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Abstract

The rare decay — /"¢~ is the simplest manifestation oba— d¢*¢~ flavor-changing neutral
current (FCNC) process. This type of process only proceaasih penguin loop or box dia-
grams and is sensitive to physics at the electroweak sd¢alan lbe used to constrain parameters
of the Standard Model and its extensiorfs.— 7¢*/~ events have not yet been observed; the
branching fraction is expected to be an order of magnituddlsnthan the measured branching
fraction for the similarB — K¢/~ decay.

Using 230 millionB B meson pairs collected with th#BAr detector, we have done a search
for the rare decayy — n/*¢~. The data was produceddrie™ collision at thel’(45) resonance
in the PEP-II collider between 1999 and 2004. Four exclusivaeson decay modes have been
reconstructedB* — 7 7/*¢~ andB° — 7% "¢, where/* ¢~ is either an electron paie{e™)
or a muon pair 4*r~). We find no evidence for a signal, and we obtain upper limitsre
branching fractiond3. Assuming the isospin relatiof(B* — 7 (*t{~) = 2 x %B(BO —
7%¢*¢~), we obtain an upper limit at 90% confidence level on the théolefiavor—averaged
branching fraction oB — 7/*¢~ to be

B(B — mlt7) <9.5x%x 107" at 90% C.L.

We have also reconstructed two control modies — 7te* ™ and B — 7%* T, and we
also obtain an upper limit at 90% confidence level on the lejif@/or—violating decayy — meu
of

B(B — mep) < 9.2 x 1078 at 90% C.L.

This is the first search for these rare decays at the cuBrdractory experiments. This limit
is an improvement by four orders of magnitude with respe¢h&the previous experimental
limit, and about a factor three above Standard Model prextist
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Preface

During the first half of the twentieth century, the theoriésgoantum mechanics and special
relativity revolutionized our understanding of physicygming the very small and very fast.
Through the latter half of the twentieth century, the Stadddodel [1-4] for particle physics
grew out of these theories and from discoveries made ingb&udollision experiments.

Quantum Electrodynamics (QED) [1] was developed in the K)4hd was the first such
guantum field theory to interpret light as a quantized plar{ithe photon) being a field excitation
of the electromagnetic field. It combines quantum mechaacsspecial relativity, and was a
success in explaining all the observed effects of atomisigsy

QED became a prototype of a local gauge field theory [5], upbichvalso the quantum field
theory of strong interactions is modeled. The strong imtéva is responsible for keeping the
nucleons together in the nucleus of the atom. The early yhafdhe strong force, explained by
Yukawa interactions between the nucleons developed in [B3®odels the interaction between
the nucleons as a pion exchange. A yet different mechanisesonsible for the radioactive
decay of the nucleus; these are due to the weak force.

Particle collision experiments followed, from fixed-targexperiments from the 1950s
through the 1970s, where a heavy-nucleus material was boletbéy subatomic particles, usu-
ally protons, to sophisticated high-energy physics (HE@®eements with large linear or circular
accelerators and storage rings colliding nucleons orrelegiositron pairs. Through the years,
a zoo of new particles, “hadrons”, were discovered, mosheiit highly unstable elements that
decay into several other particles instantaneously. Sansesof order in this chaos was in-
troduced in the 1960’s with the quark model, which postddtat the nucleons and the other
hadrons which were observed in the high-energy experinoemtsist of quarks [7].

In the early 1970s, onto this background of quantum meckaarid special relativity and the
hadron classification scheme, the Standard Model deveioped consistent theory. A quantum
field theory for the strong nuclear interaction (Quantumddmdynamics, QCD) was developed
between 1960-1973 [3], and the weak nuclear interactionumiged with the electromagnetic

XVii
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interaction in 1973 into the Electroweak (EW) theory [2].iF binified EW theory predicted the
existence of the heawy® and1V* gauge bosons which were later discovered at the Super Proton
Synchrotron (SPS) [8] and studied in details at the LargetEia Positron collider (LEP) [9].

The Standard Model fits very well with all observed phenom@aréicle physics to date. Itis
successful in explaining how things happen, but not so mudty®. It is unlikely to be the final
theory, and leaves many questions unansweredg(gef0]). For example, it does not explain
why there are exactly three families of particles or why tharges are quantized, and the origin
of particle masses is not fully understood. The masses tfs@and quarks are believed to arise
from Yukawa interaction with the Higgs condensate [11],dutassociated Higgs boson has not
yet been seen experimentally. The Standard Model has afligasbitrary parameters [12] which
are determined from experiments, with 9 additional oneseifoaunt in the neutrino masses and
mixing matrix.

There are many extensions to the Standard Model. Of the nopstigr ones are SuperSym-
metric (SUSY) [13] models which successfully combine the3aid EW theories by describing
a symmetry relation between fermions (leptons and quarigasons (the “force-carrier” par-
ticles). SUSY can solve many of the unanswered questionssangood candidate for a unified
theory. However, its validity has not been established lyyexperimental results.

The BABAR experiment [14] was designed for high-precision measunesnef CP viola-
tion [15] which expresses the degree of asymmetry betwedienaand antimattelCP violation
occurs in the Standard Model through quark mixing, and hasdwy been measured in many
different B decay channels by botBaBArR and Belle [16]. ButCP violation and other measur-
able quantities may be altered by not-yet-discovered physhich is not accounted for by the
Standard Model. And the search for new physics will contiwitl increasing energies in HEP
experiments, the most imminent being the LHC experimentgdbout to come online in 2007.
In the meantime, rar& decays are sensitive to presence of new physics on a highssr snale
than that of thé quark, m. The physics discussed in this work is related to certaia daicays
of B-mesons, which due to their low rates and quantum loop strectonstitute precision tests
of the Standard Model as well as a testing ground for effet{zhgsics beyond the Standard
Model.

This thesis presents a search for one of these rare quantymprocesses in which B
meson decays via the weak force inta®&*¢~ final state. Chapter 1 explains in more details
what is known about these physics processes today, thestiwdiframework used for making
predictions, and what we can learn from measuring thess tyfecays. Chapter 2 describes the
detector and the accelerator facility which makes upBhB4r experiment, and which produces
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and collects thé3-meson data used here. In Chapter 3, the experimental tpesiwvhich are
typical for this experimental setup are described, and @nap presents the analysis, control
checks and results of the search for the rare radiativereleedk penguin decag — w/*(~.
Chapter 5 concludes with some thoughts on the results oftllgsis, and the outlook for further
studies of these decays. Appendix A describes the preparatid calibration of background
radiation sensors used for protectiBgBAr against stray radiation from the PEP-1I beams.
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Chapter 1
Theoretical and experimental motivation

Over the last couple of decades, a lot of attention has bexrséal on radiative and semileptonic
penguinB-decays. The interest stems from these decays’ role as aaitegting ground for
physics at the electroweak scale. These penguin decayslpmiaboratory for precision testing
of the Standard Model [1-3] and for potentially discoveraffgcts of new physicbeyondt.

Experimental data from weak-interaction processes rélabheutralZ’-current interactions
never change the quark flavor, while the chargjéd-current interactions always do. The flavor-
changing charged-current interaction can be understotatnms of left-handed (L) quark-fields
organized in weak isospin SU(2) doublets:

The primed quantities are linear combinations of the magsnstatesd, s andb) and relate to
these via the Cabibbo-Kobayashi-Maskawa (CKM) matrix [d&fjned by

dl Vud Vus Vub d
s’ = Vea Ves Ve S |- (1.2)
v Via Vis Va b

whereV;; express the coupling strength between the quark flavargl ;. The matrix is often
given in terms of the Wolfenstein parameterization [19] imieh the matrix elements are given
as expansions in the parameter |V,| ~ 0.23.

Even though flavor-changing neutral currents (FCNC) do moup at tree level, they are
allowed in higher-order processes, like penguin loop anddiagrams involving heavy virtual
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particles. Examples of such loop and box diagrams are shiovigure 1.1, which depicts the
electroweak decay of # meson at the quark level. The diagrams show the amplitudes co
tributing to the decayB — =/ ¢~ if the final-state meson includes tdequark, or the decay
B — K/(¢*¢ if the final-state meson includes theguark. These decays are the simplest mani-
festations of thé — d¢*¢~ andb — s{*¢~ transitions.

a) )
V,Z -
b W sd b
W
q q q q

Figure 1.1: Feynman diagrams of Standard Model FENE s/t ¢~ andb — d¢*¢~ transitions.
Diagram a) shows the electroweak penguin process involeitiger a virtual photon~() or a
virtual Z°, and diagram b) shows thi&* box diagram.

These transitions are usually calleatliative penguin processes since the first order contri-
butions come from what are normally radiative correctiama tiree diagram. The absence of
tree diagrams for these processes results in a suppresseliesto vertex factors, and additional
suppression is caused by the GIM mechanism [20]. The typeoafss which is the subject of
this analysis also goes under the nasemileptonigenguins, to specify the ¢/~ final state and
distinguish it from the more abundaint— sy andb — d~ processes.

Since these decays proceed via weakly-interacting pestislith virtual energies near the
electroweak scale, they provide a promising means to séareffects from new flavor-changing
interactions. Such effects are predicted in a wide varié¢tynodels, usually in the context of
b — s¢T¢~ [21-25]. Some of these imagined new processes are departdteh — s transition
in figure 1.2, where the loops shown involve a charged Hifgsboson or supersymmetric
particles (charginoy*) and up-type squarks.(¢, t), or gluino ) or neutralino ¢°) with down-
type squarksd, 3,1)). If there exists non-trivial flavor violation in the newt@ractionsp —
d¢+¢~ can also exhibit large observable effects, independerteoékperimental constraints on
b — slt¢~ [26,27]. Effects of physics beyond the Standard Model maystp in the decay
rates, they” dependence of the decay’ (= m2.,-), in the decay angles of these decays, or they
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Figure 1.2: Possible new-physics Feynman diagrams fob the s transition: a) A charged
Higgs loop, b) a chargino loop with up-type squarks, c) ghuim neutralino loops with down-
type squarks.

may show up as unexpecté® asymmetries [28, 29].

Even if new physics processes are not present in these debaysare still interesting as
a precision testing ground for the Standard Model at thetrel@eak scale. Their rates and
distributions are sensitive to the top quark mass and to Kid @atrix elements.

The first evidence of & — s penguin process was observed in 1993 by the CLEO collabora-
tion in a signal ofB — K*(892)~ decays [30], which are the simplést- sy processes. CLEO
was also the first to measure the inclusive: sy decay [31]. The Feynman diagram is similar
to the photon penguin in figure 1.1a with the photon being meahis case. Due to angular
momentum conservation, the external real photon is nowvalliofor a pseudoscalar meson final
state {r, K) and thus the simple$t— sy andb — d~ decays are th& — K*y andb — p~,
respectively, with vector meson&’{ andp) in the final states.

The decay rate fob — s¢* ¢~ is suppressed by another vertex coupling constant compared
tob — sv. These rare decays have three amplitudes contributingrelifly at different recoill
energies o2, ,- = ¢*), thus these decays have non-trivial kinematic propertieish can be
predicted and measured. As early as 1987 the CLEO and ARGI#borations were searching
for inclusive X,/ ¢~ decays [32—34], wher&, is a hadronic final state originating from tke
quark. These events were not observed until the large datplea of theB-Factories [35, 36]
became available.

We will return to the experimental status of these decays &iking a look at the theoretical
framework for understanding these processes.
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1.1 Effective Hamiltonians for FCNC processes

The simple electroweak amplitude for— s/*¢~ andb — d¢*¢~ depicted in figure 1.1 is
further modified by soft and hard gluon interactions betwieéial and final state quarks. Short-
distance QCD corrections are dominant (comparable in sizbe pure electroweak diagram)
and these can be reliably calculated using perturbatiooryhel' he long-distance QCD effects
play a sub-dominant role because of the large mass abtheeson. Since the decay involves a
single hadronic current, the non-perturbative QCD paramsatan be isolated and related to the
same parameters for other decays. The theoretical toalalpiused is the Operator Product
Expansion (OPE) [37] which separates short-distance Q@&atsffrom long-distance QCD ef-
fects. In this framework, the effective low-energy Hamiitan relevant to the partonic process
b — s¢T¢~ can be written as [23]:

(b — st70) = %jifxc:vabj{:ci O,(u) (1.3)

=1

whereGr = f( W) Is the Fermi coupling constant an¢tV;, are the CKM matrix elements
which dominate fob — s¢¢~1.

The operators); describe the effective vertices and include the long-ds#aQCD ef-
fects, whileC;(u) are the corresponding Wilson coefficients [37] that degcpbysics at short-
distances (high energy scale). Both the operators and tls®igoefficients depend on the scale
at which they are calculated. However, the resulting Hamién is scale independent.

The Wilson coefficients describing the short-distance Q@E&ces can be calculated pertur-
batively at some renormalization scaleusually in theMS scheme [38]. Their values are found
by a matching procedure between the effective theory antuth8tandard Model at a high en-
ergy scaleu ~ my,. At this energy scale, perturbation theory in the strongptiog o() is
valid due to the asymptotic freedom property of QCD, and ttaaybe expanded as follows [39]:

Ci() = €9y + =W ey 4 B o) 4 o) (L.4)

Evolution of the Wilson coefficients from the high-energylecdown to the low-energy scale
i = my, IS described by the Renormalization Group Equation (RG].[ In this process,
contributions fromi¥’* and other heavy fields are integrated out, or removed fronthbery
as dynamic degrees of freedom and instead contained in it tonditions of these Wil-

Due to the smallness df,;, V,", the terms withV, V., areV;,V,: are dominating. The terri, V. is further
removed from the equation using the unitarity of the CKM rixatV;, V% + Voo Vi + Vi Vi, = 0)
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son coefficients. At this low-energy scale, however, thesgmee of large logarithmic terms
as(p)In(my /mp) in the Wilson coefficient calculations spoils the validitiytbe usual pertur-
bation series. A Renormalization Group (RG) analysis [2@es for efficient calculation of
logarithmic terms to all orders of perturbation theory. he t’th order of RG improved pertur-
bation theory, the terms .
i) (a2
Kb
are summed to all orders df (k = 0,1,2,...). The leading order (LO) corresponds to
n = 0 in most cases. Thus, LO calculation corresponds to sumniirigealeading logarith-
mic terms of orden(a,(u)in(mw /my))k, while at next-to-leading order (NLO), all terms of
order o, (p1)[cvs (p)In(my /my)]* are summed in addition, and so on. For a detailed review of
the methods, see [28, 29]. The resulting Wilson coefficieleggsend ony, only via the ratio
n = os(pw)/os(ps)-

The Wilson coefficients play the role of coupling constantiha FCNC vertices (operators)
O;. In equation 1.3(; — Oq are four-quark operatore); is an electromagnetic dipole operator,
Og is a chromomagnetic operator, a@dd andO,, are the semileptonic operators. The operator
basis is defined ie.g.[41]. Forb — s¢T ¢~ processes); is the leading contribution of the pho-
ton penguin andy andO;, are the leading contributions of tlie/~ penguin and box diagram.
The operators mix under renormalization [41], thus theilega@rder operators receive some
contributions from the other operators as well. These tffae included in the effective Wilson
coefficientsCe™, CsT andCsf. Calculations ofC¢™, CST andC;y have now been performed up
to next-to-next-to-leading order (NNLO) [39, 42—45].

The decays involving — sy andb — d+ transitions are sensitive to the Wilson coefficient
C';. The decays involving — s¢*¢~ andb — d¢*¢~ transitions are in addition sensitive to the
Wilson coefficienty andC,.

The effective Hamiltonian for the — d¢* ¢~ transition is defined by the same operators and
the same Wilson coefficients that appear in equation 1.3héxd other CKM matrix elements
are involved. In this case, the couplings between the eatérandd quark to theu, ¢, and
t quark loops are such that we need to include two additiomadgen the Hamiltonian, and
Heg (b — dl(7) is given by [46]:

Her(b — dlT0™) = —%WZ}% {2321 Ci(1)Oi()
(1.5)
=M () [OF (1) — O1 ()] + Co(p)[O3 (1) — O2(p)]}}
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where\ = th’;—‘v/:: using the unitarity of the CKM matrix,e. Vi,V + Vi V) = =V V.

1.2 Theoretical predictions

Theoretical predictions of physical observables involaéglations of matrix elementg.g.
M = {(dlH0-|HE (b — dete)|b). Neglecting thed-quark mass, the QCD-corrected matrix
element for thé — d¢* /¢~ transition is given by [47]:

M = 552 ViV, {C5" du(1 = 15)b Dy +Cap (1= 7)b I35t
(1.6)
205" B dio,q" (1 + 75)b gwg} 7

whereg? is the invariant dilepton mass.

Inclusive decays® — X ("¢~ andB — X,(*¢~) are the simplest ones from a theoretical
standpoint. Here, heavy quark expansion (HQE) [48, 49]patars can be used, and make very
reliable predictions. The branching fraction of the ditaptiecays are calculated as a function of
§ = ¢*/m}, whereq is the four-momentum transfer by tii&/~ system, therefore® = m?,
is the dilepton mass squared, imthe most important contribution to the theoretical uteiaty
(total of ~ 15%) [23]. To avoid the large uncertainty duesa ., it has become customary to
normalize the branching fraction to experimentally meadér— cer branching fraction, thus
calculating
- Bipx.ery dI(B— X, 0H7)

['(B — X.ev) ds
The explicit expression for the semileptonic decay widts — X.er) can be found ire.g.[39].

From an experimental point-of-view, the inclusive decaysraore difficult to measure than
exclusive decays. Exclusive decays have well defined kitieatgroperties that can be used
to select the events and measure decay properties. Thwabnatedictions, on the other hand,
involve explicit matrix elements of the operators over nmestates. The matrix elements are
parameterized in terms of form factors, which are difficolicalculate precisely. These have
typically had an uncertainty of 20%-30%, although contohweork on improving techniques
and input parameters are bringing these uncertainties .down

The form factors of the transition involving the pseudoacahesong3 — 7 are defined in
terms of the matrix elements. The matrix element descrithegstandard weak — = current

~

B(B—»XSHZ*)(S

(1.7)
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is [50]:

—m

({02 [, bl Bps)) = {<pw tps)a— mq—q} () + {%q} () (18)

and the matrix element describing the— 7 penguin current is given by:

1

(m(pr)|doywq” (1 —v5)b| B(pp)) = {@ (= +1B)u — (ME—m2)q.} 7% 1), (1.9)

mpg -+ my

wherepg andp,. are theB- andr-meson momenta, = pg — p,, andmpg andm, are the meson
masses. The form factofs(¢?) and f, (¢*) are independent of the renormalization sgakince
uy,b is a physical current in contrast to the the penguin curdeptq” (1 — ;)b [50].

In semileptonic decays the physical rangeins 0 < ¢* < (mp — m, )% The form factors
f+ andf, are relevanttd@ — 7/v decays as well, whil¢; only matters for the penguin decays.
In this work, the signal model used for efficiency estimatises the form-factor predictions of
Ball & Zwicky [50]. This model is chosen because it includadiative corrections and the most
recent input parameters, and it calculates all the releBant 7 form factorsf7 (¢*) and £ (¢*)
andfZ(¢*). The calculations are done in the framework of light-conéd@@m rules [51], which
requires the final-state meson to haves> Aqcp, thus the calculations cover only the region
0 GeV?/ct < ¢* < 14 GeV!/ct. However, Ball & Zwicky have given a parameterization that
include the main features of the analytical properties effttnm factors and they extrapolate the
result to cover the full physical regidh< ¢*> < (mp — m,)? ~ 26.4 GeV?/c*. The uncertainty
due to this extrapolation is claimed to be approximately 3¥e total theoretical uncertainty at
zerog? is now as low ag0% to 13%.

For B — 7 decays, an alternative approach exists which is to cakeditain factors using
lattice QCD [52]. Lattice QCD expected to give the most pegiredictions in the long term,
however, currently onlyB — = form factors for the standard electroweak current have been
predicted. Lattice spacing constrains the calculationgto- 14 GeV?/¢?, thus lattice QCD
is complimentary to the the LCSR approach. ExtrapolatidisGSR calculations to highey?
values and lattice QCD calculations to lowgrvalues have shown good agreement [53].

1.3 Measurable quantities

To tests the Standard Model and search for effects of newigglgsyond it, requires observables
for which there are precise theoretical predictions that lba measured with a high precision
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experimentally.

1.3.1 Decay rates

Since the first observation of the — s penguin transition by CLEO-II in 1993, when the
branching fraction,5, was measured based on HO — K*(892)v events and found to be
(4.1+1.5+0.9) x 107°, precision measurements have been done both of this exeldscay
as well as the inclusive decdy — X,~v. The world average [54] toda(B — K*(892)v) =
(4.01 £ 0.20) x 1077, is based on measurementsB4BAR [55], Belle [56] and CLEO-II [57],
in agreement with the less precise NLO Standard Model ptied (see e.g. [58,59]).

Also the inclusive decay rate has been measurd8BiBgr [60,61], Belle [62,63] and CLEO-
Il [64, 65], and the current experimental average is [B6B — X,y) = (3.55 4+ 0.2675% +
0.03) x 10~* for E, > 1.6 GeV. A recent result [67] based on NNLO calculations estésat
B(B — Xyv) = (3.15+0.23) x 10~* for E, > 1.6 GeV. The uncertainties of the experimental
results and the new theoretical results are now of the sadez.oFhe central value of the NNLO
calculation is lower than earlier results from NLO calcidas (seee.g.[68]), and about o lower
than the experimental average.

The agreement between these measurements and theoratocdations of branching frac-
tions of b — sy transitions put constraints on new-physics parametergg@8 on the value
of the Wilson coefficient’<T, but the hint of discrepancy allows for new-physics proesss
b — s transitions [69].

Theb — s¢*(~ transition provide complimentary information, in parti@uon the Wilson
coefficientsC$T andCsH, and branching fraction predictions have been calculagetlifbatively
in QCD to NNLO [23F. The main theoretical uncertainties arise from interfeeanith charmo-
nium production in the tree-diagram decBy— X, J/¢(— £7(7).

The branching fraction of the exclusive dec#($3 — K(*(~) andB(B — K*(*(~) have
recently been measured BABAR [26] to be B(B — K/(T(~) = (0.34 4+ 0.07 4+ 0.02) x 107°
andB(B — K*(*(7) = (0.787012 £ 0.11) x 1079, where the first errors are statistical and the
last errors are systematic. These results are compatilieteéoretical calculations at NNLO
[23,70], which predicB(B — K(*¢~) = (0.354+0.12) x 1075, B(B — K*ete™) = (1.58 +
0.49) x 1075, andB(B — K*ptu~) = (1.19 £ 0.39) x 107%. The hadronic uncertainties in the

2Note that the lowest-order QCD correctionshites s¢* ¢~ starts atO(a; 1), as opposed to the decay— sy
where the lowest order corrections start(atn?). Hence, the NNLO accuracy iB — X /T¢~ amounts to
calculatingO(a,) corrections, while the NNLO results mentioned fér — X,y amounts to calculating(a?)
corrections [23].
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exclusive branching fraction predictions are currenthgéa than the experimental uncertainties.
Therefore, improved measurements of these total exclisaeching fractions will have only
limited usefulness in terms of testing the Standard Model.

Predictions for inclusive decays have been computed by8R23,1] to NNLO accuracy and
predict3(B — X,eTe™) = (6.89+1.01) x 10~ ¢ andB(B — Xutp~) = (4.15+0.70) x 107°.
Various calculations of the effects of new physics have hgsformed, indicating possible en-
hancements in the branching fraction®f— X /¢~ of up to a factor of two [72] compared to
Standard Model predictions. The inclusive branching foactvas first measured by Belle [35]
based on 64.5 millioB B-pairs: B(B — X,(*¢~) = (6.1 & 1.4(stat.)] 1 (syst.)) x 107, for
me+e- > 0.2 GeV/c?, and was shortly after also measuredBaBAr [36] based on 88.9 million
BB-pairs:B(B — X *(7) = (5.6+1.5(stat.)+0.6(exp. syst.)41.1(model syst.)) x 1075, for
me+e- > 0.2 GeV/c?. Belle later updated the analysis with 152 milliB-pairs [73] and found
B(B — X(*07) = (4.11 4 0.83(stat.) 705} (syst.)) x 1076, for my+,~ > 0.2 GeV/c?. These
experimental results are most easily compared to an estinyd74] for the combined branching
fraction B(B — X, (T(7) = (4.18 + 0.70) x 107% for my+,- > 0.2 GeV/c%. From this we see
that current knowledge about the deday— X, ¢*/~ is limited by experimental uncertainties
due to limited statistics and model dependence. Incredaédtis is already available and im-
proved measurements can be expected in the near future. dded dependence stems from the
uncertainty in thes — X, hadronization model and the fact that the experimentaltegudate
have all used the sum-of-exclusive modes technique wher& tthadronic system is explicitly
reconstructed. A fully inclusive measurement which dogs@ly on explicit X, reconstruction
has not been successful so far.

