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Abstract 

11 

A Monte Carlo study was made of the possibility of measuring the frequency of 
oscillation of B~ - B: mixing given existing detector technology. A measurement of 
this oscillation frequency is important since it leads to the determination of one of 
the elements of the Cabibbo-Kobayashi-Maskawa quark mixing matrix, l½sl • The 
present values of the C-K-M matrix elements suggest that the oscillation frequency 
lies in the range 6.f ~ 2 to 265 although the current best estimates give 6.f ~ 15. 
The OPAL silicon microvertex detector at CERN is used as an example of present 
day detector technology. The energy lost by an ionizing particle in a silicon wafer 
is studied in detail. The phenomenon of Bi oscillations was simulated by computer 
using a simple model. These simulated events were analyzed by three different 
methods in an attempt to quantify the number of events needed in order to achieve 
a given precision for the measurement of the Bi oscillation frequency. With 200 B~ 
mesons detected, a measurement of £¥1- up to 10 can be made with good precision. 

Dr. G. Beer, Departm:.ental Member (Department of Physics and Astronomy) 

Dr. S. Page, Ex ernal Examiner (Department of Physics, University of Manitoba) 
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Chapter 1 

Introduction 

1.1 Introduction 

This thesis explores the possibility of measuring the frequency of oscillation of Bi -

B: mixing given existing detector technology. The Bi meson is a particle consisting 

of an anti-b quark and ans quark. Table 1.1 shows the properties of the Bi, which 

has the ability to oscillate within its lifetime between the particle and antiparticle 

state via a second order weak transition. The oscillation frequency of Bi mixing 

has not yet been measured. The mean lifetime of the Bi meson is not measured 

explicitly. However the lifetime, averaged over all possible B mesons, is measured to 

be about 1.37 ps . Theory suggests that the variation in the values of the individual 

Bi MESON 
I(Jr) ½(o-) (theory) 
Lifetime ~ (0.97-1.61) ps (experiment) 
Mass ~ (5 .36 - 5.41) GeV / c2 (experiment) 

Table 1.1: Properties of the Bi m eson. Th e lifetime and the mass values are obtained 
from reference {1}. Virtually nothing has been experimentally confirmed about the 

Bi. 
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lifetimes of the different types of B mesons from the measured average lifetime will 

be about 10 percent. Present experiments show a variation of about 25 percent. It is 

expected that the lifetime of the B~ will be known to a much better precision by the 

time a measurement of B~ oscillation frequency can be made. A measurement of the 

oscillation frequency is important since, in conjunction with other measurements, it 

leads to the determination of JVisl, an element of the Cabibbo-Kobayashi-Maskawa 

quark mixing matrix. The detectors at LEP, the Large Electron (e-) Positron (e+) 

collider at the CERN laboratory in Switzerland, should soon detect enough B~ 

events to allow a measurement of this oscillation effect. 

In this thesis, the phenomenon of B~ oscillations is simulated with a simple 

model by generating a signal and a background with statistics and resolutions which 

are typical of the LEP collider and LEP detectors. These simulated events are 

analyzed in an attempt to quantify the number of events necessary to achieve a 

given precision for measuring the B~ oscillation frequency. 

The LEP collider makes it possible to measure the B~ oscillation effect . It oper­

ates at an energy equal to the mass of the Z 0 (the carrier of the neutral component 

of the weak force) to produce the reaction e+ e- ---t Z 0 
---t ( quarks or leptons) ( see 

figure 1.1 for the Feynman diagram for this reaction). Figure 1.2 [2] shows that a 

collider operating at the Z 0 mass has a large enhancement in cross section. The LEP 

accelerator operates currently at a maximum luminosity of about 1.0 x 1031 cm-2s-1 

(with a designed luminosity of 1.6 x 1031 cm- 2s- 1 and a designed Z 0 rate of 0.5 Hz 

for multi hadron events) result ing in a Z 0 rate of about 0.3 Hz for multi hadron events. 

The B~ mesons produced in the chain e+e- ---t Z 0 
---t bb ---t B ~X (where X is any 

particle) can be created in sufficient quantities to measure the oscillation effect. 

OPAL is one of the four detectors in use at LEP. The OPAL detector is a 

-solenoidal magnetic spectrometer surrounded by energy absorbing detectors opti-
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Figure 1.1: The Feynman diagram for the reaction e+e- -+Z0 -+ (quarks and lep­
tons). In this diagram, f-f represents a quark-antiquark pair or a lepton-antilepton 
pair. 
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Figure 1.2: The variation of the e+e- cross section as a fun ction of center of mass 
energy from referen ce {2}. 
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mi zed to measure the energy of photons (, ), electrons, and positrons . The exterior 

layer of the detector is a muon detector which measures the momentum and position 

of muons which penetrate the energy absorbing layers. Two layers of silicon strip 

microvertex detectors were recently installed at the center of the detector around 

the beam pipe. These detectors have an intrinsic position resolution for charged 

particles of about 4 µm. Due to this excellent spatial resolution, these detectors can 

reconstruct the flight path of the decay products of the B~ which then leads to the 

determination of the decay length of the B~. A typi cal value for this decay length 

for a B~ produced at LEP energies is 2.2 mm. The spatial resolution of this detector 

affects the ability to measure the B~ decay length. The author worked on tests of 

this detector which confirmed that the measured energy loss of ionizing particles in 

the detector agrees with the expected Landau theory of energy loss . The results of 

this work will also be given in this thesis. 

1.2 The Standard Model 

The reaction e+e- -+ Z 0 proceeds via the electroweak interaction . The electroweak 

force acts on all elementary spin ½ particles, called fermions (J), via the exchange 

of vector gauge bosons (,, w±, and Z0
) . The twelve elementary fermions fit into 

three families 

(1.1) 

where u, c, and t are quarks with an electri cal charge of ~e; d, s, and b are quarks 

with an electrical charge of -½e; e, µ , and T are charged leptons; and Ve , vµ , and vT 

are neutral leptons called neutrinos. The neutrinos are assumed to be massless . All 

particles have an antiparticle counterpart and the six different types of quarks are 
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called fl avors . 

The work of Glashow, Weinberg, and Salam [3, 4, 5] led to the Standard Model, 

in which the weak coupling of intermediate vector bosons to leptons and quarks was 

related to the coupling of the photon, thereby unifying the weak and electromagnetic 

forces. As a consequence, a good prediction of the masses of the intermediate vector 

bosons followed: Mw = 82 ± 2 GeV / c2 and Mz = 92 ± 2 GeV / c2 [6] . The discovery 

of the w± and Z 0 in 1983 [7 , 8, 9] confirmed the theory. Currently, the most 

precise values for the masses are measured as Mw = 80.6 ± 0.4 GeV /c2 and Mz = 

91.161 ± 0.031 GeV / c2 [10]. These gauge bosons, like the photon, have a spin of l. 

The weak coupling constant, 9w is related to the electromagnetic coupling constant, 

9e by the equation 9e = 9w sin 0w where 0w is the Weinberg weak mixing angle. 

The Standard Model is a gauge theory which explains the interactions of the 

elementary particles via three of the four forces of nature; the electromagnetic in­

teraction and the weak interaction, which have been joined to form the electroweak 

interaction , and the strong interact ion. The Standard Model has eighteen parame­

ters which must be measured by experiment : 3 coupling constants, 6 quark masses, 

3 lepton masses, 3 quark mixing angles plus a phase, a weak mixing angle (0w ), and 

the mass of the Higgs particle. 

Leptons do not feel the strong force which acts only on quarks that carry one of 

three charge values called "color". The strong force is mediated by the exchange of 

colored gluons. The strong force binds quarks to produce colorless particles called 

hadrons. A quark can combine with an antiquark (q17h) to produce integral spin par­

ticles called mesons which obey Bose-Einstein statistics. Three quarks can combine 

(q1 q2q3 ) to form half-integral spin particles called baryons which obey Fermi-Dirac 

statistics. The strong force can be described phenomenologically by a potential of 

the form -\~· + kr where k is a constant and as is the strong coupling constant . 
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The first term dominates at small r ( r ~ l fm) and arises from the exchange of one 

gluon . The second term is a confining term which dominates at larger . It has the 

consequence that any attempt to liberate a single quark from a hadron results in 

the production of a color-charge neutral qq pair from the vacuum . Since mesons are 

color neutral , the nuclear force can be regarded as the residual effect of the strong 

force. At LEP, these color neutral mesons appear in the detector as jets of particles 

produced via a process called fragmentation of primordial quarks. 

All leptons couple identically to the w± in the weak interaction and all charged 

leptons couple identically to the , in the electromagnetic interaction . However, the 

coupling of quarks and leptons to the Z 0 depends on the charge, Qf, and value of 

the weak isotopic spin , I{, of the quark or lepton. These couplings terms are [11] 

Cv = I{ - 2Q 1 sin2 0w (1.2) 

and 

(1.3) 

where Cv and CA are the vector and axial-vector coupling constants of the fermions, 

f , to the Z 0
• These values for sin2 0w;:::; 0.22 are given in table 1.2 [11]. The partial 

width of the Z 0 to a given fermion / antifermion pair (Z 0 -+ fl where f can be a 

quark or a lepton) can be written in terms of the width to neutrinos [11] 

(1.4) 

where N e, a color factor, is 1 for e, µ , and r and 3 for u, d, c, s, and b. Due to the 

strong force, all six quark flavors can exist in one of three color charges and hence 

each possible color state of the quarks must be treated as an independent quark state . 

The total width of the Z 0 is fz = 2.6 GeV where f(Z 0 -+ vv);:::; 160 MeV, r(Z0 -+ 

ll) ;:::; 80 MeV, f(Z 0 
-+ uu, cc, or tt) ;:::; 275 MeV, and r(Z0 -+ dd, ss, or bb) ;:::; 
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Fermions 2Cv 2CA ci +c1 
V e, Vµ , V ,,- 1 1 0.5 
e, µ, T -1 + 4sin20w -1 0.25 
u , c, t 1 - isin 20w 1 0.29 
d, s, b 1 4 . 20 - + 1Stn w -1 0.37 

Table 1.2: Table of vector and axial-vec tor coupling constants ass uming sin2 Ow ~ 
0.22. 

355 Me V. These values predict branching ratios to individual charged leptons of 

approximately 3 percent. The total fraction of Z 0 decays to hadrons is 70 percent . 

The ratio of widths is f 11 : f vv : f uu,cc,tt, : f dd,ss,bb, = l : 2 : 3.5 : 4.5. Hence, the 

branching ratio is higher for the d, s, b quarks than for the u , c, t quarks . It must be 

emphasized that free quarks are not observed. Quarks are only observed in hadrons. 

1.3 The Decays of B mesons 

Flavor is not conserved by the charged weak interaction ( i.e. the exchange of w±). 

The mass eigenstates of the quarks are used to form hadrons. However , the weak 

interaction sees a mixture of the mass eigenstates and this mixing is conventionally 

represented by the Cabibbo-Kobayashi-Maskawa (C-K-M) matrix, V 

(1.5) 

where primed quarks are the weak eigenstates and the unprimed quarks are the mass 

eigenstates. By convention , the quarks with a charge of~ (u, c, and t quarks) do 

not mix while the quarks with a charge of -½ ( d, s, and b quarks) do mix. Limits 

have been placed on the magnitudes of these matrix elements by experiment and by 
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unitarity [12] 

\½j l = 
( 

0.9747 - 0.9759 
0.218 - 0.224 
0.003 - 0.019 

0.218 - 0.224 
0.9734 - 0.9752 

0.029 - 0.058 

0.001 - 0.007 ) 
0.030 - 0.058 

0.9983 - 0.9996 

The C-K-M matrix can be parameterized as [12] 

V= 
S12C13 

C12C23 - S12S23S13e
1

~
3 

-C12S23 - S12C23S13e'
6 13 

S 13e-•61a ) 

S23C13 

C23C13 

9 

(1.6) 

(1.7) 

where Cij = cos 0ij, Sij = sin 0i j, and i, j = 1,2, or 3. 813 is a phase angle and 0ij 

represents the mixing angle between the quark generations. In the limi t 023 = 013 = 

0, then \Vub\, \Vcb\, \Vis\, and \Vtd\ go to zero and so only the d and the s quarks mix 

in a manner given by the quantity known as the Cabibbo angle 0c = 012 ~ 13.1°. 

The signs of the elements of the C-K-M matrix in equation (1.6) are determined by 

the phase angle. This phase provides a possible explanation for the phenomenon of 

charge-parity violation in the weak interaction. The C-K-M matrix elements give 

the relative strength of the electroweak interact ion between interacting fermions and 

the exchange bosons (see figure 1.3). The two C-K-M matrix elements which are 

relevant to BJ mesons are \Vis\ and \Vib\- It is hoped that a measurement of B~ 

oscillations combined with the existing measurement of Bd oscillations will lead to 

the determination of \Vis\ -
A b quark can combine with either au, d, s, or c to produce a B meson. A b 

and a b can also join to form an Y . The naming scheme for B mesons is given in 

table 1.3. The B+ and the B 0 mesons have a measured mass of about 5.279 Ge V / c2
• 

The predomin ant weak decays of the B mesons are to the D mesons (the naming 

scheme of the D mesons is given in table 1 .4). The decay of a B meson to a D 

meson can be understood by the use of the spectator model. T hi s model is based 

on the fact that the mass of the b quark is large compared to that of the other 
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Figure 1.3: The coupling of a boson with two fermions . The vertex factor of this 
electroweak interaction is -;✓2 -y1-L(l---y5)Vcs where gw is the weak coupling constant. 

MESON QUARKS 
B+ bu 
BS bd 
B ~ bs 
B+ r be 

Table 1.3: B mesons and their quark content. Antiparticles are formed by the 
interchange of quark and antiquark e.g. B - = (bu) . 

MESON QUARKS 
Do cu 

D+ cd 
D+ 

s cs 

Table 1.4: D mesons and their quark content. A ntiparticles are formed as explained 
in table 1.3. 
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Figure 1.4: T he spectator model view of the decay of a B m eson to a D meson and 
a lepton-neutrino pair where q represents any light qu ark. 

quark whi ch form s the B meson. The heavy b quark carries most of the momentum 

while the lighter quark is treated as a spectator that does not participate in the 

decay. Because the b quark and the light spectator quark are bound close together 

and the st rong for ce gets weaker at smaller di stances, the b quark decays as if it 

were a free par ticle. Hence, the decay of the B meson is determined by the decay 

of the b quark ( see figure 1.4 for the Feynman diagram of the spectator decay of a 

B meson). This decay occurs by the flavor-changing charged current provided by 

the w±. The coupling of the b quark to other quarks is given by the elements of 

the C-K-M matrix. The values of the elements IVub l and IVcbl give the rates for a b 

quark to decay to au or a c quark respectively. In equation (1.6), it can be seen that 

IVcbl is greater than IVubl and so a b quark mainly decays to a c quark . Similarly, the 

spectator model can also be applied to the decays of D mesons where the companion 

quark to the charm quark is light compared with the c. The values for the C- K-M 
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elements IVcdl and IVcs l give the rates for a c quark to decay to a d or an s quark. 

Since IVcs l :::::: 1, the dominant decay is a c quark is to an s quark . Experiments show 

that the spectator model does not appear to work as well for the c quark mesons as 

for the b quark mesons. 

1.4 The Production of B mesons in e+ e- Collisions 

There are several ways of producing bb pairs. LEP produces bb pairs by operating 

on the Z 0 resonance. Other machines such as CESR (at Cornell) and DORIS (in 

Hamburg) are e+e- machines which operate at the Y(4s) resonance. Pairs of bb 

quarks can also be created from the vacuum by running at energies above the bb 

production threshold . The relative probability of bb production from the vacuum 

compared to other quark pairs is given by the relative square of the quark charges ( ~ r where eb is the charge of the b quark and e9 is the charge of the other quark. 

There are many reasons why it may be preferable to work at the Z 0 resonance as 

opposed to the Y( 4s) resonance. The observed cross section at the Y( 4s) is about 

1 nb on a continuum cross section of 2.5 nb while the absolute bb production cross 

section at the Z 0 resonance is about 6 nb. Also, decay products from Y( 4s) have 

very small velocities (/3 :::::: 0.06) [13] whereas the decay products from Z 0 at LEP 

have a large boost, /3 :::::: 0.98 . Hence, lifetime measurements of B mesons from Y( 4s) 

are very difficult since the B mesons decay close to the production vertex. The meson 

of interest in this thesis is the Bi. The Bi mesons are too heavy to be created as a 

decay product of the Y( 4s) and hence only machines operating well above the Y( 4s) 

resonance ( e.g. LEP at the Z 0 resonance) can produce these particles copiously. The 

Y(5s) state with a mass of 10.86 GeV / c2 can decay to produce B~ mesons. However, 

its cross section is only about 0.3 nb on a continuum cross section of 2.5 nb. 

The branching ratio for Z 0 --+ bb is about 15 percent. Hence from about one 
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Figure 1.5: Feynman diagram with the largest contribution to the rate of B~ ---* 

D-;X. 

million Z 0 's per year in the OPAL detector, about 1.5 x 105 bb pairs should be 

created. The probability of b ---* Bi is about 10% and the Bi decays to a D-; 

(a meson with a charmed quark) almost 100% of the time. Therefore, from the 

reaction e+ e- ---* Z0 ---* bb ---* Bi X --t D-; X' approximately 1.5 x 104 D-; mesons 

should emerge as the decay products of the Bi . Figure 1.5 is the Feynman diagram 

which makes the largest contribution to the Bi ---* D-; X decay rate. The B meson 

decay products (mainly D mesons, leptons and pions) will be emitted in a narrow 

cone around the direction of the parent B meson. 

1.5 Outline of Thesis 

In chapter 2, the theory of Bi - B: oscillations will be presented . Two methods 

of finding the particle/antiparticle nature of the Bi at the time of its creation (the 
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dilepton tagging method and the primary kaon method) will be explored . The 

measurement of the time of flight of B~ mesons will also be discussed. 

The OPAL silicon microvertex detector, which is used as an example of a typical 

vertex detector at LEP, will be described in chapter 3 along with the energy loss 

theory appropriate for such a detector. The noise associated with the detector, 

and how it affects the measurement of the energy lost by ionizing particles in the 

detector, will also be explained in this chapter . 

The energy loss theory developed in chapter 3 will be used in chapter 4 to explain 

the work which the author performed in confirming that the measured energy loss 

in the detector agrees with the expected Landau theory. 

In chapter 5, programs written by the author will be explained. These programs 

simulate B~ flavor oscillations. Use is then made of one of three different methods 

(the fitting method, the folding method, and the Fast Fourier method) to recover 

the frequency of oscillation of the generated events . 

The results of these three methods of analysis applied to generated events rep­

resenting the anticipated low numbers of B~ mesons will be given in tabular and 

graphical form in chapter 6 and conclusions will be drawn based on these results. 

Finally, the work performed in this thesis will be summarized in chapter 7. 



Chapter 2 

B Meson Flavor Oscillations 

2 .1 The Theory of B Meson Mixing 

The B 0 and B
0 

are not eigenstates of the weak interaction since C P /B 0 >i ±/B0 > 

(where C is the charge conjugation operator and Pis the parity operator). However, 

they both can decay weakly to some common states ( e.g. 1r+1r- where C P /1r+1r- >= 

/1r+1r- > ). Because of this , the Bi mesons can oscillate between their particle and 

antiparticle states in a phenomenon known as mixing. Flavor oscillations have been 

observed in the 1( 0 
- 1(

0 
system in 1956 [14] and in the Ed - Ed system in 1987 [15]. 

An arbitrary b-flavored state a /B0 > + b /B
0 > obeys the time-dependent 

Schrodinger equation [16] 

(2.1) 

where 

'H = M- i- = .I' ( M11 - iiu.2 M12 - i!:.u.2 ) 

2 M21 - i~ M22 - i~ 
(2.2) 

with M11 = M 22 = M and r 11 = f 22 = r due to CPT invariance (they are a 

particle-antiparticle pair). Mand r are Hermitian matrices, hence M21 = M{2 and 

f 21 = ft2 , and the off-diagonal terms are not equal to zero if there exist B ---+ B 

transitions via virtual or real intermediate states . 

15 
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The eigenvalues of 1i are 

(2.3) 

where 

and 

The eigenstates of 1i are 

where 

q 
= 

p 

M* if* 12 - 2 12 

M12 - fr12 

and p2 + q2 = l. From quark theory, the P (parity) operator transforms the pseu­

doscalar particle B 0 from a IB 0 > state to a -IB 0 > state and vice versa while the 

C (charge conjugation) operator transforms the IB 0 > state to a IB
0 > state and 

vice versa. Hence, CP eigenstates can be built such that C P I B1 > = - I B1 > and 

C P IB2 >= IB2 >. These CP eigenstates are 

1 - o 
IB1(t)>= y'2[IB0 (t)> +IB (t) >] 

(2.4) 

implying lq/pl = l. 
From equation (2.1) and from the eigenvalues and eigenstates in equations (2 .3) 

and (2.4), the states IB1 (t) > and IB2(t) > satisfy 

i :tlBi(t)>= (Mi - i~i) IB;(t)> (2.5) 
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where the subscript i = 1 and 2. The solution to this equation is 

(2 .6) 

where A1 is a constant. But from equation (2.4) 

and 
- o 1 
IE (t) >= J2[IB1(t) > -IB2(t) >]. 

