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The Bc Meson

� The Bc meson is a bound state of the b and the c quark�

� The Bc Mass is predicted to be ���� � ���� GeV�c�

E� Eichten et� al�� PR D��� �����	���


� The Bc lifetime is predicted to be between ��	 and 
�	
ps� M� Beneke et� al�� PR D��� ���	�	���


� The Bc is a quarkonium system intermediate between
J�� and the � families�

� Two heavy quarks� Reliable calculations

� Spectroscopy

� Weak Decays



Theoretical Calculations of Bc Production

��
s calculation �

��Bc	
��b
b	

� ����

pT spectrum forBc��
�S�	 andB

�
c ��

�S�	 by C� Chang et� al�� PRD ���	���
 �����



Mass Spectrum of �bc Bound States

by E�J� Eichten and C� Quigg� PRD ���	���
 �����

� Nonrelativistic QCD potential models

� B�
c � BD above BD Threshold

� B�
c � Bc � ��or ��	 under BD Threshold

� 
��� � m�Bc	 � 
��� GeV�c�



Theoretical Calculations of Bc Lifetime

� The Bc meson decays only through weak interactions�

� The Bc lifetime depends on the model assumption of bound state
e�ect�

� Loosely bound

�tot � �b � �c � ��B�	 � ��D�	

� �Bc	 � ��� ps

� Tightly bound

Free quark �Q � m�
Q �� ��Q � �mQ � �BE	

�

Relative reduction
��b
�b
� �

��� and
��c
�c
� �




� �Bc	 � ��� ps

The Bc lifetime is predicted in a wide range�
��� ps � � �Bc	 � ��� ps



Previous Bc Meson Searches

LEP and CDF experiments have searched for Bc mesons in the modes
including J	
�

� LEP searches�

B�
c � J	
��� B�

c � J	
���� B�
c � J	
������� B�

c �

J	
a��

� CDF search�

B�
c � J	
��

The Bc meson has not been observed yet�

Upper limits on the ratio
�BcB�B

�
c � DecayMode	

�BuB�B
�
u � J	
K�	

Experiment Decay Mode Upper Limits

ALEPH B�
c � J	
�� ��� ���� CL	

B�
c � J	
��� ��� ���� CL	

DELPHI B�
c � J	
�� ��� to ��� ���� CL	

B�
c � J	
��� ��� to ��� ���� CL	

B�
c � J	
������ ��� ���� CL	

OPAL B�
c � J	
�� ��
 ���� CL	

B�
c � J	
a�� ��� ���� CL	

B�
c � J	
��� ��� ���� CL	

CDF B�
c � J	
�� ���� to ���� ���� CL	



Bc � J��� Search



Search for Bc � J���X at CDF

� Select a J�� � �
�� and a third lepton 
e or ��

� Signature� three leptons form a common displaced ver�
tex

� Large branching ratio� B�B�c � J����X
� ��	� B�B�c � J����




Bc � J	
eX Signal and Candidate Events



CDF Trigger

Trigger System
Trigger Description Rate

Level I Uses Detector Subsystems ���� Hz
like � Chambers� Calorimetry� ���

Level II Uses Combined Subsystems �� Hz
like � Chambers � Tracking� ���

Level III Full Event Reconstruction 
� Hz

� Single Lepton Trigger �e or ��

� pT 
�� � ��� GeV�c

� Dilepton Trigger

� ��� pT 
�� � ��� GeV�c

� e�� pT 
�� � ��� GeV�c and ET 
e� � ��� GeV�c�

Run � 
������ 	�� pb�	

Run 
 
������ 

� pb�	

Run � 
������ ���� pb�	 
expected�



J�� � �
�� Selection

� Dimuon trigger with pT 
�� � � GeV�c�

CDF Preliminary
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� Select events in the J�� mass window jm
�
��� �
m
J���j � �� MeV�c��

