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ABSTRACT
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surements use all or part of a data sample of about 88 miliett) —
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1 Introduction

Measuremenig# = bIEERIHLELALVIAELIAN of rare B meson branching fractions have
been performed using thBABAR'™ detector. B decays in which CKM favored am-
plitudes are suppressed or forbidden are sensitive to preaguplitudes and hence to
possible non-Standard Model effects arising from new glagiparticipating in internal
loops. In addition to probes for new physics, many of thesdesare also crucial to the
full constraint of the “Unitarity Triangle”. As the defindn implies, rare decays typi-
cally have branching fractions of less th&ir*. The present data sample of roughly
88 million BB pairs allows for measurements or stringent limits on mamysnodes.

1.1 Flavor and the Quark Sector of the Standard M odel

The complex CKN® matrix describes the coupling of the charged weak tramsitio
W**¢, which is proportional td/*,. The non-diagonality of this matrix expresses
the fact that the Weak isospin doublet memb@fss’, d’) are states of mixed flavor.
We can thus view the CKM matrix as the transformation betwbermass and flavor
eigenstates of the quarks

d/ vud Vus Vub d
s | = Vea Ves Ve s |- (1)
v Via Vis Va b

The unitarity condition implies that there are four freegmaeters in this matrix, one
of which is a phase. It is through this phase that the Standaitkl can accommodate
CP violation. In particular, the orthogonality requirerhéetween the first and third
columns requires

VauaVigy + VeaVigy + ViaVyy = 0, (2)

which can be expressed geometrically as the so called “tikgitériangle” shown in
Figure[l. Information about each side and angle is accesildugh a variety of mea-
surements in the B meson system. The angles are measuredhhirme-dependent
decay rate asymmetries, and the sides via direct or indineaisurements of the CKM
matrix elements. Measurement of all the components of thieatity Triangle over-
constrains the triangle, and thus provides a test of thed&tdriModel (SM).
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Fig. 1. The Unitarity Triangle determined from the orthoglity of the first and third
columns of the CKM matrix. Also shown are B meson processashwjield informa-
tion about each side and angle.

2 The BABAR Detector

A detailed description of thBABAR detector can be found elsewhéfeCharged parti-
cle momenta are measured in a tracking system that conssts-tayer double-sided
silicon micro-strip vertex tracker (SVT) and a 40-layerfdahamber (DCH) filled
with an (80:20) mixture of helium and isobutane. The tragkiolume is contained
within a 1.5T solenoidal magnetic field. The combined trackmantum resolution is
opr/pr = 0.13% X pr + 0.45%. The primary charged hadron identifiation device is
a detector of internally reflected Cerenkov radiation (D)RIhe typical separation of
kaons and pions due to their measured Cerenkov ahglaries from & at 2 GeV/c
to 2.5 at 4 GeV/c, wherer is the averagé. resolution. Specific ionization energy
loss (dE/dx) measurements in the DCH and SVT also contritsutsharged hadron
identification for particle momenta less than 0.7 GeV/c. tBhe are detected in an
electromagnetic calorimeter (EMC) consisting of 6580 Tihal doped Csl crystals
arranged in barrel and forward end-cap sub-detectors. 7¥hmass resolution in on
average about 7 MeVicMuons and long-lived neutral hadrons are detected witien t
instrumentation of the solenoid flux return (IFR) which astsof alternating layers of
iron and resistive plate chambers.



3 Common Analysis Features

3.1 Datasample

The analyses described here use all or part of a data samaistog of approximately

88 million pairs ofY' (45) — BB decays, corresponding to a detector exposure of about
81 fb~!. An additional sample of 9.6 fii taken about 40 MeV below the peak of the
T(4S5) resonance (“off-resonance”) is used by many analyses ty stte™ — ¢q
“continuum” backgrounds.

3.2 B Meson Reconstruction

B mesons produced froffi(45) decays are identified via their unique kinematics. Be-
cause the mass of thB meson pair is nearly that of tH&(4S), they are produced
nearly at rest)j; ~ 325MeV/c). Use of the beam energy in constraining the kinemat-
ics serves to reduce the resolution of theses variables.

The conservation of energy can be expressed as:

AE=F;—-Ep, .. (3)

where £}, ., is the single beam energy in the center-of-mass (CM) frafig.is the
measured energy of the candidate in the CM. Correctly reconstructBccandidates
have AFE distributed around zero with a resolution ranging from 18@oMeV. The
energy resolution of thé3 decay products dominates the resolution of this variable.
Continuum background in this variable is well described byaotonically decreasing
low order polynomial.. Figure 2 shows theF distribution for a typical rare mode after
all selection criteria have been applied (except thaf\dr).