Hence, if a pure B 0 state exists at t = 0 then, in equation (2 .6), A = -12 and 

The intensity distribution of the B 0 and B
0 

are 

1 -
I(B 0 (t)) =< B 0 jB 0 >= -(e-r11 + e-r2 t + 2e-r 1 cos (b.Mt)) (2.7) 

4 

I(B 0 (t)) =< B 0
jB

0 >= !(e-r 11 + e-r21 -2e-f1 cos (b.Mt)) (2.8) 
4 

where b.M = M2 - M1 and f = ri ;r2 . These equations are the intensity distri­

butions for observing a B 0 state (in the case of I (B 0 (t)) ) or a B
0 

(for the case of 

I(B
0
(t)) ) if a pure B 0 state is assumed at t = 0. Integrating I(B 0 (t)) and I(B

0
(t)) 

over all time results in the total probability of observing a B 0 or a B
0 

state if a pure 

B 0 state at t = 0 is assumed 

(2 .9) 

1 A has units of (energy]½ . 
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P(lf°) = ! [_!__ + _!__ - 2r ] · 
4 r 1 r2 r2 + (!::..M)2 

(2 .10) 

The mixing probability, x, is given by [17] 

- P(Bo) - (Ap-)2 + (1f )2 
X - P(B0 ) + P(B 0

) - 2[(t.p )2 + 1] 
(2 .11) 

where !::..f = f2 -f1 and x varies from O to 0.5 since O ~ (~f)2 < 1 and O ~ 

(t.;1)2~00. 

If the approximation r 1 ~ f 2 = r is made which is probably valid for B-decays 

which have large available phase space and using r = ¼, then the time evolution of 

a B 0 or a B
0 

state becomes 

!::..Mt t l !::..Mt 
I(B 0 (t)) = e-rt cos2 

(--) = e-; cos2 
(---) 

2 2 r r 
(2 .12) 

I( -=oB ( )) -rt. 2 (!::..Mt) _.!. • 2 (l!::..M t) t = e sm -- = e T sin ----
2 2 r r 

(2.13) 

with the probabilities 

0 1 [ 2f
2 + (!::..M)

2 l 
P(B ) = 2 r(r2 + (!::..M)2) (2 .14) 

- o 1 [ (!::..M)
2 l 

P(B ) = 2 f(f2 + (!::..M)2) (2 .15) 

with 
( t.M )2 

X = 2[(¥)2 + lj' (2 .16) 

Figure 2.1 shows equation (2 .12) for two values of w = ½(t.f) assuming T = 1.37 ps. 

The normalized probability distributions ( <1J:) of observing a B 0 or a B 0 as a function 

of time are given by 1~;(!Jl and 1h~?) respectively. 

T he ARGUS [15] and CLEO [1 8] collaborations have observed Bd - B~ oscilla­

tions and measured r = (lt~/~l:2 = 0.21 ± 0.08 and 0.19 ± 0.06 ± 0.06 respectively. 



CHAPTER 2. B MESON FLAVOR OSCILLATIONS 

0 .8 

0.6 

0.4 

0 .2 

0 
0 

' ' I 
' ' 

2 3 4 

Time Evolution of o 8~ 

w = 1 

w = 3 

5 6 7 
Time (ps) 

19 

Figure 2.1: The time evolution of a B~ (equation (2.12)) forw = ½e'.l.f) = 1 and 3. 
A lifetime of 1.37 psis assumed. 
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u,c,t Vtb Vi; w± 
½b 

w± w± u,c,t u,c,t 

u,c,t 
Vt~ Vtb 

w± 
Vt~ 

b s b s 
Figure 2.2: Box diagrams for Bi - B: flavor oscillation including the dominant C­
K-M vertex elements. In the left box diagram , a w+ moves counter-clockwise and 
aw- moves clockwise and vise versa for the right box diagram. 

These results give an average value [19] for ( L:i.f) 
80 

of 
d 

6.M 
( f )a~= 0.71 ± 0.13. (2.17) 

Of interest to this thesis is the mixing of Bi - B: mesons which is induced 

by second order weak interactions shown in the di agrams in figure 2.2. These box 

diagrams can be evaluated to give the value for (6.M)Bf · All six diagrams must be 

taken into account when evaluating this process. However, the box diagrams with 

the virtual t quark dominate the expression since the coupling of the b quark and the 

t quark to thew+ is given by the Vtb element in the C-K-M matrix (see equation 1.6) 

which is along the diagonal and hence nearly equal to one. Any other b quark C­

K-M element is off the diagonal and hence smaller. The following expression results 

- - --- --- --- -- --
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(2.18) 

where 

• Gp, the Fermi coupling constant, is 1.16639 x 10-5 Gev-2
, 

• Mt, the mass of the t quark, is greater than 91 GeV / c2 [20] (from experiment), 

• TB <; is the lifetime of the Bi as given in table l. 1, 

• fB <; is the Bi decay constant which characterizes the overlap of the b and s 

quarks in the Bi , and 

• BBo, the bag factor, is a QCD correction which encompasses deviations from 
s 

assumptions made about quark pair production when evaluating the diagram. 

fB o and BBo are the main source of uncertainty in this problem. A current 
• • 

best estimate gives BB<; f1 <; ~ (140 MeV)2 [17]. 

• vtb and v;~ are elements in the C-K-M matrix (see equation 1.6), 

• A((:::[ )2
), a kinematic correction, is a slow function of the t quark mass. 

For 85 < Mt < 200 GeV / c2, the function is approximately equal to 0.65 [17]. 

• 'f/QCD contains the lowest order QCD corrections and is about 0.83 for the top 

mass range of 40 < Mt < 200 GeV /c2 [17] . 

• Q represents the C-K-M elements for u quark and c quark exchange in fig­

ure 2.2. 

The quantity often quoted in the literature is X s = ( t,./:11) Bo and from equation (2.12) 

it is clear that 2~ ( t,./:11) Bo gives the number of oscillatio~s per lifetime . 
• 
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Equation (2 .18) also holds for Ed mixing with the C-K-M matrix elements 

changed appropriately for box diagrams involving Ed (bd) mixing. This can be used 

to provide a rough estimate of ( e:.p ) B o since many factors cancel approximately 
• 

/:1M /:1M I Vis 1

2 

( f )Bf ~ ( f )B~ Ytd (l + SU(3)breakin9). (2.19) 

The term SU(3)breaking arises from the fact that the bag factor, B, and the decay 

constant, f, are not necessarily the same for B~ and Ed (it is a small correction 

on the order of 0.0 ± 0.2 [17]). From the present knowledge of the C-K-M matrix 

given in equation (1.6), l½dl = 0.003 - 0.019 and IVisl = 0.029 - 0.058. The mea­

sured value from the CLEO and the ARGUS collaborations for ( e:.p )B~ is given in 

equation (2.17) . Then, according to the Standard Model, 

tiM ( f )Bf ~ 2 - 265 or X ~ 0.4 - 0.5. (2.20) 

However, within the patterns of decay between the generations of quarks and leptons, 

it appears that l½sl/l½dl ~ 1/ A where A = sin Be = 0.22 (the sine of the Cabibbo 

angle). Hence, a sensible estimate of ( e:.p) B
0 

is given by ( t::.t4) B o~ 15. 

The ability for a detector to measure ( t::.;t) B
0 

will depend on h~w many samples 
s 

of B~ oscillation can be collected per period. A signal must be sampled at least 

twice per period in order to measure its frequency of oscillation. A resolution of 

!:it = 0.l ps for the recontructed time of flight is equivalent to sampling with that 

period. Hence, for a B~ oscillation with a frequency of½ e:.p ¼, then the maximum 

frequency that the detector can measure is(~ ) = 21 ~ 16 (or (t::.rM ) ~ 43). 
T max ut ,nax 

2 .2 B Meson Tagging 

For an e+ e- collider operating at the Z 0 resonance, the decay e+ e- -+ Z 0 -+ 

B~X (where X is any particle) will result in a Bi meson with a momentum of 
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approximately PB = 30 GeV /c which travels about 2.2 mm before decaying into a 

jet of hadrons. These decay products will be emitted in a narrow cone around the 

direction of the B~. Since the maximum transverse momentum of a decay product of 

the Bi is approximately MB/2 or 2.5 GeV /c (where MB is the mass of the Bi), the 

maximum angle between the jet ax.is and the track of a decay product is ~ MB. ~ 10° . 
PB 

Two important requirements must be met when attempting to measure flavor 

oscillations of B~ mesons: 1) the particle-antiparticle nature of the B~ meson at 

the B meson production and decay vertices must be determined and 2) B~ mesons 

must be identified unambiguously. The following sections describe two methods of 

determining these factors. 

2.2 .1 D ilepton Tagging Method 

The semileptonic decays of the B~ into electrons and muons yield one method 

of determining the nature of B~ and B; mesons at the B meson production and 

decay vertices [17]. The sign of the lepton provides the particle-antiparticle nature 

of the parent Bi at its decay vertex while the sign of the lepton from the other B 

meson formed at the same time as the B~ provides the particle-antiparticle nature 

of the B~ at its production vertex (see figure 2.3). This method can be used in 

the following production processes which specifically yield B~ mesons : e+ e- -+ 

B+ B: +X, e+e--+ BdB: +X, and e+e--+ B~B: +X (see figure 2.4). In order to 

use this method, the sign of the lepton pairs coming from B+1f;, BdB:, and BiB: 

must be determined. These meson pairs are created by pulling quark-antiquark pairs 

from the vacuum and associating them with the bb coming from e+ e- -+ bb. The 

probability of quark-antiquark pair production for the various types of quarks is 

given by the ratios [22] P( uu) : P( dd) : P( ss) : P( cc) ~ 1 : 1 : ½ : 10-11 ( determined 

from experiment). These probabilities indicate that the processes e+ e- -+ B+ B: + 
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Figure 2.3: Diagrams showing the di lepton tagging of Bi flavor oscillation. B mesons 
are produced in pairs at tl1e interaction region; hence, in a) no flavor oscillation 
occurs and so the leptons have opposite signs. In b) flavor oscillation occurs hence 
the leptons have the same sign. 
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Figure 2.4: Dia,grams of the processes which y ield B~ mesons. In this diagram, q = 
u or d. 

X and e+e- -+ BdB: should occur with equal probability. From figure 2.3, it can be 

seen that for decays with no oscillation the dileptons will have unlike-sign electrical 

charges. However, if fl avor oscill at ion occurs, then the dileptons will have like-sign 

electrical charges. Theory and experiment provide an estimate for the branching 

ratio of bb from the Z 0
• Using this value and the probabili ty for quark-antiquark 

production, the branching ratios of the processes given in figure 2.4 can be estimated. 

Using these branching ratios given in table 2.1 from reference [17], the number of 

dilepton events for each desired reaction can be calculated. Since few B~ mesons 

have been identified, these branching ratios are theoretical estimates and are likely 

to be accurate to 10 to 20 percent . 
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Decays Branching ratios 

Z 0 --+ B+ B
0 + X 0.04 

Z 0 --+ B 0 B J + X 0.04 d s 
z o --+ B 0 B

0 + X s s 0.01 
Z 0 --+ XbB: + X 0.01 

Table 2.1: Estimated bran ching ratios of the different processes from reference {17}. 
Xb is an antibaryon which contains a b quark. 

The number of dilepton events detected in an experiment is given by 

NB 13° = Nzo X Br(Zo--+ BqB: ) X Br(Bq--+ t+ + X) X Br(B:--+ 1- + X) X E1E2 
q • 

(2.21) 

where q = u, d, or s and Br(Bq --+ t+ + X) = 0.21 represents the sum of the 

semileptonic branching rat ios for B mesons whose charge has not been identified [23]. 

N zo is the number of Z 0 produced and E1 E2 are the effi ciencies for detecting the two 

leptons ( either muons or electrons). 

In addition to the dilepton events given by (2 .21), the sample will include a 

contribution from e+e- --+ XbB: + X where Xb is an antibaryon (bq1q2 ) and q1q2 

are light antiquarks (u, d ors). In order to estimate this contribution, it is assumed 

that the spectator model can be used describe the decay of the X b ( see figure 2.5) and 

hence the semileptonic branching ratio of the X b has been set to Br(X b --+ [+ + X) ~ 

Br(b --+ t+ + X) = 0.21. Table 2.2 gives the number of dilepton events produced. 

From all four processes, the total number of dileptons is given by 4.5 x 10-3 N z oE1 E2 • 

LEP can produce at least one million Z 0 in a year ( after data quality selections, more 

than 1.0 million hadroni c decays of the Z 0 will be detected at OPAL in the 1992 

run). One million Z 0 would imply 4.5 x 103
E1 E2 dileptons . The number of dileptons 

actually observed clearly depends on the efficiencies of the lepton detection. 
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V 

b C 

0-------- Q 

Figure 2.5: The spectator decay of a b anti baryon, X b, where Q represents two light 
quarks. 

Meson N 
B+Bv 

s 1.8 x-3 Nzo E1 E2 ~ 7.6 X 10-4 Nzo 
BOBO 

d s 1.8 x-3 NzoE1E2 ~ 7.6 X 10- 4 Nzo 
BOB O 

s s 4.4 x-4 NzoE1 E2 ~ 1.8 X 10-4 Nzo 

XbB~ 4.4 x-4 Nzof.i€2 ~ 1.8 X 10-4 Nzo 

Table 2.2: The number of dilepton events produced. Muons can be reconstructed 
with an efficiency of E ~ 0.75 and electrons with an efficiency of E ~ 0.55 {24). 
Assuming that electrons and muons are created from B m esons in equal quantities, 
then E1E2 ~ ½(0.75)(0.55) + ¼(0 .75)(0 .75) + ¼( 0.55)(0.55) = 0.42. 
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Decay Branching Ratio 

n+ -s </nr+ 2.7% 

K oK+ 2.6% 

J( o J(+ 2.6% 

J(*+ J( o 3.2% 

<I> -t J(+J( - 50% 

Table 2.3: Some branching ratios of D; and </> mesons. 

Dilepton signatures can also come from sources other than the direct decays 

of B hadrons. Leptons may come from cascade decays of b quarks: b -+ c -+ l or 

from directly produced charmed events ( e+ e- -+ cc -+ l). The charm background 

can be reduced by making a selection criterion on the transverse momentum of the 

lepton with respect to the jet axis ( e.g. PT > 1.2 Ge V / c ), since the higher the 

mass of the parent particle, the higher will be the average PT of the lepton. Hence, 

leptons from the B~ decays will have a higher PT than leptons from D meson decays. 

Figure 2.6 [25] shows the unnormalized relative abundance of leptons as a function 

of PT from the sources mentioned above. 

Having obtained a dilepton signature, the identity of the B meson must be 

establi shed (i. e. as a strange B meson). Use can be made of the fact that Br(B~-+ 

z+ + X) ~ Br(B~-+ [+ + D-; + X) so that when the like and unlike signed leptons 

are observed, a lepton is tagged on "one side" and a lepton and a D s on the "other 

side" [17] . Table 2.3 shows several decays of the D; [26] along with their branching 

ratios. If all of the decays .in table 2.3 are used then the total effective branching 

ratio is 11 % x E3 where E3 is the average efficiency for reconstructing the D s in the 
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Figure 2.6: Figure showing the relative abundance of leptons as a function of PT 
coming from various sources {25}. Note that for PT > 1.2 Ge V / c, the majority of 
leptons come from b -+ l. 
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B+B0 

s 
BOBO 

d s 
BOBO 

s s XbB: 

N' 2.0 x-4NzoE1E2E3 2.0 x-4N zo1:11:21:3 4.8 x-5Nz0 1:11:21:3 4.sx-5Nz0 1:11:2E3 

Table 2.4: The number of dileptons produced with a Ds tagged on one side. 

decays shown above. The number of dileptons with a Ds tagged on one side becomes 

(2.22) 

with the results given in table 2.4. Hence, the total number of dileptons detected 

along with a Ds reconstruction is then 4.9 X 10-4 Nzo1:11:21:3. So for one million Z 0
, 

the number of dileptons events in which a Ds is constructed is about 4901:11:21:3. 

It is possible to get a D s from a source other than Bi. An example is shown in 

figure 2.7. However, a D; coming from a Ed will be accompanied by a companion 

charmed meson ( D- in the figure) and so no lepton is produced with the D;. 

Leptons will only be produced from the decay of the D; or the D- and so will have 

a lower momentum than leptons created with the D; (b ---t c in figure 2.6). 

Excellent particle identification is essential. The Ds mainly decays into kaons. 

Each kaon must be identified and constrained to fit the appropriate place in the Ds 

decay chain. The product of the three reconstruction efficiencies can therefore be 

quite small . A rough estimate may be made as follows. The efficiency for recon­

structing electrons is about 0.55 and for muons is on the order of 0.75 given realistic 

requirements [24]. Assuming that electrons and muons are created from B mesons 

in equal quantities, then 1:11:2 ~ ½(0.75)(0 .55)+¼(0.75)(0.75)+¼(0.55)(0.55) = 0.42. 

The selection criterion imposed on the PT of the leptons (PT > 1.2 GeV / c) would de­

crease this est imate. The Ds decays mainly into kaons. The efficiency for detecting 

charged kaons with a momentum greater than 2 GeV /c (the range relevant to this 
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Figure 2. 7: Diagram of an example of a D; produced by the decay of a Bd. 

thesis) is about 0.80 [24]. The effiency for the identification of neutral kaons is ex­

pected to be worse. Each decay chain for D s requires the tagging of two kaons. This 

reduces the reconstruction efficiency to E3 ,:;:: (0.80)2 = 0.64 giving Et E2E3 ,:;:: 0.27. 

Since 490ft E2f3 dileptons are observed from 1 million Z0
, then about 130 dileptons 

may be identified per one million Z 0
• 

2.2.2 Primary Kaon Method 

Another method of tagging Bi - B: was proposed by Ali and Barreiro [27]. This 

method, at the optimistic extreme of their assumptions, uniquely tags a B~ oscilla­

tion . Ali and Barreiro proposed to measure Bi oscillations by using charged kaons 

produced at the primary step of the Bi production and by looking for leptons which 

are the direct decay products of Bi mesons. They develop a signature for Bi os­

cillation which is Bi --+ If: --+ l- J(+ J(+ X (or B: --+ Bi --+ [+ 1(-1(- X) where 
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X is any particle including possibly another kaon. However, this method requires 

distinguishing between kaons produced at the primary step of the Bi production 

(the primary or leading kaons) and the kaons produced by the decay products of 

the Bi. The momentum difference does not distinguish uniquely between these two 

types of kaons. For this reason, this method is impractical for detectors li ke OPAL. 

However, this primary kaon method is included in this thesis for completeness. 
-o 

In order to create a B 
8

, an ss quark must be pulled out of the vacuum. One 

quark will associate with the b quark to make a B: meson while the others will often 

join with ad quark to form a neutral leading kaon associated with the primary vertex 

or with au to form a leading charged kaon. Ali and Barreiro are only interested in 

leading charged kaons. This reaction would occur as (see figure 2.8a) 

b -+ ( bs) + ( su) + u 
<---t J(- + X 

'---t ~ - (D;, n;+, ... ) z-·vt (2 .23) 

<---t J(± X 

( i.e. b -+ z- J(- J(+ X and b -+ z-J(- J(- X) where X is any particle including 

another kaon . The case for b quarks is given by charge conjugate states. The sign 

of the (negative) leading kaon tags the particle-antiparticle nature of the Bi meson 

at its production while the sign of the lepton tags the particle-antiparticle nature of 

the Bi meson at its decay. 

AB- can be created with a leading charged kaon (see figure 2.8b) 

b -+ ( bu) + ( us) + s 
<---t J(+ + X 

'---t s- -+ (D 0
, D *0 

••• ) z-v1 
<---t K - X 

(2.24) 
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Figure 2.8: Diagrams of the production of leading kaon s with (a) the B :, (b) the 
B- , (c) the B~, and (d) the oscillation Bi - B:. Diagram c) cannot have a leading 
charged kaon. 
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j B meson j Decay mode 

B: b ---+ z- 1( - 1(- X 
b ---+ z- J( - J(+X 

B- b - z- 1(+ 1(-x 

B~ b ---+ z- 1( 0 1(- X 

B ~---+ Bd 7i - z+ 1( 0 1(+ x 

Bo---+ Bo 
s s 

b ---+ z- J(+ J(+ X unique 
7i - z- J(+ 1( - x 

Table 2.5: Decays of the B meson for the primary kaon m ethod. X is any particle 
including another kaon. 

A leading charged kaon cannot be created in conjunct ion to a B~ (see figure 2.8c) 

b ---+ ( bd) + ( as) + s 

'---+ J(O + X 
._ B~ - ( n+ , n •+ .. . ) z- ,;1 

._ 1( - X 

(2.25) 

( i.e. b ---+ z-1( 0 1(- X). If t he Bd oscillates to a B~ before its decay, the sign of the 

lepton will change bu t the leading kaon will still be neutral. 