The CKM-suppressed transitidn— d has recently been observed by Belle [75] in the ex-
clusive decay channelB — py and B — w~. With a significance of.10, they measure the
combined branching fractioB(B — (p,w)y) = (1.32 T931 T559) x 1075, where the uncertain-
ties are statistical and systematic. This combined brawgdnaction assumes the isospin relation
betweenp™, o’ andw and is defined as

B(B — (p,w)y) = B(B* — pty) = 272

B(B® — py) =2

TBO TBo

B(B" — wv)

BABAR has followed with a measurement [76] yieldi®§ B+ — pty) = (1.06 05 +
0.09) x 1075 and B(B* — p°y) = (0.77 3% £ 0.07) x 10~% observing approximately 40
events in each mode. The highest significance is found frenBth — %y mode which has a
statistical significance df.2¢. Also here, a combined limit has been found from a combined fit
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to all the modes yielding(B — (p/w)7y) = (1.0140.2140.08) x 10-°, corresponding to a sta-
tistical significance 06.30. The uncertainties are statistical and systematic. Theesponding
theoretical predictions a(B — (p/w)v) = (1.38 £ 0.42) x 1079 [77].

The CKM suppresseld— d¢* ¢~ transition has not been measured yet. The previous search
for B — w(*¢~ was done in 1990 by the MARKII experiment [78], which set tipper limits
at 90% confidence level:
B(BT — 1Tete™) <3.9x107°

BBt — atutp™) <9.1x107?

No search has been reported on for fife— 7°¢/*¢~ modes.

In the Standard Model, the prediction for thi® — =/*¢~ branching fraction is3.3 x
1078 [47]. The uncertainty in the prediction is approximat8lyc with the main contribution
coming from uncertainties in form-factor calculations. eTthranching fraction predicted is an
order of magnitude smaller than the one measuredfer K¢*¢~. Models beyond the Stan-
dard Model can have an observable effect on both the bragdtrantion as well as oe.g. CP
asymmetries and lepton forward-backward asymmetrieser@ive very small expected branch-
ing fraction, the only feasible observable with the currenfuture BABAR datasets will be the
branching fraction.

Investigations have been done of how the branching fraetauld be different in the frame-
work of the general two Higgs doublet model (2HDM (model)llin this model the branching
fraction is expected to bB(B — w¢T(~) = 4.1 x 1078 [47]. Other physics scenarios beyond
the Standard Model may possibly increase or decrease thigiing fraction further, but this
has not yet been explored through phenomenological céiocnsa

1.3.2 Ratio of decay rates

The hadronic uncertainties that currently limit the premisof theoretical predictions, typically
cancel if we look at theatio of branching fractions. By comparing modes withe~ and it~
in the final stateBABAR has measured the ratio of branching fractions:

_T(B—=Kp'p~) B(B—Kpp)

Ry = I'(B — Kete) - B(B — Kete) (1.10)

which in the Standard Model has a very precise predictiaiet= 1.0000+ 0.0001 [79]. While
the prediction of the branching fraction is depending ogrmantation models, the prediction
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of the ratio is nearly model independent, since many foratefadependencies cancel in the
ratio. This ratio may deviate from unity if particles in th@p couple differently to muons and
electronsE.g. if the squark in the chargino-squark loop depicted in figuBbXadiate a neutral
Higgs boson, this Higgs boson would decay inte'a.~ pair more often than aa" e~ pair. The
predictions forRy- in the Standard Model i8.73 + 0.01 [79], due to the pole region for low
values ofg?. In this region the rate for electrons is higher than thatnfmions due to the low
mass of the electrons. Fof above4mi, the two lepton modes are expected to have nearly the
same branching fraction also f& — K*¢/*¢~, andRx~ = 0.991 £ 0.002 [79].

From the analysis oB — K®)¢+/~ events,BABAR found Rx = 1.06 + 0.48 & 0.08 [26],
which is still statistics limited with only 46 signal everitsthe sample. SimilarlyR - over
the full ¢> region was found to b€.91 & 0.45 4 0.10, These are based on a sample of 57
B — K*/™¢~ events. Both results are consistent with Standard Modet@=apions. This
is also true for the result obtained when considering afly> 0.1 GeV?/c*, which yields
Ry = 1.40 +0.78 £+ 0.10. A similar measurement a®, = B(B — wu*p~)/B(B — wete™)
can be done once a significant signallbf— 7¢* ¢~ events is observed.

Another interesting ratio of decay rates is the ratio of teely discovered CKM suppressed
B — (p,w)y decay and the CKM allowe® — K*vy decays. The ratio of the branching
fractions for these two modes gives the opportunity to meg$y,/V;| via the relation

B(B—py) |Vl (mf—m2)? < 7¢(0) )2
BB — K (8927) [Vl i~ o) T 0)) A0 (D

where the ratio ofB — K* and B — p form-factors are well predicted/ <" (0)/T{(0) =
1.17 + 0.09 [80] and AR is a parameter of ordel0% with large uncertainty accounting for
effects of weak annihilation and NLO corrections [59]. Thecertainties inAR,+ x-+ are
rather large due to a contribution from¥*-annihilation diagram in theB* — p*~ pro-
cess. To simplify the theoretical interpretation, equatioll is best used with the branch-
ing fractions of theneutralmodes only. By comparing only neutral modé&®B4arR determines
Via/Vis|po 0 = (0.21670:057 (exp.) T0:05 (theo.)). Using the combined branching fractions of
both neutral and charged mod@aBAR measures$Viy/Vis| = (0.17170035 (exp.) T9-5917 (theo.)),
and Belle measurd¥,,/Vi,| = (0.19973:92 (exp.)T5-018 (theo.)).

We can imagine measurint,/ V| in a similar way using the rati8(B — «(*(~)/B(B —
K¢t¢7). Given that the expected branching fraction for— 7¢*¢~ is so low, |V,,/ V| will
probably be even more firmly established by the timB a— /"¢~ signal of proportions is
observed. Perhaps it may be useful as a control check one day.
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Recently CDF reported on a measurement of &9 oscillation frequency\m, [81, 82].
They measuré\m, = 17.31 522 £+ 0.07 ps™', where the first uncertainty is statistical and the
second is systematic. From this they determirig/V,| = (0.20875:00% *3:95), where the first
uncertainty is experimental and the second is theoretical.

1.3.3 CP asymmetry

CP asymmetry is also measured and predicted through ratiocafydeates, with the convenient
cancellation of hadronic uncertainties. The dir€& asymmetry,Acp, is for B — K t¢-

decays defined as "

Agp = B2 K P TB 2 KL (112)

I'(B— K "4H~)+T(B— K®0+(-)

This asymmetry is expected to be small in the Standard Modeg reason for this is that the
loops contributing to thé — s¢*¢~ transitions are proportional tg, V5, V, V> andV,,, V.5,
and the smallness df,;,V.*, (proportional to\*) compared to the other two terms (proportional
to A2 and—\?, respectively), combined with the unitarity of the CKM m&tfV;, V,: + V., V. +
Vw V), = 0), has the consequence that> s¢*¢~ is dominated by thé&},V,:-term only. Thus,
the CP violation in this transition is expected to be small in thar&tard Model [83].

Using the self-tagging modes reconstructed for the— K*)¢+¢~ analysis,BABAR mea-
sures directCP asymmetry to bedcp(BY — K7T(7) = —0.07 £ 0.22 £ 0.02 and
Acp(B — K*(T(~) = +0.03 + 0.23 £ 0.03, where the first errors are statistical and the
second are systematic. The measured values in both chameetonsistent with negligible
direct CP asymmetry as expected by the Standard Model [84]. Using 88omiB 5 pairs,
BABAR also searched fo€P asymmetry in the inclusiveds — X /"¢~ decays and found
Acp(B — X J107) = —0.22 + 0.26 £+ 0.02 [36], where the first errors are statistical and
the second systematic.

The case is expected to be different for— d¢* /¢~ transitions, because here the loops are
proportional toV;,V5, V.,V and V,, V.5, which are all of the same order(A\*), and this
introduces a considerablg” asymmetry in the partial rates [85,86]. TOE-violating difference
betweenh — d¢*¢~ andb — d¢*+(~ is proportional to IniV,,V.*,/ (Vi Vy) and is numerically
equivalent to-5% (—2%), assuming CKM parameters= 0.34 andp = 0.3(—0.3) [85].

The averag€’'P asymmetry in the Standard Model has also been investigatabd partial
decay rate of the exclusivB — (7, p)eTe™ events in the region 1 Ge¥ /s < m;, — 20
MeV by [86]. ForB — w/*(™, Agf“ is found to be betweer2.2% and—6.0% depending

on assumptions for the CKM matrix parameterands). TheAgf“ is almost independent of
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choice of form-factor model. FaB — p/*¢—, A(gffﬁ is approximately zero for one choice of

form factors (Colangelo [87]) and betweer2% and—5% based on another set of form factors
(Melikhov [88, 89]).

1.3.4 Differential decay rates

Sinceb — s¢™¢~ andb — d¢*¢~ are three-body decays resulting from three different elec-
troweak amplitudes, the non-trivial kinematics and angdistribution have rather precise Stan-
dard Model predictions, any of which could be modified by néwysics at the electroweak scale.
Measurement of these distributions, therefore, constiedts of the Standard Model which are
not currently limited by theoretical uncertainties. Potidins have been made for the differential
decay rate as a function of the invariant dilepton mab$B — X (" ¢~)/ds, wheres = ¢*/m?
andq¢®> = m2,,_, seee.q.[23]. Thus, it is of interest to measure the dilepton invarrimass
distribution.

BABAR has measured the differential decay rateBof~ K/¢*¢~ andB — K*(*{~ in two
bins of ¢>. The low statistics does not allow for more than two bins so fehe results are
generally consistent with thg dependence predicted by the Standard Model.

With somewhat larger statistics than for exclusive dec#ys,analyses of inclusiv® —
X,/t¢~ decays have measured the differential decay rate in five[BBls Also these yield
results which are in agreement with the Standard Model.

1.3.5 Lepton forward-backward asymmetry

Interferences between the axial-vector currents and vecatoents impact the angular distribu-
tion of b — s¢*¢~ andb — d¢*¢~. For highg?, Oy (V) and Oy, (-A) dominate, and this leads
to an effective (V-A) interaction. For low? O (-V) dominates ove), (V). These differences
affect the angular distribution of the decay.

The forward-backward asymmetry of the lepton anfjlas a function of;?, is sensitive to
non-Standard Model physics. We defifieas the angle of the positive (negative) lepton with
respect to the flight direction of th8 (3) meson, measured in the dilepton rest frame [90]. The
differential forward-backward asymmetry-z has a distinct pattern predicted by the Standard
Model. Figure 1.3 shows a simulation of the distribution/gfs for the decayB — K*(*/(~
by [26]. In the presence of new physics, this pattern can tezeal [23, 91]. In particular, at
high ¢2, the sign ofArp is sensitive to the sign of of the product of the Wilson coéffits
CsT and CSE, In the Standard Model the sign df 5 for the highg? region is expected to be
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Figure 1.3: Simulated distribution of 5 as a function of;? for the decayB — K*(+(~
(by [26]). The filled circles show the Standard Model preidict The other curves illustrate how
App is sensitive to the sign of the effective Wilson coefficieMgew physics contributions may
affect the effective Wilson coefficients.

positive, while it is expected to be negative for lgdv The cross-over point is well predicted
in the Standard Model, and with enough data it can be measuiteel distribution is similarly
sensitive to the sign aft.

Then the average lepton forward-backward asymmétry is defined as:

— dI'(costy > 0)/ds — dl'(cos b, < 0)/ds

App = 11
PB4l (cos b, > 0)/ds + dI'(cos 0, < 0)/ds (1.13)

wheres = ¢?/m%. This ratio is nearly independent of the detailed structidithe form factors.

The forward-backward asymmetry is expected to vanisi¥or» K(T(~ andB — w{t(~
because these are pseudoscalar-to-pseudoscalar detayshyione decay angle. A non-zero
Arp is expected foB — K*(*¢~ and similarly forB — p(*(~ since these are pseudoscalar-
to-vector decays, with three decay angles which interfei @oduce a net lepton forward-
backward asymmetry. With the measured signal reporteiaBar and Belle of about 5@ —
K/(t¢~ events and 7B — K*(*(¢~ events each, the first measurements have been made of the
App. Combining all modes witl? > 0.1 GeV?/¢!, BABAR measuresipg(BT — KT(T(7) =
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0.157021 + 0.08 [26], by a maximum likelihood fit to the distributiars 6,, which is consistent
with zero as expected in the Standard Model and also in mamelmteyond. Combining all
modes forB — K*(* ¢~ with ¢*> > 0.1 in a similar way, we measutérgz(B™ — KT(t(~) >
0.55 at 90% confidence level. The sample was also divided into tws ib ¢2, as the standard
model predicts negativé - for ¢*> < 4 and positived 5 for ¢> > 4. Due to the low statistics,
the bins had to be divided differently, by considering esdsglow and above the charmonium
vetoes. A large positive asymmetnyzp = 0.727038 + 0.08, is found in the highy? region
(¢* > 10.24 GeV?/c?), consistent with Standard Model expectation. This disfanew physics
scenarios in which the product ¢f™ and C5 have opposite sign compared to the Standard
Model. In the lowg? region (.1 GeV?/ct < ¢* < 8.41 GeV?/ct), a lower limit of App > 0.19
is set at 95% confidence level, which does not yet allow to daaw conclusions about new
physics in this region.

App for B — plt(~ is expected to be: —17% [86]. The exclusiveB — =/*¢(~ and
B — pl* ¢~ decays have also been investigated theoretically in thergeHiggs doublet model
which includes effects from a neutral Higgs particles [9t}e effect from a neutral Higgs boson
is expected to give sizablérp for B — w¢*{~, however most significantly so f& — w7 7~.
This would be a strong test of such models if they could be oreds

For B — w/*t/~ and B — pl*¢~, however, the rates are so small that a sample-of
10*° — 10'* BB mesons will be needed, and thus not likely to be studied atuhent3-Factory
experiments [86].

1.3.6 Lepton-flavor violating modes

In this work, the lepton-flavor violating modds — meu have been reconstructed for use as
a control sample. In the Standard Model these decays mayehagipa very low rate due to
neutrino mixing. However, these rates are expected to bbdw the current experimental
sensitivity, and observation of such modes in the curretd dat would be a likely indication
of physics beyond the Standard Model. Lepton-flavor viatatiecays have for instance been
suggested through theories involving leptoquarks [25].

BABAR has searched for lepton-flavor violating decays infthes K *)ey control modes and
set an upper limit at 90% confidence level®(fB — Keu) < 3.8 x 1078 andB(B — K*eu) <
51 x 1078,

A search by the MARK-II collaboration [78] has set an uppenition the branching fraction
B(BT — nteu) < 6.4 x 1073 at90% confidence level. Using the reconstructed control sample
of B — meyu events, we have also searched for any signal of lepton-flastating decays in the
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analysis presented here.

1.4 Summary

With increased data samples expected within a few yearsnédasurement of decay angles and
differential branching fractions i — K®)¢t¢~ decays can become precision measurements
and put constraints on the Standard Model and models beyonudith the branching fraction

of B — n/*¢~ and B — pl{*(~ expected to bé — 2 orders of magnitude smaller than this,

it will still be a while before differential decay rates, ward-backward asymmetries aqa’
asymmetries can be measured for these modes.



Chapter 2
The BABAR experiment

The data for this analysis has been collected byRBhBar detector [93] at the PEP-II collider
[94,95] at the Stanford Linear Accelerator Center (SLACEadifornia, USA (figure 2.1).

Figure 2.1: Photos of the SLAC site (left) and tB&B4ar detector (right).

2.1 The accelerator facility

PEP-Ilis are™e~ asymmetric collider operating at a center-of-mass enefrg® &8GeV, which
corresponds to the mass of thi¢4S) resonance. Th&(4S5) is a bound state of & quark pair
which is above the mass threshold for decaying inf®é/a meson pair. The branching fraction

17
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B(Y(4S) — BB) is close to 100 %.

The cross-section foe e~ — bb is measured from thBABAR data to be 1.11 nh compared
too(ete” — cc)=1.35nband_,_, 4, o(e"e” — ¢q) = 2.09 nb. Comparing the cross-sections,
we see that there is a substantial background of continughtrjuark events:(e~ — ¢g, where
q = u,d,s,c)in the data collectedn the Y (4S5) resonance. To study this background, PEP-II
has run with energies below the peak of i@ S) resonance.

In PEP-II, 9.0 GeV electrons collide with 3.1 GeV positrogsjing the center of mass a
Lorentz boost of3y = 0.56 in the direction of the incoming electron beAmThis boost is
needed in order to separate the two decaysmeson vertices. Because th¢4S) is so close
to B B-production threshold, the twB mesons are produced almost at rest in the center-of-mass
frame. Due to the boost they typically mowe250 m before decaying, which is a measurable
distance in theBABAR detector.

Due to the different beam energies, the machine needs twagstoings. The high-energy
ring (HER) is used for electrons, and uses the old PEP (“RwsiElectron Project”) ring. The
low-energy ring (LER) was constructed for tBeBAR experiment and stores positrons. The rings
are about 2.2 km in circumference and have hexagonal gepmtr six straight segments. It
further uses the powerful injection system of the linearetarator built for the Stanford Linear
Collider (completed in 1989) which injects the acceleragiedicles into the PEP-1l beam lines.
The two beams are brought to collide in Interaction RegioliR22) where theBABAR detector is
located.

2.2 The data sample and luminosity

The purpose of th&aBAr experiment is to studg'P violation and rareB-meson decays with
extremely high precision, in order to determine parametéthe Standard Model and search
for effects of physics beyond it. This requires a high-stats data sample. The e~ collisions
provide a clean environment in the sense that event mulitiils are low (there is on average
ten tracks in aBABAR multihadron event) and the four-momentum of the centanass frame
is well defined. A-high statistics sample is obtained by Higiinosity £. Luminosity is a
machine parameter relating the event ratevith the interaction cross sectien,;:

R="L"om. 2.1)

1The cross-sectiors{) is measured in units dfarn (b), defined as 1 b #0~2® m?. Thus anano barnis 1 nb =
10737 m2.

23 is the speed of the moving frame relative to the speed of (jght 2) andy is the Lorentz factor{ = 117[}).
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In a symmetric collider, the luminosity is given by

L= ning 12
dro,o, 4 /Ea:ﬁ;pkeyﬁ;

wheren; andn, are the number of particles per bunchjs the frequency of collisionss,
ando, characterize the Gaussian transverse beam profiles in timhtal (bend) and vertical
directions, and, is the transverse emittanee- wo?/3, 3 is the amplitude function ang is the
value of this amplitude function at the interaction poimt.order to obtain high luminosity, one
needs to make high-density bunches of low emittance todeo#it high frequency at locations
where the beam optics provide as low values of the amplitudetions as possible. At PEP-II
there are collisions approximately every 4.2 ns.

The focus in designing the PEP-II collider was thereforelitam a high instantaneous lu-
minosity. The design luminosity of = 3 x 10%* cm~2s~1 was reached within about a year
of operation. On August 16, 2006, it reached its record lasitly thus far of12.07 x 103
cm~2s~!. Alarge data sample also requires efficiency of the detéct@cording all the events.
The BABAR datataking is typically 98% to 99% efficient, and averageer@l the years of data
taking thus far, it has abowt% efficiency. PEP-II is typically in operation 24 hours a daylan
7 days a week for several months at at time, with only shortrdiomes due to unforeseen prob-
lems or periodical machine development days. Each suchperigd of operations constitute
arun. Since startup, there have been five runs, ranging in lemgth §even months for Run 3
to sixteen months for Run 5. Between each run, a shutdown efvanfonths accommodates
machine or detector upgrades. At the end of Run 5 in Auguss, ZBBP-II had integrated more
thanL = [ dtL = 400 fb~! of integrated luminosity since the startup, @Bar had collected
more thanl, = 390 fb~! (figure 2.2). Théntegrateduminosity has been greatly improved by the
introduction of trickle injection, which involves fillingie beams at a low rate during datataking
so that pauses due to filling of beams are avoided.

The data sample used for this analysis consist of all good t@kien from October 1999
through May 2004, corresponding to tBaBArR datasets Run 1 through Run 4. The integrated
luminosity amounts t@09 fo~* of data collected on th&(45) resonance, as well &.5fb™!
of data collected slightly below th#®(4S) resonance in order to have a data control sample
consisting solely ok*e~ — light quark events. The on-resonance data sample corrdsfion
230 x 10% BB pairs.

The sample is partitioned into several subsets (blockgdasBABAR running conditions.
Table 2.1 lists each subset and % count and integrated luminosity:

(2.2)
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Figure 2.2: Integrated luminosity at the PEP-II collidearfr 1999 to 2006.

e Run 1 corresponds to data taken from October 1999 througértief 2000, with an in-
tegrated luminosity 0f9.3 fb~! on-resonance. This run is further divided into two blocks,
defined by different operating voltages of the DCH (see se@i3.2):

block 1 (10.0fb~! on-resonance) had a DCH voltage of 1900 V, while
block 2 0.3 fb~! on-resonance) had a DCH voltage of 1960 V.
e Run 2 corresponds to data taken in 2001-2002, with an inedjfaminosity of59.5fb~!

on-resonance. The DCH voltage at the time was 1930 V. Thisvasnbeen divided into
two blocks because of different muon identification perfance.

In 2001,34.6 fb~! were collected on-resonance:

in 2002,24.9 fb~! were collected on-resonance.

¢ Run 3 corresponds to data taken in 2002-2003, with an inegjtaminosity of30.7 fo ™
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Number of BB Integrated luminosity (fb~!)

Run Year Block (/109) On-Res. Off-Res.
1 2000 1 10.84 10.0 0.9
1 2000 2 10.21 9.3 1.4
2 2001 1 38.80 34.6 3.7
2 2002 1 27.02 249 3.2
3 2003 1 33.83 30.7 2.4
4 2004 1 109.45 99.4 9.9

Total 230.15 208.9 21.5

Table 2.1: Number of3B decays and integrated luminosity of the 1999-2004 data ksafop
the various subsets of good data.

on-resonance. Like Run 4 it consists of a single block wittHD@ltage of 1930 V.

e Run 4 corresponds to data taken in 2003-2004, with an inedjfaminosity 0f99.4 fb~!
on-resonance.

The efficiencies are compared between data and simulatgulesafor each block indepen-
dently, and any post-processing corrections are done oocédbly-block basis.

2.3 The detector components

The BABAR detector [93], shown in figure 2.3, surrounds the PEP-lIratdton region and has
five sub-detector systems at different radial distances ftte beam line, each serving compli-
mentary functions in order to fully reconstruct the decathef3-mesons and identify the decay
products. The detector is constructed with a cylindricatddgpart and one end-cap on the for-
ward and backward side. Due to the asymmetric energies arréshlting boost of the decaying
particles in laboratory frame, the detector has been budin asymmetric way. The barrel part
of the detector stretches about 37 cm longer in the forwanection than in the backward di-
rection relative to the nominal interaction point and thenard direction is equipped with more
detectors, while read-out electronics and support strestare placed at the rear of the detector
if possible.

The coordinate system in the lab frame is defined so that &xés is parallel to the magnetic
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field of the solenoid and in the direction of the high-energypeam. The, axis points vertically
upward and the: axis points horizontally, away from the center of the PERAY. The origin

is the nominal location of the interaction point. The redkmction point is measured on an
event-by-event basis by measuring the primary vertex otttaged tracks in the event. The
azimuthal angle runs from—x to 7, and the polar anglé, between the track direction and the
z axis, runs fron to .

2.3.1 The silicon vertex tracker (SVT)

The silicon vertex tracker consists of five layers of 340 detdided silicon microstrip sensors.
The inner three layers are located as close as possible &7tBenm radius beam pipe in order
to measure the position and angle of traversing tracks witlgla precision. The hit resolution
in the SVT ranges from 20m to 40um. The track position and angle are of great importance
for a precise reconstruction of vertices; in particulariedf two decaying3 mesons, but also the
vertices of theB-meson decay products. The vertex resolution for a fullpnstructedB decay
is 50 um - 100 um in the z-direction, and 10Q:m - 200 um in ther — ¢ direction. The two
outer layers of the SVT provide further precision trackingiet is especially important for the
alignment of the SVT and DCH tracks. The analysis considarehis work, uses information
from the B decay vertex to reduce background from incorrectly recanstd B3 mesons which
may have tracks originating from differeBtmesons and thus different vertex positions.

The SVT is also important to identify tracks with a low traasse momentunu,. The SVT
provides the only tracking for charged particles with< 120 GeV/c. One type of events relying
on this information is decays involvingia** — D%z, where ther* has has a low momentum
(is slow) due to the small difference between the masses abthand theD® mesons.

