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Abstract
We study decays of beauty 	B
 mesons into the �nal states containing charmonium

mesons� The data were collected by the CLEO experiment at the Cornell Electron Storage
Ring from ���� to ����� First� we describe a technique that signi�cantly improves the
reconstruction e�ciency for decays of J�� and �	�S
 mesons into a pair of leptons� This
reconstruction method is used in all the analyses presented in this dissertation� Then we
present a study of B decays to the �c� and �c� charmonium states and compare our results
with the predictions of di
erent theoretical models of charmonium production� After that
we report the �rst observation of the decay B � J�� �K� which is the �rst B meson
decay requiring a creation of an additional ss quark pair� Then we measure the B� and
B� meson masses from B� � ����K�

S and B� � ����K� decays� The method employed
eliminates the dominant systematic uncertainty associated with the previous B meson mass
measurements at the e�e� colliders and results in a signi�cant improvement in precision�
After that we present a study of three B� decay modes useful for time�dependent CP
asymmetry measurements� In this study we reconstruct B� � J�� K�

S � B
� � �c�K

�
S �

and B� � J�� �� decays� The latter two decay modes are observed for the �rst time�
We describe a K�

S � ���� detection technique and its application to the reconstruction
of the decay B� � J��K�

S � Then we present a sensitivity study for the measurement
of the mixing�induced CP violation in the neutral B meson system 	parameter sin ��

at CLEO using the method that requires a measurement of the decay time of only one

meson in a B�B
�
pair� Finally� we search for direct CP violation in decays B� � J��K�

and B� � �	�S
K�� The results of this search are consistent with the Standard Model
expectations and provide the �rst experimental test of the assumption that direct CP
violation is negligible in B � ����K decays�
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Outline and Citations to Previously Published Work

In this thesis we present a collection of analyses of the CLEO experimental data� In each
of these analyses we study decays of beauty 	B
 mesons into the �nal states containing
charmonium mesons� The work described here was performed over a period of three years
from ���� to �����

Chapter � contains a brief introduction to the CLEO experiment�

Chapter �� adapted from an internal CLEO note ������ describes a technique that signif�
icantly improves the reconstruction e�ciency for decays of J�� and �	�S
 mesons into a
pair of leptons� This reconstruction method is used in all the other analyses presented in
this dissertation�

Chapters �� �� �� �� and � contain the sections called �Analysis summary and results� which
are adapted from the published journal articles� The sections called �More details on the
analysis� are largely drawn from the internal CLEO notes�

The study of B decays to the �c� and �c� charmonia states presented in Chapter � was
described in an internal CLEO note ����� and published as a Rapid Communication in
Physical Review D ������

The �rst observation of the decay B � J�� �K presented in Chapter � was described
in ����� and published in Physical Review Letters ������

The measurement of the absolute masses of charged and neutral B mesons presented in
Chapter � was described in ����� and published as a Rapid Communication in Physical
Review D ������

The analyses of the decays B� � J��K�
S � B

� � �c�K
�
S � and B� � J�� �� presented in

Chapter � were described in ����� ���� ���� and published as a Rapid Communication in
Physical Review D ������

The sensitivity study for the measurement of the parameter sin �� at CLEO presented in
Chapter � was described in ������

Finally� the search for direct CP violation in the decays B� � J��K� and B� �
�	�S
K� presented in Chapter � was described in ����� and published in Physical Re�
view Letters ������
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Chapter �

CLEO experiment

We study Bu and Bd mesons in the data collected at the Cornell Electron Stor�
age Ring 	CESR
 with two con�gurations of the CLEO detector called CLEO II ��� and
CLEO II�V ���� The CESR provides symmetric e�e� collisions in the energy range of the �
states� � to �� GeV 	Figure ���
� The �	�S
 state is the �rst resonance above the B meson
pair production threshold� its mass is only �� MeV higher than the mass of two B mesons�

The �	�S
 decays almost exclusively ��� to a pair of charged or neutral B mesons� B�B
�
or

B�B�� in nearly equal numbers ���� The center of mass of a BB pair is at rest in the lab�
oratory frame� The B mesons are created with a typical momentum of ��� MeV"c ���# this
value� however� depends on the beam energy� The annihilation of the e� and e� with the
same helicities is suppressed by a factor of Me�Ebeam� therefore the annihilation proceeds
through a virtual photon with Jz $ ��� The B mesons are spin%� particles� therefore the
angular distribution of the B mesons has a sin� � dependence� where � is the angle of a B
with respect to the beam axis�
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� Chapter �� CLEO experiment

The fascinating history of CESR and CLEO can be learned from ���� The main
components of our experimental apparatus are brie�y described below�

��� CESR e�e� collider

CESR is a symmetric e�e� collider ��� with a circumference of ��� meters� located
on campus of Cornell University� Electrons and positrons travel in opposite directions in
the same vacuum chamber and are brought to collision in the center of the CLEO detector
	Figure ���
�
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Figure ���� The CESR e�e� collider�

The major parts of the CESR collider complex are the linear accelerator� the
synchrotron� and the storage ring� The linear accelerator 	linac
 produces both electrons
and positrons and provides the �rst stage of acceleration� Electrons are emitted from
a heated cathode and accelerated to ��� MeV before the injection into the synchrotron�
Positrons are produced in an intermediate point of the linac by placing a tungsten plate
in the way of ��� MeV electrons� The synchrotron accepts the electrons 	at ��� MeV
 or
positrons 	��� to ��� MeV
 from the linac and accelerates them to their �nal energy at
which they are stored in CESR� When the desired energy is reached� electrons or positrons
are transferred to the storage ring�

In CESR the counter�rotating electron and positron beams share a common vac�
uum chamber� Electrostatic separators are used to displace the electron and positron orbits



Chapter �� CLEO experiment �

so that the collisions of the multiple bunch beams occur only at the single interaction
point ���� The maximum horizontal displacement of the beams from the center of the cham�
ber is about �� mm� The beam trajectories intersect at the interaction point with a small
horizontal crossing angle 	�� mrad
 ���� By the end of the CLEO II�V data taking in early
����� CESR operated in ��� mode� with � trains of � closely spaced bunches stored in each
beam� Through a series of innovations� the Cornell accelerator physicists steadily increased
the peak CESR luminosity over the period of CLEO II and CLEO II�V detector operation�
from ���� ����cm��s�� in late ���� to ���� ����cm��s�� in early ���� ���� ����

Each bunch has an approximate Gaussian pro�le� 
y � �� 	m in height� 
x �
��� 	m in width� and 
z � �� mm along the beam direction When the two beams collide�
they create a luminous region 	beam spot
 which is the overlap of the two colliding bunches�
The parameters of the approximate Gaussian pro�le of the beam spot are� 
y � � 	m�

x � ��� 	m� and 
z � �� mm ���� ���� Note that for unperturbed beams the size of the
luminous region is a factor of

p
� smaller than the single bunch size� Additional reduction

in the transverse beam size at the interaction point results from beam�beam interaction
	dynamic beta e
ect described in ����
�

��� CLEO detector

CLEO is a general purpose collider detector with barrel geometry and with a
solid angle coverage of almost ��� CLEO�s strong features are electromagnetic calorimetry�
tracking� and muon identi�cation� Hadron identi�cation capabilities� however� are limited�
Cross�sectional views of the CLEO detector are shown in Figures ��� and ����

����� Beam pipe

Particles from the interaction point �rst pass through the beam pipe before enter�
ing the instrumented components of the detector� The CLEO II detector has a ��� mm�thick
beryllium beam pipe with an inner radius of ��� cm� The inner surface is coated with a
�� 	m�thick layer of silver to absorb synchrotron radiation� The CLEO II�V con�guration
has a beryllium beam pipe constructed of two concentric cylinders separated by a ��� mm
gap through which cooling water is circulated ����� The inner radius of the beam pipe is
��� cm� A �� 	m gold coating is deposited on the inner surface of the beam pipe� The
total thickness of the CLEO II�V beam pipe � including gold coating and cooling water �
corresponds to ���& of a radiation length �����

����� Tracking system

In CLEO II the momenta of charged particles are measured in a tracking sys�
tem consisting of a ��layer straw tube chamber 	PTL
� a ���layer precision drift chamber
	VD
� and a ���layer main drift chamber 	DR
� all operating inside a ��� T superconducting
solenoidal magnet� The main drift chamber also provides a measurement of the speci�c
ionization� dE�dx� used for particle identi�cation� For CLEO II�V� the straw tube chamber
was replaced with a ��layer silicon vertex detector�
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Figure ���� The CLEO II�V detector�
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Figure ���� One quadrant of the CLEO II detector� Acronyms� IP % e�e� interaction point#
DR� VD� PTL % the outer� intermediate� and inner drift chambers# TF % time�of��ight counters�
CC % crystal calorimeter� and MU % muon identi�cation system� Pre�xes� B$ barrel� E$
endcap�

CLEO II inner drift chamber �precision tracking layers� PTL�

The inner tracking detector in CLEO II is a six�layer straw tube chamber occupying
the inner volume from a radius of ��� to � cm 	Figures ��� and ���
� It has �� axial wires per
layer� The diameter of the straw tubes ranges from � to � mm� No longitudinal direction
measurements are made with this chamber� In each layer the drift time information is used
to make a position measurement with a typical resolution of �� 	m for the tracks traversing
the central part of a cell�

CLEO II�V silicon vertex detector �SVX�

The inner tracking detector in CLEO II�V is a ��layer silicon microstrip vertex
detector ��� 	Figure ���
� The detector is composed of ��� 	m�thick double�sided silicon
wafers� Both r� and rz information is read out for each of the �� wafers� The implants on
the r� side have a pitch of �� 	m� and every fourth implant is read out� The rz implants
have a pitch of ��� 	m� and every one is instrumented� With the silicon detector the r�
impact parameter resolution improved by a factor of �� whereas the rz resolution improved
by over an order of magnitude in CLEO II�V compared to CLEO II data� Figure ��� shows
the intrinsic resolution of the silicon detector as a function of track entrance angle�
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Figure ���� Left plot shows the cell structure of the two inner drift chambers 	PTL and VD
 in
the CLEO II con�guration� The CLEO II�V detector upgrade includes a new smaller�radius
beam pipe and silicon vertex detector replacing the innermost wire chamber 	PTL
� Right
plot shows the cell structure of the main drift chamber 	DR
�
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Figure ���� The CLEO II�V silicon vertex detector 	SVX
 cross�sectional r� view 	top
 and
rz view 	bottom
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Figure ���� Intrinsic silicon detector resolutions as a function of track incidence angle� The
zero�angle tracks are perpendicular to the beam direction�

Intermediate drift chamber �VD�

The intermediate drift chamber has a total of ��� sense and ���� �eld wires ar�
ranged to form �� layers of hexagonal cells 	Figures ��� and ���
� VD extends in radius from
��� to ���� cm� All layers are axial� The inner � layers have �� cells per layer� whereas the
outer � layers have �� cells� The cell size is between � and �� mm� The typical position
measurement resolution is ��� 	m for the tracks traversing the central part of a cell� Both
inner and outer cathode planes are segmented and instrumented to provide rz position
measurements with a typical resolution of � mm�

Main drift chamber �DR�

The main drift chamber extends in radius from �� to �� cm� A total of ����� sense
and ����� �eld wires are arranged in a pattern of �� layers of rectangular cells of nearly
equal size 	Figures ��� and ���
� The cell size is �� mm� The typical position measurement
resolution is ��� 	m for the tracks traversing the central part of a cell� Both inner and outer
cathode planes are segmented and instrumented to provide rz position measurements with a
typical resolution of � mm� Eleven of the �� DR layers have a � degree stereo angle to provide
additional z information� In CLEO II�V the gas in the main drift chamber was changed
from an argon�ethane to a helium�propane mixture ����� Multiple scattering is considerably
reduced for particles going through the helium�propane mixture� In addition� this mixture
makes for more uniform drift isochrones thereby improving the charge collection e�ciency
from the outer part of a drift cell� The gas mixture change resulted in improved tracking
and dE�dx performance of the drift chamber�
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����� Time	of	
ight system

The time�of��ight 	TF
 system is used in the trigger� as a tool for particle identi��
cation� and as a bunch��nder� This system is located just outside the drift chamber volume
	Figures ��� and ���
� The barrel part of the TF system comprises �� counters� Each bar�
rel counter consists of the � cm thick bar of plastic scintillator with light pipes leading to
the photomultipliers at both ends� Each of the two endcap TF subsystems consists of ��
trapezoidal�shaped scintillators� Only one end of each endcap counter is instrumented with
a photomultiplier�

����� Electromagnetic calorimeter

The calorimeter consists of ���� thallium�doped cesium iodide 	CsI
 scintillation
crystals covering ��& of the solid angle� The barrel part of the calorimeter covers ��& of
the solid angle and contains ���� crystals arranged in �� rings of ��� crystals� Photons
originating at the interaction point strike barrel crystals at nearly normal incidence� Each
endcap contains ��� crystals� The layout of crystals is shown in Figures ��� and ���� The
CsI radiation length X� $ ���� cm� The crystal dimensions are � � � cm in cross�section
and �� cm long 	��X� or ��� nuclear interaction lengths
� The photon energy resolution
parametrizations for barrel and endcap regions are shown in Figure ���� Calorimeter perfor�
mance is degraded by the material the particles have to travel through before reaching the
crystals� Therefore the performance varies considerably with polar angle� The central bar�
rel region 	j cos �j � ����
 has the smallest amount of material in front of it� about ����X��
with ����X� accounted for by the time�of��ight counters� The material before the endcap
calorimeter amounts to �X�� with ���X� accounted for by the drift chamber endplate�
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Figure ���� Photon energy resolution of the calorimeter as a function of the photon energy�
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����� Solenoidal magnet

The superconducting magnet coil resides outside the crystal calorimeter 	Fig�
ures ��� and ���
� The solenoid generates a ��� T magnetic �eld which is parallel to the
beam axis and is uniform to within ���& in the whole tracking volume� A uniform magnetic
�eld is assumed by the tracking software�

����
 Muon identi�cation system

The CLEOmuon identi�cation system ���� consists of proportional counters placed
at increasing depth in steel absorber 	Figure ���
� The steel absorber is octagonally divided
in r� plane� The �rst two of the �� cm thick layers� are the main elements for the magnetic
�eld �ux return� The third layer is primarily for the muon identi�cation system� There are
three layers of muon chambers in the barrel region 	j cos �j � ����
� They are placed at ��
�� and � nuclear interaction lengths 	�I
 for normal incidence tracks� There is also one set
of muon chambers outside each endcap that covers the polar angle range of ���� � j cos �j �
����� The amount of material in front of the endcap layer of muon counters corresponds to
��I �

��� Particle identi�cation

����� Hadron identi�cation

Hadrons are identi�ed through dE�dx and time�of��ight measurements� The
dE�dx information is provided by �� out of �� layers of the main drift chamber 	DR
�
Figure ��� shows dE�dx and time�of��ight measurements for various particle species� Fig�
ure ���� shows the achieved K�� separation �����

����� Electron identi�cation

Electron candidates are identi�ed based on the ratio of the shower energy in the CsI
calorimeter to the associated track momentum 	E�p
� width of the shower in the calorime�
ter� and dE�dx measurement in the drift chamber� Time�of��ight measurement is used to
reject low�momentum antiprotons annihilating in the calorimeter� The information from dif�
ferent devices is combined to form a single discriminating variable for electron identi�cation
	R�ELEC
� By far the most powerful of all discriminating variables is E�p� For J�� � e�e�

reconstruction� we impose loose electron identi�cation requirements 	R�ELEC � �
 on both
e� candidates� For ��� GeV"c tracks pointing to the barrel region� this requirement results
in signal e�ciency of over ��& and hadron misidenti�cation probability of � ���&�

����� Muon identi�cation

Muon candidates are identi�ed based on their ability to penetrate steel absorber
and reach the muon chambers� Figure ���� shows the muon identi�cation e�ciency in barrel
and endcap regions for di
erent penetration requirements� For the DPTHMU � � requirement

�Nuclear interaction length of iron is �I � ���� cm�
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Figure ���� The dE�dx 	left
 and time�of��ight 	right
 measurements for di
erent particle
species� The predicted curves are shown by the solid lines�

Figure ����� Momentum dependence of dE�dx 	dashed
 and time�of��ight 	dotted
 K��
separation in CLEO II 	left
 and CLEO II�V 	right
� The solid line shows the separation
achieved by combining dE�dx and time�of��ight information�
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imposed upon ��� GeV"c tracks� the misidenti�cation probability is approximately �& for
pions and �& for kaons�

For J�� � 	�	� reconstruction� one of the muon candidates is required to pene�
trate the steel absorber to a depth greater than � nuclear interaction lengths 	DPTHMU � �
�
As described in Section ���� we relax the absorber penetration requirement for the second
muon candidate if it is not expected to reach a muon chamber either because its energy is
too low or because it does not point to a region of the detector covered by the muon cham�
bers� For these muon candidates we require the ionization signature in the CsI calorimeter
to be consistent with that of a muon�
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Figure ����� Muon detection e�ciency in barrel and endcap regions for di
erent penetration
requirements� DPTHMU is amount of material� in nuclear interaction lengths� penetrated by
a muon candidate� The data points were obtained from e�e� � 	�	�
 events�

��� Track �tting

Track �tting is performed using a Kalman �ltering technique ����� which was �rst
applied to track �tting by Billoir ����� The track �t sequentially adds the measurements
provided by the tracking system to correctly take into account multiple scattering and
energy loss of a particle in the detector material� For each physical track� separate �ts are
performed using � di
erent particle hypotheses� e� 	� �� K� and p� At CLEO the Billoir
�tter is a �nal track �tter� It is not used for pattern recognition� i�e� for �nding tracks�
In addition to optimally estimating the track parameters at the point of closest approach
to the e�e� interaction point� the Billoir �tter also calculates covariance matrices for the
track parameters�
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��� K�
S � ���� reconstruction

CLEO has a sophisticated software ���� for �nding K�
S � '� and converted photons�

The algorithm uses full power of the Billoir track �tter� The �rst guess on the K�
S vertex

position is obtained by overlapping two oppositely�charged tracks in r�� plane� Daughter
�� tracks are then re�t by Billoir �tter� taking into account the decay vertex position
to correct for multiple scattering and ionization in the detector material� Then the K�

S

candidate is built from two tracks with a vertex constraint� using the �rst guess on the
vertex position as a starting point�

��	 Normalized variables

We extensively use normalized variables� taking advantage of well�understood track
and photon�shower four�momentum covariance matrices to calculate the expected resolu�
tion for each combination� For example� the normalized J�� � 	�	� mass is de�ned as
�M		�	�
 �MJ����
	M
� where MJ�� is the world average value of the J�� mass and

	M
 is the calculated mass resolution for that particular 	�	� combination� The nor�
malized variables naturally take into account non�uniformity of the detector� some tracks
and showers are better measured than others� Also� the use of the normalized variables
allows the same candidate selection criteria to be applied to the data collected with the
CLEO II and CLEO II�V detector con�gurations� In Figure ���� we compare J�� � 	�	�

mass and normalized mass lineshapes for CLEO II and CLEO II�V simulated events� The
M		�	�
 �MJ�� distributions di
er signi�cantly� whereas normalized mass distributions
are virtually indistinguishable�

The Billoir track �tter uses hit resolution parametrizations extracted from data�
The �tter� however� employs �� �ts and Gaussian approximations for hit resolution and mul�
tiple scattering� Shower covariance matrices are also calculated using Gaussian parametriza�
tions of the calorimeter resolution� Of course� there are non�Gaussian tails in real life� Al�
though the distributions of the normalized variables are signi�cantly closer to being well
described by a single Gaussian than the corresponding non�normalized distributions� still
they are not perfect unit Gaussians 	with mean of � and 
$�
 as they should ideally be�
Therefore the full Monte Carlo simulation is used whenever we decide on the selection cri�
teria� Based on simulation� we often multiply the calculated combination�by�combination
uncertainties by a global scale factor to make the normalized distribution look more like a
unit Gaussian�

��
 B candidate selection variables �E and M�B�

Due to energy and momentum conservation in the reaction e�e� � �	�S
� BB�
the energy of each B meson should be equal to the beam energy� and the absolute momentum

of each B meson can be calculated as p	B
 $
q
E�
beam �M�

B� We select fully reconstructed
B candidates by means of two observables�

The �rst observable is the di
erence between the energy of the B candidate and
the beam energy� �E � E	B
�Ebeam� The �E resolution is dominated by the resolution in
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Figure ����� The distribution of mass di
erence M		�	�
 �MJ�� 	left
 and normalized
mass �M		�	�
 �MJ����
	M
 	right
 for J�� � 	�	� decays selected from simulated
event samples� CLEO II 	CLEO II�V
 events are represented by solid 	dashed
 line� Solid
and dashed histograms are normalized to have the same area�

the E	B
 term which accounts for the uncertainties in the track and shower measurements�

The second observable is the beam�constrained B mass�M	B
 �
q
E�
beam � p�	B
�

Often we also use Mbc notation for beam�constrained mass� If CESR were always running
exactly at the �	�S
 peak� then we could use p	B
 instead of M	B
� For some datasets�
however� the average beam energy deviates by as much as � MeV from the nominal peak
energy� Therefore it is necessary to use M	B
 to trace the beam energy variations� The
CESR beam energy spread is �E�E � �� ���� per beam� which corresponds to the center�
of�mass energy spread for the colliding beams of

p
� 	 �� ���� 	 ���� MeV $ �� ��� MeV�

This beam energy spread dominates the M	B
 resolution�


�M	B
� $
Ebeam

M	B

	 
	Ebeam

 p	B


M	B

	 
�p	B
� � 
	Ebeam
�

The beam�constrained mass is shifted by ������ GeV�Ebeam� for o
��	�S
 runs to correctly
reproduce the shape of continuum background�

We use normalized variables �E�
	�E
 and jM	B
 �MBj�
	M
 for candidate
selection� The reported �E uncertainties usually have to be multiplied by a factor of ��� to
��� to make the normalized distribution look more like a unit Gaussian for simulated signal
events�
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Table ���� Production cross�sections in e�e� collisions at the �	�S
 resonance 	Figure ���
�

e�e� � Cross�section 	nb


bb ����
cc ����
ss ����
uu ����
dd ����

total hadronic ����

���� ����
	�	� ����

��� Data sample

The data used in this thesis were recorded over a period of almost ten years
between ���� and ����� In most analyses we use the full CLEO II and CLEO II�V datasets
corresponding to ��� fb�� of e�e� data taken at the �	�S
 resonance 	Figure ���
 and
��� fb�� taken �� MeV below the �	�S
 resonance 	o
��	�S
 sample
� These data contain
the information about the decays of ������� BB meson pairs� Two thirds of the data were
collected with the CLEO II�V detector installed in the fall of �����

The data sample comprises �� individual data sets marked �S���S�� �SA��SG for
CLEO II� and �SH��ST 	no �SO
 for CLEO II�V� The data set boundaries were designed to
mark the interruptions � such as extended shutdowns and hardware modi�cations � in
periods of stable data taking# some of the big CLEO II�V data sets� however� were arbitrarily
subdivided for calibration purposes� The integrated luminosities of the individual data sets
range from �� pb�� 	�SD
 to ��� fb�� 	�ST
�

Table ��� lists hadronic as well as ���� and 	�	� production cross�sections at
the �	�S
 peak �����

��� Monte Carlo simulation

We use simulated event samples 	Monte Carlo
 to determine reconstruction e��
ciency� estimate background� or extract a signal shape for some distribution� The production
of Monte Carlo samples occurs in � steps�

�� Physical process generator called QQ simulates an �	�S
 � BB or a continuum
e�e� � qq event and decays unstable particles� The probabilities of decays are
taken from tables that are periodically updated to re�ect our current best knowledge�
Quark fragmentation is handled by JETSET program �����

�� The decay history output of the QQ event generator is passed to CLEOG� a GEANT�
based ���� package which simulates the passage of a particle through the detector
material�

�� Finally� the simulated events are processed with the same reconstruction programs as
used for real data�



�� Chapter �� CLEO experiment

Several samples of simulated events are widely used throughout the thesis�

�� Generic BB Monte Carlo sample� a sample of simulated �	�S
� BB events� where
both B mesons are allowed to decay generically� i�e� into all available �nal states�
This sample was produced by the central CLEO Monte Carlo farm� The statistics
correspond to about � times the data� although this value varies depending on the
analysis�

�� High�statistics generic BB Monte Carlo sample� this sample was designed to look
like a J�� skim of simulated generic BB events� It includes the events with true
J�� � ���� decays as well as the ones contributing to the background under the J��
peak� The statistics correspond to about �� times the data�

�� Generic continuum Monte Carlo sample� a sample of simulated generic e�e� � qq
continuum events produced by the central CLEO Monte Carlo farm� The statistics
of the sample correspond to about � times the on��	�S
 data�

Other samples of simulated events will be introduced in the course of the discussion�



Chapter �

Improvements in reconstruction of

J�� � ����

��� Abstract

The J�� mesons are detected through their dilepton decays in all the analyses
presented in this thesis� In this chapter we describe the improvements upon the traditional
reconstruction procedure�

We show that the detection of the bremsstrahlung photons in the crystal calorime�
ter improves the J�� � e�e� reconstruction e�ciency by approximately ��& without
adding more background�

We also show how to increase the J�� � 	�	� reconstruction e�ciency by relax�
ing the absorber penetration requirement for a muon candidate if it is not expected to reach
a muon chamber either because its energy is too low or because it does not point to a region
of the detector covered by the muon chambers� For these muon candidates we require the
ionization signature in the crystal calorimeter to be consistent with that of a muon�

��� J�� � e�e�

����� How much radiation is there�

The internal bremsstrahlung in J�� � e�e�
 decay as well as the bremsstrahlung
in the detector material produces a long radiative tail in the e�e� invariant mass distribution
	Figure ���
 and impedes e�cient J�� detection� Figure ��� shows a real B� � J��K�

S

event which would have been lost because a very energetic 	��� MeV
 bremsstrahlung
photon was produced either in J�� � e�e�
 decay or in the passage of the electron
through the detector material�

The internal bremsstrahlung spectrum is given by ���� ���

d�	J�� � ����



dE�
�d cos �

$
��

�
�	J�� � ����


�

E�
�

�
�� �E�

�

MJ��

�
��sin��

��	�� �� cos� �
�
� 	���


��
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J/ψ→e+e- Monte Carlo
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Figure ���� The �M � M	e�e�
 � MJ�� distribution for J�� � e�e� candidates re�
constructed from a sample of simulated events� No bremsstrahlung photon recovery is
attempted�

where E�
� is the photon energy in the J�� rest frame� � is the angle between the photon

and one lepton in the dilepton rest frame� � is the �ne structure constant�

� $

r
�� 	m�

�

M�
J��

��MJ��E��
� is the lepton velocity in the dilepton rest frame� and

�� $

r
�� 	m�

�

M�
J��

is the value of � for E�
� $ �� Integration over the angle � yields

d�	J�� � ����



dE�
�

$
�

�
�	J�� � ����


�

E�
�

�
�� �E�

�

MJ��

�
� 	���


� �

��

�
� ( ��

�
ln

�
� ( �

�� �

�
� �

�
�

The E��� experiment measured the rate for internal bremsstrahlung Br�J���e�e���
Br�J���e�e�� $

���� � ���& for E�
� � ��� MeV ����� which is in good agreement with the QQ prediction

of ����&� The relative importance of internal and detector bremsstrahlung is estimated
from simulation� Table ��� lists the fraction of J�� � e�e� candidates in the tail of the
�M �M	e�e�
�MJ�� distribution 	Figure ���
 with and without internal bremsstrahlung�
Roughly ��� of the e�ciency loss arises from the e� radiation in the detector material�

����� Bremsstrahlung photon recovery

Both internal and detector bremsstrahlung photons are emitted very close to the
direction of the parent electron or positron� For our purposes we do not have to discriminate
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B0->J/psi K0S
J/psi->e+ e-, K0S->pi+pi-

Run: 92609 Event: 78815

e+

e-

K0S

π+

π−
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0.84
γ
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0.19
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Figure ���� A B� � J��K�
S event in CLEO II�V data� The very energetic 	��� MeV


bremsstrahlung photon at �� o�clock 	marked 

 was produced either in J�� � e�e�
 decay
or in the passage of the electron through the detector material� Without the bremsstrahlung
photon recovery the calculated e�e� invariant mass is approximately �� standard deviations
away from the J�� mass peak�
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Table ���� The fraction of J�� � e�e� candidates in the tail of the �M �M	e�e�
�MJ��

distribution as determined from simulation 	Figure ���
� The values in parentheses were
obtained by switching o
 the decay radiation 	internal bremsstrahlung
� As expected� the
rate of the detector bremsstrahlung is higher for CLEO II�V con�guration�

Dataset Fraction of J�� candidates in tail of �M distribution
tail �M � ��� MeV"c� tail �M � ���� MeV"c�

CLEO II ��&	��&
 ��&	��&

CLEO II�V ��&	��&
 ��&	��&


CLEO II(II�V ��&	��&
 ��&	��&


between the photons produced in internal or detector bremsstrahlung because in CLEO II
and CLEO II�V detectors essentially all the material 	beam pipe� silicon detector layers�
and drift chamber interfaces
 is located close to the interaction point compared to the size
of the main drift chamber� The magnetic �eld de�ects electrons and positrons so that the
showers produced in the calorimeter by the bremsstrahlung photon and by the e� parent
are usually well separated�

To recover the bremsstrahlung photons we�

� Select the photon showers with energies greater than �� MeV which are not matched
to any charged track and have at most one nearby shower 	the e� shower
�

� From these photons we select the one with the smallest opening angle with respect to
the direction of the e� track evaluated at the interaction point and then require this
opening angle to be smaller than �� 	Figure ���
�

Our search for the bremsstrahlung photons has three possible outcomes�

�� No showers satisfy our requirements� then M	e�	

e�	


 �M	e�e�
�

�� A shower accompanying one of the e� tracks is found� thenM	e�	

e�	


 �M	e�e�


	Figure ���
�

�� Two showers 	one for each e� track
 are found� then M	e�	

e�	


 � M	e�
e�


	Figure ���
�

The net e
ect of adding the bremsstrahlung photons can be seen in Figure ���� In
Figure ��� we show the scatter plot for M	e�	

e�	


 �MJ�� vs� M	e�e�
 �MJ�� for
�	�S
 data� In this �gure one can see�

� The �recovery� band� addition of photon	s
 improves J�� � e�e� mass peak#

� The barely noticeable �loss� band� addition of photon	s
 kicks good combinations
from J�� � e�e� mass peak#

� The �no change� band� no photons were added� thereforeM	e�	

e�	


 �M	e�e�
�

The e
ect of the bremsstrahlung photon detection on the J�� � e�e� reconstruction
e�ciency will be discussed in Section ����
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Figure ���� Angle between a track and the closest shower not matched to any track� Left
	right
 histogram represents the distribution for tagged e� 		�
 tracks from J�� � e�e�

	J�� � 	�	�
 decays in the sample of simulated generic BB events�
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Figure ���� The J�� � e�e� mass peak with one bremsstrahlung photon detected and
added� The solid line shows M	e�e�

 � MJ�� distribution# the dashed line shows
M	e�e�
�MJ�� distribution for the same events� Left plot represents �	�S
 data� whereas

right plot is obtained from simulated J�� � e�e� decays�
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Figure ���� The J�� � e�e� mass peak with two bremsstrahlung photons detected and
added� The solid line shows M	e�
e�

 � MJ�� distribution# the dashed line shows
M	e�e�
�MJ�� distribution for the same events� Left plot represents �	�S
 data� whereas

right plot is obtained from simulated J�� � e�e� decays�
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Figure ���� The J�� � e�e� mass peak with zero to two bremsstrahlung photons detected
and added� The solid line shows M	e�	

e�	


�MJ�� distribution# the dashed line shows
M	e�e�
�MJ�� distribution for the same events� Left plot represents �	�S
 data� whereas

right plot is obtained from simulated J�� � e�e� decays�
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 �MJ�� and M	e�e�
 �MJ�� for data
with zero to two bremsstrahlung photons detected and added� �Recovery�� �loss� and �no
change� bands described in the text are visible�

��� J�� � ����

����� Radiation in J�� � ����

In our energy range the muon bremsstrahlung in the detector material is negligible�
However� the internal bremsstrahlung rate is not much smaller for J�� � 	�	� compared
to J�� � e�e�� Figure ��� shows that the J�� � 	�	� mass lineshape is visibly altered
by the decay radiation�

Should we try to recover the bremsstrahlung photons in J�� � 	�	�� The
distributions of d�	J�� � e�e�

�dE�

� and d�	J�� � 	�	�

�dE�
� � calculated using

Equation ���� are shown in Figure ���� If E�
� � MJ��� then � � � � �

m�
�

M�
J��

� and from

Equation ��� we obtain

d�	J�� � e�e�

�dE�
�

d�	J�� � 	�	�

�dE�
�

�
� ( � ln	 me

MJ��



� ( � ln	
m�

MJ��


� ����

The E��� experiment measured Br�J���e�e���
Br�J���e�e�� $ ���� � ���& for E�

� � ��� MeV

����� Therefore Br�J���������
Br�J�������� � �& for E�

� � ��� MeV which is in good agreement with

the QQ prediction of ���&�

However� a di�culty arises when we take a look at the angular distribution of the
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Tagged  J/ψ→μ+μ-(γ) in Monte Carlo
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Figure ���� Distribution of M		�	�
 � MJ�� for simulated B � J��X� J�� � 	�	�

decays� The dashed 	dotted
 line represents contribution from events generated with 	with�
out
 internal bremsstrahlung photon in the �nal state� whereas the solid line represents the
sum of both contributions� The soft�photon energy cut�o
 for internal bremsstrahlung is �
MeV�
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Figure ���� Internal bremsstrahlung rate for J�� � e�e�	solid line
 compared to J�� �
	�	�	dotted line
� The distributions were computed using Equation ����
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bremsstrahlung photons as given by Equation ����

d�	J�� � ����



d cos �

 	�� cos� �


	�� �� cos� �
�
� 	���


The maximum of the d��d� distribution is at �max �
p
�m�c

��E�� where m� and E� are the
mass and typical energy of the lepton� We obtain �max � ����� for electrons and �max � ��

for muons 	Figure ����
� Such an angular distribution of the bremsstrahlung photons in
J�� � 	�	�
 decay makes the photon recovery much more di�cult because these photons
are no longer concentrated in a narrow cone around the parent track� We therefore do not
attempt to recover the bremsstrahlung photons for J�� � 	�	��

J/ψ→e+e-γ
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Figure ����� The angle between the internal bremsstrahlung photon 	E� � �� MeV
 and
the closest lepton for J�� � e�e�
 	left
 and J�� � 	�	�
 	right
� The distribution is
produced by the QQ event generator�

����� Use of crystal calorimeter for muon identi�cation

Two approaches have been traditionally applied at CLEO to reconstruction of
J�� � 	�	� decay�

�� Both muon candidates are positively identi�ed by the muon system ���� ����

�� Only one muon is identi�ed ���� ����

The advantage of the �rst approach is low background� The advantages of the second
approach are higher reconstruction e�ciency and reduced systematic uncertainty associated
with muon identi�cation�

We would like to �nd a middle ground between these two approaches� Namely�
we would like to increase the J�� � 	�	� detection e�ciency without being swamped
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by background� To accomplish that� we will use crystal calorimeter information� Muons
typically leave a narrow trail of ionization and deposit approximately ��� MeV of energy
in the crystal calorimeter� Hadrons� on the other hand� quite often undergo a nuclear
interaction in a CsI crystal whose length corresponds to ����I � Andy Foland and Darin
Acosta have successfully used the calorimeter information to �nd K�

L�s ���� and to reject
muons �����

The detailed information on whether the particular muon candidate is expected to
reach a muon chamber with high probability is calculated by the CLEO muon identi�cation
software ����� Unfortunately� this information is not currently stored for all the tracks of
interest� This is why for the same purpose we use cruder requirements based only on the
momentum and polar angle of a muon candidate track�

Looking at the picture of the CLEO detector 	Figure ���
� we divide all the tracks
into � groups according to the value of cosine of the track polar angle with respect to the
beam axis 	cos �
�

�� j cos �j � ������ Track points to the barrel muon chambers�

�� ���� � j cos �j � ������ Track points to the end�cap muon chambers�

�� j cos �j � ������ Track points to the region of the detector not covered by any muon
chambers�

The momentum spectrum of the muons from B � J��X� J�� � 	�	� decays is shown
in Figure ����� The muon identi�cation e�ciency plots for barrel and endcap regions are
shown in Figure ����� Essentially all the muons from J�� decays can reach the �rst layer of
the barrel muon chambers 	DPTHMU $ � for cos � $ �
� However� to reach the end�cap muon
chamber a track needs to traverse about seven nuclear absorption lengths 	Figure ����
�

We always require one of the two muon candidates to be identi�ed by the muon
system 	DPTHMU � �
� The second muon candidate should satisfy one of the following three
requirements�

�� DPTHMU � � 	see Figure ����
�

�� ��� GeV"c� jP�j � ��� GeV"c� the track is matched to a minimum ionization shower
in the calorimeter� and the track projects into the acceptance of the end�cap muon
chambers 	���� � j cos �j � ����
 	see left plot in Figure ����
�

�� jP�j � ��� GeV"c� the track is matched to a minimum ionization shower in the
calorimeter� and the track does not project into the acceptance of the muon chambers
	j cos �j � ����
 	see right plot in Figure ����
�

The calorimeter shower is consistent with being produced by a minimum ionizing particle
if there is a good match between track and shower� shower energy is between ��� and ���
MeV� there are no nearby showers� and the shower is narrow� The total reconstructed
J�� � 	�	� sample is shown in Figure �����
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Figure ����� Normalized 	�	� invariant mass distribution for the salvaged J�� � 	�	�

candidates in �	�S
 data� One of the muon candidates does not have DPTHMU � ���� but
its ionization signature in the calorimeter is consistent with that of a muon� In left plot the
non�identi�ed muon candidates point to the end�cap muon chamber but do not have enough
energy to penetrate the absorber in front of the chamber� In right plot the non�identi�ed
muon candidates do not project into the acceptance of the muon chambers�
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Figure ����� Normalized 	�	� invariant
mass distribution for the J�� � 	�	�

candidates in �	�S
 data� Both muon
candidates are identi�ed by the muon sys�
tem 	DPTHMU � ���
�
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Figure ����� Total reconstructed J�� �
mu�	� sample� the sum of three his�
tograms shown in Figures ���� and �����

��� Calculation of the increase in e
ciency

We use normalized mass distributions 	Figure ����
 and de�ne the signal regions
to be from ��� to (� for the J�� � e�e� and from �� to (� for the J�� � 	�	�

candidates� In this study we use full CLEO II dataset and ��� fb�� of CLEO II�V �	�S

data 	�SH��SS datasets
� We �nd that the detection of the bremsstrahlung photons in the
crystal calorimeter improves the J�� � e�e� reconstruction e�ciency by 	���� � ���
&�
The corresponding e�ciency increase for the simulated events is ����&� The e�ciency
increase equals ��& for CLEO II data and ��& for CLEO II�V data� This di
erence is
expected if we consider that CLEO II�V detector has more material inside the main drift
chamber� There is no signi�cant increase in background rate for the J�� � e�e� channel�
The resulting J�� � e�e� reconstruction e�ciency� determined without any requirement
on the invariant mass� is approximately ��&�

We observe that new selection criteria for muon candidates result in an increase
of 	���� � ���
& in the reconstruction e�ciency for the J�� � 	�	�� The corresponding
e�ciency increase for the simulated events is ����&� However� this procedure increases the
number of background combinations under J�� � 	�	� peak by ��& when the contin�
uum is not subtracted and by ��& with continuum subtraction� Such an increase in the
background rate can be tolerated in most analyses presented in this dissertation� The re�
sulting J�� � 	�	� reconstruction e�ciency� determined without any requirement on the
invariant mass� is approximately ��&�
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Figure ����� Normalized invariant mass of the 	a
 J�� � e�e� and 	b
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candidates in data� The momentum of the J�� candidates is required to be less than
� GeV"c� which is slightly above the maximal J�� momentum in B � J�� � decays� The
shaded histogram represents the luminosity�scaled data taken �� MeV below the �	�S

showing the level of background from non�BB events� Full CLEO II and CLEO II�V data
set was used to produce these plots�



Chapter �

Study of �c� and �c� meson

production in B meson decays

��� Abstract

Using a sample of ��� � ��� BB meson pairs� we study B decays to the �c�
and �c� charmonium states� which are reconstructed via their radiative decays to J���
We �rst measure the branching fraction for inclusive �c� production in B decays to be
B	B � �c�X
 $ 	���� � ���� � ����
 � ����� where the �rst uncertainty is statistical
and the second one is systematic� We derive the branching fractions for direct �c� and
�c� production in B decays by subtracting the known contribution of the decay chain
B � �	�S
X with �	�S
 � �c���
� We obtain B�B � �c�	direct
X� $ 	���� � ���� �
����
 � ����� No statistically signi�cant signal for �c� production is observed� Using the
Feldman�Cousins approach� we determine the ��& con�dence intervals to be ����� ���������

for B	B � �c�X
� ����� ���� � ���� for B�B � �c�	direct
X�� and ������ ����� for the ratio
��B � �c�	direct
X����B � �c�	direct
X�� We also measure the branching ratio ��B �
�c�	direct
Xs����B � �c�	direct
Xs� for di
erent Xs con�gurations by reconstructing B
decays into exclusive �nal states with J��� 
� a kaon� and up to four pions� For all the
Xs con�gurations we observe a strong �c� signal yet no statistically signi�cant �c� signal�
We discuss how our results compare with the predictions of di
erent theoretical models of
charmonium production�

��� Introduction

The recent measurements of charmonium production in various high�energy physics
reactions have brought welcome surprises and challenged our understanding both of heavy�
quark production and of quarkonium bound state formation� The CDF and D� measure�
ments ���� of a large production rate for charmonium at high transverse momenta 	PT 

were in sharp disagreement with the then�standard color�singlet model� The charmonium
production involves physics at both perturbative and nonperturbative energy scales and
provides one of the more manageable processes for QCD calculations� Theoretical under�
standing of the charmonium production is crucial� for example� for the interpretation of

��
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results in the search for quark�gluon plasma� where a particular J�� suppression pattern
provides the most prominent signal for the onset of decon�nement ���� ���� Inclusive B de�
cays to charmonia o
er another means by which theoretical predictions may be confronted
with experimental data� A measurement of the �c��to��c� production ratio in B decays
provides an especially clean test of charmonium production models�

We will now turn to brief discussion of the theoretical frameworks used for the
calculations of charmonium production �����

����� Color	singlet model

This is indeed only a phenomenological model� and there is no limit in which it
reproduces the full QCD calculation ����� Applied to B decays� the charmonium production
mechanism is the decay at short distances of a b quark into a color�singlet cc pair plus other
quarks and gluons� with the c and c produced in an appropriate angular momentum state
and with vanishing relative momentum� For example� J�� mesons are born only from cc

pairs in a �S
���
� state� We use a notation �S��L

�C�
J � where S� L� and J refer to spin� orbital�

and total angular momentum� whereas C $ �� � refers to a color�singlet or color�octet
con�gurations of the cc pair� The V � A current c
�	� � 


c cannot create a cc pair in a
�S��LJ $ �P � state ����� therefore the decay B � �c�X is forbidden at leading order in �s
in color�singlet model ����� The color�singlet model prediction is about a factor of �� below
the observed rate of high�PT J�� and �	�S
 production at the Tevatron ����� Also� the
color�singlet contribution is thought to be ���� a factor of �%�� below the observed inclusive
J�� production rate in B meson decays �����

����� Nonrelativistic QCD approach

Non�Relativistic QCD 	NRQCD
 is an e
ective �eld theory approximating full
QCD� The development of the NRQCD factorization framework ���� has put the calcula�
tions of the inclusive charmonium production onto a rigorous footing� The state�of�the�art
NRQCD calculations for B decays to charmonia can be found in ����� The B decay rate to
a particular charmonium state H is expressed as

�	B � H (X
 $
X
n

C	b� cc�n� ( x
hOH �n�i� 	���


where
n � f�S������ � �S

�����
� � �P

�����
����� �

�P
�����
� � � � �g�

The C	b � cc�n� ( x
 functions are independent of the charmonium state H and describe
the production of a cc pair in a state n at short distances� These functions can be calculated
perturbatively as an expansion in �s� The long�distance matrix elements hOH �n�i describe
the probabilities for a cc pair in the state n to bind into the mesonH� These matrix elements
cannot be calculated perturbatively� but they are independent of a particular charmonium
production process� therefore one can relate Tevatron� HERA� and CLEO data� The matrix
elements hOH �n�i are arranged according to their order in v� the typical relative velocity of
the c and c quarks within the bound state H� Therefore Equation ��� is a double expansion
in v� and �s� The color�singlet model is recovered from Equation ��� by dropping all the
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terms except one color�singlet term� For example� the only surviving contribution to J��

production is from cc pairs produced in �S
���
� con�guration� The leading order 	LO
 in �s

calculations of C	b� cc�n� ( x
 functions for B � �cJX decays may be found in ����# the
relative �c� and �c� production rates are estimated to be �c� � �c� � � � ���� The next�
to�leading�order 	NLO
 calculations can be found in ����� The authors of ���� argue that
NLO calculation of the color�singlet contribution to �c� production is unreliable� therefore
the NRQCD calculations cannot yet produce sharp quantitative predictions for the �c��to�
�c� production ratio in B decays� We can� however� consider two limiting cases� If the
color�octet mechanism dominates in B � �cJX decays� then the �c��to��c� production
ratio should be ��� because the color�octet contribution is proportional to �J ( �� On the
contrary� if the color�singlet contribution dominates� then �c� production should be strongly
suppressed relative to �c� production� The NRQCD calculations are able to account for
the observed high�PT charmonium production cross sections by including the color�octet
production mechanisms� A serious problem for NRQCD is the recent CDF measurement of
the J�� and �	�S
 polarization ����� NRQCD predicts that high�PT J�� and �	�S
 should
be dominantly transversely polarized� and this polarization should increase with PT �����
whereas CDF observes no signi�cant polarization�

����� Color	evaporation model

In this model� color is e
ectively ignored with the reasoning that the exchange and
emission of soft gluons destroys any correlation between the color and the spin state of the
cc pair and the observed charmonium hadron� The color�evaporation model di
ers from
the NRQCD approach ���� in its treatment of the color exchange between the cc pair and
the underlying event� In NRQCD formalism� multiple gluon exchanges with the cc pair are
suppressed by powers of v� whereas the color�evaporation model assumes that these low�
energy interactions can take place through multiple soft�gluon exchanges ����� The color�
evaporation model accommodates high�PT charmonium production at the Tevatron ����
and predicts an absence of polarization in agreement with the CDF measurement �����
The model predicts the B � �c���X rate to be proportional to �J ( �� and therefore the
�c��to��c� production ratio to be � � � �����

��� Analysis summary and results

We use ��� fb�� of e�e� data taken at the �	�S
 resonance and ��� fb�� taken
�� MeV below the �	�S
 resonance 	o
��	�S
 sample
� We reconstruct the �c��� radiative
decays to J��� The branching fractions for the �c��� � J�� 
 decays are� respectively�
	����� ���
& and 	����� ���
&� whereas the branching fraction for the �c� � J�� 
 decay
is only 	���� � ����
& ����� In addition� the �c� production rate in B decays is expected
to be smaller than the �c��� rates ���� ���� We therefore do not attempt to measure �c�
production in this analysis� We require the normalized mass to be between �� and (�
for the J�� � e�e� candidates and between �� and (� for the J�� � 	�	� candidates
	Figure ����
� The momentum of the J�� candidates is required to be less than � GeV"c�
which is slightly above the maximal J�� momentum in B decays�
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Photon candidates for �c��� � J�� 
 reconstruction must be detected in the central
angular region of the calorimeter 	j cos �� j � ����
� where our detector has the best energy
resolution� Most of the photons in �	�S
� BB events come from �� decays� We therefore
discard those photon candidates which� when paired with another 
 in the event� produce
a normalized �� � 

 mass between �� and (� 	Section �����
�

����� Analysis of inclusive B � �c���X decays

In the �rst part of this work� called the inclusive analysis� we investigate B �
�c���X decays reconstructing only the J�� and the 
�

Fit procedure

We determine the �c� and �c� yields in a binned maximum�likelihood �t to the
distribution of the mass di
erence M	J��

 �M	J��
 	Figure ���a
� where M	J��
 is
the measured mass of a J�� candidate� The excellent electromagnetic calorimeter allows
us to resolve the �c� and �c� peaks� The M	J��

 �M	J��
 mass�di
erence resolution
is � MeV"c� and is dominated by the resolution of photon energy� The bin width in the
�t is � MeV"c�� The �c� and �c� signal shapes are �t with templates extracted from
the Monte Carlo simulation 	Section �����
# only the template normalizations are free in
the �t� The background in the �t is approximated by a �th�order Chebyshev polynomial�
chosen as the minimal�order polynomial that �ts the background well in the ��� times
the data� sample of simulated �	�S
 � BB events� All the polynomial coe�cients are
allowed to �oat in the �t� The �c� and �c� signal yields in the �	�S
 data are NON	�c�
 $
��� � ��	stat
 and NON	�c�
 $ �� � ��	stat
� The maximum�likelihood �t is discussed in
more detail in Section ������ Goodness�of��t tests are discussed in Section ������ The �c�
and �c� yields in o
��	�S
 data are both consistent with zero� NOFF	�c�
 $ � � �	stat

and NOFF	�c�
 $ � � �	stat
 	Section �����
� Subtracting the contributions from non�BB
continuum events� we obtain the total inclusive B � �c�X and B � �c�X event yields
N	B � �c�X
 $ ��� � ��	stat
 and N	B � �c�X
 $ �� � ��	stat
�

�c� signal signi�cance

Taking into account the systematic uncertainties associated with the �t� we de�
termine the B � �c�X signal yield signi�cance to be ��� standard deviations 	

� The
signi�cance is de�ned in the Gaussian approximation by dividing the signal mean by the
associated uncertainty� The uncertainty in �c� yield is dominated by the statistical uncer�
tainty of the �t 	Figure ���
� This statistical uncertainty quanti�es a possible background
�uctuation� The number of background events is large� therefore a Gaussian is a good
approximation for the number of observed �c� events� Subtracting the known contribution
of the decay chain B � �	�S
X with �	�S
 � �c�
 and accounting for the associated
systematic uncertainty� we likewise determine the signi�cance of the evidence for the decay
B � �c�	direct
X to be only ���
 	Section �����
�
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Figure ���� TheM	J��

�M	J��
 distribution in the �	�S
 data 	points with error bars
�
Plot 	a
 is for inclusive J��
 combinations� whereas plots 	b
� 	c
� and 	d
 are for those
J��
 combinations that reconstruct to a B � J��
Xs decay with the Xs composition
corresponding to samples A� B� and C described in the text� The �t function is shown by
a solid line with the background component represented by a dashed line� The insets show
the background�subtracted distributions with the �c� and �c� �t components represented
by a solid line�
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Calculation of branching fractions

To calculate the branching fractions B	B � �c���X
� we use the measured signal
yields N	B � �c���X
� the reconstruction e�ciencies� the number of produced BB pairs�
and the daughter branching fractions� The reconstruction e�ciencies� determined from the
simulation� are 	��������
& for �c� and 	��������
& for �c� 	Section �����
� The e�ciencies
do not include daughter branching fractions� and the quoted uncertainties are due to the size
of our B � �c���X simulation samples� For the calculation of the rates for the decays B �
�c���	direct
X� we make an assumption that the only other source of �c��� production in B
decays is the decay chain B � �	�S
X with �	�S
� �c���
� The ��& con�dence intervals
are calculated using the Feldman�Cousins approach ����� The resulting branching fractions
are listed in Table ���� More details on the calculation of B	B � �c���	direct
X
 are given
in Sections ����� and ������ Taking into account correlations between the uncertainties� we
obtain the branching ratio ��B � �c�	direct
X����B � �c�	direct
X� $ ����� ����� ����#
the ��& C�L� upper limit on the ratio is ���� 	Section �����
� The assumed value of the
ratio B	�c� � J��

�B	�c� � J��

 is discussed in Section �������

Table ���� Branching fractions for inclusive B decays to �c� and �c��

Branching fraction Measured value ��& con�dence
or ratio interval ����

B	B � �c�X
 	���� � ���� � ����
 � ���� �
B�B � �c�	direct
X� 	���� � ���� � ����
 � ���� �

B	B � �c�X
 	���� � ���� � ����
 � ���� ����# ���� � ����

B�B � �c�	direct
X� 	���� � ���� � ����
 � ���� ����# ���� � ����

�
B��c��direct�X�
�
B��c��direct�X�

���� � ���� � ���� ����# �����

����� Systematic uncertainties in the inclusive analysis

The systematic uncertainties are listed in Table ���� The sources of the uncertainty
can be grouped into three categories�

Fit procedure�� This category includes the uncertainties due to our choice of the
signal and background shapes as well as the bin size� To �t the �c� and �c� signal� we use the
templates extracted from the simulation� We therefore are sensitive to imperfections in the
simulation of the photon energy measurement� The systematic uncertainties associated with
the simulation of the calorimeter response are estimated by comparing the �� � 

 invariant
mass lineshapes for inclusive �� candidates in the data and in the simulated event samples
	Appendix A
� Then the �c� and �c� signal shape templates are modi�ed accordingly in
order to determine the resulting uncertainty in the signal yields� To estimate the uncertainty
associated with the calorimeter energy scale� we shift the �c� and �c� templates in the �t by
���� MeV"c�� The uncertainty due to time�dependent variations of the calorimeter energy
scale is small compared to the overall energy scale uncertainty� To estimate the uncertainty
due to the calorimeter energy resolution� we change the width of the �c� and �c� templates
by ��&� The uncertainty in the background shape is probed by �tting the background with
a template extracted from high�statistics samples of simulated �	�S
 � BB and non�BB
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continuum events# only the template normalization� not its shape� is allowed to �oat in the
�t� The systematic uncertainties associated with the �t procedure are discussed in more
detail in Sections ������� ������� and �������

E	ciency calculation�� This category includes the uncertainties in the number
of produced BB pairs� tracking e�ciency� photon detection e�ciency� lepton detection
e�ciency� and model�dependence and statistical uncertainty of the B � �c���X simulation�
The �c��� polarization a
ects the photon energy spectrum� We de�ne the helicity angle �h
to be the angle between the 
 direction in the �c rest frame and the �c direction in the B
frame� We assume a �at cos �h distribution in our simulation� The systematic uncertainty
associated with this assumption is estimated by comparing the reconstruction e�ciencies in
the simulated event samples with I	�h
 
 sin� �h and I	�h
 
 cos� �h angular distributions
	Section ������
� Parity is conserved in the decays �c��� � J��
� so the helicity angle
distribution contains only even powers of cos �h� Another source of uncertainty is our
modeling of the X system in the B � �c���X simulation� Photon detection e�ciency
depends on the assumed model through the �c momentum spectrum and the �� multiplicity
of the �nal state� In our simulation� we assume that X is either a single K or one of the
higher K resonances# we also include the decay chain B � �	�S
X with �	�S
 � �c���
�
To estimate the systematic uncertainty� we compare the �c � J��
 detection e�ciency
extracted using this sample with the e�ciency in the sample where we assume that X is
either a K� or K�

S � ���� 	Section ������
� A cross�check for the �� veto is described in
Section �������

Assumed branching fractions�� This category includes the uncertainties on the
various branching fractions assumed in our calculations� We use the following values of the
branching fractions for the secondary decays� B	J�� � ����
 $ 	����� � �����
& �����
B	�c� � J��

 $ 	���� � ���
& ����� and B	�c� � J��

 $ 	���� � ���
& ����� In
the calculation of B�B � �c���	direct
X�� we also assume the following values� B	B �
�	�S
X
 $ 	��� � ���
 � ���� ����� B	�	�S
 � �c�

 $ 	��� � ���
& ����� and B	�	�S
 �
�c�

 $ 	���� ���
& �����

����� Analysis of B � �c���Xs with Xs reconstruction

So far we have studied inclusive B � �c���X decays by reconstructing only J��
and 
� Thus obtained branching fraction measurements are model�independent� The lack of
knowledge about the X system composition and about the polarization of the �c��� mesons
very mildly a
ects the results and is re�ected in the systematic uncertainty�

B	reconstruction technique

In the second part of this work� called the B�reconstruction analysis� we employ
the B�reconstruction technique similar to the one developed for the b � s
 rate measure�
ment ����� This technique has also been successfully applied to the B � ��Xs analysis �����
We still extract �c� and �c� signal yields from a �t to M	J��

�M	J��
 distribution� but
we select only those J��
 combinations that reconstruct to a B � J��
Xs decay� This
B�reconstruction technique is used to suppress backgrounds and allows us to probe the
composition of the Xs system accompanying �c��� mesons� The reconstruction e�ciency�



Chapter �� Study of �c� and �c� meson production in B meson decays ��

Table ���� Systematic uncertainties on B	B � �c���X
� The uncertainties from B	B �
�	�S
X
 and B	�	�S
� �c���

 are given relative to B�B � �c���	direct
X��

Source of relative uncertainty in &
systematic uncertainty B	B � �c�X
 B	B � �c�X


Fit procedure

 energy scale ��� ���

 energy resolution ��� ���
Background shape ��� ���
Bin size ��� ���

E�ciency calculation
N	BB
 ��� ���
Tracking e�ciency ��� ���
Lepton identi�cation ��� ���
Photon �nding ��� ���
Monte Carlo statistics ��� ���
Model for X in B � �c���X ��� ���
Polarization of �c��� ��� ���

Assumed branching fractions
B	�c��� � J��

 ��� ���
B	J�� � ����
 ��� ���
B	B � �	�S
X
 ��� ���
B	�	�S
� �c���

 ��� ���

however� becomes strongly model�dependent� We therefore measure the branching ratio
�	B � �c��direct�Xs
��	B � �c��direct�Xs
 with an explicit assumption that the Xs sys�
tem is the same for �c� and �c� production� This assumption is crucial� If� for example� �c�
is preferentially accompanied by a single K or K� and �c� is accompanied by a kaon with
� pions� then our �c� and �c� reconstruction e�ciencies will be very di
erent�

We extract the branching ratio R	�c���c�
 � ��B � �c�	direct
Xs����B �
�c�	direct
Xs� for the following three Xs con�gurations�

�� Sample A�� Xs is reconstructed as a kaon 	K� or K�
S � ����
 with � to � pions�

one of which can be a ��� We consider �� possible Xs modes 	Table ���
 as well as
the charge conjugates of these modes�

�� Sample B�� Xs is reconstructed as a single kaon or K�	���
� A K� combination is
a K� candidate if jM	K�
 �MK�j � �� MeV"c�� where MK� is the world average
K�	���
 mass�

�� Sample C�� Xs is reconstructed as a kaon with � to � pions� but not as a K�	���

candidate 	jM	K�
 �MK�j � ��� MeV"c�
�

Thus samples B and C are subsets of A� To an excellent approximation� sample A is a
sum of B and C� With sample A we try to reconstruct as many B � J��
Xs decays
as possible� Dividing sample A into subsamples B and C� we also probe the dynamics
of the B � �c���Xs decays� If the dominant production mechanisms for �c� and �c� are
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Table ���� The Xs modes for B � J��
Xs reconstruction� The charge�conjugated modes
are also used�

Number of pions Xs reconstruction modes
with K� with K�

S

� K� K�
S

� K��� K�
S�

�

K��� K�
S�

�

K����� K�
S�

���

� K����� K�
S�

���

K�����

K������� K�
S�

�����

� K������� K�
S�

�����

K�������

K��������� K�
S�

�������

� K��������� K�
S�

�������

K���������

di
erent � color�singlet mechanism for �c� and color�octet for �c� � then it is natural
to expect that �c�� in comparison with �c�� is more often accompanied by multi�body Xs

states rather than a single K or K�� Thus the measured �c��to��c� production ratio might
be quite di
erent for samples B and C�

We require that the charged kaon and pion candidates have� if available� dE�dx
and time�of��ight measurements that lie within �
 of the expected values� The dE�dx
measurement is required for kaons� but used only if available for pions� The time�of��ight
measurement is used only if available� The K�

S � ���� candidates are selected from
pairs of tracks forming displaced vertices� We require the absolute value of the normalized
K�
S � ���� mass to be less than � and perform a �t ����� constraining the mass of each K�

S

candidate to the world average value� Photon candidates for �� � 

 decays are required
to have an energy of at least �� MeV in the barrel and at least �� MeV in the endcap region
	���� � j cos �� j � ����
 of the calorimeter� We require the absolute value of the normalized
�� � 

 mass to be less than � and perform a �t constraining the mass of each �� candidate
to the world average value� The J�� four�momentum used in B � J��
Xs reconstruction
is obtained by performing a �t constraining the J�� candidate mass to the world average
value�

To select B candidates� we require j�Ej�
	�E
 � � and jM	B
�MB j�
	M
 � ��
The average �E resolution varies from �� to �� MeV depending on the B�reconstruction
mode� The average M	B
 resolution is ��� MeV"c� and is dominated by the beam energy
spread�

A check of the B�reconstruction technique� with simulated events� is described in
Section ������
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Measurement of ��B � �c��direct�Xs����B � �c��direct�Xs�

The �t to M	J��

�M	J��
 distribution is then performed in the same manner
as in the inclusive analysis� We still use a �th order Chebyshev polynomial to �t the
background for samples A and C� but we reduce the order of the polynomial to � for
the low�statistics sample B� The �ts are shown in Figure ��� and the �c� and �c� signal
yields are listed in Table ���� When we compare the inclusive analysis 	Section �����
 to
the B�reconstruction analysis� we obtain that for Sample A the B�reconstruction technique
reduces background by a factor of ��� for the price of reducing the signal e�ciency by a
factor of ��� 	compare plots 	a
 and 	b
 in Figure ���
� Goodness�of��t tests are discussed in
Section ������ The B�reconstruction technique renders negligible the contribution from non�
BB continuum events 	Section �����
� We �nally subtract the �	�S
� �c���
 feeddown to
obtain the rates for direct �c��� production in B decays� For all three Xs con�gurations� we
observe a strong �c� signal yet no statistically signi�cant signal for direct �c� production 	see
Table ��� and Section ����� for more details
� To calculate the branching ratio R	�c���c�
�
we multiply the ratio of the feeddown�corrected �c��� yields by the reconstruction e�ciency
ratio E	�c�
�E	�c�
 and by the branching ratio B	�c� � J��

�B	�c� � J��

� The
e�ciency of the B�reconstruction depends on the composition of the Xs system� We assume
that theXs system composition is the same for �c� and �c� production� From our simulation
we determine E	�c�
�E	�c�
 � ���� for all three Xs con�gurations� The resulting �c��to��c�
production ratios are listed in Table ���� The production ratio calculations are discussed in
more detail in Section ������

Table ���� Results for each of the three Xs con�gurations used in reconstruction of the
B � J��
Xs� The �c� and �c� event yields with associated statistical uncertainties are
listed in lines � and �� Line � contains the signi�cance of the B � �c�	direct
Xs signal
with statistical and systematic uncertainties taken into account� Lines � and � contain the
measured value and ��& con�dence interval for the branching ratio R	�c���c�
 � ��B �
�c�	direct
Xs����B � �c�	direct
Xs�� determined with an assumption that the Xs system
composition is the same for �c� and �c� production�

Sample A Sample B Sample C

N	B � �c�Xs
 ���� �� ��� �� ���� ��

N	B � �c�Xs
 �������� ������	���	� �� � ��
Signif� of B � �c�	direct
Xs ���
 ���
 ���


R	�c���c�
 ���� � ���� � ���� ������	�
��	�� � ���� ���� � ���� � ����
R	�c���c�
 ��& C�L� interval ������ ����� ������ ����� ������ �����

����� Systematic uncertainties in the B	reconstruction analysis

The systematic uncertainties for the B�reconstruction analysis are listed in Ta�
ble ���� Many uncertainties are correlated# we therefore use Monte Carlo methods to prop�
erly take into account such correlations when we estimate the uncertainty on the ratio
�	B � �c��direct�Xs
��	B � �c��direct�Xs
� The sources of uncertainty can be grouped
into the following four categories�
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Fit procedure�� As in the inclusive analysis� we estimate the uncertainties in the
signal and background shapes� We shift the �c��� templates by ���� MeV"c� and vary their
widths by ��&� The requirement on �E in B � J��
Xs reconstruction truncates the
low�side tail of the �c��� shapes� We estimate the uncertainty due to this e
ect by using
the �c��� templates obtained from the simulation with a requirement that the measured
�c energy is within �
 of the generated value� The uncertainty in the background shape
dominates the �t procedure uncertainty� To probe this uncertainty� we �t the background
with di
erent templates� allowing only the template normalization� not its shape� to �oat in
the �t� One template is extracted from simulation separately for each of the samples A� B�
and C� Another template � the same for all three Xs con�gurations � is the background
shape from the inclusive analysis 	Figure ���a
� The systematic uncertainties associated
with the �t procedure are discussed in more detail in Sections ����� and ������

�	�S
 subtraction�� The sources of the systematic uncertainty associated with
the �	�S
�feeddown subtraction include B	B � �	�S
X
� B	�	�S
 � �c���

� the size of
our B � �	�S
X simulation sample� and the composition of X in B � �	�S
X decays� To
estimate the uncertainty due to our model of the X system composition in the B � �	�S
X
simulation� we check whether the data and the simulation agree on the ratio of �	�S
 �
���� event yields obtained in the inclusive reconstruction and after the B � �	�S
Xs

reconstruction 	Section �����
� This systematics category also includes the uncertainties
that would have canceled for the ratio R	�c���c�
 were it not for the �	�S
�feeddown
subtraction� These sources of uncertainty are B	J�� � ����
� N	BB
� tracking� photon
�nding� and lepton identi�cation�

E	�c�
�E	�c�
�� We assume that the Xs system in B � �c���Xs is the same for
�c� and �c�� We do not assign any uncertainty for this assumption� The remaining sources
of uncertainty are the �c��� polarization and the statistics of the B � �c���Xs simulation
samples�

B	�c��� � J��

��Our measurement depends on the ratio B	�c� � J��

�B	�c� �
J��

 and its uncertainty�

Table ���� The absolute systematic uncertainties on the branching ratio R	�c���c�
 for each
of the three Xs con�gurations used in B � J��
Xs reconstruction�

uncertainty on R	�c���c�

Source of uncertainty Sample A Sample B Sample C

Fit procedure ����� ����� �����
�	�S
 subtraction ����� ����� �����
E	�c�
�E	�c�
 ����� ����� �����
B	�c��� � J��

 ����� ����� �����

Added in quadrature ���� ���� ����
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����� Discussion of results

In conclusion� we have measured the branching fractions for inclusive B decays to
the �c� and �c� charmonium states� The resulting branching fractions are listed in Table ����
We have also studied B � �c���Xs decays� reconstructing Xs as a kaon and up to four
pions� In this way� we have measured the branching ratio ��B � �c�	direct
Xs����B �
�c�	direct
Xs� for three Xs con�gurations� The branching ratios measured in this study are
listed in Table ���� In all the cases� we observe strong �c� signal yet no statistically signi�cant
signal for �c� production� We will brie�y discuss the implications of our measurement of
the �c��to��c� production ratio for the theoretical frameworks described in Section ����

Color�singlet model 
CSM��� CSM predicts the �c��to��c� production ratio to be
� � � ����� which agrees well with our measurement� CSM� however� fails to explain high�PT
charmonium production rate at the Tevatron ���� and underestimates the B � J��X decay
rate by a factor of �� �� �����

Color�evaporation model 
CEM��� CEM accommodates high�PT charmonium pro�
duction rate ���� ��� and polarization ���� measurements at the Tevatron� It predicts the
�c��to��c� production ratio in B decays of � � � ����� Such a high rate of �c� production is
con�dently ruled out by our measurement�

NRQCD formalism�� The high�PT charmonium production rate at the Tevatron
is now well understood in the NRQCD formalism� The recent CDF measurement of char�
monium polarization ����� however� appears to disagree with the NRQCD prediction� More
theoretical work is needed to calculate the short�distance coe�cient for color�singlet con�
tribution to B � �c�X decay ����� If the color�octet mechanism dominates in B � �cJX
decays� then the �c��to��c� production ratio should be ��� because the color�octet contribu�
tion is proportional to �J (�� In contrast� if the color�singlet contribution dominates� then
�c� production should be strongly suppressed relative to �c� production� Our measurement
suggests that the color�octet mechanism does not dominate in B � �cX decays�

��� More details on the analysis of inclusive B � �c���X de�

cays

����� �� veto

A photon from the decay �c� � J��
 has an energy between ��� and ��� MeV
	Figure ���
� Most of the photons in B meson decays come from ���s� In order to reduce
background� we therefore do not use a photon if it can be paired with another photon to
produce an invariant mass in the �� region 	�� � �M	


 �M
� ��
	M
 � �
� Figure ���
shows the �� candidates we veto� Figure ��� shows the M	J��

 �M	J��
 distribution
for all the candidates in �	�S
 data with no �� veto applied and for the vetoed candidates�

����� �c� and �c� signal shapes

We generated the samples of the simulated B � �c�Xs and B � �c�Xs decays
with ������� events in each sample� We forced �c��� � J��
� J�� � ����	

 decay
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Figure ���� Normalized �� mass distribution for the ���s that we veto in our selection of
isolated photons used in �c��� � J��
 reconstruction� To produce this plot� we require
that at least one photon in a pair is detected in the good barrel region and has an energy
between ��� and ��� MeV� Veto region 	��#(�
 is marked by vertical lines� A �t to a
polynomial and a Crystal Ball lineshape 	Appendix A��
 is shown by the solid line�
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 and for the candidates removed by �� veto 	dashed line
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sequence� whereas all the other particles in the event were forced to decay into neutrinos�
The M	J��

 � M	J��
 distributions for the �c� and �c� candidates reconstructed in
these Monte Carlo samples are shown in Figure ���� Both �c� and �c� peaks were shifted
by ���� MeV"c� to correct for the calorimeter energy scale di
erence between the data
and the Monte Carlo simulation� which was observed in our �� study 	Appendix A
� Thus
obtained �c� and �c� histograms are smoothed and used as templates to �t the data and
the Monte Carlo samples� In �ts to the Monte Carlo samples the ���� MeV correction to
the peak positions is not applied�

Monte Carlo
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Figure ���� The M	J��

 �M	J��
 distributions for �c��� candidates reconstructed from
the simulated event samples� Input M	�c���
 �M	J��
 mass di
erence values are shown
by vertical lines�

����� Fit to ���S� data

There are � free parameters in the �t�

� the � coe�cients of the �th order Chebyshev polynomial�

� the normalization of the �c� template�

� the normalization of the �c� template�

The �c��� mass resolution is approximately � MeV"c� 	Figure ���
� We �t a binnedM	J��

�
M	J��
 distribution from ��� to ��� MeV"c� with a bin size of � MeV"c�� We plot the data
using � MeV"c� bins 	Figure ���a
� The maximum likelihood �t is performed in MN FIT �����
The likelihood function to maximize is de�ned by

L $
Y
i

	rii e
��i

ri)
�
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where r � Nobs is the observed number of events in a particular bin� and 	 � N th is the
number of events predicted by the model 	�theory�
 to be in this bin� In practice� the �t is
performed by minimizing the following expression�

�� ln
�Y

i

	rii e
��i

ri)
� ri)

rrii e
�ri

�
$
X
i

h
�	N th

i �Nobs
i 
 ( �Nobs

i ln	Nobs
i �N th

i 

i
�

The �tting function is integrated across a bin�

The �c� and �c� signal yields in the �	�S
 data are

NON	�c�
 $ ��� � �� and NON	�c�
 $ ��� ���

The �t determines the correlation coe�cient between N	�c�
 and N	�c�
 to be (�����

����� Goodness of �t

We estimate goodness of the �t using a bin width of � MeV"c� 	Figure ���a
� which
equals to about a half of the experimental resolution� There are ��� bins in the histogram
	Figure ���a
� and � �tting function parameters were determined in the �t�

We perform several goodness�of��t tests and conclude that the �t quality is ac�
ceptable�

Pearson�s ��

Pearson�s �� is de�ned by

��P $
X
i

	Nobs
i �N th

i 
��N th
i �

The number of events in a typical bin is still high enough for this statistic to give accurate
goodness�of��t estimation 	Figure ���a
�

We obtain ��P �d�o�f� $ ������	��� � �
� C�L� $ ��&�

To a good approximation� ��P should follow a Gaussian distribution with a mean of ����� $
��� and 
 $

p
� 	 	��� � �
 $ ����� Therefore the ��P value we obtained is ����
 above the

expected average�

Baker	Cousins�s ��

When the number of events per bin in not large� the statistic proposed by Baker and
Cousins ���� ��� is preferable to ��P for goodness�of��t estimation�

��BC $
X
i

h
�	N th

i �Nobs
i 
 ( �Nobs

i ln	Nobs
i �N th

i 

i
�

We obtain ��BC�d�o�f� $ ������	��� � �
 d�o�f�� C�L� $ ��&�

The ��BC value we obtained is ����
 above the expected average�
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Nelson�s method

The goodness of the �t is also estimated using a method described in �����
Poisson log�likelihood is calculated as

�� lnL $ ��
X
i

ln f	ri� 	i
 $ ��
X
i

ln	
	rii e

��i

ri)

�

where 	 � N th and r � Nobs� In Nelson�s method� one then evaluates the expected mean
and variance of the above expression� The mean for one bin is given by

h�� ln f	r� 	
i $ ��
�X
r��

f	r� 	
 ln f	r� 	
 $ ��
�X
r��

	re��

r)
ln	

	re��

r)

�

whereas variance for one bin is given by

h��� ln f	r� 	
��i � h�� ln f	r� 	
i� $
�X
r��

f	r� 	
��� ln f	r� 	
� h�� ln f	r� 	
i���

After summing the calculated means and variances for all the bins� we subtract number
of �t parameters m $ � from the mean and �m $ �� from the variance� The �� lnL
is expected to follow a Gaussian distribution with a mean of ������ and 
 $ ����� We
obtained �� lnL $ ������� which is ����
 above the expected average�

The runs test

The runs test ���� is a supplement to the �� test� In the �� test the signs of the
deviations are not used� The runs test uses this information under the hypothesis that
all patterns of signs are equally probable� A run is a sequence of deviations of the same
sign� Suppose a histogram has � bins� and we mark a bin with a ( or � sign depending on
whether the number of events in a bin is above or below the number predicted by the �tted
curve� Then� for example� a sequence ((���(�( has � runs� If there are M positive
and N negative deviations� the distribution of number of runs R has mean and variance
given by

E	R
 $ � (
�MN

M (N
� V 	R
 $

�MN	�MN �M �N


	M (N
�	M (N ( �

�

In our �t� we obtain M $ ��� N $ ���� and R $ ��� To a good approximation� R should
follow a Gaussian distribution with a mean of ����� and 
 $ ���� Therefore the R value we
obtained is ���
 below the expected average�

����� Fit to o�	���S� data

The contribution from non�BB events to signal or background is very small 	Fig�
ure ����left
� We perform the same �t as for �	�S
 data� but we �x the background shape
from a �t to continuum Monte Carlo sample� The statistics of the generic continuum Monte
Carlo sample correspond to ��� times the o
��	�S
 data�� Signal and background tem�
plate normalizations are determined in the �t 	Figure ���
� The �c� and �c� signal yields
are consistent with zero� NOFF	�c�
 $ ���� ��� and NOFF	�c�
 $ ��� � ��� events�
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Figure ���� The left plot shows M	J��

 � M	J��
 distribution in �	�S
 data 	solid
line
 and luminosity�scaled o
��	�S
 data 	dashed line
� The right plot shows the �t to
M	J��

 �M	J��
 distribution in o
��	�S
 data�

����
 Reconstruction e�ciency

The reconstruction e�ciency is determined from the samples of simulated B �
�c�Xs and B � �c�Xs events by �tting M	J��

�M	J��
 distribution with a polynomial
and �c��� templates 	Figure ���
� The �c��� � J��
 helicity angle distribution is assumed
to be �at in cos �h� The Xs system is a mixture of K� K�� and higher K resonances 	��&
K� ��& K�	���
� ��& K�	����
� ��& K�	����
� ��& K�

� 	����
� and ��& K�
� 	����

� We

also include B � �	�S
Xs� �	�S
 � �c���
 decay chain ����� In Figure ��� the resulting
�c� momentum spectrum is compared with the �c� spectrum from B � �c�K decays� The
reconstruction e�ciencies are determined to be E	�c�
 $ 	����� � ����
& and E	�c�
 $
	����� � ����
&� with the quoted uncertainty arising from �nite statistics of the Monte
Carlo samples�

����� Calculation of B�B � �c�X�

Event yields in on� and o
��	�S
 data are

NON	�c�
 $ ���� ���stat� and NOFF	�c�
 $ ���� ����stat��

The B � �c�X event yield is

N	B � �c�X
 $ NON � ���� �NOFF $ ��� � ���stat��

The resulting branching fraction is

B	B � �c�X
 $ 	���� � �����stat�� �����syst�
� �����
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Figure ���� The �t to the M	J��
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 distribution for 	left
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Figure ���� The �c� momentum in B � �c�Xs 	left
 and in B � �c�K 	right
 Monte Carlo
samples� Generator�level information is shown�
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The comparison with the previous CLEO measurements is given in Table ����

Table ���� Our measurement of B	B � �c�X
 compared with previous CLEO results�
Note that we use B	J�� � ����
 $ ����&� whereas B	J�� � ����
 $ ����& was used
in ���� ����

Reference Luminosity NON 	�c�
 B	B � �c�X

	fb��
 	�����


���� ��� ���� �� ��� � ���� ���

���� ��� ���� �� ��� � ���� ���

This measurement ��� ���� �� ���� � ���� � ����

Next� we calculate the branching fraction for direct �c� production inB decays� We
assume that the only feeddown from higher charmonium states comes from B � �	�S
X�
�	�S
� �c�
 decay chain� We obtain

B	B � �c��direct�X
 $ B	B � �c�X
� B	B � �	�S
X
 � B	�	�S
� �c�

 $

$ 	���� � ���� � ����
 � ���� � 	���� � ����
 � ���� $

$ 	���� � �����stat�� �����syst�
� �����

����� Calculation of B�B � �c�X�

The B � �c�X event yield is

N	B � �c�X
 $ NON � ���� �NOFF $ ��� ���stat�� ��syst��

where we quote the systematic uncertainty associated with the �t� The B � �c�X signal
yield signi�cance is ���
�

Subtracting the feeddown from B � �	�S
X� �	�S
 � �c�
 decay chain� we
obtain

N	B � �c��direct�X
 $ �� � ���

The signi�cance of the evidence for the decay B � �c��direct�X is ���
�

Total inclusive B � �c�X branching fraction is

B	B � �c�X
 $ 	���� � �����stat�� �����syst�
� �����

We add in quadrature the statistical and systematic uncertainties� use Gaussian
approximation for the measured branching fraction� and follow the Feldman�Cousins ap�
proach ���� to calculate the con�dence interval for the mean of a Gaussian constrained to
be non�negative given the measured mean� We obtain

B	B � �c�X
 � ����# ���� � ���� * ��& C�L�

The comparison with the previous CLEO measurements is given in Table ����



Chapter �� Study of �c� and �c� meson production in B meson decays ��

Table ���� Our measurement of B	B � �c�X
 compared with previous CLEO results�

Reference Luminosity NON 	�c�
 B	B � �c�X

	fb��
 	�����


���� ��� �� � �� ���� ���� ���

���� ��� �� � �� ���� ���� ���

This measurement ��� �� � �� ���� � ���� � ����

Assuming that the only feeddown from higher charmonium states comes from
B � �	�S
X� �	�S
 � �c�
 decay chain� we calculate the branching fraction for direct
�c� production in B decays

B	B � �c��direct�X
 $ 	���� � ���� � ����
 � ���� � 	���� � ����
 � ���� $

$ 	���� � �����stat�� �����syst�
� ����

The Feldman�Cousins con�dence interval is

B	B � �c��direct�X
 � ����# ���� � ���� * ��& C�L�

����� Calculation of ��B � �c��direct�X����B � �c��direct�X�

Taking into account correlations between the uncertainties� we calculate the branch�
ing ratio for direct �c� and �c� production in B meson decays� Common systematic un�
certainties do not cancel exactly in the ratio because of the �	�S
 � �c���
 feeddown
subtraction� For example� tracking e�ciency uncertainty of �&� which is the same for
B	B � �c�X
 and B	B � �c�X
� is translated into a ���& uncertainty on the ratio
�	B � �c��direct�X
��	B � �c��direct�X
�

We obtain

�	B � �c��direct�X


�	B � �c��direct�X

$ ���� � �����stat�� �����syst��

The Feldman�Cousins con�dence interval is

�	B � �c��direct�X


�	B � �c��direct�X

� �����# ����� * ��& C�L�

������ Assumed value for B��c� � J�����B��c� � J����

We need the branching ratio B	�c� � J��

�B	�c� � J��

 in order to calcu�
late the ratio B	B � �c�X
�B	B � �c�X
� Taking PDG values ���� and assuming the
uncertainties to be independent� we obtain

B	�c� � J��



B	�c� � J��


$

	���� � ���
&

	���� � ���
&
$ ���� � ����� 	���


We have also checked the original Crystal Ball paper ���� for possible cancelations of sys�
tematic uncertainties which would yield a more precise value of this ratio� From ���� we
extract B	�c� � J��

�B	�c� � J��

 $ ���� � ����� We therefore use the slightly more
precise value from Equation ����
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������ Systematic uncertainty associated with signal shape

Calorimeter energy scale

Di
erences between the data and the Monte Carlo simulation in the calibration of
the calorimeter energy scale will result in an o
set of the �c��� peak positions in the data
with respect to the simulation� The �c� � �c� mass di
erence is only �� MeV"c�� therefore
we can consider the o
set to be the same for �c� and �c� peaks� The possible discrep�
ancies between data and the simulation are investigated in our �� study 	Appendix A
�
For the signal photons from �c��� � J��
 decays� the energy scale of the calorimeter dif�
fers by ���� MeV"c� between data and the simulation� We therefore have introduced a
���� MeV"c� correction to the �c� and �c� template positions� In addition we observe the
energy scale variation over the individual datasets 	Figure A���left
�

We perform � tests�

�� The �c� and �c� templates extracted from simulation are shifted by ���� MeV"c� in
the �t�

�� Dataset�dependent shifts for the measured photon energies are introduced� The cor�
rections are taken from Figure A���right� For example� the �� peak in �SB data
is shifted by (��� MeV"c� with respect to the average �� peak position for all the
datasets combined� The (��� MeV"c� shift in �� peak position can be translated
into (��� MeV overestimation of the measured photon energies� We therefore apply
a ���� MeV"c� correction to M	J��

 �M	J��
 for �SB data�

�� We allow the position of the �c� to �oat in the �t� while keeping the relative �c���c�
o
set �xed� The �t wants to move the �c� peak by (��� � ��� MeV"c�� which is
consistent with zero�

The resulting yield variations and the assigned systematic uncertainties are listed in Ta�
ble ����

Table ���� Variations of the �c� and �c� yields in the tests probing the systematic uncertainty
due to calorimeter energy scale calibration�

Test change in

N	�c�
 N	�c�

N��c��
N��c��

events"& events"& &

	�
 shift of �c��� templates
���� MeV"c� ����� � ���& (���� ( ���& (���&
(��� MeV"c� (���� ( ���& ����� � ���& ����&

	�
 dataset�dependent (���� ( ���& ����� � ���& ����&
energy corrections

Systematic uncertainty ����& ����& ����&
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Calorimeter energy resolution

The experimental width of the �c��� peaks in the distribution of M	J��

 �
M	J��
 is dominated by the photon energy resolution� Di
erences between the data and
the Monte Carlo simulation in the photon energy resolution will result in the �c��� templates
with which we �t the data that too wide or too narrow� The possible discrepancies between
the data and the simulation are investigated in our �� study 	Appendix A
� We have found
that the �� peak is �& narrower in the data than in the simulation� Assuming that this
discrepancy results only from the di
erent energy resolutions in the data and the simula�
tion� we infer that the signal photon energy resolution is �& better in the data compared
to the simulation� To estimate the systematic uncertainty� we use Crystal Ball function
	see Appendix A��
 to �t �c� and �c� signal shapes and vary the width of the �c� and �c�
Crystal Ball templates by ��&� The resulting yield variations and the assigned systematic
uncertainties are listed in Table ����

Table ���� Variations of the �c� and �c� yields in the tests probing the systematic uncertainty
due to photon energy resolution�

Change in width of change in

�c��� templates N	�c�
 N	�c�

N��c��
N��c��

events"& events"& &

�& decrease ������ � ���& ������ ���& (���&
�& increase (����� ( ���& (����( ���& (���&

Systematic uncertainty ����& ����& ����&

������ Systematic uncertainty associated with background shape

To �t the background� we use a �th order Chebyshev polynomial with all the co�
e�cients �oating� We check the �c��� yield stability with respect to the following variations
in background shape�

�� We �t the background to a �th order Chebyshev polynomial with all the coe�cients
�oating�

�� We �t the background to a �rigid� background template extracted from the Monte
Carlo simulation� We use a ��� times the data� sample of simulated generic BB events
and a �� times the on��	�S
 data� sample of simulated generic continuum events� We
�t the histograms extracted from BB and continuum Monte Carlo samples separately
with a �th order Chebyshev polynomial� Then we add the � curves with continuum�
to�BB weights of ���� re�ecting di
erence in statistics of the Monte Carlo samples�
We use thus obtained shape with �oating normalization to �t the data� The resulting
background shape is shown in Figure ���� We also vary the continuum�to�BB ratio
by ���&�
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The resulting yield variations and the assigned systematic uncertainties are listed in Ta�
ble �����
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Figure ���� The M	J��

 �M	J��
 background shapes� Solid line represents a �t to a
�th�order Chebyshev polynomial with all the coe�cients �oating 	Figure ���a
� Dashed line
represents a �t to a �rigid� background shape extracted from the Monte Carlo simulation�

������ Systematic uncertainty associated with bin width

The �t is performed to the M	J��

 �M	J��
 histogram with � MeV"c��wide
bins� whereas the �c��� peak width is � MeV"c�� We repeat the �t to the histogram with
��� MeV"c��wide bins� The resulting yield variations and the assigned systematic uncer�
tainties are listed in Table �����

������ Systematic uncertainty associated with helicity angle distribution
for �c��� � J��� decays

The angular distribution of the �c��� � J��
 decays a
ects the photon energy
spectrum� We de�ne the helicity angle �h to be the angle between the 
 direction in �c frame
and the �c direction in the B frame� We assume �at cos �h distribution in the Monte Carlo
simulation used for the evaluation of the reconstruction e�ciency 	Section �����
� The �c� �
J��
 photon energy distribution in this Monte Carlo sample is shown in Figure ���	left
�
To estimate the systematic uncertainty due to �c��� � J��
 angular distributions� we have
generated two additional samples of simulated B � �c�Xs events with I	�h
 
 cos� �h and
I	�h
 
 sin� �h� The photon energy distributions in these Monte Carlo samples are shown
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Table ����� Variations of the �c� and �c� yields in the tests probing the systematic un�
certainty due to background shape� The �c� and �c� signal yields in �	�S
 data are
NON	�c�
 $ ���� ���stat� and NON	�c�
 $ ��� ���stat��

Background change in

shape N	�c�
 N	�c�

N��c��
N��c��

events"& events"& &

�th order Chebyshev polynomial ������ � ���& ������ ���& ����&
Monte Carlo background template (���� ( ���& (����( ���& (���&

��& less continuum (���� ( ���& (����( ���& (���&
��& more continuum (���� ( ���& (����( ���& (���&

Systematic uncertainty ����& ����& ����&

Table ����� Variations of the �c� and �c� yields in the tests probing the systematic uncer�
tainty due to bin width of the M	J��

 �M	J��
 histogram�

Bin width change in

N	�c�
 N	�c�

N��c��
N��c��

events"& events"& &

��� MeV"c� ����� � ����& (����( ���& (���&

Systematic uncertainty ���& ����& ����&

in Figure ����� The resulting e�ciency ratio for these two samples is

E �I	�h
 
 sin� �h�

E �I	�h
 
 cos� �h�
� � $ 	(���� ����MC stat�
&�

We assign �& systematic uncertainty on the �c��� reconstruction e�ciencies and their ratio�

������ Systematic uncertainty associated with the composition of X sys	
tem in B � �c���X decays

The Xs system in the samples of simulated B � �c���Xs events is described
in Section ������ The reconstruction e�ciency will depend on the assumptions about Xs

system composition� First� the photon energy spectrum is a
ected 	Figure ���
� Second�
the e�ciency and purity of the �� veto depends on the �� multiplicity� To estimate the
systematic uncertainty� we compare the �c � J��
 detection e�ciency extracted using
this sample with the e�ciency in the sample where we assume that X is either a K� or
K�
S � ����� In B � �c�K sample� K is either a K� or K�

S � ����� In B � �c�Xs

sample� the average �� multiplicity of the Xs system is ����� with ��&� ��&� �&� and �&
of events having� respectively� �� �� �� and � ���s in the �nal state 	including the ���s from
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Figure ���� The photon energy distribution for �c� � J��
 decays in B � �c�Xs 	left
 and
in B � �c�K 	right
 Monte Carlo samples� The �c� � J��
 helicity angle distribution is
�at in cos �h� Generator�level information is shown�
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Figure ����� The photon energy distribution for �c� � J��
 decays in B � �c�Xs Monte
Carlo sample� The �c� � J��
 helicity angle distribution is assumed to be I	�h
 
 cos� �h
	left
 and I	�h
 
 sin� �h 	right
� Generator�level information is shown�
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K�
S � ���� decays
� The resulting e�ciency ratio is�

E	B � �c�K


E	B � �c�Xs

� � $ 	(���� ����MC stat�
&�

We assign ���& systematic uncertainties for the �c��� reconstruction e�ciencies and their
ratio�

�����
 �� veto check

The �� veto uncertainty is taken into account in Section ������� where we varied
the �� multiplicity� In this section� we explore the stability of our results with respect to
variations of the �� veto window 	Figure ���
� Nominally� we do not use a photon shower
if it can be paired with another shower to form a �� candidate with the normalized mass
between �� and (�� We vary the window boundaries by ����
� We also remove the ��

veto altogether� The resulting yield variations are listed in Table ����� All the variations
are consistent with statistical �uctuations� We do not assign any additional systematic
uncertainty due to �� veto�

Table ����� The raw �c��� yield and change in e�ciency�corrected yield with respect to a
variation in the �� veto window� The quoted uncertainties are statistical�

�� veto window N	�c�
 N	�c�
 change in change in
N	�c�
�E	�c�
 N	�c�
�E	�c�


�����#(���� ��� �� � �

�����#(���� ��� �� ���� �� ���� ��

�����#(���� ��� �� ���� �� (��� ��

no �� veto ��� �� (��� ��� ���� ���

��� More details on the analysis of B � �c���Xs with Xs re�

construction

����� Check of the B	reconstruction technique with Monte Carlo simula	
tion

We want our B � �c���Xs reconstruction to be as inclusive as possible� However�
the energy release in B � �c���Xs is much smaller than in B � 
Xs� and in our case it
might turn out that going after high�multiplicity states is a priori unreasonable because
of prohibitively low e�ciency and high combinatorial background� For example� if for
B � �cK�� mode the reconstruction e�ciency is �� times lower and the combinatorial
background is �� times higher than for B � �cK��� then we might want to limit the Xs

composition to a kaon and up to � � not � � pions�
To probe the e�ciency of our B�reconstruction technique� we have generated sev�

eral samples of simulated B � �c�K
�n� events� The B � �c�K

�n� decay is assumed to
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proceed according to phase space� with no resonant substructure in the K�n� system� The
other B meson in the event decays generically� Then we determine the �c� � J��
 yield by
applying the same B�reconstruction procedure as used for data� We use all the Xs recon�
struction modes listed in Table ��� and extract �c� yield from the �t to M	J��

�M	J��

distribution� Thus de�ned reconstruction e�ciencies are listed in Table ����� We see that
our B�reconstruction procedure is quite e�cient even for high�multiplicity B � �c�Kn�
decays�

What about background� We use a sample of simulated generic BB events to study
the dependence of background rate on the allowed pion multiplicity in theXs reconstruction�
This dependence is shown in Figure ���� and Table �����

We conclude that a priori there are no compelling reasons to restrict the allowed
number of pions in the Xs reconstruction to � or �� We therefore use all the modes listed
in Table ��� in the analysis of the data�

Table ����� The e�ciency of the B � J��
Xs reconstruction technique for several samples
of simulatedB � �c�K

�n� events� The quoted uncertainties re�ect only the �nite statistics
of the Monte Carlo samples�

Generated B decay mode E�ciency of B�reconstruction

�c�K
��� 	���� � ���
&

�c�K
��� 	���� � ���
&

�c�K
����� 	���� � ���
&

�c�K
����� 	���� � ���
&

�c�K
������� 	���� � ���
&

�c�K
������� 	���� � ���
&

�c�K
��������� 	���� � ���
&

�c�K
��������� 	���� � ���
&

Table ����� Dependence of the B � J��
Xs background level in the sample of simulated
generic BB events on the allowed pion multiplicity in the Xs reconstruction 	Figure ����
�

pion multiplicity Background 	relative to n � �


� � ���&
� � ��&
� � ��&
� � ��&
$ � �&

����� Goodness of �t

We estimate goodness of �ts using a bin width of � MeV"c� 	Figure ���b�c�d
�
which approximately equals to the experimental resolution� There are ��� bins in each
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Figure ����� The B � J��
Xs background in the sample of simulated generic BB events�
The Xs is reconstructed as a kaon and up to n pions 	Table ���
� Di
erent histograms are
obtained by limiting the allowed pion multiplicity in the Xs reconstruction�

histogram� See Section ����� for the details on the goodness�of��t tests�

Sample A

There are � �tting parameters� � Chebyshev polynomial coe�cients and � signal
template normalizations�

� Pearson�s ��

��P �d�o�f� $ ������	��� � �
� C�L� $ ��&�

� Baker�Cousins�s ��

��BC�d�o�f� $ ������	��� � �
� C�L� $ �&�

The ��BC value we obtained is ���
 above the expected average�

� Nelson�s method
The �� lnL should follow a Gaussian distribution with a mean of ����� and 
 $ �����
We obtain �� lnL $ ������ which is ���
 above the expected average�

� The runs test
We obtain M	(
 $ ��� N	�
 $ ��� and R $ ��� Number of runs R should follow
a Gaussian distribution with a mean of ���� and 
 $ ���� Therefore the R value we
obtained is ���
 above the expected average�
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Sample B

There are � �tting parameters� � Chebyshev polynomial coe�cients and � signal
template normalizations�

� Pearson�s ��

��P �d�o�f� $ ������	��� � �
� C�L� $ ��&�

� Baker�Cousins�s ��

��BC�d�o�f� $ ������	��� � �
� C�L� $ ��&�

The ��BC value we obtained is ���
 above the expected average�

� Nelson�s method
The �� lnL should follow a Gaussian distribution with a mean of ����� and 
 $ �����
We obtain �� lnL $ ������ which is ���
 above the expected average�

� The runs test
We obtain M	(
 $ ��� N	�
 $ ��� and R $ ��� Number of runs R should follow
a Gaussian distribution with a mean of ���� and 
 $ ���� Therefore the R value we
obtained is ���
 above the expected average�

Sample C

There are � �tting parameters� � Chebyshev polynomial coe�cients and � signal
template normalizations�

� Pearson�s ��

��P �d�o�f� $ ������	��� � �
� C�L� $ ��&�

� Baker�Cousins�s ��

��BC�d�o�f� $ ������	��� � �
� C�L� $ ��&�

The ��BC value we obtained is ���
 above the expected average�

� Nelson�s method
The �� lnL should follow a Gaussian distribution with a mean of ����� and 
 $ �����
We obtain �� lnL $ ������ which is ���
 above the expected average�

� The runs test
We obtain M	(
 $ ��� N	�
 $ ��� and R $ ��� Number of runs R should follow
a Gaussian distribution with a mean of ���� and 
 $ ���� Therefore the R value we
obtained is ���
 below the expected average�

We conclude that the �t quality is acceptable for all the three �ts�
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����� Non	BB event contribution

The �c� and �c� signal yields in non�BB events are consistent with zero in the
inclusive analysis 	Section �����
� Our B�reconstruction method further reduces the con�
tinuum background 	compare Figures ��� and ����
� We therefore neglect the contribution
from non�BB events�
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Figure ����� The M	J��

 �M	J��
 distribution for the B � J��
Xs candidates� The
Xs is reconstructed as a kaon and � to � pions 	Sample A
� The solid line represents �	�S

data� whereas the dashed line shows luminosity�scaled o
��	�S
 data�

����� �c� signal signi�cance

The systematic uncertainties on the �c� yield are summarized in Table ����� The
B � �c��direct�Xs signal yield is obtained by subtracting the �	�S
 feeddown� The ex�
pected contributions from the B � �	�S
X� �	�S
�c�
 decay chain are listed in Table �����
The derivation of the B � �c��direct�Xs signal yield signi�cance can be inferred from Ta�
ble �����

Table ����� The systematic uncertainties on the �c� signal yield�

Source of uncertainty uncertainty on N	�c�
 	events

Sample A Sample B Sample C

Signal shape ���� ���� ����
Background shape ����� ���� �����
Total ����� ���� �����
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Table ����� Signal yield for B � �c�Xs with statistical and systematic uncertainties
	Line �
# contribution to B � �c�Xs from B � �	�S
X� �	�S
 � �c�
 decay chain
	Line �
# signal yield and statistical signi�cance for B � �c��direct�Xs 	Lines � and �
�

Mode �c� signal yield 	events

Sample A Sample B Sample C

B � �c�Xs �������	����	� � ���� ������	���	� � ��� �������	���
	
 � ����

�	�S
� �c�
 ��� � ��� ��� � ��� ��� � ���

B � �c��direct�Xs �������	����	� � ���� ������	���	� � ��� �������	���
	
 � ����

B � �c��direct�Xs ���
 ���
 ���

signal signi�cance

����� Calculation of ��B � �c��direct�Xs����B � �c��direct�Xs�

The branching ratio is calculated as

�	B � �c��direct�Xs


�	B � �c��direct�Xs

$
N	�c�
�N	�	�S
� �c�



N	�c�
�N	�	�S
� �c�


� E	�c�

E	�c�
 �

B	�c� � J��



B	�c� � J��


�

The ingredients going into the calculation are listed in Table ����� The signal yieldsN	�c���

are extracted from the �ts to the M	J��

 �M	J��
 distributions� The �	�S
 feeddown
contributions are calculated as N	�	�S
 � �c���

 $ � � N	BB
 � B	B � �	�S
X
 �
B	�	�S
 � �c���

 � E	�	�S
 � �c���

� where the feeddown reconstruction e�ciency
E	�	�S
� �c���

 is determined from the Monte Carlo simulation�

To extract the relative �c��to��c� reconstruction e�ciency E	�c�
�E	�c�
� we use
the samples of simulated B � �c���Xs events described in Section ������ The events contain�
ing the B � �	�S
X� �	�S
 � �c���
 decay chain have been removed from the simulated
event samples� The Xs composition is the same for �c� and �c�� The resulting e�ciency
ratios are given in Table ����# the quoted uncertainties re�ect only the �nite statistics of
the Monte Carlo simulation�

Table ����� The �c��� signal yields� calculated �	�S
 feeddown contributions� e�ciency
ratio� ratio of B	�c��� � J��

� and the calculated �c��to��c� production ratio�

Sample A Sample B Sample C

N	�c�
 ���������stat� ������	���	��stat� ��� ���stat�
N	�	�S
� �c�

 ��� ��� ���
N	�c�
 ��� � ���stat� ��� ���stat� ��� � ���stat�
N	�	�S
� �c�

 ���� ��� ����
E	�c�
�E	�c�
 ����� � ����� ����� � ����� ����� � �����
B	�c� � J��

�B	�c� � J��

 ���� ���� ����
��B��c��direct�Xs	
��B��c��direct�Xs	

���� � �����stat� ������	�
��	���stat� ���� � �����stat�
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����
 Systematic uncertainty associated with signal shape

Calorimeter energy scale

As described in Section ������� we shift the �c��� templates by ���� MeV"c� in the
�t in order to estimate the uncertainty due to the calorimeter energy scale� The resulting
changes in the signal yields are listed in Table �����

Table ����� Changes of �c� and �c� yields resulting from ���� MeV"c� shifts of the �c���
templates�

Xs composition" change in
�c��� template shift N	�c�
 N	�c�


events"& events"&

Sample A
���� MeV"c� ������ ���& (����� ( ���&
(��� MeV"c� (����( ���& ������ � ���&

Sample B
���� MeV"c� ������ ���& (����� ( ���&
(��� MeV"c� (����( ���& ������ � ���&

Sample C
���� MeV"c� ������ ���& (����� ( ���&
(��� MeV"c� (�������& ������ � ���&

Calorimeter energy resolution

As described in Section ������� we vary the width of the �c��� templates by ��&
in the �t in order to estimate the uncertainty due to the calorimeter energy resolution� The
resulting changes in the signal yields are listed in Table �����

Tail truncation

The B�reconstruction technique involves cutting on the energy and the beam�
constrained mass of the B � J��
Xs candidate� This will lead to a change of the �c���
lineshapes� Such a change should not signi�cantly a
ect the measurement of the branching
ratio �	B � �c��direct�Xs
��	B � �c��direct�Xs
 because it a
ects both �c� and �c� and
because we correct the data for the detection e�ciencies extracted from the Monte Carlo
simulation� for which the identical �tting procedure is applied� We probe the systematic
uncertainty by using the �c��� templates with the truncated tails to �t the distributions
extracted from the data and the Monte Carlo simulation� The truncated �c��� shapes
are obtained from the Monte Carlo sample described in Section ������ We select only
those �c��� � J��
 candidates� for which the reconstructed energy is within �
 from the
generated value 	jE	meas
� E	gen
j�
	E
 � �
� The resulting change in the templates is
shown in Figure ����� Such a truncation could only overestimate the change of the �c���



�� Chapter �� Study of �c� and �c� meson production in B meson decays

Table ����� Changes of �c� and �c� yields resulting from the ��& variations of the �c���
template widths�

Xs composition" change in
change in �c��� N	�c�
 N	�c�

template widths events"& events"&

Sample A
��& ������ ���& (����� ( ���&
(�& (����( ���& ������ � ���&

Sample B
��& ������ ���& ������ � ���&
(�& (����( ���& (����� ( ���&

Sample C
��& ������ ���& ������ � ���&
(�& (����( ���& (����� ( ���&

lineshapes in B � J��
Xs reconstruction� If the B candidate energy resolution is not
dominated by the energy resolution of J��
 combination� then the e
ect of the �E cut on
the low�side tail of the �c��� lineshapes will be less pronounced� The changes in the �c���
yields and the ratio of the yields in the data and the simulation are listed in Table �����

Table ����� Changes in �c��� yields and the ratio of the yields in the data and the simulation
resulting from the change of the �c��� template shapes as shown in Figure �����

Xs composition change in
Ndata	�c�
 Ndata	�c�
�NMC	�c�
 N	�c�
 Ndata	�c�
�NMC	�c�

events & events &

Sample A ����� ����& ���� �����&
Sample B ���� ���& ���� ����&
Sample C ����� ����& ���� �����&

����� Systematic uncertainty associated with background shape

We check the �c��� yield stability with respect to variations in background shape�
In either test the background shape is �xed in the �t� only its normalization is allowed to
�oat�

�� We �t the background to a �rigid� background template extracted from the simulation�
The shapes are individually derived for each of the samples A� B� and C� We checked
that the change of the continuum�to�BB ratio by ���& does not a
ect the results of
this test�
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Figure ����� The M	J��

 �M	J��
 distribution for �c��� candidates reconstructed from
the Monte Carlo sample� The solid line represents the candidates for which the reconstructed
energy is within �
 from the generated value� No energy restriction is imposed on the
candidates represented by the dashed line� InputM	�c���
�M	J��
 mass di
erence values
are shown by vertical lines�

�� We take the background shape obtained in the inclusive analysis 	Figure ���a
� The
same �rigid� background template is used for the samples A� B� and C�

The variations in the background shapes are shown in Figure ����� The resulting yield
variations are listed in Table �����

����� Systematic uncertainty associated with composition of X in B �
��	S�X decays

In order to calculate the branching ratio for direct B � �c���Xs decays� we need
to subtract the feeddown from the B � �	�S
X� �	�S
 � �c���
 decay chain� If the
reconstruction of the B � �c���Xs decays were perfect� there would be no �	�S
 feed�
down because of the missing transition photon from the �	�S
 � �c���
 decay� The B�
reconstruction technique is not perfect� however� and some �	�S
 feeddown remains� We
rely on the Monte Carlo simulation of B � �	�S
Xs decays for the feeddown subtrac�
tion� We model the Xs system in B � �	�S
Xs as a mixture of K� K�� and higher K
resonances 	��& K� ��& K�	���
� ��& K�	����
� ��& K�	����
� ��& K�

� 	����
� and ��&
K�
� 	����

� The branching fractions for B � �	�S
K and B � �	�S
K�	���
 decays are

taken from ����� they account for approximately half of the B � �	�S
X inclusive rate �����
To test our B � �	�S
Xs decay model� we reconstruct �	�S
 � ���� decays in the data
and in our samples of simulated B � �	�S
Xs events� We compare the �	�S
 � ����

event yields in inclusive reconstruction and after the B � �	�S
Xs reconstruction 	Fig�
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Figure ����� The variation of the M	J��

�M	J��
 background shape in the systematic
uncertainty study� We show the background shapes in the �ts to the samples A 	left
� B
	middle
� and C 	right
� Three background shapes are overlaid in each plot� Solid line repre�
sents the �t to a Chebyshev polynomial with all the coe�cients �oating 	Figures ���b�c�d
�
Dashed line shows a �t to a �rigid� background shape extracted from the Monte Carlo
simulation� Dotted line represents a �t to �rigid� shape obtained in the inclusive analysis
	Figure ���a
� The relative normalization of the background shapes is obtained from the
�ts to data�

ure ����
� The ratio of the yields di
ers by � � �& between the data and the simulation�
where �& is the statistical uncertainty� We therefore assign an �& uncertainty due to our
modeling of the B � �	�S
Xs decays�
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Table ����� Variations of the �c� and �c� yields arising from the changes in background
shape�

Xs composition" change in
background shape N	�c�
 N	�c�


events"& events"&

Sample A
Monte Carlo shape (����� ( ���& (����� ( ����&
shape from inclusive analysis (����� ( ���& (����� ( ����&

Sample B
Monte Carlo shape ����� � ���& ������ ����&
shape from inclusive analysis (���� ( ���& (���� ( ���&

Sample C
Monte Carlo shape (����� ( ���& (����� ( ����&
shape from inclusive analysis (����� ( ���& (����( ����&
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Figure ����� Normalized invariant mass for �	�S
 � ���� candidates in data� The left
plot shows the inclusive �	�S
 � ���� candidates� whereas the right plot shows only the
candidates passing the B � �	�S
Xs reconstruction�
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First observation of the decay

B � J�� �K

��� Abstract

We present the �rst observation of the decay B � J�� �K� Using a sample of
������� BB meson pairs� we have observed �� fully reconstructed B � J�� �K candidates�
whereas the estimated background is ��� � ��� events� We obtain a branching fraction of
B	B � J�� �K
 $ 	�����	
��	��stat� � ����syst�
 � ���
� This is the �rst observed B meson
decay requiring a creation of an additional ss quark pair�

��� Introduction

An observation of a B meson decay requiring a creation of an additional ss quark
pair in the �nal state would enhance our understanding of strong interactions in the �nal
states of B decays� Previous studies of such processes involved searches for the �lower
vertex� B � D�

s X transitions 	Figure ���
� ARGUS ���� and CLEO ���� searched for the

�lower�vertex� Ds production through the exclusive B� � D
����
s K��� decays and through

Ds%lepton charge correlations� No statistically signi�cant signal has been observed in either
search�

The decay B � J�� �K can occur only if an additional ss quark pair is created
in the decay chain besides the quarks produced in the weak b � c+cs transition� The
B � J�� �K transition most likely proceeds as a three�body decay 	Figure ���
� Another
possibility is that the B � J�� �K decay proceeds as a quasi�two�body decay in which the
J�� and � mesons are daughters of a hybrid charmonium state �����

��� Analysis summary and results

����� Reconstruction of B � J���K

We searched for B� � J�� �K� and B� � J�� �K�
S decays� reconstructing

J�� � ����� � � K�K�� and K�
S � ����� Both e�e� and 	�	� modes were used for

��



Chapter 
� First observation of the decay B � J�� �K ��

b

u(d)

c

u, l

d, ν

u(d)

W

s

s

B+(B0)

D-
S

K+(K0)

Figure ���� A diagram for the lower�vertex
Ds production in B decays�

I

I

J/
c c

W

s

s

I

s

I

u(d)u(d)

b

K+(K0)

B+(B0)

2031099-001

Figure ���� The most likely B � J�� �K
decay mechanism�

the J�� reconstruction� The results of this search are based upon an integrated luminosity
of ��� fb�� of e�e� data taken at the �	�S
 energy and ��� fb�� recorded �� MeV below
the �	�S
 energy�

The normalized invariant mass distributions for the J�� � ���� signal in data
are shown in Figure ����� We required the normalized invariant mass to be from ��� to (�
	from �� to (�
 for the J�� � e�e�	J�� � 	�	�
 candidates� To improve the energy
and momentum resolution of a J�� candidate� we performed a �t constraining the mass of
each J�� candidate to the world average value�

We required that the charged kaon candidates have dE�dx and� if available� time�
of��ight measurements that lie within � standard deviations of the expected values� Good
electron and muon candidates are vetoed in K� selection� If for the B � J�� �K decays
we assume a uniform Dalitz distribution and isotropic decays of J�� and � mesons� then the
expected e�ciency of the combined dE�dx and time�of��ight selection is approximately ��&
per kaon candidate� The dE�dx measurements alone provide the K�� separation of more
than � standard deviations for ��& of the � daughter kaons and for ��& of the �bachelor�
kaons from B decay� We selected �� K�K� candidates by requiring the K�K� invariant
mass to be within �� MeV"c� of the �mass� We did not use the normalizedK�K� invariant
mass because the mass resolution 	��� MeV"c�
 is smaller than the � width 	��� MeV
�

The K�
S candidates were selected from pairs of tracks forming well�measured dis�

placed vertices� The resolution in ���� invariant mass is about � MeV�c�� We required the
absolute value of the normalized ���� invariant mass to be less than �� then we performed
a �t constraining the mass of each K�

S candidate to the world average value�

To select B � J�� �K candidates� we required j�Ej�
	�E
 � � and jM	B
 �
MB j�
	M
 � �� The resolution in �E for the B � J�� �K candidates is approximately
� MeV� The resolution in M	B
 for the B � J�� �K candidates is about ��� MeV"c��
The distributions of the �E vs M	B
 for B� � J�� �K� and B� � J�� �K�

S are shown
in Figure ���� We observed �	�
 events in the signal region for the B� � J�� �K�

	B� � J�� �K�
S
 mode� Considering that K� can decay as K�

S or as K�
L� and also taking

into account B	K�
S � ����
 and the di
erence in reconstruction e�ciencies� we expect to

observe on average ��� B� � J�� �K� candidates for every B� � J�� �K�
S candidate�

More details on the signal candidate selection can be found in Section ������
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Figure ���� The �E vs M	B
 distribution for 	a
 B� � J�� �K� and 	c
 B� � J�� �K�
S

candidates in data� The signal candidates� selected using normalized �E and M	B
 vari�
ables� are shown by �lled circles� The M	B
 distribution for 	b
 B� � J�� �K� and 	d

B� � J�� �K�

S candidates satisfying j�Ej�
	�E
 � �# the shaded parts of the histograms
represent signal candidates�

����� J�� and � polarization in B � J���K decay

The cosine of helicity angle distributions for the �� B � J�� �K signal candidates
is shown in Figure ���� The helicity angle for J�� � ���� decay is de�ned as the angle
between a lepton momentum in the J�� rest frame and the J�� momentum in the B rest
frame� An analogous de�nition is used for the � � K�K� decay� We expect I	cos �h
 

� ( cos� �h distribution for the transversely polarized J���s 	�J�� $ ��
# I	cos �h
 
 � �
cos� �h for the longitudinal polarization 	�J�� $ �
# I	cos �h
 
 � � cos� �h for �� $ ��#
I	cos� �h
 
 cos� �h for �� $ �� With so few signal events� no conclusion can be drawn yet
about the J�� and the � polarizations in B � J�� �K decay�

����� Check for resonant substructure in B � J���K decay

The Dalitz plot as well as the M	J���
� M	�K
� and M	J��K
 distributions for
the �� B � J�� �K signal candidates are shown in Figure ���� The Dalitz distribution for
the �� B � J���K signal candidates is consistent with that of a three�body decay� There
are no known J��� and J��K resonances� Decays of only � particles into �K �nal state
have been �rmly established �����

�� The Particle Data Group lists K�	����
 � �K decay as �seen� with the K�	����
 �
K�
� 	����
� mode listed as �dominant�#

�� The weak D� � �K
�
decay has been observed with B	D� � �K

�

 $ 	����� ����
&�
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If the J�� and � mesons are the products of the hybrid charmonium �g decay� then the
J�� � invariant mass is expected to be below the DD�� threshold 	��� GeV"c�
 because
�g � DD�� decay is likely to dominate above the threshold ����� The J�� � invariant
mass is above ��� GeV"c� for all �� B � J�� �K candidates thus disfavoring the hybrid
charmonium dominance scenario�
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Figure ���� The distribution of the cosine of helicity angle for J�� � ���� vs the cosine of
helicity angle for �� K�K� for the �� B � J�� �K candidates�

����� Background estimation

The background can be divided into two categories� First category is the combi�
natorial background from �	�S
 � BB and continuum non�BB events� Second category
is the background from non�resonant B � J��K�K�K decays�

Combinatorial background� � The combinatorial background from �	�S
� BB
events was estimated using a sample of simulated events approximately �� times the data
sample# events containing a B � J��K�K�K decay were excluded� We estimated the
background from �	�S
 � BB decays to be ������	����	�� events� In addition� we speci�cally
considered B � J�� K� �� with K� � K�� and B � J�� ��K decays because the B�
candidate momentum and therefore the M	B
 distribution for these modes is the same as
for the B � J�� �K decays� Using data and simulated events� we veri�ed that these back�
grounds are rendered negligible by the kaon identi�cation� � mass� and �E requirements�
The combinatorial background from the continuum non�BB events was estimated using
simulated events and the data collected below BB threshold� We found the continuum
background to be negligible�

Non�resonant B � J��K�K�K events� � To estimate the background con�
tribution from the non�resonant B � J��K�K�K decays� we reconstructed B� �
J��K�K�K� and B� � J��K�K�K�

S candidates in data requiring jM	K�K�
 �
M�j � �� MeV"c� to exclude B � J�� �K events� We observed � B � J��K�K�K
candidates with the estimated BB combinatorial background of ��� events� We estimated
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Figure ���� Dalitz plot for the �� B � J���K candidates 	top left
# the kinematic boundary
is represented by solid line� Invariant mass of the J��� 	top right
� �K 	bottom left
� and
J��K 	bottom right
 system for the �� signal candidates� We also show the invariant mass
distributions obtained from the samples of simulated phase�space B � J���K decays�
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the mean background from B � J�� K�K�K decays for the B � J�� �K signal to be
������	����	�� events# we assumed that B � J��K�K�K decay proceeds according to phase
space�

In summary� the estimated total background for the combined B � J�� �K
signal is ��� � ��� events� The expected background is almost equally split between the
BB combinatorial background and contribution from non�resonant B � J��K�K�K
decays� More details on the background estimation can be found in Section ������ The
Poisson probability of �nding �� or more events when ��� is expected is � � �����# the
corresponding probability of �nding �� or more events when ��� ( ��� $ ��� are expected
is �� ����� The Poisson probability of the background �uctuation to �� or more events is
smaller than ����& when the expected background mean is less than ��� events�

����� Reconstruction e�ciency

We evaluated the reconstruction e�ciency using a sample of simulated B �
J�� �K decays� We assumed a uniform Dalitz distribution and isotropic decays of J�� and
� mesons# these assumptions are consistent with data 	Figures ��� and ���
� The recon�
struction e�ciency� which does not include branching fractions of daughter particle decays�
is 	���� � ���
& for the B� � J�� �K� mode and 	���� � ���
& for the B� � J�� �K�

S

mode� The reconstruction e�ciency is close to zero at the edges of phase space where ei�
ther � or K meson is produced nearly at rest in the laboratory frame� Thus� the overall
detection e�ciency would be much smaller than the above values if the B � J�� �K de�
cay is dominated by either a J��K resonance with a mass around ��� GeV"c� or a J�� �
resonance with a mass around ��� GeV"c�� No such resonances are expected� To assign the
systematic uncertainty due to the decay model dependence of the reconstruction e�ciency�
we generated two additional samples of simulated B � J�� �K events� One sample was
generated with a uniform Dalitz distribution for B � J�� �K and ���& transverse polar�
ization for J�� and �� The other sample was generated assuming the � and K mesons to
be daughters of a hypothetical spin�� resonance with mass ��� GeV"c� and width ��� MeV�
We estimated the relative systematic uncertainty due to the decay model dependence of the
reconstruction e�ciency extraction to be �&� More details on the reconstruction e�ciency
estimation can be found in Section ������

����
 Branching fraction calculation

For the branching fraction calculation we assumed equal production of B�B� and

B�B
�
pairs at the �	�S
 resonance ��� and B	B� � J�� �K�
 $ B	B� � J�� �K�
 $

B	B � J�� �K
� We did not assign any systematic uncertainty due to these two as�
sumptions� We used the world average values of B	J�� � ����
� B	� � K�K�
� and
B	K�

S � ����
 ����� We used the Feldman�Cousins method ���� to assign the ��& C�L� in�
tervals for the Poisson signal mean� The resulting branching fraction is B	B � J�� �K
 $
	�����	
��	��stat�� ����syst�
 � ���
�
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����� Systematic uncertainties

The systematic error includes the uncertainty in the reconstruction e�ciency due
to decay modeling plus the uncertainties in track �nding� track �tting� lepton and charged�
kaon identi�cation� K�

S �nding� background subtraction� uncertainty in the number of BB
pairs used for this measurement� statistics of the simulated event samples� and the uncer�
tainties on the daughter branching fractions B	J�� � ����
 and B	� � K�K�
 �����
We estimated the total relative systematic uncertainty of the B	B � J�� �K
 measure�
ment to be ��&� More details on the systematic uncertainty estimation can be found in
Section ������

����� Conclusion

In conclusion� we have fully reconstructed �� B � J�� �K candidates with a total

estimated background of ��� events� Assuming equal production of B�B� and B�B
�
pairs

at the �	�S
 resonance and B	B� � J�� �K�
 $ B	B� � J�� �K�
 $ B	B � J�� �K
�
we have measured B	B � J�� �K
 $ 	�����	
��	��stat� � ���	syst

 � ���
� This is the �rst
observed B meson decay requiring a creation of an additional ss quark pair�

��� More details on the analysis

����� Reconstruction of B � J���K

The momentum spectrum of the kaons produced in B � J���K decay is shown
in Figure ���� Note that the kaons from the signal decay chain usually have high enough
momentum to be reliably reconstructed by the tracking system� and at the same time they
are su�ciently soft for good particle identi�cation 	Figure ����
� The momentum spectrum
of � mesons produced in B � J���K decay is shown in Figure ���� The �� K�K� mass
peak is shown in Figure ����

The distributions of the normalized �E vs normalized M	B
 for B� � J���K�

and B� � J���K�
S modes are shown in Figure ���� We multiplied the reported �E

uncertainties by a scale factor of ��� to make the normalized �E distribution look more like
a unit Gaussian in the simulation of signal events� All signal candidates come from di
erent
events� even though we did not attempt to select a single candidate in a given event�

����� Background estimation

Combinatorial background from BB events

The combinatorial background from �	�S
 � BB events was estimated using
a sample of simulated events approximately �� times the data sample# events containing
a B � J��K�K�K decay were excluded� The distributions of the normalized �E vs
normalized M	B
 obtained with this Monte Carlo sample are shown in Figure ����� We
estimated the background from generic BB decays for the combined B � J���K signal to
be ������	����	�� events�
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B→J/ψφK
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Figure ���� Momentum of kaons produced in B � J���K decay� Left plot is for the kaons
from � � K�K� decay# right plot is for the bachelor kaons from B decay� The Monte
Carlo sample was generated assuming uniform Dalitz plot distribution and non�polarized
J�� and ��
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B+→J/ψφK+
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Figure ���� Normalized �E vs normalized M	B
 for B� � J�� �K� 	left
 and B� �
J�� �K�

S 	right
 candidates in data� The signal box is de�ned by j�Ej�
	�E
 � � and
jM	B
�MB j�
	M
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 distribution
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 signal
box for the B� � J���K� 	B� � J���K�

S
 mode�

B+→J/ψφK+ in Monte Carlo

-20

-15

-10

-5

0

5

10

15

20

-25 -20 -15 -10 -5 0 5

(Mbc-Mnominal)/σ(Mbc)

(E
ca

nd
-E

be
am

)/
σ(

ΔE
)

B0→J/ψφKs in Monte Carlo

-20

-15

-10

-5

0

5

10

15

20

-25 -20 -15 -10 -5 0 5

(Mbc-Mnominal)/σ(Mbc)

(E
ca

nd
-E

be
am

)/
σ(

ΔE
)

Figure ����� Normalized �E vs normalized M	B
 for B� � J�� �K� 	left
 and B� �
J�� �K�

S 	right
 candidates in ��� times the data� sample of simulated generic BB events�
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Background from non	BB continuum events

No events from o
��	�S
 data passed the requirements��� � 	M	B
�MB
�
	M
 �
� and j�Ej�
	�E
 � �� for either B� � J���K� or B� � J���K�

S modes� Only � 	�

events from the ���� times the on��	�S
 data� sample of simulated continuum events en�
tered the ��� � 	M	B
�MB
�
	M
 � � and j�Ej�
	�E
 � �� plane for B� � J���K�

	B� � J���K�
S
 mode# no events entered the signal box� We neglect the background from

continuum events�

Consistency check for background estimation procedure

Using the samples of simulated BB and continuum events as well as o
�resonance
data� we can estimate the number of events outside the signal box in Figure ����

We learn from the samples of simulated B� � J���K� events that for every
candidate entering signal box we should expect ��� events outside the signal box in the same
plot� We expect to see� on average� ��� � events outside the signal box in Figure ���	left
�
We observed �� events�

The same procedure applied to the B� � J���K�
S decay yields �����	���	
 expected

events outside the signal box in Figure ���	right
� We observed � events�

Background from B� � J��K����� K�� � K��� and B� � J��	�K� decays

These decays do not require ss popping and could possibly fake the signal because
the beam�constrained B mass distribution for these modes is the same as for B � J�� �K
decays� The K�� � K��� background for �� K�K� was studied in �����

The branching fraction B	B� � J��K����
 has not yet been measured� We also
did not attempt to carefully measure it� In the full data set we observed ��� B� � J��K���
K�� � K��� candidates� In the same data sample we observed ��� B� � J��K�����
K�� � K��� candidates with about � times higher background� Assuming the e�ciency

penalty for reconstructing an extra pion to be ��&� we obtained B�B��J��K��
��
B�B��J��K��� � �	�

�	���	� $

���� Then we generated ������ simulated events containing B� � J��K����# the size of the
sample corresponds to ��� times the data� assuming B	B� � J��K����
 $ ��� 	 B	B� �
J��K��
� Not a single candidate from this Monte Carlo sample entered the signal box
in B� � J���K� analysis� As an independent check� we thought that if we suspect
B� � J��K����� K�� � K��� to fake B� � J���K�� then the huge B� � J��K���
K�� � K��� signal should produce some fake signal in B� � J��� mode� We observed
no signal candidates for the B� � J��� decay in data� We conclude that the background
from B� � J��K���� decays can be neglected�

We also generated ������ simulated events containing B� � J����K�# the size of
the sample corresponds to ��� times the data� assuming B	B� � J����K�
 $ ���	B	B� �
J��K��
� Not a single candidate entered the signal box in B� � J���K� analysis� We
conclude that the background from B� � J����K� decays is negligible�
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Background from non	resonant B � J��K�K�K decays

This mode is not yet a signal but already a background� The only cut which
discriminates B � J���K from B � J��K�K�K is the cut on � mass� To estimate
the background from B � J��K�K�K decays� we �rst reconstructed B � J��K�K�K
events in data imposing the requirement jM	K�K�
 � M�j � �� MeV 	Figure ����
�
Then� using the simulation of the phase�space B � J��K�K�K decays� we estimated the
number of B � J��K�K�K events expected to pass jM	K�K�
 �M�j � �� MeV cut�
given the number of events reconstructed with jM	K�K�
 �M�j � �� MeV cut� There
are � events in the signal box for B� � J��K�K�K� mode and � event in the signal
box for B� � J��K�K�K�

S mode� The estimated BB background from the ��� times the
data� sample is ��� events� The Poisson probability for ��� events to �uctuate to � or more
is ���&� therefore we do not claim an observation of the non�resonant B � J��K�K�K
decay� the non�resonant B � J��K�K�K decay� Using the Feldman�Cousins tables �����
we determined the ��& C�L� interval for the B � J��K�K�K signal to be �����	���	�� The
simulation of the B � J��K�K�K signal events tells us that for every event observed
with jM	K�K�
�M�j � �� MeV cut� we should see ��� 	 ���� signal events reconstructed
with the cut jM	K�K�
 �M�j � �� MeV� Total background from B � J��K�K�K
decays is estimated to be ������	����	�� events�

Top two plots in Figure ���� display the distribution of the K�K� invariant mass
for all B � J��K�K�K candidates in data entering signal box in M	B
 vs �E plane# the
� mass cut was not applied� There are �� B� � J��K�K�K� candidates 	top left plot in
Figure ����
� � of which were classi�ed as B� � J���K� candidates 	jM	K�K�
�M�j �
�� MeV"c�
� There are � B� � J��K�K�K�

S candidates 	top right plot in Figure ����
�
� of which were classi�ed as B� � J���K�

S candidates� Two plots in the middle row of
Figure ���� display the distribution of the K�K� invariant mass for all B � J��K�K�K
candidates in the sample of simulated phase�space B � J��K�K�K events� Two bottom
plots were obtained using ��� times the data� sample of simulated generic BB events# the
events containing a B � J�� K�K�K decay were excluded�

����� Reconstruction e�ciency

The Dalitz plot structure and the polarization of J�� and � are not known for
the B � J���K decay� We estimated the reconstruction e�ciency using the Monte Carlo
simulation of the B � J���K events� where we assumed uniform Dalitz plot distribution
and non�polarized J�� and � 	Figure �����left column
� To study the decay model de�
pendence of the reconstruction e�ciency� we generated two additional samples of simulated
signal events� One sample was generated with uniform Dalitz plot distribution and ���&
transverse polarization of J�� and � 	Figure �����middle column
� The other sample was
generated assuming � andK are daughters of a hypothetical spin�� resonance with the mass
of ��� GeV and the width of ��� MeV 	Figure �����right column
� Note that we de�ned the
helicity angle for �� K�K� decay as the angle between K� direction in � rest frame and
� direction in B rest frame� If we take � direction in �K� resonance rest frame� we will
obtain cos� �helicity distribution� as expected for �� $ � state�
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B+→J/ψK+K-K+ in data
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Figure ����� Normalized �E vs normalized M	B
 for B� � J��K�K�K� 	left
 and
B� � J��K�K�K�

S 	right
 candidates in data� We required jM	K�K�
�M�j � �� MeV
	for both K�K� pairs in B� � J��K�K�K�
 to exclude contribution from B � J���K
decays� There are � 	�
 candidates in the �
 signal box for the B� � J��K�K�K�

	B� � J��K�K�K�
S
 mode�

The Dalitz plots for the B� � J���K� candidates reconstructed from the simu�
lated signal events are shown in Figure ����� One can clearly see two depleted regions� In
the �rst region the mass of the J��� system is high� therefore bachelor kaons are soft for
the depleted region in upper part of the plots� In the second region the mass of the J��K�

system is high� therefore ��s are soft for the depleted region in lower part of the plots�
The reconstruction e�ciencies obtained for di
erent samples of simulated signal

events are listed in Table ����

����� Systematic uncertainties

We estimated the total relative systematic uncertainty on the B	B � J���K

measurement to be ��&� The systematic uncertainty includes contributions from the un�
certainty in the number of BB pairs 	�&
� tracking e�ciency 	�& per charged track
� lepton
detection e�ciency 	�& per lepton
� K�

S � ���� �nding e�ciency 	�&
� �
 dE�dx cut for
kaons 	�& per track
� �
 time�of��ight cut for kaons 	�& per track
� K�

S � ���� �nding
e�ciency 	�&
� background subtraction 	�&
� and statistics of the simulated event sample
	�&
� We also included the uncertainties on the branching fractions of secondary decays �����
B	J�� � ����
 	�&
� B	� � K�K�
 	�&
� and B	K�

S � ����
 	���&
� At the time of
the measurement Monte Carlo simulation was tuned for only one of ten CLEO II�V datasets
	�SP
� We assigned �& uncertainty for this shortcoming� which is half of the di
erence in
e�ciency between CLEO II and CLEO II�V detector con�gurations 	Table ���
� From the
study described in Section ������ we assigned �& uncertainty for the decay model depen�
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B+→J/ψK+K-K+  data
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Figure ����� M	K�K�
 for B � J��K�K�K candidates passing M	B
 and �E cuts�
Top row % data� middle row % simulation of phase�space signal B � J��K�K�K decays�
bottom row % ��� times the data� sample of simulated generic BB events� Note that one
can assemble two K�K� pairs for B� � J��K�K�K� mode� Vertical lines represent
��� MeV"c� window around the � mass�
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Figure ����� Various distributions for the three signal Monte Carlo samples� Generator�
level information was used� Top row � Dalitz plots# middle row � cosine of helicity angle
for J�� � ����# bottom row � cosine of helicity angle for � � K�K�� Left column �
phase�space� no polarization Monte Carlo sample# middle column � phase�space� J�� and
� are produced in helicity �� state# right column � � andK are daughters of a hypothetical
spin�� resonance with the mass of ��� GeV and the width of ��� MeV�
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Figure ����� Dalitz plot for the B� � J���K� candidates reconstructed from the simulated
signal events� To obtain the left plot� we used phase�space simulated decays with �at angular
distribution for the J�� � ���� and �� K�K� decays 	Figure �����left column
# for the
right plot we used phase�space simulated decays with J���s and ��s produced in helicity
�� state 	Figure �����middle column
�

Table ���� Reconstruction e�ciency for di
erent samples of simulated B � J�� �K events�

Monte Carlo Sample Data set E�ciency
B� � J���K� B�J���K�

S

Phase space CLEO II(II�V 	����� � ����
& 	����� � ����
&
no polarization CLEO II 	����� � ����
& 	����� � ����
&

	Figure �����left column
 CLEO II�V 	����� � ����
& 	����� � ����
&

Phase space CLEO II(II�V 	����� � ����
&
polarized J�� and � CLEO II 	����� � ����
&

	Figure �����middle column
 CLEO II�V 	����� � ����
&

�K� resonance CLEO II(II�V 	����� � ����
&
CLEO II 	����� � ����
&

	Figure �����right column
 CLEO II�V 	����� � ����
&
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dence of the reconstruction e�ciency 	Table ���
� We assumed equal production of B�B�

and B�B
�
pairs at the �	�S
 resonance and B	B� � J���K�
 $ B	B� � J���K�
 $

B	B � J���K
# we did not assign any systematic error for these two assumptions�



Chapter �

Measurement of the B� and B�

meson masses from B � ����K
decays

��� Abstract

Using a sample of ��� � ��� BB meson pairs� we have fully reconstructed ���
B� � ����K�

S and ��� B� � ����K� candidates with very low background� We �tted the
����K invariant mass distributions of these B meson candidates and measured the masses of
the neutral and charged B mesons to be M	B�
 $ �����������stat������syst� MeV"c� and
M	B�
 $ ������� ����stat�� ����syst� MeV"c�� The precision is a signi�cant improvement
over previous measurements�

��� Introduction

The previous measurements of the B meson masses at e�e� colliders operating at
�	�S
 energy ���� ��� were obtained from �ts to the distributions of the beam�constrained

B massMbc �
q
E�
beam � p�	B
 � for the copious B � D����� D����� J��K��� decay modes�

Substitution of the beam energy for the measured energy of the B meson candidate results
in a signi�cant improvement of the mass resolution� therefore the beam�constrained mass
method is the technique of choice for the M	B�
 �M	B�
 mass di
erence measurement�
However� the precision of the measurement of the absolute B� and B� meson masses is
limited by the systematic uncertainties in the absolute beam energy scale 	�� MeV
 and in
the correction for initial state radiation 	���� MeV
� The absolute value of the CESR beam
energy in the �	�S
 region was determined by the extrapolation from �	�S
 energy which
is known from the resonant beam depolarization studies ����� The extrapolation uncertainty
was estimated by making small perturbations in the magnetic �eld strengths assumed in
the algorithm used to compute the beam energy at the �	�S
 �����

�In this chapter we use Mbc notation for beam�constrained B mass� The B� and B� masses are denoted
by M�B�	 and M�B�	�

��
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For this measurement we selected B� � ����K�
S and B� � ����K� candidates��

reconstructing ���� � ���� and K�
S � ���� decays� We used both e�e� and 	�	� modes

for the ���� reconstruction� We then determined the B� and B� meson masses by �tting
the ����K�

S and ����K� invariant mass distributions� The main reasons to use the ����K
rather than more copious D���n� �nal states are� �rst� that the background is very low#
second� that the J�� and �	�S
 mesons are heavy� and their masses are very well measured�
As discussed below� constraining the reconstructed J�� and �	�S
 masses to their world
average values makes our B mass measurement insensitive to imperfections in the lepton
momentum reconstruction� By comparing the beam�constrained B mass to the B� and B�

mass values obtained in our measurement� one could set the absolute beam energy scale at
the e�e� colliders operating in the �	�S
 energy region�

��� Analysis summary and results

����� B� and B� candidate selection

For this measurement we used ��� fb�� of e�e� data taken at the �	�S
 energy and
��� fb�� recorded �� MeV below the �	�S
 energy� The J�� selection criteria were modi�ed
slightly from those used in our other analyses and described in Chapter �� First� we do not
use the shallow�angle muon candidates pointing to the detector region not instrumented by
the muon chambers 	j cos �j � ����
# these tracks are poorly measured and result in higher
background� Second� the J�� mass cut was made symmetric in order to reduce backgrounds
and limit the B mass measurement bias caused by bremsstrahlung� The �	�S
 � ����

candidates were selected using the same cuts as used for the J�� selection� The e�	

e�	


and 	�	� invariant mass distributions for the ���� � ���� candidates in data are shown
in Figure ���� We selected the ���� � ���� signal candidates requiring the absolute value
of the normalized invariant mass to be less than �� For each ���� candidate we performed a
�t constraining its mass to the world average value� This mass�constraint �t improves the
J�� energy resolution almost by a factor of � and the absolute momentum resolution by
��&�

The K�
S candidates were selected from pairs of tracks forming well�measured dis�

placed vertices� The daughter pion tracks were re��tted taking into account the position
of the displaced vertex and were constrained to originate from the same spatial point� The
resolution in ���� invariant mass is approximately � MeV�c�� After requiring the absolute
value of the normalized ���� invariant mass to be less than �� we performed a �t con�
straining the mass of each K�

S candidate to the world average value� We required that the
charged kaon candidates have dE�dx measurement that lie within � standard deviations of
the expected value� Good electron and muon candidates were vetoed in K� selection�

The B � ����K candidates were selected by means of two observables� The

�rst observable is the beam�constrained B mass Mbc �
q
E�
beam � p�	B
� The resolution

in Mbc for the B � ����K candidates is approximately ��� MeV"c� and is dominated
by the beam energy spread� We required jMbc � ���� MeV�c�j�
	Mbc
 � �� The re�
quirement on Mbc� equivalent to a requirement on the absolute value of the B candidate

����� stands for J�� and ��
S	�
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Figure ���� 	a
 ���� � e�e� and 	b
 ���� � 	�	� candidates in data� The solid line
represents the �	�S
 data# the dashed line represents the scaled o
�resonance data showing
the level of background from non�BB events� The shaded parts of the histograms represent
the ���� candidates with the absolute value of the normalized invariant mass less than ��

momentum� is used only for background suppression and does not bias the B mass mea�
surement� The second observable is the invariant mass of the ����K system� The average
resolutions in M	����K�

S
 and M	����K�
 are� respectively� � MeV"c� and �� MeV"c��
The M	����K
 distributions for the candidates passing the Mbc requirement are shown in
Figure ���� More plots pertaining to the selection of the B candidates can be found Sec�
tion ������ To select signal candidates� we required jM	����K�

S
� ���� MeV�c�j�
	M
 � �
and jM	����K�
� ���� MeV�c�j�
	M
 � �# the allowed invariant mass intervals are su��
ciently wide not to introduce bias in the B mass measurement� This selection yielded ���
B� � ����K�

S candidates� ��� in the B� � J��K�
S mode and �� in the B� � �	�S
K�

S

mode� We estimated the background to be ������	����	�
 events� The selection yielded ���

B� � ����K� candidates� ��� in B� � J�� K� mode and �� in B� � �	�S
K� mode�
The background from B� � ���� �� decays was estimated to be ��� � ��� events� whereas
all other background sources were estimated to contribute �����	���	
 events� The backgrounds
were evaluated with simulated events and the data recorded at the energy below the BB
production threshold� The background estimation for B� and B� candidates is described
in more detail in Sections ����� and ������ We discuss the systematics associated with
background in Section ������ together with other systematic uncertainties�
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Figure ���� The invariant mass distributions for 	a
 B� � ����K�
S and 	b
 B� � ����K�

candidates passing the beam�constrained B mass requirement� The shaded parts of the
histograms represent the candidates selected for the B mass measurement �ts by requiring
that the absolute value of the normalized invariant mass to be less than � in 	a
 and � in
	b
�

����� B	mass likelihood �t

The B� and B� meson masses were extracted from the ����K�
S and ����K� in�

variant mass distributions with an unbinned likelihood �t� The likelihood function is

L	M	B
� S
 $
Y
i

G	Mi �M	B
jS
i
R
G	M �M	B
jS
i
dM � 	���


where Mi is the invariant mass of a ����K combination� 
i is the calculated invariant
mass uncertainty for that ����K combination� and G	xj

 � ��	

p
��

 exp	�x���
�
� The

product is over the B� or B� meson candidates� The parameters of the �t are the B
meson mass M	B
 and a global scale factor S that modi�es the calculated invariant�mass
uncertainties 
i� The integration limits of the normalization integral in the denomina�
tor correspond to the signal regions de�ned for the ����K invariant mass distributions�
����� MeV"c� � �
	M
� for B� and ����� MeV"c� � �
	M
� for B� candidates� From the
�ts to the ����K�

S invariant�mass distribution� we obtainedM	B�
 $ ������������ MeV"c��
S $ ���� � ����� and the correlation coe�cient �	M	B�
� S
 $ ������� For ����K� we ob�
tained M	B�
 $ ������� � ���� MeV"c�� S $ ���� � ����� and �	M	B�
� S
 $ �������
The values of the scale factor S and uncertainty in M	B
 returned by the �ts are in good
agreement with the values obtained from simulated events 	Section �����
�
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����� Bias corrections and systematic uncertainties

Table ��� lists the bias corrections together with associated systematic uncertain�
ties� which we will discuss below�

Table ���� Bias corrections and associated systematic uncertainties� The total systematic
uncertainty was obtained by adding in quadrature all the uncertainties listed in the table�

Source of bias Correction and uncertainty
	MeV"c�


M	B�
 M	B�


	i
 Bias observed for simulated events (����� ���� ����� � ����
	ii
 Background ����� �����
	iii
 B mass likelihood �t ����� �����
	iv
 ���� four�momentum measurement ����� �����
	v
 K�

S four�momentum measurement ����� �
	vi
 K� momentum measurement � ����� � ����
	vii
 Detector misalignment ����� �����
Total correction and systematic uncertainty (����� ���� ����� � ����

	i
Measuring B masses using simulated events� �Applying the same procedure as
in the data analysis� we measured the B� and B� mass using ����� B� � ����K�

S and �����
B� � ����K� candidates reconstructed from a sample of simulated events 	Section �����
�
We obtained M	B�
 �M input

B� $ ����� � ���� MeV"c� and M	B�
 �M input
B� $ (���� �

���� MeV"c�� We applied (���� MeV"c� and ����� MeV"c� corrections to the B� and B�

mass values and assigned ���& of those corrections as systematic uncertainties�

	ii
 Background� � The estimated mean background for the B� candidates is
������	����	�
 events� we therefore conservatively assumed the probability of �nding a single
background event in our B� sample to be ��&� The B� background candidates are ex�
pected to be uniformly distributed across the B� mass signal region� We performed the
B� mass �ts excluding the one candidate with the highest or the lowest normalized ����K�

S

invariant mass# the largest observed B� mass shift was ���� MeV"c�� We multiplied this
���� MeV"c� shift by the ��& probability of having a background event in our sample and
assigned ���� MeV"c� as the systematic uncertainty in B� mass due to background� For
the B� signal� the background from B� � ���� �� decays was estimated to be ��� � ���
events� all other background sources were estimated to contribute �����	���	
 events� The B�

background candidates� with the exception of B� � ���� �� events� are expected to be uni�
formly distributed across the B mass signal region� The B� � ���� �� events reconstructed
as B� � ����K� produce high ����K� invariant mass� We performed the B� mass �ts
excluding � candidates with the highest or the lowest normalized ����K� invariant mass
and assigned the largest shift of the measured B� mass 	���� MeV"c�
 as the systematic
uncertainty in B� mass due to background� More details can be found in Section ������

	iii
 B mass likelihood �t� � We studied the systematics associated with the
unbinned likelihood �t procedure by changing the �t function from a Gaussian to sum of two
Gaussians� We also allowed the �t to determine di
erent scale factors S for the candidates
coming from CLEO II and CLEO II�V data� or for the candidates with ���� � e�e� and
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���� � 	�	�� We assigned the largest shift of the measured B mass as the systematic
uncertainty� More details can be found in Section ������

	iv
 ���� four�momentum measurement� � Even if the B mass measurements
using the simulated events show negligible bias� a bias in the measurement is still in prin�
ciple possible because of the uncertainty in the absolute magnetic �eld scale� an imper�
fect description of the detector material used by the Billoir �tter� or a detector misalign�
ment� For the ���� four�momentum measurement� these systematic e
ects along with the
systematics associated with bremsstrahlung are rendered negligible by the the ���� mass�
constraint �t� The measured position of the J�� mass peak allows a reliable evaluation
of the possible bias in the lepton momentum measurement� We measured the positions of
the J�� � 	�	� and J�� � e�e� peaks by �tting the inclusive 	�	� and e�	

e�	


invariant mass distributions 	Appendix B
� In these �ts we used the signal shapes derived
from a high�statistics sample of simulated J�� � ���� events generated with the J�� mass
of ������� MeV"c� ����� In simulated J�� � 	�	� events� the reconstruction procedure
introduces a bias of less than ���� MeV"c� in the measured J�� mass� We found that
the J�� � 	�	� peak was shifted by (��� � ��� MeV"c� in data compared to simulated
events# the corresponding value of the J�� � e�e� peak shift was (��� � ��� MeV"c�� A
(��� MeV"c� shift corresponds to an overestimation of the lepton absolute momenta by
approximately ����&� A variation of the lepton absolute momenta by ���& produced a
shift of less than ���� MeV"c� in the measured B mass� We therefore neglected the sys�
tematic uncertainty associated with the lepton momentum measurement� In addition� we
varied the world average J�� and �	�S
 mass values used in the mass�constraint �ts by one
standard deviation ����# the resulting ���� MeV"c� and ���� MeV"c� shifts of the measured
B� and B� masses were assigned as systematic uncertainties� More details can be found in
Section ������

	v
K�
S four�momentum measurement�The systematic uncertainty of our B mass

measurement is dominated by a possible bias in the kaon four�momentum measurement�
The measured position of the K�

S mass peak allows a reliable evaluation of the possible
bias in the K�

S four�momentum measurement� We selected inclusive K�
S candidates satis�

fying the same K�
S selection criteria as in the B� � ����K�

S analysis# the momenta of the
selected inclusive K�

S candidates were further restricted to be from ���� to ���� GeV"c�
which corresponds to the momentum range of the K�

S mesons from B� � J�� K�
S decays�

Using this sample� we measured the mean reconstructed K� mass to be within �� keV"c�

of the world average value of ������� � ����� MeV"c� ����� However� we also observed a
��� keV"c� variation of the measured mean K� mass depending on the radial position of
the K�

S decay vertex� To assign the systematic uncertainty� we conservatively took the K�

mass shift to be �� keV"c� and added in quadrature the �� keV"c� uncertainty in the world
average K� mass to obtain a total shift of �� keV"c�� This �� keV"c� variation in the mea�
sured K�

S mass could be obtained by varying each daughter pion�s momentum by �����&#
the resulting variation of the measured B� mass was ���� MeV"c�� which we assigned as
a systematic uncertainty due to the K�

S four�momentum measurement� This uncertainty
in M	B�
 has a contribution from the uncertainty in the world average value of the K�

mass� which partially limited the precision of our K�
S mass peak position measurement� In

addition� we varied by one standard deviation the world average K� mass value used for
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the K�
S mass�constraint �t# the resulting ���� MeV"c� variation of the measured B� mass

was added to the systematic uncertainty� More details can be found in Section ������

	vi
 K� momentum measurement� � Comparing the momentum spectra of the
muons from inclusive J�� decays and the kaons from B� � ����K� decays� we concluded
that J�� � 	�	� decays provide excellent calibration sample for the study of the system�
atic uncertainty associated with the K� momentum measurement� As discussed above� the
observed (������� MeV"c� shift of the J�� � 	�	� mass peak corresponds to a systematic
overestimation of the muon momenta by ����&� We decreased the measured K� momenta
by ����&� which resulted in a ����� MeV"c� shift of the measured B� mass� We applied
a ����� MeV"c� correction to our �nal result and assigned ���& of the correction value
as the systematic uncertainty� The ionization energy loss for muons from inclusive J���s
di
ers slightly from the loss for kaons from B� � ����K� decays� To account for the sys�
tematic uncertainty due to this di
erence� we measured the B� mass using the pion Billoir
�t hypothesis for kaon tracks� The resulting shift 	���� MeV"c�
 was added in quadrature
to the systematic uncertainty� Because of acceptance of the muon chambers� the muons
pointing to the end�cap region of the detector are under�represented in comparison with
the kaons from the B� � ����K� decays� The tracks with low transverse momentum are
more likely to be a
ected by the magnetic �eld inhomogeneity� thus providing an additional
source of systematic bias� which will not be taken into account by studying J�� � 	�	�

decays� However� if a K� track has low transverse momentum� then its track parameters
are poorly measured� and the mass �t naturally assigns a low weight to this B� candidate�
We studied the possible systematic bias both by varying the measured K� momentum
by ���& for the K� tracks with j cos �j � ���� where � is the angle between a track and
the beam direction� and by excluding these low angle tracks altogether� The largest shift
	���� MeV"c�
 was added in quadrature to the systematic uncertainty� More details can be
found in Section ������

	vii
 Detector misalignment� � The detector misalignment e
ects were studied
with high�momentum muon tracks from e�e� � 	�	� events 	Appendix C
� We measured
the mean of the transverse momentum di
erence between the 	� and 	� tracks� We also
studied the dependence of the sum of the 	� and 	� momenta on azimuthal angle � and
polar angle � of the 	� track� We parametrized our �ndings in terms of an average as well
as �� and ��dependent false curvature� We varied the measured curvature of the K� and
K�
S daughter tracks according to these parametrizations and assigned the largest B mass

variation as a systematic uncertainty� More details can be found in Section �������

����� Results

In conclusion� we have determined the masses of neutral and charged B mesons
with signi�cantly better precision than any previously published result ����� We ob�
tained M	B�
 $ ������ � ����stat� � ����syst� MeV"c� and M	B�
 $ ������ � ����stat� �
����syst� MeV"c�� The systematic uncertainties for the M	B�
 and M	B�
 measurements
can be considered independent except for the small common uncertainties due to the im�
perfect knowledge of the J�� and �	�S
 masses 	item 	iv
 in Table I
� Combining our
M	B�
 and M	B�
 measurements with the world average value of the mass di
erence
M	B�
 �M	B�
 $ ���� � ���� MeV"c� ����� we obtained M	B�
 $ ������ � ��� MeV"c�
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and M	B�
 $ ������ � ��� MeV"c�� Although these M	B�
 and M	B�
 values are more
precise than the results given above� obviously they are strongly correlated� the correlation
coe�cient is �	M	B�
�M	B�

 $ �����

��� More details on the analysis

����� B� and B� candidate selection

The distributions of the normalizedM	����K
 vs normalizedMbc forB
� � J��K�

S �
B� � �	�S
K�

S � B
� � J��K�� and B� � �	�S
K� candidates are shown in Figure ����

In Figure ��� we show the distribution of the normalizedM	����K
 for the B� � ����K�
S and

B� � ����K� candidates passing the �
 cut on Mbc� Figure ��� shows the event�by�event
reported uncertainties of the ����K invariant mass measurements for the signal candidates#

�M	����K�
� � �� MeV"c� was required for B� � ����K� candidates�

����� Background estimation for B� � ����K�
S

Background from non	BB continuum events

Using o
��	�S
 data and �� times the on��	�S
 data� sample of simulated generic
continuum events� we found the continuum background to be negligible�

Background from BB events

To study the background from generic BB decays� we used the ��� times the data�
sample of simulated generic BB events� The BB background for the combined B� � ����K�

S

signal was estimated to be ������	����	�
 events�

Consistency checks for background estimation procedure

We estimate the number of events we expect to observe outside the signal box in
Figure ��� 	top left
 to be� ����	BB
 ( ���	continuum
 ( ���	B� � ����K�

S spillover
 $ ���
We observe �� events�

The same procedure applied to the B� � �	�S
K�
S decay yields �� expected events

outside the signal box in Figure ��� 	top right
� We observe � events�

����� Background estimation for B� � ����K�

Background from non	BB continuum events

Using o
��	�S
 data and �� times the on��	�S
 data� sample of simulated generic
continuum events� we estimated the continuum background to be �����		��	� events for B� �
J��K� and �����	���	
 events for B� � �	�S
K��
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B0→ψ(2S)K0
S in data
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Figure ���� B� � J��K�
S 	top left
� B� � �	�S
K�

S 	top right
� B� � J��K� 	bottom
left
� and B� � �	�S
K� 	bottom right
 candidates in data� There are ��� B� � J��K�

S �
�� B� � �	�S
K�

S � ��� B� � J��K�� and �� B� � �	�S
K� candidates in the signal
boxes� The lower parts of the plots show the normalized beam�constrained mass distribu�
tions for the candidates passing the �
 	�

 cut on normalized ����K�

S 	����K�
 invariant
mass�
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B0→ψ(’)K0
S in data
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Figure ���� Normalized M	����K
 for the B� � ����K�
S 	left
 and B� � ����K� 	right
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Figure ���� Event�by�event reported uncertainty of the ����K invariant mass measurement
for the ��� B� � ����K�

S 	left
 and ��� B� � ����K� 	right
 signal candidates in data�
The dashed�line histograms represent the contributions from B� � �	�S
K�

S and B� �
�	�S
K� events�
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Background from generic BB events

To study the background from generic BB decays� we used the ��� times the
data� sample of simulated generic BB events� The events containing B� � ������ were
excluded from the sample� The BB background was estimated to be ��� � ��� events for
B� � J��K� and �����	���	� events for B� � �	�S
K��

B� � ������ background

This is the most pernicious background because it is likely to bias the measured
B� mass towards higher values� The distributions of the normalized M	J��K�
 and
M	�	�S
K�
 for the simulated B� � ����K���� events are shown in Figure ���� With
high�statistics sample of simulated B� � J���� events and using the branching ratio
B	B� � J����
�B	B� � J��K�
 $ 	��� � ���
& ����� we estimated the B� � J����

mean background to be ��� � ��� events� Using high�statistics sample of simulated B� �
�	�S
�� events and assuming B�B�����S�
��

B�B�����S�K�� $ B�B��J��
��
B�B��J��K�� � we found B� � �	�S
��

background to be ���� events� We therefore neglected this background�
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Figure ���� Normalized J��K� invariant mass for B� � J��K���� 	left
 and normalized

�	�S
K� invariant mass for B� � �	�S
K���� 	right
� We assumed B�B�����S�
��
B�B�����S�K�� $

B�B��J��
��
B�B��J��K�� $ �&�

B � J��	 background

The Cabibbo�suppressed B � J��� decays are not included into our simulation
generic BB events� We used combination of data and simulated B � J��� events to
estimate the background from B � J��� decays� We attempted the reconstruction of
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B� � J���� candidates in data and observed �� B� � J���� candidates entering �

signal box in normalized Mbc vs normalized �E plane� No background subtraction was
performed� which could only lead to an overestimation of B	B� � J����
� Using a high�
statistics sample of simulated B� � J���� events 	Figure ���
 and normalizing this sample
to data� we estimated the B� � J���� background to be less than ���� events# this back�
ground can therefore be neglected� To be conservative� we assumed ���& longitudinal
polarization 	helicity �
 for ��� In this case we underestimate the e�ciency of B� � J����

reconstruction� at the same time overestimating the probability for B� � J���� event to
be reconstructed as B� � J��K�� Therefore we could only overestimate the background
for B� � J��K��

Isospin symmetry leads to B	B� � J����
 � � 	 B	B� � J����
� Note� however�
that longitudinally polarized �� will always produce an energetic charged pion capable of
faking the charged kaon from B� � J��K�# on the other hand� �� will produce an
energetic charged pion only half of the time� Therefore we conclude that the background
from B� � J���� decays could also be neglected�

B0→J/ψρ0 Monte Carlo

0

20

40

60

80

100

120

140

160

-40 -30 -20 -10 0 10 20 30 40

(M(J/ψK+)-5280 Mev/c2)/σM

C
an

di
da

te
s/

0.
5

Figure ���� Normalized J��K� invariant mass for simulated B� � J���� events� We
assumed ���& longitudinal polarization for ��� A �
 cut on normalized Mbc was applied�
Vertical lines show ��
 signal region for normalized J��K� invariant mass�

B� � J��K� reconstructed as B� � ��	S�K�

Very rarely� when 	� and K� tracks are swapped� we reconstruct B� � J��K��
J�� � 	�	� as B� � �	�S
K�� We therefore veto a B� � �	�S
K� candidate if it
is reconstructed from the same physical tracks as a B� � J��K� candidate� This veto
decreases the expected background from this cross�feed from ��� to ��� events# the veto
removes � B� � �	�S
K� candidate in data�
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Consistency checks for background estimation procedure

We estimate the number of events we expect to observe outside the signal box
for B� � J��K� in Figure ���	bottom left
 to be� ���	generic BB
 ( ��	continuum
 (
��	B� � J��K�
 ( ��	B� � J����
 $ ���� We observe ��� events�

We estimate the number of events we expect to observe outside the signal box for
B� � �	�S
K� in Figure ���	bottom right
 to be� ��	generic BB
 ( ���	continuum
 (
��	B� � ����K� (B� � �	�S
��
 $ ���� We observe ��� events�

����� B mass measurement with simulated events

Before the �t to data was performed� the �tting procedure was checked with high�
statistics samples of simulated signal events� We reconstructed ����� signal candidates in
our sample of simulated B� � J��K�

S events� Our sample of simulated B� signal decays
includes events with B� � J��K�� B� � J����� B� � �	�S
K�� and B� � �	�S
��

decays� We assumed B�B�����S�
��
B�B�����S�K�� $

B�B��J��
��
B�B��J��K�� $ �& ����� The results of the B mass

�ts performed using signal Monte Carlo samples are listed in Table ���� At least in the
simulation we get back what we put in� Based on this study� we applied a (���� MeV"c�

correction to the measured B� mass and a ����� MeV"c� correction to the B� mass value
and assigned ���& of the correction as a systematic uncertainty�

Table ���� Results of the B� and B� mass �ts for the samples of simulated signal events�

Sample Number of M	B
�M input
B S

composition events 	MeV"c�


B� � J��K�
S

B� � J��K�
S ����� ������ � ����� ������ � ������

B� � ����K�

True signal only ����� (����� � ����� ������ � ������

B� � ������ allowed �����(�� (����� � ����� ������ � ������

B� � ������ and �����(�� (����� � ����� ������ � ������
and J��K� � �	�S
K�

cross�feed allowed

We would like to show that the values of the scale factors S and the uncertainties
on the B� and B� mass measurements are plausible for the simulated event samples of
the same size as the data samples� From ����� candidates reconstructed in B� � J��K�

S

signal Monte Carlo samples� we have randomly drawn ��� samples each containing ���
candidates� Then we performed the B� mass �t separately for each of those ��� samples�
The scatter plot of the scale factor S vs the uncertainty on the B� mass measurement
returned by MINUIT ����� for each of ��� Monte Carlo samples is shown in Figure ��� 	left
�
The variation of the scale factor values returned by the �ts is natural if we note that
the typical uncertainty on S reported by a �t is ����� Obviously� the values of the scale
factor S and the uncertainty on the B� mass measurement returned by MINUIT are strongly
correlated�
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From ����� candidates reconstructed in the sample of simulated signal B� decays
	B� � ������ events and B� � J��K� $� B� � �	�S
K� cross�feed included
� we
have randomly drawn �� samples each containing ��� candidates� Then we performed the
B� mass �t separately for each of those �� samples� The scatter plot of the scale factor
S vs the uncertainty on the B� mass measurement returned by MINUIT for each of the ��
simulated event samples is shown in Figure ��� 	right
�
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Figure ���� Scale factor S vs the uncertainty in the B mass measurement returned by MINUIT
for each of the signal Monte Carlo subsamples� The signal Monte Carlo sample was divided
into ��� data�sized independent subsamples for B� � J��K�

S and into �� subsamples
for B� � ����K�� Also shown are the values for the data �t� S	B�
 $ ����� � ������

	M	B�

 $ ���� MeV"c� 	left plot
 and S	B�
 $ ����� � ������ 
	M	B�

 $ ����
MeV"c� 	right plot
�

����� Possible bias in M�B�� measurement caused by background events

We estimated B� � J���� background mean to be ��� � ��� events# the sum of
combinatorial background and B� � J��K� $� B� � �	�S
K� cross�feed was found
to be �����	���	
 events� The B� � J���� events produce high M	J��K�
 	Figure ���	left

�
whereas the other background events are expected to be uniformly distributed across the
signal region� In Section ����� we showed that for the high�statistics Monte Carlo sample
the bias in the B� mass measurement caused by allowing B� � ������ events and B� �
J��K� $� B� � �	�S
K� cross�feed events is very small 	(����� MeV"c�
� We also
studied the systematic uncertainty due to the presence of background events by excluding
from ��� signal candidates � to � candidates with the extreme values of M	����K�
 or
normalizedM	����K�
� The resulting shifts of the measuredB� mass are listed in Table ����
We assigned the largest shift 	���� MeV"c�
 as a systematic uncertainty due to the presence
of background events�
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Table ���� Results of the B� mass measurements obtained by excluding � to � candidates
with the extreme values of M	����K�
 or normalized M	����K�
�

Number of events Shift in measured M	B�
 	MeV"c�


excluded M	����K�
 normalized M	����K�

lowest highest lowest highest

� (����� ������ (����� ������
� (����� ������ (����� ������
� (����� ������ (���� �����
� (����� ������ (���� �����

����
 Systematic uncertainty associated with a choice of �t function

To determine the B masses in the real analysis� we �t the ����K invariant mass to
a single Gaussian� allowing the reported event�by�event errors onM	����K
 to be multiplied
by a global scale factor S 	Equation ���
� As a check for a systematic bias� we tried other
likelihood functions�

�� We performed a �t to a double Gaussian� allowing for two global scale factors Snarrow
and Swide� The the likelihood function is described by

L	M	B

 $
Y
i

f	�� fwide
 	 G	Mi �M	B
jSnarrow
i
R
G	M �M	B
jSnarrow
i
dM ( 	���


(fwide 	 G	Mi �M	B
jSwide
i
R
G	M �M	B
jSwide
i
dM g�

MINUIT had a hard time �oating all the parameters for B� mass �t# we therefore �xed
Swide $ ����

�� We performed a �t to a single Gaussian� allowing for di
erent global scale factors for
events with ���� � e�e� 	See
 and ���� � 	�	� 	S��
�

�� We performed a �t to a single Gaussian� allowing for di
erent global scale factors for
CLEO II and CLEO II�V events�

The parameter values returned by these � �ts are listed in Table ���� We assigned the
largest shift of the measured B mass as the systematic uncertainty�

����� Systematic uncertainty associated with ���� four	momentum mea	
surement

Kalman hypothesis used for lepton track �ts

The information from the Kalman �ts performed using muon and electron hy�
potheses is not stored in the data skim we used in this analysis# the parameters returned
by the pion�hypothesis �t are used instead� We show that this peculiarity of the data skim
is not a problem for our analysis�
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Table ���� Results of the B mass likelihood �ts with the � di
erent �t functions�

B� B�

Data Monte Carlo Data Monte Carlo
Number of events ��� ����� ��� �����

�� Double Gaussian

M	B
 shift 	MeV"c�
 (���� (���� ����� (����
Snarrow ���� � ���� ����� � ����� ����� � ����� ������ � ������
Swide ���� � ���� ����� ���� ���	�xed
 ���	�xed

fwide ���� � ���� ����� � ����� ����� � ����� ����� � �����

�� Di
erent scale factors See and S��
M	B
 shift 	MeV"c�
 (���� ������� ��� ���
See ���� � ���� ������ � ������ ����� � ����� ������ � ������
S�� ���� � ���� ������ � ������ ����� � ����� ������ � ������

�� Di
erent scale factors SCLEOII and SCLEOII	V
M	B
 shift 	MeV"c�
 ������ ��� (���� ����
SCLEOII ���� � ���� ������ � ������ ����� � ����� ������ � ������
SCLEOII	V ���� � ���� ������ � ������ ����� � ����� ������ � ������
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Figure ���� Reconstructed momentum of the J�� daughter electrons 	left plot
 and muons
	right plot
 for the simulated B � J��K events�



�� Chapter �� Measurement of the B� and B� meson masses from B � ����K decays

The momentum spectrum of the reconstructed leptons from B � J��K� J�� �
���� decay chain is shown in Figure ���� In Figure ���� we show the momentum dependence
of the mean ionization energy loss for hadrons and muons� To obtain these energy loss
curves� we used Billoir �tter material transport routine to estimate the energy loss in the
detector material inside the main drift chamber 	radius$ �� cm
� For each momentum
value� we obtained the energy loss corrections by averaging the imaginary tracks over charge�
j cos �j 	from ���� to ���
� and �� From these plots we can see that the pion hypothesis �t
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Figure ����� Momentum dependence of the mean ionization energy loss for muons and
hadrons� Left plot is for CLEO II� right plot is for CLEO II�V�

will probably work well for muons� However� neither the pion nor the electron hypothesis �t
will properly account for the electron energy loss in material because electrons lose energy
mainly through bremsstrahlung� not through ionization�� Our only hope is that the ����

mass�constraint �t will cure all these problems��� And it does) We repeated the B mass
measurement with the data and the simulation� using lepton 	for Monte Carlo samples
only
� kaon� and proton Kalman �t hypotheses for lepton tracks� The resulting B mass
shifts are listed in Table ���� The B mass shifts resulting from substituting lepton for pion
hypotheses are only ���� MeV"c�� We neglected this systematic uncertainty�

E�ects of uncertain magnetic �eld scale and imperfect detector material
description on ���� four	momentum measurement

Is it possible to measure the correct B mass with the simulated event samples and
still get it wrong in the data� Sure� it is possible�

�The electron critical energy for� say� Beryllium is about ��� MeV
 for comparison� the pion or muon
critical energy for the same material is around � TeV�
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Table ���� Shifts of the measured B mass resulting from use of di
erent Kalman hypotheses
for lepton tracks� varying the measured lepton momenta� and varying the J�� and �	�S

mass values used in the mass�constraint �t�

B� B�

Data Monte Carlo Data Monte Carlo
Number of events ��� ����� ��� �����

shift in M	B�
 	MeV"c�
 shift in M	B�
 	MeV"c�


� for e and 	 � � � �
e for e� 	 for 	 Not available ������ Not available ������
K for e and 	 ������ ������ ������ ������
p for e and 	 ������ ������ ������ ������
� momentum (����� (����� (����� (�����
increased by ���&

MJ�� and M���S� (����� (����� (����� (�����

increased by �


�� The Monte Carlo simulation uses the same magnetic �eld value for generation and
reconstruction� This may not be the true for data�

�� To account for energy losses in the detector material� the Billoir track �tter uses the
same detector material description for the data and the simulation� Unfortunately�
Nature� as opposed to the simulation� does not use our GEANT�based description of
the CLEO detector to generate events�

The miscalculation of the absolute magnetic �eld scale and imperfect description
of the detector material will bias the lepton momentum measurement in the data compared
to the simulation� The ionization energy loss non�trivially depends on particle momentum�
Therefore� for example� even if the mean of the K�

S � ���� mass peak for inclusive K�
S �s

is exactly at the nominal value� we cannot conclude that the momentum measurement of
high�momentum leptons is unbiased�

Fortunately� the measurement of the relative position of the J�� mass peak in the
data with respect to the simulation allows a reliable evaluation of the possible bias in the
lepton momentum measurement� In Appendix B we showed that both J�� � 	�	� and
J�� � e�e� mass peaks in data are shifted by approximately (��� MeV"c� with respect
to the simulation� The (��� MeV"c� shift can be interpreted as an overestimation of the
magnetic �eld scale by �������� � � 	 ���	� As a check for a possible systematic bias� we
multiplied the measured momentum of each lepton by �(� 	���� 	this would result in a big
���� � ���� $ � MeV"c� shift of the J�� mass peak
# the observed shifts of the measured
B mass are very small both for the data and the simulation 	Table ���
� Again� the ����

mass�constraint �t saves the day� We did not assign any systematic uncertainty�
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Uncertainty in the J�� and ��	S� mass values used in the mass	constraint
�t

In the mass�constraint �t we used the PDG��� world average values MJ�� $
������� � ���� MeV"c� and M���S� $ ������� � ���� MeV"c� ����� We simultaneously
increased by �
 the J�� and �	�S
 mass values# the resulting shifts of the measured B�

and B� masses 	Table ���
 were assigned as systematic uncertainties�

Beating ���� � ���� against ���� � e�e�

We would like to disperse any remaining concerns that using the ���� � e�e�

mode with its nasty radiative tail might signi�cantly bias the B mass measurement�

� The �nal state radiation in the ���� � ���� decays is well understood theoretically
and is simulated by QQ event generator� GEANT ���� simulates bremsstrahlung in the
detector material�

� Figure B�� shows that J�� � ���� lineshapes in the data and the simulation agree
remarkably well�

� In Section ����� we showed that the B mass values measured in the samples of simu�
lated events are very close to the input values�

� As a check� in our sample of simulated B� � J��K�
S events we separated candidates

with J�� � e�e� from the candidates with J�� � 	�	� and measured B� mass for
each of the two subsamples� The results are listed in Table ����

Table ���� Results of the B� mass measurement for the sample of simulated B� � J��K�
S

events when we separate the candidates with J�� � 	�	� from the ones with J�� � e�e��

M	B�
�M input
B� 	MeV"c�


J�� � 	�	� and J�� � e�e� 	����� events
 ������ � �����

J�� � 	�	� 	����� events
 ������ � �����

J�� � e�e� 	����� events
 ������ � �����

� We accepted more of the radiative tail by extending the lower boundary of the nor�
malized J�� mass cut from �� to �� for both J�� � 	�	� and J�� � e�e�

	Figure ����
� In our sample of simulated B� � J��K�
S events the number of recon�

structed B� candidates increased by ���� 	from ����� to �����
� The measured B�

mass shifted by ������ MeV"c��

� Combining the following decay modes�

� B� � ����K��

� B� � ����K��� K�� � K�
S�

��

� B� � ����K�
S �

� B� � ����K��� K�� � K����
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we reconstructed ��� signal candidates in data� We fed those candidates into our B
mass �tter� allowing to �oat M	B�
� M	B�
 � M	B�
� and global scale factor S�
Then we separated the events with ���� � e�e� and ���� � 	�	� and repeated the
�ts �xingM	B�
�M	B�
� Note that we are interested only in the di
erence between
the B mass values measured with ee and 		 samples� The results are�

� MB	ee sample
�MB	ee( 		 sample
 $ ������ ���� MeV"c��

� MB			 sample
�MB	ee( 		 sample
 $ (����� ���� MeV"c��

� ���dof $

�	
�	��
�		�


�
(
	
�	��
�		�


��
�� $ �������

We conclude that we do not need to worry about di
erences in ���� reconstruction using
dielectron or dimuon channel� We did not assign any systematic uncertainty�

����� Systematic uncertainty associated K�
S four	momentummeasurement

Position of K�
S � ���� mass peak

Again� we are worried that the miscalculation of the absolute magnetic �eld scale
and imperfect description of the detector material will bias the K�

S four�momentum mea�
surement� The measured position of the K�

S mass peak allows a reliable evaluation of the
possible bias in the K�

S four�momentum measurement� We selected inclusive K�
S candidates

satisfying the same K�
S selection criteria as in the B� � ����K�

S analysis# the momenta of
the selected inclusive K�

S candidates were further restricted to be from ���� to ���� GeV"c�
which corresponds to the momentum range of the K�

S mesons from B� � J��K�
S decays

	Figure ����
� The K�
S mass distribution is shown in Figure ����� We �tted the distribution

B0→J/ψK0
S in data
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Figure ����� Left 	middle
 plot shows the momentum distribution for K�
S �s from B� �

J��K�
S decays in data 	signal Monte Carlo sample
� Right plot shows the momentum

distribution of the inclusive K�
S candidates selected in all CLEO II and CLEO II�V data for

our study of the K�
S reconstruction systematics�

in Figure ���� using double Gaussian to represent a signal shape and �th or �st order poly�
nomial as a background shape� As a check� we performed a single�Gaussian �t of the same
distribution restricting the �t only to the peak region 	�� MeV"c�
� We also performed
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Figure ����� K�
S candidates with momentum between ���� GeV"c and ���� GeV"c in all

CLEO II and CLEO II�V data�

the �ts dividing the sample according to K�
S momentum as well as the radius of the decay

vertex� The results are listed in Table ���� Dividing the sample according to the radius of
the decay vertex and weighting by the number of events in each sub�sample 	Table ���
� we
found RMS spread of the measured mean K�

S mass values to be �� keV"c��

Table ���� Shifts of the measured K�
S mass peak position from the nominal value for all the

K�
S candidates with momentum between ���� GeV"c and ���� GeV"c in all CLEO II and

CLEO II�V data�

K�
S �s Events M	����
�MK� 	keV"c�


used in peak P� bkg P� bkg �� MeV

ALL ������ � ��� ��� � ��� � (�� �
����� jP 	K�

S
j ����� GeV 	���&


����� jP 	K�
S
j ����� GeV ��& ���� � ��� � �� �

����� jP 	K�
S
j ����� GeV ��& ��� � (�� � �� �

decayed inside beam pipe ��& ���� � ���� � ���� ��
decayed in SVX or PTL ��& ���� � ���� � ��� ��
decayed in VD ��& (��� � (��� � (��� �
decayed in DR ��& ��� �� (�� �� ��� ��

E�ects of uncertain magnetic �eld scale and imperfect detector material
description on K�

S four	momentum measurement

The world average value of the K� mass is ������� � ����� MeV"c� ����� Let
us assume for a moment that the K� mass is perfectly known� In our study of the K�

S
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mass peak position 	Table ���
 we measured the mean reconstructed K� mass to be within
�� keV"c� of the world average value� However� we also observed a ��� keV"c� variation of
the measured mean K� mass depending on the radial position of the K�

S decay vertex� To
assign the systematic uncertainty� we conservatively took the K� mass shift to be �� keV"c��
However� the K� mass is known only with the precision of �� keV"c� ����� Adding in
quadrature �� and �� keV"c�� we obtain �� keV"c� � the variation of the measured mean
K�
S mass we will use to assign a systematic uncertainty� For the K�

S �s from B� � J��K�
S �

the �� keV"c� shift in the measured K�
S mass could result from either multiplying each

daughter pion�s measured momentum by � ( ��� 	 ���	 or by adding ��� keV"c to each
pion�s momentum� In either case� the resulting variation in the measured B� mass was ����
MeV"c� for the data and the simulation� This ���� MeV"c� variation could be represented
as ����
���� MeV"c�� where the ���� MeV"c� variation is due to the uncertainty in the
world average value of the K�

S mass� This ���� MeV"c� should be added linearly with the
���� MeV"c� uncertainty associated with the K�

S mass value used in the mass�constraint �t
	see below
�

Uncertainty in the K�
S mass value used in the mass	constraint �t

In the mass�constraint �t we used the PDG��� ���� world average value M	K�
 $
������� � ����� MeV"c�� We varied the K� mass used in the mass�constraint �t by �
#
the observed variation of the measured B� mass is ����� MeV"c� for the data and �����
MeV"c� for the simulation� We assigned ���� MeV"c� as a systematic uncertainty�

����� Systematic uncertainty associated with K� momentum measure	
ment

We need to �nd a way of probing a relative O	���	
 bias in the K� momentum
measurement� Comparing the momentum spectrum of the muons from inclusive J���s
	Figure B��
 with the spectrum of the kaons from B� � ����K� decays 	Figure ����
 and
looking at the ionization energy loss curves 	Figure ����
� we concluded that J�� � 	�	�

decays provide an excellent calibration sample for the study of the systematic uncertainty
associated with the K� momentum measurement� In Appendix B we determined that
the J�� � 	�	� mass peak appears to be shifted by (���� ��� MeV"c� in the data with
respect to the Monte Carlo simulation# this conclusion is also supported by the J�� �
e�e� data� This shift corresponds to systematic overestimating of the muon momenta
by �������� � � 	 ���	� We multiplied the measured K� momenta by 	� � � 	 ���	
# the
observed shift of the measured B� mass is ����� MeV"c� for data and ����� MeV"c� for the
simulation� We applied this ����� MeV"c� correction to our �nal result and assigned ���&
of the correction value as a systematic uncertainty� The kaons from B� � ����K� decay
typically lose around � MeV of energy before entering the main drift chamber 	Figure ����
�
Therefore variation of the K� momentum by � 	 ���	 corresponds to varying the energy
loss correction by about ��&�

The ionization energy loss by muons from inclusive J���s is not exactly the same
as for kaons from B� � ����K� decays� although typical discrepancy is less than �& of
the energy loss value 	see Figures ����� B��� and ����
� To account for systematics due to
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Figure ����� Momenta of the kaons from B� � ����K� decays for ��� signal candidates in
data� The left bump corresponds to B� � �	�S
K� events�

this di
erence� we measured the B� mass using pion Kalman hypothesis for kaon tracks�
The observed shift of the measured B� mass is (����� MeV"c� for the data and (�����
MeV"c� for the simulation� We assigned ���� MeV"c� as a systematic uncertainty�

������ High	j cos 
j K� tracks

We used inclusive J�� � 	�	� events to probe possible systematic bias in K�

momentum reconstruction� Because of acceptance of the muon chambers� the muons with
high j cos �j are underrepresented in comparison with the kaons from B� � ����K� decays
	Figure ����
� The tracks with low transverse momentum are more likely to be a
ected by
the magnetic �eld inhomogeneity� thus providing an additional source of systematic bias�
which will not be taken into account by studying J�� � 	�	� decays� Note� however�
that the reported uncertainty in M	����K�
 is large if j cos �j of the K� track is large
	Figure ����
� Therefore the B� � ����K� candidates with high�j cos �j K� tracks are
naturally given low weight in the B� mass measurement� If we exclude B� � ����K�

candidates withK� tracks having j cos �j � ���� then we lose �� out of ��� signal candidates
and the measured B� mass shifts by ����� MeV"c�� We also varied the measured K�

momentum by ���& for the K� tracks with j cos �j � ���# the resulting shift of the measured
B� mass is ���� MeV"c�� We assigned ���� MeV"c� as a systematic uncertainty�

������ E�ects of detector misalignment on kaon four	momentum mea	
surement

Because of detector misalignments� the measured curvature of a track can have an
o
set CUmeas	 $ CUtrue ( �� Due to this e
ect� a non�zero false curvature will be assigned
to an in�nite�momentum track� and measured momenta will be di
erent for positive and
negative tracks of the same true momenta� Also� there could be an azimuthal and polar�
angle�dependent bias in the momentum measurement� One can think of this bias as of false
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Tagged  J/ψ→μ+μ- in Monte Carlo
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Figure ����� The j cos �j distribution for muons from inclusive J�� � 	�	� decays 	left

and for kaons from B� � ����K� candidates 	right
�
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����K� candidates in data�
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curvature which depends on � and � of the track� In the limit of in�nite statistics� false
curvature e
ect will not cause a systematic bias in the B mass measurement� These biases
are studied in Appendix C with high�momentum muon tracks from e�e� � 	�	� events�

To correct the measured momenta of the kaons from B� � ����K� and charged
pions from B� � ����K�

S � K
�
S � ���� decays for the false curvature inferred from e�e� �

	�	� data� we used the following formula�

p�new $ p�old 	 	�� p�t�old �
�

p�t 	 CU		

�
� 	���


The correction has opposite signs for positive and negative tracks� The false curvature

divided by the average curvature of the muon tracks is calculated as � �
CU��� �$�

p�t �p
�

t

p�t �p
�

t

��

To obtain the value of � �
p�t �CU���

� from e�e� � 	�	� data� we �tted the distribution of

�
�p�t �p

�

t ���
	 �p

�
t �p

�

t �

�p�t �p
�

t �
# the results of the �ts are listed in the last column of Table C��� The

��� B� � ����K� candidates in data are divided as follows� ��� B� � J��K� vs ���
B� � J��K� and �� B� � �	�S
K� vs �� B� � �	�S
K� events� From Table C��� we
used �� 	 ���
 	GeV"c
�� as a representative value of � �

p�t �CU���
�� We then recalculated

the measured kaon momenta for B� � ����K� candidates in data using Equation ���� The
average transverse momentum of the kaons is about ��� GeV"c� therefore the false curvature
e
ect changes the measured K� momentum by ����� 	�� 	���
 $ ��� 	���	� The resulting
shifts of the measured B� and B� mass are listed in Table ����

Table ���� Shifts of the measured B masses resulting from varying the measured momenta
of K� and �� tracks according to the parametrization p�new $ p�old � 	�� C
� The form of
the correction coe�cient C for di
erent tests is given in the �rst column�

correction M	B�
 shift M	B�
 shift
coe�cient C 	MeV"c�
 	MeV"c�


False curvature correction
A� 	 p�t�old ���� ����

��dependent correction
A� 	 sin� 	 p�old ���� ����
A� 	 cos� 	 p�old ���� ����

��dependent correction
A� 	 cos � 	 p�old ���� ����

To estimate possible systematic bias due to � dependence of a track reconstruction�
we took an amplitude of the jp		�
j ( jp		�
j peak position variation to be ���� GeV"c
	Figure C��
 and varied the measured K� and �� momenta according to the following
formula�

p�new $ p�old 	 	��
p�old

��� GeV
	 ���� GeV

���� GeV
	 sin�
� 	���


We also replaced sin� by cos� in Equation ���� To estimate possible systematic bias due to
� dependence of a track reconstruction� we took an amplitude of the jp		�
j( jp		�
j peak
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position variation to be ����� GeV"c at cos � $ ���� 	Figure C��
 and varied the measured
K� momenta according to the following formula�

p�new $ p�old 	 	��
pK

�

old

��� GeV
	 ����� GeV

���� GeV
	 cos �
���


� 	���


The resulting shifts of the measured B� and B� mass are listed in Table ���� We assigned
the largest shift of the measured B mass as a systematic uncertainty�



Chapter �

Study of exclusive two�body B�

meson decays to charmonium

	�� Abstract

We present a study of three B� decay modes that should be useful for measurement
of time�dependent CP asymmetries� From a sample of ���� ��� BB meson pairs� we have
reconstructed the decays B� � J��K�

S � B
� � �c�K

�
S � and B� � J�� ��� The latter

two decay modes were observed for the �rst time� We describe a K�
S � ���� detection

technique and its application to the reconstruction of the decay B� � J��K�
S � Combining

the results obtained using K�
S � ���� and K�

S � ���� decays� we determine B	B� �
J��K�
 $ 	���� ���� ���
� ���	� where the �rst uncertainty is statistical and the second
one is systematic� We also obtain B	B� � �c�K

�
 $ 	�����	���	� � ���
 � ���	 and B	B� �
J�� ��
 $ 	�����	���	� � ���
 � ���
�

	�� Introduction

In this Chapter we present a study of the decays B� � J��K�
S � B

� � �c�K
�
S � and

B� � J�� ��� The latter two decay modes were observed for the �rst time� We describe
a K�

S � ���� detection technique and its application to the reconstruction of the decay
B� � J�� K�

S �

CP violation arises naturally in the Standard Model which has three quark gen�
erations ����# however� it still remains one of the least experimentally constrained sectors of
the Standard Model� Measurements of time�dependent rate asymmetries in the decays of
neutral B mesons will provide an important test of the Standard Model mechanism for CP
violation ���� ��� ���� The time�dependent asymmetry in neutral B decays into a �nal CP
eigenstate f is given by

af 	t
 $
��B�	t
�� ��B

�
	t
�

��B�	t
� ( ��B
�
	t
�

$ acosf cos	�mt
 ( asinf sin	�mt
 	���


���
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with

acosf $
�� j�j�
� ( j�j� � asinf $

��Im�
� ( j�j� � � $

q

p

Af

Af
� 	���


where Af $ hf jH ��B�


� Af $ hf jH

���B�
E
� and the coe�cients p and q 	p� ( q� $ �
 express

the mass eigenstates B��� through the �avor eigenstates jB���i $ p
��B�


� q
���B�

E
�

B� � J��K�
S and B� � �c�K

�
S

For the b� ccs transition that governs B � J��K decays� the penguin amplitude
	Figure ���
 is expected to be small� and the relative tree%penguin weak phase is guaranteed
to be small in the Standard Model 	Section ���
� A measurement of the CP asymmetry

b

c c

s (d)
W

b

g

u, c, t

W

s (d)

c

c

Figure ���� Standard Model tree and penguin diagrams for b� ccs and b� ccd transitions�

in B�	B
�

 � J��K�

S decays probes the relative weak phase between the B� � B
�
mixing

amplitude and the b� c+cs decay amplitude ���� ��� ��� ��� ��� ���� In the Standard Model
this measurement determines sin ��� where � � Arg 	�VcdV �

cb�VtdV
�
tb
�

acos�KS
$ �� asin�KS

$ � sin ��� 	���


where acos and asin are de�ned in Equations ��� and ���� The same argument holds for

B�	B
�

 � �c�K

�
S decays� Therefore a measurement of sin �� with this decay mode is as

theoretically clean as the one with B�	B
�

 � J��K�

S � The rate prediction and references
to the previous searches for B� � �c�K

�
S decay can be found in Section ������

B� � J�� ��

For the purposes of CP violation measurements� the B� � J�� �� decay is similar
to B� � D�D�� both decays are governed by the b � c+cd quark transition 	Figure ���
�
and both �nal states are CP eigenstates of the same CP sign� A search for the decay
B� � D�D� has been attempted at CLEO� but no statistically signi�cant signal has
been observed in the full CLEO II and CLEO II�V data set ����� The rate prediction and
references to the previous searches for the B� � J�� �� decay can be found in Section ������

We can write the amplitude of the b � ccd transition as a sum of tree 	Tc�cd

and penguin 	Pfu�c�tg
 contributions 	Figure ���
� A	c+cd
 $ VcbV

�
cd	Tc�cd ( Pc
 ( VubV

�
udPu (
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VtbV
�
tdPt� Using the constraint provided by the unitarity of the Cabibbo�Kobayashi�Maskawa

matrix� VcbV
�
cd(VubV

�
ud(VtbV

�
td $ �� we can recast the expression for the A	c+cd
 as A	c+cd
 $

VcbV
�
cd	Tc�cd ( Pc � Pu
 ( VtbV

�
td	Pt � Pu
� The relative weak phase between the two terms

is Arg 	VcbV
�
cd�VtbV

�
td
 $ � � ��

The penguin contribution to B� � J���� decay is possibly signi�cant� and the
relative weak phase between the tree and penguin amplitudes is big 	�
� Therefore the
expressions for the time�dependent CP asymmetry for J���� are more complicated than
for J��K�

S mode 	Equations ���
�

acos�
� $ �r sin� sin � (O	r�
� asin�
� $ (sin �� � �r cos � cos �� sin� (O	r�
� 	���


where acos and asin are de�ned in Equations ��� and ���� � is the strong phase di
erence
between penguin and tree amplitudes� and r $ AP �AT is the signed ratio of their magni�
tudes �����

If the penguin amplitude is negligible compared to the tree amplitude� then jrj $ �
and the Equations ��� yield acos�
� $ � and asin�
� $ (sin ��� Therefore the measurement

of the time�dependent CP asymmetry in B�	B
�

 � J���� decay allows a theoretically

clean extraction of sin ��� the relative phase between the B� � B
�
mixing amplitude and

the b � c+cd tree amplitude� In this case the B� � J���� mode could be added to
the �gold�plated� B� � J��K�

S mode to augment statistics in the sin �� measurement�
The asymmetries measured with J��K�

S and J���� modes should have exactly the same
absolute values but opposite signs� because CP 	K�

S
 � ( and CP 	��
 $ �� Therefore� a
comparison of the asymmetries measured with these two modes provides a useful check for
a charge�correlated systematic bias in B �avor tagging�

Another useful application of the B� � J���� decay arises if penguin and tree
amplitudes are comparable� Ciuchini et al� ���� estimated that the penguin to tree amplitude
ratio jrj could be as large as ��&� It might be possible to use the tree%penguin interference
in B� � J���� decays to measure the sign of sin�� thus removing one of the two discrete

ambiguities 	� � � ( �
 remaining after the sin�� measurement with B�	B
�

 � J��K�

S

decays ����� Comparing the asymmetries observed in B�	B
�

 � J��K�

S and B�	B
�

 �

J���� decays 	Equations ��� and ���
� we obtain

asin�KS
( asin�
� $ ��r cos � cos �� sin��

We can �x the sign of sin� if we know the signs of cos �� and r cos �� The sign of cos �� can
be determined using one of the methods described� for example� in ���� or ����� One has to
rely on models to predict the sign of 	r cos �
� For example� if the �nal state interactions
in B� � J���� decay are small� then � � � � cos � � � and sign	r cos �
 $ sign	r
�
It has been pointed out� however� that this method of resolving discrete ambiguities be�
comes unreliable in the presence of New Physics ���� ��� because the angle ��� measured

in B�	B
�

� J��K�

S may not be the same as the relative phase between penguin and tree
amplitudes in b� ccd transition�

The work presented in this Chapter would have been an input to CLEO�s own
measurement of sin ��� However� the sensitivity study described in Chapter � discouraged
this undertaking�
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	�� Analysis summary and results

We use ��� fb�� of e�e� data taken at the �	�S
 resonance and ��� fb�� taken
�� MeV below the �	�S
 resonance�


���� J�� selection

The normalized mass distributions for the J�� � ���� candidates are shown in
Figure ����� We require the normalized mass to be from ��� to (� for the J�� � e�e�

and from �� to (� for the J�� � 	�	� candidates� For each J�� candidate� we perform
a �t constraining its mass to the world average value�


���� � and �� selection

Photon candidates for �c� � J�� 
 and �� � 

 decays are required to have an
energy of at least �� MeV in the barrel region 	j cos �� j � ����
 and at least �� MeV in
the endcap region 	���� � j cos �� j � ����
� where �� is the angle between the beam axis
and the candidate photon� To select the �� candidates for B� � J�� �� reconstruction�
we require the normalized �� � 

 mass to be between �� and (� 	Appendix D
� The
average 

 invariant mass resolution for these �� candidates is � MeV�c�� We perform a �t
constraining the mass of each �� candidate to the world average value�


���� �c� selection

We reconstruct �c� in the �c� � J�� 
 decay mode� Most of the photons in
�	�S
 � BB events come from �� decays� We therefore do not use a photon if it can be
paired with another photon to produce a �� candidate with the normalized �� � 

 mass
between �� and (�� The resolution in the J�� 
 invariant mass is � MeV�c�� We select
the �c� candidates with the normalized �c� � J�� 
 mass between �� and (� and perform
a �t constraining the mass of each �c� candidate to the world average value�


���� K�
S � ���� selection

The K�
S � ���� candidates are selected from pairs of tracks forming well�

measured displaced vertices� The resolution in the ���� invariant mass is � MeV�c��
We select the K�

S � ���� candidates with the normalized K�
S � ���� mass between ��

and (� and perform a �t constraining the mass of each K�
S candidate to the world average

value�


���� K�
S � ���� reconstruction

In order to increase our B� � J��K�
S sample� we also reconstruct K�

S � ����

decays 	Appendix E
� The average �ight distance for the K�
S from B� � J�� K�

S decay is
� cm� We �nd the K�

S decay vertex using only the calorimeter information and the known
position of the e�e� interaction point� The K�

S �ight direction is calculated as the line
passing through the e�e� interaction point and the center of energy of the four photon
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showers in the calorimeter� The K�
S decay vertex is de�ned as the point along the K�

S

�ight direction for which the product f �M	
�
�
� � f �M	
�
	
� is maximal� In the above
expression�M	
�
�
 andM	
�
	
 are the diphoton invariant masses recalculated assuming a
particularK�

S decay point� and f	M
 is the �� mass lineshape obtained from the simulation
where we use the known K�

S decay vertex� This �� lineshape is asymmetric� with its low�
side tail arising from the energy leakage in the calorimeter� For simulated events� the K�

S

�ight distance is found without bias with a resolution of � cm� The uncertainty in the K�
S

decay vertex position arising from the K�
S direction approximation is much smaller than the

resolution of the �ight distance� We select the K�
S candidates by requiring the reconstructed

K�
S decay length to be in the range from ��� to (�� cm� After theK�

S decay vertex is found�
we select the K�

S � ���� candidates by requiring ��� � M	


 �M
� � �� MeV"c� for
both photon pairs� Then we perform a kinematic �t simultaneously constraining M	
�
�

and M	
�
	
 to the world average value of the �� mass� The resulting K�

S mass resolution
is �� MeV"c�� We select the K�

S � ���� candidates with the normalized K�
S � ���� mass

between �� and (� and perform a �t constraining the mass of each K�
S candidate to the

world average value� The K�
S � ���� detection e�ciency is determined from simulation�

The systematic uncertainty associated with this determination can be reliably estimated by
comparing the K�

S � ���� and K�
S � ���� yields for inclusive K�

S candidates in data and
in simulated events�


���
 B� selection

The B� candidates are selected by means of two observables� �E and M	B

	Section ���
� The average �E resolution for each decay mode is listed in Table ���� We use
the normalized �E for candidate selection and require j�Ej�
	�E
 � � for B� � J��K�

S

and B� � �c�K
�
S candidates with K�

S � ����� To account for a low�side �E tail arising
from the energy leakage in the calorimeter� we require �� � �E�
	�E
 � � for B� �
J��K�

S with K�
S � ���� and �� � �E�
	�E
 � � for B� � J�� �� candidates� The

second observable is the beam�constrained B mass� M	B
 �
q
E�
beam � p�	B
� where p	B


is the magnitude of the B� candidate momentum� The resolution in M	B
 is dominated
by the beam energy spread for all the decay modes under study and varies from ��� to ���
MeV"c� depending on the mode� We use the normalized M	B
 for candidate selection and
require jM	B
 �MB j�
	M
 � �� where MB is the nominal B� meson mass� The �E vs�
M	B
 distributions together with the projections on theM	B
 axis are shown in Figure ����
The number of B� candidates selected in each decay mode is listed in Table ���� More details
on the selection of the B� candidates can be found in Sections ������ ������ and ������


���� Backgrounds

Backgrounds can be divided into two categories� The �rst category is the back�
ground from those exclusive B decays that tend to produce a peak in the signal region of the
M	B
 distribution� We identify these exclusive B decays and estimate their contributions
to background using simulated events with the normalizations determined from the known
branching fractions or from our data� The second category is the combinatorial background
from BB and continuum non�BB events� To estimate the combinatorial background� we
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Figure ���� The �E vs� M	B
 distribution for 	a
 B� � J��K�
S with K�

S � ����� 	b

B� � J��K�

S with K�
S � ����� 	c
 B� � �c�K

�
S � and 	d
 B� � J�� �� candidates� The

signal candidates� selected using normalized �E and M	B
 variables� are shown by �lled
circles� Below each �E vs� M	B
 plot� we show the projection on the M	B
 axis with the
�E requirement applied� The shaded parts of the histograms represent the candidates that
pass the jM	B
�MB j�
	M
 � � requirement�
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Table ���� Number of signal candidates 	Nsignal
� estimated background 	Nbckgr
� average
�E resolution� product of secondary branching fractions 	Bs
� detection e�ciency� and
measured branching fraction� Line � contains the combined value of B	B� � J��K�
� lines
� and � contain the individual results for the two K�

S decay modes� For B� � J�� �� and
B� � J��K�

S with K�
S � ���� the �E distribution has a low�side tail due to the energy

leakage in the calorimeter� and the quoted e�ciency value includes the loss of e�ciency due
to Dalitz decay �� � e�e�
�

Decay Nsignal Nbckgr 
	�E
 Bs E�ciency Branching
mode 	MeV
 	&
 	&
 fraction 	����	

J��K� ��� � ��� � ���
K�
S � ���� ��� ���� ��� �� ���� � ���� ����� ��� ��� � ��� � ���

K�
S � ���� �� ���� ��� �� ���� � ���� ����� ��� �����	���	� � ���

�c�K
� � ���� ��� �� ���� � ���� ����� ��� �����	���	� � ���

J�� �� �� ���� ��� �� ���� � ��� ����� ��� ������	����	�� � ����

�t the M	B
 distribution in the region from ��� to ��� GeV"c�� As a consistency check�
we also estimate the combinatorial background using high�statistics samples of simulated
�	�S
 � BB and non�BB continuum events together with the data collected below the
BB production threshold� The total estimated backgrounds are listed in Table ���� Below
we describe the background estimation for each decay channel under study� More details
on the background estimation can be found in Sections ���� ���� and ����

Background for B� � J��K�
S with K�

S � ����� Only combinatorial background
contributes� with the total background estimated to be ������� events 	Sections �����%�����
�

Background for B� � J��K�
S with K�

S � ����� The combinatorial background
is estimated to be ��� � ��� events 	Sections �����%�����
� The other background source
is B � J��K�� with K� � K�� or K� � K�

S� with K�
S � ���� 	Section �����
� The

background from these decays is estimated to be ��� � ��� events�

Background for B� � �c�K
�
S� The combinatorial background is estimated to be

��� � ��� events 	Sections ����� and �����
� We estimate the B � J�� K�
S� background

from the samples of simulated events� with the normalizations obtained from the �ts to
the M	K�
 distributions for B� � J��K�

S�
� and B� � J��K��� candidates in data

	Section �����
� The background from B � J��K�
S� is estimated to be ���� � ���� events

and is dominated by B � J��K� decays with K� � K�
S�� We �nd no evidence for

B � �c�K production and estimate the background from B� � �c�K
�
S to be ���� � ����

events 	Section �����
�

Background for B� � J�� ��� The combinatorial background is estimated to be
�����	
��	� events 	Sections �����%�����
� The �E resolution is good enough to render negligible
the background from any of the Cabibbo�allowed B � J��K��	X
 decays� where at least a
kaon mass is missing from the energy sum� The background from B� � J��K�

S decays with
K�
S � ���� is estimated to be ��������� events 	Section �����
� We estimate the background

from B decays to the J�� ��� �nal state from the samples of simulated events� with the
normalizations obtained from the �ts to the M	��
 distributions for B� � J�� ����

and B� � J�� ���� candidates in data 	Sections ����� and �����
� The background from
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B � J�� ��� is estimated to be ������� events� and is dominated by B� � J�� �� decays�


���� Calculation of branching fractions

The statistical signi�cance of the signal in the B� � �c�K
�
S and B� � J�� ��

decay modes is discussed in Sections ������ and ������� We use the Feldman�Cousins
approach ���� to assign the ��& C�L� intervals for the signal mean for the three low�
statistics decay modes 	B� � �c�K

�
S � B

� � J�� ��� and B� � J��K�
S with K�

S �
����
� We assume B	�	�S
 � B�B

�

 $ B	�	�S
 � B�B�
 for all branching frac�

tions in this Chapter� We use the following branching fractions for the secondary de�
cays� B	J�� � ����
 $ 	����� � �����
& ����� B	�c� � J��

 $ 	���� � ���
& �����
B	K�

S � ����
 $ 	����� � ����
& ����� and B	K�
S � ����
 $ 	����� � ����
& ����� The

reconstruction e�ciencies are determined from simulation� The angular distribution as�
sumed in the simulation of the decay chain B� � �c�K

�
S with �c� � J��
 is discussed

in Section ������ The resulting branching fractions are listed in Table ���� Combining the
results for the two K�

S modes used in B� � J��K�
S reconstruction and taking into account

correlated systematic uncertainties� we obtain B	B� � J��K�
 $ 	���� ���� ���
� ���	�
This measurement of B	B� � J�� K�
 is consistent with and improves upon the previous
CLEO measurement ����# it is also consistent with the world average value ����� The mea�
surements of B	B� � J��K�
� B	B� � �c�K

�
� and B	B� � J�� ��
 presented in this
Chapter improve upon and supersede the previous CLEO results ���� ��� ���� A cross�check
for the B	B� � �c�K

�
 measurement is described in Section �������


���� Systematic uncertainties

The systematic uncertainties in the branching fraction measurements include con�
tributions from the uncertainty in the number of BB pairs 	�&
� tracking e�ciencies 	�&
per charged track
� photon detection e�ciency 	���&
� lepton detection e�ciency 	�& per
lepton
� K�

S � ���� �nding e�ciency 	�&
� K�
S � ���� �nding e�ciency 	�&
� back�

ground subtraction 	���� � ���&� see Table ���
� statistics of the simulated event samples
	��� � ���&
� and the uncertainties on the branching fractions of secondary decays 	see
Table ���
� More details on the systematic uncertainties can be found in Section ����


����� Conclusion

In summary� we have studied three B� decay modes useful for the measurement of
sin ��� We report the �rst observation and measure branching fractions of the B� � �c�K

�

and B� � J�� �� decays� We describe a K�
S � ���� detection technique and its application

to the reconstruction of the decay B� � J��K�
S � We measure the branching fraction for

B� � J�� K� decays with K�
S mesons reconstructed in both ���� and ���� decay modes�



��� Chapter �� Study of exclusive two�body B� meson decays to charmonium

	�� More details on the B�
� J��K�

S analysis


���� Selection of signal candidates

The K�
S � ���� reconstruction technique is described in Appendix E� Figure ���

shows the normalized M	B
 and �E distributions for the B� � J��K�
S � K

�
S � ����

candidates reconstructed from the sample of the simulated signal events� The distributions
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Figure ���� Normalized M	B
 	left
 and �E 	right
 distributions for B� � J��K�
S � K

�
S �

���� candidates reconstructed from the sample of the simulated signal events�

of the normalized �E vs� normalizedM	B
 for B� � J��K�
S candidates in data are shown

in Figure ���� ForK�
S � ���� we multiplied the reported �E uncertainties by a scale factor

of ��� to make the normalized �E distribution for the simulated signal events look more
like a unit Gaussian� The signal box is de�ned as jM	B
�MB j�
	M
 � � for both modes
and �� � �E�
	�E
 � � 	j�Ej�
	�E
 � �
 for K�

S � ���� 	K�
S � ����
� There are ��

	���
 candidates in the signal box for K�
S � ���� 	K�

S � ����
 mode� All B� � J��K�
S

signal candidates come from di
erent events� even though we did not attempt to select a
single candidate in a given event� The distribution of the found K�

S �ight distances for ��
B� � J��K�

S � K
�
S � ���� candidates is shown in Figure ���� Figure ��� shows an event

display for one of the B� � J��K�
S � J�� � 	�	�� K�

S � ���� candidates�


���� Summary of background estimation

B� � J��K�
S� K�

S � ����

In data we selected �� B� � J��K�
S � K

�
S � ���� candidates� The total back�

ground is estimated to be ��� � ��� events�



Chapter �� Study of exclusive two�body B� meson decays to charmonium ���
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Figure ���� Normalized �E vs� normalized M	B
 for B� � J��K�
S candidates in data�

Left plot represents the candidates with K�
S � ����� whereas right plot is for K�

S � �����
There are �� 	���
 candidates in the signal box for the K�

S � ���� 	K�
S � ����
 mode�
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S � ���� candidates in data�
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RoarXD
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Figure ���� One of the B� � J��K�
S � J�� � 	�	�� K�

S � ���� events reconstructed from
data� The four showers at � o�clock come from K�

S � The K�
S direction of �ight is almost

perpendicular to the beam direction# we found the radius of K�
S decay vertex to be �� cm�

which corresponds to the �th layer of the main drift chamber 	DR
�
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� Using o
��	�S
 data together with the samples of simulated generic continuum and
BB events� we estimated the total background to be ���� ��� events�

� From �ts to M	B
 distribution� we estimated the combinatorial background to be
��� � ��� events�

� The events from the following two decay chainsB � J��	K��
�� andB � J��	K�
S�


��
K�
S � ���� produce a broad peak in the signal region of the M	B
 distribution� The

contribution from these decays can be reliably estimated from the Monte Carlo sim�
ulation� as the branching fraction B	B � J��K�
 is well measured� The background
from these two decay chains is estimated to be ���� � ���� events�

� Adding background from B � J��	K��
� and B � J��	K�
S�


�� K�
S � ���� to the

combinatorial background estimated from �ts to M	B
 distribution� we obtain the
total background of ���� ����

B� � J��K�
S� K�

S � ����

In data we selected ��� B� � J��K�
S � K

�
S � ���� candidates� The total back�

ground for this mode is estimated to be ���� ��� events�

� Using o
��	�S
 data together with the simulated generic continuum and BB events�
we estimated the total background to be ��� � ��� events�

� The resolution in �E for this mode is good enough to render negligible the background
from J�� K�

S combinations originating from the same B meson� for example� B �
J��	K�

S�

�� Therefore all backgrounds can be considered as combinatorial� From �ts

to beam constrained mass distribution� we estimated the background to be ��� � ���
events�


���� Continuum background estimation from Monte Carlo simulation
and o�	���S� data

Continuum background was estimated from o
��	�S
 data and �� times the on�
�	�S
 data� sample of simulated generic continuum events� In our analysis the background
from continuum events is strongly suppressed by J�� selection requirements 	Figure ����
�
There are very few real J���s produced in the continuum and virtually all of them have a
momentum greater than � GeV"c� which is the upper kinematic limit for a J�� produced
in a B decay� To get more statistics for continuum background evaluation� we relaxed
the J�� � ���� mass cut and required the absolute value of the normalized J�� mass
to be less than �� both for J�� � e�e� and for J�� � 	�	� modes 	Figure ����
�
Combining o
��	�S
 data and the simulated continuum event sample� we estimated the
continuum background to be ������	����	�
 events for K�

S � ���� mode and ������	����	�	 events for
K�
S � ���� mode�

�The B � J���K��	� notation stands for the decay chain B � J��K� with K� � K��
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���� BB background estimation from Monte Carlo simulation

To study the background from generic BB decays� we used a high�statistics sample
of simulated BB events corresponding to ��� times the data�� The distributions of the
normalized �E vs� normalized M	B
 for B� � J��K�

S candidates reconstructed from this
Monte Carlo sample are shown in Figure ���� We estimated the BB background to be
���� ��� events for B� � J��K�

S � K
�
S � ���� and ������	����	�� events for K�

S � �����
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Figure ���� B� � J��K�
S background from generic BB decays� Left plot represents the

candidates with K�
S � ����� whereas right plot is for K�

S � ����� The plot was ob�
tained using ��� times the data� sample of simulated generic BB events� There are �� 	�

candidates in the signal box for the K�

S � ���� 	K�
S � ����
 mode�


���� Consistency checks for background estimation procedure

We estimated the background from BB and continuum Monte Carlo samples to�
gether with o
��	�S
 data� We veri�ed the quality of our background estimation procedure
by predicting the number of events in � control regions of the �E vs� M	B
 plots shown
in Figure ���� The � control regions are de�ned as follows 	signal box is excluded from all
� regions
�

�� Region �� j�Ej�
	�E
 � ��� ��� � �M	B
�MB ��
	M
 � (�

�� Region �� j�Ej�
	�E
 � ��� ��� � �M	B
�MB ��
	M
 � ��

�� Region �� j�Ej�
	�E
 � ��� �� � �M	B
�MB��
	M
 � (��

The results for are listed in Table ���� The agreement is satisfactory everywhere� except for
the region below the signal box for K�

S � ���� 	Region �
� The discrepancy most likely
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arises because the multi�body B � J��Kn� decays in QQ do not respect isospin symmetry�
with the bias towards producing more neutral pions than is justi�ed by isospin� For example�
B	B � J��K��
 $ B	B � J��K��
 is assumed� whereas B	B � J��K��
 $ � 	
B	B � J��K��
 is expected from isospin symmetry� This feature of QQ may lead to a
slight overestimation of the combinatorial BB background� Note that the combinatorial
background will be estimated from a �t to M	B
 distribution in data�

Table ���� Quality control of the background estimation procedure for B� � J��K�
S � We

predict and compare with data the number of events in � control regions of the �E vs�
M	B
 plots shown in Figure ����

Source Region � Region � Region �

B� � J��K�
S � K

�
S � ����

Continuum ���� � ��� ����� ��� ���� ���
BB ����� � ��� ����� � ��� ���� � ���
B� � J��K�

S � K
�
S � ���� ���� ��� ��� � ��� ���� ���

Total predicted Npred ���� � ��� � � ��� �

Observed Nobs ��� ��� ��

Nobs�Npred � � 	���� �
& 	��� �
& 	���� ��
&

B� � J��K�
S � K

�
S � ����

Continuum ���� ��� ��� � ��� ���� ���
BB ���� � ��� ����� ��� ���� � ���
B� � J��K�

S � K
�
S � ���� ���� ��� ��� � ��� ���� ���

Total predicted Npred �� � � ��� � ��� �

Observed Nobs �� �� ��

Nobs�Npred � � 	���� ��
& 	���� ��
& 	���� ��
&


���
 Combinatorial background estimation from �ts to M�B� distribu	
tion

Figure ��� shows �ts to M	B
 distributions for B� � J��K�
S candidates in data�

The �E requirements have been applied to obtain these M	B
 distributions� Signal is
�t with a Gaussian shape determined from simulation� In Figure ��� the background is
�t with the ARGUS shape ���� f	x
 
 x 	 p�� x� 	 e
���x��� where x $ M	B
�Ebeam#
the parameter � is �xed to the value extracted from a �t to the combinatorial background
histograms obtained from a sample of simulated BB and continuum events as well as the
o
��	�S
 data�

We also �tted the background using ��at with roll�o
� function ����

f	M	B

 
 �� M	B
 � M� 	���


f	M	B

 

s
��

�
M	B
�M�

Ebeam �M�

��
� M	B
 � M��

where we �x M� $ ���� GeV"c��
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Figure ���� Fits to M	B
 distribution for B� � J��K�
S candidates in data� Left 	right


plot is for K�
S � ���� 	K�

S � ����
� We �t the background with the ARGUS function#
the background shape is �xed from a �t to a sample of simulated BB and continuum events
as well as the o
��	�S
 data�
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The background for B� � J��K�
S � K

�
S � ���� obtained from the �t to the

ARGUS shape is ������	����	�	 events� If we use ��at with roll�o
� shape� then the background
is ������	����	�� events� We take ��� � ��� events as our estimate of combinatorial background
for B� � J��K�

S � K
�
S � �����

The background for B� � J��K�
S � K

�
S � ���� obtained from the �t to the

ARGUS shape is ������	�	��	�� events� If we use a ��at with roll�o
� shape� then the background
is ������	����	�� events� We take ���� ��� events as our background estimate for B� � J��K�

S �
K�
S � �����


���� Background from B � J���K���� and B � J���K�
S��

�� K�
S � ����

We can consider all the backgrounds for the B� � J��K�
S � K

�
S � ���� mode

to be combinatorial because the excellent �E resolution renders negligible the background
from J�� K�

S combinations originating from the sameB meson� for example� B � J��	K�
S�


��

The �E resolution for B� � J��K�
S � K

�
S � ���� mode is not so good� and

according to simulation about half of the BB background comes from these two decay
chains� B � J��	K��
� and B � J��	K�

S�

�� K�

S � ����� The events from these decays
produce a broad peak in the signal region of the M	B
 distribution� We therefore should
add these backgrounds to the background value obtained from a �t to M	B
 distribution�
The contribution from these decays can be reliably estimated from the simulation� as the
B	B � J��K�
 is measured� The background from these two decay chains is estimated to
be ���� � ���� events�


���� Check for background from uncorrelated J�� K�
S combinations

If the J�� and K�
S candidates are not correlated 	for example� they come from

di
erent B mesons
� then this background should not care about reversing the J�� momen�
tum direction� If we reverse the J�� momentum direction� we observe no candidates in the
signal boxes for either K�

S decay mode�

	�� More details on the �rst observation of the decay B�
�

�c�K
�
S


���� Rate prediction and previous searches

The �rst evidence for B� � �c�K
� decay came from the ARGUS ����# later this

decay was observed with certainty at CLEO ����� The latest study of B � �c�K decays is
presented in ����� With � fb�� of �	�S
 data� CLEO observed �� B� � �c�K

� candidates
with ��� events background and measured B	B� � �c�K

�
 $ 	���� ���� ���
� ���	 �����
No B� � �c�K

�
S candidates were observed in that search and a ��& C�L� upper limit

B	B� � �c�K
�
 � �� ���	 was obtained �����
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���� Selection of signal candidates

We reconstruct �c� in the �c� � J�� 
 decay mode� A photon from �c� � J��

has an energy between ��� and ��� MeV 	Figure ����
� Most of the photons in B meson
decays come from ���s� We therefore do not use a photon if it can be paired with another
photon to produce an invariant mass in the �� region 	�� � 	M	


 �M
�
�
	M
 � �
�
Figure ��� shows the �� candidates whose photon daughters we veto� The �c� normalized
mass distribution for the simulated signal events is shown in Figure ����� The distribution
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Figure ���� Normalized �� � 

 mass for
the �� candidates we veto in our photon
selection� The energy of one of the daugh�
ter photons is required to be between ���
and ��� MeV� Vertical lines show the veto
region�
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Figure ����� Normalized �c� mass for
tagged �c� candidates in a sample of sim�
ulated B� � �c�K

�
S events� Vertical lines

show the chosen signal region�

of the normalized �E vs� normalized M	B
 for B� � �c�K
�
S candidates is shown in

Figure ����� We multiplied the reported �E uncertainties by a scale factor of ��� to make
the normalized �E distribution look more like a unit Gaussian for the simulated signal
events� The signal box is de�ned as jM	B
�MB j�
	M
 � � and j�Ej�
	�E
 � �� There
are � B� � �c�K

�
S candidates in the signal box� All signal candidates come from di
erent

events� even though we did not attempt to select a single candidate in a given event�


���� Summary of background estimation

Backgrounds can be divided into the following categories�

�� Background from B � J��	K�
S�


���� � We estimated these backgrounds using high�
statistics Monte Carlo samples normalized in the �t to M	K�
 distribution for B �
J��K� candidates in data� The total B � J��	K�

S�

��� background is estimated to

be ���� � ���� events�
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Figure ����� The distribution of normalized �E vs� normalized M	B
 for B� � �c�K
�
S

candidates in data� There are � candidates in the signal box�

�� Background from B� � �c�K
�
S� �We estimated this background using high�statistics

Monte Carlo sample normalized in the �t to M	J��

 distribution for B � J��
K
candidates in data� We have not seen any evidence for B � �c�K decays� The
background from B� � �c�K

�
S is estimated to be ���� � ���� events�

�� Combinatorial background from continuum and BB events� �

� From a �t to theM	B
 distribution� we estimated this background to be �������
events�

� Using o
��	�S
 data together with a sample of simulated generic continuum and
BB events� we estimated this background to be ��� � ��� events�

We estimate the combinatorial background to be ���� ��� events�

The total background is estimated to be 	��� � ���
�combinatorial� ( 	���� �
����
�B � J��	K�

S�

���� ( 	���� � ����
�B� � �c�K

�
S � $ ���� ��� events�


���� Background from B � J���K�
S��

���

The most serious background comes from B � J��K�� K� � K�
S� decays be�

cause the J��K�
S combinations with random photons tend to concentrate around the signal

region of M	B
 distribution 	Figure ����
� We estimated these backgrounds as well as the
backgrounds from other B � J��K�

S� �nal states� using simulated event samples normal�
ized to data� The branching fraction B	B � J��K�
 is well measured# however� there
are also other B decays to J��K�

S� �nal state which must be taken into account in this
background study� We therefore studied B � J��K� decays in data� We reconstructed
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Figure ����� The distributions of normalized �E vs� normalizedM	B
 for B � J��	K�
S�


�

decays reconstructed as B� � �c�K
�
S � Left plot is for K�� � K�

S�
�� right one is for

K�� � K�
S�

��

B� � J��K��� and B� � J��K�
S�

� candidates� requiring the normalized M	B
 and
�E to be between �� and (�� We selected a single B � J��K� candidate per event based
on the �� composed of M	B
 and �E variables� Figure ���� shows the M	K�
 distribution
for B� � J��K��� and B� � J��K�

S�
� candidates reconstructed from data� As noted

in ����� the M	K�
 distribution cannot be described just by K� and phase space contribu�
tions� The accumulation of events in the region ��� � M	K�
 � ��� GeV"c� most likely
comes from several higher K�

J resonances� The cosine of the K� helicity angle distribution
for the candidates with ���� � M	K�
 � ���� GeV"c� is consistent with being �at�

In this background study we make an approximation that there are two contribu�
tions to B � J��K� decays� B � J��K�	���
 and isotropic B � J��K� phase�space
decays withM	K�
 mass truncated to be between ���� and ���� GeV"c�� We �t theM	K�

distributions in Figure ���� with two histograms� K� lineshape obtained from a sample of
simulatedB � J��K� events and a truncatedK� mass distribution 	���� � M	K�
 � ����
GeV"c�
 obtained from a sample of simulated B � J��K�� events�

We estimated the background from B � J��K�
S� decays with simulated events�

using the normalizations from the �ts to data� We checked that the branching fractions
B	B � J��K�
 we obtain from the �ts are consistent with the PDG ���� values� The
background from B � J��K�� K� � K�

S� decays is estimated to be ��������� events� with
almost equal contributions from K�� � K�

S�
� and K�� � K�

S�
� modes� The background

from other B � J��K�
S� decays is estimated to be ���� � ���� events

The total B � J��	K�
S�


��� background is estimated to be ���� � ���� events�
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B0→J/ψK+π- in data
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Figure ����� Invariant mass ofK�� system for B� � J��K��� 	left
 and B� � J��K�
S�

�

	right
 candidates in data� ProminentK� peaks are seen in both distributions� Backgrounds
were not subtracted and no e�ciency correction was done�


���� Background from B� � �c�K
�
S

The decay B � �c�K has not been observed# in fact� there is still no evidence for
�c� production in B decays 	Chapter �
� The �nal states �c�K

�
S and�c�K

�
S have opposite

signs of CP � therefore it is important to distinguish B� � �c���K
�
S decays in CP violation

measurements�

According to the Monte Carlo simulation� the e�ciency of B� � �c�K
�
S � �c� �

J��
 to be reconstructed as B� � �c�K
�
S is a factor of �� lower than the e�ciency of

B� � �c�K
�
S reconstruction� We compared the B � �c���K yields in data� combining

B� � �cK
� and B� � �cK

�
S modes� Figure ���� shows M	J��

 distribution B �

J��
K candidates reconstructed from data and from a sample of simulated B� � �c���K
�
S

events� We �t the M	J��

 distribution with the �c� and �c� lineshapes obtained from
simulation and a straight line to approximate background� From this �t we extracted the
ratio of the B � �c�K to B � �c�K yields to be ����� � ������ The background from
B� � �c�K

�
S is therefore estimated to be ���� � ���� events�


���
 Combinatorial background estimation fromMonte Carlo simulation
and o�	���S� data

Background from continuum events

Continuum background was estimated from o
��	�S
 data and �� times the on�
�	�S
 data� sample of simulated generic continuum events� To get more statistics for
continuum background evaluation� we relaxed the J�� � ���� mass cut and required the
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B→J/ψγK in data
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Figure ����� Invariant mass of the J��
 system for B � J��
K candidates� We used
both K� and K�

S � Left plot is for data� right plot was obtained from a sample of simulated
B� � �c���K

�
S events� The �c� peak is apparent in data� while no evidence for �c� is seen�

absolute value of the normalized J�� mass to be less than �� both for J�� � e�e� and for
J�� � 	�	� modes� The continuum background is estimated to be ������	����	�� events�

Combinatorial background from BB events

The backgrounds from B � J��	K�
S�


��� and B� � �c�K
�
S decays were discussed

above# we therefore excluded these decays from our samples of simulated BB events� To
study the background from generic BB decays� we used ��� times the data� sample of
simulated generic BB events� The distribution of the normalized �E vs� normalizedM	B

for B� � �c�K

�
S candidates reconstructed from a sample of generic BB events is shown in

Figure ����� The BB combinatorial background is estimated to be ������	����	�
 events�


���� Consistency check for background estimation procedure

Combinatorial background estimation from the Monte Carlo simulation depends
on QQ physics model� We therefore performed a consistency check by predicting the number
of events in � control regions of the �E vs� M	B
 plot shown in Figure ����� The � control
regions are de�ned in Section ������ The results are listed in Table ���� There is a good
agreement between data and our prediction from the Monte Carlo simulation�
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Figure ����� Combinatorial background from BB decays for B� � �c�K
�
S � The plot was

obtained from a sample of simulated generic BB events with ��� times the data� statistics�
We excluded the following decay chains� B� � �c�K

�
S � B � �c�X� and B � J��	K�

S�

����

There are � events in the signal box�

Table ���� Quality control of the background estimation procedure� We predict and compare
with data the number of events in � control regions of the �E vs� M	B
 plots shown in
Figure �����

Source Region � Region � Region �

Continuum ��� � ��� ���� ��� ���� ���

B � J��	K�
S�


��� ��� � ��� ���� ��� ���� ���
B� � �c�K

�
S ��� � ��� ���� ��� ���� ���

B� � �c�K
�
S ��� � ��� ���� ��� ���� ���

the rest of BB ���� � ��� ���� ��� ���� ���

Total predicted Npred ���� � ��� ���� � ��� ���� ���

Observed Nobs �� �� �
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���� Combinatorial background estimation from �ts to M�B� distribu	
tion

In this section we �t M	B
 distribution to estimate combinatorial background�
Figure ���� shows �ts to M	B
 distributions for B� � �c�K

�
S candidates in data� The �E

requirements have been applied to obtain these M	B
 distributions� Signal is �t with a
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NORM  0.16546 ±  4.9598E-02 -  4.4811E-02 +  5.4611E-02
ROLL-OFF∗   5.2700 ±  0.0000E+00 -  0.0000E+00 +  0.0000E+00

Figure ����� Fits to M	B
 distribution for B� � �c�K
�
S candidates in data� In the left plot

we �t the background with the ARGUS function# the background shape is �xed from a �t
to simulated BB and continuum events as well as o
��	�S
 data� In the right plot we use
��at with roll�o
� shape for background�

Gaussian shape determined from simulation�
In Figure ����	left
 the background is �t with the ARGUS shape f	x
 
 x	p�� x�	

e
���x
��� where x $ M	B
�Ebeam# the parameter � is �xed to the value extracted from a �t

to the combinatorial background histograms obtained from samples of simulated BB and
continuum events and o
��	�S
 data� The background under the peak is ������	����	�� events�
In Figure ����	right
 the background is �t using a ��at with roll�o
� function described in
Section ������ The background under the peak is ������	����	�
 events� We take ���� ��� events
as our estimation of the combinatorial background�


���� Reconstruction e�ciency

In B� � �c�K
�
S decay� the �c� is produced in a helicity�� state� We calculated the

angular distribution for the �c� � J��
 decay using the note by Rob Kutschke ����� We
de�ne � to be the angle between the photon direction in the �c� frame and the �c� direction



Chapter �� Study of exclusive two�body B� meson decays to charmonium ���

in the B frame� if � $ �� then the photon has the maximal possible energy� Because the
photon is always transversely polarized� there are � allowed helicity amplitudes A
���
����
A��� A����� A��� and A���� For example� A�� describes the con�guration� in which both
J�� and 
 are transversely polarized� and their spins point in opposite directions� Out
of the � allowed amplitudes� only � are independent because of the parity conservation in
the radiative �c� � J��
 transition� A�� $ �A���� and A�� $ �A���� The angular
distribution is described by I	�
 
 � cos� � 	 jA��j� ( sin� � 	 jA��j�� The amplitudes A��

and A�� may be expressed as linear combinations of the multipole transition amplitudes
a� and a� which correspond to electric dipole 	E�
 and magnetic quadrupole 	M�
 tran�
sitions ���� ���� Note that the authors of ���� ��� use a di
erent notation for the helicity
amplitudes Aj
���
���j# the correspondence with our notation is A� $ A�� and A� $ A���
Theoretically� the E� transition is expected to dominate� a� �� a�� Indeed� the decay
�c� � J��
 has been found to be an essentially pure E� transition� Adopting the con�
ventions a� � � and ja�j� ( ja�j� $ �� Crystal Ball has measured a� $ �	�������	�����	���
 ����
and the R��� Collaboration has measured a� $ ����� � ���� ����� In addition� using the
relation a�	�c�
�a�	�c�
 $ ��

p
� derived in ����� a value of a�	�c�
 $ ����� � ���� can be

inferred from the measurement of a�	�c�
 amplitude performed by E��� Collaboration �����
For pure E� transition jA��j $ jA��j� Figure ���� shows the photon energy distri�

butions for � di
erent ratios of the helicity amplitudes� Figure ���� shows the distributions
of the measured photon energy for the fully reconstructed B � �c�K candidates in data
and in a sample of simulated signal events�
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Figure ����� Laboratory frame energy of the photon from B � �c�K� �c� � J��
 decays�
Three plots correspond to di
erent values of the � independent helicity amplitudes in �c� �
J��
 decay� A�� $ � 	left
� A�� $ � 	middle
� and jA��j $ jA��j 	right
� The con�guration
jA��j $ jA��j corresponds to pure electric dipole 	E�
 transition� The generator�level
information is shown�

The reconstruction e�ciencies were determined from the Monte Carlo simulation�
Assuming jA��j $ jA��j 	Figure �����right
� we obtained the reconstruction e�ciency of
	����� � ����
&# this value does not include daughter branching fractions� If jA��j $ �
	Figure �����left
 is assumed� then the resulting relative change in e�ciency is 	��������
&�
The corresponding change for jA��j $ � 	Figure �����center
 is 	���� � ���
&� We did not
assign any systematic uncertainty�
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B→χc1K candidates in data
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Figure ����� Measured energy of the photon for the fully reconstructed B � �c�K� �c� �
J��
 candidates� The �� veto has been applied� Left plot is for data# the solid line
represents a sum of �� B� � �c�K

� and � B� � �c�K
�
S candidates� whereas the dashed

line shows the contribution from B� � �c�K
�
S � Right plot was obtained from a sample of

B� � �c�K
�
S events simulated with jA��j $ jA��j 	see Figure �����right
�


����� Statistical signi�cance of the signal

We observed � B� � �c�K
�
S candidates with the estimated background of �������

events� The Poisson probability of �nding � or more events when ��� is expected is ������#
the corresponding probability of �nding � or more events when ���(��� $ ��� are expected
is � � ����� The Poisson probability of the background �uctuation to � or more events is
smaller than ����& when the expected background mean is less than ��� events� The ��&
C�L� interval for the signal mean ���� is �����	���	� events�


����� Consistency checks for B�B� � �c�K
�� measurement

The central value of the measured branching fraction B	B� � �c�K
�
 $ 	�����	���	��

���
� ���	 looks a little low compared to B	B� � �c�K
�
 $ 	���� ���� ���
� ���	 �����

We performed several consistency checks to make sure that we did not make a mistake�

� Reconstruction of B� � J��K�
S � � The J�� andK�

S selection criteria in this analysis
are the same as in B� � J��K�

S analysis� We once again veri�ed it by reconstructing
B� � J��K�

S candidates in data� We observed ��� B� � J��K�
S candidates �

exactly the number expected�

� Reconstruction of B� � �c�K
�� � Using the same �c� cuts as in B

� � �c�K
�
S analy�

sis� we reconstructed B� � �c�K
� decay mode� Figure ���� shows B� � �c�K

� sig�
nal in data� We observed �� B� � �c�K

� signal candidates� The reconstruction e��
ciency� determined from the Monte Carlo simulation� is 	��������
&� Neglecting back�
grounds� we obtained a branching fraction B	B� � �c�K

�
 $ 	��������stat�
����	�
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which is in good agreement with the value B	B� � �c�K
�
 $ 	�����������
����	

from �����

We conclude that �uctuations happen�
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Figure ����� The distribution of normalized �E vs� normalized M	B
 for B� � �c�K
�

candidates in data# there are �� candidates in the signal box�

	�	 More details on the �rst observation of the decay B�
�

J����


�
�� Rate prediction and previous searches

The isospin counterpart B� � J���� decay was observed by CLEO ���� ��� and
later con�rmed by CDF ����� The branching fraction is B	B� � J����
 $ 	��� � ���
 �
���
 ����� We expect �	B� � J����
 $ ��� 	�	B� � J����
 because �� $ 	uu�dd
�p��
whereas only dd pairs are produced in the decay bd� ccdd� A single B� � J���� candidate
was observed in the previous CLEO search ���� and a ��& C�L� upper limit of ��� � ���


was obtained for B	B� � J����
�


�
�� Selection of signal candidates

A study of high�momentum ���s used for B� � J���� reconstruction is presented
in Appendix D� Figure ���� shows normalizedM	B
 and �E distributions for B� � J����

candidates reconstructed from a sample of simulated signal events� To select B� � J����

candidates we required the normalizedM	B
 to be between �� and (� and normalized �E
to be between�� and (�� The asymmetric cut on �E was motivated by the desire to include
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some of the low�side tail 	Figure �����right
� while still not letting in too much background
from B� � J��K�

S � K
�
S � ���� and B� � J���� decays 	see Figures ���� and ����
�

Figure ���� shows B� � J���� signal in data� We observe �� B� � J���� signal candi�

B0→J/ψπ0 Monte Carlo

0

200

400

600

800

1000

1200

1400

1600

1800

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6

(Mbc-MB)/σ(Mbc)

C
an

di
da

te
s/

0.
2

B0→J/ψπ0 Monte Carlo

0

200

400

600

800

1000

1200

1400

1600

1800

2000

-10 -8 -6 -4 -2 0 2 4

  180.4    /    30
Constant   1605.
Mean  0.1249E-01
Sigma  0.9835

ΔE/σ(ΔE)

C
an

di
da

te
s/

0.
2

Figure ����� Normalized M	B
 	left
 and normalized �E 	right
 distributions for B� �
J���� candidates in a sample of simulated signal events� Vertical lines depict the chosen
signal regions�

dates� All the B� � J���� signal candidates come from di
erent events� even though we
did not attempt to select a single candidate in a given event�


�
�� Summary of background estimation

Let us �rst consider which B � J��X decays are most likely to fake B� � J�����
The �E resolution is good enough to render negligible the background from any of the
Cabibbo�allowed B � J��K��X decays� where at least a kaon mass is missing from the
energy sum� Not a single signal candidate was observed in a ��� times the data� sample of
simulated B � J��K�� K� � K�� events� Of all the Cabibbo�allowed decays� the most
serious background process is B� � J��K�

S � K
�
S � ����� for which the �E peak is shifted

by at least a �� mass 	Figure ����
� Of the Cabibbo�suppressed decays� the most serious
background process is B� � J����# again� however� the �E peak is shifted by at least a
�� mass 	Figure ����
�

Backgrounds can be divided into the following categories�

�� Background from B� � J��K�
S � K

�
S � ����� � The B� � J��K�

S branching
fraction is well measured� Using a high�statistics sample of simulated B� � J��K�

S �
K�
S � ���� events� we estimated this background to be ���� � ���� events�

�� Background from B� � J����� � This decay has yet to be observed� therefore we
rely on our own data to estimate the rate for this decay� We estimate the background
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Figure ����� The distribution of normalized �E vs� normalized M	B
 for B� � J����

candidates in data# there are �� candidates in the signal box�

from B� � J���� to be ���� � ���� � ���� events� where �rst quoted error comes
from the uncertainty in B	B� � J����
 and the second one is from the uncertainty
in �� polarization�

�� Background from non�resonant B � J����� decays� � In addition to the background
from B� � J����� we estimated background from non�resonant B� � J������ and
B� � J������ decays� We assumed that the decays B � J���� are isotropic and
uniformly distributed across Dalitz plot� We used data to estimate the decay rates�
We estimate the background from B� � J������ 	B� � J������
 decays to be
���� � ���� 	���� � ����
 events�

�� Combinatorial background from continuum and BB events� �

� From a �t to M	B
 distribution� we estimated this background to be �����	
��	�

events�

� Using o
��	�S
 data together with samples of simulated generic continuum and
BB events� we estimated this background to be ��� � ��� events�

� As a check for combinatorial background� we tried to reconstruct B� � J����

candidates in data with the reversed J�� momentum direction� No candidates
were observed in the signal box�

We estimate the combinatorial background to be �����	
��	� events�

The total background is estimated to be 	�����	
��	�
�combinatorial�(	���������
�B� �
J��K�

S � ( 	���� � ����
�B� � J����� ( 	���� � ����
�B � J��	���
non�res	� $ ��� � ���
events�
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�
�� Background from B� � J��K�
S� K

�
S � ����

This is the only Cabibbo�allowed decay� for which E	J��
 (E	��
 can be a pion
mass short of the beam energy� We used our own measured value of the branching fraction
B	B� � J��K�
 $ 	��� � ���
 � ���	� which is in good agreement with the PDG world
average value B	B� � J��K�
 $ 	��� � ���
 � ���	 ����� We used a sample of simulated
B� � J��K�

S � K
�
S � ���� events with ���� � �� times the data� statistics� Figure ����

shows the distribution of normalized �E vs� normalized M	B
 and normalized �E pro�
jection for B� � J��K�

S � K
�
S � ���� events reconstructed as B� � J����� We estimate

the background from this decay chain to be ���� � ���� events�

B0→J/ψK0
S , K0
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Figure ����� B� � J��K�
S � K

�
S � ���� reconstructed as B� � J����� The plot shows the

normalized �E projection for the candidates with normalized M	B
 between �� and (��
The plot was obtained from a sample of B� � J��K�

S � K
�
S � ���� simulated events with

���� � �� times the data� statistics�


�
�� Background from B� � J������

E	J��
 (E	��
 can be only a pion mass short of the beam energy for this decay�
We assumed that only B� � J���� and non�resonant B� � J������ decays produce
B� � J������ �nal state� These decays have not yet been observed� therefore we rely on
our own data to estimate the decay rates�

In B� � J������ reconstruction� we applied a decay angle cut cos �d � ��
where �d is the angle between �� momentum in the ���� rest frame and the ���� sys�
tem momentum in the laboratory frame� This cut selects hard ���s and soft ���s� thus
reducing background from random photon combinations and from misidenti�ed charged
kaons� Figure ���� shows the M	����
 distribution for B� � J������ candidates recon�
structed from data as well as from samples of B� � J���� and B� � J������ simulated
events� We conservatively assumed that there is no background� We �tted the data dis�
tribution in Figure ����	left
 with the histograms obtained from the simulation� which are
shown in Figure ����	middle� right
� and determined the decay rates for B� � J���� and
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B� � J��	����
non�res� Figure ���� shows the projections on the normalized �E for

B+→J/ψπ+π0 in data
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Figure ����� Invariant mass of ���� system for B� � J������ candidates reconstructed
from data 	left
� a sample of simulated B� � J���� events 	middle
� and a sample of
simulated B� � J������ events 	right
�

simulated B� � J���� and B� � J������ decays reconstructed as B� � J����� With
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Figure ����� B� � J������ reconstructed as B� � J����� The plots show the normalized
�E projections for the candidates with normalizedM	B
 between�� and (�� Left 	middle

plot is for a sample of B� � J���� simulated events with longitudinally 	transversely

polarized ��� Right plot was obtained from a sample of B� � J������ simulated events�

high�statistics samples of simulated B� � J���� events� we estimated the background
from these decays to be ��������� events� In this calculation we assumed non�polarized ��

	�L�� $ ���
� This assumption is consistent with the measurements of K� polarization in
B � J��K� decays� CLEO has measured �L�� $ ����� ���� � ���� ����# the latest result
from CDF is �L�� $ ����� ����� ���� ����� If ���& longitudinal 	transverse
 polarization
for �� is assumed� then the background mean is estimated to be ���� 	����
 events� We
therefore assigned a systematic error of ���� events on the background mean due to uncer�
tainty in � polarization� We estimate the background to be ���� � ���� � ���� events from
B� � J����� and ���� � ���� events from non�resonant B� � J�������
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�
�
 Background from B� � J������

The B� � J������ decay rate has to be estimated from data� We followed the
same procedure as for B� � J������ reconstruction� We did not� however� impose any
decay angle requirement on ���� pairs� The resulting M	����
 distributions for B� �
J������ candidates in data and in a sample of simulated B� � J������ events are shown
in Figure ����� The prominent peak atM	����
 � ��� GeV"c� in data is produced by B� �
J��K�

S � K
�
S � ���� decays� We assumed that B� � J������ decays are isotropic and

uniformly distributed across Dalitz plot� Figure ���� shows the normalized �E projections
plots for simulated B� � J������ decays reconstructed as B� � J����� We estimate the
background from non�resonant B� � J������ decays to be ���� � ���� events�
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Figure ����� Invariant mass of ���� system for B� � J������ candidates reconstructed
from data 	left
 and a sample of B� � J������ simulated events 	right
� The peak at
M	����
 � ��� GeV"c� in data is from B� � J��K�

S � K
�
S � ���� decays�


�
�� Combinatorial background estimation fromMonte Carlo simulation
and o�	���S� data

Background from continuum events

Continuum background was estimated from o
��	�S
 data and �� times the on�
�	�S
 data� sample of simulated generic continuum events� To get more statistics for
continuum background evaluation� we relaxed the J�� � ���� mass cut and required the
absolute value of the normalized J�� mass to be less than �� both for J�� � e�e� and for
J�� � 	�	� modes� The continuum background is estimated to be ���� � ���� events�

Combinatorial background from BB events

The backgrounds from B� � J��K�
S � K

�
S � ���� and B� � J���� decays

were discussed above# we therefore excluded these decays from our samples of simulated
BB events� To study the background from generic BB decays� we used ��� times the
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Figure ����� Non�resonant B� � J������ reconstructed as B� � J����� The plot shows
the normalized �E projections for the candidates with normalized M	B
 between �� and
(�� The distribution was obtained from a sample of simulated B� � J������ events�

data� sample of simulated generic BB events� The distribution of the normalized �E vs�
normalized M	B
 for the sample of BB simulated events is shown in Figure ����� The BB
combinatorial background is estimated to be ����� ���� events�


�
�� Consistency check for background estimation procedure

The background from B� � J���� and B� � J��K�
S � K

�
S � ���� decays

are credibly estimated because we used measured branching fractions� The estimation of
combinatorial background from the Monte Carlo simulation� however� requires additional
cross�checks� as this estimation depends on QQ physics model� We veri�ed the quality of our
background estimation procedure by predicting the number of events in � control regions
of the �E vs� M	B
 plot shown in Figure ����� The � control regions are de�ned in
Section ������ The results are listed in Table ���� We seem to overestimate the number of
events below the signal box 	Region �
� We can think of � possible factors contributing to
the discrepancy�

�� B � J��� and B � J���� decays are not in QQ� whereas the measured B � J��X
rate is saturated in QQ with B � J��Xs decays� We added the contribution from
B � J��� and B � J���� without decreasing the total B � J��Xs rate�

�� As discussed in Section ������ multi�body B � J��Kn� decays in QQ do not respect
isospin symmetry� with the bias towards producing more neutral pions than is justi�ed
by isospin�

These shortcomings of the simulation do not pose a problem for our analysis because �E
resolution is good enough to eliminate the background from B � J��K��X decays� The
backgrounds from all the decays to J����� �nal states have been carefully estimated�
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Figure ����� Combinatorial background from BB decays� The plot was obtained from
a sample of simulated BB events with ��� times the data� statistics� Events containing
B� � J���� and B� � J��K�

S � K
�
S � ���� decays were removed from these samples�

There are �� events entering the signal box�


�
�� Combinatorial background estimation from �ts to M�B� distribu	
tion

Figure ���� shows the ARGUS function �t to the combinatorial background his�
tograms obtained from the Monte Carlo simulation of BB and continuum events as well
as o
��	�S
 data� Figures ���� and ���� shows �ts to M	B
 distribution in data� Sig�
nal is �t with a Gaussian shape determined from the Monte Carlo simulation� In Fig�
ure ���� the background is �t with the ARGUS shape f	x
 
 x 	 p�� x� 	 e
���x��� where
x $ M	B
�Ebeam# the parameter � is �xed to the value obtained from the �t to simulated
events and o
��	�S
 data 	Figure ����
� In the left plot of Figure ���� the background is
�t to the ARGUS shape with the parameter � allowed to �oat� The background under the
peak is �����	
��	� 	�����	���	�
 events for the �t with �oating 	�xed
 �� In Figure ����	right
 the
background is �t using a ��at with roll�o
� function described in Section ������ In this case
the background under the peak is ���� ��� events�

We take �����	
��	� events as our estimation of the combinatorial background� This
value was obtained in the �t to the ARGUS function with �oating � 	Figure �����left
�


�
��� Statistical signi�cance of the signal

We observed �� B� � J���� candidates with the estimated background of �������
events� The Poisson probability of �nding �� or more events when ��� is expected is ������#
the corresponding probability of �nding �� or more events when ���(��� $ ��� are expected
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MINUIT Likelihood Fit to Plot 10&0

File: mb_data_mc.hst  7-MAR-2000 17:51
Plot Area Total/Fit    536.09 / 536.09
Func Area Total/Fit    535.81 / 535.81

Fit Status  3
E.D.M. 2.909E-10

Likelihood =    35.6
χ2=    37.4 for  40 -  2 d.o.f., C.L.= 49.7%
Errors Parabolic                     Minos
Function  1: ARGUS Background
NORM   4129.0 ±   417.2 -   400.1 +   434.7
OFFSET∗  0.00000E+00 ±  0.0000E+00 -  0.0000E+00 +  0.0000E+00
EBEAM∗   5.2900 ±  0.0000E+00 -  0.0000E+00 +  0.0000E+00
EFACT  -7.2501 ±   2.296 -   2.292 +   2.298

Figure ����� Fit of M	B
 distribution for
continuum and combinatorial BB back�
ground to the ARGUS function� The
histogram was obtained from the Monte
Carlo simulation and o
��	�S
 data�
Continuum contribution is represented by
the dashed line� Events containing B� �
J����� B� � J���� and B� � J��K�

S �
K�
S � ���� decays were removed�
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MINUIT Likelihood Fit to Plot 100&0

File: mb_data_mc.hst  6-MAR-2000 11:42
Plot Area Total/Fit    21.000 / 21.000
Func Area Total/Fit    20.999 / 20.999

Fit Status  3
E.D.M. 4.067E-07

Likelihood =    44.8
χ2=    61.2 for  80 -  2 d.o.f., C.L.= 91.9%
Errors Parabolic                     Minos
Function  1: Gaussian (sigma)
AREA   9.3020 ±   3.162 -   2.839 +   3.502
MEAN∗   5.2800 ±  0.0000E+00 -  0.0000E+00 +  0.0000E+00
SIGMA∗  3.10000E-03 ±  0.0000E+00 -  0.0000E+00 +  0.0000E+00
Function  2: ARGUS Background
NORM   90.141 ±   27.12 -   24.48 +   29.90
OFFSET∗  0.00000E+00 ±  0.0000E+00 -  0.0000E+00 +  0.0000E+00
EBEAM∗   5.2900 ±  0.0000E+00 -  0.0000E+00 +  0.0000E+00
EFACT∗  -7.2500 ±  0.0000E+00 -  0.0000E+00 +  0.0000E+00

Figure ����� Fit to M	B
 distribution for
B� � J���� candidates in data� We use
the ARGUS function to �t background#
the background shape is �xed from a �t
to the Monte Carlo event samples and o
�
�	�S
 data 	Figure ����
�
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File: mb_data_mc.hst  6-MAR-2000 11:41
Plot Area Total/Fit    21.000 / 21.000
Func Area Total/Fit    21.000 / 21.000

Fit Status  3
E.D.M. 5.416E-07

Likelihood =    44.8
χ2=    61.6 for  80 -  3 d.o.f., C.L.= 90.0%
Errors Parabolic                     Minos
Function  1: Gaussian (sigma)
AREA   9.3894 ±   3.186 -   2.869 +   3.523
MEAN∗   5.2800 ±  0.0000E+00 -  0.0000E+00 +  0.0000E+00
SIGMA∗  3.10000E-03 ±  0.0000E+00 -  0.0000E+00 +  0.0000E+00
Function  2: ARGUS Background
NORM   76.690 ±   62.77 -   44.52 +   88.48
OFFSET∗  0.00000E+00 ±  0.0000E+00 -  0.0000E+00 +  0.0000E+00
EBEAM∗   5.2900 ±  0.0000E+00 -  0.0000E+00 +  0.0000E+00
EFACT  -3.4407 ±   17.67 -   17.46 +   17.89
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File: mb_data_mc.hst  6-MAR-2000 11:55
Plot Area Total/Fit    21.000 / 21.000
Func Area Total/Fit    20.996 / 20.996

Fit Status  3
E.D.M. 6.772E-08

Likelihood =    45.4
χ2=    62.3 for  80 -  2 d.o.f., C.L.= 90.4%
Errors Parabolic                     Minos
Function  1: Gaussian (sigma)
AREA   8.7049 ±   3.161 -   2.837 +   3.503
MEAN∗   5.2800 ±  0.0000E+00 -  0.0000E+00 +  0.0000E+00
SIGMA∗  3.10000E-03 ±  0.0000E+00 -  0.0000E+00 +  0.0000E+00
Function  2: Background
NORM  0.16546 ±  4.9598E-02 -  4.4811E-02 +  5.4611E-02
ROLL-OFF∗   5.2700 ±  0.0000E+00 -  0.0000E+00 +  0.0000E+00

Figure ����� Fits to M	B
 distribution for B� � J���� candidates in data� In the left plot
we use the ARGUS function to �t background# the parameter � is allowed to �oat� In the
right plot we use ��at with roll�o
� shape for background�
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Table ���� Quality control of the background estimation procedure� We predict and compare
with data the number of events in � control regions of the �E vs� M	B
 plots shown in
Figure �����

Source Region � Region � Region �

Continuum ���� � ��� ���� � ��� ���� ���
B� � J��K�

S � K
�
S � ���� ���� � ��� ���� � ��� ���� � ���

B� � J���� ���� � ��� ���� ��� ���� ���
B� � J��	����
non�res ���� � ��� ���� � ��� ���� ���
B� � J��	����
non�res ���� ��� ���� ��� ���� ���
B� � J���� ���� ��� ���� ��� ���� ���
the rest of BB ����� � ��� ����� � ��� ���� � ���

Total predicted Npred ��� � �� ��� � � ��� �

Observed Nobs ��� ��� ��

Nobs�Npred � � 	(�� �
& 	(�� �
& 	���� ��
&

is �� ����� The Poisson probability of the background �uctuation to �� or more events is
smaller than ����& when the expected background mean is less than ��� events� The ��&
C�L� interval for the signal mean ���� is �����	���	� events�

	�
 Systematic uncertainties

� The number of produced BB pairs is known with a relative uncertainty of �� �����

We assumed equal production of B�B� and B�B
�
pairs at the �	�S
 resonance ���

and did not assign a systematic error for this assumption� The measured branching
fractions may be corrected if the ratio is found to be di
erent�

� B	J�� � ����
� �
��� We used B	J�� � ����
 $ 	����� � �����
& ����� Lepton
universality� B	J�� � e�e�
 $ B	J�� � 	�	�
� is assumed in the calculation of
this world average value�

� B	�c� � J��

� �
�� �����

� B	K� � K�
S � ����
� �
�� �����

� B	K� � K�
S � ����
� �
�� �����

� Tracking e�ciency� �� per track �����

� K�
S � ���� �nding� �� in addition to tracking e�ciency systematics �����

� K�
S � ���� �nding� �� in addition to uncertainty on K�

S � ���� �nding e�ciency
	Appendix E
�

� Lepton identi�cation e�ciency� �� per lepton ���� ���� Cross�checks for the J��
yields are described in Appendix F�

� Statistics of the simulated signal event samples� �
���
�� depending on the mode�
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� Background subtraction� �
����
�� depending on the mode�

� �� �nding e�ciency in B� � J���� analysis� ��� From recent �� e�ciency stud�
ies ����� a �& systematic uncertainty is justi�able if we select photons in good barrel
region of the calorimeter� According to the Monte Carlo simulation� both daughter
photons are detected in good barrel for ��& of ���s from B� � J���� decay� Taking
systematic uncertainty to be �& for good barrel ���s and ��& for the ���s detected in
other regions of calorimeter� we obtain �&	����(��&	���� $ ���&� We conservatively
assigned traditional �& uncertainty on the �� reconstruction e�ciency�

� 
 e�ciency in �c� � J��
 reconstruction� �
�� ����� ����

The relative systematic uncertainty on B	B� � J��K�
 measurement common to
both K�

S modes amounts to ���&� The total relative systematic error is ���& for K�
S �

���� and ���& for K�
S � ����� We combined K�

S � ���� and K�
S � ���� modes and

calculated B	B� � J��K�
 taking into account common systematic uncertainties ������
The total relative systematic uncertainties on B	B� � �c�K

�
 and B	B� �
J����
 measurements are estimated to be �&# the systematic uncertainties are much smaller
than the statistical ones�
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Can CLEO measure sin ���


�� Abstract

We present a sensitivity study for the sin �� measurement with CLEO II�V data�
The results came out to be too discouraging to justify a real measurement�


�� Historical context

The sin �� measurements published at the time of writing this thesis are listed in
Table ���� We started the analysis presented in this chapter in late ���� when only the �rst

Table ���� Current status of the sin �� measurements�

Year Experiment sin�� value Reference

���� OPAL �����	���	� � ��� ����

���� CDF ���� ���� ��� ����

���� CDF ������		���			 ����

���� ALEPH ������	����	�	 � ���� ����

���� BELLE ������	�� ��	��
��	�	 ��	�� ����

���� BABAR ���� � ���� � ���� ����

two measurements ���� ��� existed� BABAR and BELLE experiments had not yet started
taking data� At that date a measurement of sin �� with a precision of better than ����
would be respectable� Such a measurement coming from CLEO would have been completely
unexpected� The end of the CLEO II�V data taking was still a few months away� so we
decided to do a thorough sensitivity study before we embark on a real measurement� Shortly
after we �nished this study� CDF reported a new improved measurement of sin �� �����


�� Introduction

Quantum mechanics of the �	�S
 � B�B
�
decays precludes an observation of

the time�integrated mixing�induced CP violation� One has to measure the B meson decay

���
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time� and this is not easy to do at a symmetric B factory because of the low energy release
in the �	�S
 decay� To measure sin �� at CLEO� Karl Berkelman proposed a method
requiring measurement of the vertex positions of both B � J��K�

S and a �avor�tagging B
meson ������ In this Chapter we investigate a new method proposed by Andy Foland in ������
This method requires a measurement of the vertex position of only the B � J��K�

S decay�
To measure CP violation� one observes a decay at time tCP to a CP eigenstate f � without
observing the decay time of the other B meson in the event� The decay time distribution for

the events where the �avor�tagging B meson decayed as B� 	B
�

 is given by the equation

R�	tCP 
 
 e�
tCP
�

��
��� Im	�
q

� ( x�d

�
sin

�
xd

�
tCP
�
� tan�� xd

xd

�����
� � 	���


where xd � �MB���B� � � � q�p � Af�Af 	Section ���
� and we assume j�j$�� For B �
J��K�

S � B � �	�S
K�
S � B

� � �c�K
�
S decays Im	�
 $ sin ��� whereas Im	�
 $ � sin �� for

B � J��KL and B� � J���� � decays because these �nal states have the opposite sign of
CP �

In order to measure sin ��� we have to reconstruct neutral B meson decays� tag
the �avor of the other B meson in the event� and then try to distinguish between dashed
and dotted�line decay time distributions shown in Figure ����
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Figure ���� E
ect of CP violation on decay time distributions of J��K�
S �nal state� The

solid line shows the case sin ��$�# the dotted 	dashed
 line shows the distribution of the
decay times when the opposite B is tagged as a B�	B�
� for sin ��$����

In this study we try to be realistic� but when in doubt we would rather be on
the optimistic side because we do not want to kill a promising measurement by an overly
pessimistic sensitivity study�

�Strictly speaking� Im��	 �� � sin 
� for B� � J���� if the penguin diagram contribution cannot be
neglected �Section ��
	� We ignore this complication in our sensitivity study�
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�� Strategy for sin �� measurement

����� Signal event reconstruction

The CLEO II con�guration does not have a silicon vertex detector necessary for
the precise measurement of the B meson decay vertex� We therefore can only use CLEO II�V
data for the sin�� measurement� Combining the following modes� B� � J��K�

S 	K�
S �

���� and K�
S � ����
� B� � �	�S
K�

S � B
� � �c�K

�
S � and B

� � J����� we estimate that
in full CLEO II�V data sample 	��� fb�� of �	�S
 data
 we can reconstruct approximately
��� signal events with a background of around � events� Event displays for one such signal
event are shown in Figures ��� and ���� In principle� B� � J��K�

L mode could also be
used ����� In addition� one can increase the J�� � ���� reconstruction e�ciency by about
��& by dropping the lepton identi�cation requirement altogether for one of the lepton
candidates� However this will entail an increase in background� We chose the background�
free way because the method we employ to determine sin �� becomes less robust in the
presence of backgrounds� We can deal with a couple of background events at the stage
of the systematic uncertainty study by repeating the �t many times� each time excluding
random events from the sample�

����� Decay time measurement

The size of the CESR beam spot is known from the machine optics to be only
� 	m in the vertical 	y
 direction� The mean of the beam spot position in y direction for
a particular run is measured with a precision of � 	m using e�e� � 	�	� and Bhabha
scattering events� The remarkable �atness of the beam in y has already been successfully
used to measure charm meson lifetimes ������ We employ the same method to determine
the proper time of the B meson decay 	Figure ���
�

����� Flavor tagging

Once we have reconstructed a signal B decay 	for example� B� � J��K�
S
� we

use the rest of the tracks and showers to tag the �avor of the other B meson in the event�
Our �avor tagger ����� employs a neural net to optimally combine a set of quantities that

discriminate between B� and B
�
� If a high�momentum lepton or a charged kaon is present

in the event� then its charge is the most powerful tagging variable� A useful variable
to describe the e
ectiveness of a combination of �avor estimators is the e
ective tagging
e�ciency �D�� de�ned as a sum of �D� over all tagging variables� For each variable� �
is the e�ciency and D $ � � �w is the dilution� where w is the mistag fraction� The
statistical uncertainty of the sin�� measurement is proportional to ��

p
�D�� In this study

we used the value �D� $ ����� which was determined from the Monte Carlo simulation�
Later the �avor tagger was calibrated with data� and the e
ective tagging e�ciency �D�

was found to be ���� � ���� for CLEO II and ���� � ���� for CLEO II�V data ������ For
comparison� BELLE experiment measured �D� $ �������	�����	��� ���� for their �avor tagger�
whereas BABAR reported �D� $ ����� � ����� �����
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Figure ���� Event display for an event containing B � J��K�
S decay� Opening angle of the

J�� � e�e� decay is ����� which is about average�
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RoarXD
Run: 91229 Event: 23273
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Figure ���� Fish�eye view of the event shown in Figure ���� It is interesting to note that all
seven non�K�

S tracks have � silicon detector hits per view and that there are no noise hits
on the r � � side of the �st silicon layer�
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Figure ���� The schematics of the measurement of the y position of the ����K�
S vertex

with respect to the beam spot which allows us to determine the proper time of the B meson
decay using the formula ct $ mB

jpy�B�j
y�

����� Final �t

An unbinned likelihood �t method is employed to make the optimal use of the
available information�


�� Study of B vertex position resolution

����� CLEOG Monte Carlo sample

In this study� for simplicity� we pretend that all signal events come from B �
J��K�

S � K
�
S � ���� mode� We generated ������ CLEOG Monte Carlo events with each

event having the B � J��K�
S � J�� � ����� K�

S � ���� decay chain� The other B meson
in the event was forced to decay into two neutrinos� The sample was generated with the
average beam energy of ���� MeV to agree with CLEO II�V data� The distribution of
the event�by�event expected mean B meson �ight distance 	
�c�
 is shown in Figure ����
The mean y axis projection of the B meson �ight distance equals ���� � 
�c� ������ The
average of the mean y projection distribution is only �� 	m� The geometrical factor ����
was calculated taking into account sin� � distribution of �	�S
� BB events and assuming
unpolarized beams� i�e� �at � distribution� The small e
ect of a �nite beam crossing
angle was neglected� This geometrical factor can be as large as ��� if the beams are ���&
polarized with the e� and e� spins both pointing up or down ������

����� Vertex reconstruction

We �nd the ��dimensional B meson decay vertex ����� using the ���� tracks
from the J�� decay as well as the K�

S pseudo�track� The average K�
S �ight distance for
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Figure ���� Event�by�event expected mean B meson �ight distance 	
�c�
 in microns� If all
the runs had the same energy and there were no beam energy spread� then this distribution
would have been a ��function�

B� � J��K�
S decay is � cm� therefore most K�

S �s decay outside the silicon detector� That
is why the K�

S pseudo�track does not help much in the measurement of the B decay vertex
	Figure ���
� The average opening angle of the J�� � ���� decay is about ���� 	Figures ���
and ���
� The precision of the y position measurement for the J�� � ���� decay vertex
strongly depends on the orientation of the J�� decay with respect to the y axis 	Figure ���
�
Figure ��� shows the projection of the measured B �ight distance on y axis� �y	B vertex
�
y	beam
� � sign	py	B

� To obtain the data histogram 	Figure ����left
� we reconstructed
the following decays in the CLEO II�V data� B � J��K� B � J��K�� B � �	�S
K� and
B � �c�K� The right plot in Figure ��� was obtained from B� � J��K�

S CLEOG Monte
Carlo sample� Only �� tracks were used to measure the vertex position in the data and in
the Monte Carlo simulation� To produce this �gure� we required that at least one of the ��

tracks has silicon detector information� that the reported uncertainty on the y projection
measurement is less than ��� 	m� and �� probability for the vertex �t is higher than �&�

����� Check of vertex resolution with �� � ���� data

In order to check with data the J�� � ���� vertex resolution� Andy Foland
studied two�photon production of lepton pairs ������ There are copious 

 � ���� data
for the lepton pairs of mass and momentum similar to the J�� decays we are looking for�
Two�photon events are known to have zero lifetime� which makes this sample ideal for the
studies of the vertex position resolution� For each event we formed the two�track vertex
and compared the measured value of y to the known beam position� We found the vertex
resolution to be consistent with the Monte Carlo simulation and with the values we use for
our sensitivity estimation�
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Figure ���� B vertex y position resolution� The K�
S pseudo�track was used along with ����

tracks to �nd the vertex for the solid�line histogram� whereas only ���� tracks were used
for the dashed�line distribution�

����� Parametrization of the proper decay time uncertainty

Having measured the y position of the ����K�
S vertex with respect to the beam

spot� we can calculate the proper time of the B meson decay using the formula

t $
mB

cjpy	B
jy� 	���


The event�by�event uncertainty of this measurement is given by


t
t

$

vuut
�y	B
 ( 
�y	beam


y�
(

�

py

jpy	B
j

��

	���


where 
y	B
 is the reported error on y position of B vertex calculated using track error
matrices� 
	beam
 � �� 	m is the uncertainty on the y position of the e�e� interaction
point� and 
py is the reported error on the measurement of the y�component of the B meson
momentum� The error on y position of the B vertex dominates the uncertainty on the B
decay proper time measurement� Figure ��� shows the 
t distribution for the data and
the Monte Carlo simulation� To produce this �gure� we required that at least one of the
�� tracks has silicon detector information� and that the �� probability for the vertex �t is
higher than �&�

If the reported errors 
t calculated using track error matrices perfectly represented
the uncertainty on the B meson proper decay time measurement� then the distribution of
pulls in Figure ���� would be a perfect unit Gaussian� We re�ect the imperfections of the
reported 
t by allowing 
t to be multiplied by a global scale factor S� We also assume
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Figure ���� Top plot shows the dependence of the J�� vertex y position resolution on the
orientation of J�� � ���� decay� Bottom plot shows di
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Figure ���� Projection of the measured B �ight distance on y axis� Left plot was obtained
using fully reconstructed B decays to charmonia in CLEO II�V data� Right plot is for
B � J��K�

S CLEOG Monte Carlo sample� Only �� tracks were used to measure the vertex
position�
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Figure ���� Reported error on B meson proper decay time measurement in the units of
mean B� lifetime 	c� $ ���	m
� Points were obtained using fully reconstructed B decays
to charmonia from CLEO II�V data� Solid�line histogram was obtained using a sample of
simulated B � J��K�

S events� The histogram extracted from the simulation was scaled
to the same area as the data histogram� Only �� tracks were used to measure the vertex
position�
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that for a small fraction of events fmis the reported error 
t should not be trusted and
uncertainty 
mis should be used instead� We extract the values of S� fmis� 
mis from the
simulation using the unbinned likelihood �t that maximizes the function