The flavor oscill ati on of the Bi is given by (see figure 2.8d) 

b ---+ (bs) + (su) + u 
:0: ._ J(+ + X 

(bs) - If; - (D; , n ; + , ... ) z-,;1 
<---+ J(± X 

( i.e. b ---+ b ---+ z- I(+ I(+ X and b ---+ b ---+ z- I(+ 1( - X ). 

(2.26) 

Table 2.5 gives a summary of the decay signatures of the B mesons as dis­

cussed in this section . From thi s table, the signature for B~ - B: oscillations 

(b ---+ z- J(+ I(+ X) is unique. It must be noted that the signature z- J(+ I(+ X can 

also come from the decay of the B - since the n + can decay to a J(+ . However , 
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this decay is Cabibbo suppressed and hence there is a suppression factor of about 

sin2 Be =1/20. 

Ali and Barreiro proposed to make a measurement of the ratio 

b -+ z+ I(- I(- X 
R = _b _-+_l--J<-( ___ J( ___ X_ (2.27) 

in order to measure the level of mixing in the si system. It is clear from this method 

that it is essential to distinguish clearly between the leading kaons and the kaons 

produced by the decay products of the si . Since this would be very difficult to do 

at detectors like OPAL, this method is not considered as practical. 

2 .3 M easuring B M eson Oscillations 

How can these oscillations be measured in an experiment? In the previous sections, 

the two tagging methods ( dilepton method and primary kaon method) indicated 

how one can detect that a si meson has changed flavor before decaying. In order to 

measure the frequency of oscillation of the flavor change, it is necessary to know the 

time of flight of these B~ mesons. This requires the reconstruction of the primary ( B~ 

production) vertex and the secondary (B~ decay) vertex . The distance between the 

coordinates of the secondary vertex and the coordinates of primary vertex gives the 

distance traveled by the B~ meson . This value can be converted to a measurement 

of the time between the creation and the decay of the B~ meson (the time of flight 

of the B~ meson). The B~ meson will travel a di stance of L = 1 /3cr where L is 

the value measured from the experiment and r , the time of flight, is the desired 

quantity. The boost factor, 1 /3 = lf;; which is at most~ 8 for B~ mesons produced 

at the Z 0 [17], must be known. However , it is difficult to determine the momentum 

of the B~ meson, PB, from the decay particles of the si meson since some of the 

decay particles may be neutrinos, or other neutral par ticles which escape detection 
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and carry off some of the momentum. The estimated boost factor from the decay 

products of the Bi meson is given by ,/3 = Pobserved/Mobserved where P observed is the 

total momentum of observed decay particles which have invariant mass Mobserved• 

The error on this estimate will decrease as the boost factor increases [17] . For a low 

boost of O to 2, the fractional error will be about 13 percent while at a high boost 

of 7 to 8, the fractional error will be abou t 8 to 9 percent . An error in the boost 

implies an error in the decay length. By using this boost factor, the time of flight 

of the si meson can be calculated from the equation L = 1 f3cr. 

A time of flight is calculated for each si meson. Then, in principle either of 

the tagging schemes described in 2.2, can be used to determine if thi s si meson 

oscillated before decaying. If no oscillation occurred, then the time of fli ght of 

this meson is hi stogrammed . This procedure is then used on all reconstructed si 

mesons. The histogram is then the intensity distribution for a si not to change 

fl avor before decaying as given in (2.12). No flavor change before decaying can 

also include an even number of fl avor oscillations. The time of flight of si mesons 

which did oscillate before decaying can also be histogrammed giving the intensity 

distribution of si mesons which oscillate an odd number of times as given in (2.13). 

However, only the former type of time of flight distribution will be considered in the 

Monte Carlo modeling performed in this thesis. 

For the time of fli ght of si mesons which do not change flavor before decaying 

(as given in (2 .12)), there will be an admixture of flight times which follow the 

intensity distribution (2.13) (B mesons which change fl avor before decaying) due to 

mistagging. When a lepton is tagged on the si side of the interaction, then it is 

possible that if the B meson on the other side of the interaction is a s: or a B~, it 

can change flavor before decaying and thereby flip the sign of the decay lepton. The 
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fraction of mistagging is given by 

Br(Z0 
--t B~B~)Xd + Br(Z0 

--t B~~)xs 
a=------=e---~--------,=----------------==-

Br(Z0 --t B~~) + Br(Z0 --t B~B:) + Br(Z0 --t B~B-) + Br(Z0 --t B~Xb) 
(2.28) 

where Xd = 0.17 is the Bd - B~ mixing probability, Xs = 0.4 - 0.5 is the Bi -

B: mixing probability, and the branching ratios can be found in table 2.1. From 

these values, a ~ 11 to 12 percent. Since these branching ratios have not yet 

been experimentally verified, a range of 10 percent to 20 percent mistagging will be 

explored in the B~ meson simulation programs described in chapter 5. 

Also , the time of flight distribution is subject to effects such as smearing due 

to the finite time resolution of the detector (experimental errors in the decay length 

and boost determination). A contribution to the time smearing comes from the fact 

the mean lifetime of the Ds meson ~ 0.5 ps and hence there will be experimen­

tal problems associated with distinguishing the B~ and the Ds decay vertices. In 

addition, there will be "flat background noise". 

The frequency of oscillation is determined from the histogram contents which 

give a measurement of 6 /:1 . It must be noted that the detector can only resolve the 

time of flight to about 1~ the lifetime of the Bi meson [28]; hence the bin size of the 

histogram will have to be about 0.1 to 0.2 ps. Since from equation (2.12) the time 

of flight histogram follow s a cos2 6 t4 t = cos2 ~r ¼ ( and ~r = w) the upper bound 

on the measurement of the frequency is given by (~) = 27.:: where b.1 is the time 
'T max ui 

of flight resolution of the detector as described in section 2.1. Hence, a time of flight 

resolution of b.t = 0.1 ps implies 6f ~ 43 can be measured but values of 6 /:1 ~ 43 

cannot be measured by a detector with a time of flight resolution of b.1 = 0.1 ps. 



Chapter 3 

The OPAL Detector 

3.1 A n Overview of the OPAL Detector 

OPAL is an omni-purpose detector at LEP. The simulation of the Bi oscillations 

described in this thesis is based on the properties of the OPAL detector. Part of 

this thesis describes tests made by the author on wafers from the OPAL silicon mi­

crovertex detector. A brief description of this detector is given below . Reference [29] 

gives a more complete description. 

A diagram of OPAL is shown in figure 3.1 [29]. OPAL has a solenoidal magnetic 

field provided by a warm coil and an iron return yoke. There are four central 

tracking detectors: two concentric cyli nders of silicon strip microvertex detectors 

around the beam pipe, a 1 m long vertex drift chamber, a 4 m long jet chamber 

with an inner diameter of 0.5 m and an outer diameter of 3.7 m, and t he z-chambers 

which surround the jet chamber. All are used to track charged particles and measure 

their momentum and direction . The central tracking system operates at a pressure 

of 4 bars and tracks are linked by extrapolation to hits in the silicon microvertex 

detector. The spatial resolution of the OPAL silicon microvertex detector will be 

discussed in chapter 4. 

38 
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Figure 3.1: Diagram of the OPAL detector at the CERN laboratory in Switzerland 
from reference {29). 
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Particle identification is achieved by measurements of the average energy loss, 

~!, in the gas of the jet chamber in conjunction with the momentum of the parti­

cle . The resolution of the average energy loss in the OPAL jet chamber is :1JJ:; ~ 
0.038 [29] while the momentum resolution of charged tracks in the plane perpendic­

ular to the beam axis is ~ = ((0.02)2 + (0.0015p1)
2 )½ [24]. The electromagnetic 

calorimeter consisting of approximately 10000 lead glass blocks is mounted between 

the coil and the return yoke. It measures the posit ion and energy of photons, elec­

trons, and positrons with an energy resolution of abou t 'If = 0.05/./E where E 

is in GeV. The iron slabs of the yoke of the magnet are instrumental to provide a 

hadron calorimeter. Ou tside the hadron calorimeter is a detector which measures 

the position and the direction of muons. 

3.1.1 The Principles of the Silicon Microvertex Detector 

Semiconductor detectors are made up of elements such as silicon or germanium [30]. 

In a sili con crystal, the enegy levels of the sili con atom coalesce into bands which are 

so close together that they may be considered as continuous. The valence electrons 

of the silicon atoms occupy the valence band while the unoccupied levels make up 

the conduction band. The baud gap, E0 , is the energy needed for au electron at the 

top of the valence band to go to the bottom of the conduction band. For a silicon 

crystal, E 0 = 1.12 eV . The electron is free to travel within the conduction band 

and so E 0 may be considered as the minimum energy necessary to "ionize" a silicon 

crystal. 

Using a process known as doping, a small fraction of the sili con atoms are 

replaced with atoms that have either 3 or 5 valence electrons . This process intro­

duces an energy level between the valence and conduction band which in creases the 

concentration of free charge carriers. 
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Incident charged particles passing through the silicon will lose some of their 

energy which will lead to the production of electron-hole pairs. Since some energy is 

lost in exciting the lattice, approximately 3.6 eV is necessary to generate an electron­

hole pair. Gases require for example about 30 eV to produce ion pairs. In 300 µm 

of silicon, a minimum ionizing particle will produce about 28000 pairs. 

Silicon wafers are used to make up the silicon microvertex detector which is 

designed to improve the spatial definition of vertex detection. The OPAL silicon 

strip microvertex detector consists of two concentric barrels of detectors which are 

supported around the LEP beam pipe. The inner barrel contains 11 ladders each 

with three silicon wafers, and the external barrel has 14 similar ladders. Figure 3.2 

shows the positioning of the ladders with respect to the beam pipe. Each silicon 

wafer is 33 mm wide, 60 mm long, and 300 µm thick. The detector provides only 

r - ¢ coordinates. 

Diode strips (p+) are implanted into the base of n-type silicon with a 25 µm pitch 

(see figure 3.3). In the current OPAL detector, these strips run parallel to the e+e­

beam direction. The readout preamplifiers are connected directly to the aluminum 

strips which are capacitively coupled to alternate diode strips giving a readout pitch 

of 50 µm. There are several reasons why only every other strip is aluminized. 

The main reason is the high density of strips to be read out and the difficulties 

associated with this. If every strip were to be alurninized, then 40 channels per 

mm would require read out. However not much would be gained in terms of spatial 

resolution since the optimum strip pitch depends on the size of the electron cloud 

created by ionizing the radiation. The aluminum readout strips are capacitively 

coupled through thin Si02 insulators. A reverse bias is produced by applying a 

positive voltage to the opposite face of the detector. The individual biasing of 

strips is achieved via a Field Effect Transistors constructed on the Field OXide of 
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Figure 3.2: Diagram of the orientation of the ladders on the barrels of the OPAL 
silicon microvertex detector. Tl1e distance from the center of the beam pipe to the 
1.1 mm Be beam pipe is 5.35 cm. The distance from the center of the beam pipe to 
the inner barrel and to the outer barrel are 6.08 cm and 7.52 cm respectively. 
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Figure 3.3: A diagram of a silicon wafer taken from reference /31). 
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the sensitive side of the detector (FOXFET). The electron-hole pairs created by the 

ionizing radiation in the detector are influenced by an external electric field such that 

the electrons drift to the opposite face of the detector which is aluminum coated and 

the holes collect on the strips all within about 10 ns. 

MX3 or MX5 multiplexer and amplifier chips are bonded to the ends of these 

aluminum strips and used for the read out of pulse heights due to the accumulation 

of charge on each strip. Each chip is approximately 6.4 mm x 6.4 mm and controls 

128 read out channels. Five chips make up one 640 channel detector. 

The spatial distribution of the drifting charge is assumed to be a Gaussian 

distribution with a ;:::; 12 µm for this detector. It is assumed that all of the charge is 

deposited on the strips within ±3a of the track flight path. Since the full width at 

half maximum of a Gaussian distribution is 2.36a (;::; 28µm for this detector), then 

the strip pitch of the microstrip detector is approximately equal to the full width 
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at half maximum of the Gaussian distribution of the drifting charge. Hence, it is 

assumed that most of the charge is deposited onto two readout strips. The charge 

deposited on the non-readout strips is divided between the two nearest readout 

strips. 

A knowledge of the spatial resolution of the silicon microvertex detector is im­

portant for the work in the following chapters. However, before finding this spatial 

resolution, it is essential to understand the concepts of pulse height and detector 

noise. It would be difficult to obtain a good spatial resolution if the energy reso­

lution or alternatively the signal-to-noise ratio were poor. In order to know more 

about the energy resolution of the detector, the author analyzed a sample run from 

the 1990 test beam data. The goal was to fit the energy deposition in silicon for a 

given data set with a Landau distribution convoluted with a Gaussian distribution. 

The data (run number 2168 which contained 271 06 events at a rate of about 0.5 Hz) 

was obtained at the PS accelerator at CERN on November 20 to 21, 1990. The data 

from three single-sided silicon microvertex detectors placed one behind the other 

with their parallel strips exposed to an incident 5 GeV / c pion beam were analyzed. 

The two outer detectors were FOXFET detectors equipped with 5 MX3 chips each, 

while the inner FOXFET detector had 5 MX5 chips ( a lower noise version of the 

MX3 chip). Figure 3.4 shows the layout of this experiment . The objectives of this 

study were: 

1. to see if the data on energy loss is in agreement with the theory of Landau 

and 

2. to determine a value for the detector noise and associated electronics noise 

for each type of detector and to verify that this value is consistent with the 

expected value. 
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Figure 3.4: The layout of the test beam run which tested the performance of the 
silicon microvertex detector at the PS accelerator at CERN. The two outer detectors 
are FOXFET detectors eq uipped with 5 MX3 chips each while the inner FOXFET 
detector has 5 MX5 chips. A 5 Ge V /c 1r beam was incident on these detectors. The 
separation distance between detector 1 and 2 is 2.54 ± 0.01 cm and the distance 
between detector 2 and 3 is 2.50 ± 0.01 cm. 
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The data tapes were read with the SITBll0 program (from the OPAL Sill0 silicon 

analysis program [32]) which created the histograms of the cluster pulse height for 

each detector. The LANDPAR2 program was developed by the author to fit these 

histograms to the convoluted Landau distributions. 

3.2 Energy Loss Theory 

As an incident charged particle passes through the silicon detector, some of its energy 

is lost by exciting or effectively ionizing electrons into the conduction band, hence 

creating electron-hole pairs. Some of its energy is also lost to exciting the latti ce and 

to the creation of high energy recoil electrons called delta rays which can themselves 

ionize the silicon. The charge drifts under the influence of an electric field onto the 

detector's readout strips giving a pulse height proportional to the energy deposited 

in the silicon. 

The Landau energy loss theory can be used when describing the energy loss of 

5 Ge V / c pious in 300 µm of silicon. Appendix A gives a description of the Landau 

energy loss theory. Figure 3.5 shows a Landau distribution for 5 GeV / c pious in 

300 µm of silicon. 

The energy loss distributions from the various detectors cannot simply be fitted 

to Landau distributions because the intrinsic noise of the detector and its electronic 

noise affect the measurement of the energy loss. The noise can best be described 

by the smearing of the measurement of the energy loss of an event with a Gaussian 

distribution. Each event is smeared with a Gaussian distribution. Hence, the func­

tion to be used when fitting the energy loss distribution is a Landau distribution 

convoluted with a Gaussian distribution. Given two functions f(x) and g(y), the 
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Figure 3.5: Plot of a Landau distribution for 5 GeV/c pions in 300 µm of silicon. 
¢(>.) is the Landau integral shown in equation (A.7). 
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convolution integral is 

j +oo 
[g ® f](x) = _

00 

f(x - y)g(y)dy. (3.1) 

This convolution was approximated in the program LANDPAR2 by taking the con­

tinuous Landau distribution, f ( x ), and the Gaussian distribution divided into n 

equal segments, g(yi), and thus for a given x 

(3.2) 

where N is a normalization constant and n = 100. From the work as described in 

chapter 4 on the fitting of pulse height distributions to convoluted Landau distribu­

tions, it was estimated that the a of the Gaussian distribution is about 10 keV. 

Due to the assumptions made in the derivation of the Laudau distribution, the 

effect of the electron binding energy for long distance interactions was neglected 

and so it must be taken into account [33]. This correction comes in the form of a 

Gaussian with a ac given by 

a~ = 1t[10-3 (2 .319 + 0.670 ln/3)] MeV2 

and for 5 Ge V / c pions 

a~ = 33.1 keV2
• 

(3.3) 

(3.4) 

Therefore, the ar used in the Gaussian part of the convoluted Landau distribution 

becomes, 

(3.5) 

where anoise is the standard deviation of the Gaussian noise distribution from the 

detector and electronics measured in the absence of a signal. 



Chapter 4 

Silicon Vertex Detector 
Analysis and Results 

4.1 Energy Loss Analysis and Results 

The energy loss analysis of the silicon microvertex detector will proceed as follows: 

• A description of the method of selection of event clusters for each detector will 

be given. 

• The distribution of cluster pulse height sums for each detector will be fitted 

to a Landau distribution convoluted with a Gaussian distribution in order to 

find the ar of the Gaussian and hence the noise of the detector. 

• This ar from the convolution will be compared to the expected noise for these 

detectors. 

The setup for this experiment is described in chapter 3 and a diagram of the 

position of the detectors with respect to the pion beam is shown in figure 3.4 . The 

rate of pions incident on the detector typically ranged from 0.5 Hz to 10 Hz. The 

software which read out events from the detector also stored all events onto tape. 

49 
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The program SITBllO then analyzed all events into tracks by performing least 

square fits. In this data, readout chip 1 of detector 1 and readout chip 5 of detector 

3 were not functioning. 

For each channel or detector readout strip, data were taken with no beam, and 

a mean (pedestal) and a width (a) of the pulse height distribution were calculated. 

For the data collected with beam, only the channels with pulse heights greater than 

or equal to 3. 75a ( where a is the width of the pedestal pulse height distribution) were 

considered to be an event . A cluster was defined as a collection of adjacent channels 

with sufficiently large pulse heights which also satisfied a series of conditions imposed 

by SITBllO [32]. All potential clusters which survived these conditions were then 

stored. 

The position of a cluster in the detector is found by taking the weighted mean 

of the channel with the highest pulse height and its highest neighbor [31] 

S1Ch1 + S2Ch2 
y=------

S1 + S2 
( 4.1) 

where Ch1 and Ch2 are the channel numbers and S1 and S2 are the pulse heights. 

A least squares fit was performed using all of these clusters in order to find the 

tracks crossing all three detectors. If Xi is the position of the ith detector along the 

beam line and Yi is the vertical position of the cluster on the i th detector then the 

x2 of the fit was 

( 4.2) 

where a and b are the parameters of the track. The errors were assumed to be 

a constant for all clusters and hence ignored in the x2 fit. For a given cluster on 

detector 1, the x2 of all of the possible tracks using clusters in the other detectors 

was calculated. The track with the lowest x2 was considered to be the best track. 

The distribution of the lowest x2 for all the tracks is shown in figure 4.1. This 
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Figure 4.1: Distribution of the lowest x2 of the tracks. This figure is referred to as 
a pseudo x2 because O"i was ignored in the fit. 

procedure was repeated for all the clusters in detector 1. Only the clusters used in 

the best tracks were retained. 

It is possible that some single channel noise hits which survived the 3.75a re­

quirement on one of the detectors are included as best tracks. A minimum pulse 

height requirement was made to discard these noise hits and still minimize the effect 

on the pulse height distribution of the clusters. 

The remaining clusters were stored in cluster pulse height sum histograms (see 

figure 4.2) and were used as the energy loss distributions to be fitted with the 

convoluted Landau function. Detector 2 was read out via an MX5 chip which had 

a larger gain than the MX3 chips used to readout detectors 1 and 3. The gain for 

each chip in each detector was measured [31] and no significant differences in gains 

of the chips within a detector was found. 
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Figure 4.2: Distribu tion of cluster pulse li eight sums. It should be noted that 
detector 2 was read out via an MX5 cliip which has a larger gain than the MX3 
chips used to readout detectors 1 and 3. 
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A least squares fit was performed to the cluster pulse height sum histograms 

created with SITBll0 using the program LANDPAR2 (written by the author) and 

the CERN MINUIT package [34]. The fitting function had two parameters which 

were free to vary within bounds: the aT in the Gaussian part of the convolution and 

N, the overall normalization of the fitting function. aT was allowed to vary from an 

initial value of 10.0 keV. The starting value of N was 75.0. 

The parameters for the actual Landau distribution were fixed during the fit. A 

Landau distribution can be called from the CERN program libraries [35] with 

1 ,\ = -[E - B] 
A 

( 4.3) 

and the fixed parameters were taken to be the calculated values A = 5.35 keV and 

B = 83.50 keV (see equation( A.11)). 

The histograms for the cluster pulse height sums as defined through SITB 110 

were not calibrated in units of energy. In order to normalize the cluster pulse height 

sum histograms, the most probable value (MPV) of each histogram was found by 

fitting the four bins around the peak of the distributions for detectors 1 and 3 and 

the nine bins for detector 2, to a truncated Gaussian and using the mean value of 

this truncated Gaussian as the most probable value . This method avoided problems 

due to statistical fluctuations at the peaks. The histogram contents were normalized 

using this measured most probable value. 

