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Abstract 

The BO Jjo mixing parameter，χ， has been measured in eμevents in proton-antiproton 
collisions at a center of mass energy of 1800 GeV. The experiment has been performed 

at the Fermi N ational Accelerator Laboratory in the United States using the Tevatron 

accelerator. The data were collected with the Collider Detector at Fermilab (CDF) 

during the 1992・1993Tevatron collider run. The corresponding integrated luminosity is 

20 pb- 1 • 

The BO Jjo mixing is a process by which neutral B-mesons oscillate into their anti-
particles (BO ~ JjO). In the absence of mixing， the direct semileptonic decay of a bb pair 
produced in pp collisions results in a pair of leptons with. opposite charge. The BO or βo 
may undergo mixing， resulting in a like-sign (LS) lepton pair. The magnitude of mixing 
is determined from the ratio of like-sign dilepton pairs to opposite-sign (OS) dilepton 

pairs. In this thesis， electron-muon pairs were used as the dilepton pairs. 
The CDF detector is a general purpose detector built to explore pp collisions. It covers 
almost the full solid angle around the pp interaction point. The CDF detector consists 
of tracking detectors and calorimeters for measurements of the particle momentum and 

energy. In order to identify muons， muon detectors are installed at the outside of the 
detector. Electrons， photons， muons， neutrinos， hadrons and jets are identi五edusing 
these detector components. 

We describe identi五cationof muons and electrons， and then event selection of bb 
events. To remove events in which both leptons are produced by one B meson， it is 
required that an opening angle of the electron and muon is large enough. We apply 

the requirement that the transverse momentum of leptons to jet axis， pyel， is large 
enough for bb events. This requirement signi五cantlyreduces background and systematic 
uncertainty. 1710 opposite-sign and 861 like-sign eμevents are found after the event 

selection. 

Then the estimation of the background is described. We estimate the fraction of fake 

eμevents using J /ψ，Ks andゆsamples，minimum bias data and Monte Carlo simulation. 
Most of the background for eμevents are pairs of real-electron and fake-muon. The main 

source of the fake muons is decay-in-flight of hadrons. The systematic uncertainty in 

estimating the fake muon fraction is substantially reduced by using a newly installed 

muon detector. 

Like-sign lepton pairs also produced by semileptonic sequential decays of BO or 

χ=  0.130土0.010(stαt.)土0.010(syst.). 
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This resu1t irnproves the previous CDF result by a factor of 3 and is one of the rnost 
accurate rneasurernents of χat the present tirne. It is consistent with other rneasurements 
and also with the expectations frorn the standard rnodell. 

Since both neutral B rnesons， B~ and B~ ， are produced in pp collisions， the凶Xlng
pararneter for Bs，χs， is estirnated by using the mixing pararneter for Bd measured by 
the ARGUS and the CLEO groups in e+ e-collisions and by assuming the fractions of 

B~ and B~ mesons produced in bb events. 
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Chapter 1 

Introduction 

1.1 Standard Model 

The Standard model is a model which can explain weU all the observed phenomena 

at high energies in the present time. In the model， matter interacts with each other 

through three force mediators. The matter consists of quarks and leptons which are 

spin 1/2 particles and are called fermions. The mediators are spin 1 particles and 

are called gauge bosons. Correspondingly to the gauge bosons， there are three types 

of interactions: the strong (glωn)， electromagnetic (photon) and weak (W's and Z) 

interactions. The standard model does not include gravitational interaction， but the 

observed phenomena are explained well without it because the effect of the gravitational 

interaction is negligibly small. 

The quarks and leptons form sequential doublets as shown in Table 1.1. The common 

sequential structure of leptons and quarks is often called the family structure. The quarks 

and leptons of the three families are directly and/or indi民 ctlyconfirmed experimentally. 

The top quark was observed by CDF and DO experiments in last spring [1， 2]. The 

rnass of the top quark is measured to be 176土8土10Ge V / c2 by the CDF experiment. 

The weak isospin eigenstates of quarks (q') are not identical to the mass eigenstates 

(q). They are related by a unitary mixing matrix called Cabibbo-Kobayashi-Maskawa 
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Table 1.1: Leptons and quarks of the Standard Model 

(CKM) matrix [3] 

Vud Vus Vub 

Vcd Vcs Vcb 

Vtd Vts Vtb 

S 
、、，，，，
寸
l
ム
114 

J
'
E
E

‘、
8' 

d d' 

b 

The values of the matrix elements are not calculable in the standard model but must be 

determined experimentally. The 90% con五dencelimits on the magnitude of the matrix 

elements are listed below [4]. 

0.9747 to 0.9759 0.218 to 0.224 0.002 to 0.005 

|叶 0.218 to 0.224 0.9山間 0.032 山 8

0.004 to 0.015 0.030 to 0.048 0.9988 to 0.9995 

、、，，，
J

n
4
 

114 
，，e
，‘、

C1 -81C3 -8183 

Due to the unitarity the elements can be parameterized [3， 5] in terms of three angles 

and one phase: 

81 C2 CIC2C3-32S3et6 C1 C283 + $2C3eio 

8182 C1S2C3+C2S3eZ6 C18283ーのC3eIo

where Cj = COSBi， 8i = sinBi for i = 1，2，3. 
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1.2 Basic formalism of mixing IIlechanism 

In this section we describe basic formulas of neutral B meson mixing [6]. The mix-

ing proceeds by a second order weak interaction as described by the “Box-diagrams" 

(Figure 1.1). The BO iJo system is given by the phenomenological Hamiltonian matrix 

H: 

H ( ;: ) = (ょ::C2コ:::r)(;:)
The diagonal terms describe the decay of the neutral B mesons with M being the mass 

of the fiavor eigenstates BO and EO  and r their decay width. The Off-diagonal terms 

are responsible for the BO EO  transition. M12 and r 12 can be determined from theory 

by evaluating the box-diagrams. M12 corresponds to virtual B
O iJO transitions while r 12 

describes real transitions due to decay modes which are common to the BO and BO， 

such as BO， EO  → π+π-or D+ D-. In contrast to the case of the KO [(0 system these 

common decay modes are Cabib bo suppressed and therefore represent only a very small 

fraction of the total B decay rate. The term r 12 in the BO iJO system can therefore be 

neglected in practical calculation. Diagonalization of the Hamiltonian matrix leads to 

the CP eigenstates B1 and B2 which are linear combinations of the fiavor eigenstates. 

Neglecting CP violation we obtains: 

IB1) =方(1ト liJO)) 、、as''
v
h
U
 

1
i
 

J''『、、

IB2)二会(1件 、、，，，，，
p
n
u
 

1
i
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wi th masses Ml，2 and r 1，2: 
ムλ4
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The rnass differenceムM and the decay rate differenceムrare given by: 

ムMニ山ゾ(M12-ir12/2)(Mi"2 -iri2/2) (1.9) 

and 

ムr= -4Imj(M12 -ir12/2)(M{2 --iri2/2) 、、.，，，
n
U
 

噌
『
ム• 1

1ム
，，as
‘、

The rnass difference sM  is a measure of the oscillation frequency to change from a BO 

to a EO and vice versa. This is easily seen from the time evolution of one particle which 

at tirne t = 0 is a B O• The probability to :find a BO (130) at a time t is given by Wso(t) 

(Wso (t)): 

WBO(t)=j[仰(-r 1 t) + exp( -r 2t) +切 (-r加ムMt] (1川

町 o(t)=j[叶

The rneasurements of these time dependences allows to extract the values ofムλ1，r 1 

and r2・Fromtime integrated rates N(B
O
) and N(BO) 

N(BO) = r∞ WBo (t)dt=1[土+土 +:~r
ん r2 I :r2+ (sM)2 

、‘EE
，，，qο
 噌1
i
t
i
 

，，E
E

‘、

N(130) = r∞WBo(t)dt-11土+土 --2r
ん-4Lr1 I r2 :r2 + (sM)2 

(1.14) 

we can determine the parameter r: 

N(BO)sM/)2 + (芋)2
r = N ( BO) = 2r2 + (ムM)2ー(亨)2

、、E
E

，J
に

υ
1
1ム

噌
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、、

With sf勾 oas a consequence of f 12勾 ofor BO EO systern， the determination of r gives 

a rneasurement of the ratio of the oscillation frequency and the decay width: 
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with 
ムM

x= 一一一-r 
、、.，，，
円

i
噌，ょ

噌

BE4
，，，.‘、

The pp colliding experiments can measure the ratio r and the time dependent proba-

bilities. The ratio is measured by using events in which both bottom quarks decay to 

leptons without knowing secondary vertex points. The tirne dependent probabilities are 

able to be measured by using events in which both bottorn quarks decay to leptons and 

measuring the secondary vertex. 
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Figure 1.1: Feynman diagrams for the BO BO mix.ing process. 
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Chapter 2 

Mixing in N eutral B Mesons 

2.1 B meson production 

2.1.1 bb production 

In lowest order QCD， bottorn quarks can be produced via gluon or a quark fusion 

mechanisrn， as shown in Fig. 2.1. Since the strong production process conserves丑a-

vor quanturn nurnber， b and b quarks are always produced in pairs. The gluon fusion 

processes dorninate at the Tevatron collider energy. 

In the c and b quark productions， we have to take into consideration next-to-leading 

order diagrarns， as shown in Fig. 2.2. The reason why higher order processes are as 

important as the lowest order ones is due to the large gluon-gluon scattering cross 

section. The process gg→ gg has a cross section about 100 tirnes that of gg→ bb. 

Even though the 9 → bb branching fraction is only 1 %， the bb production frorn the gluon 

splitting process is cornpetitively as large as the lowest order contribution. 



2.1.2 b quark fragmentation 

When heavy quarks Q hadronizes， the heavy quark fragmentation function can be writ-

ten as 

DZ(z)=NH 
V z(l-7ーた)2

、、，，，，
1
1
4
 

n
L
 

，，a
，‘、

where EH and EQ are the energies of the hadron H and the quark Q，げ isthe mo-

mentum component of the hadron H parallel to the quark momentum (pQ) direction 

and z = (EH +げ)/(EQ+ pQ). The DZ (z) is the probability that the heavy quark Q 
fragments to hadron H with value z， where εis a constant proportional to 1/ M，ふThe

normalization constant N H is determined by 

zfDZ(z)dz=1? (2.2) 

where the summation is over all hadrons containing heavy quark Q. This formula agrees 

well with experimental measurements for b and c quarks. The measured value of εfor b 

quarks [7] is 

匂=0.006土0.001土0.002， (2.3) 

where the first is statistic a uncertainty and the second is systematic. The fragmen-

tation function DZ (z) for b and c quarks are shown in Fig. 2.3. We can see that the 
bottom quark fragmentation is much harder than that of the charm quark. The hard 

fragmentation for b quark clearly favors the detection of its daughter leptons at high PT. 

2.2 BO fJO mixing 

Especially in the case of Bq me悶

1凶swritten by 

一
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q
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n
u
z
-
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L一一
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(2.4) 
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Another parameter describing time-integrated mixing is χq・Thisparameter describes 

the probability that a produced B~ will have mixed into a 13~ by the time it decays. 