� We �nd 
������ � ��� J�� � �
�� events�



Mass Distribution of B � J��K
Candidate Events

� We �nd ��� � 
� events�

� This sample is used for the normalization of

� the B �B background estimation and

� the measurement of 	 BR
Bc � J���
��



J�� 	 lepton Selection

� We reconstruct a common vertex of � leptons�

� We form an invariant mass of the J�� � � and calculate

�pseudo�proper decay length� x �
m �J	
�	
j
pT �J	
�	 j

Lxy�

� Bc signal region�

	 � m
J���� � � GeV�c� with x � �� �m�



Third lepton Selection

� Electron Identi
cation

� PT � � GeV�c

� ��� � E	P � ���

� Had�EM � ���

� dE�dX cut� �QCTC � Q�e		�� � ��

� Preradiater chamber cut� CPR � � mips

� Shower max chamber cut� pro�le and position

� conversioon electron rejected

�Muon Identi
cation

� PT � � GeV�c

� track segment both in Central MUon chamber�CMU	 and Cen�

tral Muon UPgrade chamber �CMP	

� track match between the muon chamber and the central tracking
chamber



J	
� Mass Distribution for the Bc Signal



J	
 � Track Mass Distribution�

the Electron Fiducial Region

CDF Preliminary
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J	
 � Track Mass Distribution�

the Muon Fiducial Region

CDF Preliminary
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Background Estimates



Backgrounds to the Bc � J	
eX search

� Fake Electron Background

� Fake rate is estimated using CDF jet event sample�

� The events in the J	
 � track sample are weighted by this fake

rate�

� The fake electron background is ��� 	 ���� 	 ��� events�

� Residual Conversions Background

� Assuming the track in the J	
 � track sample are ��� we sim�

ulate J	
 � �� events�

� Calculate Ns�N�residual	�N�rejected	 using the simulation�

� Multiply Ns by the the number of J	
� conversions rejected
in data to get the residual conversion background�

� The residual conversion background is 	�� 	 ��
 	 ��� events�

� B 
B Background

� B 
B background is estimated using Monte Carlo simulation�

� B 
B background is 	�� 	 ��� events�



Background Due to Charged Hadrons that may

Fake an Electron

� Electrons are identi�ed using Soft Lepton Tagging �SLT	 algorithm�

fake rate �Pt� I
 �
� of tagged tracks in JET��

� of tracks passing the fiducial cuts
� �	� fe�I

� �	


where JET�� means a jet events sample with a trigger jet ET above
�� GeV� I means track isolation� and fe is a fraction of true electrons�

� The sources of real electron are heavy �avour decay� Dalitz decay
and conversions�

fe from dE�dx fe from heavy �avor � residual conversion

��� 	 �	 �
JET�� ���	�	�

���	�	� ���	�	�



dE�dx plots for Tracks in the J	
 
 track sample

CDF Preliminary



Probability for a Charged Hadron to Fake an

Electron

CDF Preliminary

Isolation � �PT �tracks in �R � ��� around e 	 � PT �e	

� Fake rates in the jet sample and the minimum bias sample are
consistent with each other� The di�erence of ��� is assigned to the

systematic uncertainty on the fake rate�



Residual Conversion Background

� Take J	
 � track sample from data�

� Assume that the track is a ���

� Simulate the event in the CDF full simulation program�

� Use each event ��� time by random � rotation�

� Calculate Ns�N�residual	�N�rejected	 using the simulation�

� Multiply Ns by the the number of J	
� conversions rejected in
data to get the conversion background�



Residual Conversion Background

CDF Preliminary



B 
B Background for Bc � J	
eX

� Generate B 
B events�

� Decay one B to J	
 �X �

� Let the other B decay naturally�

� Detector Simulation with the CDF full simulation program�

� Require the Dimuon Trigger�

� The Monte Carlo data is normalized to actual data by�

F �
NJ��K�Data	

NJ��K�MC	

where�
NJ��K�Data	 � number of Bu � J	
K events in data

NJ��K�MC	 � number of Bu � J	
K events in MC

B 
B Background for Run �a and Run �b in the mass region ��
 GeV is
	�� 	 ��� Events