The fit of the convoluted Landau to the data was performed by minimizing the 

x2 given by 

X2 = f (C(J) - F(a, N))
2 

l=l E(I) 
( 4.4) 

where M equals the number of channels, Fis the fitting function, C(J) is the content 

of channel I, and E(J) (the error) is the square root of the content of channel I. 
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In order for the parameters to be set to the same scale as the cluster pulse 

height sum histograms, they must be divided by the most probable value of a convo­

luted Landau function with the same fixed parameters . This MPV for a convoluted 

Landau function can be found through an iteration scheme. 

• An initial value of EMPV = 82.2 keV for the most probable value of the 

convoluted Landau function was assumed since 82 .2 keV is the most probable 

value of the pure Landau distribution with>.= 
5

.
35 

1kev(E - 83 .50 keV). 

• The input parameters of the convoluted Landau function were divided by 

EMPV and then were used to fit the cluster pulse height sum histograms. 

This fit produced the output parameter an from the Gaussian part of the 

convolution. 

• A convoluted Landau distribution with an was then plotted and its MPV was 

found numerically. 

• The input parameters of the convoluted Landau function were then divided 

by this new MPV and were used in the next fit of the cluster pulse height sum 

histograms giving a new ar2, 

This iteration was continued until the change in ar was smaller than its error . The 

resulting most probable values used for the convoluted Landau are given in table 4.1. 

Note that smearing a Landau distribution with a Gaussian distribution shifts the 

most probable value of the distribution to a higher energy. The output parameters 

from the best fits (see figure 4.3) are given in table 4.2. 

From figure 4.4, it can be seen that the ar for detector 2 is smaller than those 

for detectors 1 and 3 This result is as expected since the MX5 chip is supposed to 

have lower noise than the MX3 chip. 
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bl! tion con voluted with a Gallssi an distribution. 
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MPV 
DETECTOR 1 (MX3) I DETECTOR 2 (MX5) I DETECTOR 3 (MX3) 

(87.40±0.17) keV I (86.64±0.17) keV I (87.05±0.17) keV 

Table 4.1: Table of most probable values of the convoluted Landau distribution 
found by the iteration scheme. The errors given in tliis table represent tlie smallest 
step size used when trying to find the MPV. 

DETECTOR 1 (MX3) DETECTOR 2 (MX5) DETECTOR 3 (MX3) 
ar = (12.8± 0.4) keV (11.1± 0.4) keV (12.1± 0.3) keV 
N = 77.5± 1.4 61.7± 1.1 77.3± 1.4 
x2 = 69.2/38 dof=l.8 68.6 /39 dof= 1.8 58.8/40 dof = 1.5 

Table 4.2: Table of output parameters of the convoluted Landau distributions fitted 
to the experimental energy loss histograms. 
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Figure 4.4: Detector by detector comparison of the ar from the least sq uare fits. 
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CJ noise 

DETECTOR 1 (MX3) I DETECTOR 2 (MX5) I DETECTOR 3 (MX3) 
(11.4±0.4) keV I (9.5±0.4) keV I (10.6± 0.4) keV 

Table 4.3: Table of CJnoise values from the fits of the energy loss distributions. 

1 
By using equation (3.5), CJT = (33.l keV2 + CJ;_oise )2, and the value of <rT from 

the fits of the energy loss distributions ( table 4.2), the <rn oise of detectors 1, 2, and 

3 are given in table 4.3. 

An estimate for <rn oise can also be found from the width of the pedestal distri­

bution for each individual channel in each detector. This width has been measured 

for each channel contained in a good cluster. The value of <r determined from the 

pedestal distributions for each channel in a cluster is summed in quadrature as­

suming the noise values are uncorrelated . Figure 4.5 shows the histograms of the 

width of the pedestal added in quadrature for each channel in a cluster for all of 

the clusters in each detector. Recall that the gain in detector 2 is greater than in 

detectors 1 and 3. 

The histograms in figure 4.5 are in ADC units and were subsequently converted 

to the appropriate energy units. The noise sum per cluster for detector 2 was then 

rebinned to have a similar number of bins as for the other two detectors. A good 

estimate for <rnoise is the most probable value of the noise sum per cluster histograms 

shown in figure 4.5. The most probable values for each di stribution were found by 

fitting the bins around the peaks of the distributions to a truncated Gaussian (7 

bins for detector 1, 5 bins of the rebinned histogram for detector 2, and 8 bins for 

detector 3). These values of <rnoise are given in table 4.4 . The errors in table 4.4 were 

found by using the expression the SD / v'N (standard deviation from the mean of the 

distribution divided by the square root of the number of bins) along with the errors 
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Figure 4.5: Distribution of the noise sum per cluster calculated at the pedestal level. 

O'noise 

DETECTOR 1 (MX3) j DETECTOR 2 (MX5) I DETECTOR 3 (MX3) 
(13.7±0.6) keV I (10.3±0.7) keV I (13.9± 0.6) keV 

Table 4.4: Table of O'noise values from the truncated Gaussian fit of the peak. 
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Mean value 
DETECTOR 1 (MX3) I DETECTOR 2 (MX5) I DETECTOR 3 (MX3) 

(15.1±0.6) keV I (11.2±0.7) keV I (15.2± 0.6) keV 

Table 4.5: Table of mean values of the noise sum per cluster distributions. 

associated with the most probable values of the convoluted Landau distributions 

found from the iteration scheme. 

These values of a n oise ( the mean value of the truncated Gaussian fit) can be 

compared with the means of the histograms in figure 4.5. These mean values are 

given in table 4.5. Comparing table 4.4 and table 4.5 gives an estimate of the 

systematic errors in this method. The values from the mean seem to be about 1 keV 

higher than the anois e determined from the truncated Gaussian. 

If the values for a noise determined by the truncated Gaussian ( table 4.4) are 

compared to the values for a noise found from the convoluted Landau fits (table 4.3), 

it appears that using the width of the pedestal as a measure of the noise over 

estimates the smearing of the Landau distributions for detectors 1 and 3. However, 

the procedure appears to give a better agreement for detector 2. 

4.1.1 Conclusions on Energy Loss from the silicon microvertex data 

The cluster pulse height sum distributions of detector 1, 2, and 3 can be fitted by 

a convoluted Landau distribution. From the x2s of the fits, it can be seen that 

the data are consistent with the theory of Landau distributions convoluted with a 

Gaussian distribution. The detector with the MX5 chips was found to have a lower 

electronic noise (anoise ) than that of the other two detectors with MX3 chips as was 

expected. 

The two methods for determining a,w ise (Landau fit and pedestal distributions) 
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are in good agreement for detector 2. 

The a,wise found from the fitting of the energy loss distribution to a convoluted 

Landau distribution gives a measure of the noise from the two arrangements of 

detector and readout chips. 

4.2 Spatial Resolution Results 

The resolution of the central detector can be determined by using information from 

the outer two detectors ( recall that figure 3.4 shows this detector arrangement). The 

residual function [31] is defined as 

where 

~ is the difference between the position of the reconstructed cluster and the 

cluster position predicted by the outer two detectors, 

¥2 is the measured cluster position in the central detector, 

X2 is the distance between detectors 1 and 3, and 

a, b are parameters in the line fit. 

( 4.5) 

This function for various clusters is best described by two superposed Gaussians. 

The broader of the two Gaussians is due to the fact that one or more channels in a 

cluster had a significant contribution from a delta ray (a high energy recoil electron 

produced when energy is transferred from the pion beam to the silicon) . Studies 

have been made [31] to choose appropriate selection criteria to get rid of these delta 

rays . 

A final assumption is necessary for the determination of the spatial resolution. 

It is assumed that all detectors have identical signal-to-noise ratios . To ensure this, 
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values for~ were extracted for events in which the signal-to-noise ratio was the same 

for each of the three detectors. These values for ~ were then fitted to a Gaussian 

in order to get O"( ~ ). Then, for three equally spaced, identical detectors, 

O"det 2 = /iO"(~). ( 4.6) 

For a signal-to-noise ratio ranging between 12 and 15, the position resolution of the 

silicon microvertex detector is found to be (4.1 ± 0.2) µm [31]. 

An extensive study of the spatial resolution of the silicon microvertex is made 

in reference [31]. The energy resolution method used in [31] was obtained from this 

thesis. 

The value of 4.1 µm for the spatial resolution of the silicon microvertex detector 

was calculated under the ideal test beam conditions and hence it represents a lower 

limit on the spatial resolution. Under normal OPAL conditions, particles do not 

always hit the detectors at normal incidence and so the spatial resolution may be 

expected to increase as \~t/: where 0 is the angle between the direction of the 

particle and the normal to the surface of the detector. 

The OPAL silicon microvertex detectors are installed as two concentric barrels 

around a 1.1 mm thick beryllium (Be) beam pipe. The inner barrel consists of 

eleven ladders of three detectors and the outer barrel has fourteen ladders of three 

detectors. The distance from the center of the beam pipe to the first layer of detectors 

is 60.8 mm while the distance from the center of the beam pipe to the second layer 

of detectors is 75.2 mm. Figure 4.6 [36] shows a schematic cross section of part of 

this arrangement. In the actual detector arrangement, the silicon wafers are placed 

with their surfaces normal to the radius of the beam pipe. 

The effective resolution of the microvertex detector will be worsened by multiple 

Coulomb scattering in the beam pipe (0.003 radiation lengths thick) and the inner 
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Figure 4.6: Schematic cross section of part of the OPAL detector. L 1 = 60.8 mm, 
L2 = 14.4 mm, a1 = a2 = 4.1 µm. 

layer of the silicon detectors (also 0.003 radiation lengths thick). A 5 GeV /c pion 

will have a mean multiple scattering angle of 1.7 x 10- 4 radians. In order to model 

this effect simply, the resolutions of the inner and outer silicon detector have been 

increased to 4.3 µm and 6.0 µm respectively. 

4 .3 The Error in Time Resolution 

The average B~ mesons (which have a momentum of about 30 GeV / c) will travel a 

mean distance of L = r1 (3c = 21!... before decaying. Since the lifet ime of a B5° meson 
m o 

is about T = (1.37 ± 0.07 ± 0.06) x 10-12 s [37] and assuming the mass of the si 

meson to be about m 0 = 5.3 GeV / c2 [38], then the B~ meson will travel about 2.2 

mm before decaying. The error in this decay length will come from the errors in 

extrapolating tracks back to the si decay vertex. On average, tracks of at least 
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two decay products of the si will cross the two layers of silicon. The resolution in 

the decay length of the si will depend on the opening angle, n, between these two 

tracks. From chapter 2, the angle between the jet axis of the si decay products is 

about 10°. Hence, the opening angle will be a ~ 10° - 20°. The resolution of the 

decay length of the si can be expressed as 

( 4.7) 

with L1 and L2 as given in figure 4.6 and CTcL et 1 = 4.3 µm and CTcLet 2 = 6.0 µm are 

the effective resolutions as given in the previous section . For n ~ 10° - 20°, then 

CT£~ (120 - 250) µm. Hence, 1/;- = 0.05 - 0.11. 

Since the time of flight of the si is re = L / /J'Y, the resolution of the time of 

flight is 

( 4.8) 

From chapter 2, the fractional error on the boost is 0.08-0.13. From these results 

and the results derived above from the resolution of the decay length, the resolution 

of the time of flight of the si at OPAL is c,7 ~ (0.13 - 0.23) ps. 



Chapter 5 

BJ Oscillation Simulations and 
Analyses 

5.1 The Monte Carlo Method 

The Monte Carlo method [39] uses random numbers to simulate processes which 

are too complex to derive analytically. However, it is more practical to use a repro­

ducible list of numbers called pseudorandom numbers which are created by numerical 

algorithms. 

P seudorandom numbers which are uniformly distributed in the continuous in­

terval [0 ,1] can be generated by a CERN library routine [35]. These numbers can be 

transformed to new pseudorandom numbers whose density distribution is weighted 

by a given probability distribution function. The transformation can be accom­

plished analytically or by numerical methods such as the Von Neumann acceptance­

rejection method [40]. 

These transformed pseudorandom numbers can be interpreted as sample possi­

ble outcomes of measurements of physical processes. Hence, these numbers are often 

called simulated events . The probability distribution function represents the density 

distribution of the possible outcome of measurements and as such will depend on 

64 
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parameters specific to the physical process. 

An application of the Monte Carlo method is the simulation by computer of 

stochastic processes which occur in particle physics. The author has written com­

puter programs which use this Monte Carlo method. These programs use uniformly 

distributed pseudorandom numbers in the continuous interval [0,1] which are trans­

formed to other pseudorandom numbers that represent possible outcomes of the 

decay time in the rest frame of B~ mesons that have not changed flavor before de­

caying. The creation of these sample events will be discussed in this chapter. The 

three methods used to recover the parameters of the parent probability distribution 

(mainly the frequency of oscillation) will also be explained in this chapter and are 

shown to work in the case of high B~ statistics. In chapter 6, these three methods are 

applied to generated sets of sample events which contain a small number of sample 

events per set (25 to 200 sample events per set) in order to reflect the low number 

of identified B~ expected from the experiment. The results of these analyses with 

low statistics will also be presented in chapter 6. The intent of these analyses is to 

see how well the frequency of oscillation of the parent distribution can be retrieved 

for low B~ statistics. 

5 .2 The Simulation Programs 

The Monte Carlo method is used to generate by computer a set of data that simulates 

the result of a measurement of B~ oscillations . It is assumed the B~ or s: mesons 

have been identified and tagged as not having changed flavor before decaying using 

the techniques described in chapter 2. The decay lifetime will have already been 

measured from a much larger sample of identified B~ meson decays that did not 

require the lepton tag of the associated B meson in the opposite jet. In this work, 

the lifetime is taken to be 1.37 ps [37]. The data consist of decay times in the B~ 
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meson rest frame. The uncertainties on the measurement of the decay length in 

the laboratory and on the transformation to the rest frame have been calculated 

in chapter 2 for a typical LEP detector in and are folded together into a Gaussian 

resolution for the decay time in the rest frame. 

A theoretical formula, (2.12), was developed in chapter 2 that describes the 

distribution of decay times expected for the data selected in the above manner. 

Writing equation (2.12) with the lifetime explicitly included, gives 

( 5.1) 

where t is in picoseconds and I(B~(t)) is the intensity distribution of decay times 

for B~ and~ mesons that have not changed flavor before decaying. Approximately 

ten percent of events tagged as not having changed flavor before decaying will have 

in fact changed flavor but are misidentified because the lepton in the opposing jet 

has come from a B~ or a Bd meson that changed flavor before decaying. The exact 

percentage was shown in chapter 2 to depend on the oscillation frequency for Bd and 

B~ mesons. Therefore, a fraction of the data will be sampled from the distribution 

(5.2) 

where tis in picoseconds and I(B:(t)), equation (2.13), is the intensity distribution 

of decay times for B~ and ~ mesons that have changed flavor before decaying. 

Some events from background processes and detector limitations are expected 

and are included as a uniform distribution in time denoted by U(t). 

The sum of these three distributions is convoluted with the Gaussian distribu­

tion representing the time resolution of the experiment 

l i'-t 
( )

2 

g( t' - t) = --e - ~ 
-/'iia 

(5.3) 
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where er is the width of the resolution and t' -tis the difference between the measured 

decay time and the actual decay time. The entire di stribution can be written as 

J(t) = f
00 ~ e- (~;f [(l-b)[(l-a)I(B~(t'))+al(B:(t'))]+b U(t')] dt' (5.4) 

lo v 2rrcr 

where a is the fraction of incorrectly tagged Bi mesons and b is the fraction of 

uniformly distributed background . 

Rather than generate random samples of J(t) through direct integration, it 

is more practical to break the problem up into several steps that are easy to solve 

numerically. The decay times are limited to the interval (0 to 7) ps or approximately 

five lifetimes. A set of uniform pseudorandom numbers over the interval (0 to 1) 

denoted by A are generated using the CERN library routine RNDM [35]. The 

following algorithm uses these numbers to generate a number randomly sampled 

from distribution (5.4). 

1. A Bi meson decay time or a background event is generated depending on 

whether a sample Ai from the set A is less than or greater than b (Ai < 

b or Ai > b). In the form er case, the next sample from A is transformed 

according to 

(5.5) 

where Ai is an element of the pseudorandom numbers A and Ui(t) represents 

a decay t ime sampled from the background event di stribution U(t). This 

transformation was used to create samples which were later analyzed by the 

fitting method. However, for sample events which were subsequently analyzed 

with the folding method , the transform ation used was 

Ui(t) = lOAi. (5 .6) 
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The distribution extended to larger times was used because the folding method 

forces the use of a subset of the time axis of this decay lifetime distribution. 

Samples which were later analyzed with the Fast Fourier Transform (FFT) 

method were also generated with this larger transformation in order to com­

pare its results with the folding method results as well as compare with a 

study [41] which used the FFT method on samples generated with a larger 

transformation. 

2. In the latter case, Ai > b, a B~ meson decay time is generated. The distri­

bution (5 .1) or (5.2) for non-oscillating or oscillating B~ is used depending on 

whether another sample Ai is greater or less than a (Ai > a or Ai < a). The 

Von Neumann Acceptance-Rejection method [40] uses elements of the pseudo­

random number list A to yield a pseudorandom sample event Ii(B~(t)) from 

distribution (5.1) over the interval (0 to 7) ps for the case Ai > a or from a 

sample event Ii(B:(t)) from distribution 5.2 for the case Ai < a. 

3. The result Ui(t), Ii(B~(t)), or Ii(B:(t)) from the first two steps must be cor­

rected or "smeared" to account for the time resolution of the measurement. 

The convolution given in equation (5.4) is very easily accomplished numeri­

cally. A set of normally distributed pseudorandom numbers with mean equal 

to zero and standard deviation (J, denoted 9i(t' - t), are generated with the 

CERN library computer code NORMCO [35]. Adding the number 9i(t' - t) 

to whichever number Ui(t) or Ii(B~(t)) or Ii(F;(t)) was calculated in the first 

two parts yields a pseudorandom number Ji(t) randomly chosen from the dis­

tribution ( 5.4) ( i.e. a sample decay time from a simulated B~ oscillation 

measurement). 

The algorithm is repeated until the required number of events is generated. 
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The simulated data were then analyzed to see how well the parameters of the par­

ent distributions could be recovered . Simulated data were generated with different 

numbers of events, a, range of mistagging fractions and backgrounds, and a, range 

of oscillation frequencies . Three different analysis techniques are described in this 

thesis. The main approach is a, least squares fit to the data using a, theoretical 

description that contains the maximum input from the Standard Model. It is ex­

pected that this should give the bes t sensitivity to the oscillation frequ ency. Two 

other methods are tried to estimate the amount of variation in sensitivi ty to the 

oscillation frequency expected from the differing techniques. 

It is noted that the simulated data were actually calculated anew by each of 

the three analysis programs for each set of parent parameters and then immediately 

analyzed . The same Monte Carlo data generation algorithm is used by all three 

programs. 

5.3 The Fitting Program 

The first program discussed is called MCBMIN and will be referred to as the fit­

ting method. This program fills a hi stogram with the Monte Carlo data generated 

according to the time evolut ion distribution given in (5.4) and fit s the histogram 

contents with a theoretical function in an attempt to recover the original parame­

ters of the parent di stribution, especially the frequency of oscillation of the parent 

distribution. This section is devoted to the derivation of the theoretical fun ction 

and the fitting method. 

The derivation of the theoretical fun ction used in the fitting of the generated 

data is based on the unsmeared distributions given in (5.1) and (5.2) . If the percent 
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mistagging is defined as a, then the unsmeared time evolution is 

and 

J(x)= O forx < O. (5.8) 

where x is the decay time . This distribution is "smeared" with a Gaussian given by 

1 x -t 
( ) 

2 

g(x - t) = --e - fiu 

v'2-ia 
The smearing is accomplished by convoluting (5.7) with (5 .9): 

F(t) = [J @ g](t) 

(X) 1 - X-t X WX WX 
( ) 

2 

= f r,c e "7-lu e-r [(l - a) cos2
(-) + a sin2

(-)] dx 
lo v21ra r r 

(5 .9) 

(5 .10) 

taking notice that the interval of integration is O to oo because the unsmeared 

function ( 5. 7) is nonzero only in the time interval x ~ 0. Denoting the integrand by 

( )

2 

1 - X -t X WX wx 
h(x, t) = r,c e "7-lu e-r[(l - a) cos2

(-) + a sin2
(-)] 

v 21ra r r 
(5.11) 

makes it possible to rewrite the integral as a sum of integrals 

r= = rk 
F(t) = [J @ g](t) = lo h(x, t) dx = _?; lk-l h(x, t) dx (5.12) 

where x = y - l + k and k is an integer in the interval (l,oo ). Therefore 

(X) r1 
F(t) = L lo h(y - l + k, t) dy 

k=l 

(5.13) 

or making the substitution y = ½(z + 1) gives 

1 = Jl 1 F(t) = - L h(-( z - 1) + k, t) dz . 
2 k= l -1 2 

(5.14) 
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The integral is then approximated to a finite sum by using Gaussian quadrature [42). 