χq = N(BO) 

N(B~ → B~) 
N(Bg→ Bg) + N(Bg→ Bg) 
Tq 
1 + Tq 
X: q 
2(1 + X~) 

The possible range of these parameters are 

o ~ Tq ~ 1 
1 

O~χq 三 2 ・

The time dependence of the (BO → 130) probabilities is rewritten as 

同 o(t)=jlezp(-rlt)+叫(一九山口p(一川

叫 o仲

(2.5) 

(2.6) 

(2.7) 

(2.8) 

(2.9) 

(2.10) 

Figure 2.4 shows the probabilities of五ndingBO and 130 in an initially a pure BO state 

for B~ and B~ me白ωSωon

When B meson mixing occurs by the second order W exchange， as shown in Fig. 1.1う

any of the quarks t， c， u can participate in the box diagranl but the t quark is expected 

to be dominant due to its high mass. When the matrix elements are evaluated， we五nd

だ2A(zt)
x q 三 (i3. Mjf)Bq 二 :~ m;TBqBBqf~QMBq I Ytq~b12ーァηQCD

07r~τ Zt 

(2.13) 

where q stands for either an S or d quark， G F is the Fermi constant， TB is the BO lifetime 

and 'TJQCD is a correction from the mass scale dependence of the strong coupling constant. 
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Taking B~ as an example， we review the current knowledge of these paramete以

• TBd 

アBd= 1.29土0.5psec [4J (2.14) 

• MBd 

MBd = 5.278 GeV [4] (2.15) 

• A( zd / Zt is a slowly decreasing monotonic function varying from 1 at mtop 0 to 

about 0.6 at mtop = 150 Ge V where Zt = m; /m~f ・

. 'T/QCD is a QCD correction and estimated to be about 0.85. 

• BB' f~ describes the uncertainty about the hadronic matrix elements. The QCD 

coupling becomes large for low momentum transfer and thus perturbation theory is 

not applicable. This means that the value cannot be directly calculated. However， 

calculations using lattice QCD can estimate an approximate number. The standard 

value， combining the available theoretical and expe出nentalinformation [8J is; 

BBdf~d = 140土40MeV (2.16) 

The IVtdl is estimated to be r-..; 0.004 putting the above values， the top mass measured 

by CDF and rneasured Xd by ARGUS and CLEO [9， 10]. 

There are many uncertainties in the calculation of χq but they all cancel when we look 

at the ratio of B~ miJOng and B~ miJOng. If we assume that the above五veparameters 

are the same for B~ and B~ mesons， we fin 

ぬ
一
九一

一
ね
一
九
一一一
βμ
'
 

(2.17) 

The only factor that remains is the ratio between the CK~\1 matrix elements. From the 



unitarity of the CKM matrix the ratio is estimated to be 

s ~ 0.17 (2.18) 

If we use this parameter to make a relationship between χd and χs we五nd

χdく s2χs/[l-2χs(l -s2)] ~ 0.0289/(1 -1.9422χs) (2.19) 

Since B~ or B~ meSOI 

X， and flavor tagging made by looking at the charge of leptons by 

χ N(b→ β0→ BO → z+) 

N(b→ l土)
(2.20) 

where N( b→ l土)is the number of b quarks directly decaying to leptons and N(b→ 

fJO →BO →l+) is the number of b quarks directly decaying to leptons via BOβo mixing 

process. The denominator includes all possible hadrons formed with the b quark， i.e， 

Ë~ ， E;;， fJ.~， etc. Since we do not distinguish between B~ a:吋 B~ ， the mixing parameter 

is written as 

χ=  

一

N(b→ EO→ BO → z+) 

N(b→ l士)

N(b )prob( b→ E;; )prob(E;;→ B;;)Br(B;;→ z+) 

(2.21) 

N(b)prob(b→ E;; )民rob(E;;→ B:J)Br(B:J→ z+) + prob( E;;→ E;; )Br(E;;→[-)J 
+N(b)prob(b →均)prob(勾→ B~)Br(B~ → z+)

+N(b)prob(b → Ë~)匝rob(Ë~ → B~)Br(B~ → Z+)+ prob(勾→勾)Br(Ë~ → Z-)J 

+N(b)prob(b → Ë~)prob(忌?→ B~)Br(B~ → Z+)
+N(b)prob(b → B~) [prob(B~ → B~)Br(B~ → Z+) + prob( B~ → B~)Br(B~ →[-)J 
+N(b)prob(b→ B aryonb )prob( B aryo川→ Bαryo円)Br(Bαryo句→[+)
+N( b )prob( b→ Baryoηb)民rob(Bαryo川→ Bαryo円)Br(Bαryo円→ 1+) 

+prob(Bαryo同→ Bαryonb)BベBαryonb→ l一)r
(2.22) 

where N(b) is the number of b quarks， prob(b→ Bq) is the production probability for 



Eq， prob(Eq→Bq) is the probability that a produced Eq will have mixed into a Bq and 

BベBq→1)is a branching ratio for Bq→ 1 decays. Since 

prob(B;; → B~) = prob(Bαryonb→ BaryonrJ = 0， (2.23) 

prob(Ë~ → B~) =χd， (2.24) 

prob(Ë~ → B~) =χs (2.25) 

and 

prob(Bq→ Bq) + prob( Eq→ Bq) = 1 for b hadronsぅ (2.26) 

we obtain 

一一χ
 

lV(b)prob(b →巧)χdBr(B~ → Z+)+ N(b )prob( b → f3~)χsBr(B~ → Z+) 
N(b)Br(b→ l土)

1V(b)prob(b → f3~)χdBr(B~ → Z+ ) I 1V(b)prob(b → f3~)χsBr(B~ → z+) 
N(b)Br(b → l土 ~N(b)Br(b → l土)

ー O\Br(B~ → z+ )_ 1____'-'1. nO\Br(B~ → z+) 
= prob(b → Bd)BT(b → l土)χd+prob(b → B~) でBr(b → l土 )χs

= Pdχd + PSχs 

(2.27) 

(2.28) 

(2.29) 

(2.30) 

where 

Br(b→ l土)= 

prob(b→ B;; )Br(B;;→ z-) + 

prob(b →勾)匝rob(勾→ B~)Br(B~ → z+)+ prob( 11~ →巧)Br(勾→ z-)] + 

prob(b → Ë~)民rob(B~ → B~)Br(B~ → Z+)+ prob( 11~ →忌~)Br(B~ → z-)] + 

prob(b→ B aryonb )Br( Bαryo川→ l一)， (2.31) 

χd(s) 
N(Ë9 → B9( ~ ， ) k d(s) --r .L./d(s)) 

- N(勾(s)→勾(s))+N(勾(s)→巧(s)) 
(2.32) 
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and 

N(B~ → B~(J k d(s) -r  .LJd(s)J 

N(B~(s) → B~(s)) + N( B~(s) → B~(s)) 

一o ¥ Br(B~(s) → l+ X) 
pd(s) = prob(b→ Bd(s))BT(b→ I:iX了

(2.33) 

(2.34) 

When a pair of bb quarks is generated and both directly decay to leptons (b→ l+X)， 

there are three d出iffe悶

b quark undergoes mixing， and (3) both b and b quarks undergo mixing. The fraction of 

case (1)， (2) and (3) are (1-χ)2， 2χ(1-χ) and χ2， respectively. Taking into account the 

fact that the lepton charge flipps if the mixing occurs， one can easily五ndthat a ratio of 

the number of like-sign (L5) dilepton event to that of opposite-sign (05) dilepton events 

is expressed by the mixing parameterχas 

the number of LS dilepton events 2χ(1 -χ) 

the number of OS dilepton events χ2 + (1 -χ)2 
(2.35) 

Therefore， the mlXlng parameter can be derived by mea:suring the ratio of LS to 05 

dilepton events. 

The mixing parameter，ぁ canbe estimated from Eq. (2.35) in principle， but some 

complications arise in actual analysis， due to sequential decay processes and background 

contributions. 

2.2.1 Previous measurements of mixing in the B~ and B~ sys-

tem 

Observation of B~Ë~ mixing at Y( 4S) [6J 

The study of the B~B~ mixing phenomenon is particularly simple at the Y( 4S) which 

decays about a half of the time into a BO EO pair. 

Since no other particles are produced besides this pair， the Y( 4S) is a clean source 

of B~ mesons which can be reconstructed or efficiently tagged. Background from e+ e一



continuum contributions under the Y( 4S) can be studied experimentally at the center-of-

mass energies below the Y( 4S) mass. The investigation of the BdBd mixing phenomenon 

on the Y( 4S) has led to its observation by ARGUS and CLEO. 

On the Y( 4S) the straightforward strategy to study BB mixing is to reconstruct 

completely the two neutral Bd mesons in the Y( 4S) decay. This， however， is not trivial 

because of the small reconstruction e伍ciency.N evertheless， the approach to search for 

full reconstructing of Y( 4S) decays into B~B~ or B~B~ pairs led to the discovery of 

BdEd mixing. ARGUS succeeded in reconstructing a decay Y( 45) → B~B~ completely， 

where both B~ mesons decayed into D--l+zノwiththe following decay chains: 

BO → D~- μf ν1 

L→ iJO 7r~ 

L→ kf可

and BO → D;"- μtu2 

L→ D一 πO

K::-7了一7r'l2 112 "2 

In this simple event (Fig. 2.5) all particles were well identi五edand the masses of the 

intermediate states agreed well with the particle data table values. Kinematic consider-

ations showed that the event is complete. The background for this event was considered 

to be completely negligible. 

This one event demonstrated that the phenomenon of B~Ë~ mixing must exist. How-

ever， a determination of the B~Ë~ mix.ing strength needed other methods which provide 

much better statistics. One of the most efficient methods is the丑avortagging of B 

mesons through their semileptonic decays. A B meson will decay into an e+ orμ+ plus 

a neutrino and hadrons with a branching ratio of about 10%. Likewise a Bd meson will 

yield an e -orμ-in its semileptonic decays. A search for mix.ing can thus be made by 

looking for events of: Y (45)→ l土l土+X. Besides the ta姥ggl泊n時gof B meSOI 

lepμtonsうotherparticles which originate frequently in the weak decay of the b quark can 

be used to tag the b丑avourof the decaying B meson. For example， D疋+， Ac and D-; 

from b quark decay products can be used as the tagging particles since they can be fully 

reconstructed. 

ARGUS and CLEO have investigated events containing lepton pairs originating from 



Y( 4S) decays. Due to the fact that the Bd mesons were nearly at rest， two leptons from 

different mesons were uncorrelated. The dilepton events still included backgrounds from 

J/ゆdecays.

BO EO mixing is studied by tagging the flavor of the other BO mesons by a fast 

lepton. The BO mesons were most efficient1y reconstructed in the channel BO → D←z+ν 

where the undetectable neutrino was inferred from the missing mass squared against the 

D← 1+ system，λf M2， which had to be consistent with zero for BO mesons originating 

from Y( 4S) decays. The quantity M M2 was given by the beam energy and the known 

energies and momenta of the D--mesons and the Z+ lepton: 

M M2 = (Ebeam - (ED.-+ E川)2-(PD.-十五+)2 (2.36) 

As signature for the decay BO → D--Z+νthey obtained a prominent peak at M M
2 = o. 

The momenta of D"'-meson can be estimated by the pion momentum， in the decay 

D--→n07r-. When BO →D--Z+ν→fJ07r-Z+Zノ， right-sign combination of lepton and 

pion is 1+7r一.