In the forward direction, the SVT cover tracks from the iatgion point down to about 20
from the beam line and in the backward direction the angueei@ge is down to about 30The
angular coverage is constrained by machine (PEP-II) coenusn

2.3.2 The drift chamber (DCH)

The main tracking detector fd8ABAR is the 40-layer wire drift chamber, whose principle pur-
pose is momentum measurements for charged particles. Thei®@ne of the main inputs to
the BABAR trigger. The chamber has low-mass wires and is filled with argture of about
80% helium and about 20% isobutane to minimize multipletsdag. The DCH uses a hexag-
onal small-cell design with individual sense wires surmbesh by ground wires. The cells are



2.3. THE DETECTOR COMPONENTS

| | | | | Detector @ Instrumented
| | ‘ ‘ ‘ | Flux Return (IFR))
0 Scale 4m I.P., Barrel

‘ Superconducting

BABAR Coordinate System 1015 | 1749 Coil

y \ . / Electromagnetic
Cryogenic X ~1149 |- 4050 1149+ Calorimeter (EMC)
Chimney z — =370
‘ Drift Chamber
Cherenkov | | Silicon Vertex
Detector | —
etecto Z@ o j Tracker (SVT)
— 1 1T AR
|| |
i /f IFR
Magnetic Shield 1225 Endcap
for DIRC hi——————=1|| | Forward 5445
||H End Plug
Bucking Coil— il JIN oAl
IBN\N\WWlrzzZy)\ "\ ﬁ/ 1 3@5

e+

0 Scale am
IFR Barrel )
‘ BABAR Coordinate System

Cuta;\(vay Y
Superc(c:)n_?ucting Sec‘tlon -
0i ‘
N ?

.\/\ / - DIRC
EMC ; \ %
y { DCH
. =\ -
indri L / SVT
IFR Cylindrical
RPCs Corner
Plates
p— S e = ¢ ‘ ..‘;x_ o, -
Earthquake i ‘o0 W \=\ 4 a0 l
Tie-down \ oo QA \ Z N i Gap Filler
‘ TN P 7 ° Plates
o WP N ) R
> 35
Earthquake
Isolator
Floor AL

00

Figure 2.3:BABAR detector, side view (top) and end view (bottom).
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organized in 10 superlayers of alternating axial and leftright-stereo orientation, providing
spatial coordinates with a resolution in thalirection of 700m [96]. The single-cell average
resolution in ther — y direction is 12%m.

The sense wires in the DCH are currently operated at 1930rkésimonding to an avalanche
gain of~ 4 x 10*. The design was to operate it at 1960 V, but due to continuinglpms with
discharges from one of the sections, the voltage was lovter£800 V at the start of Run 1. The
damaged section was later turned off and water vapor wasladdiee gas mixture and after this
addition no more discharges were seen.

The reconstruction of charged-particle tracks relies dormation from both the SVT and
the DCH. A Kalman filter algorithm [97] is used, and the trageies of the charged particles are
parameterized with 5 parametei;, ¢y, w, zo andtan A, and their associated error matrices.
The parameters are measured at the point of closest apppmazhto thez-axis; d, andz, are
the distances of this point to the origin of the coordinatgem in ther — y-plane and along the
z-axis, respectively. The anglg is the azimuth of the track) is the dip angle with respect to
the transverse plane and= 1/py is the curvature. The track resolutionds, = 29um, o4, =
23um, 04, = 0.43 mrad,o,, » = 0.53 x 1072 [93]. The resolution of transverse momentum has
been measured using cosmic ray particles and is [96]:

0y /o7 = (0.45 4 0.03)% + (0.13 + 0.01)% - pr

A good resolution on the track parameters is also cruciatiHerquality of the Cherenkov
angle reconstruction in the DIRC subsystem. The analysisgmted here oB — 7¢* /¢~ relies
on the Cherenkov angle reconstruction for excellent pientidication.

The DCH also provides particle identification for low-mortien tracks using the measured
energy loss due to ionizatiod £ /dz, figure 2.4).

2.3.3 The Cherenkov-radiation detector (DIRC)

The Detector of Internally Reflected Cherenkov light (DIRE ring imaging Cherenkov detec-
tor for charged-particle identification, and in particutarovides separation of kaons and pions
from about 500 MeW up to the kinematic limit of about 4.5 Ge¥/ It consists of 144 syn-
thetic fused silica quartz bars with a thickness of 8 cm whicts the length of the barrel part of
the detector (4.9 m). When a relativistic charged partiath wmomentum above the Cherenkov
threshold traverses the quartz bars, photons are emittaccone around the charged-particle
trajectory, and the light is transported by total interredlaction to the rear end of the detector



2.3. THE DETECTOR COMPONENTS 25

104 |

dE/dx

10 1 10
Momentum (GeV/c)

Figure 2.4: Scatter plot showintf /dx versus momentumin the DCH from beam background
trigger data with parameterized Bethe-Block curves fded#nt mass hypotheses.

where it is projected on to a plane of 10752 photo-multipiidres (PMTSs) (figure 2.5).
From the PMT measurements, an image of the Cherenkov ringiéces of it) is recon-
structed. The radius revealing the angle of the Cherenkoe:co

1

HC:%

(2.3)
with 8 = v/c andn is the refractive index in the medium. Since the Cherenk@leadepends
on the particle velocity, the different angles at a given reatam is used to identify the charged
particles (see figure 2.6).

The angular resolution of the DIRC photon detection is ad®u® mrad, and the measured
time resolution is 1.7 ns, close to the intrinsic 1.5 ns titaimee spread of the PMTs. Th&
separation provided by the DIRC for tracks at 3 Gelg/about4.24, which is within15% of the
design goal [98].
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Figure 2.5: Schematic concept of the DIRC. Cherenkov lighgased in the silica material is
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and and allow for reconstruction of the characteristic €hkov ring images used in patrticle
identification.

2.3.4 The electromagnetic calorimeter (EMC)

BABAR 's electromagnetic calorimeter consists of 6580 Csl(Tintdtating crystals for measur-
ing energy deposited by neutral and charged particles ovenargy range of 20 MeV to 4 GeV.
It is the only sub-detector for detecting photons and thenrdatector for identifying electrons.
Photons and electrons interact with the scintillating makeand form electromagnetic showers
of photons and electron-positron pairs. The resulting sn@hapes are characteristically dif-
ferent than for muons or hadrons which interact mainly tigiotonization of the material in
the calorimeter. Hadrons can also interact with the nudléh® atoms making up the crystals,
although the calorimeter only amounts to less than onedaten length §).

An electromagnetic shower induced by electrons of more gtan\VieV typically deposits
energy in more than 10 crystals, while the largest fractibthe shower is contained in 2-3
crystals.

Lateral and longitudinal shower shapes are used to sepahnatens and electrons from
muons and charged hadrons, and from neutrons and nfer§etecays as well as debris from

37 mesons where the two photons are nearly collinear in therday frame and leave a single bump in the
EMC.
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Figure 2.6: The DIRC provide& /7 separation from about 500 MeMip to the kinematic limit
of about 4.5 GeW.

hits of background events. Hadrons tend to have a more laeghiower shape in the EMC. The
shape can be characterized by the following variables:

e The lateral moment LAT of the shower energy deposition [99fined as LAT=
"o Eir?/(Eyrd + Eor2 + Y05 Eir?) where then crystals in the EMC cluster are ranked
in order of deposited energdy;, o =5 cm is the average distance between crystal centers,
andr; is the radial distance of crystafrom the cluster center, which is calculated as the
center of gravity with linear energy-weighting for everystal.

e The Zernike momentsl,,,,, [L00] measure the irregularity of the shower shape. We use
only Ay = 37 57 [4(5:)" — 3(%)%e > wherer; and¢; are the radial and angular
separation of crystal with respect to the cluster centdr,,; is the total energy of the
cluster andR, is a cutoff radius of 15 cm.

e For charged tracks, the longitudinal shape of the showebeatescribed by the distance
A¢ between the centroid of the cluster and the extrapolatidhetorresponding track at
the surface of the EMCA¢ typically has a wider distribution for hadron tracks than fo
electron tracks, and for electrons we typically hawerad < A¢ < 0.07 rad [101].

e Electrons with their low mass are likely to deposit all thefrergy in the EMC, and can
be identified from the fact that the measurégp is close to unity. Muons and pions only
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deposit ionization energy and has Apip distribution peaking at values smaller than unity.
Anti-protons interact with the detector material and yseltfp > 1.

The energy resolution of the EMC is measured from calibnatiens with a radioactive
source. These runs are typically performed once every 18a3$8 and have a length of 40-60
minutes. The energy resolution is found to be [102]:

2.30 + 0.03 + 0.
op _ (2:30+0.03 03)%@(1.3510.0&0.2)% (2.4)

L Y E(GeV)

with the two terms added in quadrature. The uncertaintiestistical and systematic, where
the statistical uncertainty comes from the fit and the syatenone mainly comes from uncer-
tainties in the asymmetry of the photéiy £\, distribution.

The angular resolution is determined from the transverggtarsize and the distance from
the interaction point:

(4.15 + 0.04mrad
Op = 0y =

+(0.00 + 0.00)) mrad (2.5)
E(GeV)

The energy-dependent term in each of these expressioes énsn fluctuations in photon
statistics as well as electronics and beam-backgroune ndise constant term is dominant at
high energies and arises from non-uniformities in lightextion, shower leakage or absorption
in the material between and in front of the crystals and catibn uncertainties.

The mass resolution of reconstructetimesons decaying into two photons is 6.5 MeV, illus-
trated by the plot in figure 2.7.

2.3.5 Instrumented flux return (IFR)

Outside of the electromagnetic calorimeter, a supercadirdusolenoid provides a magnetic field
of 1.5 T needed to measure the charged-particle momentasdleeoid is surrounded by steel
plates which functions both as magnetic flux return and asmaatector and hadron absorber.
The steel plates vary in thickness from 2 cm for the innermlades to 10 cm for the outer plates.
The flux return is instrumented between the layers of steel tlae instrumentation used for
the data sample considered here has been Resistive Platbétsa(RPCs) [103]. There are 18
layers of steel with 19 layers of RPCs in the barrel part oidbtector, and there are 18 layers of
RPCs in each of the end caps. There is a total of 65 cm (fouraictien lengths X)) of iron in
the barrel and 60 cm of iron in each end-cap. During the sunoin2002 the forward end-cap
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Figure 2.7: Invariant mass of two photong (— ~~) in hadronic events with the energy of both
photons above 30 MeV antdf energy above 300 MeV. The solid line is a fit yielding a width of
6.5 MeV.

was increased to about six interaction lengths. There israrone interaction length before the
first RPC layer. The penetration depth of a track in the IFRsisduto distinguish muons from
hadrons.

2.3.6 TheBABAR trigger

The BaBAR trigger has two levels. The first level trigger (L1) is a haadevtrigger which selects
physics events based on simple detector signals to redaee-background down to a level (2
kHz) acceptable for the software trigger (L3) which deciddsch events are being stored for
offline processing (a few 100 Hz).

The L1 trigger decision is based on track segments frominttss DCH, showers in the EMC
and hits in the IFR. The latter is used mainly for triggering.~ events and cosmics, while the
DCH and EMC triggers provide the main trigger inputs iiphysics processes.

The L3 trigger software comprises event reconstructionaaskification, a set of selection
filters, and monitoring. A better DCH tracking (vertex ragan) and EMC clustering filters
compared to the L1 information allow for a greater rejectidtoeam-induced background and
Bhabha events. The total trigger efficiency is required tweed 99% for all3B events and at
least 90% for other physics events.
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2.4 Event reconstruction

In order to study properties d8-meson decays, the mesons are reconstructed from thely deca
products. These are detected as charged-particle tracks,austers of energy deposits in the
detector. This section describes the algorithms used sretmalysis to select high-quality tracks
and neutrals and to identify leptons, photons and hadronsctanstruct the3-meson from its
decay products consisting of two leptons and one pion. Weddscribe control samples which
are used to validate the particle identification efficieacie

2.4.1 Selection of tracks and neutrals

The tracks used as lepton candidates are required to hastaack-of-closest approaaotq to
the interaction point of less thdn5 cm in thex — y plane and less thar cm in thez-direction.
The lepton tracks are further required to have a transveseentump of at least 100/eV/c,
and to pass the quality requirement that it must have at 1&akits in the DCH.

The requirements on hadron tracks¥, =) are similar, but to allow also low-momentum
hadrons, we impose no requirement on the track’s transveaeentum and no requirement on
number of DCH hits associated with the track.

Photons are reconstructed as neutral clusters in the iwedtet which are not associated with
any tracks. To separate good photons from other neutralsitspo the calorimeter, we require
the particle to deposit a minimum energy3of MeV, and require the lateral moment LAT to be
less than 0.8.

2.4.2 Particle identification

This section introduces the identification algorithms uisetthis analysis for distinguishing the
different particle species.

Electron identification

Electron candidates are identified combining informatiamf the EMC, DIRC, and DCH. The
tracks must be within the acceptance of the tracking and EBt€atiors {0.74 rad < 6 < 0.84
rad), a minimum of four crystals must be associated with tbeter resulting from the pass-
ing electron track, and the measured energy deposit shautddse to the track momentum:
0.5 < E/(p-c) < 1.5. These preselection criteria separate electrons from mubmaddi-
tion, a likelihood fraction is constructed to separate tetets from hadrons by combining lateral
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and longitudinal shower shapesAT, A¢) and E/p from the EMC and ionization energy loss
dE /dz from the DCH. For low-momentum tracks, information from ikRC is used as well. If
at least 6 photons are expected in the Cherenkov ring imaded@iven track momentum, then
at least 6 photon must also be measured. This ensures dedlibrenkov angle measurement,
and also removes kaons and protons below the Cherenkowhthdedf less than 6 photons are
expected for the given particle momentum, then the DIRCrimfdion is ignored, as it does not
provide enough information. If the track passes this selecthe Cherenkov angle is taken into
account for the likelihood fraction.

Overall, the selection efficiency from this algorithm isween92% to 95% as shown in
figure 2.8. The misidentification rate of pions is less th&?®. Kaons and protons with mo-
mentum belows00 MeV/c have selected at a rate 2§ — 10%, however, tracks with such a low
momentum are rarely used.
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Figure 2.8: Electron selection efficiency as a function oimeatum in Monte Carlo and data
ete” — eTe v control sample. The left plot shows the efficiencyedfin data (points) and in
Monte Carlo (open circles), the middle plot shows the samefpand the right plot shows the
ratio of efficiencies in data and Monte Carlo for ande™ tracks.

Electron bremsstrahlung recovery

When ultra-relativistic particles get deflected by the feldrounding an atomic nuclei, they emit
photons to conserve four-momentum. For the energies reléy&ABAR data, only the electrons
(due to their small mass) display any measurable amountoBtiemsstrahlung effect [104].

We attempt to recover the original electron energy by compithe electron candidates with
nearby photong,e. the photon must lie within an angular region in the polar afgf:

0. — 60, < 35 mrad
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and within the following region in the azimuth angte

e

w5 —50mrad < ¢, < S, fore™,
Spg:nt. <y < SO(E]Jr + 50 mrad for e

Here, €y, ©o) is the initial direction of the electron track, evaluatddttze interaction point,
and Qcent., Peent.) IS the centroid position of the associated calorimetriovgdr. Only photons
with an energyE, > 0.030 GeV are considered, and it also has to pass the qualityiaridér
0.0001 < LAT, < 0.80 andZernike(42) < 0.25.
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Figure 2.9:e¢Te~ invariant mass with and without bremsstrahlung recovetye distributions
contain Monte Carlo simulations & — .J/¢ K events.

Muon identification

Muons are identified by their penetration depth in the IFRemergyE..; deposited in the EMC.
The latter is effective in removing electrons from the samplhile information from the IFR is
mainly used to distinguish between muons and hadrons.

Muons are generally the particle which travels through tlestmaterial, while hadrons are
stopped in the iron plates to a greater extent. Thus the geioet depth/N*** (in units of
interaction lengths) and its deviatiaxV, from expectation for a-track are useful parameters.

The hits in the IFR are matched to the track extrapolatiomftilee DCH, and a goodness-of-
fit parameten? .., /d.o.f. is used to reduce background from neutral hadrons in clasemity
with another track.
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Similarly, a parametef describes the continuity of the track and is used for trankfie
forward end cap and the boundary between barrel and forwatetap. This is to guard against
artificially large number of interaction lengths due to ranhits from beam background in close
proximity with a pion track.

Hits in the IFR cluster are parameterized by a third-ordéympamial fit in three dimensions,
and the goodness-of-fi, /d.o. f. can be used to suppress hits from beam-background events.

The average multiplicitym of hit strips per layer as well as its standard deviatignis also
used to remove events with random beam background.

All of this information is combined into a neural network atghm which gives a continuous
output variable between 0 (background-like) and 1 (sidika). Different levels of muon effi-
ciency and hadron rejection can be achieved by changingaiheahnetwork output values. The
selection used here is rather tight, and has a muon efficiehalpout70% for momenta higher
than1.5 GeV/c, which is the momentum needed for a charged particle to réech-R detector.
The mis-identification rate for pions using this selectisrgbout3%. Misidentification of kaons
are generally lower than that of pions, with the exceptiokaiins with momentum larger than
4.0 GeV/c. The muon efficiency as a function of particle momentum issghim figure 2.10.
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Figure 2.10: Muon selection efficiency as a function of motuenin Monte Carlo and data
ete” — ptu~~ control sample. The left plot shows the efficiency.df in data (points) and
in Monte Carlo (open circles), the middle plot shows the séne —, and the right plot shows
the ratio of efficiencies in data and Monte Carlo for andy~ tracks. As can be seen from the
left and middle plots, the muon efficiency turns on for paetimomenta of).7 GeV/c which

is the threshold momentum for a track to reach the IFR detecibe efficiency is slightly
overestimated in the Monte Carlo simulations for particenmenta betweef.7 GeV/c and1.5
GeV/c, as is seen from the right plot.

A loose muon selection is also used for a hadronic control sampléhflerB — 7¢*(~
analysis (Chapter 4). This has a looser selection critesiothe neural-network output which
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gives a muon identification efficiency of neafl§%, and a mis-identification rate of pions and
kaons of8% and1 — 2%, respectively.

Charged kaons

The identification of charged kaons combine informationrfrine SVT, DCH and the DIRC
into a likelihood fraction. For each charged track, a liketd is calculated for each particle
hypothesis. The total likelihood is the product of likeldus:

L= LDIRC ' LDCH ' LSVT- (26)

We require that the fraction of likelihoods of being a kaoriothat of being a pion is high
(Lkaon/ Lpion > 0.9 or a momentum-dependent requirement if the momentum isddhgn 2.5
GeV/c¢), and at the same time that the fraction of likelihoods ohgei kaon over that of being
a proton is high. Here the requirement is less stigt.{,/Lyroton > 0.20, also here with a
momentum dependent requirement for tracks with 2.5 GeV/c). In addition, the track must
not be identified as an electron, unless its momentum is hegs40 MeV/ c.

For the likelihoods from the SVT and DCH, the measured dE&dgampared against the
expected dE/dx from the Bethe-Bloch parameterization.O0G#l likelihood is calculated based
on a Gaussian probability-density function, and the SVEliood is calculated based on a
Bifurcated Gaussian probability-density-function. Thelihood from the DIRC is based on the
Cherenkov angle, the number of photons and the track quality

The efficiency of the kaon selection is more tt&X¥% for most of the momentum spectrum
(see figure 2.11), with a mis-identification rate from piond enuons of a few percent, the largest
being~ 5% for tracks with momentump > 3.5 GeV/c. The kaon identification for particle
momenta below).7 GeV/c relies mainly ondE£/dxz measurements in the DCH. Fpr> 0.7
GeV/c, the kaon identification relies on the DIRC.

Charged pions ¢*)

The charged piont® candidates are selected based on the same likelihood istugsed
for selecting charged kaons, only here the requirementshately,,, /L., < 0.2 and that
L roton/ Lpion < 0.5. Again, the track is required to fail the electron identifioa criteria.

The efficiency of the pion identification is highest for thevimmomentum tracks30% to
90% efficent for most of the kinematic region used here, then pirapoff a bit for the highest-
momentum tracks (see figure 2.12). Kaon mis-identificatédes are between 2% and 10%, with
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Figure 2.11: Kaon selection efficiency as a function of motmenin Monte Carlo (MC) and
dataD** — D°rf, D — K control sample. The left plot shows the efficiencyf in
data (points) and in Monte Carlo (open circles), the middé phows the same fok —, and
the right plot shows the ratio of efficiencies in data and Mo@arlo for K™ and K~ tracks.
Kaon identification for particle momenta belov GeV/c relies ond E'/dx measurements in the
DCH. Forp > 0.7 GeV/c, the kaon identification relies on the DIRC. The right plobwk a dip
in the data/MC ratio due to incorrect modeling of the trdositegion in the Monte Carlo.

a misidentification rate from muons of abe%. The pion identification for particle momenta
belowl1.1 GeV/crelies mainly oniE /dx measurements in the DCH. Fore 0.7 GeV/¢, kaons
become visible in the DIRC, and above this momentum dthédx measurement in the DCH
looses its discriminating power and kaon/pion separattias mainly on the DIRC detector.

Neutral pions ()

We constructr’ candidates from two neutral clusters in the EMC consistétit two photons.
7¥ candidates are required to satisfy the following requineisie

e 0.115GeV< m,o < 0.150GeV
Herem o, the invariant mass of the two photons, is calculated atytherigin, which is
taken to be thé* ¢/~ vertex position.

e 0.050GeV< E, < 10.0GeV

e 0.0< LAT, < 0.80
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Figure 2.12: Pion selection efficiency as a function of motenin Monte Carlo (MC) and
dataD*™ — D°rf, D° — Kr control sample. The left plot shows the efficiencyof in
data (points) and in Monte Carlo (open circles), the middii¢ ghows the same for—, and the
right plot shows the ratio of efficiencies in data and Montel@€for 7+ and=~ tracks. A dip is
seen in the data/MC ratio in the right plot for particle mon@gn~ 0.9 GeV/c due to imperfect
modeling in the Monte Carlo of the region where pion/kaoresafion transitions from relying
on the DCH and to relying on the DIRC.

2.4.3 Data control samples

With the very large dataset collected BypBAR the precision of the measurements is high, and
small differences between the Monte Carlo (MC) simulatezhévand real data events can have
a measurable impact on the physics results.

Tuning and performance studies of particle identificatgoeiane with high-purity data control
samples:

e Muon identification, as well as muon contamination to otlegtiple selectors, is studied in
a control sample ofte~ — i~y events, selected by requiring exactly two oppositely-
charged tracks and one photon consistent with the four-mameof the incoming elec-
tron and positron. Muon identification criteria are appltedone of the tracks and the
efficiency of the criteria can be tested by applying it to thleeo track. Since this is a
three-body decay, the muon efficiency can be measured ovielerange of momenta.

e |dentification of charged kaons and pions are checked witbnéral sample ofD** —
D%z}, which is selected from its signature of a slow (low-momemtypion and small
mass differencé\mp«+_poy. The D' decays into &~ and ar*, and its decay products
can be used as control sample for kaons and pions. This dafaes& also used to check
pion efficiency by the kaon selection and vice versa, as veelamn efficiency by lepton
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selectors.

e Pion contamination in the electron and muon selection isksxk with a control sample
of efe~ — 777~ events where one of the taus decay into a 3 particles (3-pienagy)
(r— — 7~ 777 v,) and the other decay is a more commen{5%) 1-prong decay with
one charged particle and at least one neutrino.

e Electron efficiency, as well as electron contamination teoparticle identification algo-
rithms, is studied in a control sample of radiative Bhablengs¢™e~ — ete ). Similar
to the muon control sample, these events are selected byinggexactly two oppositely-
charged tracks and a photon with total energy and momentuasistent with the incident
particles. The highest-momentum track is identified as antein via itsF/p, and the
other track is used to study the selection efficiency.

Using these control samples, identification efficienciesdatermined for each particle se-
lection algorithm for each particle type, and in the Montel@athe particle ID efficiency is
adjusted to match the data. The measured efficiencies amxstolook-up-tables which hold
the identification efficiencies for each run block in diffiet®ins of particle momentung, andé.

The control samples typically consist of low-multipliceyents, and an additional correction
is done here to check the efficiencies in multihadron evétasthis we use charmonium control
samples, which have the same final states as signal. Thisguoeis described in section 4.4.

All simulated events are thus corrected for data—MC diffeess at several levels:

o Particle identification differences are studied in datai@isamples and simulations of the
same processes, and high-precision correction by datadtiazrare found for all charged
particles as a function of particle momentum and directieach identified track has been
corrected according to this procedure.

e Particle identification is also studied in event types samib signal by using charmonium
control samples. A correction is applied for the total effir@y per block.

e Relative differences between the tracking efficienciesatacand Monte Carlo is found
from comparing tracks detected in the SVT and the DCH detec&ystematic uncertain-
ties on this method is obtained from studying a control sangbl3-1 prongr7 decays.
Events withK'% decays provide an additional control sample for tracks waitkertex dis-
placed from the interaction point. Tracking efficienciesénbeen studied in the data and
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in Monte Carlo, and correction factors applied accordinghtomentum and direction for
all tracks with quality criteria applied.

o 7Y efficiencies are studied in data and Monte Carlo using a cbsample ofr7 events and
measuring the double ratig=2uu/(r=pluc \Momentum-dependent weights have been

T —m)aata/(T—)me

applied to events containing candidates.