When using Gaussian quadrature, the function , h(x, t), is replaced by an interpo­

lating Legendre polynomial of degree n - l. This polynomial is then fitted to the 

function h(x, t) at then zeros of the Legendre polynomial, Zi, with the corresponding 

weight factors, Wi, giving an approximation to the original integral. Using Gaussian 

quadrature, the function F(t) is approximated to 

1 oo n 1 
F(t) ~ [J 0 g](t) = - LL Wih(-( zi - 1) + k, t) 

2 . 2 
k=1 i =1 

(5.15) 

where the integrand is evaluated at tabulated [42] values of Zi and summed with 

tabulated weights Wi [42]. The integral is exact for any polynomial of degree less 

than or equal to 2n + 1. 

The exponential term e-; in the integral forces the function quickly to zero as 

x increases. Therefore, th e substitution L k=t to Lk~l can be made. Truncating the 

sum at m = 7 is sufficient to give a good approximation to the integral. Furthermore, 

the integral evaluated as a function of n shows no significant difference for n = 5 

and n = 10, so the conservative value of n = 10 is used. Finally, writing the integral 

out in full gives 

F(t) = [J 0 g](t) 

1 1 7 
}Q (x ;-;i2 X wx • wx· 

= - /le LL W;e- 2 .,. e--;1-[(1 - a) cos2
(-

1
) + a sin2

(-
1 

)] 

2a v21r k=l i=l r r 
(5.16) 

where x; = ½( zi - 1) + k. Note that the only time dependence is given by the 

Gaussian. 

The flat background smeared with a Gaussian distribution is now included . The 

smearing is equivalent to the convolution 

( )

2 
00 1 x -t 1 t 

G(t) = f - -e - 72u dx = - erfc (--). 
lo $a 2 v'2a (5.17) 
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Before adding F( t) and G( t) together, the normalization for each of these dis­

tributions must be calculated. The integral is considered to be significantly nonzero 

in the interval - 1 ~ t ~ 7 ( the integral at 7 ps is less than 0.01 times the value 

of the integral at O ps ). The negative times are due to the smearing. Therefore 

normalizing F( t) is equivalent to calculating 

F1 = f~1 F(t)dt = ½ I:£=1 I:;~1 [(-½) [erf (=72:) - erf ( '$:)]] X 

W; e-~ [(1 - a) cos2 (~)+a sin2 (w;;) ]. 

Similarly, normalizing G(t) involves calculating 

G1 = /_
1

1 
G(t) dt 

(5. 18) 

= ~ [1 erfc (- ~a)+ erfc (- }d;) -~ (e-~ - e-<~;~
2

)] = 7. (5 .19) 

where G1 is equal to 7 to better than 1 part in 1014 . 

Thus, the theoretical funct ion describing the data is 

(1 - b) b 
I (t) = Fi F(t) + Gi G(t). (5 .20) 

where b is the fraction of uniform background . 

The effects of mistagging, smearing, and of adding fl at background to the dis­

tribution of decay times for non-oscillating Bi an d ~ mesons is shown in figure 5.1. 

Figure 5. la is a plot of distribution (5.1 ). Figure 5.1 b shows that ten percent mis tag­

ging fills in the troughs and reduces the peaks of the distribution. Figure 5.lc shows 

that smearing extends the probabili ty distribution to negative t . Adding a flat back­

ground keeps the probability distribution from reaching zero at large time as can be 

seen in fi gure 5.ld. 

The CERN minimization package MINUIT [34] was used in order to fit I(t) to 

the data generated from di stribution (5.4). Four parameters were varied: ~' a, b, 
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Figure 5. 1: Probability distribution of observing a, non-oscillating B 0 for ~ = 
2.19 ps-1 and r = 1.37 ps with: a) no mistagging, no sm earing , and no fl at back­
ground; b) 10 percen t mistagging, no smearing, and no flat background; c) 10 percent 
m istagging , 10 percent sm earing, and no fl at backgro und; and d) 10 p ercent mistag­
ging, 10 p ercen t smearing, and 10 percen t fl at background. Th e area, under these 
curves is 1. No te the change in scale in th e y-axis of th ese curves. 
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and an overall normalization , A which was used to match the function, I(t), to the 

number of entries in the histogram. 

One of the main purposes of this program is to find out how few data measured 

in an experiment with a parent distribution (5.4) are needed in order to be able to 

still fit the distribution and hence be able to measure the quantity '=; = ½.6.M. In 

chapter two where the tagging of the B mesons was explored, it was shown that one 

million Z 0 implied getting less than a few hundred properly identified B 0 oscillations. 

If a sample of 100 to 200 events are generated from the time evolution equation (5.4) 

and these numbers are binned in 0.1 ps bins over an interval of -1 ps to 7 ps (80 

bins in all), the number of events per bin will be small . Therefore, a method such as 

finding the maximum log likelihood using Poisson statistics to fit a function to data 

with low statistics should be used. The Poisson distribution is appropriate because 

the probability of a decay time being in any given time bin is small. 

Consider the Poisson distribution 

Y ni 

p,( "\/" ) i -Y'. 
P n;, I i = -

1 
e • 

n;. 
(5.21) 

where Y; is the expected content of bin i and n; is the actual bin content of bin i. 

The total probability for N bins is the product 

and so the natural logarithm is the sum 

N 

In ProT = :Z::::(-Y; + n; ln Y; - ln(n;!)). 
i=l 

(5 .22) 

(5 .23) 

The last term in this expression is a constant so maximizing ln ProT is equivalent 

to maximizing 
N 

:Z:::: (-Y; + n; In Y;) 
i=l 
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or minimizing the negative, 
N 

L(Y; - n; ln Y;). (5.24) 
i=l 

The above expression is minimized using the CERN minimization package MI­

NUIT [34]. Using the maximum log likelihood method with Poisson statistics at 

high statistics (i.e. greater than about 30 events per bin) gives equivalent results to 

using the x2 method. 

In the expression (5.24), the expected bin content at bin i, Y;, is the theoretical 

function value at bin i. Since the bin has a finite size, then where within the bin 

must the function be evaluated? Using the value of the theoretical function at the 

center of the bin only is correct if the function is linear over the bin. In general for 

a theoretical function defined as f(t) , then the correct value to use is the average 

over the bin size (the interval (a,b)) 

I: f(t) dt 
b- a . 

It is easy to see that for f(t) = mt+ c, the above integral gives the function at the 

center of the bin, f(a!b), as expected. Hence in expression (5.24) , the value 

Y.· _ fbini l(t) dt 
1 

- bin size 

where I(t) is equation (5.20). 

A high B~ statistics run was performed to verify that the derived fitting func­

tion (5.20) is correct. 10000 events were generated according to distribution (5.4) 

with the parameters w/r = 2.19 ps-1 , 10 percent mistagging and 10 percent back­

ground and histogrammed with a time bin size of 0.1 ps. Figure 5.2 shows the 

fitting function superposed on the generated data. The resulting parameters from 

the fit were w/r = (2.19 ± 0.01) ps-1 , mistagging = 0.10 ± 0.01, and background= 
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Figure 5.2: A high statistics run for the fitting m ethod wh ere the fittin g fun ction is 
s uperposed on the 10000 generated data fo r the input parameters: ~ = 2.19 ps- 1 , 

a = 0.13 r = 1.37 ps, mistagging = 0.10, background = 0.10, and 0.1 ps bin size. 
T he output parameters of the fit were: w/r = (2.19 ± 0.01 ) ps-1 , mistagging = 
0.10 ± 0.01 , and backgro und = 0.10 ± 0.01. 



CHAPTER 5. B~ OSCILLATION SIMULATIONS AND ANALYSES 77 

2 
C 

4 :::, 
0 
u 

3.5 

.3 

2.5 

2 

1.5 

0 .5 

0 
2 

2 
C 

2 :::, 
0 

0 1.75 

1.5 

1.25 

0 .75 

0.5 

0 .25 

0 
0 

2 .1 2.2 2 . .3 

ID 
Entries 
Mean 
RMS 

2.4 

10 
2 .189 

0.9228E-02 

2.5 

Fitting Met hod, output w/T 
Frequency (1 /ps) 

0 .05 0.1 

D 
[ntrles 

2 
10 

0. 1022 "'°" RMS 0.8818[-02 

0.15 0.2 
Mistogging 

Fitting Method, output mistog 

2 
C 
:::, 
0 
u 

3 .2 

2.8 

2.4 

2 

1.6 

1.2 

0 .8 

0.4 

0 

10 J 
Entries 10 
Meon 0.97&0[ - 01 
RWS 0,6989[ - 02 

0 0.05 0.1 0 .15 0.2 
Background 

Fitting Method, output background 

Figure 5.3: Res ults of high statistics fit s with the fitting method wl1ich were repeated 
for 10 sets of 10000 events. The 10000 events for each fit were generated with 
the inpu t parameters: ~ = 2. 19 ps- 1

, a = 0.13 r = 1.37 ps , mistagging = 0.10, 
background = 0.10, and 0. 2 ps bin size. The mean and standard deviation (SD) 
valu es for the output parameters of th e fit were: mean = 2.19 ps- 1 and SD = 
0.01 ps- 1 for the outpu t w/r dis tribution , mean = 0.10 and SD = 0.01 for the 
output mistagging distribution , and mean = 0.1 and SD = 0.01 for the output 
background distribution . 
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0.10 ± 0.01. Th.is fitting function was able to successfully recover the parameters of 

the parent distribution. 

This high statistics fit was repeated for 10 sets of 10000 events generated from 

equation (5.4) with the resulting w/r, percent mistagging, and percent background 

from each fit of 10000 events stored in histrograms . Figure 5.3 shows that the results 

from these fits are consistent with the input values. 

5.4 The Folding Program 

The second program discussed, MCB2, was written to compare the fitt ing method 

wh.ich makes full use of the theoretical prediction of the Standard Model with a 

more general approach . It will be referred to as the folding method . A folding 

technique discussed below was used on the data to find the frequency of oscillation 

of the parent distribution used to generate the Monte Carlo data by searching for 

the dominant periodicity in the data. 

The Folding Method 

The folding method goes as follows: 

• The program generates data as described before and bins it with a bin size, 

Xbin, chosen by the user. See for example figure 5.4a where the bin size is 

about 0.2 ps. 

• The time ax.is of this distribution is then sectioned into time intervals of size 

Xint also chosen by the user by starting at the lowest bin, -0.5 ps. In figure 5.4b 

the interval size is about 1.4 ps. 

• Then, the bin contents of the first bin (which has size X&in) of each of the 

intervals of size Xint are added together and histograrnrned, the bin contents of 
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Figure 5.4: a) Distribution binned with bin size Xbin ;:::; 0.2 ps for ~ = 2.19 ps-1 , 

a = 0.13 T = 1.37 ps, 10 percent mistagging, and 10 percent background. b) 
The distribution in a) is divided into intervals of Xint ;:::; 1.4 ps. c) T he resulting 
distribution after folding. 
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the second bin of each of the intervals are added together and histogrammed 

etc ... until all the bins in the interval have been used. It is as if the time axis 

is folded into intervals of Xint and the corresponding bins from each interval 

were added. 

The result of this folding is a histogram of size Xint and bin size xbin ( see figure 5.4c ). 

The CERN minimization package MINUIT [34] performs the folding of this dis­

tribution while varying Xint and Xbin within preset bounds until the height difference 

between the highest point and lowest point of the folded distribution is a maximum. 

This maximum occurs when Xint is equal to the period of the function. This can 

easily be seen with a cosine wave. When the size of the interval, Xint, is equal to half 

a period the folding will add destructively and the resulting folding distribution will 

be flat. At Xint equal to the period, the folding will add constructively resulting in 

a folded distribution which looks like one period of a cosine wave . Folding with Xint 

between zero and one period will result in an oscillation with amplitude less than 

the amplitude at Xint equal to one period. 

There is a limitation with this method. Since the highest point of the folded 

distribution must be compared with the lowest point, the distribution must have 

at least two bins within the interval. Hence, the minimum interval size is two bin 

widths. 

The bin width must be chosen with experimental considerations in mind. The 

fact that the time resolution of a detector is of the order of 0.1 ps has been previously 

discussed. It makes no sense to choose a bin size less than 0.1 ps. Also, the bin size 

must not be chosen too large since it was mentioned above that the interval width 

must be at least two bin widths wide and hence a large bin width would limit the 

minimum size of time interval that can be explored. For these reasons, the author 

has chosen the bounds of the bin size over which MINUIT can vary to be 0.1 ps 
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to 0.2 ps. This implies that the minimum time interval that can be used is 0.4 ps. 

Since~= -2,....--d in distribution (5.4), frequencies ~ up to 7.85 ps-1 (or w = 10.76) r perio r 

can be explored. 

High statistics runs were also performed with the folding method in order to 

verify the performance of this method. The folding method was applied to 10000 

events generated according to a cos2 (~t) di stribution where w/r = 2.19 ps-1 • This 

folding method was repeated with 25 sets of 10000 events. Figure 5.5 shows the 

results of the output frequency for these 25 sets. From this figure, it is shown 

that the folding method is able to successfully recover the frequency of the parent 

distribution cos2 (~t) . 

The folding method was also applied to 100 sets of 10000 events generated 

according to distribution (5.4) for the input parameters w/r = 2.19 ps-1
, 10 percent 

mistagging, 10 percent background, and a time bin size of 0.03 ps. The results of 

these foldings are shown in figure 5.6 where it can be seen that the output frequency 

is not consistent with the input w/r . This same foldin g method was applied to 

data generated with a higher input w /r and the results were found to be consistent 

with the input w/r within the time bin size of 0.03 ps . The discrepancy at lower 

frequency is attributed to the exponenti al term in equation (5.4) which most affects 

low inpu t w/r by shifting the measured frequency. 

It must be noted that the folding method measures any periodicity in the data 

but offers no further understanding to the phenomenon of B~ oscillat ions. 

5.5 The Fast Fourier Program 

The final program to be discussed, MCB2FFT, uses a Fast Fourier Transform (FFT) 

method. An FFT of the data is used to find the frequency of oscillat ion of the data 

generated from distribution (5.4). The results of this program will be used as a 
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Figure 5.5 : Res ults of high statistics runs with the folding method 011 a cos2 (~t) 
distribution which were repeated for 25 sets of 10000 events. The input w/r was 
2.19 ps- 1 with a 0.03 ps bin size. Th e mean of the output frequency distribution 
which has a bin size of 0.05 ps-1 is 2.20 ps- 1 with a standard deviation of 0.02 ps-1 . 
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verification of the results from the fitting method. 

Fast Fourier Transforms 

A Fast Fourier Transform is performed on the data generated according to the 

distribution (5.4) in order to find its frequency of oscillation. This method was 

proposed and studied by Moser [41] in 1990. 

A distribution in time, g(t) , has a Fourier Transform given by 

(5 .25) 

where v is the frequency. The Fourier transform can be approximated by a Fast 

Fourier Transform 
1 N-l 21nkn 

Gk = N L gne--v- (5.26) 
n=O 

for N = 2m where mis a positive integer and k = 0, l, ... 2(m-l) + 1. The numbers 

9n are the bin contents of a histogram of g(t) consisting of N equal time bins. Gk 

is an array of complex numbers representing histograms of the real and imaginary 

parts of the Fourier Transform of g(t) . 

The CERN program library [35] routine, RFFT, is used to calculate the FFT 

of an array necessarily 2m elements long, of the bin contents of a histogram of the 

simulated Bi decay times produced by Monte Carlo. The program is run with m = 6 

(or 64 bins) and m = 7 (or 128 bins). This corresponds to time bins of 0.164 ps and 

0.082 ps respectively. 

The amplitude di stribution or frequency spectrum is calculated as the square 

root of the sum of the squares of the real and imaginary parts of the output of the 

FFT. It peaks at the dominant frequ ency of the parent di stribution . The maximum 

frequency of the amplitude distribution depends on the bin size of the time distri­

bution 9n · The critical frequency is We = (~)max= (t ime bi: width). Hence (~)max= 
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19 ps-1 for 26 time bins and (!_;)max = 38 ps-1 for 27 time bins. The bin width of 

the amplitude distribution is given by 

(~)max 
2{m-l) + 1 

which gives an amplitude distribution bin width of about 0.6 ps-1 for m = 6 and 

m = 7. Hence, using 27 bins allows a larger range of output frequency to be explored 

but does not improve on the resolution of the amplitude distribution. This frequency 

bin width of the amplitude distribution depends mostly on the length of the span 

of time which the data cover. This relation is given by 

(!_;)max ( 7r ) ( 1 ) 
bin width = 2(m-l) + 1 = tlt 2(m-l) + 1 

2m 7r 1 21r 
- Tt ot 2(m-l) + 1 ~ Ttot 

where tlt is the time bin width of the decay time histogram and Ttot is tlt times 

the number of bins or the total time interval of the histogram. The data represent 

the times of flight before decay of the B~ mesons and since the lifetime of the B~ 

is about 1.37 ps, the time span which these times of flight cover is of the order of 

10 ps. Hence, a realistic frequency bin width is about 0.6 ps- 1 . 

Figure 5.7a) shows an amplitude distribution which is the output of an FFT 

applied to 50000 sample events generated from distribution (5.4) and binned into 

28 = 256 bins. A larger Tt ot = 50.5 ps or a frequency bin size for the amplitude 

distribution of 0.12 ps-1 was used for this high statistics run to minimize the effect 

of large frequency bins. The input w/r was 2.19 ps-1 with 10 percent mistagging, 

10 percent background, a time bin size for events generated from distribution (5.4) 

of 0.2 ps. The arrow in figure 5.7a) shows the peak frequency of the distribution. 

Since distribution (5.4) is a cos2 ~t distribution, dividing this peak value by 2 gives 

the appropriate!_; (the output ~ is about 2.28 ps-1 in this figure). The 1/w curve at 
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low frequency in this figure is due to the exponential term in distribution (5.4). The 

program used the first local maximum after the 1/w curve as the peak frequency of 

the distribution. The difference between the peak of this amplitude distribution and 

the input w/r is within the bin size of the amplitude distribution. Figure 5.7b) is 

the amplitude distribution with the analytically calculated fourier transform of the 

exponential term convoluted with a Gaussian subtracted out. Random peaks in the 

amplitude distribution appear for a small total number of events because of statist i­

cal fluctuations in the contents of the time bins. The peak of this distribution is still 

2.28 ps- 1 and so any discrepancy between the peak of the amplitude distribution in 

figure 5.7a) and the input w/r due to the exponential term in distribution (5.4) is 

hidden by the bin size of the amplitude distribution. 

This high statistics FFT was also performed with the more experimentally real­

istic frequency bin size of 0.6 ps-1 and 26 = 64 time bins. Figure 5.8a) and b) show 

the amplitude distributions with and without the exponential term. The peaks of 

both distributions are 2.32 ps-1 which is consistent with the input 2.19 ps-1 for 

such a large frequency bin width. 

In a sense, the folding method and the FFT method are alike since both methods 

find the main frequency component of the parent distribution. 
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Figure 5.7: a) Amplitude distribution from an FFT applied to 50000 events binned 
into 0.2 ps bins for~ = 2.19 ps-1 , O' = 0.13 ps, T = 1.37 ps, 10 percent mistagging, 
10 percent background, and frequency bin size of 0.12 ps-1 . The arrow shows the 
peak frequency at 2.28 ps- 1

. b) Amplitude distribution from an FFT applied to 
50000 events with the exponential term subtracted and binned into 0.2 ps bins for 
~ = 2.19 ps-1

, a = 0.13 ps, r = 1.37 ps, 10 percent mistagging, 10 percent back­
ground, and frequency bin size of 0.12 ps-1 . The arrow shows the peak frequency 
at 2.28 ps-1 . 



CHAPTER 5. Bf OSCILLATION SIMULATIONS AND ANALYSES 88 

I FFT I 
800 a) 

700 

600 

500 

400 

300 

200 

100 

0 
0 2 .5 5 7.5 10 12.5 15 17.5 

FFT method, amplit ude dis tribution 
Frequency (1/ps) 

I FFT I b) 160 

120 

80 

40 

0 - - - - - - - - - -

-40 

-80 
0 2.5 5 7.5 10 12.5 15 17.5 

Frequency ( 1 /ps) 
FFT method, amplitude dis tribution (exponent ial subtrocted) 
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peak frequency at 2.32 ps- 1

. b) Amplitude distribution from an FFT applied to 
50000 events with the exponential term subtracted and binned into 0.16 ps bins 
for ~ = 2.19 ps-1

, a = 0.13 ps, T = 1.37 ps, 10 percent mistagging, 10 percent 
background, an d frequency bin size of 0.6 ps- 1 . The arrow shows the peak frequency 
at 2.32 ps-1 . 



Chapter 6 

B Meson Oscillation Simulation 
Results 

6.1 Summary of t he Runs P erformed 

As described in chapter 5, three programs were written by the author to investigate 

three different methods of measuring Bi meson oscillations. For each of the three 

programs, 100 sets of either 200, 100, 50, or 25 sample events were generated ac­

cording to distribution (5.4) for various values of input ~' percentage mistagging, 

percentage fl.at background , and bin size. The aim of the programs is to see how 

well the frequency of oscillation of the parent distribution can be recovered. 