The M M2 spectra for events with (Z-π+)l-and (1-π+ )l+ are shown in Fig. 2.6 and 

the momentum spectra of the additional leptons are shown in Fig. 2.7. The mixing 

parameterχis given by: 

N(B~l-) + N(B~I+) 
χd = (N(B~l一)+ N(B~I+)) + (N(B~I+) + N(B~I-)) (2.37) 

where N(勾1-)+ N(B~I+) are given by the contents in the peak at M M2 = 0 in Fig. 2.6 

a) and N(Ë~I+ ) + N(B~I- ) by the corresponding one in Fig. 2.6 b). 

From these measurements， they estimated χd = 0.162土0.043土0.039(ARGUS) [9] 

and χd = 0.149土0.023土0.021(CLEO) [10]. 



Observation of BE mixing on zO and in pp colliders [6]. 

In pp colliders， the BB mixing were observed with the like-sign dimuon events by UAl. 

At LEP， the B E mixing has been studied using the ZO→ bb process. In this case b 

quarks fragment into a mixture of B hadrons containing B~ and B~ mesons for which 

mixing can occur， w hich is a d出iffe悶

The fractions Pd and 九 ofthese incoherently produced B~ and B~ mesons are es-

timated from measurements of B~ and A~ production in ZO decays and were found to 

be:丸 =0.152土0.042and九αryon 0.146土0.033[6]. Assuming Pd = PU， we gets 

Pd = 0.351土0.027.

In time integrated measurements the B mesons are tagged by their semileptonic 

decays and experimental signature for B~Ë~ or B~ Ë~ mixing is given by an excess of 

like sign lepton pairs over the predicted number of like sign lepton pairs from background 

processes. 

The leptons which are used to tag the b丑avorare again subject to backgrounds from 

other lepton sources like charm decays， converted photons or hadrons faking leptons. 

These backgrounds can be suppressed by requiring large rnomenta and large transverse 

ffiomenta PT for both leptons with respect to the jet axis. The cut on large PT exploits 

the heaviness of the B mesons compared to charm particles. 

The arnount of B~Ë~ and B~ Ë~ mixing is determined from the like-sign and opposite-

sign lepton pairs by 

N(l土l土)

N(Z+Z-) + N(l土l土)
2χ(1 -χ)No + [(1 --χ)2 +χ2]N， 

No+ N'， (2.38) 

where No (N，) is the predicted opposite-sign (like-sign) dilepton rate in the case of no 

ffilxing. No is given by the number of primary lepton pairs originating from b → Z-X， 

b →l+ X decays， while N， is given by the like-sign lepton pairs from b →Z-X，る→ eX，
E →l-X decays. 

The ALEPH and DELPHI used the jet charge technique for tagging b丑avoT.The 
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Experiment Year Value of mixing parameter (χ) 

ALEPH [11] 1994 0.114土0.014土0.008

L3 [12] 1994 0.123土0.012土0.008

DO [13] 1993 0.13土0.02土0.05

OPAL [14] 1993 0.143+-00..002221 士0.007

DELPHI [15] 1993 0.121土0.016土0.004士0.004

UA1 [16] 1991 0.148土0.029土0.017

CDF [17] 1991 0.176土0.027(stat.)土0.022(syst.)土0.032(model) 

Table 2.1: Mixing parameter，χ. 

jet charge Q jet is de五nedby 
Q Zz qi152弓|κ
Jel一乞iI長引κ

(2.39) 

where p is the particle momentum， qi its charge and弓theunit vector in the direction 

of the jet.κis a calibration constant of the order of unity and was obtained from Monte 

Carlo studies. The resulting mlJClng parameterχusing the jet charge technique are 

consistent with the ones using dilepton events but have larger uncertainties. 

Results of the mixing parameter，ゎ fromdifferent experiments are summarized in 

Table 2.l. 

The previous CDF result [17] is based on eμevents in 2.7 p b -1 of data collected 

during 1988-89 run. The major improvement of the present analysis from the previous 

one are: 

e Almost three times e-μevents are collected in this experiment. This reduces the 

statistical uncertainty by 1/ v'3 

• Background e-μevents from direct cc production and also sequential semileptonical 

decays are reduced by requiring large transverse mornenta for leptons with respect 

to the jet axis. 

o By using data from the new muon detector， the uncertainty in estimating the fake 

lepton event fraction is reduced. 



Figure 2.1: Feynman diagrams for lowest ord~ぅr bb prod uction 



Figure 2.2: The example of Feynman diagrams for next leading order bb production 
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Figure 2.3: Fragmentation functions for b a.nd c quarks. 
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Figure 2.5: The completely reconstructed event consisting of the decay Y( 45)→ BOBO. 
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Chapter 3 

Apparatus 

This experiment was performed at the Fermi N ational Accelerator Laboratory (Fermilab) 

in Batavia， Illinois， U .S.A. using the Tevatron accelerator which gave proton-antiproton 

collisions at a center-of-mass energy of 1.8 Te V. Particles which were produced by the 

collisions were detected by the Collider Detector at Fermilab (CDF). The Tevatron 

accelerator and CDF detector are described below emphasizing what we used in our 

analysis. 

3.1 Tevatron 

The Tevatron accelerator produces the world highest energy proton-antiproton collisions 

at a center-of-mass energy of 1.8 Te V. Six accelerators of which the Tevatron accelerator 

consists are illustrated in Fig. 3.1. First， negatively charged hydrogen ions are injected 

to a DC vo1tage accelerator， Cockcrof白t

accelerated tωo 750 ke V. These particles are accelerated to 200 Me V in 500 foot-length 

linear accelerator (LIN AC). The two electrons are then st均pedoff the hydrogen ions， 

leaving bare protons， which are injected into the booster ring， a synchrotron with a 

diameter of 500 feet. The protons are accelerated up to 8 Ge V in the booster ring and 

are injected to the main ring. The main ring， a synchrotron with a diameter of two 



kilometers， is composed of water-cooled magnets. After being accelerated to 150 Ge V 

in the main ring， protons are injected to the Tevatron ring which is the same diameter 

with the main ring. The Tevatron ring is composed of superconducting magnets and 

can accelerate protons to 900 Ge V. 

Protons accelerated to 150 Ge V in the main ring are also used to initiate production 

of antiprotons. Every two seconds， approximately two trillion protons are accelerated 

to 120 Ge V in the main ring and then directed to an antiproton production target. Of 

the many particles and antiparticles of different types produced in collisions the protons 

rnake in the target， about ten million antiprotons are collected in a debuncher ring. The 

captured beam of antiprotons， circulating in the debuncher ring， is then rnade rnore 

dense by a process called stochastic cooling. The antiprotons are then transferred to 

the accumulator ring. The antiprotons merged into a single beam， cooled further， and 

stored in the accumulator ring. The debuncher and accumulator rings operate at 8 Ge V. 

The antiprotons are accelerated by the rnain ring and the Tevatron ring in the opposite 

direction against the protons. Protons and antiprotons are collected into 6 bunches， so 

that a beam crossing occurs every 3.5μsec. 

The 1992-1993 run (RUN-Ia) started in April 1992 and ended in May 1993. The 

Tevatron provided about 25 pb-1 and the CDF has collected an integrated lurninosity 

ofJLdt = 20pb - 1
• 

3.2 Collider Detector at Fermilab 

The Collider Detector at Fermilab (CDF) is a general purpose detector located at the BO 

interaction region of the Tevatron ring， where collisions between protons and antipro-

tons occur. A perspective view of the CDF detector is shown in Fig. 3.2. The detector 

consIsts of 2 parts: the central detector and the forward and backward detectors. Fig-

ure 3.3 shows the location of each detector component. The tracking chambers consist 

of the silicon vertex detector (SVX)， the vertex chamber (VTX) and the central tracking 



chamber (CTC). They are azimuthally symmetric around the beam axis. The叫 enoidal

magnet which surrounds the tracking chambers generates 1.4 T magnetic field along the 

beam axIs. The calorimeter used to measure energy of particles surrounds the solenoidal 

magnet. The calorimeter consists of the central electromagnetic calorimeter (CEM)， the 

central hadronic calorimeter (CHA)， the endwall hadron calorimeter (WHA)， the plug 

electromagnetic calorimeter (PEM)， the plug hadronic calorimeter (PHA)， the forward 

electromagnetic calorimeter (FEM) and the forward hadron calorimeter (FHA). The 

muons which passed through the calorimeters reach muon chambers. The muon detec-

tors consists of the central muon system (CMU)， the cent凶 muonupgrade (CMP)， the 

central muon extension (CMX) and the forward muon system (FMU). The beam-beam 

counters (BBC) are placed in front of the forward and backward calorimeters and are 

used for luminosity monitor and trigger. The detectors and detector components most 

relevant to this analysis are briefly reviewed in the following sections. 

The CDF coordinate system is taken as fol1ows. The origin is the center of detector， 

the nominal collision point， and the z-axis is the proton beam direction. The x-axis points 

to the outside of the Tevatron ring and the y-axis points toward vertically upward， so as 

to make a right-handed coordinate system. The azimuthal angle ゆisan angle measured 

from the positive x-axis toward the positive y-axis. The pseudo-rapidityηis defined by 

可三一ln(tanB /2)， where the polar angle () is an angle frolll the proton beam direction 

( the positive z-山 s).The radius r is a distance from the lbeam axis in x-y plane. The 

central detector and the forward (backward) detector cover regions 100 く 8く 1700 and 

Oく100(B > 1700)， respectively. 

3.2.1 Beam-beam counters 

The beam-beam counters (BBC) are planes of scintillation counters which are located 

at the front face of each of the forward and the backward calorimeters. A beam's-eye 

Vlew of the one of the BBC's is shown in Fig. 3.5. They provide a minimum-bias trigger 

for the detector in addition to a role of the luminosity monitor. The timing resolution of 



the counters is less than 200 psec. They cover the polar angle region from 0.320 to 4.470 

along either the horizontal or vertical directions， corresponding to a pseudo-rapidity 

range of 3.24 to 5.90. 

3.2.2 Tracking detectors 

Silicon Vertex detector (SVX) [18J 

The SVX consists of two cylindrical modules placed end-to-end with their axes coincident 

with the beamline. The totallongitudinal coverage is 51 C1TI (2 X 25.5 cm with 2.15 cm 

gap). Because pp interactions are spread along the beamlline with standard deviation 

σrv 30 CID， the geometrical acceptance of the SVX is about 60% for pp interactions. 

Each module consists offour radiallayers (numbered 0-3 from beam pipe) of silicon strip 

detector. The inner and outer layers are at radii of 3.005 crn and 7.866 cm， respectively. 

Figure 3.6 shows a view of one cylindrical module of the SVX. For layers 0， 1 and 2 

of the silicon strip detector， the strips are on a 60μm pitch along the beam axis. For 

layer 3 they are on a 55μm pitch. The resolution for high PT tracks is rv 10μm after 

correction of the alignment of the SVX geometry by using real track data. 

Vertex chamber (VTX) 

The VTX is designed primarily to determine the event vertex position in the longitudi-

nal z direction. The VTX provides tracking information up to a radius of 22 CID and 

|可|く3.25.The VTX consists of vertical planes of drift chambers along the z direction， 

with each individual z slice being radially divided into octa:nts. The individual chamber 

octants have sense wires arranged tangentially to the bearn， providing track hit infor-

mation mainly in (r， z) coordinates. The typical resolution of vertex point turned out 

to be about 1 mm  in the z direction. 