Chapter 3
Experimental techniques

The experimental setup &ABAR and PEP-II is such that kinematic features of the events can
be used to distinguish between signal and background. Tapter introduces some of the
most common quantities typically used BaBAR analyses, and which are used in the analysis
described in the next chapter.

3.1 Event-shape variables

With PEP-II beam energies of 10.58V, just above threshold faB B production, the twa3-
mesons are produced almost at rest in the center-of-masg fraherefore, the decay particles
from the two B mesons are isotropically distributed. This is not the césmyever, for the
light-quark background which makes up ab@uy8 of the events at 10.58:eV. Events with
ete” — qq, whereq = u, d, s, ¢, produce lighter meson decay products with higher momentum
and this makes the event shapes more jet-like.

A set of variables describing the event shape is commonly useHEP analyses (see
e.g.[105]). Unless stated otherwise, these are always defindteinenter-of-mass frame. The
variables considered in this analysis (plots can be seegciios 4.2.2) are the following:

e Fox Wolfram momen{d.06], defined as

1 — || =
H = 2 > > 1Bl Pilcostiy), (3.2)

vis g i

whereL,; is the total visible energy of the evept,andp; are the momenta of particlés
andj, andd;; is the angle between the momenta of particed;. F, is the Legendre [107]

39
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polynomial of order. In this work, only the ratio of second to zeroth Fox-Wolframo-

ments is used:
H,

The distribution ofR, is close to zero for a perfectly isotropic event and close torka
perfectly back-to-back two-jet event. Thus, at #@.S) resonancel3 decays tend to have
a distribution around 0.2 while continuum events tend tk@raund 0.7 in this variable.

R (3.2)

Thrust The quantity thrust T is defined by [108]:

> |7 - pil

i |pil
and the thrust axis is given by thevector for which the maximum is attained. The value
range isl /2 < T < 1, with a 2-jet event corresponding 10~ 1 and an isotropic event to
T~1/2.

(3.3)

T = max‘ﬁ‘zl

The direction of the thrust axis can also be used to sepdratet-like continuum events
from the isotropicBB events. In this analysis, we define an angleg,.. as the angle
between the thrust axis of the reconstructednd the thrust axis of the remaining particles
in the event] cos fy,.ust| has a uniform distribution in sign@ B events becausB-decays
do not have a well defined thrust axis. HowevVeus 6,,,.s| peaks around 1 for continuum
events, since the thrust axes of the two jets are back-tk-bac

Legendre moment§ hei-th momentL; is defined byL; = 3, |p}|| cos(6;)[’, where the

p; are the center-of-mass momenta of all particles not useddanstructing the signal

B candidate, and the anglg is between the particle’s momentum and the thrust axis of
the signalB. For signalBB events, the distribution is peaked around zero, while for
continuum events the distribution @,/ L, is around 0.6.

3.2 Kinematic variables

The PEP-Il beam energies are known to a high precision [98f mean energies of the two
beams,E},... = (EX + E' )/2, where the asterisk indicates the center-of-mass franee, ar
calculated from the total magnetic bending strength andv¥beage deviations of the accelerating
frequencies from their central values. The spread in thesored beam energy sz =

2.6 MeV.

beam
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We can compare the enerdys of the reconstructed meson with the well-known beam
energy:
AE = EE - Egcam (34)

If the B-meson is correctly reconstructed this quantity will beozeéFhe spread in this quantity
is dominated by the spread #y; which is typically20 MeV.

Another useful kinematic quantity is the energy-subsiunass:

Mmps =\ Bl — D5/ (3.5)
wherep}; is the B-meson momentum in the center-of-mass frame reconstriicied the 5-
meson decay products. For a correctly reconstrué@eaheson, this quantity is equal to the
nominal B massyn . The spread imngg is dominated by the spread in beam energy.

These two kinematic variables span a two-dimensional plameh is used to select signal
B-meson decays. Correctly reconstructeanesons occupies a small signal region in this plane
which is used to search for signal events. Events outsideisfrégion are useful for studying
properties of background events.

3.3 Plotting and fitting event distributions

These and other kinematic variables are used to isolateighalsevents. The tool typically
used to plot the variables is the ROOT analysis frameworR][10he signal and background
distributions in thenys—AFE plane are modeled by fitting a probability-density-funot{BDF) to
the data points in this plane. The tool used here for fitting & the distribution is RooFit [110].

The signal shape is parameterized in botls and AE by a Gaussian function plus a ra-
diative tail described by an exponential power functiormomonly referred to as a Crystal Ball
lineshape [111]. This takes the form

f(a) o { exp(—%_)_ i (v —T) o>« 7 (3.6)
Ax(B==2)" (v —7)/oc <«
whereA = (&)“ x exp(—|a|?/2) andB = Cil |a|. The variables ando are the Gaussian
peak and width, and andn are the point at which the function transitions to the powerction
and the exponent of the power function, respectively. A pfatimulated Monte Carl&3t —
7T ¢*t¢~ signal events fitted with the described PDF is shown in figute Bhe fit to the signal

distributions are used to determine the width of the sigagian and to evaluate signal in the
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charmonium control samples (section 4.3.1).
The combinatorial background shape is parameterized byrgmsAhreshold function [112]
in MEgs-

1— (mES

). (3.7)

f (mEs) = MEgs

where( is a fit parameter andl, = E}_,, as introduced earlier. The combinatorial background
shape inPAFE is parameterized by an exponential function or a first-opddynomial function.

For evaluating the combinatorial background in two dimensi (nps—AFE) we use a
probability-density-function which is a product of an Aggfunction inmgg and an exponen-

tial in AE: )
_ mES2 —f(l—m—EEzs_)

FAEmgs) = N e ompg (1 - 28 s (3.8)
b

where N is a normalization factor, and s agdare free parameters determined in the fit to the
data. Figure 3.2 shows events from a background control leacgmsisting of off-resonance
events reconstructed in th& — ey reconstruction mode. The plot shows the projections of the
fitted PDF onto thenygs andA E distributions.

For systematic studies we also use a more general form fobdhlkground shape (equa-
tion 3.8), where the Argus slopg, is allowed to be a function ch £

£=E(AE) = &+ GAE + S6AR (3.9)

where¢; are correlation parameters.
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Figure 3.1: Projections of two-dimensional fitita:s and A E' distribution in simulatedB* —
7T¢+(~ signal events. The signal distributionsrins and inAE have been fitted to a Crystal
Ball lineshape (equation 3.6).
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Chapter 4

SearchforB — wé¢te—

If the Standard Model prediction [47] is correct, we expéettaround 228 — /¢~ events
(summing over lepton flavor and pion isospin) may have beedywed in the data collected
during BABAR Run 1-4. It is tempting to start looking for these events agdd measure a
branching fraction, which could be altered with respectt@n8ard Model expectations in the
case of new physics. The main challenge experimentallyaisvile search for a very rare decay
mode, with large abundance of pions and leptons in backgrewents from both otheBB
events and continuum events. In addition, we expect a siikeabackground component from
the CKM favoredB — K ("¢~ decay which will be impossible to remove completely. Howeve
the excellentk'—r separation provided by the DIRC subdetector reduce thedegbmunds to a
very low level.

The basic technique is to reconstruct the decay ofRhmeson from all the final state par-
ticles. The lepton pairs considered aree—, u*p~, ande®u™, with the latter combination
primarily serving as a background control sample. The meseconstructed iB — w(*(~
modes arer* and#. To reduce background, strict particle identification iguieed, a multi-
variate discrimination technique is used to separate kfgmma combinatorial backgrounds, and
direct vetoes are used to remove “peaking” backgroundshninwe the same shapes as signal
in the variables used to extract the signal.

The signal yield is extracted by counting events in the kiagorsignal region. The combi-
natorial background is estimated from an extended unbinmedmum likelihood fit of thengg
sideband, which is then extrapolated into the signal reggdatkground which peaks in the sig-
nal region is estimated from simulated sources and, in tee odhadronic B decays, from data
control samples. Independent control sampleBABAR data are used extensively to verify the
efficiency of the signal selection, to estimate the perfaoroeaof the multivariate discriminants,

45
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to estimate peaking backgrounds, and to test the fit teckniqu

This is a “blind analysis” [113], in the sense that thecandidates irBABAR data that are to
be included in the signal extraction procedure are not exadiintil the event selection has been
finalized.

4.1 Signal model and simulation samples

The signal efficiency and characteristics are determinedyuessample of Monte Carlo simula-
tions of B — /"¢~ events. The signal decay kinematics follow the modeling lofed\al [23],
and B — w form-factors are based on Ball & Zwicky [50, 114, 115]. Thmslated samples
are modeled with a full detector simulation based@®ANT4 [116] with the event generator
EvtGen [117].

To study background yields and characteristics, a largebeunmof B-meson decay channels
have been studied with simulated events:

e The decaysB — J/¢m and B — (2S)w, with J/¢p — (¢~ andy(2S) — (7,
have the exact same final states asihe: /"¢~ decay. The amplitudes of these decays
also interfere with the penguin amplitude and make the #texa predictions difficult in
certain regions ofny+,-. These Monte Carlo samples are used to study rejection ®f thi
class of background.

e Simulations of the penguin decays — K ®)¢*¢~ and the charmonium modds —
J/y K and B — (2S) K, models the background from the more abundant signal-like
events where a kaon passes the pion selection.

e GenericBB and continuum events model the combinatorial backgroundea® used to
optimize the event selection.

e Alarge number of samples modeling exclusiveaneson decays have been investigated to
consider potential peaking background modeg, B — ﬁo(—> Ktrn)rt.

The only simulated data samples which directly affect thal foranching fraction upper
limit are the signal samples from which the signal efficiescre obtained, and certain types of
peaking background processes. The shapes and level ofeaiking combinatorial backgrounds
are determined directly from th@aBAR data.

Tables 4.1 — 4.3 list the samples of simulated events usdukistudy of signal and back-
ground characteristics.
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Number
0B/B of r'(4S) Data/MC
Process B (%) Ref. Events (/109) (/1073)
BT — ntete” 3.3x 1078 30 [47] 232000 7031 0.033
BY — nVete~ 1.65 x 1078 30 [47] 232000 14061 0.016
Bt - rtuty~  33x10°8 30 [47] 234000 7091  0.032
B =m0t~ 1.65x 1078 30 [47] 230000 13939  0.017
Bt = ptetem  6.0x 1078 30 [47] 234000 3900  0.059
BY = plete- 3.0 x 10°8 30 [47] 234000 7800  0.030
Bt = ptutp~  6.0x 1078 30 [47] 232000 3867  0.060
B® = pOutu— 3.0 x 1078 30 [47] 232000 7734  0.030
BT — Ktete™ 3.4 x 1077 29 [26] 268000 788 0.29
BY — KV%te~ 3.4x 1077 29 [26] 580000 1706 0.14
Bt — K*tptpy~  34x1077 29 [26] 268000 788 0.29
BY - Kot~  34x1077 29 [26] 578000 1700  0.14
B — K*ete 78x10°7 385 [26] 580000 744 0.31
B? — K*0¢te™ 7.8 x 1077 38,5 [26] 576000 738 0.31
B — K*utu~ 78x10°7 385 [26] 578000 741 0.31

BY — Kt~  78x10°7 385 [26] 582000 746 0.31

Table 4.1: Samples of simulated signal (— #¢*¢~) and penguin background events used
in this analysis. The number of events and effective numbéf(dS) decays (and branching
fraction assumptions) in the simulations are given, aloith te ratio of the number df (4.5)
decays in the data to the effective number of simulated svent

4.2 Event selection

The B* — nt/*¢~ events are selected from three charged-particle tracksBand> 7°¢* ¢~
events are selected from two charged-particle tracks anghatons if the event is kinematically
consistent with originating from & meson.

We require two oppositely-charged lepton candidates (e, z) in the combinationg*e™,
utu~ oretu. The leptons are identified using particle identificatioitecia described in sec-
tion 2.4.2. Electron candidates are required to have a mmen. > 0.3 GeV//¢; muon candi-
dates are required to have momentpyn> 0.7 GeV /c. Lepton pairs with at least one electron
with a low invariant massy,+,—, are considered consistent with coming from photon conver-
sions ¢ — eTe™), and these events are vetoediif+,- < 0.03 GeV/c% The lepton pairs
are combined with a pion (eithersa track or ar’ meson decaying t9v). The charged-pion
identification and neutral pion reconstruction are bottcdbed in section 2.4.2.
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Number
0B/B of r'(4S) Data/MC

Process B (%) Ref. Events  (/10°) (/1073)
BT = J/dnt  48x10° 125  [54]
J/p — 00~ 11.8% 1.7 127000 22422 10.3
B° — J/¢m® 22x107° 182  [54]
J/p — 0~ 11.8% 1.7 814000 317374 0.73
70— vy 98.798%
Bt — J/WKt  99x107%  4.04  [54]
J/p — 0 11.8% 1.7 169000 1447 159
Bt —(29)7t  3.0x 1075 [118]
P(28) — T4 1.47% 7.2 88800 201361 1.1
BY — (29)7®  1.5x107° [118]
W(28) — 60~ 1.47% 7.2
70— vy 98.798% 88200 404866 0.57
BT - ¢(2S)KT 6.8x 1074 59  [54]
P(28) — T4~ 1.47% 7.2 50100 5012 45.9

Table 4.2: Samples of simulated charmonium events usedsiamialysis. The number of events
simulated and the effective number{4S) decays (and branching fraction assumptions) are
given, along with the ratio of the number¥f45) decays in the data to the effective number of
simulated events. Similar-sized samples are also usédméson decays to charmonium gnd
and K* final states.

This section describes the event selection and backgraejedtion for theB — 7w/t (~
modes in detail. Events selected/as— mepu are considered a control sample of the penguin
modes, and the event selection for these modes is not optinsigparately. The selection criteria
used for these modes are summarized in section 4.3.3

4.2.1 Kinematic regions

Using the kinematic variablesirs and AE defined in section 3.2, we define three kinematic
regions to evaluate signal and background (see figure 4.1):

e The signal regionis defined as a-2¢ region around of the mean valuesrin:gs andAF,
whereo is the standard deviation of the signal distributions:s is expected to peak at
the mass of thé&s-meson, whileA E is expected to peak at zero for correctly reconstructed
signal events. For Monte Carlo simulated samples, the atdrikviationsr,, ., andoag
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Process

g

B Events

49

Number
of 7'(4S) Data/MC

(/10°) (/1079

GenericBTB~
GenericB'B°
Continuumeée

Continuumua/dd/ss

111nb 50%  584.1

1.12nb 50% 540.7

1.35nb

2.04 nb

425.6

677.1

1168.0 0.20

1081.4 0.21

0.66

0.62

Table 4.3: Samples of simulated genei®& ande*e™ — ¢q (¢ = u, d, s, ¢) continuum events
used in this analysis. The number of events and effectivebenaf?(45) decays (and branching
fraction assumptions) in the simulations are given, aloitf the ratio of the number ¢f (45)
decays in the data to the effective number of simulated svent

are obtained from fits to the signal Monte Carlo samples; &inthg the regions in data,
both the mean and the standard deviations are determinedifsto theB — J/¢) m data
control samples. The values defining the boundaries in datgieen in table 4.4. The data
events in the signal region are not inspected until the eseletction criteria are finalized
and background expectations have been determined.

mode mgs low  mgg high AFlow AF high
[GeVic?] [GeVic]] [MeV] [MeV]
Bt — nfete~ 5.2748 5.2847 -53.6 37.4
B — nVete~ 5.2767 5.2839 -115.0 82.5
Bt — ntutu— 5.2749 5.2847 -42.0 35.0
BY — mO0utp~ 5.2764 5.2836 -87.4 68.0

Table 4.4: Boundary values defining the signal region fohdac— 7¢*¢/~ mode. The bound-
aries used in thé&8* — 7tep and B — 7% modes are the same as for theé — ntete™
andB® — 7%*e~ modes, respectively.

e Thefit region includes the signal region as well as a sideband;ig andA F wide enough
to fit the combinatorial background distributions to deter@rbackground normalizations
and shapes. This region also remains hidden until the eeéttt®n criteria are finalized.
Events in this region are inspected and compared to expatidiefore the signal region
is investigated. For all modes, the fit region is defined by

mgs > 5.2 GeV/c? and

|AE| < 0.25 GeV.
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e The grand sideband regionis a very broad region surrounding the fit region and is digjoi
from the fit region. The sideband region is dominated by coaiorial background and is
used to isolate background-like events for further stuai/fancomparison with simulated
background events. The sideband region is defined by

5.0 GeV/c* < mpg < 5.3 GeV/c?
IAE| < 0.50 GeV

andnotin the fit region.
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Figure 4.1: The three regions ofzs and AE used to analyzd8 — =/*(~ candidates. The
boundaries of the signal region are defined-as relative to the mean of the signal distributions,
whereo is the standard deviation of the signal distribution forreatthe modes. The fit region
is a larger region which also includes the signal region. Sileband region outside the fit region
contains only background events. The points are simulBted 7¢*/~ events.

4.2.2 Fisher discriminant for continuum ¢g suppression

To suppress background from continuum/dd/ssand cc events, we use a Fisher discrimi-
nant [119] composed of selected event shape variableste~igh show distributions of these in



4.2. EVENT SELECTION 51

Monte Carlo signal events and in off-resonance data evéhesfollowing quantities have been
used:

e The ratio of Fox-Wolfram [106] moment8, = H,/H,, as defined in section 3.1. The
moments are computed with all charged and neutral pariiclbe event. The distribution
of R, peaks around 0.2 for signal events and 0.7 for backgrounatgvin figure 4.2a, a
preliminary selection o35 events has already removed most events With> 0.5.

e The value| cos 0|, wheredy is the angle between the candidate’s momentum and the
beam axis in the center-of-mass frame. For correctly raoocted signal events, this
angle is distributed asn? 6z, while for incorrectly reconstructed events in the contimu
background, the distribution is uniform, as seen in figub4.

e The value| cos Oyrust|, Whereby,,s, IS the angle between the thrust axis of the recon-
structedB and that of the remaining particles in the event. As seen urdig.2c, this has
a uniform distribution for signal events and peaks near témtinuum background.

e The ratio of Legendre momentfs,/L,, computed from all particles not used in recon-
structing the signaB candidate with respect to the thrust axis of the sighaAs seen in
figure 4.2d, these have a signal distribution around zercaapackground distribution at
positive values. Due to a preliminary selection®f > 0.5, the background distribution
of this variable has already been truncated.

A Fisher discriminant is a linear combination of discrinting variables which projects the
discriminating power onto a single one-dimensional qugnie define the Fisher discriminant,
F,as:

F=co+c1-Ry+cy-cosbp+ cg - cosbipruss + Ca - Lo/ Lo (4.2)

The Fisher discriminant coefficients,, c;, c3 and ¢, are determined independently for each
mode so as to maximize the discriminating power. The firsfficbent, ¢, is defined so that the
signal distribution ofF has mean value zero.

The distributions of the output Fisher discriminants arevah in figure 4.3 for simulated
signal events and for off-resonance data events. An indkgpgrselection is chosen for each
mode (see section 4.2.4).

4.2.3 Likelihood ratio for BB background suppression

To suppress backgrounds from non-sigidb events, we define a likelihood ratio from four
guantities. For each of these variables, we construct aapitily-density-functions (PDF) for
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Figure 4.2: Distributions of input variables for the Fislscriminant forB° — 7%¢*e~ events
in the signal Monte Carlo (solid line) and off-resonanceadatshed line). The input variables
are a)RRs, b) | cos0p|, €) | cos Oynrust| @nd d)Ls / Lo,
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Figure 4.3: Distributions of Fisher discriminants for@j — n*ete™, b) B — n%*e™, ¢)
Bt — atutu~ and d)B° — 7%t~ events from signal Monte Carlo (solid line) and off-
resonance data (dashed line).
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signal and background3(B) distribution. The PDFs are fitted to simulat&d— 7¢*¢~ signal
events and generiBB events for each mode individually. These distributions laest-fit PDFs
are shown in figure 4.4. The quantities used are:

e The missing energy in the event, computed from all chargedreutral particles in the
event. If all particles in the event are detected, sighahsmill have no measured missing
energy. Leptons ilBB background typically stems from semileptonic decays, hedé
events have a measurable missing energy. The distribudrensarameterized by a sum of
two Gaussian functions, and can be seen in figure 4.4a.

e The logarithm of the vertex probability of thB candidate. In correctly reconstructed
signal events the tracks should all originate from the saemgex and the vertex fit should
give a high vertex probability. For random combinations aftigles, the vertex point will
have a lower probability than signal events. The distrimgiare described by the sum of
an exponential function and a first-order polynomial andlmaseen in figure 4.4b.

e The logarithm of the vertex probability of the two leptonfielsame arguments as previous
point apply here as well. The distributions are describedhgysum of an exponential
function and a first-order polynomial and can be seen in figute.

e The valuecos 6, wherefg is the angle between thB candidate’s momentum and the
beam axis in the center-of-mass frame. For correctly raoocted signal events, this
angle is distributed asin® 3 = (1 — cos?dp), and is parameterized by a second-order
polynomial. For incorrectly reconstructed events in thB background, the distribution
is uniform. As seen in figure 4.4d, a component of 8 background has @l — cos )
distribution as well. Thus, also a linear term is allowedtfoe background parameteriza-
tion.

From these PDFs we construct a likelihodd (atio:

signal £
signal L + BB L

L ratio = (4.2)

where
signal L = H Pdfi(s)
; (4.3)
= Pfi. Pt - P PULE]

Eniss cosfp
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Figure 4.4: Distributions of input variables to the likaibd ratio forB* — 7" u*u~ events
in signal Monte Carlo (thick line) anddB Monte Carlo (thin line): a) missing energy in the
event, b) logarithm of thé-vertex probability, c) logarithm of thé" ¢~ -vertex probability, and
d) cosfp. The dashed lines in figure a) show the contributions of tdevidual Gaussian com-
ponents.
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where Pdf) is the probability-density-function for the signal disuition of variablei. The
background likelihood ratio is defined similarly from PDHstained from distributions in the
BB Monte Carlo samples.

The distributions of the output likelihood ratio are showrfigure 4.5. For signal-like events
this ratio will approach 1, foi3 B-like events it will approach 0. An independent cut value is
chosen for each mode (see section 4.2.4).
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Figure 4.5: Distributions of likelihood-ratio outputs fay B* — wete™, b) B — 7e*e™, )
BT — 7tutp~ and d)B° — 7%~ events from signal Monte Carlo (solid histogram) and
BB Monte Carlo (thick line).

4.2.4 Optimization of selection with Fisher and likelihoodratio

To reduce the combinatorial background, we select eventdwiave large values for the Fisher
discriminant andC-ratio outputs. The optimization is done férand likelihood-ratio selection
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criteria simultaneously. For each reconstruction mode,aiptimal selection criteria is chosen
such that it maximize§/+/S + B, whereS andB are the signal and background yields expected
in the signal region.

The signal yieldS, is determined from counting simulated signal events irstgeal region,
and the background yield3, is determined from a two-dimensional extended unbinnexi-na
mum likelihood fit to simulated generi8 B and continuum events in the;s — AE plane. The
background fit function is a product of an Argus thresholdction [112] in mgg and a first-
order polynomial inAE. Figure 4.6 shows projections ontegs and AE of the Monte Carlo
simulated events and best-fit functions in the fit region f@ngés selected aB™ — 7Hete™.

The simulation samples are normalized to the luminositheBaBAr dataset to be analyzed
(209 fb '), and for the signal estimation, we assume Standard Modeiching fractions as
suggested in [47].

Figure 4.7 shows a contour plot 6f /(S + B) as a function of Fisher and likelihood-ratio
criteria for each of the four penguin modes.

mode F > | Lratio> | efficiency| Syield | Byield | S/v/S+ B
Bt — ttete” | -0.1 0.5 7.2% 0.54 0.97 0.43
BY — qVete~ 0.1 0.4 5.7% 0.22 0.92 0.21
BT —watutu~ | 0.1 0.4 4.7% 0.37 0.77 0.34
B® — 7Outp 0.2 0.5 3.1% 0.13 0.58 0.14

Table 4.5: Optimal selection criteria for the Fisher disgriant (F) and the likelihood £) ratio,
as well as signal efficiencies, signal)(and backgroundA) yield estimates and significance
after sideband scaling and efficiency corrections.

4.2.5 \Vetoes for suppression of peaking backgrounds

This section describes a series of vetoes that are usedpesgpeaking backgrounds. These are
events where @ meson decays into the same or similar final states as sigeat.eVherefore,
the events resemble our signal in that they populate the &ameatic region of thengs and
AFE plane. Some peaking backgrounds are easy to veto becaysmtiiain narrow resonances.
The resonances we veto are

o J/i— (0~ andy(2S) — (10
These come primarily fron® — J/¢m or B — (2S)7 events, but also from the more

copiousB*T — J/¢ Kt and Bt — ¢(25)K* modes, where the kaon passes the pion
selection.