L	S� fmis� 
mis
 $
Y
i

�	�� fmis
G	ti	meas
� ti	gen
jS
t�i
 (

(fmisG	ti	meas
� ti	gen
j
mis
�

where G	tj

 � ��	
p
��

 exp	�t���
�
� We obtain S $ ���� fmis $ ���&� and 
mis $ ��

	measured in units of mean B� lifetime
�
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Figure ����� Pulls of the B meson proper decay time measurement with a sample of simu�
lated events� Fit to a Gaussian is shown�


�	 Samples of simulated CLEO II�V data

We estimated that using all CLEO II�V data we expect to reconstruct � ��� B
mesons decaying into J��K�

S 	K�
S � ���� and K�

S � ����
� �	�S
K�
S � �c�K

�
S � or J���

��
Approximately ��� events will survive the minimal vertex quality cuts� at least one of the
�� tracks should have silicon detector information� �� probability for the vertex �t should
be higher than �&� and reported 
t � ���

We generate multiple samples of simulated CLEO II�V data 	toy Monte Carlo

samples
� Each sample has ��� events� One B� or B
�
meson in the event decays to J��K�

S �

The other B meson is either B� or B
�
with equal probability� The decay time ti for

B � J��K�
S is generated for each event according to the distribution 	see Equation ���


e�tif�� sin ��q
� ( x�d

�sin	xd	ti � tan�� xd
xd



�g 	���
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where the sign in front of the sin�� term depends on whether the tagging B meson decayed

as B� or B
�
� Then the reported uncertainty on the decay time measurement 
t�i is generated

randomly according to the histogram shown in Figure ����� For 	��fmis
 $ ����& of events�
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Figure ����� Reported error on B meson proper decay time measurement in the units of
mean B� lifetime 	c� $ ���	m
� This histogram was extracted from the CLEOGMonte Carlo
sample and was used in the production of the toy Monte Carlo samples�

we smear the generated decay time using Gaussian distribution with 
 $ S
t�i 	S$���
�
and for fmis $ ���& of events we smear the time using a Gaussian with 
mis $ ��� The last
step is to randomly assign P 	B�
� the probability that the other B meson decayed as B� 	as

opposed to B
�

� given the tagging information� This is accomplished using the distribution

shown in Figure ����� and the resulting distribution of P 	B�
 is shown in Figure �����


�
 Unbinned likelihood �t

There are � input variables in our �t�

�� t � measured proper time of the B � J��K�
S decay�

�� 
t � reported error on the B � J��K�
S decay time measurement�

�� P 	B�
 � probability that the other B meson decayed as B� 	as opposed to B
�

�

The parameters we �x in the �t are�

�� B� lifetime c� $ ���	m 	PDG��� value ����
�

�� xd � �MB���B� $ ����� 	PDG��� value ����
�
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on the other side�

�� S $ ��� � global scaling factor for 
t�

�� 
mis $ �� � error on the decay time measurement for the events with underestimated
decay time uncertainty�

�� fmis $ ����� � fraction of events with underestimated decay time uncertainty�

The output of the �t is the measured value of sin ���

Description of the �t starts with a simple hypothetical case of perfect detector
with perfect �avor tagging and then progresses to the real �t�

����� Perfect detector� perfect 
avor tagging

With perfect �avor tagging� P 	B�
 equals to either ��� or ��� depending on whether
the other B in the event decayed as B� or B��

The probability density function 	PDF
 in this case is given by 	see Equation ���


R�	tj sin ��
 $ e�tf�� sin ��q
� ( x�d

�sin	xd	t� tan�� xd
xd



�g� 	���


The subscripts on R� denote the cases when the other B meson decayed as B�	B
�

� When

B� � J���� mode is used� additional minus sign should be placed in front of sin �� in
Equation ��� to account for opposite CP parity of this �nal state�
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����� Perfect detector� imperfect 
avor tagging

In this case P 	B�
 has some value between � and � 	Figure ����
� The PDF is
given by

R	tj sin ��
 $ e�tf�� �P 	B�
� P 	B
�

� 	 sin ��q

� ( x�d

�sin	xd	t� tan�� xd
xd



�g

$ e�tf�� �� 	 P 	B�
� �� 	 sin ��q
� ( x�d

�sin	xd	t� tan�� xd
xd



�g 	���


The likelihood function to maximize is product of PDF�s for all the events�

L	sin ��
 $
Y
i

R	tij sin ��
 	���


����� Imperfect detector� imperfect 
avor tagging

For imperfect detector we have to convolute the PDF in Equation ��� with the
Gaussian detector resolution� Then the likelihood function becomes

L	sin ��
 $
Y
i

Z �

�
R	t�j sin ��
�

�
��	�� fmis
G	ti � t�jS
t�i
� �z �

correctly measured

( fmisG	ti � t�j
mis
� �z �
mis�measured fraction

�
�� dt�

where R	tj sin ��
 is given by Equation ����
It is useful to analytically calculate the following three integrals ������

Z �

�
e�t

� �p
��
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�
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�
�

�
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Erfc	x
 is the complementary error function

Erfc	x
 $ �� Erf	x
 $ �� �p
�

Z x

�
exp	�t�
dt�

W	z
 is the complex error function

W	z
 $ e�z
�
�
� (

�ip
�

Z z

�
et
�
dt

�
$ e�z

�
��� Erf	�iz
� $ e�z

�
Erfc	�iz
�
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The likelihood function we have to maximize is given by the following formula

L	sin ��
 $
Y
i

�
��	�� fmis
Rsmeared	ti� S
t�ij sin ��
� �z �

correctly measured

( fmisRsmeared	ti� 
misj sin ��
� �z �
mis�measured fraction

�
�� �

where

Rsmeared	t� 
j sin ��
 $

$ exp

�

�

�
� t

�
Erfc

�
�p
�

�

 � t
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���
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�� Mean�time method

As a cross�check for the unbinned likelihood �t� we used another method to deter�
mine sin��� As can be inferred from Figure ���� the mean decay time will be di
erent for
the events in which the tagging B meson decayed as B� or B� ������

t� $ �	�� xd sin ��

	� ( x�d

�

�

The di
erence in the mean times is proportional to sin ��� Numerically� the corresponding
di
erence in the mean decay lengths is �� � sin �� 	m in the �	�S
 frame� When the
smearing is symmetric� the means are not systematically shifted� Therefore� if the �avor
tagging were perfect� we could use the following formula to evaluate sin ���

�
�xd sin ��

	� ( x�d

�
$

P ti
����S�t�i��P �
����S�t�i��� �z �
B�tag

�
P tj

����S�t�j��P �
����S�t�j��� �z �
B�tag

	���


Note that we weight each measured decay proper time ti by the squared proper time
measurement uncertainty� For the �avor tagging with dilution D the Equation ��� should
be substituted by

D 	 � �xd sin ��
	� ( x�d


�

 $

P ti
����S�t�i��P �
����S�t�i��� �z �
P�B����	


�
P tj

����S�t�j��P �
����S�t�j��� �z �
P�B����	


�

In our analysis we estimate the �avor tagging dilution on the event�by�event basis using
the dilution estimator ,B $ jP 	B�
� P 	B�
j 	Figure ����
� The formula

fsin ��gk $
�
,Bk

	 	� ( x�d

�

�xd 	 �

�
������
P ti

����S�t�i��P �
����S�t�i��� �z �
P�B����	


�
P tj

����S�t�j��P �
����S�t�j��� �z �
P�B����	


�
������ 	���
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is used the to �nd the value of sin �� for each bin of the ,B distribution� and then the
measurements are combined using the appropriate weighting�


�� Results

We have generated ������ toy Monte Carlo samples with sin�� $ (���� Each
sample has ��� events and is designed to represent CLEO II�V data� The results of the
unbinned likelihood �t to these toy Monte Carlo samples are shown in Figures ���� and �����
The average expected statistical uncertainty of our sin �� measurement with an unbinned
likelihood �t is ���� The experiment�by�experiment RMS spread of the expected uncertainty
distribution is ����

We also generated the Monte Carlo samples with sin�� $ (���� ��������������
We ran the likelihood �t on these samples and veri�ed that the resulting average expected
uncertainty of the sin�� measurement does not depend on the input value of sin ���
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Figure ����� The values of sin �� measured in each of ������ toy Monte Carlo experiments
simulating CLEO II�V data� The events were generated using sin �� $ ����

The results obtained by the mean�time method for the same toy Monte Carlo
samples are shown in Figure ����� Comparing Figures ���� and ����� one can infer that
the full likelihood �t method wins ��& in sensitivity compared to the mean�time method�
The likelihood �t is able to resolve the di
erence in shapes of the decay time distributions
	Equation ��� and Figure ���
� whereas mean�time method is sensitive only to the di
erence
in means of the two distributions� Therefore with better vertex resolution and increased
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Figure ����� Left plot shows errors on the measured value of sin �� reported by the likelihood
�t in each of ������ toy Monte Carlo experiments simulating CLEO II�V data� Right plot
shows the pulls of the sin �� measurements� Right 	left
 MINOS ����� error was used
depending on whether the measured sin �� was bigger 	smaller
 than the generated one�

statistics the likelihood �t will be more and more advantageous compared to the mean�time
method�


��� Conclusion� No

From the study presented we conclude that if someone does measure sin �� with
the precision better than ���� using CLEO II�V data� then we 	Andy Foland and A� E�

will have to eat our hats�


��� Outlook� CLEO III and beyond

What if we had �� fb�� of data and our vertex detector were better than the one
we have now� As the full CLEOG simulation of the CLEO III detector was not available at
the time we performed this analysis� we used TRACKERR program ����� to study the vertex
resolution for CLEO III� We have also performed the same study for the CLEO III detector
with the proposed silicon detector upgrade ����� which we call CLEO III�V in this note� In
Figure ���� we compare the distributions of the reported errors on B meson proper decay
time measurement for CLEO II�V obtained using CLEOG and TRACKERR� One can see that
TRACKERR is more optimistic than CLEOG� but for our purposes the agreement is not bad at
all�

To obtain the 
t distributions shown in Figure ���� we have generated the Monte
Carlo samples similar to the one described in Section ����� with the average run beam
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Figure ����� Reported error on B meson proper decay time measurement in the units of
mean B� lifetime� Both histograms were obtained using TRACKERR parametrization� Left
histogram is for CLEO III� Right histogram is for CLEO III with the upgraded silicon vertex
detector ������ These histograms were used in production of the toy Monte Carlo samples�

energy of ���� MeV and using TRACKERR instead of CLEOG�
Then we have generated ������ toy Monte Carlo samples with sin �� $ ���� Each

sample has ��� events which corresponds roughly to �� fb�� of data� Decay time smearing
was performed using the histograms shown in Figure ����� We used the same tagging
probability distributions 	Figures ���� and ����
 as in the CLEO II�V study�

The results of the unbinned likelihood �t to the toy Monte Carlo samples simu�
lating CLEO III and CLEO III�V data are shown in Figures ���� and ����� The average
expected statistical uncertainty of our sin �� measurement with an unbinned likelihood
�t is ��� for CLEO III and ��� for CLEO III�V sample� The experiment�by�experiment
RMS spread of the expected uncertainty distribution is ���� for CLEO III and ���� for
CLEO III�V�

The results obtained by the mean�time method for the same toy Monte Carlo
samples are shown in Figure ����� The full unbinned likelihood �t 	Figure ����
 wins ��&
	��&
 in sensitivity compared to mean�time method for CLEO III 	CLEO III�V
� The
likelihood �t did only ��& better than the mean�time method for simulated CLEO II�V
data 	see Figures ���� and ����
�
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Search for CP violation in

B�
� J��K� and B�

� ���S�K�

decays

��� Abstract

We present a search for direct CP violation inB� � J��K� andB� � �	�S
K�

decays� In a sample of ��� � ��� BB meson pairs� we have fully reconstructed ��� B� �
J��K� and ��� B� � �	�S
K� candidates with very low background� We have measured
the CP �violating charge asymmetry to be 	(��������stat������syst�
& for B� � J��K�

and 	(���� ����stat�� ����syst�
& for B� � �	�S
K��

��� Introduction

Direct CP violation is revealed when the amplitude for a decay and its CP �
conjugate process have di
erent magnitudes� Direct CP violation can be observed both
in charged and in neutral B meson decays� At least two interfering amplitudes with dif�
ferent CP �odd 	weak
 and CP �even 	strong or electromagnetic
 phases are the necessary
ingredients for direct CP violation� The magnitude of CP asymmetry is given by

ACP � �	B � f
� �	B � f


�	B � f
 ( �	B � f

$

�jA�jjA�j sin	�� � ��
 sin	�� � ��


jA�j� ( jA�j� ( �jA�jjA�j cos	�� � ��
 cos	�� � ��

�

The maximal ���& asymmetry is attained when the interfering amplitudes have equal
magnitudes� jA�j $ jA�j� and the relative weak and strong phases are both equal to ����
j�� � ��j $ j�� � ��j $ ����

In Standard Model the asymmetry we are trying to measure is well below the
attainable statistical precision of �&� The same reasoning which accords �gold�plated�

status for the sin �� measurement to the B�	B
�

 � J��K�

S mode also leaves no hope
for signi�cant direct CP violation in B� � J��K� decays� For the decays governed by

the b � c+cs quark transition� such as B� � J��K� and B�	B
�

 � J��K�

S � there are

���
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interfering Standard Model tree and penguin amplitudes 	Figure ���
 which could have a
signi�cant relative strong phase� The penguin amplitude 	Figure ����middle
 is expected
to be small compared to the tree process 	Figure ����left
� However� even if the penguin
contribution and the relative tree�penguin strong phase turn out to be large� the weak
phase just is not there to create a sizable CP asymmetry ����� We can write the amplitude
of the b � ccs transition as a sum of tree 	Tc�cs
 and penguin 	Pfu�c�tg
 contributions�
A	c+cs
 $ VcbV

�
cs	Tc�cs ( Pc
 ( VubV

�
usPu ( VtbV

�
tsPt� Using the constraint provided by the

unitarity of the Cabibbo�Kobayashi�Maskawa matrix� VcbV
�
cs ( VubV

�
us ( VtbV

�
ts $ �� we can

recast the expression for the A	c+cs
 as A	c+cs
 $ VcbV
�
cs	Tc�cs(Pc�Pu
(VtbV �

ts	Pt�Pu
� The
relative weak phase between the two terms is very small�� arg 	VcbV

�
cs�VtbV

�
ts
 � ��� ( ��

where � � sin �C � ���� and � � ��� ������

A large value of ACP which is measurable with the current CLEO data set can
be generated in a model described in ������ The authors discuss a particular two�Higgs
doublet model without natural �avor conservation� in which the top quark is the only
fermion which receives its mass from the vacuum expectation value of the second Higgs
doublet� The charged Higgs sector of this model contains additional CP �violating phases�
In this model the b� ccs transition receives a contribution from a charged�Higgs�mediated
tree diagram shown in Figure ���	right
� This diagram comes with its own CP �violating
phase� A relative strong phase can be generated because �nal state interactions could be
quite di
erent for the transitions mediated by spin�� 	W�
 and spin�� 	H�
 particles� The
authors of ����� suggest that a CP asymmetry of O	��&
 in B� � J��K� decays is
possible if the relative strong phase is not too small�

There exist other possible New Physics scenarios for generating CP asymmetry in
B� � ����K� decays� In order to constrain any of the New Physics models� however� we
need to know the relative strong phases� which are di�cult to determine�

An observation of CP asymmetry in B� � J�� K� decay at a few per cent
or larger level will be a clear evidence for sources of CP violation beyond the Standard
Model� Such an observation will also mean that a measurement of the CP asymmetry in

B�	B
�

� J��K�

S decay no longer determines sin ���

CDF used B� � J��K� sample to determine tagging dilutions in their mea�
surement of sin �� ����# zero charge asymmetry in B� � J��K� was assumed� The
�avor�tagging method developed by CDF is likely to be used in the future precise mea�
surements of sin �� at the Tevatron and LHC colliders� This provides another reason to
establish experimental limits on the CP asymmetry in B� � J��K��

If some mechanism causes direct CP violation to occur in B� � J��K� de�
cays� then the same mechanism could generate a CP asymmetry in the B� � �	�S
K�

mode� Final state strong interactions� however� could be quite di
erent for J�� K and
�	�S
K states# we therefore measured CP �violating charge asymmetries separately for
B� � J��K� and B� � �	�S
K� decay modes�

�The CP asymmetry is proportional to the sine of the relative weak phase�



��� Chapter �� Search for CP violation in B� � J�� K� and B� � �	�S
K� decays

b

c c

s
W

b

g

u, c, t

W

s

c

c
b

c c

s
H

Figure ���� Standard Model tree 	left
 and penguin 	middle
 diagrams for the b � ccs
transition� The right plot shows the New Physics charged�Higgs mediated diagram�

��� Analysis summary and results

����� Selection of B� candidates and charge asymmetry measurement

For this measurement we used ��� fb�� of e�e� data taken at the �	�S
 resonance
and ��� fb�� taken �� MeV below the �	�S
 resonance� In �	�S
 decays B� mesons are
born only in pairs with B� mesons� therefore B� and B� mesons are produced in equal
numbers�

The J�� mesons were detected through their dilepton decays# for �	�S
 recon�
struction we used both �	�S
 � ���� and �	�S
 � J������ decay modes� We required
the normalized 	�	� mass to be from�� to � for J�� � 	�	� candidates 	Figure ����
 and
from �� to � for �	�S
� 	�	�� We required the normalized e�	

e�	

 mass to be from
��� to � for J�� � e�e� candidates 	Figure ����
 and from �� to � for �	�S
� e�e�� For
each ���� � ���� candidate� we performed a �t constraining its mass to the world average
value� We selected the �	�S
 � J�� ���� candidates by requiring the absolute value of
the normalized J�� ���� mass to be less than � and by requiring the ���� invariant mass
to be greater than ��� MeV"c�� The average J�� ���� mass resolution is approximately
� MeV"c�� To avoid soft�pion combinatorics� we selected a single �	�S
 � J������

candidate in a given event based on the smallest absolute value of the J������ normal�
ized mass� For each �	�S
 � J�� ���� candidate� we performed a �t constraining its
mass to the world average value� Well�measured tracks consistent with originating at the
e�e� interaction point were selected as the K� candidates� In order avoid any additional
charge�correlated systematic bias in the K� selection� we did not impose any particle iden�
ti�cation requirements on the K� candidates� Very rarely� when 	� and K� tracks are
swapped� we reconstruct B� � J��K�� J�� � 	�	� as B� � �	�S
K�� We therefore
veto a B� � �	�S
K� candidate if it is reconstructed from the same physical tracks as a
B� � J��K� candidate�

To select B� � J��K� and B� � �	�S
K� candidates� we required
j�Ej�
	�E
 � � and jM	B
 �MB j�
	M
 � �� The average resolution in �E is �� MeV
	� MeV
 for the B� � J��K� 	B� � �	�S
K�
 candidates� The resolution in M	B
 for
the B� � ����K� candidates is ��� MeV"c� and is dominated by the beam energy spread�
The M	B
 distributions for the B� � J��K� and B� � �	�S
K� candidates passing
the j�Ej�
	�E
 � � requirement are shown in Figure ����

The CP �violating charge asymmetry in B� � J��K� decays is de�ned as a
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 B� �
�	�S
K� candidates passing the j�Ej�
	�E
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branching fraction asymmetry

ACP � B	B� � J��K�
� B	B� � J��K�


B	B� � J��K�
 ( B	B� � J��K�

�

In this de�nition we adopted the sign convention from ������ The same de�nition is used
for B� � �	�S
K� mode�

Table ��� lists signal yields together with observed charge asymmetries� More
details the selection of the B� signal candidates can be found in Section �����# several
cross�checks of the selection procedure are described in Section ������

Table ���� Number of selected candidates� the observed charge asymmetry� and the corrected
asymmetry 	ACP 
� The �rst uncertainty on ACP is statistical� the second one is systematic�

Mode N	B�
 N	B�
 N	B�

N�B���N�B��
N�B���N�B��

ACP

B� � J��K� ��� ��� ��� 	(��� � ���
& 	(���� ���� ���
&
B� � �	�S
K� ��� �� �� 	(��� � ���
& 	(���� ���� ���
&

����� Bias corrections and systematic uncertainties

Background� � From �ts to the beam�constrained mass distributions 	Figure ���
�
we estimated the combinatorial background to be �����	���	� 	���

��	�
��	�
 events for B

� � J��K�

	B� � �	�S
K�
 mode� The background from B� � ���� �� decays must be added
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because B� � ���� �� candidates contribute to the beam�constrained mass peaks� Using
simulated events� we estimated the background from B� � ���� �� decays to be ��� � ���
events for B� � J��K� and ��� event for B� � �	�S
K� mode� We assumed the
branching ratio of B	B� � J�� ��
�B	B� � J��K�
 $ 	�������
& ����# the same value
was assumed for B� � �	�S
�� decays� Total background is therefore estimated to be
����� events for B� � J��K� and ����� events for B� � �	�S
K� mode� As a check� we
used samples of simulated events together with the data collected below the BB production
threshold and estimated total background to be ��� � ��� events for B� � J�� K� and
��� � ��� events for B� � �	�S
K� mode� We veri�ed that the simulation accurately
reproduced the rate and distribution of candidates in the data in the �E vs� M	B
 plane
near� but not including� the signal region� More details on the background estimation
can be found in Sections ����� and ������ Backgrounds are expected to be CP �symmetric�
We measured the charge asymmetry for the candidates in the sideband regions of the �E
and M	B
 distributions to be 	(��� � ���
& for B� � J��K� and 	���� � ���
& for
B� � �	�S
K�� We also veri�ed that our �nal result does not critically depend on the
assumption of zero CP asymmetry for background events 	Section �����
� We assumed
that the number of background events entering our sample follows a Poisson distribution
with a mean of � events for B� � J��K� and � events for B� � �	�S
K� mode� We
also assumed that the CP �violating charge asymmetry for the background is (��&� Using
Monte Carlo techniques� we found that background with such properties introduces a (���&
	(���&
 bias in our ACP measurement for the B� � J��K� 	B� � �	�S
K�
 mode�
We assigned a systematic uncertainty on ACP of ���& for B� � J��K� and ���& for
B� � �	�S
K��

Di�erence in K� vs� K� detection e	ciencies� � The �avor of the B meson is
tagged by the charged kaon# therefore� we searched for charge�correlated systematic bias
associated with the K� detection and its momentum measurement� The cross sections
for nuclear interactions are larger for negative than for positive kaons from B� � ����K�

decays� We used two methods to evaluate the di
erence inK� vs� K� detection e�ciencies�
In the �rst method� we performed� an analytic calculation of the expected asymmetry�
combining the data on the nuclear interaction cross sections forK� andK� mesons ���� with
the known composition of the CLEO detector material� In the second method� we used the
GEANT�based simulation of the CLEO detector response� processing the simulated events
in a similar manner as the data� Both methods are in excellent agreement that the K�

reconstruction e�ciency is approximately ���& higher than theK� reconstruction e�ciency�
The corresponding charge�correlated detection e�ciency asymmetry is therefore ����&� We
applied a (���& correction to the measured values of ACP both for B� � J��K� and for
B� � �	�S
K� modes� We assigned ���& of the correction as a systematic uncertainty�
More details can be found in Section ������

Charge asymmetry for inclusive tracks� � For this study we selected inclusive
tracks satisfying the same track quality criteria as were used for the K� candidates in the
B� � ����K� reconstruction� The kaon momentum in the laboratory frame is between
��� and ��� GeV"c for the B� � �	�S
K� mode and between ���� and ���� GeV"c for
the B� � J��K� mode� We have found more positive than negative tracks in these

�We thank Tony Hill for providing us with the results of his study�
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two momentum ranges� For all tracks with momentum between ��� and ��� GeV"c� we
have observed a charge asymmetry of 	N� � N�
�	N� ( N�
 $ 	����� � ����
&# the
corresponding number for tracks with momentum between ���� and ���� GeV"c is 	������
����
&� The sign and the magnitude of the observed asymmetry are accounted for by the
expected di
erences in K� vs� K� and p vs� p detection e�ciencies� slightly more K�

and p undergo nuclear interactions compared to K� and p� More details can be found in
Section ������ Collisions of particles with the nuclei in the detector material occasionally
result in recoil protons� but almost never in recoil antiprotons� To fake a K� candidate� a
recoil proton must have a momentum of at least ��� GeV"c and its track should be consistent
with originating at the e�e� interaction point� The possible random combinations of a J��
and a recoil proton would be accounted for in our background estimation� If a recoil proton
results from an interaction of a K� from the signal B� � ����K� decay� then the possible
bias caused by these protons would be accounted for in our study of the high�statistics
samples of simulatedK� interactions described in the previous paragraph and Section ������
Besides increasing our con�dence that the track reconstruction procedure does not introduce
signi�cant charge�correlated bias� the measurement of charge asymmetry for inclusive tracks
in data also con�rms that the number of recoil protons entering the pool of K� candidates
is negligible even before the reconstruction of the full B� � ����K� decay chain�

Bias in K� vs� K� momentum measurement� � This bias will separate the
�E � E	B�
�Ebeam peaks for B� and B� candidates so that the requirement on �E can
manifest a preference for the B candidates of a certain sign� We measured the di
erence
in mean �E for the B� and B� candidates to be ��� � ��� MeV� This result is consistent
with zero and very small compared to the approximately ��� MeV window used in the
�E requirement� We also used high�momentum muon tracks from e�e� � 	�	� events
	Appendix C
 as well as samples ofD� andD�

�s� meson decays ����� to put stringent limits on
possible charge�correlated bias in the momentum measurement� We conclude that the bias
in K� vs� K� momentum reconstruction is negligible for our CP �violation measurement�
More details can be found in Section ������

����� Results

In conclusion� we have measured the CP �violating charge asymmetry to be 	(����
����stat� � ����syst�
& for B� � J��K� and 	(��� � ����stat� � ����syst�
& for B� �
�	�S
K�� These values of ACP include a (���& correction due to a slightly higher recon�
struction e�ciency for the positive kaons� Apart from being yet another failed attempt to
rock the Standard Model boat� this measurement provides the �rst experimental test of the
assumption that direct CP violation is negligible in B � ����K decays�

��� More details on the analysis

����� Selection of B� � J��K� and B� � ��	S�K� candidates

The distributions of the normalized �E vs� normalized M	B
 for B� � J��K�

and B� � �	�S
K� candidates are shown in Figure ���� We multiplied the reported �E
uncertainties by a scale factor of ��� to make the normalized �E distribution look more
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like a unit Gaussian for the simulated signal events� There are ��� 	���
 candidates in
the signal box for B� � J��K� 	B� � �	�S
K�
 mode� One can count approximately
�� B� � J���� candidates above the signal box in Figure ���	left
� All B� � J��K�

and B� � �	�S
K� signal candidates come from di
erent events� even though we did not
attempt to select a single candidate in a given event�
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Figure ���� Normalized �E vs� normalized M	B
 for B� � J��K� 	left
 and B� �
�	�S
K� 	right
 candidates in data� There are ��� 	���
 candidates in the signal box
for the B� � J��K� 	B� � �	�S
K�
 mode� The lower parts of the plots show the
normalized beam�constrained mass distributions for the candidates passing the �
 cut on
normalized �E�

����� Cross	checks for signal candidate selection

To normalize or not to normalize�

In the real analysis we selected B� � ����K� signal candidates using normalized
M	B
 and �E variables� As a cross�check� we selected signal candidates using unnormalized
M	B
 and �E� We applied the following selection criteria� approximately corresponding
to �
 signal box in �E vs� M	B
 plane� as determined from simulation� jM	B
�MB j �
��� MeV� j�Ej � �� MeV for J��K� and j�Ej � �� MeV for �	�S
K�� The results are
listed in Table ���� The quoted statistical uncertainty in the shift of the measured ACP was
obtained using toy Monte Carlo simulation� We did not assign any systematic uncertainty�
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Table ���� Number of selected candidates and the observed charge asymmetry for the case
when we select B� candidates using unnormalized �E and M	B
 variables�

Mode N	B�
 N	B�
 N	B�
 shift in ACP

J��K� ��� 	��� common
 ��� ��� 	���� � ����stat�
&

�	�S
K� ��� 	��� common
 �� �� negligible

Particle identi�cation for charged kaons

In the real analysis we did not apply any particle identi�cation requirements to
charged kaons� As a cross�check� we required that all K� candidates have good dE�dx
information� and that the dE�dxmeasurements lie within � standard deviations of the values
expected for kaons� These cuts removed � out of ��� B� � J��K� signal candidates# all
��� B� � �	�S
K� pass these kaon particle identi�cation cuts� The results are listed in
Table ���� The quoted statistical uncertainty in the shift of the measured ACP was obtained
using toy Monte Carlo simulation� We did not assign any systematic uncertainty�

Table ���� Number of selected candidates and the observed charge asymmetry for the case
when we particle identi�cation requirements are applied to charged kaons�

Mode N	B�
 N	B�
 N	B�
 shift in ACP

J��K� ���	��
 ���	��
 ���	��
 	(��� � ����stat�
&

�	�S
K� ��� 	no change
 �� �� no shift

����� Background estimation from Monte Carlo simulation and o�	���S�
data

In this section we estimate backgrounds using samples of simulated events and
o
��	�S
 data� Table ��� lists various background contributions and total background
estimates�

Table ���� Estimated backgrounds for B� � J��K� and B� � �	�S
K� candidates�
Uncertainties in the total number of background events include ��& systematic uncertainty
assigned from our consistency checks described below�

Background source B� � J��K� B� � �	�S
K�

Continuum ���� � ���� ���� � ����

B� � ������ ���� � ���� ����

The rest of BB ���� � ���� ������	
	��	��

Total background ���� ��� ���� ���

Background from continuum events

Continuum background was estimated from o
��	�S
 data and �� times the on�
�	�S
 data� sample of simulated generic continuum events� Continuum background is
very low� In order to get more statistics for continuum background evaluation� we relaxed
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J�� � ���� and �	�S
� ���� mass requirements� We required the absolute value of the
normalized ���� mass to be less than �� both for ���� � e�e� and for ���� � 	�	� modes�
The continuum background is estimated to be ���� � ���� events for B� � J��K� and
���� � ���� events for B� � �	�S
K��

Background from B� � ������ decays

The branching fraction B	B� � �	�S
��
 has yet to be measured� therefore

we assumed B�B�����S�
��
B�B�����S�K�� $ B�B��J��
��

B�B��J��K�� $ 	��� � ���
& ����� The distributions of

the normalized �E for the simulated B� � ����K� and B� � ������ events are shown
in Figure ���� Softer K���� track makes for better separation of �E peaks for B� �
�	�S
K���� modes� Using high�statistics samples of simulated B� � J���� and B� �
�	�S
�� events� we estimated the background from B� � J���� decays to be ����� ����
events� where quoted error re�ects the branching ratio uncertainty� The background from
B� � �	�S
�� decays is estimated to be ���� events�
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Figure ���� Normalized �E distributions for B� � ����K���� decays reconstructed as
B� � ����K�� A �
 cut on normalized beam�constrained mass has been imposed� We as�
sumed B	B� � �	�S
��
�B	B� � �	�S
K�
 $ B	B� � J����
�B	B� � J��K�
 $
�& �����

B � J��	 background

The background from B � J��� was found to be negligible 	Section �����
�
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Background from the rest of BB events

To study the background from generic BB decays� we used a high�statistics sample
of simulated generic BB events corresponding to ��� times the data�� The BB background
is estimated to be ���� � ���� events for B� � J��K� and ������	
	��	�� events for B� �
�	�S
K�� These values do not include contributions from B� � ������ decays�

Consistency checks for background estimation procedure

We veri�ed the quality of our background estimation procedure by predicting the
number of events in � control regions of the �E vs� M	B
 plots shown in Figure ���� The
� control regions are de�ned in Section ������ The results for B� � J��K� and B� �
�	�S
K� modes are listed in Table ���� Based on this study� we assigned ��& systematic
uncertainty in the estimated number of background events both for B� � J��K� and for
B� � �	�S
K� mode�

Table ���� Quality control of the background estimation� We predict and compare with data
the number of events in � control regions of the �E vs� M	B
 plots shown in Figure ����

Source Region � Region � Region �

B� � J��K�

Continuum ��� � ��� � ��� � ���
B� � J���� ��� � �� ��� ��� �
B� � J��K� ��� � ��� � ��� �
the rest of BB ��� � � ���� � ���� �

Total predicted Npred ��� � � ���� � ���� �
Observed Nobs ��� ��� ���
Nobs�Npred � � 	(�� �
& 	(��� �
& 	��� �
&

B� � �	�S
K�

Continuum ��� � ��� � ��� � ���
B� � �	�S
�� �� � ��� � ��� �� �
B� � �	�S
K� ��� � ��� � �� �
the rest of BB ��� � � ���� � ��� �

Total predicted Npred ��� � � ���� � ��� �
Observed Nobs ��� ��� ��
Nobs�Npred � � 	��� �
& 	(�� �
& 	���� ��
&

����� Background estimation from �ts to M�B� distributions

We performed an independent background estimation from the �ts to beam�
constrained mass distributions 	Figure ���
� Signal was �t with a Gaussian shape deter�
mined from simulation� The background was �t with ARGUS shape ���� f	x
 
 x	p�� x� 	
e
���x

��� where x $ M	B
�Ebeam# the parameter � was allowed to �oat� We determined
the background for B� � J��K� 	B� � �	�S
K�
 mode to be �����	���	� 	�����	���	�
 events�

Background from B� � ���� �� decays 	Section �����
 must be added because B� � ���� ��
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candidates contribute to the beam�constrained mass peak� Therefore total background for
B� � J��K� 	B� � �	�S
K�
 is estimated to be �����	���	� 	�����	���	�
 events�
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Figure ���� Fits to beam�constrained mass distribution for B� � J��K� 	left
 and B� �
�	�S
K� 	right
 candidates�

����� Systematic uncertainty associated with background

We expect the background to be CP �symmetric� To support this prejudice� we
measured the charge asymmetries for the candidates in the sideband regions of the �E
vs� M	B
 distributions shown in Figure ���� Table ��� lists event yields outside the signal
regions in Figure ��� together with associated charge asymmetries�

Table ���� Event yields outside the signal regions in Figure ��� together with associated
charge asymmetries�

Mode N� N� N� N��N�

N��N�

J�� K� ��� ��� ��� 	(���� ���
&

�	�S
K� ��� ��� ��� 	����� ���
&

To show that the �nal result does not critically depend on the assumption that
background is CP �symmetric� we studied what would happen if we make an outrageous
assumption that the background has an intrinsic CP asymmetry of (��&� We generated
toy Monte Carlo experiments with the following assumptions�

� Total number of signal(background events is ��� for B� � J��K� and ��� for
B� � �	�S
K��
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� Number of background events follows Poisson distribution with the mean of � for
B� � J��K� and � for B� � �	�S
K� mode�

� Signal is CP �symmetric�

� Background has an intrinsic CP asymmetry of (��&�

CP asymmetry distributions for ������� toy Monte Carlo experiments are shown in Fig�
ure ���� The ��& CP �asymmetric background introduces a ���& 	���&
 bias in ACP mea�
surement for B� � J��K� 	B� � �	�S
K�
 mode�
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Figure ���� CP asymmetry in each of ������� toy Monte Carlo experiments generated to
probe the bias in ACP measurement due to the presence of background with an intrinsic
CP asymmetry of (��&� The left plot is for B� � J��K�� whereas the right plot is for
B� � �	�S
K� mode�

As a systematic uncertainty in ACP measurement we assigned ���& for B� �
J��K� and ���& for B� � �	�S
K� mode�

����
 Overview of charge	correlated systematic e�ects

We only need to study the charge�correlated systematic bias of the CLEO detector
response for the kaons with momentum ranging from ��� GeV"c to ��� GeV"c 	Figure ����
left
� Note that in our analysis we did not impose any particle identi�cation requirements
	dE�dx� time�of��ight� lepton veto
 on charged kaon candidates� That makes for an easier
systematic uncertainty study� Two excellent studies of the charge�correlated systematic
e
ects have recently been performed for the CP �violation searches in rare B meson de�
cays ����� and in charm decays ������
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B±→ψ(’)K± candidates in data
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Figure ���� Left plot shows the momentum of the kaons for ��� B� � J��K� and ���
B� � �	�S
K� signal candidates in data� Middle plot shows the momentum of the tracks
in the high�statistics sample of simulated B� � ����K� events described in Section ������
Right plot shows the momentum distribution of the inclusive tracks selected from data and
used in the check described in Section ������

����� Expected di�erence in K� vs� K� detection e�ciencies

Pen	and	paper calculation

This calculation was performed by Tony Hill 	see �����
� The cross sections of
nuclear interactions are quite di
erent for the positive and negative kaons from B� �
����K� decays 	Figure ���
� The momentum dependence of the expected reconstruction
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Figure ���� Total cross sections for K�fproton�deuteron�neutrong collisions as a function
of incident kaon momentum� The data were provided by Particle Data Group�

e�ciency asymmetry is shown in Figure ���� The cross section data were provided by
Particle Data Group ����� The composition of CLEO II�V detector material was obtained
from published papers and private communications with detector experts# no CLEOG detector
description information was used� The tracks were assumed to traverse the detector at � $
��� with respect to the beam axis� The layers of material accounted for in this calculation
include beam pipe� silicon detector� intermediate drift chamber 	VD
� and up to the �th layer
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of the main drift chamber 	DR
� if the nuclear interaction happened inside this cylindrical
volume� then the track is unlikely to be found� The calculations were performed for three
values of the the proton to neutron ratio Z�N in the inner detector material�

�� Real CLEO II�V inner detector 	Z�N � �
� True Z�N values were used for the layers
of material traversed by the tracks�

�� N�Z $ � % inner detector made of protons�

�� Z�N $ � % inner detector made of neutrons�

Expected ACP for Kaons vs Momentum
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Figure ���� Expected charged�correlated detection e�ciency asymmetry for K�� Shown
are the results of the analytic calculations performed for the three values of the proton to
neutron ratio in the detector material� In this calculation ACP is positive if reconstruction
e�ciency is higher for K� than for K� mesons�

Note that the value of the calculated charged�correlated detection e�ciency asymmetry is
linearly dependent on the amount of material� In CLEO II we had approximately ��& less
material inside DR compared to CLEO II�V detector con�guration 	Figure ����
�

Detection asymmetry predicted by CLEO Monte Carlo simulation

We have produced approximately � million ��track CLEOG simulated events� �	�S
�
B�B� events were generated� then we forced the decays B� � ����K�� ���� � ��� There�
fore� one K� and one K� are the only �visible� particles produced in each event� We
selected the reconstructed tracks satisfying the same track�quality requirements as were
imposed on the K� tracks in the analysis� The momentum spectrum of the selected tracks
is shown in Figure ����middle�
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To compare the Monte Carlo simulation prediction with the results of calcula�
tions presented in Figure ���� we take only CLEO II�V simulated events and count all
the selected tracks with the momenta ranging from ��� GeV"c to ��� GeV"c� We obtain�
N��N�

N��N� $ 
�
�
���
������

�
�
���
������ $ 	���� � ����
&� which is in excellent agreement with the calcu�

lations performed by Dr� Hill 	Figure ���
� Letting in CLEO II simulated events� we obtain
N��N�

N��N� $ �
��
����	��

�
�
��
����	��

� $ 	���� � ����
&� We checked that this result is stable if we vary

track momentum cuts� require that the tracks are tagged as true kaons� or require that at
most � good�quality tracks are reconstructed in each event� These cross�checks con�rm that
the sample of reconstructed tracks does not contain a signi�cant number of recoil protons
produced by the kaons from the signal decays� Also� these recoil protons would increase
the charge�correlated detection asymmetry� so that the value measured in the Monte Carlo
simulation would no longer agree with the value obtained in the pen�and�paper calculation�

To make sure that the reconstruction of the fullB� � ����K� decay chain does not
introduce any additional charge�correlated bias� we have also generated ���� ��� simulated
B�B� events where one of the B mesons decays into neutrinos 	to save computer time
�
while the other B mesons decays into ����K� �nal state� In this Monte Carlo sample we re�
constructed ������� B� � ����K� candidates and determined the charge�correlated detec�
tion asymmetry value to be in line with expectations�
N�B������K���N�B������K��

N�B������K���N�B������K��
$ ������������
��

������������
�� $ 	���� � ����
&�

����� Charge asymmetry for inclusive tracks in data

We used all the CLEO II and CLEO II�V on�resonance hadronic events passing the
same event selection requirements as used in B� � ����K� reconstruction� In these events
we selected the tracks satisfying the same track quality requirements as were imposed on
K� tracks in the B� � ����K� reconstruction� The momenta of the tracks were restricted
to the following two ranges 	Figure ����right
� ���� GeV"c � jpj � ���� GeV"c and ����
GeV"c � jpj � ���� GeV"c� The results of the track counting are listed in Table ����

Table ���� Comparison of number of positive and negative tracks found in on�resonance
hadronic events�

Momentum range N� N� N� N��N�

N��N�

����� jpj � ���� GeV"c ��������� ��������� ��������� 	���� � ����
 	 ����
����� jpj ����� GeV"c ��������� ��������� ��������� 	���� � ����
 	 ����

Can we make sense of the sign and the magnitude the observed ���& charge asym�
metry� The Monte Carlo simulation predicts the following composition of the inclusive
track sample used in the study� ��& of ��� ��& of K�� �& of p or p� �& of 	�� and �& of
e�� If the inner detector is composed of an equal number of protons and neutrons� then� by
virtue of isospin symmetry� the detection e�ciency should not depend on the pion�s charge�
Dr� Hill�s calculations ����� 	similar to those for kaons in Section �����
 indeed predict a
negligible 	even at ���& level
 charge asymmetry for pions� The asymmetry for leptons
should also be negligible 	note that no particle identi�cation requirements were imposed
�
The expected asymmetry for kaons is approximately ���& 	Figure ���
� detection e�ciency
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is higher for K�� Using Hill�s method described in Section ������ we also calculated the
expected asymmetry for p vs� p detection to be approximately ���&� detection e�ciency is
higher for p� We obtain the following expected value of the asymmetry for inclusive tracks
���&�����	K�
(���&�����	p�
 � ���&� which is in agreement with the measured value�
There does not seem to be much room for additional asymmetry from recoil protons�

����� Bias in K� vs� K� momentum measurement�

This bias will move apart the �E peaks for B� and B� candidates� and therefore
the �E cut can manifest a preference for the B candidates of a certain sign�

Limit from a study of D�s� decays

In ����� a high�statistics sample of D�s� mesons was used to study charge�correlated
systematics in the momentum measurement for the tracks with the momenta ranging from
� GeV"c to � GeV"c� No statistically signi�cant bias was observed� and a conservative
upper limit on a systematic charge�correlated momentum shift was derived� jp��p�j � ���
MeV"c� The �E resolution for B� � ����K� candidates is approximately �� MeV"c� and
we select all the candidates inside a��
 window� ThereforeO	��� MeV"c
 charge�correlated
bias in the momentum measurement should not be a problem for our analysis�

Measurement of 
E peak positions for B� and B� candidates in data

We have also measured the separation of the �E peaks for B� and B� candi�
dates directly in data� We used an unbinned likelihood �t procedure analogous to the one
employed for the B mass measurement 	Chapter �
� There are � inputs in our �t�

�� 	�E
i % the measured value of �E for a particular B� � ����K� candidate

�� 
i % the reported uncertainty on the �E measurement for a particular B� � ����K�

candidate� Note that we have already scaled up the reported error by a factor of ���
to make �E�
	�E
 distribution closer to a unit Gaussian for the simulated signal

events� 
	�E
 $ ��� 	 
reported�E �

There are � outputs in our �t�

�� �E % the mean value of �E#

�� S % the global scale factor multiplying 
	�E
�

The likelihood function to maximize is the product of PDF�s for all the selected signal
candidates�

L	�E#S
 $
Y
i

G		�E
i ��EjS
i
R ���i
���i

G	�E ��EjS
i
d	�E

� 	���


where G	xj

 � ��	
p
��

 exp	�x���
�
�

First� we performed a �t using all ��� B� � ����K� candidates� then we �tted
the B� and B� subsamples separately� The results of the �ts are listed in Table ���� From
Table ��� we obtain�
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Table ���� Results of the unbinned likelihood �t to �E distribution�

Number of �E S
candidates returned by �t returned by �t

B� � ����K� ��� ����� � ���� MeV ����� � �����

B� � ����K� ��� (���� � ���� MeV ����� � �����

B� � ����K� ��� ����� � ���� MeV ����� � �����

� The separation of the means of the �E peaks for the B� and B� candidates is

consistent with zero� ���dof $

�	
�	����	��

�	
	


�
(
	
��		���	��

�	
�


��
�� $ ������� In any

case� any possible charge�correlated di
erence in �E peak position is tiny compared
to the �E cut window 	 � ��� MeV


� The widths of the �E peaks for the B� and B� candidates are the same�

Limit from a study of e�e� � ���� events

In Appendix C we presented a study of the charge�correlated bias in the momentum
measurement using e�e� � 	�	� events� In this study we probed the di
erence of the
reconstructed transverse momenta of 	� and 	� tracks 	p�t � p�t 
# this study tells us about
the average false curvature in the CLEO detector� We also probed the dependence of the
measured sum of the 	� and 	� momenta 	p� ( p�
 on the � and � angle of the 	� track#
this study tells us about false curvature which depends on � and � of the track� As a check�
we repeated our B� � ����K� candidate selection changing the measured K� momenta
according to the following four expressions derived from the study of the e�e� � 	�	�

events�

�� pK
�

new $ pK
�

old 	 	�� pK
�

t�old 	 ��� 	 ���		GeV�c
��


�� pK
�

new $ pK
�

old 	 	��
pK

�

old

	� GeV 	 �	�� GeV��	� GeV 	 sin�


�� pK
�

new $ pK
�

old 	 	��
pK

�

old

	� GeV 	 �	�� GeV��	� GeV 	 cos�


�� pK
�

new $ pK
�

old 	 	��
pK

�

old

	� GeV 	 �	��
 GeV��	� GeV 	 cos ��	� 
�

In the worst case� we lost two 	one of each sign
 out of ��� B� � ����K� signal candidates�
We conclude that the charge�correlated bias in the momentum measurement is negligible
for our analysis�



Appendix A

�� study for B � �c���X analysis

In Chapter � we determine �c� and �c� yields in the �ts to M	J��

 �M	J��

distributions 	Figure ���
� The �c� and �c� signal shapes are obtained from the Monte Carlo
simulation 	Figure ���
� therefore we rely on accurate simulation of the calorimeter response�
We have studied ���s in the data and the simulation to estimate the systematic uncertainties
associated with the �c� and �c� signal shapes� We select isolated photon showers using the
same cuts as were used to select the photons in �c��� � J��
 reconstruction� The energy
of the showers is further restricted to be between ��� and ��� MeV corresponding to the
energy range for photons from �c��� � J��
 decays� We use all CLEO II and CLEO II�V
on� and o
��	�S
 data as well as a sample of simulated generic continuum events� We
checked that the energy spectra of the photons which we select in the data and the Monte
Carlo samples are in excellent agreement� The resulting �� mass distributions are shown in
Figure A���

A�� Mean of �� mass peak

To extract the �� mass lineshape from the simulation� we �t the distribution in
Figure A�� 	top right
 with a �th order Chebyshev polynomial� We exclude the peak region
from the �t� then subtract the background� and smooth the resulting histogram in MN FIT�
We �t the �� mass distribution in data 	Figure A���top left
 using a �th order Chebyshev
polynomial as a background shape and the template extracted from the simulation as a
signal shape� The horizontal o
set of the �� mass template extracted from the simulation is
allowed to �oat in the �t� We determine that the �� mass peak is shifted by ���� MeV"c�

in the data with respect to the simulation 	see also bottom plot in Figure A��
� We also
perform the �ts breaking data into �� individual datasets 	�S���ST
� As an example� the
�t to �SL data is shown in Figure A��� The resulting shifts of the �� mass peak in the data
with respect to the simulation are plotted in Figure A�� 	left
� Weighting the datasets by
the �� yield� we obtain the RMS spread of the shifts to be ���� MeV"c�� A ��� MeV"c�

shift of the �� mass peak corresponds� on average� to a ��� MeV shift in the energy of each
photon�

���
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Figure A��� The M	


 �M	��
 distributions for the inclusive �� candidates used in the
study� Both photon showers are required to be in good barrel region and have an energy
between ��� and ��� MeV� Top left plot is for the data� top right one is for the simulation�
Bottom plot shows overlay of the distributions in the data and the simulation with the
histograms normalized to the same area�
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MINUIT Likelihood Fit to Plot 19&0
4SL data
File: pi0_datasets_data_mc.hst  4-JUN-2000 22:05
Plot Area Total/Fit   5.04708E+05 / 5.04708E+05
Func Area Total/Fit   5.04708E+05 / 5.04708E+05

Fit Status  3
E.D.M. 4.660E-15

Likelihood =   444.5
χ2=   444.6 for 450 -  7 d.o.f., C.L.= 47.0%
Errors Parabolic                     Minos
Function  1: Chebyshev Polynomial of Order 4
NORM   1426.6 ±   3.486 -   3.482 +   3.490
CHEB01  0.59271 ±  3.1188E-03 -  3.1212E-03 +  3.1166E-03
CHEB02 -0.19636 ±  3.7786E-03 -  3.7783E-03 +  3.7792E-03
CHEB03  8.20363E-02 ±  3.2935E-03 -  3.2954E-03 +  3.2916E-03
CHEB04 -2.50121E-02 ±  3.3541E-03 -  3.3553E-03 +  3.3529E-03
Function  2: Smooth Histogram    302   0( 1) No errors
NORM  0.33722 ±  8.2212E-04 -  8.2166E-04 +  8.2258E-04
OFFSET -6.79178E-02 ±  1.3891E-02 -  1.3895E-02 +  1.3888E-02
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Figure A��� The �t to M	


�M	��
 distributions for �SL dataset� A polynomial is used
to �t background� whereas the template histogram extracted from the simulation is used for
signal� Both photon showers are required to be in the good barrel region of the calorimeter
and have an energy between ��� and ��� MeV�
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Figure A��� Variation of �� mass peak mean 	left
 and width 	right
 over the individual
datasets 	�S���ST
� The average for all the datasets combined is represented by a horizontal
line�

A�� Width of �� mass peak

To study the �� mass resolution� we use a Crystal Ball function as a signal shape�
Crystal Ball function is a �Gaussian with low�side tail�� de�ned as�

f	M jA�M�� 
� �� n
 $

� A 	 exp
�
�M�

d
���

�
if Md � ��
�

A 	 exp�������	
��	

n

Md


�	�

n


n if Md � ��
� 	A��


where Md � M �M�� M � M	


� M� is the mass peak value� Parameters � and N
are �xed form the �t to the simulated event samples� whereas mean and 
 are allowed to
�oat� The resulting shifts of the �� mass peak in the data with respect to the simulation
are identical to the shifts obtained in the �ts to the template extracted from the simulation�
The �� peak in the simulation is on average �& wider than in the data� The distribution
of the relative peak width vs� the dataset is shown in Figure A�� 	right
� RMS spread of
the width ratio over the datasets is ���&�

The �� mass resolution 
tot for the �
� candidates used in this study can be sepa�

rated into angular part 
ang and energy part 
E as 
tot $
q

�ang ( 
�E� where 
ang $ ����
tot

and 
E $ ����
tot� To increase the �� mass peak width by �&� one has to degrade the the
photon energy resolution by �&�



Appendix B

Position of J�� � ���� mass peaks�

data vs� Monte Carlo simulation

This study was performed as a part of the B meson mass measurement 	Chapter �
�
We used a sample of inclusive J�� � ���� decays reconstructed from all CLEO II and
CLEO II�V �	�S
 data� The momentum spectrum of the muons from inclusive J�� decays
is shown in Figure B���
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Figure B��� Reconstructed momentum of the J�� daughter muons for inclusive J���s in
the sample of simulated generic BB events�

We �ttedM		�	�
�MJ�� andM	e�	

e�	


�MJ�� distributions in the region
from ������ GeV"c� to (����� GeV"c�� We also �tted normalized mass distributions
�M		�	�
 �MJ����
	M
 and �M	e�	

e�	


 �MJ����
	M
 in the region from ��� to
(��� As a background shape we used �nd order Chebyshev polynomial� As signal shape
templates we used histograms extracted from a high�statistics sample of simulated J�� �

���
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���� events generated with the J�� mass of ������� MeV"c� ����� The normalization as
well as the x coordinate of the signal template were �oated in the �t� The lepton tracks were
�t with the pion Kalman hypothesis both in the data and in the Monte Carlo simulation�
The statistics of the Monte Carlo sample correspond to ��� times the data��

B�� J�� � ����

We checked that the detector response simulation does not introduce systematic
bias to the measured position of the J�� � 	�	� mass peak� Unlike electrons� muons
do not radiate in the detector material� The ionization energy loss by muons should be
correctly taken into account by the Billoir �tter� Therefore if we switch o
 the �nal state
radiation 	inner bremsstrahlung
 in the J�� � 	�	� decay� then we expect the measured
	�	� invariant mass to be symmetrically distributed around the nominal J�� mass value
	Figure ���
� This is indeed the case� and we measured the mean of the reconstructed 	�	�

mass peak to be within ���� MeV"c� from the nominal J�� mass regardless of whether the
muon or pion Kalman �t hypothesis was used to �t the muon tracks�

The �ts to the mass distributions for J�� � 	�	� are shown in Figure B��# the
results of these �ts are listed in Table B��� To appreciate how small a ��� MeV"c� shift
of the J�� � 	�	� mass peak position is� we note that if the magnetic �eld value were
perfectly known� but the track �tter had not taken into account the ionization energy loss
of the muons in the detector material� then the J�� � 	�	� peak would be shifted by
about �� MeV"c��

Table B��� Results of the �ts comparing J�� � 	�	� mass peak positions in the data and
the Monte Carlo simulation� The value of the �shift� parameter shows by how much the �t
wants to slide the histogram extracted from the simulation to match the data�

M			
�MJ�� �t �M			
�MJ����
	M��
 �t

shift 	MeV
 shift 	���� 	 

 average 
	M��
 shift 	MeV


all data (���� � ���� (���� ��� ���� MeV (����� ����

CLEO II (���� � ���� (���� ��� ���� MeV (����� ����

CLEO II�V (���� � ���� (���� ��� ��� MeV (����� ����

B�� J�� � e�e�

The �ts to the mass distributions for J�� � e�e� are shown in Figure B��# the
results of these �ts are listed in Table B��� Note that the exclusion of the right�hand side
of the J�� � e�e� peak from the �t makes the �t more sensitive to the de�ciencies of
the Monte Carlo simulation of the radiative tail� thus providing better check for possible
shortcomings of CLEOG material description�

In order to further increase the sensitivity of the �t to the simulation of the J�� �
e�e� radiative tail� we got rid of the bremsstrahlung photon addition� i�e� we used only the
e�e� invariant mass 	Figure B��
� The results of the �ts are given in Table B���
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all data
File: mumu_fit.hst  7-FEB-2001 14:19
Plot Area Total/Fit    46277. / 42301.
Func Area Total/Fit    44892. / 42301.

Fit Status  3
E.D.M. 3.143E-06

Likelihood =   421.1
χ2=   418.3 for 425 -  5 d.o.f., C.L.= 51.4%
Errors Parabolic                     Minos
Function  1: Chebyshev Polynomial of Order 2
NORM   33045. ±   439.2 -   437.9 +   440.4
CHEB01 -0.84818 ±  2.7626E-02 -  2.7845E-02 +  2.7413E-02
CHEB02 -0.13543 ±  1.9898E-02 -  2.0125E-02 +  1.9677E-02
Function  2: Smooth Histogram    101   1( 1) Normal errors
NORM  6.18215E-02 ±  8.8738E-04 -  8.8452E-04 +  8.9022E-04
OFFSET  4.91181E-04 ±  1.7902E-04 -  1.7900E-04 +  1.7782E-04
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all data
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Plot Area Total/Fit    38567. / 34545.
Func Area Total/Fit    38211. / 34545.

Fit Status  3
E.D.M. 1.728E-06

Likelihood =   420.2
χ2=   414.8 for 375 -  5 d.o.f., C.L.=  5.4%
Errors Parabolic                     Minos
Function  1: Chebyshev Polynomial of Order 2
NORM   309.11 ±   4.333 -   4.315 +   4.350
CHEB01 -0.45016 ±  2.5573E-02 -  2.5777E-02 +  2.5374E-02
CHEB02 -0.18695 ±  2.1382E-02 -  2.1607E-02 +  2.1163E-02
Function  2: Smooth Histogram    111   1( 1) Normal errors
NORM  6.29603E-02 ±  8.9381E-04 -  8.9048E-04 +  8.9712E-04
OFFSET  5.20508E-02 ±  1.7082E-02 -  1.7468E-02 +  1.7102E-02
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Figure B��� Fits to M		�	�
�MJ�� 	top
 and �M		�	�
�MJ����
	M
 	bottom
 distri�
butions� Right plots show the close�up of the J�� peak region# signal and background �t
functions are overlaid�
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Fit Status  3
E.D.M. 9.245E-07

Likelihood =   410.7
χ2=   410.8 for 425 -  5 d.o.f., C.L.= 61.6%
Errors Parabolic                     Minos
Function  1: Chebyshev Polynomial of Order 2
NORM   27459. ±   391.6 -   382.5 +   386.2
CHEB01 -0.87241 ±  2.8240E-02 -  2.8133E-02 +  2.7789E-02
CHEB02  0.19583 ±  1.7977E-02 -  1.7753E-02 +  1.7401E-02
Function  2: Smooth Histogram    101   1( 1) Normal errors
NORM  3.23901E-02 ±  4.5261E-04 -  4.4859E-04 +  4.5171E-04
OFFSET  6.91268E-04 ±  2.3706E-04 -  2.3691E-04 +  2.3709E-04
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all data
File: ee_fit.hst  7-FEB-2001 15:28
Plot Area Total/Fit    35108. / 32849.
Func Area Total/Fit    34793. / 32849.

Fit Status  3
E.D.M. 2.363E-08

Likelihood =   370.5
χ2=   371.0 for 375 -  5 d.o.f., C.L.= 47.5%
Errors Parabolic                     Minos
Function  1: Chebyshev Polynomial of Order 2
NORM   274.67 ±   3.907 -   3.894 +   3.929
CHEB01 -0.83075 ±  2.8239E-02 -  2.8459E-02 +  2.8087E-02
CHEB02  3.44806E-03 ±  2.1048E-02 -  2.1304E-02 +  2.0856E-02
Function  2: Smooth Histogram    111   1( 1) Normal errors
NORM  3.26381E-02 ±  4.5240E-04 -  4.5007E-04 +  4.5307E-04
OFFSET  5.68717E-02 ±  2.0988E-02 -  2.0968E-02 +  2.0993E-02
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 �MJ�� 	top
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distributions� Right plots show the close�up of the J�� peak region# signal and background
�t functions are overlaid�
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Table B��� Results of the �ts comparing J�� � e�e� mass peak positions in the data and
the Monte Carlo simulation� The value of the �shift� parameter shows by how much the �t
wants to slide the histogram extracted from the simulation to match the data�

M	e	

e	


 �MJ�� �t �M	e	

e	


 �MJ����
	Me���e���
 �t

shift shift average shift
	MeV
 	���� 	 

 
	Me���e���
 	MeV


all data (���� � ���� (���� ��� ���� MeV (���� � ����

region � to �� MeV region � to �
all data excluded from �t excluded from �t

(���� � ���� (���� ���
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all data
File: ee_fit_no_photon.hst  7-FEB-2001 15:29
Plot Area Total/Fit    30502. / 28627.
Func Area Total/Fit    30747. / 28627.

Fit Status  3
E.D.M. 1.021E-06

Likelihood =   369.8
χ2=   368.5 for 375 -  5 d.o.f., C.L.= 51.2%
Errors Parabolic                     Minos
Function  1: Chebyshev Polynomial of Order 2
NORM   242.70 ±   3.664 -   3.664 +   3.693
CHEB01 -0.74596 ±  2.9359E-02 -  2.9606E-02 +  2.9160E-02
CHEB02  9.25214E-02 ±  2.2473E-02 -  2.2834E-02 +  2.2302E-02
Function  2: Smooth Histogram    111   1( 1) Normal errors
NORM  3.37268E-02 ±  5.3909E-04 -  5.3606E-04 +  5.3928E-04
OFFSET  8.50945E-02 ±  2.3911E-02 -  2.3968E-02 +  2.4034E-02
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Figure B��� Fit to �M	e�e�
 �MJ����
	M
 distribution� Bremsstrahlung photon candi�
dates have not been added� Right plot shows the close�up of the J�� peak region# signal
and background �t functions are overlaid�

Table B��� Results of the �ts comparing J�� � e�e� mass peak positions in the data and
the Monte Carlo simulation� The bremsstrahlung photon candidates were not added�

M	ee
 �MJ�� �t �M	ee
�MJ����
	Mee
 �t

shift 	MeV
 shift 	���� 	 


all data (���� � ���� (���� ���

region � to �� MeV region � to �
all data excluded from �t excluded from �t

(���� � ���� (���� ���



Appendix C

Study of detector misalignment

with e�e�� 	�	� events

Because of detector misalignments� the measured curvature of a track can have an
o
set CUmeas	 $ CUtrue ( �� For example� the r � � rotation of VD with respect to DR will
introduce ��independent false curvature� Due to this e
ect� a non�zero false curvature will
be assigned to an in�nite�momentum track� and measured momenta will be di
erent for
positive and negative tracks of the same true momenta� There could also be a momentum
measurement bias which depends on azimuthal and polar angle of the track� One can think
of this bias as of false curvature which depends on the angles � and � of the track�

High momentum tracks have small curvature� and therefore their momentum mea�
surement is most sensitive to the false curvature e
ect� We probed the magnitude of this ef�
fect by comparing reconstructed transverse momenta of positive and negative muon tracks in
e�e� � 	�	� events� The selected events should be classi�ed as e�e� � 	�	�� have good
bunch matching to reject cosmic muons� have exactly two muon candidates 	DPTHMU � �

of opposite charge# there should not be any unmatched calorimeter showers with an energy
higher than �� MeV� For the data with non�zero beam crossing angle� we calculated muon
momenta in the boosted �	�S
 rest frame using the crossing angle value reported by CESR�

Typical distributions of the di
erence in reconstructed transverse momenta be�
tween positive and negative muons in e�e� � 	�	� events are shown in Figure C��� We
�tted these distributions to a double Gaussian with the same mean# the results of the �ts
for di
erent data sets are listed in Table C��� The p�t � p�t resolution� listed in the �rd
column of Table C��� was calculated as a weighted average of 
�s of the two Gaussians� The

right column in Table C�� lists the value of � �
p�t �CU���

�$� �
�p�t �p

�

t ���
	 �p

�
t �p

�

t �

�p�t �p
�

t �
� used in

parametrization of the false curvature e
ect�

We also �tted the sum of muon momenta� taking into account variation in run
energy� 	jp		�
j ( jp		�
j � �Ebeam
� We studied the dependence of the peak position on
� and � angles of the 	� track� The distributions for the observed variations around the
average peak position are shown in Figure C��� Note that starting with �SN data set� Pablo
Hopman introduced an improved VD alignment procedure� which takes into account beam
crossing angle� This procedure signi�cantly reduced the detector misalignment revealed in
Figure C���

���
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Figure C��� Di
erence in reconstructed transverse momenta for positive and negative muons
in e�e� � 	�	� events� Left plot represents �S� data� right plot % �ST data�

Table C��� Results of the �ts to p�t �p�t and �
�p�t �p

�

t ���
	 �p

�
t �p

�

t �

�p�t �p
�

t �
distributions obtained using

e�e� � 	�	� events in di
erent data sets�

Data set Number of 	�	� � 
�pt � Mean p�t � p�t Mean �
�p�t �p

�

t ���
	 �p

�
t �p

�

t �

�p�t �p
�

t �

events used 	����
 	MeV"c
 	MeV"c
 ����
	 GeV"c 
��
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��� Appendix C� Study of detector misalignment with e�e� � 	�	� events

Figure C��� Variation of the jp		�
j ( jp		�
j peak position around its average value de�
pending on the azimuth 	left plot
 and the cos � 	right plot
 of the 	� track�



Appendix D

Study of high�momentum ���s for
B�
� J���� reconstruction

The �� momentum distribution in B� � J���� decays is shown in Figure D��� We
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Figure D��� �� laboratory momentum in B� � J���� decays� The generator�level infor�
mation is shown�

performed a study of ���s in the momentum range of interest for this analysis� For this study�
we used spherically�looking hadronic events in all CLEO II and CLEO II�V data# on and o
�
�	�S
 data were used� We also used a sample of simulated generic continuum events� We
selected inclusive ���s using the same selection criteria as in B� � J���� analysis� The ��

momenta were restricted to be from ���� to ���� GeV"c 	Figure D��
� Figure ��� shows one
quadrant of the CLEO detector� In �good barrel� region of the calorimeter 	j cos �� j � ����

photons do not pass through the DR endplate# the rest of the barrel calorimeter is called �bad

���
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barrel�� We grouped the �� candidates into � categories according to the calorimeter region
where each daughter photon was detected and compared normalized �� mass distributions
in CLEO II and CLEO II�V data 	Figure D���left
 and simulated event samples 	Figure D���
right
� These plots convinced us that in the search for B� � J���� we should not throw
away photon candidates from bad barrel and endcap regions� According to our Monte Carlo
simulation� at least one daughter photon is detected outside the good barrel for ��& of ���s
from B� � J���� decay� There is a problem with calorimeter energy calibration in bad

-10 -8 -6 -4 -2 0 2 4 6 8 -10 -8 -6 -4 -2 0 2 4 6 8 10 -10 -8 -6 -4 -2 0 2 4 6 8 -10 -8 -6 -4 -2 0 2 4 6 8 10

Figure D��� Normalized �� mass distributions for inclusive ���s with momenta between ����
and ���� GeV"c� We divide �� candidates according to the calorimeter region where each
daughter photon was detected� �gb���good barrel�� �bb���bad barrel�� and �ec���end
cap�� We compare the distributions for CLEO II 	left column
 and CLEO II�V 	right
column
� The left plot is for data# the right one is for the Monte Carlo simulation�

barrel and endcap regions in CLEO II�V data 	Figure D���left
# no such problem is seen in
the Monte Carlo simulation 	Figure D���right
� This problem is minor� however� because
our �� mass window cut is quite wide 	�� � 	M	


 �M
�
�
	M
 � �
� and we perform
a mass�constraint �t for the �� candidates� If we consider ���s in all calorimeter regions�
then CLEO II and CLEO II�V data are almost indistinguishable� In Figure D��	left
 we
compare �� lineshapes in CLEO II and CLEO II�V data# the histograms were scaled by the
ratio of integrated luminosities� In Figure D��	right
 we compare �� lineshapes in the data
and in the simulation# the histograms were scaled to have the same area�
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Figure D��� Normalized �� mass distributions for inclusive ���s with momenta between
���� and ���� GeV"c� Photons were detected in all calorimeter regions� In the left plot we
overlay the histograms obtained from CLEO II 	circles
 and CLEO II�V 	solid line
 data#
these histograms were scaled by the ratio of integrated luminosities� In the right plot we
overlay the histograms obtained from the data 	circles
 and the Monte Carlo simulation
	solid line
# these histograms were scaled to have the same area� Vertical lines represent the
cut used in B� � J���� analysis�



Appendix E

How to reconstruct K�
S � ����

K�
S �s are used in many analyses and some analyses would welcome the ��& e��

ciency boost from K�
S � ���� mode even if this mode is not quite as clean as K�

S � �����
One example of such an analysis is B� � J��K�

S reconstruction� important for CP viola�
tion studies� Originally we developed a technique for K�

S � ���� �nding to augment the
statistics of the B� � J��K�

S sample used for the projected sin �� measurement at CLEO�
Unfortunately� the CLEO sin �� measurement has passed away 	Chapter �
� We �nd it
useful� however� to describe the developed procedure�

We studied the K�
S �s from B� � J��K�

S decays� The technique is applicable�
however� to reconstruction of K�

S �s from other decays� The K�
S momentum and �ight

distance distributions for B� � J��K�
S are shown in Figure E��� Unless otherwise stated�

all the plots in this section were produced using taggedK�
S � ���� candidates reconstructed

from a sample of simulated B� � J��K�
S events�

For K�
S � ���� reconstruction we selected photon showers requiring the shower

energy to be greater than �� MeV for good barrel 	j cos �� j � ����
 and greater than �� MeV
for the rest of the calorimeter�

E�� What if we use the e�e� interaction point as a photon

origin�

By e�e� interaction point we mean run�by�run beam spot in r�� plane and event�
by�event reconstructed vertex along the z�axis� Calorimeter provides us with energy and
position measurements of a photon shower� To reconstruct the photon momentum� we need
to make an assumption about the production point of this photon� In the beginning� for lack
of better knowledge� we pretend that all the photons come from the e�e� interaction point�
In this case we obtain badly distorted �� and K�

S mass distributions 	Figure E��
� Photon�
shower covariance matrices cannot be trusted when the e�e� interaction point is assumed
as a photon origin� Therefore it is impossible to perform kinematic �ts constraining �� and
K�
S masses� Remarkably� the reconstructedK�

S �ight direction is very accurate 	Figure E��
�
For example� missing true K�

S �ight direction by ���� radians 	Figure E��
 for a K�
S that

�ew �� cm 	Figure E���right
� translates into an error of ��� cm in the K�
S vertex position#

���
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Figure E��� K�
S laboratory momentum 	left
 and �ight distance 	right
 in B� � J��K�

S

decays� The generator�level information is shown�

Monte Carlo

0

2500

5000

7500

10000

12500

15000

17500

20000

22500

-100 -80 -60 -40 -20 0 20 40

True K0
S decay vertex

e+e- interaction point

M(γγ)-M(π0) (MeV/c2)

C
an

di
da

te
s/

(1
 M

eV
/c

2 )

Monte Carlo

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

-250 -200 -150 -100 -50 0 50 100

M(γγγγ)-M(K0) (MeV/c2)

C
an

di
da

te
s/

(5
 M

eV
/c

2 )

True K0
S decay vertex

e+e- interaction point

Figure E��� �� 	left plot
 and K�
S 	right plot
 mass distributions for K�

S � ���� from
B� � J��K�

S decays� To calculate the photon directions� we used true K�
S decay vertex

from QQ 	solid line
 and e�e� interaction point 	dashed line
 as a photon origin�
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Monte Carlo
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Figure E��� The angle between the reconstructed and generated K�
S momentum vectors�

The K�
S momentum vector was calculated as sum of momenta of the four photons� To

calculate the photon directions� we used true K�
S decay vertex from QQ 	solid line
 and

e�e� interaction point 	dashed line
 as a photon origin�

such an error is negligible compared to the achieved K�
S �ight distance resolution of ��� cm�

Therefore we consider the K�
S �ight direction to be perfectly known�

E�� K�
S � ���� vertex �nding

Even if the K�
S vertex position were perfectly known� the �� mass distribution

would still have a low�side tail due to nonlinearities in photon energy measurements 	Fig�
ure E��
� We �tted this distribution with the Crystal Ball function� �Gaussian with
low�side tail�� de�ned in Appendix A��� The �t� shown in Figure E��� returned the follow�
ing parameters� peak position M� $ M
� � ��� MeV"c�� 
 $ ��� MeV"c�� � $ ����� and
n $ �����

As mentioned in the previous section� the K�
S �ight direction can be considered

perfectly measured� To �nd the K�
S vertex position� we step along this direction� recalcu�

lating photon directions at each point on the way� until the following function of the two
�� masses is maximized�

L	M	
�
�
�M	
�
	
jL	K�
S

 $ f �M	
�
�
�� f �M	
�
	
�� 	E��


We denote K�
S �ight distance as L	K�

S
� The parameters M�� 
� �� and n of the Crystal
Ball function f	M
 are �xed to the values obtained from the �t shown in Figure E��� We let
the two ���s freely decide between themselves which point along the K�

S �ight direction they
prefer� therefore we also allow negative �ight distances� Figure E�� shows the distribution
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Figure E��� �� mass distribution for K�
S � ���� in a sample of simulated B� � J��K�

S

events� To calculate the photon directions� we used true K�
S decay vertex from QQ as a

photon origin� The distribution is �t with the Crystal Ball function�

of the found K�
S �ight distances as well as the distribution of the di
erences between found

and true K�
S �ight distances� The K�

S �ight distance is found without a bias and with a
resolution of ��� cm�

We recalculate the photon directions using the found K�
S decay vertex� The re�

sulting �� mass distribution is shown in Figure E��� This distribution is narrower than
the distribution shown in Figure E��� This is not surprising� the distribution in Figure E��
is not a ��function only because two ���s have to come to a compromise on the best K�

S

decay vertex�

E�� Kinematic �ts with �� and K� mass constraints

Now we can calculate photon covariance matrices� The energy and position resolu�
tions of a shower in the calorimeter are parametrized in the shower reconstruction software�
We also know that the photon origin is limited to a line 	K�

S �ight direction
� and a position
along this line is known without a bias with ��� cm precision 	Figure E���right
� The direc�
tions of the four photons from K�

S decay are strongly correlated because all four photons
originate from the K�

S decay vertex� Therefore we build a combined covariance matrix for
the two ���s� taking into account correlations in the photon directions� Then we perform a
kinematic �t constraining both �� masses together in one �t� This �nal �� mass�constraint
�t recti�es bias and slightly improves K�

S mass resolution 	compare left and right plots in
Figure E��
� In Figure E�� we compare the K�

S mass distribution we have started from and
the distribution we obtain after we �nd the K�

S decay vertex and constrain the �� masses�
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Figure E��� The distributions of found and generated K�
S �ight distances are overlaid in the

left plot� Right plot shows the di
erence between found and generated K�
S �ight distances�

Monte Carlo

0

2500

5000

7500

10000

12500

15000

17500

20000

22500

-50 -40 -30 -20 -10 0 10 20

M(γγ)-M(π0) (MeV/c2)

C
an

di
da

te
s/

(1
 M

eV
/c

2 )

Figure E��� �� mass distribution after the photon directions have been recalculated to the
found K�

S decay vertex� Note that the �� masses have already been used to �nd K�
S decay

vertex�
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Figure E��� K�
S mass distributions after the photon directions have been recalculated to

the found K�
S decay vertex� Left and right plots show the distributions before and after

�nal �� mass�constraint �t� The Gaussian �t to the right�hand K�
S mass distribution yields

�� MeV"c� K�
S mass resolution�

Now we can cut on the K�
S mass� Figure E�� shows the distribution of the reported K�

S

mass uncertainties and the distribution of the normalized K�
S mass�

Next we perform a kinematic �t constraining K�
S mass to its world average value� Now the

K�
S four�vector is ready to be used for the reconstruction of �upstream� decays� Figure E���

shows the distribution of the reported K�
S energy uncertainties and the distribution of the

K�
S energy pulls�

E�� Step�by�step K�
S � ���� reconstruction procedure

�� Select photon showers�

�� Assume that all photons come from the e�e� interaction point�

�� Form �� candidates� In principle� no �� mass cut is necessary at this point# in practice�
however� one may want to apply some very loose requirement in order to save computer
time� In our B� � J��K�

S analysis we required ��� � M	


 �M
� � �� MeV"c�

	Figure E���left
�

�� Form K�
S � ���� candidates� Again� no K�

S mass cut is necessary at this point�
In our B� � J��K�

S analysis we required ���� � M	




 �MK� � �� MeV"c�

	Figure E���right
�
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Figure E��� Solid line represents K�
S mass distribution after new K�

S decay vertex is found
and after �nal �� mass�constraint �t is performed� Dashed line represents the K�

S mass
distribution we have started from� when we used e�e� interaction point as a photon origin�
The histograms are normalized to the same area�
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Figure E��� Left plot shows reported event�by�event uncertainties in K�
S mass� The nor�

malized K�
S mass distribution is shown in the right plot�
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Figure E���� Left plot shows reported event�by�event uncertainties in K�
S energy� The

normalized K�
S energy distribution is shown in the right plot�

�� K�
S �ight direction is just the direction of the K�

S momentum calculated as a sum of
momenta of the four photons� Photon directions are calculated assuming the e�e�

interaction point as a photon origin 	see Figure E��
� One might think of thus cal�
culated K�

S �ight direction as a line passing through the e�e� interaction point and
the center of energy of the four photon showers in the calorimeter� Consider the K�

S

�ight direction to be perfectly known�

�� For each K�
S candidate� step along the K�

S �ight direction� allowing negative �ight
distances� At each step recalculate the directions of the four photons� assuming new
K�
S decay vertex� The point for which the following expression

L	M	
�
�
�M	
�
	
jL	K�
S

 $ f �M	
�
�
�� f �M	
�
	
�

is maximal is declared to be our best guess on K�
S decay vertex 	Figure E��
� Function

f	M	



 in the above expression was obtained from a �t of a Crystal Ball shape to
the �� mass distribution obtained from simulation 	Figure E��
� If your K�

S momenta
di
er signi�cantly from ours� please derive your own template lineshape�

�� Cut on the foundK�
S �ight distance L	K�

S
� In our B� � J��K�
S analysis we required

��� � L	K�
S
 � �� cm 	Figure E��
�

�� Photon directions are recalculated using our best guess on K�
S vertex� Now cut tighter

on the �� mass� In our B� � J��K�
S analysis we required ��� � M	


 �M
� �

�� MeV"c� 	Figure E��
�

�� Recalculate photon�shower covariance matrices� assuming that the photon origin is
limited to a line 	K�

S �ight direction
 and a position along this line is known without
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a bias with the precision determined from the Monte Carlo simulation� In our analysis
theK�

S �ight distance resolution is ��� cm 	Figure E���right
� Build a combined covari�
ance matrix for the two ���s taking into account correlations in the photon directions
due to the common uncertain origin� Then perform a kinematic �t constraining both
�� masses together in one �t�

��� After �nal �� mass�constraint �t� cut on K�
S mass� In our B� � J��K�

S analysis we
required the absolute value of the normalized K�

S mass to be less than � 	Figure E��
�

��� Perform kinematic �t constrainingK�
S mass to its world average value� Thus obtained

K�
S four�vector and covariance matrix are now ready to be used for the reconstruction

of an �upstream� decay�

E�� Reconstruction of inclusive K�
S � ���� in data

We tested ourK�
S � ���� �nder on inclusiveK�

S �s in data� TheK�
S momenta were

restricted to be from ���� to ���� GeV"c# this range corresponds to theK�
S momentum range

inB� � J��K�
S decays 	Figure E���left
� We required the foundK�

S �ight distance to be be�
tween ��� and �� cm 	Figure E���left
# we also required ��� � M	


�M
� � �� MeV"c�

	Figure E��
 with the photon directions recalculated to the found K�
S vertex� We did

not limit number of K�
S candidates per event� In particular� a photon shower can be recon�

structed as a part of several K�
S candidates� each having its own decay vertex� The resulting

K�
S mass distribution is shown in Figure E���	left
� The right plot in Figure E��� was ob�

tained by requiring the K�
S �ight distance to be greater than � cm� which corresponds to

approximately �
 vertex separation cut� The purity of the signal can be further increased
by cutting tighter on the �� mass� The �ts to the K�

S mass and normalized mass distri�
butions in Figures E��� and E��� show good agreement between the data and the Monte
Carlo simulation�

E�	 Systematic uncertainty on K�
S � ���� reconstruction ef�

�ciency

In our measurement of B	B� � J��K�
 described in Chapter � we used the
Monte Carlo simulation to determine the reconstruction e�ciency� The K�

S � ���� decays
provide an excellent calibration sample for the study of systematic uncertainties associated
with K�

S � ���� reconstruction� The branching ratio B	K�
S � ����
�B	K�

S � ����
 is
measured with a relative accuracy of ���& ����� For this study we used spherically�looking
hadronic events in all CLEO II and CLEO II�V data# both on� and o
��	�S
 data sets were
used� We selected inclusive K�

S � ���� and K�
S � ���� candidates using the same K�

S

selection criteria as in B� � J��K�
S analysis� The K�

S momenta were further restricted to
be from ���� and ���� GeV"c# this range corresponds to the K�

S momenta in B� � J��K�
S

decays 	Figure E���left
� We calculated ratios ofK�
S � ���� andK�

S � ���� yields � R �
N	K�

S � ����
�N	K�
S � ����
 � separately for data and the Monte Carlo simulation�

Then we formed double ratio Rdata�RMC� This double ratio should be close to unity if
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Figure E���� Inclusive K�
S � ���� candidates reconstructed from data� The momenta of

the candidates were restricted to be between ���� and ���� GeV"c� For the right plot we
required the K�

S �ight distance to be greater than � cm 	� �

�

our simulation correctly predicts ratio of K�
S � ���� and K�

S � ���� reconstruction
e�ciencies� Signal yields were extracted from the �ts to �� mass and normalized �� mass
distributions 	see Figures E��� and E���
� We averaged central values of double ratios of
yields obtained from �ts to M	��
 and normalized M	��
 distributions and assigned the
largest deviation from the average as a systematic uncertainty� The results are listed in
the Table E��� We take the value of Rdata�RMC � � to be �&� Therefore the systematic

Table E��� Deviation from � of the double ratio of K�
S � ���� and K�

S � ���� yields
	Rdata�RMC
� where R � N	K�

S � ����
�N	K�
S � ����
�

Rdata�RMC � � 	& 


CLEO II (���� ���	stat
� ���	�t syst

CLEO II�V ����� ���	stat
� ���	�t syst


uncertainty in the Monte Carlo simulation prediction of the K�
S � ���� reconstruction

e�ciency equals �& added in quadrature to the systematic uncertainty assigned for K�
S �

���� reconstruction e�ciency�
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S � ����

Figure E���� Fit to the K�
S mass distribution for inclusive K�

S � ���� candidates� We
applied the same selection criteria as for the plot in Figure E���	left
� Left plot is for data�
right one is for a sample of simulated events�



Appendix E� How to reconstruct K�
S � ���� ���

Figure E���� Fit to the normalized K�
S mass distribution for inclusive K�

S � ���� candi�
dates� We applied the same selection criteria as for the plot in Figure E���	left
� Left plot
is for data� right one is for a sample of simulated events�



Appendix F

Cross�checks of J�� yields

We compared the J�� yields in CLEO II and CLEO II�V data� and also com�
pared the yields in data and the Monte Carlo simulation� For J�� � 	�	� mode we
additionally list the results obtained with the requirement that both muons pass the muon
penetration requirement DPTHMU � �� To determine J�� yields� we �tted M		�	�
�MJ��

and M	e�	

e�	


 �MJ�� distributions in the region from ���� to (��� MeV"c�� We
also �tted normalized mass distributions �M		�	�
�MJ����
	M
 and �M	e�	

e�	


�
MJ����
	M
 in the region from ��� to (�� 	Figure F��
� We used �nd order Chebyshev
polynomial as background shape� We used histograms extracted from tagged J�� decays
in a sample of simulated signal events as signal shape templates� The J�� yields in data
were obtained by scaling the area of the template histogram extracted from simulation# no
mass cuts were applied� We averaged central values of the J�� yields obtained from �ts to
the J�� mass and normalized mass distributions and assigned a deviation from the average
as a systematic uncertainty� The J�� yields are listed in Table F���

Table F��� J�� � 	�	� and J�� � e�e� yields in data obtained by scaling the area of
the template histogram extracted from simulation# no mass cuts were applied� The �rst
uncertainty is statistical# the second one is assigned through comparison of yields obtained
in �ts to the J�� mass and normalized J�� mass distributions�

Mode Data set J�� yield

J�� � 	�	� CLEO II ���� � ��� �
CLEO II�V ���� � ��� ��

J�� � 	�	� CLEO II ���� � ��� �
both 	 with DPTHMU � � CLEO II�V ���� � ��� ��

J�� � e�e� CLEO II ���� � ��� �
CLEO II�V ���� � ��� ��

�� To check that the J�� � 	�	� and J�� � e�e� reconstruction e�ciencies are not
signi�cantly di
erent in CLEO II and CLEO II�V data� we compared the J�� yields
per BB pair in CLEO II and CLEO II�V data� The results are listed in Table F���

�� To check that our Monte Carlo simulation tracks the change in J�� � 	�	� and

���
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Figure F��� Fits to J�� � 	�	� 	top row
 and J�� � e�e� 	bottom row
 normalized mass
distributions� As signal shape templates we used histograms extracted from the Monte Carlo
simulation� Right plots show the close�up of the J�� peak region# signal and background
�t functions are overlaid�
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J�� � e�e� reconstruction e�ciencies between CLEO II and CLEO II�V� we com�
pared the J�� yields per BB pair divided by the J�� reconstruction e�ciency de�
termined from simulation� This is equivalent to the check that in CLEO II and
CLEO II�V we get consistent values of B	B � J��X
� The results are listed in
Table F���

�� We checked that ratio of J�� � 	�	� and J�� � e�e� reconstruction e�ciencies
is consistent between data and the Monte Carlo simulation� This is equivalent to
the check that we get consistent values of B	B � J��X
 using J�� � 	�	� and
J�� � e�e� modes� The results are listed in Table F���

In all the analyses presented in this thesis we assign a �& uncertainty on the J�� recon�
struction e�ciency 	�& per lepton
� The study presented in this Appendix con�rms that
this uncertainty is quite conservative�

Table F��� Comparison of the J�� yields per BB pair and in CLEO II and CLEO II�V data�
We also compare the J�� yields per BB pair divided by the J�� reconstruction e�ciency
determined from simulation�

Mode N�J����N�BB� jCLEOII�V
N�J����N�BB� jCLEOII

� � 
N�J����N�BB����MC jCLEOII�V

N�J����N�BB����MC jCLEOII

� �

J�� � 	�	� 	(���� ���
& 	����� ���
&
both 	 with DPTHMU � � 	(���� ���
& 	����� ���
&

J�� � e�e� 	(���� ���
& 	����� ���
&

Table F��� J�� yield divided by J�� reconstruction e�ciency determined from simulation�
We compare J�� � 	�	� and J�� � e�e� modes�

Mode
N�J�����MC jJ���e�e�

N�J�����MC jJ�������
� �

�nd 	 can have DPTHMU $ 	 	(��� � ���
&

both 	 with DPTHMU � � 	(��� � ���
&
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