We express momentum conservation as:

mgs = EI;kezam - ﬁﬁg (4)

Herempgg is the “beam-energy substituted mass”, withthe B-candidate momentum

in the CM. Correctly reconstructed candidates have: s equal to theB meson mass,
with a resolution of about 2.6 MeVAcwhich is dominated by the beam energy spread.
The continuum background shaperin.g is parameterized by a threshold functidn
with a fixed endpoint given by the average beam energy. Fi@wkows theM g
distribution for a typical rare mode after all other selentcriteria have been applied.
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Fig. 2. AF distribution for charged decays to three charged kaons. All candidate se-
lection criteria have been applied except that\afi. The solid line shows the expected
continuum background level.

In addition to the kinematics of thB meson, signal events are selected by mak-
ing requirements on the decay producis.daughter resonances are required to have
invariant masses within a restricted range typically deiteed by resolution and the
need to leave sufficient sideband to determine backgrowmdsle Particle identifica-
tion requirements are made to select some particles andgwatoes of background.

3.3 Background Suppression

All rare analyses suffer from substantial backgrounds,amdriety of techniques are
employed to reduce this to manageable levels. In generakgbaunds from otheB
decays are small. Decays resulting from CKM favobeé c transitions have heavier
daughters and higher multiplicity final states than do CKidmessed decays. In order
to wrongly reconstruct such a decay as a rare signal, onetypisally lose a particle
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Fig. 3. mgg distribution for charged3 decays to three charged kaons. All candidate
selection criteria have been applied except thatgsy. The solid line shows the ex-
pected continuum background level.

from the trueB decay, resulting is a substantial shift in the candidate’s The only
exception to this is for rare modes with high final state nplittities, in which indi-
cations of some background have been observed. Whitkecays from other CKM
suppressed transitions have similar kinematics and nhigltips to that of a rare signal,
such modes are rare themselves, and require only limitgatesgion in most analyses.
Where B backgrounds are present, they typically populate the anlgb of theAE
distribution, but have tails that reach into the signaloegs illustrated in Figuid 4
For all the modes discussed here, the primary backgroungeisadrandom particle
combinations arising from continuum quark-antiquark prctébn. Although the prob-
ability for any given continuum event to satisfy a signalestibn is quite small, the
numbers favor the continuum. The total production crostiaeéor light quarks (in-
cluding charm) under th¥(45) is about 3.5 nb, but only 1 nb for th&(4.5) itself. For
a mode with an expected branching fraction of order®1iiis means that continuum
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Fig. 4. Typicalmgs vs AFE distribution after event selection. The signal populates t
region aroundngs = 5.280 andAE = 0. Continuum background populates the entire
plane.B background populates theF sideband.

events are produced at a rate well in excess 6tib@es that of the signal.

In order to control continuum backgrounds, one typicallyleits the fact that while
the B meson pairs are produced near threshold {nS) decays, the light quark pairs
which comprise the continuum are produced with a great deek@ess energy. The
result is that for trueB meson decays, the decay products entering the detector are
distributed isotropically in the CM, while the continuumdsground exhibits a “jet-
like” topology, with is a strong correlation between tBeeandidate decay and jet axes.

The first topological variable typically employed is the by between the thrust
axes of theB candidate and the remaining particles in the event. Thergtyeaxes
may be used almost interchangeably. The distributioja®®| is nearly uniform for
true B mesons, but is strongly peaked near 1 for continuum backgres is illustrated
in Figure[®. If additional background rejection is requirede may consider the re-
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Fig. 5. Signal and background distributiong@fsf,...;| for a typical B meson decay.
The signal distribution (solid histogram) is uniform, retien the random orientation
between theB candidate thrust axis and the thrust axis of the rest of teatevihe
background (open points) is strongly peaked at one due tsttbag correlation be-
tween these two axes in fa{e¢ candidates arising from random particle combinations
in the continuum.

maining event shape information, such as the angles bettheds thrust and decay
axes and the beam as well as the angular energy flow in the, @rghtombine it into
an optimized quantity using a neutral network or a Fishesrdisinant. An example of
the the separation power of a Fisher discriminant after astteut has been made can
be found in Figurél6.