Mass Distribution for Background to

Bc � J	
 � e �X

CDF Preliminary
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Backgrounds to the Bc � J	
�X search

� Decay In Flight Background

� The Decay in Flight background is estimated using the J�
 �

track sample from data�

� The events in J�
 � track sample are weighted by the proba�
bility for the track to be identi�ed as a muon due to decay in
�ight� accounting for K	� ratio measured with dE�dX�

� The decay in �ight background is ��� 	 ��� 	 	�� events�

� Punch�Through Background

� The Punch�through background is estimated using the J�
 �
track sample from data�

� The events in J�
 � track sample are weighted by the prob�

ability for the third track to be identi�ed as a muon due to
punch�through�

� The punch�through background is ��

 	 ��	� 	 ���� events�

� B 
B Background

� B 
B background is estimated using Monte Carlo simulation�

� B 
B background is ��� 	 ��� events�



Decay in Flight Background

� The Decay in Flight background is estimated from the the J�
 �

track sample from data�

� The events in J�
 � track sample are weighted by the probability
for the track to be identi�ed as a muon due to decay in �ight�

� The decay in �ight background is ��� 	 ��� 	 	�� events�



Decay in Flight Background from B�s

� Generate B�s and force the Decay B � J	
 �X �

� Simulate event using the CDF full simulation program�

� Force K�s or ��s decay before they reach the CDF central muon
chamber�

� Require the dimuon trigger�

c� � cut Run 	a Run 	b Run 	a 
 Run 	b

���m ����	���� ��
�		�	� ����		�	�


��m ����	���� ����		��
 ����		�	�

	���m ����	���� ����		��� ����		���



Probability of a K or a � to be Identi�ed as

a muon due to Decay in �ight�

CDF Preliminary



Punch�through Background to Bc � J	
 � � �X�

� The Punch�through background is estimated from the the J�
 �

track sample from data�

� The events in J�
 � track sample are weighted by the probability

for the third track to be identi�ed as a muon due to punch�through�

� The punch�through background is ��

 	 ��	� 	 ���� events�



B 
B Background for Bc � J	
�X

� Generate B 
B events�

� Decay one B to J	
 �X �

� Let the other B decay naturally�

� Detector Simulation with the CDF full simulation program�

� Require the Dimuon Trigger�

� The Monte Carlo data is normalized to actual data by�

F �
NJ��K�Data	

NJ��K�MC	

where�
NJ��K�Data	 � number of Bu � J	
K events in data

NJ��K�MC	 � number of Bu � J	
K events in MC

B 
B Background for Run �a and Run �b in the mass region ��
 GeV is
��� 	 ��� Events



Mass Distribution for Background to

Bc � J	
 � � �X

CDF Preliminary
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Test of the Background Estimates

� We use events with same�charge di�lepton� a trigger lepton and a tagged
lepton�

� Both leptons were required to come from a displaced vertex and be within
the same jet cone�

� This event sample is a background�rich sample� so good for the test of the
background estimation�

This background�rich sample can be explained by our background esti�
mates quantitatively�



PT of J	
 � Lepton System for Calculated Signal�

Background and Candidates Events

CDF Preliminary
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Bc Signal and Background Summary

CDF Preliminary

	�� � M
J� �� � ��� GeV�c�

J�� e results J�� � results
Misidenti�ed leptons
False Electrons ���� ���� � ���
Conversions 
�� � ���� ��	
Total False Muons ��	� ��� � 
��
Punch�through ���� � ��
� � ����
Decay�in��ight ���� ��� � 
��

BB bkg� 
�� � ��� ���� ���
Total Background ��� � 
�
 ��
� 
��
Events observed in data 
� 
�
Net Signal 
	�� 	��

Combined 
���
PCounting
Null� ��
� 
��� ����	



Statistical Signi
cance from Mass Shape
Analysis

Using a likelihood method� we �t the observed mass distri�
bution 
���� � m
J���� � 

�� GeV�c���

� It allows constraints such as the expected fraction of the
two decay channels�

� Number of Bc events is the only unconstrained parame�
ter� Other parameters are in the �t are constrained by
their uncertainities�

� Number of Bc events returned by the �t� N
Bc� �
���	
��������

� A test of the null hypothesis� i�e�� an attempt to �t the
data with background alone� is rejected at the level of
	�� standard deviations�



Binned Likelihood Fit�
e and � Individual Results

CDF Preliminary
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Binned Likelihood Fit�
e and � Combined Results

CDF Preliminary
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Mass Distributions of Calculated Signal�
Background and Candidate Events

CDF Preliminary
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Likelihood Fit

CDF Preliminary

35

40

45

50

55

60

0 5 10 15 20 25 30 35 40 45

20.4

Number of Bc Mesons

ξ2  =
 N

or
m

al
iz

ed
 L

og
-L

ik
el

ih
oo

d 
F

un
ct

io
n

N�Bc� � ���� �
��
���




Likelihood Analisys� The Null
Hypothesis�

� To evaluate the probability that there is no Bc signal
and that a statistical �uctuation in the background can
explain the apparent excess in the data� we made pseudo�
experiments without any Bc contribution�

CDF Preliminary
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Pseudo�Experiment � Toy Monte Carlo �

� For each background�

� we allow the number of backgrounds to �uctuate ac�
cording to Poisson statistics with the estimated num�
ber of background and its uncertainty� and obtain it
to be N�

� Then we generate N background events according to
the J��� mass distribution for this background�

� Summing up all background events�

� we have the J��� mass distribution for a new sample
of background events which is equivalent to a CDF
experiment with no Bc content�

� we call this sample a pseudo�experiment data�

� We perform the same likelihood �t to this sample as to
the CDF real experiment� and obtain a �tted number of
Bc events�

� Repeating the above precedure� we obtain the distribu�
tion of the �tted number of Bc events�



Toy Monte Carlo of the CDF
Experiment�

CDF Preliminary
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The J	
� mass shape of the CDF data is consistent with the expec�
tation from the Bc signal and the background at ���� C�L��



Likelihood Fit Results

CDF Preliminary

Input Constraint

�Results of Fit	

J	
 e results J	
 � results

False Electrons N �fe � ���	 ���
�n�fe � ���	 ���	

Found Conversions N �ce � �
�n�ce � ���	 ���	

Conversion ratio Rce � ���
	 ���

�rce � ����	 ����

Unfound Conversions ���	 ���

����	 ���	

False Muons N �f� � ����	 ���
�n�f� � ���	 ���	

BB bkg� N �Be � ���	 ��� N �B� � ����	 ����
�n�Be � ��
	 ���	 �n�B� � ����	 ����	

Total Background ��
	 ��� ����	 ���

����	 ���	 ����
	 ���	

Total Signal �n�� � �����
�����
	
Electron Fraction R� � ����	 ����

�r� � ����	 ����	

e and � Signal �n�e � ������������	 �n�� � �����������	

Signal � Background �� ��
�����	 ���	 �����	 ���	

PLikelihood�Null	 
�� 
 ����� ��� �



Bc Mass

Bc Lifetime

Bc Production Cross Section



Bc Mass

� The stability of the Bc signal was checked by �tting the
observed J��� mass distribution to a sum of the back�
grounds and the signal for various assumed Bc mass�

� Bc � J���
 was generated using Monte Carlo for M
Bc�
between ���� and ���� GeV�c��

� Each signal mass template was used in the �t to the mass
spectrum for data�

� Best��t log�likelihood value �ts well with a parabolic
function of the assumed Bc mass�

�m ��� lnL
m�� 
�� lnL
m � ��	� GeV�c���



Bc Mass Templates



Bc Mass

CDF Preliminary

M�Bc� � ���� 	 �����stat� 	 ��	��syst� GeV�c�

Systematic Uncertainties�

� 
tting procedures� estimated from the di�erence between binned and unbinned anal�
yses ����� GeV�c�	�

� 
nite Monte Carlo statistics in the signal template ����� GeV�c�	�

� variations in the Bc mass distribution due to b�quark production spectrum �����
GeV�c�	�

� analysis with and without trigger simulation ����� GeV�c�	�

� distortion of the signal mass distribution arising from decay to higher�mass cc states
rather than J������� GeV�c�	�



Toy Monte Carlo�
Test of the Mass Fits

The uncertainties on Bc mass and the number of Bc events are con�
sistent with the expectation from Toy Monte Carlo including the Bc
signal and the background�



Bc Lifetime

� There are three processes that dominate the Bc lifetime�

� c quark spectator decay�

� b quark spectator decay�

� bc annihilation decay�

� There are various models that modify the free quark decay rates
due to the bound state e�ects� Theoretical predictions for the the

Bc lifetime varry from ��� ps to ���� ps �C� Quigg� Bc� FERMILAB�
CONF����
��T	�

� In our analysis the information on the Bc lifetime is contained in
the ct� distribution� To measure the lifetime� the requirement ct� �


��m is relaxed to ct� � �����m and events only in the signal
region are selected�

� This yields a sample of �� events ��� J	
e and �� J	
�	�

ct� � M�J���	�Lxy�J�� �	
jpT �J�� �	j



Bc Lifetime

K Factor�

� Since the neutrino in Bc � J	
���� carries away the undetecded
momentum� t� is not the true proper time� ct� � ct	K� where K

for an event is given by

K � M�B�c 	
M�J���	 


pT �J���	
pT �B

�
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Background Distribution in ct�

The general shape in x � ct� used for each of the backgrounds was a
sum of three terms�

� a central Gaussian to account for prompt decays� i�e� events with

the J	
 decay point within the beam envelope�

� a right�side �ct� � �	 exponential dominated by the decay of ordi�
nary Bs in the background and

� a left�side �ct� � �	 exponential to account for an observed low level
background from daughters of B decay incorrectly associated with
particles from the primary intraction vertex�

The exponentials were convoluted with a Gaussian resolution func�
tion� This sum can be written

F j�x
 � �	� f j
�
� f j

�

G�x� sj�




f j
�

	j
�


�x
 exp

�
�� x

	j
�

�
A �G�x� sj�




f j
�

	j
�


��x
 exp

�
�
 x

	j
�

�
A� G�x� sj�
�

where

� 
�x
 � 	 for x � � and 
�x
 � � for x � ��

� The index j stands for the various background contributions�

� The product sj� is the one�standard�deviation width of the Gaussian
distribution� where � is the measurement uncertainty on x for each
event and sj is a �tted scale factor�



Background Distribution in ct�



Background Distribution in ct��

� Our �tting procedure accounted for a di�erence between the relative
pion and kaon fractions contributing to the prompt background and
that contributing to background in the B�like region with ct� �


��m�

� The �t also allowed variation in the relative probability for pions

and kaons to be falsely identi�ed as electrons�

CDF Preliminary

j � fe f� ce Be B�

N ��j 	��� 	 	�� 	��� 	 ��� See Note 	�� 	 	�	 ���� 	 ����

f j� ��	�� 	 ����� ���� 	 ���	 ���� 	 ���� ���� 	 ���	 ���� 	 ����

f j� ����� 	 ����� ����� 	 ����� ��	� 	 ���� 	 � fBe� 	 � fB��
	j� ��m
 ��	 	 	� ��� 	 �� ��� 	 �� ��	 	 	� ��� 	 	�

	j� ��m
 	�� 	 � �� 	 	� 	�� 	 �� �� 	 	� �� 	 �	

Note� The number of conversion background events was calculated from iden�
ti�ed conversions N ��ce � � and the ratio Rce � 	��� 	 �����



Bc Signal Distribution in ct��

� We assumed an exponential decay for the contribution
from Bc� but we convoluted it with the K distribution
and a Gaussian distribution to account for measurement
uncertainty�

F �
sig
x� �

Z �
��H
K�

�
B�K
c


�
CA e
�Kx

c� � �G
x� s�	�
�
�	 dK

where � � �� e�



Bc Lifetime� Individual Fits

We �t the x distribution 
����
 � x � ��
� cm� to a sum
of signal � background distribution�

CDF Preliminary



Bc Lifetime� Combined Fit
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Bc� � ��	� 
��	�
���	�
stat� �����
syst� ps

Systematic Uncertainties�

� 
tting procedures� estimated from the di�erence between constrained and 
xed pa�
rameters ������ ps	�

� K distribution uncertainty due to production spectrum� Bc mass� higher c�c states and
decay model �����
 ps	�

� decay length resolution ������ ps	�

� detector alignment �����
 ps	�



Likelihood Fit for Lifetime
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Bc Lifetime� Toy Monte Carlo
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Bc Production Cross Section

	BcB
B

c � J���
X�

	BuB
B

u � J��K
�
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Shaded region is a theoretical prediction assuming�
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�BcB�B
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c � J	
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�BuB�B
�
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K�	
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Systematic Uncertainties on Bc Production Cross

Section

Systematic Uncertainties�

� Ratio of the e�ciency for Bc � J	
e� events to that for B �

J	
K events� RK

RK � ���
�	 ������syst	 ������
����
��lifetime	

� Systematic Uncertainties on RK

� Electron Identi�cation ��� �	

� Production spectrum �� �	

� Detector Simulation �� �	

� Monte Carlo Statistics �� �	

� Trigger Simulation �� �	

� Fragmentation �� �	

� the decay of Bc to higher c
c states ��
�� �	�



Conclusions

� We observe Bc mesons through their semileptonic de�
cays� Bc � J���X � where � is an electron or a muon�

� A �t to the J��� mass distribution yields ����
�������

events from Bc mesons�

� This excess is inconsistent with the background pre�
diction by ��� 	 � Prob � 
�� x ���� � �

� Properties of the Bc meson is measured to be�

� M
Bc� � ��	� � ����
stat� � ��
�
syst� GeV�c�

� 
 
Bc� � ��	� 
��	�
���	�
stat� � ����
syst� ps

� 	�BR
Bc � J���X� �	�BR
Bu � J��K�
� ��
�� 
����	

������
stat� �����

syst� 
�����
������
lifetime�
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Normalized Binned Likelihood Function

Sums� We present here the two functions that� through their parameters� are adjusted for
the best 
t to the data distributions� D�

i and De
i �

	�i � ��� r�	n��S�
i � n�f�ff�i jf�i � n�B�jBi ��	

	ei � r�n��Se
i � n�feffei jfei � n�cercejcei � n�BejBi ��	


� � � �� ln


L

L�

�
��	

� �
X
i

�
�	�i �D�

i 	�D�
i ln



	�i
D�

i

��
��	

where 
� � is the 
rst part 
� which we now write down in full�
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Jf�
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�

�
�jfei � Jfe

i 	� Jfe
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jfei

Jfe
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���
��	

�
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i

��
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jcei � J ce

i

�J ce
i

�
�
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jBi � JB

i

�JB
i

�
�
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ff�i � F f�

i

�F f�
i

��

�



ffei � F fe

i

�F fe
i

��
��
� ��	
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n�f� �N �f�

�N �f�

�
�

�



n�fe �N �fe

�N �fe

�
�

�



n�B� �N �B�

�N �B�

�
�

�



n�Be �N �Be

�N �Be

�
�

��	

� �

�
�n�ce �N �ce	�N �ce ln



n�ce

N �ce

��
�


rce �Rce

�Rce

��

�


r� �R�

�R�

��
���	

Line 
 is the 
t to the Bc candidate distributions� Lines � and � constrain the parent distributions
for the various backgrounds and the shape�dependent fractions for the false lepton distributions�
Lines � and �� constrain the normalizations for the 
ve background distributions� the Monte
Carlo calculation of the expected ratio of electron to muon Bc events and the calculated ratio of
residual to identi
ed conversion�electron background events�



Unbinned Likelihood Function

The normalized probabilities for the muon and electron distributions are 	��D� and 	e�De�
where

	��mi�MBc
	 � �� � r�	n��S��mi�MBc

	 � n�f�F ��mi	 � n�B�JB�mi	

	e�mj�MBc
	 � r�n��Se�mj�MBc

	 � n�feF e�mj	 � n�BeJBe�mj	 � n�ceJ ce�mj	

D� � �� � r�	n�� � n�f� � n�B�

De � r�n�� � n�fe � n�Be � n�ce ���	

� S�
i � S��mi�MBc

	 and Se
i � Se�mi�MBc

	 represent the normalized signal distributions�

� F ��mi	 and F e�mi	 represent the normalized false � and false e background distributions�

� JB�mi	 represents the distribution of the BB background obtained from Monte Carlo
calculations�

� J ce�mi	 represents the distribution for conversion and Dalitz decay electrons�


�m � �� ln



L

Lmin

�
���	

It is given by


�m � ��
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�
X
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�
ln



	��mi�MBc
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�
X
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�
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	e�mj�MBc

	

De

����
� ���	

�� f�D� �N �� lnD� �De �N �e lnDeg ���	
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�N �f�
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n�B� �N �B�

�N �B�
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n�fe �N �fe

�N �fe

�
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n�ce �N �ce

�N �ce

�
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n�Be �N �Be

�N �Be

�
�

��
	

� C

where C was chosen so that 
�m � � at L � Lmin� Line �� is the 
t to the Bc candidate
distributions� Line �� is the constraint to the total numbers of J�� � and J�� e events� Lines ��
and �
 constrain the ratio of e to � signals and the number of background events for each
background�



Unbinned Likelihood Function for the Lifetime

Analysis

The normalized probabilities which combine both signal and background distributions in
xi � ct�i for the J�� � and J�� e are ���D��� and �e�D��e� where

���xi� c� 	 � �� � r�	n���F�
sig�xi� c� 	 � n��f�Ff��xi	 � n��B�FB��xi	

�e�xj� c� 	 � r�n���FsigS
e�xj� c� 	 � n��feFfe�xj	 � n��BeFBe�xj	 � n��ceF ce�xj	

D��� � �� � r�	n��� � n��f� � n��B�

D��e � r�n��� � n��fe � n��Be � n��ce� ���	

�� lnLcomb � �� ln�LeL�	

� ��
N ��eX
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ln �e�xi	� �
N���X
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ln ���xi	 ���	

� �
h
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� n��fe � n��cerce � n��Be � n��f� � n��B� � ln�N��e�	 � ln�N����	
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���	
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Note that terms N ��e lnD��e and N ��� lnD��� do not appear because they cancel between the
denominator of the log�probability sum �Line ��	 and the numerator of the Poisson constraint
on the numbers of J�� e and J�� � events �Line ��	� Line �� is the constraint on the J�� e
fraction in the number of Bc events� Line �� contains the Poisson constraint on the number
of detected conversion electron background events and the Gaussian constraint on the ratio of
undetected to detected background� Line �� contains Gaussian constraints on the numbers of
other types of background events� Finally� Line �� provides constraints on �� 
� and the shape
parameters for the background probability functions�


