2475 +0.3 —0.04 +0.35
7 K0 61+18 945 13.3 19.6 3.1 4.3712+0.5 0.06 + 0.29

n Kt 3.8 48719408 72 —0.26+0.2740.02
n;ij,}two 144+8 241 11.5 58 2.0 39751405 —1.00 4 0.78
Moy K375 o 26+19 643 9.7 9.8 1.1 4775413 0.05 & 0.66
Man K34 23410  3+2 191 4.0 26 55725407 —0.47 +0.37

PR 3.2

anKEﬁ 34+15 10+5 162 6.8 1.6 48737 +1.2 0.24 +0.44

n' (Km)§° 56 74715406 -  —0.19%£0.17 £0.02
Ny (KT)5° 106421 1246 20.2 11.7 49 85725410 —0.39 + 0.20
Moy (K1) 50 115436 21+11 17.6 19.6 2.7 5.8%23 £1.0 0.32 4+ 0.31

n (Km)gt 29 60722409 93  0.06+0.20 +0.02
N (KT 70) 5T 36+15 241 139 58 24 8873:+1.3 0.00 £+ 0.41
Ny (KT 70) 5T 185451 31415 12.8 9.8 2.8 264738 £59 0.23 +0.27
Ny (KO8T 18412 141 186 4.0 1.6 51755409 0.13 £0.59
Ny (K27 T)5 T 229422 844 174 68 — -387304+1.5 —0.40 + 1.48

n' K3 (1430)° 53 137750 4+1.2 - 0.14 £ 0.18 £ 0.02
e K3 (1430)° 42413 241 151 58 3.7 98755409 0.58 4 0.32
), K3 (1430)° 125426 20410 10.6 9.8 4.1 21.772% £3.0 —0.05 +0.20

n' K3 (1430) % 7.2 28075354+26 - 0.15 £ 0.13 £0.02
Man K5 (1430) 5, o 42411 543 9.9 29 35 271757 +45 0.29 +0.25
n,K5(1430)%, 11528 20410 85 4.9 2.9 4627135 +12.2 —0.33+0.24
n;,T,TK;(1430);g7r+ 42410 542 153 2.0 45 259778 +2.7 0.44 4+0.23
n;wK;(1430);%7T+ 62416 1447 124 3.4 3.0 241757 +4.1 0.2240.25

K9 reconstruction efficiencies, and the uncertainty on the
measured branching fractions of intermediate resonances.
In the nominal fit we do not account for interference
among the different spin K* components. We estimate in
a separate calculation, which takes into account the ac-
ceptance functions of our analysis, the potential impact
of interference when the relative strong phases between
the components are varied over the full range; we find
that the uncertainties range from 1.5% to 14.1%.

From the analysis of a variety of data control samples,
the bias on Ag, is found to be negligible for pions and
—0.01 for kaons, due to differences of K+ and K~ interac-
tions in the detector material. We correct the fitted Agp
by 4+0.01 in the modes where a charged kaon is present
and assign a systematic uncertainty of 0.02, mainly due
to the bias correction.

In conclusion, we have measured the branching frac-

tion of B mesons to nine different final states; we claim
observation of four of these, while we obtain robust ev-
idence for several others. We compute the branching
fraction for 7' K (1430) using the composition of (Km)§
from [20]. We find B(B® — 1/ K(1430)°)=(6.3 £ 1.3 +
0.540.7) x 10~ % and B(BT — ' K (1430)")=(5.2+£1.9+
0.8 £0.6) x 107°, where the third error comes from the
uncertainty in the Kj(1430) — K branching fraction
[14]. No significant direct CP-violation is seen in the in-
vestigated channels. Our results are consistent with and
supersede those reported in |7]. Our measured branching
fraction for BT — n/p™ favors the predictions based on
pQCD and QCDF over those based on SCET. As in the
B — wK* case, we observe an enhancement of the ten-
sor K3(1430) over the vector K*(892); this has not been
anticipated by the theoretical calculations.