3.4 Signal Extraction

All rare analyses aBABAR are performed “blind”, meaning that signal yields are hidde
from the analyzer until the analysis has been peer reviewddlatermined to be in a
final form. These steps are taken to avoid experimenters bia

There are two primary methods in which signal event yieléseatracted; the event
counting analysis, and the maximum likelihood fit. Detectéfficiencies determined
from signal Monte Carlo simulations and data control sasate used to convert yields
into branching fraction measurements.
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Fig. 6. Distribution of Fisher discriminant for data coritneode (solid points), control

mode signal Monte Carlo (solid histogram), continuum daget6 points) and contin-
uum Monte Carlo (dashed histogram) after a cut@B6ry,..;|- The Fisher and Thrust
angle are strongly correlated, thus the separation wileddstrongly on the thrust cut
made.

In the event counting analysis, a set of selection criteealafined to select a signal
region of the parameter space. The criteria are optimizédrespect to expected signal
and background yields to produce a measurement of the gtqadssible statistical
significance. Systematic uncertainties may figure intoghigess, but they are usually
negligible for rare modes. The selection are applied to #ta,cand the population of
signal region is counted. An estimated background is sotattito determine the signal
event yield. The background yield is typically determingdieasuring the density of
events in a sideband region and projecting that densitytih@signal region.

In the maximum likelihood fit method signal yields are detier@ad by an unbinned
extended maximum likelihood fit to a set of observables. &hggically includem g,
AFE, event shape variables and, where appropri&talaughter resonance invariant
masses and particle identification information. The pralbP;(z;; @;) for a given
hypothesis is the product of probability density functions (PDFs) fack of the vari-
ables?; = (mgs, AE, Fisher, ...) given the set of parameteds. The hypothesesare
signal, continuum background (and sometiniebackground) for each final state in
the fit. The likelihood function is given by a product over ellents/N and the signal



and background components:
e ZL i

N
' j=1 )

Then, are the numbers of events for each hypothesis. The valubs gfdlds (and any
free parameters in the PDFs) are taken as those which maih@zikelihood function.
Unit change in—2InL defines the one standard deviation statistical uncergsiot the
free parameters in the fit. The statistical significance efdignal yield is determined
from the change is-2inL when the signal yield is forced to zero. If no statistically
significant signal is found (more than 4 standard deviajion®0% confidence level
upper limit may be obtained by requiring:

Jo'v L(n)dn

Jo° L(n)dn
Full and toy Monte Carlo simulations are used to verify thatfit is unbiased.

The accuracy with which the PDFs describe the data is of utimgmortance in the
likelihood fit. Background PDFs are determined by fits torefonance and sideband
data. Signal PDFs are determined primarily from signal Mddarlo simulations, but
ultimately rely on data control samples to determine thalichty.

= 0.9. (6)

4 Electromagnetic Penguins

Electromagnetic penguins consist of the class of amplgire/hich an external photon

is emitted by one of the virtual particles participatinghie toop through which the —

s(d) transition proceeds. This is illustrated in Figlife 7. Suidgchms are relatively
clean from a theoretical perspective, and a variety of méttron can be gather from
measurements of decays dominated by these amplitudes ethgldl — K*~ was the
first penguin to be observed.Measurements of its branching fraction provides a test
of QCD, and direct CP violation in this mode would be an intaraof new physics.
The decay rate ratio aB — py to B — K*v is sensitive to the ratio qf%ﬂ. The
photon energy spectrum from measurementé ef s+ provides information on the
mass and Fermi motion of tlhequark within theB meson.

In the analysis of these modes, in each case there is a remritef a high energy
isolated photon. The calorimeter cluster is required tcehayprofile consistent with
an electromagnetic shower, and the candidate photon mubersmmnsistent with hav-
ing originated from ar or n decay. Further details and results of each analysis are
presented below.



Fig. 7. Feynman diagram for an electromagnetic penguin icunalgl.

4.1 Measurement of B — K*vy

The analysis ofB — K*+" has been performed on a data sample corresponding to
approximately 22 millionB5 pairs recorded in 1999-2000. THé*~ final state is
reconstructed in all four<* decay modes. Stringent identification requirements are
placed on charged kaons. Invariant mass requirementsarechbn both* and K3
candidates. Th&?? is also required to have a decay vertex displaced fronathe in-
teraction point. Since th8 meson is a pseudoscalar, angular momentum conservation
requires that thé{* is polarized. The absolute value of the cosine of Kiehelicity
angle is required to be less than 0.75. Continuum backgrausdppressed with cuts
on the absolute values of the cosines of the thrustfaficght angles, both of 0.80.