Central Tracking Chamber (CTC) [19] 

The CTC is a 1.3 m radius and 3.2 m long cylindrical drift chamber which gives precise 

momenturn measurements in the angular region 400く B< 1400 (-1く ηく 1). In 

this region the momenturn resolution is better than 8PT / P子三 0.002(GeV/c)-l. The 

chamber contains 84 layers of the sense wires grouped into 9“superlayers". Five of 

the superlayers consist of 12 axial sense wires; four stereo superlayers consist of 6 sense 

wires til ted by土30 relative to the beam direction. Figure ~L 7 shows an endplate of the 

chamber displaying the 450 ti1t of the superlayers to the radial direction to correct for 

the Lorentz angle of the eledron drift in the magnetic field. 

Leading eledrons drift into the azimuthal direction with a maximum drift distance 

being less than 40 mm， corresponding to a drift time 800 ns. The axial superlayer signals 

give a picture of the event in r -ゆplane.The stereo superlayer signals give a picture 

of the event in r -z plane in cooperation with the axial superlayer signals. 

3.2.3 Calorimeters 

In order to contain showers produced by particles from pp collision at the nominal in-

teraction point a “tower" geometry was chosen for all calorimeters as shown in Fig 3.4. 

The coverage of the calorimeter towers inη-ゆspaceis shown in Fig 3.8. Each tower 

has an eledromagnetic shower counter in front of a corresponding hadron calorimeter， 

so that one can make a deta.iled comparison of electromagnetic to hadronic energy on a 

tower-by-tower basis. The towers are projective， i.e・， they point at the interaction region， 

and are 0.1 units of ηwide by 150 (central region) or 50 (plug and forward regions) in <jJ. 

The physical size of a tower ranges from about 24.1 cm (η) x 46.2 cm (ゆ)in the central 

region to 1.8 cm x 1.8 cm in the forward region. Geometric coverages in ηdirection 

and absorption thickness for calorimeters are summarized in Table 3.1. The absorp-

tion thicknesses in Table 3.1 are given in radiation lengths， .:fo， for the electromagnetic 

calorimeters or in pion absorption lengths， Aαbs， for the hadron calorimeters. 

29 



Calorimeter Geometric coverage Absorption 

component ln ηdirection thickness 

CEM 0.0く|η|く1.1 18XI。
PEM 1.2 < 1η1<2.4 18 -21X，。
FEM 2.4 < 1η1 < 4.2 18X，。
CHA 0.0 < 1η1 < 0.8 4.7Aαbs 
WHA 0.8 < 1η1 < 1.3 4.5Aabs 
PHA 1.3 < 1η1<2.4 5.7 Aabs 
CHA 2.4く |η1< 4.2 7.7Aαbs 

Table 3.1: Geometric coverage inηdirection and absorption thickness for calorimeter 

components. 

Central calorimeters: Central electromagnetic calorimeter (CEM)， Central 

hadron calorimeter (CHA) and Endwall hadron calorimeter (WHA) 

The central calo出neterscover a polar angle region of 390 く Oく 1410 ( IηI < 1.1 ). It 

is azimuthally segmented into 150 wedges. There are 48 wedges in all， 24 on each side 

of the z 0 plane. A perspective view of one central calorimeter wedge is shown in 

Fig. 3.9. Each wedge has an electromagnetic part and a hadronic calorimeter part， and 

is subdivided along the z-axis into ten projective towers， numbered from 0 to 9， where 

tower 0 is at 900 polar angle. The size of the central calorinleter tower is approximately 

150 inゆand0.11 units in η. 

The CEM [20] consists of 31 layers of 5 mm polystyrene scintillator interleaved with 

30 layers of 1/8 inch lead. Total thickness of CEM module is approximately eighteen 

radiation lengths. U sing the test beam electron with an energy range of 15-100 Ge V， 

the energy resolution of the CEM was measured [21] as 

f1E 13.5% 

E J五可否
( E in GeV)， 、、.

E

，J
噌

1
ム円。

，，E
E

‘、

where the sinB re負ectsthe change of the sampling thickness seen by the electron emitted 

at a polar angle B. 
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The CEM has a gas proportional wire chamber with cathode strip embedded approx-

imately at the EM shower maximum， 5.9 radiation lengths including the solenoid. The 

central strip chamber (CES) consists of wires along the beam direction forゆmeasure-

ments and cathode strips perpendicular to wires for z measurements. The CES provides 

a precise determination of shower center and shower shape. The position resolution is 

about 2.2 mm in the wire (ゆ)view and 1.4 mm  in the strip view for 50 Ge V / c electrons. 

The CHA [22] consists of 32 layers of 10 mm  plastic scintillator interleaved with 

32 layers of 25 mm  iron. The 羽THAconsists of 15 layers of 10 mm  plastic scintillator 

interleaved with 15 layers of 50 mm  iron. Total material thickness is 4.7 units of pion 

absorption lengths for CHA and 4.5 units for the WHA. The CHA has 9 projective 

towers numbered from 0 to 8 along z-axis. The WHA has 6 projective towers numbered 

from 6 to 11 along z-axis. The number 6 (7， 8) tower of the CHA occupies the same 

tower inη ーゆplaneas the number 6 (7， 8) of WHA in the same wedge. The energy 

resolution for the CHA is given by 

ムE 75% 

E JEsi五百
(EinGeV) (3.2) 

from test beam pion data with an energy range of 10噂150Ge V [23]. From the same 

beam test， the energy resolution for WHA is given by 

ムE 80% 

E .jE 
( E in GeV). (3.3) 

Plug calorimeters: plug electromagnetic calorimeter (PEM) and plug hadronic 

calorimeter (PHA) 

The PEM [24] is an annular shaped detedor which covers a polar angles region of 

10
0 く 8 く 32 0 • This polar angle region covers the end of the CTC. The PEM is 

a gas-based calorimeter using conductive plastic proportional tube arrays (7 x 7 mm) 

mterleaved with 0.27 cm x 34 lead absorber panels and read out by cathode pads. Shower 

pro五lescan be measured with a resolution of 2 mm  by this calorimeter [24， 25]. The 



tower segmentation in the plug calorimeter region is 1171 rv 0.9 andムゆ rv50，五nerthan 

that in the central region. The energy resolution was measured in an electron test beam 

with an energy range of 20-200 Ge V to be [26] 

d.E 28% 

E ゾE
( E in GeV). (3.4) 

The PHA is located behind the PEM， forming a partial conical shape. The PHA 

uses steel plates as absorber， with similar conductive plastic proportional tubes. Total 

material thickness is 5.7 units of pion absorption lengths. The energy resolution for the 

PHA was measured as 
ムE 132% 

E ゾE
(3.5) 

by the test beam pions with an energy range of 40・200Ge V [27]. 

Forward calorimeters: Forward electromagnetic calorimeter (FEM) and for-

ward hadron calorimeter (FHA) 

The FEM is located behind the BBC's on both sides of the detector. The FEM's employ 

a gas-based calorimeter very similar to the PEM， with 0.48 cm x 30 lead absorber panels 

and tower segmentation d.ゆ rv50 andムηrv0.1. The coverage extends from 2.2 to 4.2 in 

可・ TheFEM position resolution ranges from 1 mm to 4 mm， depending on the location. 

The FHA covers the forward region from 2.3 to 4.2 inηwi th an addi tional 7.7 pion 

absorption lengths behind the FEM. The FHA preserves the tower geometry of the FEM. 

3.2.4 M uon detectors 

The central muon detectors are located behind the calorimeters because electrons， pho-

tons and hadrons are absorbed inside calorimeters. The central muon detectors are 

divided into several components， each covering a different section. The central muon sys-

tem (CMU) and central muon upgrade (CMP) cover a pseudo-rapidity region of Iη1<0.6. 

The central muon extension (CMX) covers a pseudo-rapidity region of 0.65く |η1<1.0.
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The coverage of the muon chambers is shown in the Fig. 3.10. The CMP and CMX 

were added just before RUN-Ia. The CMP is used for con五rmationof muon track stubs 

in the CMU and it also五11su p crack inη= 0 and wedge gaps of the CMU. The CMX 

extends the coverage of the CMU to about η'" 1.0. 

Central muon system (CMU) [28] 

The CMU is divided into 24 wedges (sゆ=150) forming an approximate cylinder around 

the beamline. The CMU is divided into 2 parts atη= O. Each CMU wedge contains 

a total of 48 drift chambers， each 2.3 m long， arranged axially along the z direction. 

Figure 3.11 shows the layout of a CMU wedge; note there are signi五cantcracks in 

acceptance between the wedges. The diagram in Fig. 3.12 shows a cross sectional view 

of a 50 section of the CMU， with a typical muon track passing through the four layers 

of drift cells. 

The individual drift cells shown in Fig. 3.12 measure 6:3.5 mm  x 26.8 mm  in cross 

section， with a sense wire in the centerぅandare operated with a 50%/50% Ar -C2H6 

gas rnixture. A muon track stub is formed by measuring the drift time for each of the 

four sense wires along the muon path. The left-right ambiguity of the track is resolved 

by staggering the wires along the radial line. The chambers were operated in limited 

strearn rnode， allowing a measurement of the z position by nleasuring the relative charge 

deposited at both ends of the sense wire. 

Central muon upgrade (CMP) [29] 

The CMP is mounted on four fiat planes around the central barrel detector， with a 

layer of steel ('" 3 absorption lengths) beyond the CMU. On the top and bottom of the 

detector， the CMP is attached to the steel of the solenoid return yoke. On both side of 

the detector， the CMP planes are attached to wa11s of steell. The tubes are continuous 

across the CMUη= 0 crack. The chambers are of五xedlength in z and form the box 

around the central detector， therefore the actual pseudo-rapidity coverage varies with 
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azimuth as shown in Fig. 3.10. 

The CMP consists of 864 drift tubes with the size of 2.5 crn x 15 cm x 640 cm. The 

CMP drift tubes are half cell staggered and use the sarne argon/ ethane gas rnixture as 

used in the CMU. Figure 3.13 shows a schematic view of a CMP tube. Like the CMU， 

there are four layers of drift cells， and rnuon track stubs can be reconstructed in the 

Tーゆplaneby measuring the drift tirnes in the four layers. However， no z information 

on the muon track is available from the CMP unlike CMU. The position resolution of 

the tube is about 300μm. 

Central muon extensIon (CMX) [29] 

The CMX occupies the surface of a cone (see Fig 3.2). The CMX are free standing， just 

beyond the central barrel region. The CMX extends pseudo.-rapidity coverage frorn 0.65 

to 1.0. 

The CMX consists of 864 x 2 drift tubes， which are of the sarne structure as the CMP 

tube. The tubes are sandwiched between two layers of scintillation counters which are 

used for triggering. 