58 CHAPTER 4. SEARCH FORB — w14~

[ A RooPlot of "energy substituted mass” | [__A RooPlot of "Delta E" |
< 18 S OF

3 of G 16

wn — n

g 14— o

- F I 12

s 12 2

<= o 10

[ 10 >

I i

» [=2] o

B (2] ©
TT{TTH—I—I—LQ—!—I—I—HTT{TTTNTTT{TTT‘
——
—

) + . J[
‘H1H‘mHumumuumu%u“ rnnflnnnnflinnnflonnnflonnnflonnn UG on St s TS
g. 523 524 525 526 527 528 529 -8.25 02 -015 01 -005 -0 005 0.1 015 0.2 0.25
energy substituted mass (GeV) Delta E (GeV)
[ A RooPlot of "energy substituted mass" | [ A RooPlot of "Delta E" |
O 45 o 45
& F &
8 A g 4
Q__E o
S 35F =35
=~ [%]
2 3 L c 3
[=4 [
2 @
o 2.5 25
2 2
15 15
1H+e e 1o e 1
g
05— 0.5
Eilglyd s iliglggopbiort iggetlipliogdgspillo ioldoms
82 *531 525 830 524t 525 B8 527 “528 %520 828 02*- 05 - 1505 %08 02s
energy substituted mass (GeV) Delta E (GeV)
[ A RooPlot of "energy substituted mass” | [__A RooPlot of "Delta E" |
— E 235
> F >
8 a5F 3
0 E & 3
8 4 g
o = o
=) E 1=}
S 35F =25
P S 2
= 3 L c
g F 2 2
& 25F =
2F s 15
1.5; 1
l} o HHOH HH HH o O
E 0.5
0.5=
Riettbpilioeligl i ligiliggiigpplligel lyspelligegslos
83°UE3T 5722% 523 5247925 "520° B27 528 529 82502 ¢ : ] 1%%15 *62°%02s
energy substituted mass (GeV) Delta E (GeV)

Figure 4.6: Projections ofgg (left plots) andAFE (right plots) for two-dimensional fits for
BT — 7tete” to Monte Carlo simulated background samplésB (top), cc (middle) and
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Figure 4.7: Contour plots of/\/S + B vs. Fisher and likelihood (LH) ratio for aB* —
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mTete™

b)) BY — atutus,

c) B — 7lte~

,d) B — 7%t

optimal selection criteria, WhICh are also given in tabk. 4.

e D' — gx—xt Dt — 7%+, D - K—xtandD* — 7K™
The D mesons are produced in the decdys— Dx or B — DK where hadrons are

misidentified as muons. Thet — 7K+ decay is doubly Cabibbo suppressed, but we
veto it anyway.

Charmonium vetoes

Events with a charmonium meson decaying into a pair of lept@ve sharp peaks in,+,~ and
are simple to remove. We veto events with: ,- consistent with a//v or a(2S), which are
the two most dominating charmonium resonances.

Complications arise due to bremsstrahlung of electronsnaistientification of tracks, pri-
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marily kaons. If electrons from &/ loose energy due to bremsstrahlung and the photon(s)
are not recovered by the bremsstrahlung recovery procethae the measured invariant mass
will be smaller than expected for.&/v» meson and thé\ E' will be decreased correspondingly.
To account for this effect, we make the veto dependenf\@hof the reconstructed candi-
date, as illustrated in figures 4.8 and 4.9. The veto regiomsiefined in a similar way as was
done in [26]. Since bremsstrahlung also occur for muongj&lb a lesser extent, we also make
the vetoA E-dependent for the muon modes. If the event contains a kaexdaitified as a
pion, then theA £/ will be reduced due to the incorrect mass assumption. We inaveased the
width of theA E-dependent veto correspondingly in order to remove theldraekground from
B — J/vK (and B — v(2S5)K) event. This reduces the efficiency somewhat, but we have put
emphasis on removing as much peaking background as passible

For electron modes, thé/) veto region is the union of the following three regions in the
AE — my plane:

e 290 GeV/02 < my < 3.20 GeV/02

e for my > 3.20 GeV/c?, a band in theAE — my, plane defined by
1.11¢* x my(GeV/c?) — 3.67 GeV < AE < 1.00¢* x my(GeV/c?) — 2.875 GeV
o for my < 2.90 GeV/c?, atriangle in theAE — my, plane defined by
AFE < 1.00¢* x my(GeV/c?) — 2.875 GeV

For muon modes, thd/i) veto region is the union of the following three regions in the
AE — my, plane:

e 3.00GeV/c? < my < 3.20 GeV/c?

e for my > 3.20 GeV/c?, a band in theAE — my, plane defined by
1.11¢* x my(GeV/c?) — 3.614 GeV < AE < 1.00¢* x my(GeV/c?) — 2.925 GeV
o for my, < 3.00 GeV/c?, a triangle in theA E — my, plane defined by

AE < 1.11¢% x my(GeV/c?) — 3.31 GeV
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The(2S) veto region is defined the same way for electrons and muonsyider for 7
modes than forr® modes. Forr®¢*¢~, we veto the union of the following three regions in the
AE — my, plane:

e 3.60 GeV/c? < my < 3.75 GeV /c?
o for my, > 3.75 GeV/c?, a band in the\ E — my, plane defined by
1.11¢* x my(GeV/c?) — 4.305 GeV < AFE < 1.00¢* x my(GeV/c?) — 3.525 GeV
o for my, < 3.60 GeV/c?, atriangle in theA E — my, plane defined by
AE < 1.00¢* x mg(GeV/c?) — 3.525 GeV
For7%¢*¢~, we veto the union of the following three regions in thé& — m,, plane:
e 3.60 GeV/c? < my < 3.75 GeV /c?

e for my, > 3.75 GeV/c?, a band in theAE — m,, plane defined by
1.11¢* x my(GeV/c?) —4.194 GeV < AE < 1.00¢* x my(GeV/c?) — 3.525 GeV
o for my, < 3.60 GeV/c?, a triangle in theA E — my, plane defined by
AFE < 1.00¢? x my(GeV/c?) — 3.525 GeV

There is an additional charmonium veto imposed on the eleatnodes for those events
which escape the vetoes described above. If a photon whiel dot arise from electron
bremsstrahlung is incorrectly recovered by the bremdstnghrecovery algorithm, it could
escape the veto om, mass. We reduce this possibility by requiring that also theuri-
ant mass of the two electrongithout bremsstrahlung recovery does not lie in the regions
2.90 GeV/c? < my < 3.20 GeV/c? and3.60 GeV /c? < my, < 3.75 GeV /2.

Vetoes againstB — D7 backgrounds

B-meson decays t&7 and DK whereD — nw or D — Km may peak in the signal region if
both tracks reconstructed as leptons are really misidedtifadrons. Table 4.6 gives an overview
of the B — Dh modes that may contribute and which are being vetoed.

The event is vetoed if either the ¢~ combination or ther/ combination is consistent with
originating from aD when the tracks are givenr or K« hypotheses. The selection differs
according to modes:
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Figure 4.8: Veto regions in the plane spanned/hy,- andAF are indicated by lines for each
of the four reconstruction modes. The dots correspondsrtalated inclusiveB — J/¢X and
B — ¢(25)X events X signifies any addition particles).

AE (GeV)
AE (GeV)

A E (GeV)
AE (GeV)
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Figure 4.9: Veto regions in the plane spanned/hy,- andAF are indicated by lines for each
of the four reconstruction modes. The dots correspondsmalated generid3B events and
here events in the charmonium veto region have been removed.
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B(B — Dh) x events expected

Process B(D — hh) Effective 5(B — hhh) (Runl-4)
B~ — D'n~ (4.91£0.21) x 10 3 x

DO — g gt (1.38 4 0.05) x 1073 (6.78 +0.38) x 1076 1560 + 87

D° — K—n+ (3.81+0.09) x 1072 (1.87+£0.09) x 1074 43055 = 2072
B~ — D°K~— (3.7+£0.6) x 107* x

DO — g gt (1.38 4 0.05) x 1073 (5.11 4 0.85) x 107 117+ 19

DY — K—nt (3.81 4 0.09) x 102 (1.4140.23) x 1075 3245 + 529
B° — D79 (2.91 +0.28) x 107 x

DO — gt (1.38 4 0.05) x 1073 (4.016 4 0.41) x 10~ 7 92+9

DY — K—nt (3.81 4 0.09) x 102 (1.1140.11) x 1075 2552 + 280
B — D—n+t (2.87 4 0.19) x 1073 x

D~ —a n° (1.3340.22) x 1073 (3.82+) x 1076 878 4+ 156

D™ — K—n° <4.2x107* <1.2x10°° < 276
B - D"K+ (2.04+0.6) x 107* x

D~ —a n° (1.3340.22) x 1073 (2.66 4+ 0.91) x 1077 61+ 21

D~ —- K 7° <4.2x1074 <84x1078 <19

Table 4.6: Estimate on how many hadronic events witmesons ar@roducedn the Run 1-4
data sample. Here = 7 or K. These modes are expected to peakixky andAE and will be
vetoed. Estimates are based on branching fraction expetddtom [54].

e Inthe BT — ntete” and B — 7%*e~ modes, we do not vetd events, since the rate
of hadrons passing the electron selection is very low.

e Inthe Bt — 7" utu~ we veto events which have two opposite-charge tracks with an
invariant mass within the range’4 MeV/c* — 1.89 MeV/c?. We consider the following
particle combinations and mass hypotheses:

¢t~ assumingttr—, Ko~ (if BY — #t¢t¢")orat* K~ (if B~ — 7#(*(), and
7t~ assumingrtr or KTm.
e In the modeB® — ="~ (figure 4.10) we veto events where the invariant mass of the

neutral pion and any of the leptons is in the range MeV/c* — 1.94 MeV/c? when
assigning eithem .+ or mg+ mass hypotheses to the lepton tracks:

7%+ assumingr’7 or 7 K
7%~ assumingr’r~ or 70K~

If an event falls into any of these categories, it is remowethie D veto.



64 CHAPTER 4. SEARCH FORB — w14~
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Figure 4.10:7%7* invariant mass for simulate8® — D™ (7% *)7~ events reconstructed as

B° — #%+¢~ with a pion misidentified as a lepton. A sum of two Gaussian #b&s been
fitted to the distribution.

4.2.6 Multiple candidate selection

If more than oneB candidate remains after all the selection criteria haven lagplied, one is
selected based on:

e For Bt — nt¢t/—: the candidate which has thé€ with most SVT hits

e For B® — 70¢+¢~: the first candidate which appears in the ntuple (effectizetandom
choice).

Table 4.7 lists the average number®tandidates selected in simulated signal events.

Mode Candidates/event
B — mete™ 1.13
B — nlete~ 1.35
B — mutu” 1.15
B — 7Out 1.59
B — mep 1.06
BY — 7%y 1.04

Table 4.7: Mean number of signal candidates per event foaslgonte Carlo events passing all
selection criteria except the multiple candidate selectio
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4.3 Data control samples

Control samples in the data are used to verify that the sitadilsamples are correctly represent-
ing the data.

The vetoed peaking-background events constitute a useffuifsndependent control sam-
ples. In particular, the charmonium samples are highstiegisamples with the same kinematics
as signal events in particular regions;éf Control samples of /1) — (¢~ events are the largest
samples. These describe individual particle momenta olaega range, but is naturally limited
to a narrow region of?> = my+,-. The smaller sample consisting©f{25) — ¢T(~ events is a
control sample for a higheg-region.

The J /1) control samples are used to study the signal efficiencyasigmpes and to verify
the analysis by measuring tii&— /v = branching fraction.

Hadronic peaking background are evaluated using a samgbe-ef 71.h events, where one
track is identified as a pion, one trackasselyidentified as a muon, as described in section 2.4.2,
and the third track is not identified as any particular hadfidre loose muon selection has a rather
large fraction of mis-identified pions and kaons, and predduitable data sample for this study.
All tracks are also required to fail the electron selectamg all tracks except the loose “muon”
are required to fail the muon selection. This selects a sawfpbredominantly hadronic events
consisting ofB — wrmr andB — K.

Background control samples are used to cross-check thgtmeid estimates based on con-
tinuum andB B simulated samples. The final background estimate is dong tis2BABAR data
in the fit region, but the optimization is done with simulaszanples.

4.3.1 Charmonium control samples

A J/iy control sample is constructed by selecting events whiobrfaggkinematically to the signal
region, and which satisfy all of the other requirements epx¢hat they are required fail the
J/i» veto. Three different selections @fyy samples have been used for different purposes.

The B — J/v¢ 7 control sample

This sample is the one with events most similaBte~ 7/*¢~ signal events. Like for th&* —
nT¢t(~ selection, the selection dB* — .J/¢=™ will contain a non-negligible background
component from the more abunddsit — J/¢ K" events where the kaon fails rejection by the
pion selection. Also other background sources have beelestuFor low values ofAE there
are contributions fronB — J/iypandB — J/i» K* as well.
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Using this sample we compare various distributions of dateMonte Carlo simulated events
to check that the level of agreement is acceptable. Figufels4L17 show the distributions of
me+-, mes, AFE, 7 and/ momenta as well as the outputs of the Fisher discriminanttiaad
likelihood-ratio in theBABAR data and Monte Carlo simulations. Also the input quantitees
the latter two discriminants were checked and were showingl @greement between data and
Monte Carlo. The statistics of this sample is limited, s® iBinot a precision test. To achieve
the best possible statistics in the simulation sample, &tadof B — J/¢y7, B — J/Y K
and inclusiveB — J/¢) X are used. In the plots, the Monte Carlo distributions argvdnaith
two sets of error bands: the total uncertainty (light grayfamed from summing in quadrature
the Monte Carlo statistical uncertainty and the branchiagtfon systematic uncertainty, and the
Monte Carlo statistical uncertainty only (dark gray). Aletdistributions show that the data is
well described by Monte Carlo simulations.
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Figure 4.11: Distributions of the dilepton invariant masdtie B — J/i»m control samples for
the four B reconstruction modes. The points with error bars are oon@sce data events, and
the gray histograms are simulated events, with statisticdlsystematic uncertainties shown in
the dark and light gray bands, respectively.
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The B* — J/¢ K* control sample

A larger sample is obtained by replacing the pion identiftcatvith kaon identification B+ —
J/¢K* events are more abundant thBr — .J/v7*. Due to the incorrect mass hypothesis
(m,=+) assigned to thé&* track, the reconstructed energi; is lower than expected fas* —
70+~ decays, thud\ F is shifted by about-70 MeV.

This sample gives a high-statistics comparison of the $gjmapes. Figure 4.18 shows com-
parisons of data and Monte Carlo events using distributddnsgzs, A E, the Fisher discriminant
and the likelihood ratio. The level of agreement is foundechtisfactory.

The “K(t¢=" B* — J/¢ K* control sample

The sample ofB* — J/v K* events can be improved by reconstructing the event8 as
K/(¢*¢~, thereby obtaining &\ E distribution which is centered at zero and has a reducechwidt
For this, we use the event selection developed forRhe: K¢+¢~ analysis [26], and also here
with the J/« vetoes reversed. The purity of this sample is very high. fe@ul9 shows theigg
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fit on the full on-resonance data sample.

This control sample is used for studying the efficienciefiefiepton identification, the Fisher
discriminant criteria and the likelihood-ratio criterraBABAR data and Monte Carlo simulations.
The results of this study is described in section 4.4.

The B* — ¢(25)K* control sample

Events that are removed by thi€2S5) vetoes also constitute a control sample which checks the
signal efficiencies at somewhat highgrthan what events withi/¢) do. The branching fraction
of B — (2S)x is expected to be small [118], and with the combined bramgcfiaction of
¥(25) — (eTe™) or (uTp ™) being only(14.65 4 1.05) x 1073 [54], these events are not useful
as a control sample.

Instead we seledB* — ¢(25)(— (T¢7)K* events by applying kaon identification to the
hadron track and reverting th&g2.5) veto. Figure 4.20 shows the distributionsiofs andAE
in this data sample compared to Monte Carlo simulated events
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Mode Yield Eff. (%) B/10-6 PDG B/10~°
Bt - atetes 108+ 14 182 4446 48+ 6
Bt > atptys 89411 122 5447 48 + 6
BT a0t 8 +4 183+ 6
BY — m0¢te~ 5449 160 2544 22 44
BY — 70t~ 28 + 6 87 2445 2244
BY = 700F¢- 24+ 3 22+ 4

Table 4.8: B — J/ymyields and branching fractions from the fits BiBAR data. Combined
branching fractions are computed from the least-squaraghiesl average; all uncertainties are
statistical only.

B — J /4w branching fraction measurement

Using theB — .J/v¢ = control sample, we measure the branching fractiBf8 — J/i)7) as

a crosscheck for th& — w(*¢~ analysis. The branching fractions are computed from yields
extracted by a two-dimensional extended unbinned maxinketiiood to events in the fit region
for four final states.

The signal shape is parameterized in betfy and A E by a Gaussian function plus a radia-
tive tail described by an exponential power function, asdbed in section 3.3.

In the charged modes, a signal-like componen#dr— J/¢ KT isincluded, with the mean
of AF offset by about-70 MeV. The shape parameter for this peaking background coerion
has been fixed to values obtained from fhie — J/¢) K control sample.

The combinatorial background shape is parameterized byrgmsAhreshold function [112]
in myg, as described in section 3.3.

Figure 4.21 shows projections of the data and best-fit pittyadensity function for the
reconstruction mod®&* — J/¢ «t with J/¢ — eTe™. The background fronB* — J/¢ K
events is clearly visible in figure 4.21b, and a dashed lidécates the fit component for these
events. Figure 4.22 shows projections from a similar fit toakients selected &’ — J/yn°,
with J/v — u* .

Table 4.8 summarizes the — J/i) 7 signal yields obtained from these fits, the signal ef-
ficiencies obtained from studying simulatéd — J/i)x signal events and the corresponding
branching fractions in thBABAR data. The measured branching fractions are consistentiwgth
world average [54] for these decays.
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4.3.2 Grand-sideband control sample

In order to understand our combinatorial background s@,BeBAR data in the grand side-
band region are compared with the sum of predicted yields amtiel Carlo-generated generic
BOB°, B*B~, uds andcé samples; each subsample in this sum is scaled independeritig
corresponding on-resonance data luminosity. Figuresa44230a show the distribution of kine-
matical variables in on-resonance data and the combineerigei5 and continuum Monte
Carlo sample. The continuum fraction of the total is showa gray histogram.

Simulations compare well with data for ti& — 7n ™1~ channels, but for thé& — wete~
channels there are substantially more events in the dataithéhe Monte Carlo samples.
The events causing the discrepancy tend to have low pion mimme(figure 4.28a) and large
lepton-lepton opening angle (figure 4.30a). We believe thssrepancy results from two-
photon processes which are not modeled in Ba84aR Monte Carlo. Two-photon interac-
tions occur when an electron and a positron at high energidsiraclose proximity emit a
pair of virtual photons which interact electromagnetigdth produce a pair of fermions.e.
(ete™) — (ete )yy — (eTe™)(ff), where the fermionsf, can be either leptons or quarks
turning into hadrons. Usually, the original electron andgipon retain their momenta and high
energies and escape detection, while the two fermions lmavenomenta and balanced trans-
verse momenta. If the virtual photons are hard enough, obetbrof thee™ ande™ can scatter
into the detector, along with the fermions, and these ard likedy the events seen as an excess
of events in the data. No such excess of events is seen jnlae channels.

The belief that the discrepancy is due to two-photon everfitgriher strengthened by the ob-
servation that these are na@t45) events. When replacing the continuum-Monte Carlo sample
with the off-resonance data sample, the overall normatinatf the histograms agree. This is
seen in figures 4.23b-4.30b, where on-resonance data aggacedwith the sum ot B-Monte
Carlo and off-resonance samples. The contribution frornregbnance data is shown separately.

Since the discrepancy is more pronounced for the lower sabfiengg (figure 4.23a) and
reasonably small in the fit region these events are not fustinelied or removed. In the end, the
relative normalization of the combinatorial background e floating in the fit, hence it is not
essential to the signal extraction that the normalizattomodeled precisely by the simulation.
However, the generic Monte Carlo is used to determine setectiteria for the Fisher discrimi-
nant and likelihood-ratio. Therefore, for this purpose wals the generic Monte Carlo samples
to match the on-resonance data, with scale factors detedriiom comparison with sideband
and off-resonance data.

The scaling factors are determined separately36r and continuum Monte Carlo:
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e BB-Monte Carlo scaling factors are determined from the rdtimneresonance data yields
to the sum of3 B-Monte Carlo and off-resonance data yields inghend sideband regian

e Continuum-Monte Carlo scaling factors are determined ftbmratio of off-resonance
data yields to the continuum-Monte Carlo yields in fheegion plus theA E sidebands
Here, AF sideband is defined as outside the fit regiod\if' but within the fit region in

™TES.

Table 4.9 summarizes the luminosity-scaled yields usedeterthine the scaling factors for
generic Monte Carlo samples.

Mode MC Yield Data Yield Data/MC
Continuum MC and off-resonance yields in thé’-sideband and fit region
Bt — ntete™ 48+ 6 136 + 36 (285 £ 83)%
B — nVete~ 19+ 3 58 +24 (312 £+ 140)%
BT —atutu~ 88+ 7 874+ 29 (100 + 34)%
B — 7m0t~ 35+ 5 39419 (111 + 5%
BT — ntep 225+12 165+ 40 (734 18)%
BY — 10¢p 54+ 6 58 4+ 24 (108 &+ 46)%
BB MC + off-resonance and on-resonance yields in the grandaikregion
BT — ntete” 1402490 1296 & 36 (92+ 6)%
B — nVete~ 732 £ 62 729 + 27 (100 £ 9)%
BT —atutu~ 965 +£54 862 + 29 (89+ 6)%
B — rOutp~ 356 + 38 322+ 18 (90+ 11)%
BT — nteu 2115+79 1976 +44 (93+ )%
BY — 70%yu 824 + 46 819 £+ 29 (99+ %

Table 4.9: Comparison of the sample yields to determinebside data/MC scale factors for
generic Monte Carlo simulated samples. The total yielde heen scaled to 2097b.

As a cross-check, data/MC ratios were also obtained fagmdifft sub-regions of theps-AE
plane. The ratios were all in agreement within errors.
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Figure 4.25a: Distributions in the Fisher discriminant gémts in the grand sideband. On-
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Figure 4.26a: Distributions in the likelihood ratio of et®m the grand sideband. On-resonance
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tograms show the contribution fromu/dd/s5/cc events. The vertical line indicates the optimal
lower value for making a selection in the likelihood ratio.
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Figure 4.26b: Distributions in the likelihood ratio of e¥ein the grand sideband. On-resonance
data (points) and the sum of genefi&3 Monte Carlo and off-resonance data (histograms). The
light gray histograms show the contribution from off-reanoe events. The vertical line indicates

the optimal lower value for making a selection in the likeldal ratio.
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Figure 4.27b: Distributions in dilepton invariant mass,,-, of events in the grand sideband.
On-resonance data (points) and the sum of gengric Monte Carlo and off-resonance data
(histograms). The light gray histograms show the contidioufrom off-resonance events.



82 CHAPTER 4. SEARCH FORB — wét4~
o T T T T o T T T T
> 10 4y 1 3
() - — (o
o 120—_LI A ntete | §
© 100} L 4 © .
@ (41 3
8 80 'T'-T —T'-+-_L - 8
;60 7' 4 o 7]
o +. ‘ \.'+'i 11 e
o 40F ‘ T 4 &
c e g, = N
é 208 S 1 9
- oO 1 2 3 4 5 w
1tmomentum (GeV/c)
(&) T70F | T T T T = (8]
S : |+ } _ | s i
v 60T | 0,+ 4
L) SO_rT -l -T- T e e 1 0] N
© T1|'I Tl +| | 8 ; -
g o ey 18 !
o 30 ) il = y 1T _
[ [

5 2oF T, 13 i T+‘ -
< I— ooy 4 € g _
s o H_)—_;_F—\_ﬁ_‘_,—uj "*f‘f-h 2 ° a +
m 0 = ooy m 0 L

0 1 2 3 4 5 0 1 2 3 4

Tmomentum (GeV/c) Ttmomentum (GeV/c)

Figure 4.28a: Distributions in pion momentum,, of events in the grand sideband. On-
resonance data (points) and genefidX + uu/dd/ss/cé) Monte Carlo (histograms). The light

gray histograms show the contribution fram/dd/ss/cc events.