6.2 The Fitting Method 

The fitting method attempts to determine the four parameters of the theoretical 

fun ction (5 .20) (~, percentage mistagging, percentage background, and an overall 

normali zation) by selecting 200, 100, 50, or 25 sample events generated from distri­

bution (5.4) and fitting these sample events with the theoretical function . Repeating 

the selection of sample events 100 times results in 100 sets of four parameters esti­

mated from the data . The reconstructed parameter ~ was histogrammed for all 100 

89 
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sets in order to reveal the distribution of reconstructed ~- Figure 6.la shows a typ­

ical distribution of reconstructed ~ for an input ~ = 0.73 ps-1 . This distribution 

shows a Gaussi an-like structure with non-Gaussian tails . The appearance of this 

distribution will vary with different values of input parameters and different number 

of events used. For a high number of events and a low input ~ ' the distribution 

resembles a Gaussian distribution (see figure 6.lb) while for low number of events 

and high input ~' the distribution may show a large spread in the reconstructed 

values of~ (see figure 6.lc). 

The reconstructed value of w/r has very little dependence on the other two 

parameters of distribution (5.4) (the mistagging and the background). The fitting 

method was repeated 100 times on sets of 200 events generated from (5.4) with the 

following input parameters: w/r = 3.65 ps-1
, 0.2 ps bin size, 10 percent mistagging 

and 10 percent background. The resulting w/r distribution from the 100 fit s are 

shown in figure 6.2. They have a mean of 3.67 ps-1 and a standard deviation from the 

mean (SD) of 0.29 ps-1 . The run was repeated with the same data except that in the 

fit the mistagging and the background were fixed to a value of 0.0. Figure 6.3 shows 

the results from these fit s where now the data have a mean of 3.66 ps-1 and an SD 

of 0.05 ps-1
. A comparison of these two figures shows the means are approximately 

the same and therefore changing the mistag and background parameters is a small 

effect. However, including the other parameters in the fit increases the standard 

deviation of the output w/r distribution. 

The values of w/r calculated by MINUIT were entered into a histogram for each 

run. The mean and standard deviation of the data were calculated using the actual 

entered values. The di stribution of the reconstructed ~ was visually inspected for 

evidence of a peak structure for each run. Some distribu tions had no clear peak . 

When a candid ate peak structure was identified, the number of the histogram bin 
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Figure 6.1: a) A typical output frequency distribution for the fitt ing Monte Carlo 
with inpu t ~ = 0.73 ps- 1 an d where 100 sets of 25 sample events were used. b) 
A low frequency (input ~ = 0.73 ps- 1 ) and liigh number of events (100 sets of 
200 sample events) distribution. c) A high frequency (input ~ = 5.11 ps-1 ) and 
low number of events (100 sets of 25 sample events) distribu tion . Th e dashed lines 
indicate the value of the input w/r. 
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Figure 6.2: The fitt ed w/r distribution from the fi tting method performed on 100 
sets of 200 sample events generated wi th tlie parent parameters: w/r = 3.65 ps- 1 , 

0.2 ps bin size, 10 percent mistaggingand 10 percent background. Th e mean of th is 
distribu tion is 3.67 ps-1 with an SD of 0.29 ps-1 . 
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Figure 6.3: The fitted w/r distribution from the fitting method performed on 100 
sets of 200 sample events generated with the parent parameters: w Jr = 3.65 ps-1 , 

0.2 ps bin size, 10 percent mistaggfog and 10 percent background. The fit was 
performed with the mistagging and background fixed at zero. Tlie mean of this 
distribution is 3.66 ps-1 with an SD of 0.05 ps-1 . 
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containing the maximum value was recorded as well as its full width at half maximum 

(FWHM). For a Gaussian distribution, the FWHM is equal to 2.36a. However, the 

visual inspection can give the peak value but not easily the mean value. Statistical 

fluctuations of the bin contents near the mean affect the peak value. The following 

iteration scheme was used to determine the mean value assuming a Gaussian-like 

distribution. 

l. The peak value and the a estimated by visual inspection of the reconstructed 

~ distributions (see figure 6.4a), were used to define a subset of the data 

consisting of values of w/r within ±3 a of the estimated most probable value. 

The CERN MINUIT package [34] was used to fit this subset of data with 

a Gaussian distribution (see figure 6.4b ). (The region ±3a of the peak was 

chosen because for a true Gaussian distribution, it encompasses 99.7 percent 

of the area of a Gaussian.) All events outside of the ±3a region were ignored 

in the fit. This Gaussian fit provided an improved mean and a, denoted a1 , 

for the distribution. 

2. A final iteration was performed. Another Gaussian fit was made with sample 

events within ±3a1 of the mean found in the previous fit (see figure 6.4c). This 

fit gives the corrected mean and the a, denoted a 2, of the distribution. As 

well, the percentage of the 100 runs which yielded a value of w/r inside the 

±3a2 range was recorded. 

This iterative procedure was used for sample events created from the different parent 

parameters stated in table 6.1. In section 6.2.1, the mean and standard deviation 

of the entire reconstructed ~ distributions will be compared with the mean and 

sigma found from the Gaussian structures of the reconstructed ~ distributions. Ap­

pendix B gives the results of the final iteration of the Gaussian fit and the mean 
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The Fitting Method 
Run # of events/set input ~ (ps-1 ) bin size (ps) mistag bkg 

1 200,100, 50, 25 0.73, 2.19, 3.65, 5.11, 6.57 0.2 0.1 0.1 
2 200, 100, 50, 25 0.73, 2.19, 3.65, 5.11, 6.57 0.1 0.1 0.1 
3 200, 100, 50, 25 0.73, 2.19, 3.65, 5.11, 6.57 0.2 0.2 0.1 
4 200,100, 50, 25 0.73, 2.19, 3.65, 5.11, 6.57 0.2 0.1 0.2 

Table 6.1: Table of runs performed with the fitting program. 

and standard deviation of all of the reconstructed ~ distributions. 

6.2.1 The Results of the Fitting Method 

The mean and standard deviation of the reconstructed ~ distributions for the runs 

listed in table 6.1 were found and the results are given in Appendix B. One hundred 

sets of 200, 100, 50, or 25 sample events were generated according to distribu­

tion (5.4) with a parent parameter ~ = 0.73, 2.19, 3.65, 5.11 , and 6.57 ps-1 . It 

should be noted that the variation in the parameters in runs 1 through 4 (bin size, 

percentage mistagging, and percentage flat background) represents a possible range 

which may be encountered in an experiment on Bi oscillations. Plots made showing 

the behavior of the mean and standard deviation as a function of the various input 

parameters are presented in this section . 

Figure 6.5 shows the absolu te value of the percentage difference of the mean 

of the output ~ distribution from the inpu t ~ (~ = 2.19 ps-1 in figure 6.5) as the 

number of sample events per set, N, increases from N = 25 to 200 events for all 

four runs. This figure clearly shows the convergence of the percentage difference 

to zero as N increases . From the high statistics run performed in chapter 5, this 

percentage difference indeed converges to zero as N becomes very large. The signed 

difference between the mean value of the output ~ and the input ~ was examined r r 
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for any evidence of systematic shifts. Recovered values of '=j:- within ±1.0 ps-1 were 

symmetrically distributed. More poorly recovered values had a tendency of being 

too large. 

Figure 6.6 is a plot of ~ versus N with an input '=j:- = 2.19 ps-1 for all four 

runs where the SD is the standard deviation from the mean of the reconstructed '=;:­

distribution. As expected, the values of SD of reconstructed ~ distributions increase 

as the number of events per set decreases. Some differences between the four runs 

become apparent in this figure. Run 3 (20 percent mistagging) appears to have 

consistently larger SD for all values of N. The values of SD for run 1 appear to be 

slightly higher than run 2 (0.1 ps bin size) for low N. Increasing the percentage of 

background (run 4) does not appear to have any significant impact on the values of 

SD as compared to the other runs. The high statistics run from chapter 5 confirms 

the fact that the ~ approaches zero for N 2: 200 in figure 6.6 while the ~ is an 

increasing function for low statistics. The SD of the high statistics run (N = 10000) 

is 0.009. The SD = 0.057 for 200 events with the same input frequency, mistagging, 

background, and binning. The ratio of SD(l0000) to SD(200) is 6.33 while the 

ratio of the statistics ✓10000 to y1200 is 7.07. This is evidence that for 200 events 

or more, the errors scale with the statistics. The same calculation using the SD 

determined for 100 events gives a ratio that is different from statistical scaling by 

about 400 percent. Therefore, one might expect that 200 events will be near the 

minimum number needed to successfully recover the input w/r of the distribution. 

Since runs 1 through 4 represent the range of parameters (bin size, percentage 

ofmistagging, and percentage of flat background) which may be encountered in a B~ 

oscillation experiment, averaging a result over the four runs gives a number whose 

error represents an uncertainty within the limits of the model. In figure 6.7, the 

percentage difference of the mean from the input w/r (for input w/r = 0.73, 2.19, 
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3.65, 5.11, and 6.57 ps-1 ) is averaged over the four runs and is plotted with its errors 

(the standard deviation about the mean) versus the number of events (N) per set. 

This percent difference for all N is less than 20 percent for w/r = 0.73, 2.19, 3.65, 

and 5.11 ps-1 . The value of w/r = 5.11 ps-1 appears to indicate the limit of this 

fitting method due to low statistics since w/r = 6.57 ps-1 gives percent differences 

of 30 to 75 percent. 

In figure 6.8, the value of~ determined for each input "'; is averaged over the 

four runs for all values of N. The increase in the values of SD with increasing input 

"'; is very apparent with the rN value converging to zero at high N. As was seen in 

figure 6.6, the values of SD also increase as N decreases. 

As was stated at the beginning of this chapter, all reconstructed '=; distributions 

from the fitting program were visually inspected for a Gaussian-like structure and 

then fitted to get the mean, cr, and the percentage of runs within ±3cr. A comparison 

of the Gaussian mean and CT with the mean and standard deviation of these distri­

butions is used to estim ate the likelihood of the reconstructed "'; distribution being 

well described by a Gaussian. The percentage of runs which yield results within ±3cr 

of the mean was used as a definition of the stability of the fit. If the distributions 

were perfectly Gaussian, then 99.7 percent of the events would be within ±3cr of the 

mean. A distribution was considered as reasonably Gaussian if 90 percent of the 

events fall within this ±3cr range. 

Figure 6.9 shows the percentage of events within ±3cr versus N for an input 

'=; = 2.19 ps-1 for all four runs. Increasing the percentage mistagging appears to 

affect the output "'; distribution since run 3 seems to have consistently less number 

of entries within ±3cr than the other runs. This figure shows that for an input '=; = 
2.19 ps-1 , N = 100 events are required in order to have a 90 percent probability that 

a measurement of "'; will be within ±3cr of the mean of the di stribution. Table 6.2 
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gives a list of the runs which had 90 percent of events within ±3a for the different 

values of N and input w/r. The mean and a of the Gaussian were compared with 

with the mean and standard deviation of the full distributions. Some of the SD 

are considerably larger than the corresponding a of the Gaussian fit. These larger 

values of SD are due to a few points in the output w /r distribution which are far 

away from the ±3a region. 

The analysis supports the following conclusions: 

• It appears that the reconstructed ~ distribution is approximately Gaussian for 

w/r = 0.73 ps-1 and N = 50, 100, and 200, for w/r = 2.19 ps-1 and N = 100 

and 200, and for w/r = 3.65 ps-1 and N = 200. 

• Changing the percentage mistagging (run 3) appears to have a bigger effect 

on the reconstructed ~ distributions compared with changing the background. 

Increasing the percentage mistagging increases the values of SD of the distri­

butions and reduces the Gaussian nature of the reconstructed ~ distributions. 

• Increasing the percentage flat background has little effect on the features of 

the reconstructed ~ distributions including the likelihood of the distribution 

being described by a Gaussian. 

• Decreasing the bin size (run 2) has a small effect on the distributions. Fig­

ure 6.9 shows that a reconstructed ~ distribution from a smaller bin size has 

consistently slightly more events within the ±3a range. As well , figure 6.6 

shows that run 2 has smaller values of SD than run 1. 

• The TN values, when averaged over the four runs, show systematic differences . 

The values of SD /../N increase as the values of input ~ increase for a fixed 

N. The SD scale with statistics for 200 events or more. 
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Gaussian fit 
Run w ~ 

7" 
N mean error on mean a mean SD % in ±3a 

1 1 0.73 200 0.73 0.01 0.05 0.73 0.05 100 
100 0.73 0.01 0.06 0.72 0.09 97 
50 0. 72 0.02 0.11 0.72 0.20 90 

3 2.19 200 2.1 8 0.01 0.06 2.1 8 0.08 97 
100 2.19 0.01 0.08 2.24 0.44 98 

5 3.65 200 3.65 0.01 0.07 3.67 0.29 97 
2 1 0.73 200 0.73 0.01 0.05 0.73 0.05 100 

50 0.73 0.02 0.12 0.71 0.20 92 
3 2.19 200 2.18 0.01 0.05 2.18 0.06 98 

100 2.18 0.01 0.08 2.25 0.44 98 
5 3.54 200 3.65 0.01 0.07 3.69 0.45 97 

3 3 2.19 200 2.19 0.01 0.08 2.22 0.36 94 
100 2.18 0.01 0.11 2.49 0.98 90 

4 1 0.73 200 0.74 0.01 0.07 0.73 0.07 100 
100 0.74 0.01 0.08 0.73 0.13 97 
50 0.78 0.03 0.19 0.79 0.33 91 

3 2.19 200 2.18 0.01 0.07 2.18 0.07 100 
100 2.19 0.01 0.09 2.20 0.16 97 

5 3.65 200 3.62 0.01 0.10 3.67 0.27 97 

Table 6.2: Table of fi tting method run s which have 90 percent of events within 
±3a. This table compares the mean , the error on the mean found by the fitting 
procedure, an d the a of tl1 e Gaussian fit with the mean and and the SD of the entire 
reconstru cted w/r distribu tion. 



CHAPTER 6. B MESON OSCILLATION SIMULATION RESULTS 106 

6.3 The Folding Method 

The folding program was used to analyze a set of 200, 100, 50, or 25 sample events 

generated according to distribution (5.4) in an attempt to reconstruct the frequency 

of the parent distribution. The analysis was repeated 100 times on 100 sample 

distributions to produce 100 estimates of the period Xint· Each period was converted 

to a frequency via the relation frequency = 2._ and then entered into a histogram. 
Xint 

The histograms for various sets of input parent parameters are very much like those 

of figures 6.1 found for the fitting method. They exhibit the same features at high 

and low input ~ and at high and low numbers of events (see figure 6.10a, b, c). 

It should be noted that the fitting and folding methods can yield different results. 

The fitting method extracts the frequency of the sinusoidal term used to generate 

the time distribution of Bi oscillation, while the folding method will simply reveal 

a periodicity in the distribution if one exists. 

The procedure described in section 6.2 for the fitting method was also used to 

calculate the mean and the standard deviation of the entire folding frequency dis­

tributions. All folding frequency histograms were visually inspected for a candidate 

peak and the FWHM was determined (and hence a for a Gaussian structure). A 

Gaussian fit was made including only events within ±3a of the peak to get a new 

estimate of the mean and the width, denoted a1 , of each distribution . A second 

Gaussian fit was made to the sample events within ±3a1 of the new mean to get a 

corrected mean and a2, as well as and the errors on the fitting parameters for all of 

the folding frequency distributions. The percentage of all events within ±3a2, the 

mean, a2, and errors are recorded in Appendix B along with the mean and SD of 

the full histogram. The list of parent parameters used to generate the distributions 

is given in table 6.3. The mean and SD of the folding frequency distributions will 
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The Folding Method 
Run # of events/set input ~ (ps-1

) mistag bkg 
1 200, 100, 50, 25 0.73 , 2.19, 3.65, 5.11, 6.57 0.1 0.1 
2 200, 100, 50, 25 0.73 , 2.19, 3.65, 5.11, 6.57 0.2 0.1 
3 200,100, 50, 25 0.73 , 2.19, 3.65, 5.11, 6.57 0.1 0.2 

Table 6.3: Table of runs performed with the folding program. 

be compared in section 6.3.1 to the mean and sigma found from the Gaussian fits. 

6.3.1 The Results of the Folding Method 

Table 6.3 shows the runs for which the mean and SD of the output folding frequency 

distributions were calculated in an attempt to reconstruct the frequency of the parent 

distribution. One hundred sets of 200, 100, 50, or 25 sample events were generated 

from distribution (5.4) with a parent parameter w/r = 0.73, 2.19, 3.65, 5.11, and 

6.57 ps-1
. Plots of the mean and SD of the folding frequ ency distributions were 

made for the various values of the parameters. 

Figure 6.11 shows a plot of the absolute value of the percentage difference 

between the mean of the folding frequency distributions and the input ~ versus the 

number of events (N) in each of the 100 sets. The trend, an increasing percentage 

difference as N decreases, seen in the fitting method reappears in the folding method. 

However, the percentage difference appears to be converging at about 12 percent 

as N becomes large. Since there exists a finite time bin size, Xbin, used by the 

folding method, the actual value of the folding frequency must lie in the range 

__L_ to 
Xint 

71" because Xint represents the upper edge of a bin. Hence, there 

is an intrinsic uncertainty due to this finite bin size in the percentage difference 

between the observed mean and the input ~ of 1r /x;nc- 1r /( x;ni-xbin ) = . Xbin . • For 
'T -rr / X ,nt X ,nt- Xb ,n 

~ = 2.19 ps-1 and for Xbin = 0.l to 0.2 ps, the range of uncertainty is about 8 to 16 
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percent. Therefore, the percentage difference of about 12 percent seen in figure 6.11 

is within the uncertainty inherent in the measurement. The percentage difference for 

~ 2: 2.19 ps- 1 at N = 200 for all of the runs falls within this uncertainty, and so any 

deviation of the mean from the input ~ due to the presence of an exponential term 

in distribution (5.4) is hidden within this uncertainty. At~= 0.73 ps-1 and low N, 

the observed mean is 300 percent off. At larger values of period Xint (low ~ ), the 

data is divided into more bins because of the upper limit on Xbin and therefore more 

statistics are required. The folding method therefore is not good for very small values 

of~- The signed difference between the mean value of the output frequency and the 

input ~ was examined for evidence of any systematic effects. The distribution was 

symmetric around zero and about three times broader than the same distribution 

for the fitting method. 

Figure 6.12 shows the TN of the folding frequency distribution versus N for all 

three runs as N increases from 25 to 200 events. As with the fitting method, the 

SD increases as N decreases. It also appears that run 2 (20 percent mistagging) 

has larger values of SD for smaller N than other runs while run 3 (20 percent flat 

background) appears to have similar values of SD to run 1 at low N. 

As was done with the fitting method, the percentage difference of the mean 

from the input ~ and the ~ values were averaged over the three runs for each 

input value of~ in order to get results and errors (the standard deviations) which 

are representative of the variation of the parameters which may be encountered in 

an experiment on si oscillations. Figure 6.13 presents the averaged percentage dif­

ference of the mean from the input ~ over the three runs for input w/r = 0.73, 2.19, 

3.65, 5.11, and 6.57 ps-1 . It can clearly be seen from this figure that the percentage 

difference for w/r = 0.73 ps-1 varies from 100 percent at high N to 350 percent at 

low N and therefore the folding method is not appropriate for low frequency. The 
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effect can be predicted from both the effect of increasing the number of bins for 

longer periods and the presence of the exponential term in distribution (5.4). For 

all other input w /T, the percentage differences remain between O to 50 percent and 

are within the uncertainty due to the finite time bin width, Xbin- For w/T = 2.19 

and 3.65 ps-1 , the percent difference increases as N decreases as expected . However, 

at w/ T = 5.11 and 6.57 ps-1 , the percent difference increases as N increases which 

could reflect the fact that folding method becomes less applicable as the w / T value 

approaches the maximum value, w/T = 7.85 ps-1 (see section 5.4), where the folding 

method is no longer valid. It is likely that the folding method will jump between 

the fundamental and first harmonic as the period becomes close to the bin size. 

Figure 6.14 shows a plot of the averaged % over the three types of runs versus 

N. Once again, this plot shows systematic differences. The values of % values 

increase with increasing input w for fixed N. The SD follow the same trend of 

increasing with decreasing N. 

The percentage of the sample runs within a ±3a window defined by the iterated 

Gaussian fit can again be used to give a measure of the stability of the fit. Figure 6.15 

is a plot of the percentage of events within ±3a versus N for a nominal ~ = 2.19 ps-1 . 

Only one point lies in the region where greater than 90 percent of the runs produce a 

results within ±3a. However, from the results of all of the runs given in Appendix B, 

the runs that do satisfy the ±3a criterion all have large values for the Gaussian a 

from the fit. There are no systematic trends evident in figure 6.15. It appears that 

changes in the percentage mistagging (run 2) and percentage flat background (run 

3) have an insignificant effect on the output folding frequency distributions. 

A few conclusions are drawn from the figures in this section: 

• There is a 12 percent difference even at large N between the input ~ = 
2.19 ps-1 and the folding frequ ency. This percentage difference is within the 
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uncertainty due to the finite time bin size, Xbin, and represents an inherent 

inaccuracy in the folding method. 

• The folding method is not appropriate at low frequencies because the exponen­

tial term in distribution (5.4) shifts the folding frequency and more statistics 

are required for longer periods. 