3.2.5 Trigger 

The CDF trigger systern consists of three levels [30， 31， 32]. The level 1-3 triggers 

reduce the high rate of rv280 kHz in the 1992-1993 CDF run of pp interactions to a rate 

of t"V 6 Hz at which events could be recorded on tape. The level 1-3 triggers consist 

of a logical OR of several requirements of electrons， photons， muonsヲmlsslngenergy， 

Jets， taus， and select events based on physics interests. The level 3 trigger is made up 

of 48 Silicon Graphics computers， each containing two event buffers， plus an array of 

service hardware to push the data into and out of 96 buffers. Each event is sent to a 

single buffer， and so that level 3 triggers can be processed up to 48 separate events in 

parallel， with another 48 events meanwhile being loaded to the secondary buffers. Here 

We describe a low PT dilepton trigger， which is called “JPSI STREAM 1". We used 
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events which passed this trigger in this analysis. 

Level 1 trigger 

Alllevell triggers require a coincidence between hits in the forward and backward BBC 

scintillators to select physical reactions. 

The level 1 trigger for low PT dilepton events consists of level 1 dielectron trigger， 

levell dimωn trigger and levell electron-muon trigger. The levell dielectron (dimuon) 

trigger is made by a pair of level 1 electron (muon) triggers. The level 1 triggers for 

electron-muon events are generated by a pair of a levell low-ET calorimeter trigger and 

a level 1 muon trigger. 

The level 1 low-ET calorimeter trigger is produced from analog signals corning from 

phototubes in the central calorimeters. The trigger is segmented in detector η-ct plane 

byムゆ =150 andムη=0.2. The actual segmentation provided by the calorimeters is 

reduced by summing fast analog signals in order to reduce the large quantity of signals 

to a rnanageable level， resu1ting in a total of 2048 trigger towers， half electromagnetic 

and half hadronic. The analog calorimeter signals are corrected for pedestal offsets and 

gain variations. The level11ow-ET calorimeter trigger required that a trigger tower have 

the transverse EM energy above 4 Ge V. N 0 correction is made for possible variations in 

the z vertex position at this stage. 

The level 1 muon trigger is produced from a fast analog measurement of momentum 

of muons in the CMU and a coincidence signal between chambers in alternate layers in 

the CMP. The momentum of muons is measured by a difference of drift times between 

layer 2 and layer 4 of CMU chambers (See Fig. 3.12). The difference of the drift time 

is a function of momentum of muons. The levell muon trigger requires the momentum 

to be greater than 3.3 Ge V / c. 



Level 2 trigger 

The level 2 trigger for low PT dilepton events consists of a level 2 dielectron trigger， 

a level 2 dimuon trigger and a level 2 electron-muon trigger. The level 2 dielectron 

( dimuo吋triggeris made by a pair of level 2 electron (muon) triggers. The level 2 

trigger for electron-muon events is generated by a pair of a. level 2 low-ET calorimeter 

trigger and a level 2 muon trigger. 

Electromagnetic energy clusters are formed from trigger towers by hardware pro-

cessors at this stage. The clustering algorithm used is that，五rst，a trigger tower with 

transverse EM energy greater than 4 Ge V is searched， then :four adjacent towers are ex-

amined one by one to be added to the seed tower if its transverse EM energy is greater 

than 3.6 Ge V， and each attached trigger tower is taken as a seed tower and the same 

procedure is repeated until no more trigger tower is found to be added. A ratio of total 

(EM + HAD) transverse energy to transverse EM energy is calculated from electromag-

netic and hadronic energies in the clusters. The level 2 electron trigger requires the ratio 

beless than 1.125. 

The CTC tracks are reconstructed in two dimensions by a hardware processor called 

Central Fast Tracker (CFT) [33]. The CFT processes fast timing information from 

the CTC to identify a high PT track in the T - ct plane by comparing the CTC hits 

with predetermined patterns. The CFT has a momentum. resolution of !:l.PT j Pj rv 

0.035 (GeVjc)-l， with a high efficiency [33]. The level 2 electron trigger requires the 

momentum of an associated track with the EM cluster to be greater than 4.8 Ge V j c. 

The level 2 muon trigger requires matching between the CFT track and a stub in 

the muon detectors. The momentum of the CFT track for the level 2 muon trigger is 

required to be greater than 3 Ge V j c. 

Level 3 trigger 

The level 3 trigger for electron and muon requires the following. 

• Level 3 electron 
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-Transverse energy: ET > 5 Ge V 

-Transverse momentum: PT > 3 GeV /c 

-Lateral shower sharing: Lshr > 0.3 

-Lateral shower shape:χ;t均く 15

-Difference between a measured shower position in the CES and an extrapo-

lated CTC track at the CES: Ll.X < 6 cm and Ll. Zく 10cm 

• Level 3 muon 

-Transverse momentum: PT > 3 Ge V / c 

-Difference between a CMU stub position and an extrapolated CTC track at 

the entrance of the CMU chambers:ムX く 16Clll and Ll.Z < 16 cm 

Because the level 3 trigger uses same code as 0飽ineanalysis~， the lateral shower sharing， 

lateral shower shape， position matching will be de五nedand described later. 

The level 3 trigger for low PT dilepton events consists of a level 3 dielectron， a level 

3 dirnuon trigger and a level 3 electron-muon trigger. The level 3 dielectron (muon) 

trigger is generated by a pair of the electron (muon) triggers市 Thelevel 3 electron-muon 

trigger is generated by a pair of a level 3 electron and a level 3 muon trigger. 

3.2.6 Data acquisition system 

The CDF data aquisition system (DAQ) [34] employs a FASTBUS-based multi-level 

network. The CDF DAQ has multiple partitions each of which covers one or more 

independent detector sections so that the DAQ for different detector components can 

proceed in parallel. At the lowest level of the DAQ system， there are two major types 

of front end system. When an event is accepted by both level 1 and level 2， the data 

from front end crates are digitized and read by scanner modules. All the calorimeters 

and the central muon system use the redundant analog bus-based information transfer 

(RABBIT) which are read by MX  scanner [35]. Most tracking detectors use FASTBUS 
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TDCs which are read by SSP scanners [36]. A few CAMAC modules are includecl in 

the event data stream and are reacl by an SSP scanner using a FASTBUS to CAMAC 

interface. Each scanner can buffer four events. This step in the DAQ pipeline is man-

aged by the trigger supervisor (TS) FASTBUS module. The TS uses a combination of 

FASTBUS messages and dedicated controllines to provide fIexible and efficient control 

of front end systems. Each partition is allocated a unique set of scanners and a trigger 
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When all MX  and SSP scanners have五nisheclreading and buffering data for one 

event， the TS module sends a FASTBUS message to buffer manager (BFM) indicating 

that an event is available in a specified buffer. The BF~1 supervises datafIow from 

scanner moclules to host VAX computers. The BFM initiates this datafIow by sending 

a FASTBUS message to event builder (EVB) instructing it to“Pull" an event from 

the same buffer in all scanners of a speci五eddetector partition. The EVB is a group 

of FASTBUS modules which can read， buffer ancl reformat complete events from any 

allowed partition of detector components. When the EVB has五nishedreading data 

from scanner buffer N， i t sends a “Pull OK" message to the BFM which in turn noti五es

the TS that buffer N is available for a new level 1 and level 2 trigger. 

U nder direction of the BFMうtheEVB writes a complete event into a speci五ednocle 

in the level 3 p肌 essorfarm (Silicon Graphics compute吋.Ev刊en山 acceptedby the level 

3 trigger are read by the buffer multiplexer executing on one or more computers in the 

VAX cluster. Event data can be logged to disk or tape. 

3.2.7 Luminosity measurement 

The luminosity can be obtained by counting the rate of a certain process of which cross 

section is known. We use inelastic pp events， and the BBC 's to detect them. That is， 

we have 
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where L is the luminosity， RBBC is the BBC event rate， and σBBC is the effective cross 

section visible to the BBC's.羽Teestimate σBBC at 1800 Ge" as follows. 

We五rstcalculate the corresponrung quantity for the U A4 experiment at 546 Ge V 

[37， 38]， using their absolute measurements of the total and elastic pp cross sections， 

to be 38.9土1.8mb. A small correction due to the difference in the geometry of the 

trigger counters at CDF and U A4 is made in order to convert the above quantity into 

the corresponding CDF quantity at 546 GeV，σ路c.We then relate it to the value at 

1800 GeV，σ諮ら， by using the measurements of the Tevatron luminosities (Lacc) based 

on accelerator parameters， and the observed BBC rates RBBC at the two energies. They 

have a relation 

We obtain [39] 

σ1800 
BBC 

σ546 
BBC 

RBBc(1800) Lαcc( 546) 
RBBC(546) Lαcc( 1800) 

(3.7) 

σ路5=46.8土3.2mb. (3.8) 

With recent direct measurements of elastic and total cross sections by CDF collab-

oration [40]， we are able to measure a direct measurement of the BBC cross section 

σBBC = 51.2土1.7mb. (3.9) 

After accounting for possible backgrounds in the BBC's， we have a total uncertainty of 

3.6% on the integrated luminosity. 
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Figure 3.1: Diagram of the Tevatron accelerator complex. 
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Figure 3.2: A perspective view of the CDF detector showing the central detector， the 
forward and the backward detectors. 
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Figure 3.4: Cross-sectional view of the central detectors. 
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Figure 3.6: A perspective view of the SVX barrel. 
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Figure 3.7: An endplate of the CTC showing the arrangement of the blocks which hold 

the 84 layers of sense wires. 
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Figure 3.9: Schematic of a wedge module of the CDF central calorimeter showing the 

coordinate system as measured by the strip chamber used for test beam energy and 

mapping rneasurements. The 450 end plate is in the +z direction; the “left" of the 
module was de五nedas being in the +x direction. 
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Figure 3.11: The layout of the central muon chambers in one of the central wedges. 
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Figure 3.12: The arrangement of the four planes of central muon chambers in a view 

along the beam direction. The drift times t2 and t4 are used at the trigger level to 
determine a muon momentum cut off. 
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Chapter 4 

Analysis Outline and Daota 

Reduction 

4.1 Outline of the analysis 

The mixing parameter，χ， can be estimated from Eq. (2.35) in Chapter 1 in principle， 

but several complications arise in actual analysis including consideration of sequential 

decays and backgrounds. 

The important decay processes of bb events in this analysis are listed in Table 4.1. In 

Process 1， both b and b quarks decay to leptons directly， which is mentioned in Chapter 1. 

In Process 2 (3)， the b (る)quark decays to a lepton directly and the other b (b) quark to 

{ ~ → l+X 
b → l +X 

(Process 1) 

{ ~ → l +X 
b → 5十X 一→ l +X 

(Process 2) 

{ ~ → c+x 一→ l+X (Process 3) 
b → l + ~~ 

Table 4.1: Semileptonic decay processes. 



Table 4.2: Charge combinations of e and μfor each Process. OS (LS) means opposite-

sign (like-sign 

a lepton via ε(c) quark. 

The production of cc can contribute to eμevents through their semileptonic decay 

because we do not distinguish between leptons from bb and those from cc. This process 

is taken into account in our analysis. 

If there is no BO BO mixing， the charge signs of leptons are opposite in Process 1， as 

mentioned before. The charge signs of leptons are like in Process 2 and 3， because the 

charge of a sequentially produced lepton reverses. 