Events / 0.166667 GeV/ ¢

Events / 0.166667 GeV/ ¢

160\~
1401 ¢
120
100
80
60
40
20

%

100

mtmomentum (GeV/c)

Events / 0.166667 GeV/ ¢

Events / 0.166667 GeV/ ¢

100

80

60

40

20,

2 3 4
T momentum (GeV/c)

Figure 4.28b: Distributions in pion momentum,, of events in the grand sideband. On-
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tograms). The light gray histograms show the contributromf off-resonance events.
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4.3.3 epu control sample

An additional cross-check on the data—MC agreement for auaidrial background is provided
by theey, control sample.

For selectingB™ — wtep and B — nYpu events, we use the same selection criteria as
the B — mete™ mode andB® — 7% *e~ mode, respectively, with one exception: the vetoes
against ofB — D= background (section 4.2.5) is implemented as forBie— =« p*pu~ and
B® — 7% 1~ modes.

No peaking structures are expected ind¢pheeconstruction modes, but the vetoes of peaking
backgroundse.g. B — J/¢mand B — D, are used to eliminate these background processes
in cases where one of the muons are misidentified as an eleotruice versa.

Figure 4.31 shows a comparison of Fisher and likelihoom-distributions for on-resonance
ep data in the fit region (points with error bars) and total genbftonte Carlo samples (gray
bands). The input variables were also investigated, ana-&C agreement is good in all of
these distributions.
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Figure 4.31: Distributions of Fisher and likelihood-ratt ¢, control sample events in the fit
region.
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4.4 Selection efficiencies

The efficiency calculation is based on signal Monte Carlogam(large samples of simulated
B — w/*/~ andB — we* ;T events). Some corrections have already been applied fer-dif
ences between data and Monte Carlo performance of trackih@article identification. These
corrections are based on low-multiplicity samples desctim section 2.4.3. Due to detector
response differences, efficiencies may be differentdét events where we typically have ten
charged tracks and many neutral particles.

In order to correct for any additional efficiency discrepaint data and Monte Carlo, we
compare the efficiencies of individual selection critersng theB — J/i» K control sample
introduced in section 4.3.1. This sample has nearly no brackgl and high statistics. The mea-
sured data/MC efficiency differences are used as corretdictors when evaluating the signal
efficiency from simulated signal. The uncertainties in ghegtios are used to bound systematic
uncertainties on the signal efficiency.

4.4.1 Lepton-identification efficiency correction

To check the efficiency of the lepton identification, we selec— J/i» K events kinematically,
but with only one lepton identified. By applying signal-regi\ £ selection and fitting the distri-
bution inmgg with a signal PDF and a background PDF, we obtain the sige#l gorresponding
to the signal region. Figure 4.19 shows the data selectddbeii leptons identified.

The efficiency is calculated the same way in data and Mont{ar measuring the number
of events where both leptons pass particle identificatiensws events where one of the leptons
fail the particle identification.

The measured efficiencies in data and Monte Carlo as wellem#asured data/MC-ratios
are summarized in table 4.10 for electron and muon idertidicaThe electron identification is
(92.0 £ 0.3)% efficient in the data an@2.9 + 0.1)% efficient in Monte Carlo, which gives a
correction factor for am™e™ pair 0f 0.983 + 0.007. The muon identification i§67.5 + 0.6)%
efficient in the data an(9.2 + 0.2)% efficient in Monte Carlo, which gives a correction factor
for a utp~ pair of 0.947 4+ 0.019. The uncertainties in the correction factors are assigsed a
systematic uncertainties in the signal efficiencies.
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Lepton ID Data Efficiency MC Efficiency C = (Data/MC')?
Electron (92.0£ 0.3)% (92.9+ 0.1)%  (98.3% 0.7)%
Muon (67.5+ 0.6)% (69.2: 0.2)%  (94.7+ 1.9)%

Table 4.10: Identification efficiencies for electrons andomsiin data and Monte Carlo (MC).
The table also lists the correction factof, used to correct the efficiency of lepton pairs in Monte
Carlo.

4.4.2 Fisher and likelihood-ratio efficiency corrections

Since the selections by Fisher discriminant and likeliroatib are optimized individually for
each mode, it seems natural to determine the efficiencies#0 — J/¢ 7+ andB°® — J/¢ 7°
events. However, these control samples are not very langleh#s would lead to an unnecessarily
large systematic uncertainty. We therefore chose taiise~ J/¢ K+ events, since these have
the same topology and cover nearly the same kinematic regién— J/i m events.

Thus, we use the selection Bf* — K*/*/~ events as described in section 4.3.1, but define
the Fisher discriminant and the likelihood ratio as theydened for theB — 7/* ¢~ selection
modes. This procedure is justified because the input gt the Fisher discriminant and
likelihood-ratio do not depend directly on the final statetipbes, with the exception of th&
vertex probability. Fo3® — 7°¢*¢~, the latter is approximated by tli&/~ vertex probability.

Table 4.11 tabulates the measured efficiencies and ratibe gklections based on the Fisher
discriminant and the likelihood ratio in data and Monte GaiThe efficiency of each selection
criterion has been measured with and without the otherrmiteapplied. Within uncertainties,
the measured data/MC ratios agree between the two methatdshe exception of data/MC for
Fisher selection efficiencies in ti¢ — w1~ modes, where the two data/MC measurements
still agree within2o. The data/MC ratios are all close to 1.0, and overall theieffiy is mea-
sured to be a little higher in Monte Carlo than in data. We exdrthe signal efficiency by the
data/MC ratio obtained from measuring the efficiency of thebined Fisher and likelihood-
ratio criteria.

4.4.3 Fully corrected signal efficiencies

After all corrections have been applied, the signal efficies in the fit region and in the signal
region are given in table 4.12.
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Mode Data Efficiency MC Efficiency C = (Data/MC')
Fisher efficiencies for events that pass the likelihoodctiele:

BT — ntete” (82.1+ 0.7)% (82.04+ 0.3)% (100.14+ 0.9)%
BY — n0%te~ (71.5+ 0.8)% (72.4+ 0.2)% (98.8+ 1.1)%
Bt - xtutp~  (69.840.9)% (69.2+ 0.4)% (100.94+ 1.5)%
B — 70utp~ (66.4+ 1.0)% (65.2+ 0.4)% (101.8+ 1.7)%

Fisher efficiencies independent of likelihood selection:

BT — ntete” (79.3+ 0.6)% (79.2+ 0.3)% (100.1:£ 0.8)%
BY — n0te~ (69.0+ 0.7)% (70.3+ 0.3)% (98.0+ 1.1)%
BT —atuty~  (66.840.99% (67.4+ 0.4)% (99.1+ 1.4)%
B — 70utp~ (63.3+ 0.9)% (63.2+ 0.4)% (100.2t 1.5)%

Likelihood efficiencies for events that pass the Fisherctiele:

BT — ntete” (70.6+ 0.8)% (72.0+ 0.3)% (98.2+ 1.2)%
B — mVete~ (80.8+ 0.7)% (82.0+ 0.3)% (98.5+ 0.9)%
BT - atutpy~ (8174 0.99% (85.3+ 0.3)% (95.8+ 1.1)%
BY — 7Outp~ (76.8+ 0.9)% (80.3+ 0.4)% (95.6+ 1.3)%

Likelihood efficiencies independent of Fisher selection:

BT — ntete” (68.2+ 0.7)% (69.5+ 0.3)% (98.2+ 1.1)%
BY — mYete~ (77.9+ 0.6)% (79.7+ 0.3)% (97.7+ 0.8)%
Bt - atutpy~ (78.3+0.8)% (83.1+ 0.3)% (94.2+ 1.0)%
BY — 7Outp~ (73.3+ 0.8)% (77.8+ 0.3)% (94.2+ 1.1)%

Efficiency of Fisher and likelihood selection combined:

BT — ntete~ (56.0+ 0.8)% (57.0+ 0.3)% (98.2+ 1.4)%
BY — 7%Te~ (55.7+ 0.7)% (57.7+ 0.3)% (96.6+ 1.4)%
Bt - ntutpy~  (54.6+0.9% (57.5+ 0.4)% (95.0+ 1.7)%
BY — 7Outp~ (48.6+ 0.9)% (50.74+ 0.4)% (95.9+ 1.9)%

Table 4.11: Fisher and likelihood-ratio efficiencies by méal data and Monte Carlo (MC). The
correction factoiC' used to correct signal efficiencies in the Monte Carlo samisléaken from
the data/MC ratios for the two selection criteria combined.

4.4.4 Systematic effects from model dependence

The simulated signal sample used to evaluate the efficienbased on kinematics modeling
by Ali et al [23], and B — = form-factors are based on Ball & Zwicky [50, 114, 115]. The
largest theoretical uncertainty to the branching fracpoediction comes from the form-factor
calculations. Thus, it is of interest to estimate how largeetiect the form-factor predictions
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Mode Fit region efficiency Signal region efficiency
Bt = rtefer  (11.92+0.00)% (7.1740.05)%
BY — 7lete~ (8.98 +0.06)% (5.68 +£0.05)%
Bt — atutp  (6.60+0.05)% (4.7140.05)%
BY — 70yt~ (4.48 +0.04)% (3.1140.04)%
Bt — ntep (8.774+0.05)% (6.3140.04)%
BY — 7%y (5.45 4 0.05)% (3.70 4 0.04)%

Table 4.12: Total efficiency foB — x/* ¢~ events in the fit region and the signal region after all
corrections, based on cut and count procedure. Uncedaiate statistical only.

have on signal efficiencies.

These systematic effects have been evaluated by invesgidhe change in signal efficiency
when different form factor models are used. The alternatigeels considered are LCSR predic-
tions [114,115], an alternative set of input parametennffo0] as well as two other form-factor
calculations based on the relativistic light-cone quarkleldLCQM) [88, 89]. Predictions from
lattice QCD are not given for the most relevant form facte(q?, ;1) (see section 1.2), and are
not included in this evaluation. We did attempt to use a c®oplattice QCD models by using a
relation betweerfr(¢?, 1) andf, (¢*) andfy(¢*) at high values of? given by [87], and this gave
a result that matched very well with the other models for tighdst values of?, but deviated
strongly in the lowg? region. Since the relation provided and lattice QCD are allble for
low ¢2, these models were ignored. Figure 4.32 shows the effetteagiginal efficiency on the
distribution ofm,+,~ with different form-factor models. Table 4.13 lists theatale change in
signal efficiency for the different models considered.

Mode Ball03 B&Z05set2 B&Z05setd M96setl M&S00
B —nmete. -054%  0.00% 0.27% +1.07% +0.13%
BY — m%te~ +3.31%  0.00% -0.33% +2.31%  +0.33%
B —auty~  +417%  0.00% -0.19% +2.84%  0.00%
B — Outy~ +7.31%  0.00% -0.88% +2.63%  0.00%

Table 4.13: Relative change in signal efficiencies from el different form-factor models.
The baseline model is provided by Ball & Zwicky '05 [50], set 2
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Figure 4.32:m,, distribution in theB™ — 7"e*e™ mode for different form factor models. The
dips in the distribution aroung ;/,, andm,2s) are due to the charmonium vetoes.

4.5 Estimates of residual peaking background

Peaking backgrounds have been reduced by vetaég/ofi(2S) and D mesons. Some residual
background may be left from these modes. In addition, ndagible backgrounds are expected
from non-resonant decays &f mesons, likeB — =77, This residual background must be
estimated and accounted for when computing the branchaagidn upper limit.

We separate peaking background processes into two typdsorha peaking backgrounds,
where the lepton candidates in the final state arise from hadrons misidentified as leptons; and
non-hadronic peaking backgrounds, for which the leptorickies are real leptons.

4.5.1 Hadronic peaking backgrounds

B-meson decays to hadronic final states can mimic the sigtia¢ ifracks identified as leptons
are misidentified hadrons. Since the number of hadronsmaadise¢ electron selection is rather
small, this background source is only relevant for muon oleén
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These backgrounds are estimated using a control sample a3 decays inBABAR data.
A sample disjoint from the signal-selection sample is delby requiring that two out of three
tracks fail the muon and electron identification criteridneTremaining track is required to fail
the electron identification but it should pass a loose muentification which has a high rate
pion mis-identification £ 8%). This selects a sufficiently large control samplefdf— wuh
events consisting primarily a8 — whh events, wheré = 7, K.

Using this sample, we estimate how maBy— whh events would pass thB — 7wuu
selection, by weighting the events according to each tsgmdbability of passing the tight muon
selection. These probabilities are obtained from the Ipiglity control samples described in
section 2.4.3. For instance, the weight applied fé’a— 7°h* .~ sample is:

P(h* — ) P(h™ —p7)

W) = B S i) P = ¢0) T P = gy )L~ Pl — )

where

e P(ht — ut)[P(h~ — p)]is the probability for a positive [negative] hadron spedie
[~~] to be misidentified by the muon selection;

o P(ht — i, ) [P(h™ — py,,..))]is the probability for positive [negative] hadron species
h* [h~] to be misidentified by thibosemuon selection;

e P(ht — ™) [P(h~ — e7))] is the probability for positive [negative] hadron spectes
[~~] to be misidentified by the electron selection.

The weights given in the control-sample efficiency tablgsetel on the particle hypothesis as-
signed to the track. We use the pion identification criteoialassify each event. If a track

does not pass these criteria, it is assumed to be a kaon, amelévant probabilities are picked

from the kaon control sample efficiency table (see sectidr82. The efficiency loss due to this

classification scheme is also included in the weighits;

w(rtn™) =w(pth™) x ng(ﬂ_)
w(K r™) =w(p™h™) x ng(ﬂ_)

wheree () is the efficiency of a pion to be identified as a pion aiil') is the efficiency of a
kaon to fail pion identification.
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The expected yield in the signal region is extracted from e-dimensionaly? fit to the
weightedmgg distribution, for events within the signal-region A&fF, as shown in figure 4.33.
The PDF consists of an Argus function parameterizing thekionatorial background plus a
single Gaussian for the peaking background. The paramgitéie Gaussian are fixed to expec-
tations for signalB — w/*¢~ events. The slope of the Argus function as well as the raativ
normalization of the two are floating parameters in the fit.

Themgg distribution with the fitted curve superimposed is showniguie 4.33. From this
procedure we expect to fird027 4+ 0.033 B* — 7T hh events and).035 + 0.022 B® — 7°hh
events within the signal region.

| | | | |
%.2 522 524 526 5.28 %.2 522 524 526 5.28
m_. (GeV/ ¢?) m_. (GeV/ ¢?)

Figure 4.33:mgg fits to extract hadronic peaking background in the signabregL.eft: Bt —
nthy. Right: B — 70hu.

4.5.2 Peaking backgrounds with leptons

Peaking background from sources with real leptons are atuirbased on high-statistics Monte
Carlo samples, with all the same efficiency corrections agwseed to evaluate signal efficien-
cies. Table 4.14 summarizes the contributions from theouarsamples, and figures 4.34-4.36
show distribution of events from the most important onehgvtgs-AFE plane. (Note that the
plots arenotnormalized to luminosity.) The main contributions comeniro

e K (/™ background:
We find that0.06 + 0.02 Bt — KTeTe™ events are expected in the signal region for
the Bt — mtete™ mode, and this is the largest peaking background contobut this
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reconstruction mode. The contribution froB" — K*p*p~ to the BY — ntputpu~
mode is about half of this, and contributions from tki€ modes are negligible. Most of
the events from these decays have too low & to end up in theB — =/¢*(~ signal
region, as shown in figure 4.34. From the plot we can see tleatdle of the distribution
falls outside ther/* ¢~ signal region, but the tail of the distribution occupies lihe-AE
half of the signal region.

e plt(¢~ background:
These events tend to pass most of the selection criteriajie there is one pion missing
from the reconstructe®, bothmgyg and AE tend to be shifted downward. The shift is
of order a few MeV inmgg and 200 MeV or more il E. No background events from
B — ptt{~ are expected in the signal region, as seen from figure 4.3%atel4.14.

e K*(*{~ background:
These events do not peak anywhere within the fit region, aadaly expected to con-
tribute as combinatorial background. Figure 4.36 showsliigibution of B — K*¢* /¢~
events in the fit region.

e Charmonium background:
Any charmonium background events that fail the charmonieto will appear as peaking
background in the data. This background is estimated frotfusive Monte Carlo sam-
ples of B — Jin, B — JWK, B — (25)r and B — (25)K events. No such
background events are found.
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Figure 4.34: Scatter plots adhE vs. mgg for B — K/¢*¢~ Monte Carlo events in the fit
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reconstruction modes ¢t scaled to luminosity). The small boxes show the signal regfocom
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Figure 4.35: Scatter plots & E vs. mgg for B — pf*¢~ Monte Carlo events in the fit region
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to luminosity). The small boxes show the signal regions fraimich B — 7¢* ¢~ candidates will
be selected.
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Figure 4.37: Scatter plots X £’ vs. mgg for inclusive J/i) andw(2S) Monte Carlo events in the
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be selected.
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Region sample Bt —rtete B —=1lte BTt —atutp~ B — rOutpu~
Fit region: K (e~ 0.66 +0.19 0.174+0.05 0.39+0.11 0.09 4+ 0.025

p e~ 0.22 +0.07 0.09 £+ 0.03 0.18 +0.06 0.06 +0.02
K*te~ 0.66 +0.25 0.254+0.10 0.514+0.20 0.16 +0.06
Jhpm 0.09+0.01 0.05+0.01 0.09+0.01 0.023 £ 0.004
Jhp K 0.00 = 0.00 0.00 £ 0.00 0.46 £+ 0.02 0.204 + 0.009
(29T 0.00 + 0.00 0.00 £ 0.001 0.001 +0.0002  0.0005 + 0.0002
PY(29)K 0.10 4+ 0.01 0.00 £ 0.00 0.00 £ 0.00 0.00 = 0.00
hadronic 0.030 4 0.036 0.048 +0.030
Total 1.74+0.32 0.56 £0.11 1.66 +0.24 0.58 +0.08
Signal region: K (T¢~ 0.055 £ 0.016 0.003 + 0.001 0.028 4+ 0.008 0.002 =+ 0.000
p e~ 0.001 + 0.000 0.002 + 0.000 0.001 + 0.0002 0.000 + 0.000
K*¢*te=  0.001 £ 0.000 0.003 + 0.001 0.011 4+ 0.004 0.002 + 0.001
Jhpm 0.00 £ 0.002 0.000 £ 0.000 0.000 % 0.000 0.001 =+ 0.000
Jhp K 0.00 £+ 0.00 0.000 £ 0.000 0.000 £ 0.000 0.00 = 0.00
P(2S)m 0.00 = 0.00 0.001 £ 0.0002 0.00 £ 0.00 0.000 =+ 0.000
PY(29)K 0.00 + 0.00 0.000 £ 0.000 0.00 £ 0.00 0.00 + 0.00
hadronic 0.027 +0.033 0.035 +0.022
Total 0.057 +0.016 0.009 + 0.002 0.059 +0.034 0.040 + 0.022

Table 4.14: Summary of number of peaking background eveqgeated in the fit and signal
regions. Efficiency corrections have been applied like diesd for signal Monte Carlo.

4.6 Estimate of residual combinatorial background

The combinatorial background is due to random combinatainzarticles and does not peak
in mgs or AE. This background is determined from on-resonance dataeiffitthegion before
events in the signal region are inspected.

A two-dimensional extended unbinned maximum likelihoodsfiperformed over a subset of
the fit region for whichmgs < 5.2724 GeV/c%. The yield in the signal region is obtained by ex-
trapolating the best-fit probability-density-functiodP) into the signal region and integrating
the PDF over this region. The statistical uncertaintieshaf procedure are estimated from the
sum in quadrature of the uncertainties induced from the oredsackground normalization, the
measured Argus slogeof themgg function, and the measuresly exponent s.

Prior to doing a fit to the on-resonance data sample, the guvednas been tested on simula-
tion samples. This has two purposes. It allows us to maketsat¢éhe background has been well
understood in terms of luminosity- and sideband-scaledt®l@arlo simulation samples. It also
allows us to study the different background shapes forRli& component and the continuum
component in the data.
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4.6.1 Fits and yields in Monte-Carlo simulated data

An extended unbinned maximum likelihood fit of the PDF givereguation 3.8 is performed
on a sample of3B simulated events and continuum simulated events. Afteirlasity and
sideband scaling, the expected number of events in the fanmegnges from 30 events in the
B° — 7%~ mode to 107 events in thet — 7+eTe™ mode, where the uncertainties in these
estimates are in the range 15 — 35%. The numbers for each ma@ieen in the first column
of table 4.15. The uncertainties in the Monte Carlo expawtatare dominated by the large
uncertainties in data/MC sideband ratios (table 4.9).

The best-fit PDF is then integrated over the signal regioreterthine the expected number
of combinatorial background events in this region. As seemfthe third column of table 4.15,
based on this Monte Carlo estimate, we expect less than @m ievthe signal region for each
of the modes.

4.6.2 Fits and yields in theBABAR data

An unbinned maximum likelihood fit can now be performed onBaB4aR on-resonance data in
themps-AFE fit region.

The fit procedure is first performed on tiie — 7+ep and B — 7%eu control samples.
Figure 4.38 shows theizs and A E distributions forB — mep events with projections of the
best-fit PDF superimposed. The fit yields 187 — 7 eu events and 68B° — 7w’¢pu events in
the fit region. The expectation from fits to simulations ofgén5 5 and continuum events were
178 + 23 and63 + 14 events, respectively. With this result, we consider theagrent between
number of observed and expected events to be acceptablepvesomto theB — 7/ ¢~ modes.

For theB — w¢™¢~ modes, the fits are performed on the subregigRr < 5.2724GeV/c?,
and yield 1288+ — ntete™ events, 4B° — 7lete~ events, 111B+ — =+t~ events and
22 B — 7%t u~ events in the full fit region. This is also consistent with eggations from
scaled simulated samples (table 4.15).

By integrating the best-fit PDFs over the signal region, wiaiokthe observed combinatorial
background in the signal region. These expectations argamd with the ones obtained in the
same way from simulated data samples in table 4.15.

4.6.3 Bias correction: toy Monte Carlo study

To investigate any potential biases in the signal extragtmcedure, toy Monte Carlo exper-
iments are performed. Two sources of bias have been ina¢stig bias due to low statistics
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Figure 4.38: Projections afigs and AE with the best fit to the PDF functions from two-
dimensional unbinned maximume-likelihood fits BaBArR data for theB — mep modes. The
vertical line indicates the edge of the signal regiomis.

Mode Fit region Fitregion Signal region  Signal region
expected bkg. observed bkg. expected bkg. observed bkg.
BT — wtete” 107+ 24 128 0.97 +0.22 0.87+0.24
BY — ml¢te~ 34+ 10 49 0.92 £0.27 0.42£0.21
BT — atputu~ 99+ 17 111 0.77 £0.13 0.85 £0.24
B — nOutpu~ 30+ 11 22 0.58 £0.22 0.17£0.14

Table 4.15: Expected (Monte Carlo) and observed (data) owatdrial background yields and
uncertainties in the fit and signal regions.

in the maximum likelihood fit, and bias from fitting a two-coom@nt background with a one-
dimensional probability density function.

To avoid bias due to low statistics, timeeanexpected background in the signal region is
determined from performing the same signal extractionguace on an ensemble of 10000 toy
Monte Carlo experiments. The toy Monte Carlo samples argesierated from the background
probability-density-function (equation 3.8) with the béis parameters obtained frorBABAR
data. Each of the toy-Monte Carlo experiments is then fittétl the same one-dimensional
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probability-density-function with slope parameters amdnmalization floating, and the signal-
region yield is extracted by integrating the resulting PErdhe area of the signal region.

From the distribution of yields from the toy-Monte Carlo exjpnents, we determine the pull
in units of the background uncertainty measured in the rai:d

pull = (measured mean — toy MC mean) /measured uncertainty

Table 4.16 shows the results of this toy Monte Carlo study Miean pull is generally negative,
i.e. the measured values are biased by low statistics toward salaes, except for the mode
BT — zfete”, where the measured value is larger than the mean of the toyteMdarlo
distributions. The pull distribution width is consistenitvunity, except for the low-statistics
modeB’ — 7°u* 1, which underestimates errors by 30%.

We correct the observed background in the signal regiontanghcertainty, by shifting the
central value by the pull mean times the signal region bamkuggl uncertainty. The signal region
background uncertainty is further inflated by a factor eqodhe pull width.

Mode Signal box Mean pullmean pullwidth Corr. signal box

observed bkg. toy MC error (o) observed bkg.
BT — gTete” 0.87+0.24 0.26 +0.11 1.00 0.84 +0.24
B — nVete~ 0.42+0.21 0.20 -0.08 1.08 0.43 +0.23
BT — atutu” 0.85+0.24 0.23 -0.23 1.06 0.90 +0.25
B — 7m0yt~ 0.17£0.14 0.20 -0.39 1.40 0.23 £ 0.20
BT — nfen 1.48 +0.32 0.33 -0.23 1.04 1.5654+0.34
BY — 7Oy 1.11£0.39 0.40 -0.34 1.10 1.22£0.43

Table 4.16: Observed combinatorial background yields awoerainties for 209 fb'. Tabulated
are the baseline fit, the mean error in toy Monte Carlo, thenped, the pull distribution width,
and the bias corrected signal box yield.