We are grateful for the excellent luminosity and ma-



chine conditions provided by our PEP-II colleagues, and
for the substantial dedicated effort from the comput-
ing organizations that support BABAR. The collaborat-
ing institutions wish to thank SLAC for its support and
kind hospitality. This work is supported by DOE and
NSF (USA), NSERC (Canada), CEA and CNRS-IN2P3
(France), BMBF and DFG (Germany), INFN (Italy),
FOM (The Netherlands), NFR (Norway), MES (Rus-
sia), MICIIN (Spain) STFC (United Kingdom). Indi-
viduals have received support from the Marie Curie EIF
(European Union), the A. P. Sloan Foundation (USA),
the Binational Science Foundation (USA-Israel), and the
University of Colorado at Boulder Graduate School Fac-
ulty Fellowship program.

Now at Temple University, Philadelphia, Pennsylvania
19122, USA
Also with Universita di Perugia, Dipartimento di Fisica,
Perugia, Italy
¥ Also with Universitd di Roma La Sapienza, I-00185
Roma, Italy
§ Now at University of South Alabama, Mobile, Alabama
36688, USA
¥ Also with Universitd di Sassari, Sassari, Italy
[1] H.-Y. Cheng and J. G. Smith, Ann. Rev. Nucl. Part. Sci.
59, 215 (2009).
[2] M. Beneke and M. Neubert, Nucl. Phys. B 651, 225
(2003).
3] X. Liu et al., Phys. Rev. D 73, 074002 (2006);
A. G. Akeroyd, C. H. Chen, and C. Q. Geng, Phys. Rev.
D 75, 054003 (2007).
[4] M. Beneke and M. Neubert, Nucl. Phys. B 675, 333
(2003).

[6] W. Wang, Y. M. Wang, D. S. Yang, and C. D. Lu, Phys.
Rev. D 78, 034011 (2008).

[6] C.-W. Chiang and Y.-F. Zhou, JHEP 03, 055 (2009).

[7] BABAR Collaboration, B. Aubert et al., Phys. Rev. Lett.
98, 051802 (2007).

[8] Belle Collaboration, J. Schiimann et al., Phys. Rev. D 75,
092002 (2007).

[9] X. Liu, Z. Q. Zhang and Z. J. Xiao, larXiv:0904.1955
[hep-ph] (2009).

[10] J. H. Munoz and N. Quintero, J. Phys. G36, 095004
(2009).

[11] BABAR Collaboration, B. Aubert et al., Phys. Rev. D 79,
052005 (2009).

[12] BABAR Collaboration, B. Aubert et al., Nucl. Instrum.
Methods Phys. Res., Sect. A 479, 1 (2002).

[13] The mass and width of the f,(980) are from the Breit-
Wigner parameters obtained by the E791 Collaboration,
E. M. Aitala et al., Phys. Rev. Lett. 86, 765 (2001).

[14] Particle Data Group, C. Amsler et al., Phys. Lett. B 667,
1 (2008).

[15] S. Brandt et al., Phys. Rev. Lett. 12, 57 (1964); E. Farhi,
Phys. Rev. Lett. 39, 1587 (1977).

[16] BABAR Collaboration, B. Aubert et al., Phys. Rev. Lett.
99, 171803 (2007).

[17] K. S. Cranmer, Comput. Phys. Commun. 136, 198
(2001).

[18] The BABAR detector Monte Carlo simulation is based
on GEANT4, S. Agostinelli et al., Nucl. Instrum. Meth-
ods Phys. Res., Sect. A 506, 250 (2003) and EvtGen,
D. J. Lange, Nucl. Instrum. Methods Phys. Res., Sect.
A 462, 152 (2001).

[19] LASS Collaboration, D. Aston et al., Nucl. Phys. B 296,
493 (1988).

[20] BABAR Collaboration, B. Aubert et al., Phys. Rev. D 72,
072003 (2005); 74, 099903(E) (2006).

[21] ARGUS Collaboration, H. Albrecht et al., Phys. Lett.
B 241, 278 (1990).


http://arxiv.org/abs/0904.1955

	 References