Charge combinations of e and μfor each Process are sumrnarized in Table 4.2. The 

process of cc production is included in the table as Process 4. If eμevents consist of 

Process lrv4， the ratio of the number of LS events (NLS) to that of OS events (Nos) is 

written by 

R一生三-
J.YOS 

一

2χ(1 -χ)ND + [(1 -χ)2十χ2]Ns
[(1 -χ)2十χ2]ND+ 2χ(1 -χ)Ns + Nc 
2χ(1 -χ) + [(1 -χ)2 +χ2]fs 

(1 -χ)2+χ2+2χ(1 -χ)fs + fc ' 

(4.1 ) 

( 4.2) 

whereん=Ns/ND and fc = Nc/ND. The ND and Nc are the numbers of events for 

Process 1 and 4， respectively. The Ns is sum of the number of events for Process2 and 

3. The probability for each mixing process is summarized in Table 4.3. 



11 Proba亜日
N either Q nor Q quark un-

(1 -χ)2 
dergoes mixing. 

One of Q Q quarks under-
2χ(1 --χ) 

goes mIJClng. 

Both Q and Q quarks un- と」dergo mixing. 

Table 4.3: Probability for each mixing process. 

b → l+X  
(Process 5) 

{ ~ → Jjゆ + X ーー→ l+X 

{ ~ → Jjψ + X 一→ 1 + ~X- (Process 6) 
b → l十X

b → l+X  
(Process 7) 

{ ~ .→ c+ 日/ ; W 一→ C 十E; C 一→ l + ~X-

{ ~ → c + W; W 一→ c + s; C 一→ I+X (Process 8) 
b → I+X 

Table 4.4: Other semileptonic decay processes. 

In addition to the above four processes， we have consider other processes too listed 

in Table 4.4. In Process 5 (6)， the b (る)quark decays to a lepton directly and the other 

b (b) quark decays to a J jψand then one of the J 'lt→ l+ l-decay are detected， while 

the other lepton missed detection. In Process 7 (8)， the b (る)quark decay to a lepton 

directly and the other b (b) quark to c + c 十 S(c +ε+ s) quarks and then the c (ε) 

quark decays to a lepton. The charge combinations of e and μfor the other processes 

are summarized in Tables 4.5 and 4.6. By looking at Eq. (4.2)， it is not difficult to 

understand that inclusion of other b-decay processes does not change the shape of this 

equation. Since the most relevant de五nitionof fs is the ratio of all LS contributions to 

all OS contributions from bb events in the case of no mixing， the numbers of events for 

Process 5， 6，に and8 are added to the N D， and that for Process 5 and 6 are added to the 



Table 4.5: Charge combinations of e and μfor Process 5 and 6. 08 (L8) means opposite-

sign (like-sign). 

Table 4.6: Charge combinations of e and μfor Process 7 and 8. 08 (L8) means opposite-
sign (like-sign 



Ns. Contributions frorn the other decay processes， therefore， only change the value of 

ん・ Theb-decay processes listed in Tables 4.1 and 4.4 account for most of the eμevents 

from bb production considered in this analysis. The effect of the other decay processes 

is relatively srnall. 

Since the 0 bserved eμevents contain fake lepton events， the R is written in terms of 

the observed nurnbers of LS and OS eμevents， Nexp(LS) and NexP(OS)， 

R-N仰 (LS)(l一九μ(LS)).
-

Nexp( OS)(l -Feμ(OS))ヲ
( 4.3) 

where凡μ(LS)and Feμ(OS) are the fake lepton fractions in the LS and OS samples. 

Fake leptons are caused by lepton rnis-identi五cation，photon conversion electronsうand

muons from hadron decays in flight. 

To determine χ， we need to know Feμ(OS)，九μ(LS)ぅ fsand fc in addition to 

N仰 (OS)and NexP(LS). The studies of these quantities were carried out by using 

real data as rnuch as possible， with mlnlmum use of Monte Carlo's. The FeJJ 's were 

obtained by studying the fake fraction for each lepton. For IIluons it was done by using 

J/ゆ→ μ+μ一decays，minimum bias data， K~ → π+π一 decays ， andゆ→ K+K-decays. 

Similarly， the study for electrons was done by using J /ゆ→ e+eーう γ-hadronoverlapped 

events， and Monte Carlo generated charged pions. 

We used Monte Carlo programs to estimate the fs. Direct quark pair productions 

were studied with ISAJET [41] + CLEOMC [42， 43]. Gluon splitting process was also 

taken into account by using ISALEP [44]+ CLEOMC. The :rSAJET is a Monte Carlo 

program which simulates p-p and p-p interactions at high energies. It is based on per-

turbative QCD plus phenomenological models for parton and beam jet fragmentation. 

The QFL is a Monte Carlo program which simulates bottonl and charrn particles de-

cays. The ISALEP is a special version of ISAJET which is modi五edto generate higher 

order heavy quark events with high-PT leptons effectively. Both generated events were 

passed through the QFL detector simulation package [45]. The CLEOMC is a detector 

Slmulation prograrn for CDF detector. Since the philosophy of the package is to param-
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eterize detector response rather than derive the response from五rstprinciples， the QFL 

Simulation package can provide a fast and reliable detector simulation for high statis-

tics physics studies and acceptance calculations. We first considered processes listed in 

Table 4.1ヲandtook into account of other processes separately as a correction. 

A sernileptonic decay of b and c quarks produces a jet associated with a lepton. The 

transverse momentum of the lepton to the jet axis， Pfel， de五nedin Fig. 4.1 is useful to 

estimate the fraction of the leptons from c quarks to those from b quarks because the 

mass di:fference between the quarks causes different Pfel-distributions. We derived the 

fc by五ttinga sum of the Pfel-distributions for different processes to an observed Pfel 

distribu tion. 

4.2 Event selection 

4.2.1 1¥在uonselection 

Muon candidates were selected by requlflng the presence of a CTC track associated 

with a stub in muon chambers. The muon stub was reconstructed with the central muon 

chambers (CMU and CMP) and the muon momentum was derived from curvature of the 

CTC track. The energy deposit in calorimeter towers which a muon candidate traverses 

was required to correspond to a mlnlmum ionizing particle.. Muon identi五cationwas 

perforrned by applying the following cuts. 

Track Quality Cuts 

In order to make sure that the track of a muon candidate comes from a hard collision 

mteraction and is not misreconstructed in the CTC， a set of track quality cuts is imposed 

as follows: 

• A track must be reconstructed in 3 dimension. 

• IDol < 0.5 cm. 
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• IZevent - Zol < 5.0 crn 

• number of hits in CTC chamber > 50 

where Do is a radial distance of the track at the closest point to the bearn axis， or the 

irnpact parameter. Ze凹 ntis the z position of the event vertex and Zo is the z position 

of the track at the closest point to the bearn axis. The efficiency of these requirernents 

for charged tracks should be quite high when the charged tracks are produced frorn 

fip collisions. Fig. 4.2， Fig. 4.3 and Fig. 4.4 show distributions of these pararneters for 

rnuon candidates in J /ψevents and for ∞M凶eract“i時引
jet sample. The J /ψevents are required to have two muon ca.ndidates and the invariant 

rnass of them in a region 3 < Mμμ< 3.15 Ge V. The jet san1.ple consists of the events 

triggered by the pre-scaled jet trigger with an ET threshold of 20 Ge V. Since this sarnple 

is dominated by ordinary QCD jet events， rnost of the muon candidates in the sarnple 

can be considered as fake muons. To select non-interacting-punchthrough candidates， 

they are required to have a stub only in the CMU chamber even in the五ducial area of 

CMU and CMP chambers. We note that the position matching cuts described below are 

already imposed on the events shown in Fig. 4.2， Fig. 4.3 and Fig. 4.4. The cut values 

ernployed are indicated by arrows in the五gures.

Position matching cuts 

Muon selection requires that both CMU and CMP charnbers ha.ve stubs. TheムX(CMU)

and D.X( C M P) are defined position differences in (r -ゆ)space between the recon-

struded CTC track and the reconstructed stub in CMU and CMP charnber. Fiducial 

cuts are applied to avoid cracks between the CMU charnbers and regions uncovered with 

the CMP chambers. This五ducialarea is well covered by the calorimeters. Figures 4.5 

and 4.6 showムX(C MU) and !:l.X( C M P) distributions for rnωn candidates in the J /ゆ

events and for non-interacting-punchthrough candidates in the jet sarnple. 

The d.X( C MU) and !:l.X( C M P) distributions for muons can be explained by effects 

of multiple scattering in the material which muons traverse before reaching in the each 



IDuon chamber. U ntil muons reach the CMU chamber， they pass through material of 66 

radiation lengths. The rms spread of ct will be 

0.128 
ムゆmultiplescatte出19(C MU) [rad] =耳 [GeVjcr ( 4.4) 

Since there is 60 cm steel (34 radiation lengths) between CMU and CMP chambers， the 

rms spread ofゆinthe CMP will be 

O .158 
ム九n山iplescattering( C M P) [rad]二一一scattenng\~.'~A I l4~~J Py [GeVjcJ' ( 4.5) 

Since the distance from the solenoid coil to the CMU is 203 cm， one standard deviation 

ofムXat CMU is 5 cm at PT二 3Ge V j c. For a typical distance of the CMP chambers 

from the coil of 400 cm ( the distance change by the location of the CMP)， one standard 

deviation ofムX at the CMP is 12 cm at Py = 3 Ge V j c 

The χ2(CMU) and X2(CMP) are a五tχ2of CTC and chambers track. The X2( C MU) 

and X2( C M P) distribution for muon candidates in the J jψevents and the jet sample 

are shown in Figs. 4.7 and 4.8. 

The position matching cuts used are: 

. d.X(CMU) < 7 cm 

-ムX(CMP)く 30cm. 

-χ2(CMU) < 10 

• X2 ( C M P) < 30 

Minimum ionization cuts 

The EA1muon and H ADmuon are the electromagnetic and hadronic energy of the calorime-

ter tower which a muon traverses. Figures 4.9 and 4.10 show the EMmuon and H ADmuon 

dist山utionfor mωns in the J jψevents and the jet sample. The energy deposit by 



muons in the EM and HAD calorimeters was measured in a test beam to be EMmuon r--J 

0.3 GeV and HADmuon r--J 2 GeV， respectively. The distribution of the sum of the 

EMmuon and H ADmuon is shown in Fig. 4.11. We use the following minimum ionizing 

particle cuts: 

• EMmuon < 2 GeV 

• HADr川 on< 4 GeV 

• EMmuon十 HADmuon> 0.1 GeV 

Summary of the central muon selection 

The central muon selection is summarized as follows: 

1. Track quality cuts. 

2. Position matching cuts. 

3. Minimum ionization cuts. 

4. Py > 3 GeV/c 

The cut values used in the selection are listed in Table 4.7. However， the muons selected 

by the above cuts， still include fake muons， which are mainly due to non-interacting-

punchthrough of charged hadrons and decay-in-flight muons from hadrons. We will 

estimate the fraction of fake muons in Section 5.1. 

4.2.2 Electron selection 

Electron candidates are selected primarily by requiring the large energy deposit in the 

EM calorimeter and the presence of an associated track in the CTC. 



Energy fraction cu t 

A ratio of hadronic energy to electrornagnetic energy in a calorirneter cluster， H AD / E M， 

is used to discrirninate charged hadrons， which have rnore energy deposited in the 

hadronic calorirneter than electrons. Figure 4.12 shows the H AD / EM  distributions 

for J /ゆ→ eeevents and the jet sarnple. The J /ψ→ ee events are required to have two 

electron candidates and the invariant rnass of thern in a region 2.8 < Mee < 3.2 Ge V. 