After cutting onAFE, the signal yield is determined from an unbinned maximum
likelihood fit to themgg distribution, shown for eacti* decay mode in FigurEl 8.
Branching fraction and direct CP asymmetry results are shinwable14

B(B® — K*0~) B(Bt — K*t) Acp
Theory?2232 7.543.0 7.543.0 |Acp| < 0.005
BABAR 4.2340.40+0.22 | 3.834+0.624+0.22 | —0.17 < Acp < 0.08
@90% CL

Table 1. Results of the branching fraction and direct asytryrenalysis ofB —
K*~. In each result, the first uncertainty is statistical, theosel systematic. Branching
fractions are in units of0=°.
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Fig. 8. Themgg distribution for B — K*v in each of theK* decay modes. All
selection criteria have been applied except for thatrgn,. The solid curve is the
combined signal and background PDF shape, the dashed iackground only.

4.2 Searchfor B — pyand B — wy

The analysis of they andw~ final statesis significantly more challenging than that of
K*~. The predicted branching fractions are about 50 times sm@an forK*~. Both
thep and thew have significantly more background under their peaks thas thwei ™,
and the rho is much broader. In addition to continuum baakgo these modes also
potentially suffer cross-feed background fratii~, otherb — s+ processes and from
B — pn°.

A neutral network containing information from event shafié,and flavor tagging
is used to control continuum background *~ feed-across is vetoed using particle
identification. After these selection criteria are appliged signal yield for each final
state is extracted using a unbinned maximum likelihood fittgy, AFE, and thep/w



invariant mass. Studies of genei3 Monte Carlo show that the expectétiback-
ground is quite small, so the fit includes components onlysfgnal and continuum
background. Background from decays is considered as a systematic uncertainty.

The results of this analysis applied to a sample of 84 milli pairs can be found
in tablel2. If isospin symmetry is assumed, all three modedeaombined to produce
an upper limit ofB(B — py) < 1.9 x 1075 @ 90% CL. This result can be used to
place on upper limit on CKM paramete\r%f\ < 0.036 @ 90% CL. A discussion of
theoretical errors can be found in Ali and Parkhomoiiko.

B(B® — p%y) | B(B* — p*q) | B(B° — w9)
Theory* 0.5—-0.75 0.8—-1.5 0.5—0.75
BABAR <14 <23 < 1.2

Table 2. Results of the branching fraction analysisBof— py andw~. Branching
ratios are in units of0=¢. Upper limits are at 90% CL.

4.3 Semi-Inclusive Measurement of b — s+

This analysid of 22 million BB pairs is a study of a collection of exclusive final states
with a kaon plus up to four pions, no more than one of which mapdutral. Because
b — svis atwo-body decay process, the photon endfgin the B rest frame is related
to the recoil hadronic mass/..4:
M%2;\4 M?—md_ 7)
B

Fits to the measured spectra of both of these quantitiesecasdal to determine the total
branching ratio forB — X,v.%* In addition to constraining new physics contributions
to the underlying amplitude, parameters associated wiinhquark effective theory
(HQET) are also extracted in the analysis. These paramatersritical to reducing
theory errors in the extraction &f,;, andV/,,.

Measured branching fractions as a functiomdf,, and £, can be found in Fig-
ure[®. Analysis of these spectra yield results:

E, =

A = 0.37+0.09(stat) £ 0.07(syst) & 0.10(model) GeV /c?
my = 4.79 £ 0.08(stat) + 0.10(syst) & 0.10(model) GeV /c?
A = —0.247092 (stat) + 0.02(syst) T35 (model) GeV /c?
B(b— sy) = 4.3+0.5(stat) + 0.8(syst) & 1.3(model) x 107*. (8)
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Fig. 9. Hadronic recoil mass and photon energy spectra éosémi-inclusive analysis
of b — sv. Errors are statistical only.

4.4 Fully-Inclusive Measurement of b — s~

Much of the uncertainty in the semi-inclusive— s+ analysis arises from theoretical
errors. HQET implies a duality between the quark and hadzwel lof an interaction,
which implies that parton level rate for — sv is the same as the inclusive rate for
B — X,v. These two issues motivate the fully inclusive analysibmégue.