Additionally, there is a potential bias from fitting the oessonance data with a single PDF
function, while the underlying distribution consists o583 component and a continuum com-
ponent, which may well be different and not well combined asvgle sum. In order to estimate
this bias, the on-resonance data has been fitted with a tmpaoent PDF, where one com-
ponent has all parameters fixed to the shape found for sietlilaZ events, while the other
component (modeling the continuum background) has allmparars varying freely in the fit.
Toy Monte Carlo studies are then performed based on thisctwmaponent parent PDF, and the
same procedure as above is used to obtain a bias-corregtead-segion yield. The difference
in results from using a two-component PDF compared to a ongponent PDF is taken as a
systematic uncertainty.
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4.6.4 Background shape systematic studies

To gauge the size of the systematic uncertainty dueg@ A F correlations in the combinatorial
background, the data sample was refitted with a correlat@oesais described in section 3.3, and
the expected background in the signal region was recomputed

When the same exercise was performed with simul&Bdand continuum samples, tiiz=3
backgrounds exhibit the largest differences while theioomwim backgrounds show a negligible
difference. The net effect is to decrease the expected bagkd in the signal region by about
10%, which is three to four times smaller than the expectatissical error in this number. The
fitted correlation parametegs and$, from equation 3.9 are all statistically consistent withazer

We also vary the functional form for th& £ shape, fitting the data with first- and second-
degree polynomials in addition to the baseline exponesiiape.

The systematic uncertainties determined from these \@m&in the fitting procedure are
given in table 4.17 for each of the modes.

4.7 Results

Once the event selection has been verified by checking thairttresonancBABAR data yields
in the fit region agree with expectations, and the total nurobexpectedackground events in
the signal region have been determined, we take a look at#rswithin the signal region.

4.7.1 Total number of events expected

The total expected background in the signal region is obthirom integrating the PDF from the
on-resonance data over this region. The result is sumnaanzable 4.17. Less than one eventis
expected in the signal region for each of the penguin modiéis ngarly one event expected for
the charged modes and 0.3-0.4 events expected in the newtdals. 1.2-1.5 events are expected
in the signal region for the lepton-flavor violating modes.

4.7.2 Total number of events observed

Once we have determined the number of expected backgrowemdsgwe inspect the events
in the signal region. Figure 4.39 shows scatter plota\@f vs. mgg for all events in the fit
region and signal region for all modes. We observe a totdireetB — 7¢*/~ candidates in the
signal regions of thé& — 7/*¢~ penguin modes and one candidate in the lepton-flavor vingjati
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Systematic Trete” mete~ Tt ptu TTeu Ve
mps-AFE fit 0.824 +£0.24 0.43 £0.23 0.90 £0.25 0.23 £0.20 1.55 £0.34 1.22 £0.43
mgs-AE corr. +0.02 +0.03 +0.06 +0.03 +0.17 +0.05
AF shape +0.02 +0.01 +0.12 +0.02 +0.31 +0.24
Peaking (/™) 0.057£0.016 0.009+0.003 0.032+0.008 0.005+0.001 0.0 0.0 0.0 £0.0
Peaking (hadronic) 0.0 £0.0 0.0 £0.0 0.027+0.033 0.035£0.022 0.0 +£0.0 0.0 £0.0
Total 0.90 £0.24 0.44 £0.23 0.96 +0.29 0.27 £0.20 1.55 £0.49 1.22 £0.50

Table 4.17: Estimated number of background events withrisiogies. The uncertainties in the
background affect the branching fraction upper limits aditage systematic uncertainties.

B — mep control modes. As can be seen from the plots, the events ardyadistributed across
the fit region, and the number of events observed within theadiregions are consistent with
background expectations.

Inthen*ete™ signal region, one event is observed. The background exjp@tin this mode
is 0.90 £ 0.24 events. Two events can be seen just outside the signal regitre lowAE side.
This is the part of the fit region whei@™ — Ke™e™ events are expected to accumulate.

In the #*u* 1~ signal region, one event is observed and again this is densiwith the
expected).96 + 0.29 background events.

The B® — 7%*¢~ modes have smaller statistics. One event is observed in“%he -
signal region wher®.27 + 0.20 background events were expected, and no events are observed
in the%c* e~ signal region wher6.44 + (.23 background events were expected.

Thus, combined for all penguin modes) + 0.5 background events were expected, arid
events were observed. Based on the signal efficiency, talolilatable 4.12, the signal expected
with Standard Model predictions f&#(B — =w¢*¢~) [47], we expect to have.6 + 0.2 BT —
nteTe” events in the signal regiof,2 + 0.1 BY — nle*e™ events0.4 + 0.1 BT — atutpu~
events and).12 £ 0.04 B® — 7T~ events in the signal region. Thus, a totallof + 0.4
signal events were expected for all modes combined.

No flavor-violating events are expected in the Standard Njdtes for the lepton-flavor
violating modes, the Standard Model expectation is to seeveats. We have determined that
we expect more than one background event in each mode. Sihcerme event is observed for
these modes in total, this is consistent with backgroundanglgnal for lepton-flavor—violating
modes are seen.

Figure 4.40 shows thexzs andA E distributions for theB — 7/* ¢~ events with projections
of the best-fit PDF superimposed.
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Figure 4.39: Scatter plots ak E' vs. mgg for all events in the background fit region passing
the selection. The small boxes in each of the plots outlieestgnal region from which signal
candidates are selected.
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Figure 4.40: Projections ofirg and AE of B — /"¢~ events in the full fit region. Super-

imposed is the PDF we use to model combinatorial backgrolihd.parameters were obtained
from two-dimensional unbinned extended maximum-likeditidits to events outside the signal
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104 CHAPTER 4. SEARCH FORB — w14~

4.8 Systematic uncertainties

Systematic uncertainties are of two types. The first typesisté of multiplicative uncertainties
which affect how the observed signal yields are translatedranching fraction measurements.
The individual contributions are summarized in section4.8he second type is uncertainties
in the background which additively affect the observed algnelds themselves. These are
summarized in section 4.8.2.

4.8.1 Multiplicative systematic uncertainties

Table 4.18 lists the multiplicative systematic uncertamiaffecting the signal efficiency. They
include the following sources:

e Uncertainty in the tracking efficiency for leptons: aftepgpng the tracking efficiency
corrections described in section 2.4.3, we assign a ctecklancertainty of-0.8% per
lepton track.

e Uncertainty in the tracking efficiency for hadron trackdstis a correlated uncertainty of
+1.4% per hadron track.

e Uncertainty in the efficiency of the electron selection:stts obtained from comparing
the electron identification efficiency in data and Monte Gdrdsed on the charmonium
control samples (section 4.4.1) The Monte Carlo is cortebiethe data/MC ratio, with
the systematic error taken as the uncertainty in this cborgovhich amounts ta-0.7%.

e Uncertainty in the efficiency of the muon selection: thisldained the same way as the
electron systematics (section 4.4.1). The Monte Carlo lirected by the data/MC ratio,
with the systematic error taken as the uncertainty in theection, which amounts to
+1.9%.

e For the uncertainty in the efficiency of the pion selectiore asume an uncertainty of
0.5% for each pion taken, based on a data—MC study of a sarhgle-6 D7 events
by [120].

e Uncertainty in the efficiency of® identification: after applying the® efficiency correc-
tions as described in section 2.4.3, the uncertainty is $164° candidate.
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¢ Uncertainty in the efficiency of the continuum Fisher disdriant selection and thB B
likelihood-ratio selection is obtained from measuring #féciency in data and Monte
Carlo of these selections combined. The efficiencies argpaoed using the charmonium
control sample, as described in section 4.4.2. The Montéo@ents are corrected by
data/MC ratio, with the systematic error taken as the erroth@ correction. The size
of this uncertainty ranges from4% in the B — weTe~ modes to1.9% for the B —
7ut ™ mode.

e Statistical uncertainties in the signal efficiencies aré&ge from the size of the simulated
sample used for efficiency evaluation. We have about 260 Dd@iated signal events for
each mode, so the statistical uncertainty is sntall%).

e The estimated number &5 events in our data sample has an uncertainty. Bf.

e The uncertainties due to the signal efficiency of thgy and A £’ selection requirements
are determined from:

— The measured mean and width of these distributions in chaitmocontrol samples.
For Bt — n™¢*(~, we use samples a8 — J/¢ KT events, in which the mean
and width are precisely bounded, and we assign a total sgstenmmcertainty of
~ 0.7%; for B® — #%*¢~, we use samples a8 — J/¢y7" events, which have
limited statistics and introduce a total systematic uraiety of 7%.

— For the electron modes, we allow for a larger or smaller betraklung tail in the
AF distribution, introducing a systematic uncertainty of-1.2%.

e Uncertainties in signal efficiency resulting from use ofeliént theoretical models to de-
scribe the signal arise mainly from the variation of sigrifatiency as a function of®. The
largest theoretical uncertainty is due to form-factor preons, and we have investigated
the effect of different models in section 4.4.4. The mod@eatelence systematic is taken
to be the maximum difference between the alternative madelthe baseline model, and
ranges froml.1% for Bt — rTete™ t0 7.3% for B® — 7%uTpu~.

The total multiplicative systematic uncertainty is the smngquadrature of these relative un-
certainties for the individual sources, with the exceptbthe tracking efficiency uncertainties
for leptons and hadrons, which are taken to be 100% corcklate
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Systematic atete™ nP¢fe” atputu~ 7%utp~ nten 7leu
Trk eff. +3.0 +1.6 +3.0 +1.6 +3.0 +1.6
Electron ID +0.7 +0.7 +04 404
Muon ID +1.9 +1.9 +1.0 =*1.0
Pion ID +0.5 +0.5 +0.5

71D +3.0 +3.0 +3.0
Fisher andB B likelihood +1.4 +14 +1.7 +1.9 +14 +14
MC statistics +0.1 +0.1 +0.1 +0.1 +0.1 +0.1
BB counting +1.1 +1.1 +1.1 +1.1 +1.1  +1.1
signalmgg model +0.3 +5.1 +0.4 +4.9 +0.3 £5.1
signalA E model +0.6 +5.1 +0.5 +5.4 +0.5 +£5.2
signal A E radiative tall +1.2 +1.3 +1.0 +14
Model dependence +1.1 +3.3 +4.2 +7.3 +3.0 +£3.0
Total +4.0 +8.9 +5.9 +11.2 +4.9 8.9

Table 4.18: The sources of systematic uncertainty in theufpmit on the branching fraction
due to signal efficiency (%).

4.8.2 Background systematic uncertainties

Uncertainties in background expectations affect the Wrigagcfraction upper limit in an additive
way. The additive systematic uncertainties considered have been summarized in table 4.17
and include the following components:

e Uncertainty due to the shape assumed for combinatorialgsaakds:

— Uncertainties from thewps-AE fit is the dominant systematic effect. They are evalu-
ated by varying each of the parameters of the fitldy, for each change recomputing
the signal-region expectation and finally adding the demistfrom each in quadra-
ture. On top of this, a small correction is applied from thasbstudies described in
section 4.6.3.

— Uncertainties due togs-A E correlations are evaluated by performing a background
estimation fit which allows thexg Argus slope to depend ol E (see section 4.6.4).

— AF shape uncertainties are evaluated from using alternatblepility density func-
tions (linear, quadratic), described in section 4.6.4.

e Uncertainties in peaking background estimates:

— The uncertainty in hadronic peaking background yieldsaier from the uncertainty
of the yield obtained from the one-dimensionalg y-fit in section 4.5.1.
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— The uncertainty in peaking background with real leptonst{sae 4.5.1), estimated
from simulated background samples, are due to uncertainttee branching fraction
assumed [54].

The total additive systematic uncertainty is the sum in gaiade of the absolute uncertainties
listed, as summarized in table 4.17.

4.9 Branching fraction upper limit

The branching fractios8 is generally calculated by

_ N, observed T M background
B(B — wlti™) = N % - g (4.4)
With Nobserved @Nd Npackerouna D€ING the observed number of events and expected backgimmund
the signal region, respectivelys is the number of3-mesons in thdABAR data sample (given
in table 2.1), and is the efficiency for detectingg — w¢*¢~ decays.

With the observed events consistent with background, ndeexie for aB — x/* ¢~ signal
is found. Thus we set an upper limit on the— 7¢*¢~ branching fraction using a frequentist
method which takes into account both the uncertaintieserstgnal sensitivity /g x <) and
the expected backgroun®{,cxsrouna) [121, 122]. The signal efficiency varies by mode and is
given in table 4.19. The number &-meson decays i+ = N, 5 = 230.15 million.

The upper limit is computed at 90% confidence level, meartiag in the one-sided confi-
dence interval there is 10% probability or less that the walee of the parameteB3] is above
this interval. This is basically a conventional frequenlisiit, following an approach due to
Neyman [123]. The uncertainties in sensitivity and backgubestimates introduces a Bayesian
viewpoint. However, the main source of uncertainty — thesBam statistics of the number of
events — is treated in a frequentist fashion.

A toy Monte Carlo technique is used to compute the confideimsigsl For a given num-
ber of observed events), background expectatioiV,;. + ox,,,) and sensitivity § + o), a
Poisson distribution is constructed. Here, both backgiaamd sensitivity are assumed to have
Gaussian uncertainties. Based on this Poisson probab#mgity-function, ensembles of toy
Monte Carlo experiments are generated. The branchingdraapper limit at 90% confidence
level corresponds to the value for which the toy Monte Caxlzegiments yield higher branching
fractions in less than 10% of the experiments. By settingstgsitivity to unity, we similarly
obtain the upper limit on the number of signal events at 90%8idence level, given as 'Events
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Observed  Expected EventsU.L. Signal B U.L.
Mode Events Background 90% C.L. Efficiency 90% C.107")
BT — rtefe 1 090+0.24 3.0l (299) 7.1+03% 1.84 (1.83)
BY — g0¢te 0 0444023 189 (1.86) 5.7+05% 144 (1.42)
Bt — ptutus 1 096+ 029 296 (2.93) 4.7+03% 274 (2.71)
BY — 70ty 1 0274020 3.64 (3.62) 3.1+03% 512 (5.10)
Bt — 1tep 1 1.554+0.49 243 (2.34) 6.3+£0.3% 1.69 (1.63)
B? — mlpu 0 1.22+0.50 1.21 (1.08) 3.7+0.3% 1.42 (1.28)
BT — it 1.16 (1.15)
BY — 70p+ - 1.16 (1.15)
B — wlte~ 0.946 (0.936)
B — weu 0.920 (0.83)

Table 4.19: Results of thB — 7/"¢~ analysis: The table includes observed signal candidate
events, expected background, signal yield upper limit & @0nfidence level, signal efficiency,
and the branching fraction upper limit at 90% confidencellelee numbers in parentheses are
limits evaluated without the inclusion of systematic utamties. The combined limits at the
bottom are derived from simultaneous limits calculatedfitbe individual modes.

U.L. in table 4.19. This number corresponds to the numbesveits for which 10% of the toy
experiments yield a larger number of events.

To evaluate the effect of the uncertainties in signal setityibnd background, we have com-
puted the upper limits without uncertainties as well. Thenbars are given in parentheses in
table 4.19. As expected, the upper limits decrease whemntantges are removed.

To combine results from the individual modes, we use the lqoerdel isospin relation
betweenr* and7® as well as the world average [54] éf-meson lifetime ratiorp+ /750 =
1.071 £+ 0.009 as a constraint:

1

B(B — ") = 5 {B(B+ ot ) 42

T+

B(B® — WOM—)} (4.5)

TBO

The most significant upper limit is obtained from tBe — 7*e*e™ channel, which yields
B(B* — 1fefe™) < 1.84 x 1077 at90% confidence level. The upper limit from thgt —
7t utp~ channel is considerably less restrictive due to the muclelaletection efficiency of
this mode. Here we obtailf(B™ — 7t uTu™) < 2.74 x 1077 at90% confidence level.

The best limit in the neutral modes is obtained from Bfe— 7%c*e~ channel, where no
events were observed. Here we fiBfB° — 7%e¢Te™) < 1.44 x 1077 at 90% confidence level.
Since the branching fraction for the neutral modes are dégdedo be half of the corresponding
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charged mode, this limit is really less sensitive than the aitained for the charged mode. The
background expectation is also low in this mode, contrilytio a higher limit. TheB® —
7%, = channel is the least restrictive of tiie — 7¢*¢~ channels with3(B° — 7%uTu™) <
5.12 x 107 at90% confidence level. Here the background expectation is loams$twve do see
one event.

Assuming the partial widths a8 — 7/ /¢~ to electrons and muons are equal, the limits for
the two decay modes can be simply combined to provide a cadbimit of 1.16 x 107 for
Bt — 7ot~ and1.16 x 10~7 for B® — 7% *¢~.

Taking isospin symmetry into account (equation 4.5), the 8 — 7/*¢~ modes are com-
bined, yielding

B(B — mlt0™) <0.95x 1077 at 90% C.L.

For the lepton-flavor violating modes, the most sensitiwdgtlis again obtained from the
charged mode which has a branching fraction of a factor twgelathan the neutral mode due
to isospin. TheB™ — 7teu channel has a higher detection efficiency and larger baackgro
expected than the neutral mode. Thus, this limit is the mestrictive despite the one event
observed. The limit obtained B(B* — wteu) < 1.69 x 10~7 at90% confidence level. The
limit obtained from theB® — 7% channel where no events are seeB{$B° — 7lcu) <
1.42 x 1077 at90% confidence level.

A combined limit is obtained for the lepton-flavor violatimgodesB — mepu, assuming
isospin symmetry analogous to equation 4.5. The combimeitlis

B(B — mep) < 0.92 x 1077 at 90% C.L.
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Chapter 5
Conclusion

Electroweak penguin processes constitute an excitingrdadwy for searching for effects of
physics beyond the Standard Model. Alreddy- sy measurements have become precision
measurements, and the — K*¢*(~ analysis is beginning to yield sufficiently large sample
of events that allow for measurements of forward-backwaygremetries, branching fraction ra-
tios and other model-independent quantities that test tdwed@rd Model are put constraints on
models of new physics. So far, no measurements have beesagrdement with the Standard
Model, but they also allow for many new physics scenarios.

The rare semileptonic penguin dec8y — /"¢~ constitute another test of the Standard
Model. This mode has never been observed, and is expectadeatbranching fraction of about
3.3 x 1078 [47]. A search for thisB-meson decay mode has been performed using a sample of
(230.1 + 2.5) x 105 BB pairs produced at th¥(45) resonance in th8ABAR experiment. No
excess of events is seen in the signal region, and an upperidirset for the lepton-flavor—
averaged branching fraction at 90% confidence level:

B(B — mlt™) < 9.5 x 1078,

This upper limit is more than four orders of magnitude lowmsart the previous limits set for
these decay modes [78]. This is about a factas &f 1 above the Standard Model prediction. A
branching fraction oft.1 x 10~® has been predicted in the two-Higgs doublet model [47], and
our result does not put any constraint on this model yet. éraggscrepancies may possibly occur
in other models, but have not been explored theoreticalllge — d¢+ ¢~ transition yet.

In addition, an upper limit on the branching fraction of tlepton-flavor-violating modes

111
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B — mep is set at 90% confidence level:
B(B — meu) < 9.2 x 1075,

This is the first search foB — =w/¢*/~ events performed by the B factory experiments.
With anticipated final samples of order 1-dband with the small backgrounds observed in this
analysis, it may be possible in the future to achieve an éxyertal sensitivity comparable to the
Standard Model prediction. Figure 5.1 shows a projectiothefcurrent upper limit result for
B(B — w(*t{~), assuming no more events are seen despite the increasimpkity. Figure 5.2
shows a similarly naive extrapolation of the significancepressed ass/+/B, based on the
current results. Here we assume that signal and backgrath@bale proportional to luminosity.

=
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Figure 5.1: Branching-fraction upper limit vs. integratachinosity projected for the search for
B(B — w¢*¢~) events in the future. A data sample of 1000'fis expected by the end of
BABAR.

Based on the estimate given in figure 5.1, the upper limitiredth 1 ab ! is comparable to
the Standard Model prediction 83 x 1078, If there is also new physics present which contribute
constructively to these decays, an observation may be at han

Additionally, possible improvements to the analysis aréhimireach. For theBABAR data
collected during 2005 and later, a new muon detection systeised. This may improve the sig-
nificance of the muon modes. Improved background rejectiomdvalso improve the statistical
significance compared to the estimate in figure 5.2. Witheiased statistics, one can also do a
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Figure 5.2: Significanced(/+/B) vs. integrated luminosity projected for a futuseB — m(*¢-)
measurement. A data sample of 1000fis expected by the end &aBAR.

maximum likelihood fit and improve somewhat from this methddhus, with some reachable
improvements to the analysis, is is very likely tHBBAR is able to detecB — /"¢~ events
before PEP-II switches off in 2008.
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Appendix A

Beam-background detectors

Beam background hitting the detector will over time causealge to the detector components
and electronics. The main known sources of beam backgrondsgnchrotron radiation(-
rays) in the vicinity of the interaction region; interactibetween the beam particles and the
residual gas in either ring; and electromagnetic showensmgged by beam-beam collisions.

The synchrotron radiation is effectively reduced throughdesign of the interaction region,
So this source is expected to be low. Beam-gas scatteringss severe when vacuum is poor,
and is usually reduced after some time of beam operatiors i$the primary source of radiation
damage in the SVT and the dominant source of background uhesdictor systems except the
DIRC. The third component, electromagnetic showers géeeray beam-beam collisions, is
directly proportional to the luminosity and is expected éaxtle dominant background over time.
This is already the main source of background seen by the DIRC

During my work with detector operations for the EMC subsygstédid a study of the total
leakage currents of the EMC readout diodes since the stdBaB4r data collection 1999 (see
figure A.1, which shows the average leakage current per diodach of the channels, where
channel 8 and 9 correspond to the forward end cap). The darvezre recorded when none
of the beams were in operation, although residual backgloadiation may be present. The
leakage currents of the diodes are seen to increase ovemimeh was expected. However, the
increase is far larger than expected from photon/electidration alone, and there is suspicion
that the damage is due to neutrons [1]. In any case, it renmaipsrtant to reduce the radiation
damage as much as possible.
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Figure A.1: Average leakage current per diode, October 18@figh May 2002. The
total measured current per quadrant with no beams preseiated by the number of
diodes in the quadrant, is shown versus time in seconds.

A.1 EMC CsI(Tl)/PIN-diode Radiation Sensors

In order to protecBABAR against excessive radiation, especially during the béggwf the PEP-

Il collision run in 1999, a protection system was designedh&asure instantaneous radiation
close to the beam pipe insidaBar. The EMC group made four sensors from materials left over
from building the EMC. The sensors are thus miniature caleters, consisting of a small piece
of CsI(TI) crystal with a PIN-diode for electronic readoaihd were installed along the inner walll
of the forward end cap of the EMC.

In the summer of 2002, PEP-II arBhBAR had a major shutdown to improve cooling to the
bellows close to the interaction point, which was neededdioning with higher luminosity.
By this time, the signal from these sensors had become uastabich was taken as a sign of
radiation damage. We made use of the shutdown opportuniéptace the four radiation sensors.
The same mechanical setup was used as before, but the G3i3tidl and the PIN-diodes were
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replaced.

A.2 Preparation and assembly

The active part of the sensors consists of an approximételyx 1 cm?® block of Thallium doped
Csl crystal with a PIN diode attached with optical greasee PN diode$draw currents of less
than one nA when un-irradiated, and the current increasesily with increasing radiation
incident on the diode surface. Csl(Tl) crystal is a sciatdl whose purpose it is to increase the
signal gain for the light-sensitive PIN diodes.

The old packages were removed fr@nBarR and taken apart. The mechanical housing was
the only part which was reused. The housing is a solid alumipiece with an approximately
2 x 4 x 4 cm? carved cavity in which the instrumentation of the sensais sthe4 x 4 cm?
opening is covered by a thin aluminum lid. The old piece of(O3Icrystal was taken out and
inspected. It had acquired a slightly pink color, which ebamount to some 10% loss of light
yield.

Four new pieces of Csl(Tl) crystals were prepared (figure Aist machine cut by Light
Fabrication at SLAC, then hand polished in a fume hood (tdmmire breathing of toxic thallium
dust).

-
~
4

Figure A.2: New CsI(TI) crystals in the process of being glodid. The crystals arex 4 x 1
cm?® blocks of scintillating material providing high photon idefor PIN-diode readout.