The jet sample consists of the events triggered by the pre-scaled jet trigger with an ET 

threshold of 20 Ge V. The EM clusters in the jet sarnple are used as fake electrons. We 

require that 

• HAD/EM < 0.04 

E/P 

One of the sources which mirnic the electron signature in the detector is a charged hadron 

overlapping with photon. This overlap of a photon and a charged hadron looks like an 

EM cluster associated with the track of the charged hadron. A ratio of transverse energy 

to transverse momentum， E / P， is used to distinguish an electron from this overlap. The 

E / P is not necessarily one in the overlap due to its accide山:tlcharacteristics， while in 

the case of eledrons it should be around one. Therefore， the E / P is useful to reject this 

type of backgrounds. Figure 4.13 shows the E / P distributions for electrons in J /ゆ→ ee

events and for the EM clusters in the jet sarnple. We require that 

• E/Pく1.4

Lateral shower shape，χ;t均， cut 

Comparing a shower shape along the beam (Z) direction measured with the CES strip to 

that obtained from test beam electrons， one can check the consistency of the rneasured 

shower shape with the expeded electron shower shape. We mlnlrnlze the iollowing 

function by varying two parameters， Z， the Z position of the center of a shower， and E， 



the electron energy. 

~(Efω - E x qfr寸Z)y
X2(Z，E)=乞 つIr7 ¥ ーヲ ( 4.6) 

where Eieas is the measured energy on the strip channel i， qfred is a normalized energy 

distribution on channel i predicted from 50 Ge V / c test beanl electrons， and σdenotes 

an energy fiuctuation of a single-channel response. In the summation of i， neighboring 

eleven channels are examined corresponding to about 15 cm which is sufficient to contain 

a full electron shower. Based on 10 Ge V / c electron test beam data [46]， the response 

日uctuationσifor each channel is parameterized as 

イ(Z) = 0.0262 + 0.0962 qr寸Z). (4.7) 

Using the shower center position obtained above，χ;trip is ddned as 

2 1 (ECEん1¥0叩宇 (qアω-qfred(ZcEs))2
χs t ri p = 4" 1 0 )会ぐ(ZCES) ( 4.8) 

where ECEM is the energy measured by the central EM calorimeter， qieα is the mea-

sured value of the normalized energy distribution on channel i. The energy obtained by 

minimizing function (4.6) is not used because the energy resolution of the strip chamber 

measurement is worse (20% and 30% for 50 GeV /c and 10 GeV/c electrons， respectively) 

than the one measured by the CEM. An energy dependence factor of EO.7-H is introduced 

to compensate for the energy dependence of theχ~trip' which comes from the fact that 

the CES is located at a五xeddepth in the CEM and it therefore see a different age of 

the longitudinal shower development depending on the electron energy. The parameter 

was determined from test beam electrons of various energies from 10 Ge V to 200 Ge V. 

Figure 4.14 shows χ;t均 distributionsfor the electrons from J /ψ→ ee and for the EM 

cluster in the jet sample. 

The X~trip is useful to discriminate an EM cluster of an electron against an EM 



cluster in which more than one particle are contained. Photons from 7ro→ γγ decays 

have a minimum opening distance d (cm) at a radius R (cm) from the beam line that is 

related to the 7ro momentum as 

仏
一例
R

一一T

n
f
u

一，，A
，d
 

(PT in GeV /c) ( 4.9) 

where PT(π) (GeV /c) and Mπ 二 0.135Ge V / c
2
) are the tran:sverse momentum and the 

mass of πo. At the CES (R = 184 cm)， we have d '" 50/ PT. Since number of strips for 

calculation of χ;trip is eleven ('" 15 cm)， two photons with dく 7.5cm and two photons 

fromπo of PT( 7r) above '" 7 Ge V / c will be contained in a same window for calculation of 

x;trip. The resulting χ;t均 willhave a large value due to the existence of an additional 

shower peak in the cluster. A typical CES shower has '" 99% of the total CES energy 

m士2.5cm around the shower center. Therefore the presence of two photons will be 

removed by a large value ofχ;t均 upto PT(π0) '" 20 GeV /c. Above this momentum， 

the two photons get closer to make it difficult to recognize two showers in the CES. 

This variable is also used to discriminate electrons against charged pions which inter-

act and deposit mast of the energy in the CEM， since their shower shapes are different 

from those for electrons. We require that 
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The position difference in (rーゆ)plane between the position rneasured by the CES and 

that of a CTC track extr叩 olatedto the CES，ムX(C ES)， is defined by 

ムX(CES)= Rd.ゆ (R = 184 cm) ( 4.10) 

where !1ゆ isthe azimuthal difference between theゆpositionwhich is optimized in a 

similar way as in the χ九;'"'estimation and that of the extrapolated CTC-track at the 
sl，np 

CES， and R is the radius of the CES from the beam line. Figure 4.15 shows d.X( C ES) 



distributions for electrons from the J /ゆ→ eeevents and for EM clusters of the jet 

sample. 

The position di:fference along the beam direction，ムZ(CES)うisestimated from a 

position measurement in the CES and the extrapolated CTC-track position at the CES. 

The distribu tions ofムZ(C E S) for electrons from the J /ψ→ ee events and for EM 

clusters of the jet sample are shown in Fig. 4.16. We require that 

-ムX(CES)く 1.5cm 

-ムZ(CES)く 2.5cm 

This position matching is useful to remove the overlap of a photon with a charged 

hadron where an accidentally associated track of the charged hadron is expected to 

have a worse position matching than an electron track. In Section 5.1， we will use EM 

cluster events which have a worse position matching as overlap events of a photon with 

a charged hadron. 

Lateral shower sharing， Lshrヲcut

This variable， Lshr' describes a lateral sharing of the EM shower energy among the 

CEM towers in a cluster and is de五nedby 

E_meas _ Efred 
Lょ =0.14ち、
snrγ¥/(ムE)2+ (ムEfred)23

(4.11 ) 

where E;neas is the energy deposit in tower i， Ered is the energy expected in tower i， d.E 

lS the uncertainty in the energy measurement with the CEMぅandムEredis the error 

associated with Ered. The sum runs over the two towers inηdirection adj acen t to the 

seed tower. The expected tower energy Ered was determined from test beam electron 

data as a function of the seed tower energy and the direction of the CES shower center 

ぬtiveto the event vertex. The errorムEredwas determined by propagating an error 

of the shower center measurement in the CES to the predicted energy ErベFigure4.17 
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shows Lshr distributions for the electrons from J /ゆ→ eeevents and for the EM clusters 

in the jet sample. We require that 

• Lshrく 0.2

photon conversion removal 

Electrons from photon conversions have to be removed from the electron sample. A 

photon conversion can occur before entering the VTX， in the beam pipe material， in 

the layers of SVX and in the inner wall of the VTX. This type of photon conversions 

is called an inner photon conversion. Also a photon can convert after exiting the VTX， 

in the outer wall of the VTX and in the inner wall of the CTC. This is called an outer 

photon conversion. In both cases， the electron tracks can be detected in the CTC， but 

the outer photon conversions do not leave tracks in the VTX. A ratio of the number 

of VTX wire hits to the number of wires which are expected to be五redby a particle， 

VTX hit occupancy， can be used to discriminate charged particles from neutral particles 

in the VTX. Electrons from outer photon conversions have a low value of the VTX hit 

occupancy. In order to remove electrons from inner photon conversions， an additional 

oppositely charged CTC track is searched and the minimum invariant mass of them， 

me-trαck， is examined. Two electrons from inner photon conversions are expected to 

have a low mass. An electron which fails one of the following requirements is removed 

as a conversion electron， 

• VTX hit occupancy > 0.5 

• me-track > 0.2 GeV. 

Figure 4.18 shows a distribution of conversion points for the conversion electron sample 

III terms of the radial distance from beam line， R. We see peaks around the SVX layers 

R"， 3-7 cm， the VTX inner wall R rv 22 cm and the CTC inner wall R rv 28 cm. 



Summary of the central electron selection 

The requirernents for the central electrons are summarized as follows: 

1. Energy fraction cu t. 

2. E/P cut. 

3. Lateral shower shape cut. 

4. Position rnatching cut. 

5. Lateral shower sharing cut. 

6. Photon conversion removal. 

7. Er> 5 GeV 

The cut values used in the seledion are 1isted in Table 4.7. The selected electrons still 

have fake electrons which are mainly charged hadrons， overlapped events with photon， 

and photon conversion events. We will study the fraction of fake electrons using real 

data and Monte Carlo data in Section 5.1. 

4.2.3 bb event selection 

Event vertex cut 

In order to ensure that events are well covered by the tracking a.nd calorimeter detectors， 

the Z position of event vertex， Zevent， required to be near the nominal event vertex. 

Figure 4.19 shows the Z position of event vertex for the J /ψevents as an example. We 

require that 

• Zvertexく 60cm 

Jn order to accept 90% of hard collision events. 



$r cut 

Missing transverse energy， $T， is de五nedby the minus of the sum of transverse energies 

deposited in calorimeter towers over the range Iη1<3.6， 

$T三ト玄 ιtωer1， (4.12) 
tower 

where601mis a two-dimensional vector pointing from the event vertex to the tower 

centroid. For a tower included in the sum， its energy must be above a given threshold. 

The threshold is 0.1 Ge V in the central electromagnetic and hadronic calorimeters， 

0.3 Ge V in the plug electromagnetic calorimeters， 0.5 Ge V in the plug hadronic and 

forward electromagnetic calorimeters， and 0.8 Ge V in the forward hadronic calorimeters. 

If there is no large-ET neu trino nor jets escaping the detector， the distribu tion of the 

energy deposit in the transverse plane view in the calorimeters is expected to be balanced 

within jet energy resolutions and the $T is small. 

Since W + fake lepton events followed by W → l1/ decays cause background to the 

叩events，the $T is required not to be large. The following $T cut is imposed: 

e $T < 15 GeV 

Fyel and jet axis distance cuts 

For the eμevents we required each lepton to accompany one jet. The jet axis was 

deterrnined by an algorithm shown in Fig. 4.21. We五rstpick up a seed track closes to 

the lepton within a cone size of l'lR = 0.8. Tracks near the seed track are added to form 

a Jet. The cone size in de五ningthe j et isムR= 0.8. The jet axis is calculated from 

momenta of tracks in the jet without the lepton momentum. Since each jet must come 

from different quarks， a distance between the jets axes associated to an electron and a 

muon in可ーゆ plane， l'lR( J et( e) -J et(μ))， was de五nedand was required to be greater 

than O.l. 

The distributions of the transverse momentum of the lepton relative to the jet axis， 



Pfel， for bb and cc Monte Carlo events are shown in Figs. 4.22 and 4.23. The Pyel is 

related to a mass of the parent particle. A requirement of the pyel to be greater than 

1.5 GeV jc reduces the cεbackground. This Pfel cut is also expected to be effective in 

removing Process 2 and 3. The jet axis distance and Pfe' cut employed are: 

. d.R(Jet(e) -Jet(μ)) > 0.1 

• Pfペμ)> 1.5 Ge V j c 

• Pfel(e) > 1.5 GeV jc. 