• The folding method appears to be an appropriate method of analysis only in 

situations where one has no prior knowledge of the analytic form of the mea­

sured distributions and good statistical precision. It will reveal a periodicity, 

but if the resulting frequency is low, it should be treated with caution. For 

the low statistics environment which will most likely be encountered in an ex­

periment ( about 200 or less Bi events as discussed in this thesis), the folding 

method is inappropriate. 

6.4 The Fast Fourier Transform Method 

A Fast Fourier Transform was applied to 200, 100, 50, and 25 event samples gener­

ated according to distribution (5.4) in the range -0 .5 ps to 10.0 ps resulting in the 

frequency spectrum of the sample events (see figure 5.7a). The peak of the frequency 

spectrum (the first local maximum after the 1/w curve due to the exponential term) 

was recorded and this procedure was repeated for 100 sets of sample events. The 

resulting 100 frequency peaks were entered into a histogram. Typical distributions 

of the peak frequency are shown in figure 6.16. The distribution is not Gaussian-like 

and hence the iterative procedure of Gaussian fits was not used. 

Instead of using iterative Gaussian fits, the mean and the SD of the frequency 

spectrum were recorded. The FFT method was used on the sets of sample events 

created from the parent parameters described in table 6.4. The mean and SD of the 
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The FFT Method 
Run # of events/set input ~ (ps-1 ) bin size (ps) mistag bkg 

1 200, 100, 50, 25 0.73 , 2.19, 3.65, 5.11 , 6.57 0.164 0.1 0.1 
2 200, 100,50,25 0.73, 2.19, 3.65, 5.11 , 6.57 0.082 0.1 0.1 
3 200, 100,50, 25 0.73, 2.19 , 3.65, 5.11 , 6.57 0.164 0.2 0.1 
4 200, 100, 50, 25 0.73, 2.19, 3.65, 5.11, 6.57 0.164 0.1 0.2 

Table 6.4: Table of runs perform ed with the FFT program. 

entire reconstructed '=; distributions will be discussed in section 6.4.1. The results 

of the FFT method can be found in Appendix B. 

6.4.1 The Results of the FFT Method 

The FFT method was used to analyze 100 sets of 200, 100, 50, or 25 sample events 

generated according to distribution (5.4) with parent parameters given in table 6.4. 

The results of these runs were frequency (or amplitude) distributions from the FFT. 

The mean and the SD of the distributions of peak frequency of the ampli tude dis­

tribution were found and the following section shows plots of these quantities for 

various input parameters. 

Figure 6.17 is a plot of the absolute value of the percentage difference of the 

mean of the peak frequency distribution from the input '=; = 2.19 ps-1 . As with the 

corresponding plots for the other two methods, the percentage difference increases 

as the number of sample events used per set for 100 sets decreases. Run 2, which 

corresponds to a lower bin size of the time evolution of the B~ oscillation period, 

shows substantially higher percentage difference than the other three runs. Chap­

ter 5 described how decreasing the bin size of the time distribution allows a larger 

range of'=; to be explored but does not improve the frequency resolution of the distri­

bution. Statistical fluctuations at high w / T can create peaks which are higher than 
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the signal at the nominal w/, causing a large percentage difference from the mean. 

All four runs appear to converge at a small percent difference of the mean from the 

input ~. It should be noted that this FFT method like the folding method measures 

directly the frequency of the time spectrum of the B~ oscillation probability di stri­

bution. It was noted in chapter 5 that the amplitude distribution has a frequency 

bin width of about 0.6 ps- 1 . Any deviation in the mean due to the exponential term 

in equation (5.4) is hidden by the bin size of the amplitude di stribution. One sees 

from figure 6. 17 th at increasing the percentage of mistagging (run 3) increases the 

percentage difference for low values of N. The signed difference between the mean 

value of the output frequency and the input ~ was examined for systemati c shifts. 

There was a strong tendency for the recovered value to be too large. 

The Fourier Transform amplitude di stribution of an exponenti al convoluted 

with a Gaussian resolution is subtracted from the amplitude dist ribution calculated 

by the FFT analysis (see figure 6.18) following the same procedure as for the high 

stati sti cs data described in chapter 5. The dominant effects on the measurement 

are the amplitude di stribu tion bin size and spurious structure due to st ati sti cal 

fluctuations in the time domain spectrum. Subtracting the Fourier Transform of 

the exponential and normali zing to the first bin does not improve the stati stics and 

therefore does not enhance the signal. Figure 6.19 shows a reanalysis of t he data with 

the amplitude distribution of the Fourier t ransform of the exponenti al sub tracted 

off. Results appear to be worse when the Fourier Transform of the exponential is 

subtracted. This is probably due to the fact that the FFT of the time distribution 

must be taken from -0.5 ps to account for the smearing of the time di stribution to 

negative t ime whi ch gives a frequency distribu t ion whi ch has a dip and then a rising 

slope at frequencies above 2.5 ps- 1 . 

The plot in figure 6.20 shows TN versus N for an input ~ = 2.19 ps- 1 . Once 
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again, the SD increases as N decreases. Larger values of SD are apparent for run 2 

(small bin size) for the same reasons as given above for the percent difference plots. 

Figure 6.21 is a plot of % versus N of the peak frequency distribution com­

ing from data which had the amplitude distribution of the exponential term in 

equation (5.4) subtracted out. From this figure, it appears that subtracting the 

exponential also adversely affects the SD of the peak frequency distribution. Due 

to this result and the result from figure 6.19 , all further runs have been analyzed 

without subtracting the amplitude distribution of the exponential. 

The percentage difference of the mean from the input ~ and the % values 

were averaged over the four runs and plotted versus N for input wfr = 0.73 , 2.19, 

3.65, 5.11 , and 6.57 ps-1 in figures 6.22 and 6.23 respectively. Figure 6.22 shows 

very large percentage differences with large errors for input wfr = 0.73 ps-1 . The 

FFT method like the folding method is a poor method to use for low input w fr but 

improves as the input ~ increases . The percentage differences for wfr = 2.19, 3.65, 

5.11, and 6.57 ps-1 converge to about zero percent as N becomes large. 

Figure 6.23, a plot of % versus N, suggests some systematic dependence of 

3/fJ on the input wfr for a given N . 

From these figures, the following conclusions may be drawn: 

• At large values of input frequ ency the peak finding algorithm, taking the first 

local maximum, biases the result towards finding peaks at low frequency due 

to statist ical fluctu ations. 

• Results of the FFT method at larger input frequency show increased values 

for the SD of the output frequency distribution since statistical fluctuations at 

high frequency can be comparable to the signal at the nominal w fr. 

• The FFT method like the folding method is inappropriate for low frequency 
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distributions. 

• Due to the coarse bin size in the frequency distribution imposed by the lifetime 

of the B~, there is a large uncertainty (0.6 ps-1 ) in measuring the frequency 

of the data when using the FFT method. Only using higher statistics which 

would extend the range of measured time of flight can decrease this uncertainty. 

Hence, the FFT method is inadequate for such low statistics . 

In 1990, Moser [41] proposed to measure the frequency of oscillation of B~ 

mesons by performing an FFT on the data. In his B~ simulations, Moser assumed 

a time smearing of 0.1 ps and 0.2 ps and explicitly included the effects of Bd mixing 

and non-oscillating charged B mesons in the equation which generated the data. 

This thesis assumes a pure Bi sampled obtained by selection criteria on the lepton 

momentum. He generated 200 sets of 300 sample events from his equation describing 

Bi mixing and explored thew range of 1.5 to 7.5. The data were generated between 

zero and 10 lifetimes. corresponding to a frequency bin width of 0.5 ps-1 , ignoring 

the negative time region. The time bin width of generated data was 0.1 ps. These 

parameters are compared in table 6.5 with the parameters used in this thesis for the 

FFT method. Moser measured the distribution of peak frequency for 200 sample 

runs and had typical values of SD of 0.2 to 0.5 for a time resolution equal to a = 
0.1 ps to 0.2 ps and w = l.5 to 5.0. These values of SD are similar to those obtained 

from this thesis where for example at N = 200 events and w = 3 and 5 for run 1, 

the values of SD are 0.15 and 0.60 respectively (the values of SD are those given in 

Appendix B multiplied by 1.37 ps in order to compare with Moser who discusses 

w distributions and not w/r distributions). Moser defined a confidence level as the 

percentage of peak frequencies within± 1 unit of the input w. He concluded from his 

analysis, that at a = 0.1 ps, a measurement of up to w = 3. 75 could be made with 
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Moser Thesis 
Data B~, Bd, B, mi stag B~, bkgnd, mistag 
events 200 x 300 events 100 x 200, 100, 50, 25 events 
resolution 0.1 ps, 0.2 ps 0.13 ps 
w range 1.5 to 7.5 1 to 9 
time bin 0.1 ps 0.08 ps and 0.16 ps 
freq bin 0.5 ps- 1 0.6 ps- 1 

Table 6.5: Table of comparison of the parameters used by Moser and the parameters 
used in this thesis for the FFT method. 

an 88 percent confidence level. At a = 0.2 ps, a measurement of up tow = 2.5 could 

be made with a 75 percent confidence level. Applying hi s definit ion of confidence 

level to this thesis, one finds for run 1 with a t ime resolution equal to a = 0.13 ps 

on 100 sets of 200 sample events at w = 3 (the results which lies in the range of his 

conclusions given above), a measurement can be made with 100 percent confidence. 

At w = 5 with 100 sets of 200 events, a measurement can be made with a 93 percent 

confidence level. The small differences in the confidence levels of Moser's results and 

the confidence levels from this thesis' results are probably because Moser included 

the effects of B mesons other than the B~ while thi s thesis assumes a sample of pure 

6.5 Conclusions Based on the Results of the Three 
Methods of Analysis 

A few conclusions may be drawn based on the results of the three methods of mea­

suring B~ oscillations given in the three previous sections: 

• At low statist ics, which might be anticipated(~ 200 events), the fitting method 

is really the only viable method of analysis. Here, a hypothesis can be tested 
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against data with low statist ics. The low statistics can confuse both the folding 

and the FFT methods. At high statistics (2: 200 events), the folding and FFT 

methods become viable and are attractive since they do not require fitting 

procedures. 

• Increasing the percentage mistagging has the largest effect of all of the param­

eters in introducing uncertainty in to the measurement of w/r. 

• Increasing the percentage flat background appears to have little effect on the 

results . 

• Both the folding and the FFT methods are poor methods to use at low fre­

quency. Using an input w/r = 0.73 ps-1 results in large values of SD and large 

percentage difference of the mean from the input ~ of the output frequency 

distributions. 

• For each of the three analysis methods for a fixed N, the values of SD averaged 

over all runs show a systematic dependence on w/r. SD increases as w/r 

increases. 

• The observed mean w / r averaged over all runs was closest to the nomin al value 

when analyzed by the fitting method. 

• The fitting method produces the most Gaussian looking output frequency dis­

tributions of all three methods. w/r = 0.73 ps-1 with N = 50, 100, and 200; 

w/r = 2.19 ps- 1 with N = 100 and 200; and w/r = 3.65 ps-1 with N = 200 are 

the runs which satisfy the 90 percent Gaussian criterion for "stable" results . 



Chapter 7 

Summary of Results 

In this thesis, the concept of Bi- B: oscillation was developed within the fram ework 

of the Standard Model. The Cabibbo-Kobayashi -Maskawa matrix descrip t ion of 

the mixing of mass eigenstates was in troduced along with the second order weak 

interaction box diagrams as the mechanism responsible for Bi mixing. The time 

evolution of CP eigenstates of the neutral Bi mesons was calculated by solving 

the time-dependent Schrodinger equation, and the system was shown to oscillate 

between the particle and the antiparticle state with a frequ ency of oscillation , t;f. 

A measurement of Bi oscilla tions involves a knowledge of the particle-ant iparticle 

nature of the Bi meson at the B meson production and decay points. Two methods 

of determining this, the dilepton tagging method and the primary kaon method, 

were explored. From these methods, it was estimated that less than a few hun­

dred Bi could be identified clearly at a detector like OPAL within one year of LEP 

operation. 

The effects of typi cal experimental resolutions and procedures on the measure­

ment of Bi oscillations were examin ed. These included the measurement of the time 

of flight of the B mesons, the mistagging of leptons corning from B 0 mesons on the 

other side of the interact ion which change fl avor before decaying , and the detector 
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resolution which smears the measurements of the Bi decay length. A careful study 

was made of the energy loss of an ionizing particle in the OPAL silicon microvertex 

detector. For a test beam measurement of three silicon detector ladders, the cluster 

pulse height sums were fitted to Landau distributions convoluted with Gaussians. 

The detector and read out noise was determined for each ladder. The Landau dis­

tribution fits to the energy loss data and the measured detector noise were found to 

be consistent with expected values. 

Programs which generate possible sample measurements of the Bi time of flight 

were written by the author to explore three different methods of measuring the fre­

quency of oscillation of Bi mixing. Simulated events were generated according to 

the time evolution distribution of a Bi or a B: meson which decays without chang­

ing flavor with the following conditions: a 10 to 20 percent lepton mistagging and 

10 to 20 percent flat background. The data in the sample distributions were entered 

into histograms with bin sizes appropriate to the time resolution of the detector, 

and hence the time smearing of the di stributions. Each program then attempted 

to recover the parameters of the parent distribution. The fitting method used the 

equation describing the probability di stribution of a Bi whi ch decays without chang­

ing flavor , to fit the experimental di stribution and recover the parameter, w = ~¥, 
of the original parent distribution. The folding method and the FFT method were 

also used on the simulated events in order to find the frequency of oscillation. In a 

sense, the folding method is like the FFT method, since both methods find the main 

frequency component of the parent distribution. The goal of these methods was to 

see how few Bi events are necessary to determine the frequency of oscillation to a 

given precision. 

Sample events were repeatedly created from the parent distribution for Bi 

mesons which decay without changing flavor for various input parent parameters. 
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The reconstructed parameters were the final output of the three programs. The 

mean and standard deviation of each distribution were found and the similarity of 

the distribution to a Gaussian was quantified. It was found that both the folding 

and the FFT methods were poor methods to use at low frequency since a frequency 

of w = ½ 6 /1 = 1 resulted in large values of SD and large percentage differences 

between the mean of the frequency distribution and the input w. It was also found 

that the fitting analysis produced the most Gaussian-like output frequency distribu­

tions of the three methods. From the analyses performed on the simulated events, 

it was found that increasing the mistagging parameter had the largest effect on the 

measured output frequency. It increased the SD and reduced the probabilities of a 

Gaussian describing the distributions. The fitting method with an input of 6 /1 = 2 

required only 50 si events for the output frequency distribution to satisfy the 90 

percent Gaussian criterion while for 6 {:1 = 6, 100 events were required and 6 {:1 = 10 

required 200 events (see figure 7.1). The folding and FFT methods were found to 

be inadequate for 200 or less si events. 

It is the opinion of the author that the folding and FFT methods should only be 

considered as methods of analysi s in situations with good statistics (2 300 events). 

The fitting method produces more Gaussian-like results since it takes into consider­

ation explicitly all of the parameters used to generate the data. However, an exact 

knowledge of Bi oscillation is necessary in order to derive the fitting equation. No 

such knowledge is necessary with the folding and FFT methods since these methods 

only look for periodicities in the data. The folding and FFT methods however offer 

less understanding as to what these periodicities mean. 

With 200 Bi, frequenci es up to 6 {1 = 10 could be measured with good precision. 

Within the confines of the model used, the input value of w/r can be recovered with 

a 5 to 10 percent accuracy. When the LEP collider reaches its design luminosity, the 
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Figure 7.1: The number of events needed to satisfy the 90 percent Gaussian criterion 
for varying Llf based on the results from the fitting method. 
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OPAL detector may be able to reconstruct 200 B~ within 2 years. During this time, 

a double-sided silicon microvertex detector which would make both r - </> and r - z 

measurements could be installed. It will reduce the error in the decay length of the 

B~ and hence lower the value for <J',,- which is responsible for the smearing effect on 

the measurement of the time of flight of the B~. This year, B~ mesons have been 

identified at LEP. It is quite likely that the lifetime will be measured in the next 

year and mixing measurements will be possible in the following year. 
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Appendix A 

Landau Energy Loss Theory 

The average energy loss of a charged particle passing through matter is calculated 
from the equation 

dE 
< E >:::::: dx X, (A.l) 

where Xis the thickness of matter through which the particle passed. This equation 
is true as long as the energy loss is small relative to the energy of the incident particle. 
~! is given by the Bethe- Bloch equation [43] 

where NA = Avogadro's number , 
r e = classical radius of the electron , 
m e = mass of the electron, 
z = charge of the incident particle, 
Z = atomic number of the medium , 
p = density of the medium, 
A = atomic weight of the medium, 
I = mean ionization potential of the medium, and 
8 = a correction known as the density effect. 

(A.2) 

Three basic theories of energy loss exist [44]. If~ is the energy above which , on 
average, a high energy recoil electron, or delta ray, will be produced and Emax [43] is 
the maximum possible energy transfer in a colli sion then the ratio(/ Emax determines 
the applicability for a given theory. ~ = 21rnez;e

4 
X where for silicon n e = 6.99 X 

mv 
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where mi is the mass of the incident particle. For 

_(_> 1 
Emax -

the energy loss distribution is Gaussian. If(/ Emax is in the range 

0.01 < _(_ < 1 
- Emax -

then the Vavilov [45] theory must be considered and if 

_E( :S 0.01 
max 

the Landau [46] theory may be used. 
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(A.3) 

(A.4) 

(A.5) 

(A.6) 

( is 5.35 keV for a 5 GeV /c pion passing through 300 µm of silicon. Emax is 
approximately 1 GeV and so ___L_E ~ 5.35 x 10-6 • Hence the Landau theory may be 

max 

used when studying the energy loss of 5 GeV /c pions in silicon. 
Three assumptions are used when deriving the Landau distribution: 

1. The maximum allowable energy transfer is not limited. (The Vavilov distribu­
tion uses the correct expression for maximum allowable energy transfer.) 

2. Individual energy transfers are large enough that electrons may be considered 
as free. 

3. The incident particle maintains a constant velocity while crossing the medium. 

For the Landau theory of energy loss, it is assumed that the typical energy loss 
is large relative to the electron binding energy but small relative to the maximum 
possible energy loss. 

The Landau distribution is given by the equation [46] [33] 

where 

¢(,\) = ~ jo-+ioo exp(,\u - u In u)du, for Ci> 0 
21ri o-- ioo 

(A.7) 

(A.8) 
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gives the difference between the energy lost and the mean energy lost and 

l 
I - 1 (1 - (32)/2 a2 

n E - n 2 m + /J 
2mc /J 

(A.9) 

with 'YE= 0.577 (Euler's constant). / is the low energy cutoff chosen by Landau such 
that the mean energy loss agrees with the Bethe-Bloch equation, and I= 137 eV. As 
stated in equation (A.2), I is the mean ionization potential to ionize a non-valence 
electron in silicon and is different from the band gap E 0 = 1.12 eV which is the 
energy required to ionize the valence electron. 8 is the density correction due to the 
fact that interactions amongst the atomic electrons can cause a screening effect [44] 
which reduces the ionization loss. This effect occurs because the electric field of the 
incoming charged particle is altered by the electric polarization of the matter. For 
0.1 < log10 (3, < 3.0, the expression for the density correction is 

8 = 4.606 log10 (3, - 4.38 + 0.087 4(3 - log10 (31 )
3

·
586 (A.10) 

Since for 5 Ge V / c pious (3 = 0.9996, and log10 (31 = 1.55 then, 8 = 3.1. Therefore, 
for 5 GeV /c pions incident on 300 µm of silicon, equation A.8 becomes 

1 
.X = k V[E - 83.5 keV], 

5.35 e 
(A.11) 

where Eis in keV. Figure A.1 is a plot of a Landau distribution with the parameters 
as given in equation (A.11). 

The most probable value of a Landau distribution is given by [44] 

~ 
EMPV = ~(l.98 +In, - 8) 

f 
(A.12) 

and for 5 GeV /c pions EMPV = 82.2 keV. It can be seen from figure A.1 that the 
mean of a Landau is at a higher energy then the most probable value. 
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Figure A.1: Plot of a Landau distribution for 5 GeV/c pions in 300 µm of silicon . 
¢(>..) is the Landau integral slwwn in equation (A.7). 



Appendix B 

Simulation Results 

Results from the Fitting Method 

Table B.l shows the runs performed with fitting method. Table B.2 gives the results 
of the runs performed with the fittin g method. Table entries for whi ch both the 
output w /, and the O' are zero indicate runs where no Gaussian fit could be made 
to the reconstructed w/, distribution. 