'HAMAMATSU S3590-01 Si PIN diodes
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The finished crystals were finally wrapped with a diffuse e (165:m TYVEK paper)
with a1 x 1 cm? cut at one side where the PIN diode was attached. A thin lafeptical
grease between the PIN diode and the Csl(TI) crystal ensuresth light transmission from the
crystal to the diode. Cablésvere soldered onto the anode and cathode of the PIN diode. For
later convenience, the cables were equipped with conrgabout 1-2 meters from the sensor,
so that they can be taken out without unmounting the wholetstem. A piece of Kapton(R)
tape covers the soldering joints to ensure that they ardateslifrom the aluminum lid. The
PIN-diodes are connected to the crystals by mechanicasypregrom the lid of the aluminum
box, increased by a strip of foam stuck to the lid. Once thénéid been closed, the packages
were wrapped in black tape, calibrated and installed albagbpper cooling pipes on the inner
cylinder of the end cap. The calibration will be described@atail later. A picture of an almost
assembled sensor is seen in figure A.3, and figure A.4 showsftite newly installed sensor
packages.

Figure A.4: Two sew sensor installed at
12 o’clock and 3 o’clock positions.

Figure A.3: Assembled background EMC
PIN-diode sensor without the aluminum
lid.

A.3 The electronic readout

The currents from the four EMC PIN-diode background detscéwe fed into a preamplifica-
tion board (figure A.5) located at the south-east sidB4aBAR where the signals are amplified,
summed and converted into a voltage signal. The voltagetmuibto the CAMAC Beam Abort
Module (figure A.6) located in the IR-2 alcove.

2BELDEN 88103, with a length of approximately 15 meters.
3Burndy Trim Trio
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Figure A.5: Two pre-amplifier boards

in a mobile crate attached to the east Figure A.6: CAMAC Beam Abort Module
side of theBABAR detector. in the IR-2 alcove.

The CBAM was designed for thBABAR Protection System and is connected to the PEP-II
beam abort system. ThBABArR Protection System as a whole was designed to be capable of
dumping the beams or inhibiting injection if the radiatiobsd rate was above a certain level.
The output of the CBAM module is read in by EPICS [2], the sloowtrol system foiBABAR,
where the signal from the four EMC PIN-diode sensors ardleth&MC_TOTL.

A threshold is set on the CBAM, which corresponds to a levetmithe beams should be
dumped. For the EMC-diode signal, this beam-dump mechahesnbeen disabled, but at a
signal 70% of the threshold setting, the injection rate bdlreduced.

A.4 Calibration of the new sensors

The sensors were calibrated using a 5.6 Ci Cobolt 60 sourtidagdity available at the Radi-
ation Physics / OHP department at SLAC. The well is a narraaftshith a bucket containing
a radioactive Co60 source. The bucket can be raised or lowerine well and thus providing
different radiation intensities due to the distance betwtbe source and the diodes. The lowest
radiation dose provided (with the bucket at the bottom ofiledl) is 3 mrad/min and the highest
radiation dose provided (with the bucket high up in the wislB0O0 mrad/min.

The goal of the calibration is to be able to understand thpuiutoltage from the CBAM
in terms of radiation incident on the sensors. Ideally thisutd have been done by calibrating
the sensors and its full readout chain as one unit. Howewar,td time constraints only the
sensors and preamplification boards were calibrated. B&tsrof further amplification stage in
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the CBAM were based on the schematics, as well as some testumeezents after installation.

The calibration had to be done in two steps due to initial j[gois with figuring out the
grounding scheme on the preamplification boards. The semisemselves had to be installed
before the SVT cables were reattached after the shutdowlrthars there was a time constraint
in having the sensors calibrated. Therefore, the sensaes eedibrated first, to understand the
currents induced as a function of radiation. The electowias calibrated later to understand the
combined voltage as a function of input currents.

A.4.1 Calibration setup

The setup consisted of all four EMC background sensors oRlidedglas on top of the source
well. The cables connecting the sensors to the preampidicabard, ran out into the adjoining
room where the electronics was set up for reading out thdtimegwoltages. The output of the
preamplification board was read out with an oscilloscopg@geiwith all channels connected or
with single channels connected.

In the following, the four sensors are named according to fhasition along the cooling
pipes on the inner cylinder of the end cap: “12 o’clock” pigsit(top), readout channel 0O;
“3 o’clock”-position (east), readout channel 1; “6 o’cldghosition (bottom), readout channel 2;
“90 o’clock”-position (west), readout channel 3.

The output voltage from the preamplification board was messat about 5-10 different
radiation intensities between the lowest and the highestipo of the bucked in the well. The

Figure A.7: Calibration in Co60 Source well, “aerial viewPour sensors are seen on a sheet of
Plexiglas on the top of the well. The radiation level is meadwvith a radiation meter (Radcal).
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(ASP-1)| (Radcal) | 12 o'clock | 3 o'clock | 6 o’clock | 9 o’clock

[rad/fl | [mrad/mifj | Ch. O[nA] | Ch. 1[nA] | Ch. 2[nA] | Ch. 3[nA]
0.0 0.0 0.24 0.27 0.25 0.43
0.2 3.0 0.53 0.58 0.50 0.70
1.6 25 2.50 2.80 2.25 3.00
2.6 50 4.90 5.00 3.80 5.30
4.6 75 7.50 7.60 5.80 8.00
6.0 100 9.50 10.00 7.50 10.5
7.5 125 12.40 12.80 9.60 13.20
9.1 150 14.50 15.00 11.00 15.50
12.0 175 17.40 17.90 13.30 18.40
14.0 200 19.60 20.50 15.20 21.00

Table A.1: Calibration data from the new EMC PIN-diode seatoased at 30 V.

dose rate at the calibration points were measured with atradimeter.

A.4.2 Calibration of individual sensors

The voltage regulator on the original preamplification lod@rned out to be damaged, and until
the damage could be repaired, we first tested the sensorsthsispare preamplification board.
The currents read out from the individual channels showéteat response, indicating that the
sensors were working as they should.

Most importantly, we calibrated the diode currents diregtlthout the amplification stage
using a pico-amperemeter. This required the diodes to leFgesbiased due to the low currents.
For this we used a 30-V voltage supply/ (2 resistor, the diode and a BNC pico-amperemeter.
This gave a reliable relation between currents drawn byrttiwidual diodes and radiation inci-
dent on the sensors. The results can be found in table A.1llatidgin figure A.8.

Normally the diodes are operated without reverse bias gejtaince a bias voltage may
increase the radiation damage to the diodes. A bias voltateincreases the stability and
linearity of the diodes, but the currents are the same withvathout reverse bias voltage.

For this measurement, two radiation meters were used: R8dt@ and ASP-1. The former
is the reliable one, but this one was unfortunately not abéal for the later measurements. The
discrepancy between the two meters are seen from the firssegwhd column of table A.1
The tables in this appendix contains the raw, uncorrectadimgs from the ASP-1 (measured in
rad/h), but the plots have the corrected numbers.
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Figure A.8: Measured leakage current vs. radiation for #tn@ EMC PIN-diode sensors biased
at 30 V.

A.4.3 Calibration of the preamplification boards

After the original preamplification board was repaired ame grounding understood, both of
the preamplification boards were calibrated to understhadélation between output voltage
and input currents. It was difficult to obtain any device dyjmg currents of a few nA, so in
this calibration we made use of some old radiation detectade by the DCH group to provide
currents of approximately the right magnitude.

These old DCH diodes first must be calibrated in the same walyeaEMC diodes, biased
at 30 V and read out by a pico-amperemeter. These diodes weaiées and had some radiation
damage, but they still provided a reliable input currentha tight order of magnitude when
irradiated. These measurements are shown in table A.2 anigglin figure A.9. This data
serves as a reference for combining the currents from the BMG@es with the voltage of the
pre-amplifier boards.

The pre-amplifier boards were then connected to the DCH djoaled the measurements
were done again for individual channels and all channelsbooed with DCH diodes at the
source well. The raw data from these measurements are givablies A.3 and A.4 and con-
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(ASP-1)| 12 o'clock | 3 o'clock | 6 o'clock | 9 o’clock
[rad/} | Ch. O[nA] | Ch. 1[nA] | Ch. 2][nA] | Ch. 3[nA]
0.0 2.30 0.62 1.00 0.60
1.0 2.50 1.00 1.50 1.00
3.0 3.40 1.80 2.40 1.80
6.0 5.00 3.10 4.00 3.20
10.0 7.20 4.90 6.10 5.00
15.0 8.90 6.30 7.80 6.45

Table A.2: Calibration data for old DCH diodes biased at 3Uh& diagram shows data for each
sensor plotted vs. radiation.

stitutes a calibration of the boards as a function of ragimtiUsing data from table A.2, we
can translate voltage vs. radiation into voltage vs. inputents. To do this, we assume that
the currents are the same whether the diodes are biased. drigote A.10 shows this relation
for individual channels, and figure A.11 shows the outputage as a function of input currents
when all channels are connected to irradiated sensors.

(ASP-1)| 12 o'clock | 3 o’clock 6 o'clock 9 o'clock | Sum
[rad/f | Ch.0[mV] | Ch. 1[mV] | Ch. 2[mV] | Ch. 3[mV]| | [mV]
3.0 182 165 206 164 736
6.0 468 392 492 396 1760
10.0 850 692 860 712 3240
15.0 1190 990 1200 1020 4520

Table A.3: Calibration data for the original preamplificatiboard.

(ASP-1)| 12 o'clock | 3 o’clock 6 o’clock 9 o'clock | Sum
rad/f | Ch. 0[mV] | Ch. 1[mV] | Ch. 2[mV] | Ch. 3[mV] | [mV]
1.0 60 48 60 60 222
3.0 214 172 204 188 800
6.0 500 412 492 424 2000
10.0 870 710 850 728 3300
15.0 1200 980 1160 1000 4480

Table A.4: Calibration data for the spare preamplificatioaral.
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Figure A.9: Measured leakage current vs. radiation for ed¢he old DCH PIN-diode sensors

biased at 30 V.
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plification board vs. input currents.
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Figure A.11: Plotted here are the sum of input (DCH-diodejemnts versus total output voltage
with all channels connected. To the left: voltage readimgmfthe original board, and to the
right: voltage readings from the spare preamplificatiorrtdea

A.5 Radiation Dose-Rate Calculations

In order to extrapolate voltagg vs. currenty or radiationx to larger currents suitable for the
EMC diodes, the data points in figures A.10 and A.11 are fitbeafirst-order polynomiaf(g),
expressing output voltage in terms of the input currenty in turn is a function of radiation
x, g(x). The functionf(g) is specific for the preamplification board,(and f,, representing
voltage from the “original”and the “spare” preamplificatiboards, respectively), andz) is
specific for the diode sensorg(andgg, representing currents from the DCH and EMC diodes,
respectively).

We see from the figures that all the fits f¢g) have almost the same slope. The slope for
the total output voltage is systematically a bit higher ttl@slopes for the individual channels.
This mirrors the fact that the total voltage with all charsnebnnected were also systematically
higher than the sum of voltages from single channels coeddtables A.3 and A.4).

The constant term irf differs a bit depending on the diodes’ dark current, sineegpteam-
plification board has been tuned to give 0 V at 0 mrad/min. Tdrd& durrent for the old diodes
are much higher (2.3 nA, 0.62 nA, 1.00 nA and 0.60 nA) than vitvey are for the new EMC
PIN diodes (0.24 nA, 0.27 nA, 0.25 nA and 0.43 nA), therefdre ¢onstant term is larger for
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Figure A.12: Estimate of preamplification board outputag# vs. currents for single EMC PIN
diodes (original preamplification board to the left, spamegmplification board to the right).

f(gp) than for f(gr).
The constant term is not of any major interest in these cliiims because the baseline

current (dark current) will inevitably change with time d® tdiodes are exposed to radiation,
and the trimming potentiometers on the preamplificationrtd@ad the CBAM will need to be
adjusted so that the output voltage show 0 V when beams are off

For the single-channel slopes, figure A.12 gives an estifatiee output voltage from the
preamplification board with respect to currents from singger EMC diodes by merely using
the same slope as obtained from figure A.10, but adjustingdghstant according to dark current
(requiring 0 V at 0 mrad/min). The constant term here is fotmdh the product: (-1)x the
slopex the diode dark current. We can do the same for total voltadfe mspect to the sum of
all four input currents. This is shown in figure A.13.

To obtain the output voltage from a given preamplificatiomatooas a function of radiation,
f(z), we substitute the currepiz) with the measured old DCH diode currenig,(x), or the
measured new EMC diode currengs(z) , as obtained from the calibration of individual diode
sensors at 30 V. Fof® this should agree with the curves obtained from the predication
board calibrations in tables A.3 and A.4. These curves haea Iplotted in figure A.14. The
calculatedf () is given in table A.5. Comparing the functiofi8(x) in the table with the curves
in figure A.14 shows that they mostly agree; the largest dsamcy is for the slope in channel
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Figure A.13: Estimate of total preamplification board outpoitage vs. the sum of the EMC
PIN diode currents (original preamplification board to te#,|spare preamplification board to
the right).
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Figure A.14: Original Pre-Amplifier Board output vs. raduet (measured), to be compared with
the f,(x) entries for channels 0 - 3 for the old DCH sensors in table A.5.
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channel old DCH sensors new EMC sensors
0 go(r) = 2.03240.032z ge(z) = 0.129+0.097 x
folg(z)] = —424.24179.5¢9(x) | f,lg(x)] = —43.1+179.5¢g(x)
fslg(x)] = —405.14179.5¢9(z) | fslg(x)] = —43.14+179.5¢g(x)
fP(z) = —59.5+5.7x Ez) = —199+174x
1 gp(z) = 0.516 +0.027x ge(r) = 0.159 +0.101z
folg(x)] = —133.2+173.8¢(x) | folg(x)] = —46.9+ 173.8 g(x)
fslg(x)] = —123.5+1729¢g(x) | fslg(x)] = —46.7+ 172.9 g(x)
fP(x) = —435+47x fBz) = —193+176x
2 go(r) = 0.87740.032z ge(z) = 0.239+0.074x
folg(z)] = —201.9+4+176.9¢(x) | f,lg(x)] = —44.2+176.9¢g(x)
fslg(x)] = —190.2+171.7g(x) | fslg(x)] = —43.0+ 171.7g(x)
fP(z) = —46.84+5.7x fBa) = -19+131z
3 gp(z) = 0.497+0.028 x ge(z) = 0.340 +0.103z
folg(z)] = —135.74+174.2¢9(x) | f,lg(x)] = —T74.9+174.2 g(x)
fslg(x)] = —113.94170.6 g(z) | fslg(x)] = —T73.44170.6 g(x)
fP(z) = —491+59zx fBa) = —15.7+179x
total gp(z) = 3.92+0.119z ge(z) = 0.867+0.375x
folg(z)] = —927.3+181.9¢(x) | f,l9(x)] = —216.5+ 181.9g(x)
fslg(x)] = —829.7+179.9¢(x) | fslg(x)] = —214.1+179.9¢g(x)
fP(x) = —2143+216x fB(x) = —58.8+682x
fP(z) = —1245+21,4x fEz) = —581+675x

Table A.5: The equations for calculating voltage outputrfrthe preamplification board from
diodes leakage currents at different radiation dose rdiash of the four channels measured
with DCH diodes, then based on measured dark current, ea¢gcifor EMC diodes. The units
are:[z] = mrad/min,[g] = nA, [f] = mV.

3. In the case of*, we do not have this direct measurement, and the curve tinofitave need
to rely on the calculations, given in the last column in tablg.

Table A.5 summarizes the measured and calculated relatiewgeen radiation:, current
g and voltagef for the “original” and “spare” preamplification boards ar tfour “old DCH
diodes” and the four “new EMC diodes”. The equatigngz)and gp(x)are obtained directly
from the fit to data in tables A.1 and A.Z,[g(x)]and f;[g(x)]in the “old DCH sensor” column
are obtained from fits to the data in tables/figures A.3 and Akt same functions in the “new
EMC sensor” column inherits the slope from the “DCH” measuweats, but have constant term
adjusted according to different diode dark currents. Theagqgns forf,(z) and f;(x) are the
results of substitutingp (x)or gg(x)in f,[g(z)]and fs[g(x)], respectively. The functiongx) in
the “total” row are a sum of the currents in each individuamhel,g(z) = >, g;(x).
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Figure A.15: Final estimate of preamplification boards atitg.r.t input currents from the EMC
PIN-diode sensors, and w.r.t radiation, for the originalgmnplification board (left) and the spare
preamplification board(right).

In figure A.15, the estimate of output voltage from the prelifimption boards with respect
to total current in from the new EMC diodeg[¢r(z)) are plotted. In the same picture, the
radiation incident on the EMC PIN-diode sensors is givenraaleernative x-axis, making this
also a curve of the estimatgd (). As already noted, the constant terms in the fits are arpitrar

The CBAM comes on top of this, but as this is only an invertee, slope will be the same,
and only the constant term will be affected.

A.6 Cross-checks

As an independent cross check, four packages of various tfftiosimeters were installed close
to the PIN-diode sensors. Most of these dosimeters (optirait types) have very high dose
absorption, and need to stay in for some length of time beferean see any measurable effect.
In each package there is also one ordinary TLD (Thermolusceet Dosimeter), which only
measures doses precisely up to about 50 rad, and so showdddeut at an earlier stage. These
ordinary TLDs also have the nice feature that they can d@jstsh between neutron radiation and
other forms of radiation.

After nearly one year of running after the PIN diode sensagsevecalibrated and installed,
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the dosimeters were taken out, and accumulated radiatise doecked. This radiation dose
was compared to the integrated voltage signal recorded i@&Prhe analysis of EPICS data is
presented in section A.6.1. The results of the dosimetelowgds presented in section A.6.2.

A.6.1 Cross-check with EPICS data

emc_totl vs. time
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Figure A.16: Voltage (EMCTOTL signal) plotted as a function of time, from Nov 5, 2002ilun
June 30, 2003, averaged over periods with beam, without paadithe difference between the
two (pedestal subtracted voltage).

The result of the calibration with the Co-60 source can bersarzed in a single equation
expressing the voltagéj, as a function of dose rate,

U(x) = 1.137z, (A.1)

with [U] =V and[z] = mrad/s. Note that the unit used fois now mrad/s, while the figures in
earlier sections quote mrad/min. Turning the equationrad@ives us the dose rate as a function
of voltage, which is more convenient for finding the integthtiose rate:

AD
Rate = 2(U) = Azse —0.887, (A.2)
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and so by integrating the voltage over time, we get the actatedidose:
/ d(Dose) = 0.88 / U(t)dt (A.3)

The voltage read out from CBAM into EPICS is stored in the Aembbidatabase, and this
information can be retrieved. In figure A.16, the voltagel@tted as a function of time for all
of the Run 3 period. The plot shows three curves, one reptiagevoltage readings in periods
with beams on, one representing voltage readings in pewatisbeams off, and the third one
representing the difference of the two. Thus, the third Isnéhe pedestal subtracted voltage.
Assuming equation A.3 obtained from the Co-60 calibratignthe correct relation between
voltage and dose, a numerical integration of the pedestdtatied histogram in figure A.16
gives total absorbed energy dose

D 4 PIN—_diodes = 816402 mrad = 816.4 rad /8months = 102 rad /month (A.4)

Since the dose D [rad] is per unit mass, it would be more cbtodaterpret the average dose
seen by the four detectors:

Dpin_diode = 204.1 rad /8months = 25.5 rad /month. (A.5)

Given that dosimeters were installed in all four locatiansaould also have been of interest
to compare dosimeter and PIN-diode sensor in each locdiidgrwe do not have the signal for
each of the PIN-diode sensors read out, only the sum of thesfgnals.

A.6.2 Thermoluminescent dosimeter cross-check

There were 4 TLDs present from Nov 5, 2002 until August 18,32@&ach located close to one
of the background sensors. Each TLD was replaced once diméntgptal period. The total dose
absorbed in each location is calculated as a simple sum.

Each TLD consists of four elements, in table A.6 given as EI=8 and E4 ar€”aSO,
phosphor with plastic and lead filters respectively. The@poase on these elements are almost
purely due toy radiation. E1 and E2 also sgeandn radiation.

On recommendation from H. Tran at ES&H Radiation Proteciib8LAC, we use the signal
from E2 as the total accumulated dose and the signal from Edeaaccumulated dose due to
photons. Thus we have accumulated from November 5, 2002 ugtdd, 2003 ( approximately
9.5 months):
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TLD Time E1l E2 E3 E4 Photon | Neutron
Id range [rad] [rad] [rad] [rad] ED [rem] | ED [rem] || E2/E4 | E3/E4
3h 1082 Novbs-Jan24 || 67.58 | 60.07 | 37.80 | 40.97 37.06 25.93 15 0.9
6h 1350 Nov5-Jan24 || 89.20 | 82.43 | 91.95 | 83.94 76.68 9.24 1.0 1.1

12h| 3676 | Novs-Jan24 || 91.65 | 85.28 | 116.50| 85.28 | 77.70 | 10.74 | 1.0 | 1.4
[Oh [ 1165 | Novs-Mar27 || 143.05] 139.32[ 103.66] 112.73]] 101.85 | 39.43 || 1.2 | 09 |
3h [ 6000672 Jan24-Augl8[| 282.22] 244.87] 207.29] 234.70]] 208.60 | 52.07 | 1.0 | 0.9
6h | 6000713| Jan24-Augl8|| 331.53| 304.28| 302.38| 232.03|| 211.55 | 104.06 | 1.3 | 1.3

9h | 6001013| Mar27-Augl18|| 124.47| 117.92| 81.29 | 77.45 70.69 49.96 15 1.0
12h | 6001585| Jan24-Augl8|| 314.13| 290.32| 369.12| 294.82|| 269.09 32.94 1.0 1.3

Table A.6: Summary of results from dosimeter (TLD) crossath

e 3h: 304.94 rad total, 275.69 rad due to photons, 29.27 radadoeutrons.
e 6h: 386.71 rad total, 315.97 rad due to photons, 70.74 radcdueutrons.
e 9h: 259.24 rad total, 190.18 rad due to photons, 69.06 radcdueutrons.

e 12h 375.60 rad total, 380.10 rad due to photons, -4.5 radalnetitrons.

Uncertainties in the measurements of the TLD readings wetrsupplied, but we state the
result as an average of the four locations, and give the measunt error as the spread in values,

giving:

Drip (totar) = (331.677%1) rad /9.5months = 34.9775 rad /month (A.6)
Dr1p (photons) = (290.575055) rad/9.5months = 30.67Y;; rad/month (A7)
D11 (neutrons) = (41.112212:2) rad/9.5months = 4.3fi:é rad/month (A.8)

These numbers must be compared to equation A.5. Given datigeruncertainties, it looks
like the result obtained integrating the EMKOTL signal is consistent with the photon dose

measured by the TLDs.
We have compared the values read out from the diodes andlisiotiee ambient database,

with the dose accumulated by nearby dosimeters. Since ys&atiPIN-diode detectors are used
as input in the evaluation of beam quality, it is importardtttheir measurements are reliable, at

least on a relative scale.
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A.7 Concluding remarks

This study suggests that crystal-PIN-diode sensors haesuned about 74% of the total dose
accumulated by the TLDs in approximately the same posititihse assume the crystal-PIN-
diode sensors are sensitive to photon radiation only, therefpancy is smaller (83% of the TLD
result). The discrepancy may be much larger, however, ifctiystal-PIN-diode sensors are
sensitive to neutrons as well, as this would not have bedoded in the calibration, since no
neutron radiation was present during calibration. Thera s&rong suspicion that this is the
case [1].

Until now the EMC PIN-diode background detectors have omlgrbused as a relative mea-
surement of background radiation from the beams, in ordprdtect against excessive radiation
during poor injections. The calculation of dose-rate fréwa EMC.TOTL voltage is only meant
to support decisions on where to set the limits as to whatrisaggng radiation for the EMC (see
also [1]).

The sensors might need to be replaced (at least) once mang diue life of theBABAR
experiment. My suggestions in case of this, is that we radenshe choice of cables, as the
ones used now are not really low-noise and the diode signaljsweak. The electronics is also
very sensitive to variations in temperature and humiditg #he only method used until now for
stabilizing this has been to insulate the pre-amplifierecvédth foam. Perhaps there are ideas for
better solutions out there and if so, perhaps it would behvdhntle trying to implement the tem-
perature corrections with thermistors once again. | woldd advice in favor of thinking about
a better mechanical setup for the diode in the box, to enbatettdoes not move with respect to
the crystal and that there is no air gap between the two. Amqbssibly large source of error is
the baseline subtraction in the EMIOTL integration. Some better averaging / histogramming
algorithm may be able to improve this.

The study as described only makes a simple average overlthieniei range. Also, the time
range considered for the crystal-PIN-diode detectors atdhe exact same as the time range
the TLD’s were accumulating doses, and the time range of €a€halso differ a bit, and it is
possible that these were saturated towards the end of tkespan.

With the uncertainties discussed taken into account, thidysshows that the crystal-PIN-
diode sensors do measure approximately correct dose ridite farward end cap of the BABAR
calorimeter.
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Errata

This version of the thesis has been modified with respectdmtlginal, printed, version. The
following mistakes have been corrected:

e A half sentence has been removed from the caption of Fig 4hk. té&xt was mistakenly
not commented out in the source file.

e In Table 4.5, the entries in the last coluny (/S + B) has been corrected. These origi-
nally incorrecly listed the values fa&t/+/B.
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