This analysi4 is performed on a sample of 60 milliaB3 pairs. Photons in the
rangel.5 < E¥ < 3.5 GeV are analyzed. These photons are also required to meet
the selection criteria described above. To suppress aantirbackground the event is
required to have a lepton flavor tag which strongly selects B5 decays. Such a se-
lection induces no model dependency into the analysis asyitapplies to the “other”
B in the decay. In addition to particle identification critgrfake leptons are further re-
jected by requiring large missing energy in the event, wigstormally associated with
semi-leptonid — c¢ transitions. To obtain additional discrimination, the alag sep-
aration between the lepton and the photon is required nog &niall. Event topology
in the form of the Fox-Wolfram moments in also employed tauebackground from
the continuum. Backgrounds are estimated using off-resmnadata and3 3 Monte
Carlo.

The £, spectra for on-resonance data and the predicted backgeyerghown in
Figure[ID. The photon energy ran@d < £ < 2.7 GeV is considered to reduce
model dependencies. The branching fractionBor~ X~ is measured in this region
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tations for the fully inclusive analysis @ — X,~. Errors are statistical only.

and then extrapolated to the full spectrum:

B(B — X,v) = 3.88 £ 0.36(stat) + 0.37(syst) T0-5s(model) x 107%. (9)

5 Electroweak Penguins

As the name suggests, Electroweak penguins are amplithdeproceed via loops
involving photons,IW or Z bosons. Such processes are strongly suppressed in the
Standard Model, and as such, are excellent windows ontmt@ew physics. Well
controlled theoretical uncertainties aid in this sengitiv\We discuss the analysis of
four such final states heré ) ¢+¢~ 5 ¢+¢- 8 Kyp @ andy~ B

5.1 Measurement of B — K¢ty

The flavor-changing neutral current decays— K(¢*¢~ and B — K*(*{~ have
predicted branching fractions on the ord€r® — 10-"?% The leading diagrams for
this decay are electroweak penguin and box diagrams, andectound in Figuré&1.

The decay rate foB — K¢+ ¢~ is rather sensitive to the presence of new physics.
In particular, certain extensions to the SM can vary thelrgt@ore than a factor of two.
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Fig. 11. Leading Electroweak penguin and box diagrams fdtétayB — K™ ¢+¢~.

In addition to the decay rate, kinematic distributions asd@e with higher statistics,
such as the bosay? distribution ¢n2,) and the forward-backward asymmetry in thie
channel are of considerable interest as they are also qngtive to non-SM physics,
and are less model dependent than the overall rate.

The experimental challenge in this analysis is to contreMrious sources of back-
ground. Background fron8 — charmonium decays which have the same final state
particles are control by vetoing regions in thé& vsm,, plane. Continuum background
is reduced using a Fisher discriminant which in addition\terg shape information
includes information on th& ¢ invariant mass, which serves to veito— K/v. Com-
binatorics from semi-leptoni decays are rejected using a B-likelihood built from the
missing energy in the event, vertex information, and thproduction angle. Finally,
peaking backgrounds from particle mis-identification aduced by vetoing th& )z
mass in the region of th® mass.

After background rejection and particle identificatiorteria are applied, the signal
is extracted with a likelihood fit tanzs and AE. The results of this analysis on a
sample of 88.4MB B pairs are:

B(B — K{t07) = (0.7810:3 (stat) 1015 (syst)) x 107° (10)
with a significance (including systematics)ofo, and
B(B — K*T(7) = (1.6870:%8 (stat) 4 0.28(syst)) x 107° (11)

with a significance o£.80. Since thek™ result is not significant, we report a 90% CL
upper limit:
B(B — K*(t(7) < 3.0 x 107°. (12)

Combined projections of.ps andAE are shown in Figure12.
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5.2 Search for BY — ¢t¢~

The decay of aB meson to a pair of leptons is highly suppressed within the M b
factors resulting from CKM, internal quark annihilationdamelicity. Leading diagrams
are shown in FigurEZ13. Within the SM, predicted branchiagtions arel.9 x 10~1°
and8.0 x 10~ for theete~ and ™~ channels respectively. The ex channel is
forbidden by lepton number conservation. New physics cgnifstantly alter these
predictions®®

In this analysis, the primary sources of background are fiegthlepton production
from continuumee decays, pions which are mis-identified as muons, and twoophot
processes. Continuum background is suppressed usingrtre thagnitude, and the
angle between the thrust axes of tBeandidate and the rest of the event. A track mul-
tiplicity cut serves to reject two photon processes. Thaaigs selected by requiring
two high momentum leptons of opposite charge and good verfexmation. Particle
identification requirements for both leptons are made. Tgreesyield is determined by



Fig. 13. Leading diagrams for the decBy— (/™.

counting events in a signal regionafzs andA E, and subtracting an estimated back-
ground determined from the scaled population ofithgy vs AE plane. The results of
this analysis applied to a sample of approximately 60 nrillid3 pairs are presented
in Table[3.