The Fitting Method 
Run # of events/set input ~ (ps-1 ) bin size (ps) mistag bkg 

1 200,100, 50, 25 0.73 , 2.19, 3.65 , 5.11, 6.57 0.2 0.1 0.1 
2 200, 100, 50, 25 0.73 , 2.19 , 3.65, 5.11 , 6.57 0.1 0.1 0.1 
3 200,100, 50, 25 0.73, 2.19, 3.65, 5.11, 6.57 0.2 0.2 0.1 
4 200, 100, 50, 25 0.73 , 2.19, 3.65, 5.11 , 6.57 0.2 0.1 0.2 

Table B.l: Table of runs perform ed with the fitting program. 
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RUN # input output error error 'I. in +-

# event om/tau om/tau sigma om/tau sigma 3 sigma mean SD 
--------------------------------------------------------------------

1 200 0.73 0 . 731 0.056 0.006 0 . 005 100 0 . 730 0 . 053 
1 100 0.73 0.725 0.056 0.007 0.006 97 0.716 0.087 
1 50 0.73 0.721 0.114 0 . 017 0 . 026 90 0 . 717 0.199 
1 25 0 . 73 0 . 712 0 . 090 0 . 013 0 . 018 78 0.818 0 . 380 
1 200 2 .19 2 . 181 0 . 058 0 . 006 0 . 005 97 2.178 0 . 075 
1 100 2 . 19 2 . 185 0 . 077 0 . 008 0.006 98 2.245 0 . 444 
1 50 2.19 2 . 204 0 . 094 0 . 011 0 . 010 79 2 .405 0 . 880 
1 25 2.19 2 . 183 0.109 0.015 0 . 014 61 2 . 471 1 . 202 
1 200 3 . 65 3.647 0 . 072 0 . 007 0 . 006 97 3 . 671 0 . 292 
1 100 3 . 65 3 . 647 0 . 089 0 . 011 0 . 012 86 3 . 798 0.822 
1 50 3.65 3 . 652 0 . 155 0 . 020 0.021 72 3 . 884 0.920 
1 25 3.65 3.656 0.144 0.025 0 . 031 54 3.494 1 . 334 
1 200 5 . 11 5 . 110 0 . 125 0 . 015 0 . 015 80 5.682 2 . 190 
1 100 5.11 5 . 129 0.192 0.031 0.027 63 5 . 558 2 . 242 
1 50 5 . 11 5 . 046 0.162 0.030 0.031 42 5 . 766 3 . 275 
1 25 5 . 11 0 . 000 0 . 000 0 . 000 0 . 000 0 4.559 3 . 484 
1 200 6.57 6 . 556 0.171 0 . 027 0 . 023 48 9 . 480 4 . 416 
1 100 6 . 57 6 . 665 0 . 133 0.032 0.046 26 11. 209 5 . 469 
1 50 6 . 57 0.000 0 . 000 0 . 000 0 . 000 0 10 . 610 6 . 382 
1 25 6 . 57 0 . 000 0.000 0 . 000 0.000 0 10 . 111 6 . 815 
2 200 0 . 73 0.73 1 0 . 056 0.006 0.005 100 0.730 0.052 
2 100 0 . 73 0.733 0 . 048 0 . 007 0 . 006 81 0 . 711 0.108 
2 50 0.73 0.727 0 . 122 0.019 0.030 92 0 . 713 0 . 196 
2 25 0.73 0 . 705 0 . 142 0.025 0.050 82 0 . 864 0 . 395 
2 200 2 . 19 2 . 181 0 . 054 0 . 004 0.005 98 2 . 180 0 . 057 
2 100 2 . 19 2 . 183 0.079 0 . 007 0 . 007 98 2 . 248 0 . 439 
2 50 2.19 2 . 199 0.099 0 . 012 0.011 82 2.376 0 . 802 
2 25 2 . 19 2 .185 0.110 0 . 014 0.012 66 2 . 452 1 . 125 
2 200 3.65 3.647 0.066 0.007 0 . 005 97 3 . 688 0.453 
2 100 3 . 65 3 .633 0 . 083 0 . 009 0 . 009 88 3 . 824 0 . 756 
2 50 3 . 65 3 . 629 0 . 110 0 . 017 0 . 020 75 3 . 920 0.905 
2 25 3 . 65 3 . 685 0 . 144 0.026 0 . 025 51 3 . 658 1. 482 
2 200 5 . 11 5 . 125 0 . 099 0.008 0.009 82 5.378 1 . 440 
2 100 5 . 11 5 . 133 0 . 185 0 . 026 0 . 025 73 5 . 819 2 .199 
2 50 5 . 11 5 . 077 0.134 0 . 020 0 . 017 49 5 . 740 3 . 371 
2 25 5.11 0 . 000 0 . 000 0 . 000 0 . 000 0 4 . 579 3 . 100 
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Table B.2 continued . . . 

RUN # input output error error '/, in +-
# event om/tau om/tau sigma om/tau sigma 3 sigma mean SD 

--------------------------------------------------------------------
2 200 6.57 6.577 0.155 0.015 0.022 60 8.778 3.871 
2 100 6.57 6.508 0.196 0.030 0.038 41 10.410 5.169 
2 50 6.57 6.427 0.592 0.171 0.280 33 9.353 5.901 
2 25 6.57 0 . 000 0.000 0.000 0.000 0 9.334 6.380 
3 200 0.73 0 . 735 0.081 0 . 010 0.010 89 0.751 0 . 303 
3 100 0.73 0.700 0.113 0.019 0.025 69 0 . 690 0 . 361 
3 50 0.73 0.792 0.119 0.026 0.033 55 0 . 728 0.414 
3 25 0 . 73 0.000 0.000 0.000 0.000 0 0.878 0.526 
3 200 2 . 19 2.185 0.075 0.008 0.006 94 2.223 0.362 
3 100 2.19 2 . 176 0.109 0.012 0.013 90 2.238 0.627 
3 50 2.19 2.202 0.168 0.022 0.026 71 2.485 0.979 
3 25 2.19 2.203 0.113 0.018 0.020 48 2.414 1.302 
3 200 3.65 3.643 0.082 0.010 0.009 87 3 . 683 0.678 
3 100 3.65 3 . 602 0.122 0.017 0.016 70 3.728 1 . 101 
3 50 3 . 65 3.647 0 . 096 0.015 0 . 012 49 3.508 1.401 
3 25 3 . 65 3.653 0 . 607 0.157 0.240 51 3 . 081 1.569 
3 200 5.11 5 .106 0 .165 0 . 023 0.018 68 6.359 3.107 
3 100 5.11 5.088 0.174 0.027 0.023 48 5.696 3.029 
3 50 5 . 11 4 . 971 1.105 0.318 0.587 56 4.615 2.954 
3 25 5.11 0 . 000 0.000 0 . 000 0.000 0 4.260 3.602 
3 200 6.57 6 . 584 0.182 0 . 035 0.052 34 9.931 5.088 
3 100 6.57 0 . 000 0.000 0.000 0.000 0 11.495 5 . 971 
3 50 6 . 57 0 . 000 0 . 000 0 . 000 0 . 000 0 8 . 868 6.928 
3 25 6 . 57 0.000 0.000 0.000 0 . 000 0 7.505 6.693 
4 200 0.73 0.738 0.065 0.007 0.009 100 0.730 0.065 
4 100 0.73 0.741 0.077 0.009 0 . 010 97 0.725 0.132 
4 50 0 . 73 0 . 781 0.185 0 . 032 0.037 91 0.791 0.328 
4 25 0.73 0 . 705 0.245 0.041 0.057 86 0.779 0.333 
4 200 2.19 2.179 0.061 0 . 006 0 . 004 100 2 . 184 0 . 062 
4 100 2.19 2.190 0.094 0.011 0.012 97 2 . 203 0.164 
4 50 2.19 2 . 228 0.081 0.011 0.009 76 2 . 370 0.911 
4 25 2 .19 2.239 0 .151 0.022 0.025 64 2 . 567 1.053 
4 200 3.65 3 . 621 0.096 0.011 0 . 008 97 3 . 666 0 . 265 
4 100 3.65 3.624 0 .105 0 . 013 0.012 78 3.962 0.971 
4 50 3.65 3.670 0 .158 0 . 026 0 . 034 59 3.512 1.373 
4 25 3.65 3.660 0 . 145 0 . 023 0 . 027 50 3.411 1.535 
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Table B.2 continued ... 

RUN # input 
# event om/tau 

4 200 5.11 
4 100 5.11 
4 50 5.11 
4 25 5 .11 
4 200 6.57 
4 100 6.57 
4 50 6 . 57 

output 
om/tau sigma 

5.097 0 .132 
5.117 0.226 
5 .137 0 .160 
0 . 000 0.000 
6 . 450 0.234 
6.550 0 .155 
0.000 0.000 

error 
om/tau 

0.017 
0 . 031 
0 . 029 
0 . 000 
0 . 048 
0.035 
0.000 

error 
sigma 

0.016 
0.033 
0 . 029 
0 . 000 
0.041 
0.031 
0.000 

'I. in +-
3 sigma mean 

75 5.441 
64 5.941 
40 4.893 

0 4.536 
40 9.774 
26 10.792 

0 9.573 

147 

SD 

1.574 
3.443 
2.830 
3.181 
4.860 
5.637 
6.297 

Table B.2: Results of runs performed with the fitting program. Tlie first three 
columns show the run number, the number of events per data set, and the w/r used 
when generating the data. The next four columns slww the output w/r and the 
sigma from the Gaussian fit of the reconstructed w/r distribution along with the 
associated errors. The next column shows the percent of events which were within 
±3a of mean of the Gaussian-like distribution in the reconstrncted w/r distribu­
tion. The last two columns show the mean and the standard deviation of the whole 
reconstructed w/r distribution. 
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Th e Folding Method 
Run # of events/set input ~ (ps- 1 ) mistag bkg 

1 200, 100,50, 25 0.73, 2.19, 3.65, 5.11, 6.57 0.1 0.1 
2 200, 100,50, 25 0.73, 2.19, 3.65, 5.11, 6.57 0.2 0.1 
3 200,100, 50, 25 0.73, 2.19, 3.65, 5.11, 6.57 0.1 0.2 

Table B.3: Table of runs performed with the folding program. 

Results from the Folding Method 

A summary of the runs performed with the folding method is given in table B.3. 
Table B.4 gives the results of the runs performed with the folding method. Table 
entries for which both the output w/r and the er are zero indicate runs where no 
Gaussian fit could be made to the folding frequency distribution. 
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RUN # input output error error '!. in +-
# event om/tau om/tau sigma om/tau sigma 3 sigma mean SD 

--------------------------------------------------------------------
1 200 0.73 1.056 0.616 0.168 0.266 89 1.284 0.625 
1 100 0.73 1.176 0.784 0.239 0.431 67 1.876 1.120 
1 50 0.73 0.000 0.000 0.000 0.000 0 2.414 1.122 
1 25 0.73 0.000 0.000 0.000 0.000 0 3 . 211 0 . 959 
1 200 2.19 2.291 0.085 0.013 0.014 67 2.457 0.301 
1 100 2.19 2.425 0.241 0.037 0.056 90 2.567 0.540 
1 50 2.19 2.277 0.097 0 . 014 0.011 53 2.636 0.628 
1 25 2.19 2.332 0.119 0 . 020 0.025 50 2.931 0.671 
1 200 3.65 3.764 0.211 0.032 0.035 83 3.592 0.743 
1 100 3.65 3 .813 0.465 0.103 0.133 78 3.685 0.986 
1 50 3 .65 0 . 000 0.000 0.000 0.000 0 3.850 1.190 
1 25 3.65 5.753 3.969 7.958 5 .126 77 4.016 1.107 
1 200 5.11 5.319 0 .160 0 . 030 0.041 55 4.471 1.756 
1 100 5.11 5.332 0 .169 0.039 0.036 41 4.608 1.934 
1 50 5.11 5.333 0 .100 0.024 0.032 29 4.814 2.102 
1 25 5.11 4.911 4.102 0.965 1.632 98 5.316 2.005 
1 200 6.57 0.000 0.000 0.000 0.000 0 3.463 2.347 
1 100 6.57 0.000 0.000 0.000 0.000 0 3 . 650 2.023 
1 50 6.57 0.000 0.000 0.000 0.000 0 4.814 2 . 364 
1 25 6.57 0.000 0.000 0.000 0.000 0 5.001 2.182 
2 200 0 . 73 1 . 177 0.577 0 . 145 0.240 92 1.580 0.825 
2 100 0.73 1.365 0.604 0.152 0.258 78 2.160 1.056 
2 50 0.73 0.000 0.000 0.000 0.000 0 2.878 1.170 
2 25 0.73 0.000 0.000 0.000 0 . 000 0 3.243 1.026 
2 200 2 . 19 2.377 0.149 0.033 0.038 79 2 . 483 0.416 
2 100 2 .19 2.312 0 .109 0.018 0.017 59 2 . 539 0.607 
2 50 2 . 19 2 . 308 0 . 087 0 . 015 0.020 47 2.749 0.792 
2 25 2 . 19 2.435 0 . 594 0.182 0.279 59 2.961 0.691 
2 200 3.65 3.890 0.708 0.212 0.290 69 3.249 1.213 
2 100 3.65 3.390 1.596 0.519 0.662 81 3.627 1.238 
2 50 3.65 3 . 345 2.203 0.835 1.471 100 3.581 1.224 
2 25 3.65 0 . 000 0.000 0.000 0.000 0 3.921 1.141 
2 200 5 .11 5 . 305 0.081 0 . 016 0.017 29 3.822 2 . 083 
2 100 5.11 5.276 0.096 0 . 019 0.019 28 4.430 2.153 
2 50 5.11 5.379 2 . 886 0 . 805 1.638 80 5.223 2.001 
2 25 5.11 4.860 3.216 0.794 1.623 89 5.032 2.102 
2 200 6.57 6 . 776 0.660 0.295 0.519 22 3.410 2.361 
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Table B.4 continued ... 

RUN # input output error error 'I. in +-
# event om/tau om/tau sigma om/tau sigma 3 sigma mean SD 

--------------------------------------------------------------------
2 100 6.57 0.000 0.000 0.000 0.000 0 3.855 2.215 
2 50 6.57 0.000 0.000 0 . 000 0.000 0 5.036 2.196 
2 25 6.57 0 . 000 0.000 0.000 0.000 0 5.252 1. 991 
3 200 0.73 1.110 0.679 0 .176 0.286 89 1.457 0.789 
3 100 0 . 73 0.000 0.000 0.000 0.000 0 2.045 1.107 
3 50 0.73 0 . 000 0.000 0 . 000 0.000 0 2 . 835 1.153 
3 25 0 . 73 0.000 0.000 0.000 0.000 0 3.301 0.957 
3 200 2.19 2 . 341 0.072 0 . 011 0.012 59 2.479 0 . 438 
3 100 2.19 2 . 298 0.124 0.021 0 . 019 59 2.614 0 . 547 
3 50 2.19 2 . 332 0.138 0.024 0.034 54 2.788 0 . 617 
3 25 2 . 19 2.705 0.832 0.226 0.367 83 2.936 0.689 
3 200 3.65 3.823 0.348 0.068 0.077 81 3.504 0 . 912 
3 100 3 . 65 3.714 1.648 0.832 1.041 91 3.593 1.114 
3 50 3 .65 3.275 2.027 0 . 651 1 . 251 100 3 . 721 1.144 
3 25 3 . 65 3 . 816 0.914 0.211 0 . 429 88 3.979 1.052 
3 200 5.11 5.314 0 . 140 0.024 0.031 56 4 . 759 1.773 
3 100 5.11 5.140 0.334 0.095 0.075 30 4.548 2.228 
3 50 5.11 4.219 6.065 5 . 466 11.985 56 5 . 375 2.147 
3 25 5 .11 5.535 0 . 413 0.090 0.121 47 5 . 168 1.961 
3 200 6.57 0.000 0 . 000 0 . 000 0.000 0 4.028 2.558 
3 100 6 .57 0 . 000 0 . 000 0 . 000 0.000 0 4.318 2.601 
3 50 6 .57 0.000 0.000 0.000 0.000 0 4.770 2.423 
3 25 6.57 0 . 000 0.000 0.000 0.000 0 5.558 2 . 268 

Table B.4: Results of runs performed with the folding program. The first three 
columns show the run number, the number of events per data set, and the w/r 
used when generating the data. The next four columns show the output w/r and 
the sigma from the Gaussian fit of the folding frequency distribution along with the 
associated errors. The next column shows the percent of events which were within 
±3a of mean of the Gaussian-like distribu tion in the folding frequency distribution. 
Th e last two columns show the mean and the standard deviation of the whole folding 
frequency distribution. 



APPENDIX B. SIMULATION RESULTS 151 

The FFT Method 
Run # of events/set input ~ (ps-1 ) bin size (ps) mistag bkg 

1 200, 100, 50, 25 0.73, 2.19, 3.65, 5.11 , 6.57 0.164 0.1 0.1 
2 200, 100, 50, 25 0.73, 2.19, 3.65, 5.11, 6.57 0.082 0.1 0.1 
3 200, 100, 50, 25 0.73, 2.19, 3.65, 5. 11 , 6.57 0.164 0.2 0.1 
4 200, 100,50, 25 0.73, 2.19, 3.65, 5.11, 6.57 0.164 0.1 0.2 

Table B.5: Table of runs performed with the FFT program. 

Results from the FFT Method 

A summary of the runs performed with the FFT method is given in table B.5. 
Table B.6 gives the results of the runs performed with the FFT method . 
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RUN # input 
# event omg/tau mean SD 

------------------------------------
1 200 0.73 4.085 2.395 
1 100 0.73 3.269 2.108 
1 50 0.73 3.539 2.723 
1 25 0.73 3.945 2 .886 
1 200 2 .19 2.590 0 .110 
1 100 2 . 19 2.567 0 .210 
1 50 2 .19 3.182 1 .840 
1 25 2 . 19 3.635 2 . 158 
1 200 3.65 3.876 0 .439 
1 100 3.65 3 . 774 0 .644 
1 50 3.65 4 . 546 1 . 986 
1 25 3 .65 4.633 2.263 
1 200 5.11 4 . 540 1 .852 
1 100 5.11 4.674 2.002 
1 50 5 .11 4.958 2.367 
1 25 5.11 4.569 2.731 
1 200 6.57 4.616 2 .437 
1 100 6.57 4.543 2 . 393 
1 50 6.57 5.120 2.395 
1 25 6.57 5.065 2 .673 
2 200 0 . 73 5 . 629 4 . 975 
2 100 0.73 5 . 196 5.686 
2 50 0.73 5 . 405 5.491 
2 25 0.73 6 . 277 5 .481 
2 200 2.19 2.613 0.115 
2 100 2.19 2.730 1.513 
2 50 2 .19 4.065 4.050 
2 25 2.19 5 . 724 5.284 
2 200 3 . 65 4 . 206 1 .861 
2 100 3.65 5 . 096 3.781 
2 50 3.65 7 . 364 5 .437 
2 25 3.65 7 . 255 5.290 
2 200 5 . 11 5.880 3.864 
2 100 5.11 6.825 5 .139 
2 50 5.11 7.689 5.328 
2 25 5.11 7 . 777 5.539 
2 200 6.57 7 . 179 4 . 957 
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Table B. 6 continued ... 

RUN # input 
# event orng/tau mean SD 

------------------------------------
2 100 6.57 8.201 5 .653 
2 50 6 .57 9.035 5.319 
2 25 6.57 9 . 403 5.802 
3 200 0.73 4 . 073 2 . 266 
3 100 0.73 3 . 838 2.465 
3 50 0 . 73 3.823 2.676 
3 25 0 . 73 3 . 957 2.759 
3 200 2.19 2 . 617 0.136 
3 100 2 . 19 2 . 840 1 . 078 
3 50 2 . 19 3 . 403 1.938 
3 25 2.19 4.244 2.381 
3 200 3 . 65 3 . 931 1.023 
3 100 3.65 4.085 1.622 
3 50 3 . 65 4 .694 2.389 
3 25 3.65 4 . 766 2 . 492 
3 200 5 . 11 4 . 778 1.931 
3 100 5 .11 4 . 247 2 . 022 
3 50 5 . 11 4 .642 2 . 515 
3 25 5.11 5 . 074 2 . 817 
3 200 6.57 4.418 2.485 
3 100 6.57 4 . 868 2.658 
3 50 6 . 57 4 . 801 2.570 
3 25 6.57 4 . 781 2.556 
4 200 0.73 3 . 533 2 . 237 
4 100 0 . 73 2 . 921 2.057 
4 50 0 . 73 3 . 101 2.392 
4 25 0 . 73 3 .583 2 .716 
4 200 2 . 19 2 . 567 0.118 
4 100 2.19 2 . 762 1.057 
4 50 2 . 19 3 . 177 1 .582 
4 25 2 .19 3 . 908 2 . 184 
4 200 3 . 65 3 . 887 0 . 965 
4 100 3.65 4 . 134 1 . 395 
4 50 3 . 65 4.697 2 . 270 
4 25 3.65 4 . 920 2.482 
4 200 5.11 4 . 636 1.929 
4 100 5 . 11 4 .410 2 . 046 
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Table B. 6 continued ... 

RUN # input 
# event omg/tau mean SD 

------------------------------------
4 50 5 . 11 4 .473 2 .481 
4 25 5.11 4 .755 2 .590 
4 200 6.57 3.960 2 .235 
4 100 6 . 57 4.723 2 .378 
4 50 6.57 5.379 2 .594 
4 25 6 .57 5 .033 2 .633 

Table B.6: Results of runs performed wi th the FFT program. T he first three colu m ns 
show the run num ber, the number of events per data set, and thew Jr used when gen­
erating the data. T he last two columns show the mean and the standard deviation 
of the whole FFT peak frequency distribution. 
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