Nase | NsigBos Npa 90% CL Upper Limit
B(B® —ete™) | 25 1 0.60 + 0.24 3.3 x 1077
B(B® — utu~) | 26 0 0.49 £ 0.19 2.7 x 1077
B(B® — utu~) | 26 0 0.49 £ 0.19 2.7 x 1077

Table 3. Results of the search fBr — ¢*/~. Nggp is the population of thengg vs

AFE sideband andVg;, 5., the population of the signal region after all selectionesté
have been appliedVz is the expected background in the signal region based on the
sideband population.

53 Searchfor BT — Ktvp

Within the SM, the decay — svv is a pure electroweak flavor changing neutral cur-
rent. The final state is nearly free of strong interactioneutanties, and hence the
theoretical errors associated with this decay are smallilé/te inclusive analysis is
not currently feasible, it is possible to search for the esisle decayBt — Ktuo.



Summing over all neutrino species, the SM prediction fog tranching fractioit' is
B(B*Y — Ktwp) = 3.8752 x 107°. (13)

The presence of two neutrinos in the final state makes thigsisdifficult, as there
are no kinematic constraints which may be applied to thesignInstead, the strategy
is to fully reconstruct the othe from theY'(4.5) decay, and compare the remaining
particles in the event with the signature expected from itpead. The “tag’B is re-
quired to be fully reconstructed as either — D ~v or B~ — D*%/~. TheD' is
reconstructed in th& —#+, K—#nt7~ 7+ and K~ 7 7% modes, which results in a total
of about 0.5% of all charge®s being reconstructed as tags. To select signal events,
a high momentum charged kaon is required in the recoil ofaggedB. Additional
requirements are made on the neutral energy in the recoarige angle between the
kaon and the tag side lepton.
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Fig. 14. Distribution of K v candidates in the plane defined by the electromagnetic
energy not from the ta@, ;. ;, and the resolution scaled difference between the mea-
sured and mean measurBdmass. The signal region is the bounded area at the left of
the plot.



Events are counted in a signal region in the plane defined éeléctromagnetic
energy in the tags recoil, and the difference between the reconstructed araah rfiibe d
D mass, scaled by the fittdd mass resolution. The expected background, determined
by scaling the sideband population into the signal regi®subtracted from the signal
region population to determine the signal yield. This igsttated in Figur€Z4. In a
sample of 60 millionB5 pairs, the expected background in the signal region is 2.2
events, and there are two events observed. The 90% confiimetepper limit on the
branching fraction, including systematics, is

B(BT — KTvi) < 9.4 x 107°. (14)

5.4 Search for B? — v

The decayB’ — v is an example of electroweak annihilation. The SM expemtati
for this decay is small, with predictions ranging from 0.2t® x 10-85¥ As with the
other modes discussed in this section, physics beyond theag®Mesult in significant
enhancements to this rate.

In this analysis, selection criteria are placed on the ratithe 2nd to Oth Fox-
Wolfram moments, the cosine of the angle between one of tbeopk (chosen at ran-
dom) and the thrust axis of the rest of the event, andipeoduction angle to suppress
continuum background. Selected photons are required r tmnsistent with having
come from arx® or n decay. The signal yield is determined by counting events in a
signal region of the plane defined byzs and A E, and subtracting the expected back-
ground determined by scaling the the sideband populationtive signal region. The
result for a sample of 22 milliol B pairs is

B(B® — vy) < 1.7 x 1079, (15)

at the 90% confidence level, including systematic unceresn

6 Gluonic Penguins (Charmless Hadronic B Decays)

Charmless hadroniB decays proceed through a combination of CKM suppressed tree
(b — wu) and gluonic penguinb(— d, s) amplitudes. There are about 70 possible com-
binations of two-body decays in the lowest pseudoscalarvantbr nonets. These may

be further broken into two groups; two-body decays in whicthkB daughters are



kaons or pions, and quasi-two-body decays in which at leasbbtheB daughters is

a short-lived resonance. The two-body modes can be anafgréuformation on the

CP phases: and~, and have been found to have significant penguin contribsitio
addition to CKM allowed tree amplitudes. Several of the gas-body modes are
sensitive to the CP phage In addition to yielding information about the UnitarityiTr
angle, decays in which penguin amplitudes are dominantearsits/e to new physics.
Our study of three-bodys decays has thus far been limited to combinations of three
charged kaons or pions.

All of these modes share some common features. The primangcesaf back-
ground is random particle combinations in the continuurincalgh modes with large
final state multiplicities or significant neutral energy nmeyffer from non-negligible
BB backgrounds. All the final states are ultimately composet#iigh momentum
kaons and pions, so the ability to distinguish been thesiceat high momentum is
crucial.

6.1 Two-Body Decays

Two body B decays to kaons and pions are sensitive to the amgi€the Unitarity
Triangle through the time-dependent CP violating asymyriatthe decayB — w7~

and to the the angle through branching fractions and direct CP-violating asyatrias

of decays to varioug7 and K« final states. Because there are substantial penguin
amplitudes which contribute to the" 7~ final state in addition to the tree amplitude,
the time-dependent asymmetry in that mode does not direatlysurex. An isospin
analysis of the rates for all thB — 77 decays is required to fully unfold the effects
of the penguin contributions and determine the relatignbetween what is measured
from then* 7~ analysis {.rs) anda. Interference between penguin and tree ampli-
tudes may also lead to substantial direct (time-indepef@hasymmetries in th& =
final states.

In each mode, the signal is extracted using an unbinned @sxtemaximum likeli-
hood fit, using thenzs, AE, a Fisher discriminant, and where appropriate, Cerenkov
angle residuals. Groups of related decays are fit simultesigo For example, the
7tr~, KT~ and K" K~ yields are determined from a single fit. In these cases,
and the Cerenkov angle residuals separate the signal nmogegséch other. Branching
fraction results for all two-body modes based on a sampléahBlion BS pairs can
be found in Tabl&l4.



Decay Nsignai B x 1076 Acp
B - gtg= | 157+£19 | 4.7+£0.6+0.2
BY — K*n% | 589430 | 1794+ 0.9+ 0.7 | —0.102 & 0.050 £ 0.016
B - KTK~ 1+£8 < 0.6
Bt - 7ntn% [ 125+£22 | 554+ 1.0+0.6 —0.03 £0.18 &= 0.02
Bt — Kt7n0 | 2394+22 | 128 +1.2+1.0 —0.09 £0.09 £ 0.01
Bt — K20 | 86+13 | 104+1.54+0.8 0.03 +0.36 = 0.09

BY — 7070 23+ 10 < 3.6
Bt — KOzt [ 172+ 17 | 175+ 1.8+ 1.3 —0.17+£0.10 & 0.02
Bt — KK+ < 10 1.3

Table 4. Results of two-body branching fraction analy8€3™*“ The °#° result has
a statistical significance df.50. The results fork%z* and K° K" are based on 60
million BB pairs. Upper limits are at the 90% confidence level.

Despite no central measurement of tHer® final state, it is still possible to place
limits on the relationship between the measured parameteand the Unitarity Trian-
gle parametes. Using the bound of Grossman and Qu#hand our measured values,
we set an upper limit ofvs; — | < 51° at 90% CL.

6.2 Quasi-Two-Body Decays

Quasi-two-body decays proceed through resonant inteateediates. The analysis
of such modes is very similar to true two-body decays, butetlaee additional vari-

ables that provide separation between the signal and bawwkdy such as the reso-
nance invariant mass and polarization (if the final statepseudoscaler-vector com-
bination). We present the analyses of three groups of relguasi-two-body decays;
B — gﬁK(*),H B — ol gndB — n(/)K(*)'m

621 B — ¢K®

The decayp — s35s is CKM forbidden, thus the decap — ¢K™ is a nearly pure
gluonic penguin, as shown in Figurel 15. New physics mightamby manifest itself

as a deviation from the SM prediction for the decay rate, lmdesthe mode> K3 is

the strange analog td/+1) K2, the CP phase one measures in a time-dependent analysis
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Fig. 15. Leading diagram for the dec&y— ¢ K ).

could be altered from it's SM value ¢f.

The signal yield in each of these modes is determined fronxnded unbinned
maximum likelihood fit tom s, AE, a Fisher discriminant and the( K™ K~) invari-
ant mass. Forthe K2, o K+ and¢r final states, the polarization is included in the
fit, as is the Cerenkov angle residual for the charged st&testhep K™ final states,
the K* invariant mass is included in the fit. Significant signals @served for both
charged and neutrd decays tak” and K* final states. The results of this analysis on
a sample of 60 milliom3 B pairs are

B(BT — ¢K*) = (92+£1.0£08)x107°
B(Bt — ¢K° = (9.7717140.9) x 107°
B(BT — ¢K*") = (9.77324+1.7)x 107°
B(BT — ¢K*) = (871354 1.1)x107°
B(BT — ¢rt) < 0.56 x 107° @ 90% CL. (16)

A stringent limit is also placed on the decBy — ¢=™, which is both CKM and color
suppressed.

6.22 B —wh(h=K,n)

B decays involving an omega and either a kaon or a pion pro¢teedgh a mixture of
CKM suppressed — u tree and CKM forbidden — d, s penguin amplitudes. The
analysis method is identical to that described#f&i*). The results in Tabl@5 are based
on a sample of 22 millioB B, except for thev K analysis, which was performed on
a sample of 60 milliom3 B pairs, and is a first observation.



Final State| Ngigna | S(o) | Bx107°
wK+ 6.475% | 1.3 <4
wK?° 26.6777 | 6.6 | 5971 +£0.9
wrt 27.613% | 4.9 |6.6*1,40.7

wn? —0.9%59 - <3

Table 5. Results of the branching fraction analysisBof— wh. S is the statistic
significance of the result. Upper limits are at the 90% comiiddevel.

6.2.3 B — nK®

B decays ton andn’ with a kaon orK* proceed predominantly through penguins,
although there is some — u tree contribution as well. The decays — n'K and
B — nK* were the first gluonic penguins to be observédnd the rates are much
larger than initially expected. The best present conjectus that the tree and penguin
amplitudes interfere in such a way as to enhayiéé andn K™* but suppresg’ K* and
nK. Because of it's relatively large rate and nearly pure pengantent,B — ' K3
is also of considerable interest for measurements of tiepeddent CP asymmetries,
which within the SM should probe the angle

Signals for these modes are extracted as described abouedod ¢. The ' is
reconstructed in two decay chaing(yy)r*7~ and p’y. Then is reconstructed as
n — vy andn — 7wt7~ 7. The results of these analyses are displayed in Table 6. The
data samples used for thendr’ analyses are 22 and 60 millidh3 pairs respectively.

Final State]  Ngigna B x107°

nK+t | 445+26 | 67+5+5
n'K° 135+15 | 46+6+4

7K | 52434 <13
nK* | 129+57 <6.4
nrt 8.0+5.9 < 5.2
nKY | 57433 <12

nK* 1205+63| 198782 +1.5
nK*t | 14.34+6.6 | 22.1705 + 3.2

Table 6. Results of the branching fraction analyses ef- n) K. Upper limits are
at the 90% confidence level.



6.3 Three-Body Decays

We describe here the analysisBf — hth~h* ™ whereh is either a charged kaon
or pion. An event counting analysis is performed over thé tlulee particle dalitz
plot. All final states are measured simultaneously, andldatbto obtain branching
fractions for each combination. Continuum background ppsessed using the thrust
angle and a Fisher discriminant. In addition to continuucklgeound, the open nature
of the dalitz plot also admits background in some regionmfi®ét — J/¥ K+ and
Bt — Dnt/DK™. These regions of the dalitz plot are vetoed. Charged partic
identification is crucial to this analysis, and along witadking, is the primary source
of systematic uncertainty. Figufel16 shows the dalitz dlmts3+ — K+ K- K+ and
Bt — K*n~7t. Results of this analysis on a sample of 56 milliB& pairs are

B(B* — nfnFr%) < 15x107% @ 90% CL
B(B* — K*nTn%) = (59.24 4.7(stat) &+ 4.9(sys)) x 107°
B(B* - K*K¥r%) < 7x107°@90% CL
B(B* — K*KTK*) = (34.7+2.0(stat) &+ 1.8(sys)) x 107°. (17)
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Fig. 16. Unbinned dalitz plots fokK "7~ =" (left) and K+ K~ K (right) for events in
the signal region. No efficiency corrections have been aedgb the dalitz plots, and
the charm contributions have not been removed.



7 Conclusion and Outlook

We have presented a number of results for iammeson decays using all or part of a
sample of approximately 88 millioB B pairs collected by thBABAR detector. Updates
of many of these analyses to the full data set are in progfHsese results represent
only a part of the spectrum of possible measurements of egayd. The larger data
sets that will be available in the coming years will allow asniore fully exploit rare
decays to test the self consistency of the flavor sector otardard Model, and will
perhaps offer the first glimpse of new physics which lies Ibelyo
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