Azimuthal opening angle cut 

A cut on an azimuthal opening angle cut ~ゆ(εμ) between an electron and a muon re-

moves cascade-decay events in w hich b (b) quarks decay semileptonically to c (c) quarks 

and successively the c (c) quarks decay semileptonicallyヲ
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Figures 4.24 (a) and (b) show Monte Carloムゆ(eμ)distributions for these悶 nl孔leptωon凶i

cascade decays and for b砧bproduction followed by Process 1"， 3. Semileptonic cascade 

decays events are distributed aroundムゆ(eμ)'" O. On the contrary， bb direct production 

events are distributed not at smallムゆ(eμ)but at largeムゆ(εμ). The bb production 

events frorn glωn splitting are distributed at smallムゆ(εμ)but their contribution to 

the bb events are small. Theムゆ(eμ)distribution for real data is shown in Fig. 4.24 (c). 

There is a bump at smallムゆ(叩)for OS events but not for LS. This indicates the burnp 

ongmates from the semileptonic cascade decays because they produce OS events. In 

order to remove the sernileptonic cascade decay events， the following azimuthal opening 

angle cut is adopted: 

e d.ゆ(eμ)> 450 



Muon ID muon candidate has a CMU stub and a CMP stub 

CMU and CMP削 ucialcut 

EM  < 2.0 GeV 
HAD < 4.0 GeV 
EM  + HAD > 0.1 GeV 
丹>3 GeV jc 

number of hits in CTC > 50 
impact parameter < 0.5 cm 
1 Ztrack -Zvertex 1く 5em
ムX(CMU)< 10 cm 
χ2(CTCjCMU) < 10 
ムX(CMP)く 30cm 
χ2(CTCjCMP)く 30

Eledron ID ET > 5 GeV 
HADjEM < 0.04 
Lshαre < 0.2 

number of 3D tracks = 1 

PT > 3 GeVjc 
ETjPTく 1.4
χ2(CES) < 10 
6.X( C ES) < 1.5 cm 
ムZ(CES)< 2.5 cm 
VTX hit fraction > 0.5 

invariant mass of an e and each track > 0.2 Ge V j c2 

1 Zve巾 x1< 60 cm 
lJT < 15 GeV 

each lepton accompanies one jet 

Pfel(e) > 1.5 GeV jc 
P子ペμ)> 1.5 GeV jc 
ムR(Jet(e)-Jet(μ)) > 0.1 
ムゆ(eμ)> 450 

Table 4.7: Summary of the eμevent selection. 



4.2.4 Results of event selection 

After a1l the selection cut， we found 1710 opposite-sign and 861 like-sign eμevents in 

RUN-Ia data corresponding to 20 pb-1. In the like-sign events， 420 e+μ+ and 441e-μ-

events were found. In the opposite-sign events， 850 e+μ-and 860 e-μ+ events were 

found. 



Jet axis 

Lepton 

b (b) quark 

Figure 4.1: De五nition of Fyel. 
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Chapter 5 

Backgrounds and SysteIILatic 

U ncertainties 

5.1 Fraction of fake eμevents 

The observed eμevents can be classi五edinto four categories as listed in Table 5.1. In 

terms of thern， the fake rnuon and the fake electron fractions of the observed eμevents 

are wri t ten as 

円 (b)+ (d) 
一 一

リ ー (α)+ (b) + (c) + (d) ， 
、、aa
，J
1
i
 

vhυ 
，，E
E

‘、

M uon-Electron 

Real- Real (a) 

Fαke -Real (b) 

Real- Fake (c) 

Fαke -Rαke (d) 

Table 5.1: Four categories of the observed eμevents. 



and 

九一 (c)+(d) ? 一

respectively. The fake rnuon fraction of the fake electron sarnple is given by 

p'一 (d)一
(c) + (d) 

(5.2) 

(5.3) 

Using the above equations， the fake eμfraction of the 0 bserved eμevents is expressed 

as 

九μ
(b) + (c) + (d) 
(α) + (b) + (c) + (d) 

= 九+九一九-FJ- (5.4) 

The fake muon and the fake electron fractions， F:μand Fe， are estirnated by the sarne 

method. We explain the rnethod for rnuons as an exarnple. Let us put N to be the 

number of observed e〆swhich is 1710 for OS and 861 for LS. In order to estirnate F，仰
we loosen the rnuon identi五cationcut， and the new identi五cationcut is called a loose 

muon identi五cationcut. Then the event selection is perforrned again， resulting in a 

larger number of eμevents， N'. The N' can be written as 

N' = Nf + Nr (5.5) 

where Nf and Nr are the nurnbers of fake and real rnuons whilCh passed the loose identi-

fication cut. Putting Pf and Pr to be the probabilities that the fake and the real rnuons 

pass the original rnuon identi五cationcut， N is expressed as 

N = Nf . Pf + Nr . Pr・ (5.6) 

Since N' and N are observed nurnbers， the Nf and Nr are estimated if Pf and Pr are 
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known. Then the fake muon fraction is obtained as 

円 Nf.Pf 
Aμ N (5.7) 

Estimation of F~ is done similarly using low quality electrons as the fake electron sample. 

5.1.1 Fake muon fraction 

As the loose muon identi五cationselection， we removed the requirement that muon 

candidates have a CMP stub and the other cut parameters were the same. Apply-

ing the eμevent selection to the data with the loose muon identi五cation，we obtained 

N'(OS)ニ 2122and N'(LS) = 1175. Estimation of Pj and Pr is done by using data 

samples different from the eμsample. 

Probability for fake mωns Pj 

Fake muons are considered to originate from two sources: (1り)Non-interacting punchthrol 

(問NIP町)and (2幻)decay i凶nfl白i培ght(D凹IF町)of t吋 ro瓜 F日i凶 weroughly estimate Pf before 

detailed analysis. We know from the previous CDF experiment [47] that the numbers of 

NIP and DIF particles are almost the same at the CMU cham.bers. The number of NIP 

particles at the CMP is almost zero due to hadron absorption in the steel walls between 

the CMU and the CMP chambers. And the efficiency of the CMP chambers for DIF 

muons is ~ 100% for PT > 3 Ge V / c. Therefore Pj ~ ~~:: ~.~IF tt C \Jl ~ is expected to 
f一国IP+:0 IF ) at C~l lJ 

be ~出= 0.5 

To be more quantitative， the probability， Pf， was estimated in two different ways. 

Firstly， it was estimated from minimum-bias data corresponding to 18 pb-1 in RUN Ia. 

We assumed there was no real muon in the minimum bias data. We found 63 and 125 

tracks which passed the muon identification cut and the loose one， respectively. Then 

We have Pf = 63/125 = 0.504土0.045

Secondly， Pf was estimated by using K~ -→何 andゆ→ KK decays in the low PT 
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rnuon inclusive sample in JPSI STREAM 1. We reconstruct the K~ →何 decay using 

a muon candidate track and one of oppositely charged 3D tracks， assuming that both 

tracks are pions. The oppositely charged 3D track which gives the π7r invariant mass 

closest to the K~ mass was chosen. The secondary vertex of the two tracks was required 

to be more than 5 cm away from the primary vertex on Tψplane. Figure 5.1 shows the 

invariant mass distribution. The dashed (solid) line histogram corresponds to the case 

where the muon candidate track passed the muon identi五cationcut (the loose one). The 

乃forpions is given by a ratio of the number of K~ decays in the dashed histogram to 

that in the solid one. We fitted a Gaussian + cubic polynomial function to the invariant 

mass distribution in the region between 0.3 and 0.7 Ge V / c2
• Defir山 ga region between 

0.45 and 0.55 Ge V / c2 as a K~ signal region and subtracting background using the cubic 

polynomial function， we obtained Pj = 0.498士0.011for pions. 

We did a similar analysis for theゆ→ KK decay. In this case， two tracks were 

assumed to be kaons and the secondary vertex cut was not required. The invariant mass 

dist出utionis shown in Fig. 5.2. We obtained Pj二 0.498土0.016for kaons. 

Assuming the K j-rr ratio in the sample to be 0.240土0.120[48， 49]， we estimated 

乃=0.498 ::!: 0.010 for hadrons. 

The two independent methods described above using the rninimum bias data and the 

invariant mass peaks of K~ andゆgiveconsistent values. We took the weighted average 

of them and obtained 

Pj = 0.498土0.009 for fake muons. ( 5.8) 

Probability for real muons Pr 

We used J/ゆ→ μμdecaysin the low Py dimuon sample in order to estimate Pr. The 

Illvariant mass distribution for dimuons is shown in Figs. 5.3 (a) and (b). In Fig. 5.3 (a)， 

one of the two muons passed the muon identification cut and the other muon passed the 

loose one. In Fig. 5.3 (b)， both of the two muons passed the muon identi五cationcut. 



A Gaussian + constant function was五ttedto these histograms in a region of invariant 

mass between 2.8 and 3.4 Ge V / c2
• The probability for real :mωns， Pr， is given by 
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(5.9) 

where Na and Nb are the numbers of J /ψdecays in Figs. 5.3 (a) and (b) after subtract-

ing backgrounds estimated from the constant term (See Appendix A for derivation of 

Eq. (5.9)). Looking at a region between 3.0 and 3.2 GeV /c2 around the J/ψmass， we 

obtained 

Pr = 0.967土0.002 for real muons. (5.10) 

Fake muon fraction Pμ 

Since we obtained N， N'， Pr and Pjヲwecould solve Eqs. (5.5) and (5.6) for Nj， which 

was found 313 for 08 and 271 for LS. Using Eq. (5.7)， we obtained 

九(05)= 0.212土0.014(stαt.)土0.008(Byst.) 、、，，，，，
1

E
ム

寸

1
4
に

υ
，，E
E

‘、

and 

九(L5)= 0.339土0.025(山 t.)土0.013(syι)， (5.12) 

where the statistical uncertainties come from N and N'， and the systematic uncertainties 

come from Pr and Pj. 

5.1.2 Fake electron fraction 

We loosened the H AD / EM  cut value from 0.04 to 0.1 for loose electron identi五cation

cut. The other cut parameters were left the same as those in Table 4.7. We obtained 

N'(QS) = 1845 and N'(L5) = 969. 



Probability for fake electrons Pj 

There are several sources of background which mimics electron signature in the detector. 

One of them is a charged pion interacting in the EM calorimeter. Most of charged pions 

are discriminated by the fact that the energy deposition in the hadronic calorimeter is 

large while that in the EM calorimeter is small. But some of charged pions interact and 

deposit a large part of their energy in the EM calorimeter. Since a charged pion leaves an 

associated track in the CTC， it looks like an electron. Another source of fake electrons is 

a photon with an overlapping charged track. The photon makes an energy deposition in 

the EM calorimeter， its track looks associated to that EM energy deposition. This also 

mimics the electron signature. On top of these fake electrons， there are electrons which 

are not related to hard collisions， such as electrons from photon conversions (γ →ee ). 

In this selection， we consider two sources of fake electrons: (1) photons overlapped 

b句ycharged 1吋 m

5咋i抱gn凶11五fica叩ntamount of energy in the EM calorimeter. Photon conversions will be dealt 

with in the next section. 

We studied photon + charged hadron overlap by removing the cut on position dif-

ference at the CES，ムX(C ES)， from the electron identi五cation，and estimated Pj for 

electron candidates with large s .. X( C ES)， most of which were considered to be the 

photon+ charged hadron overlap. Figure. 5.4 (a) shows the H AD / EM  distribution 

for electron candidates withムX(C ES) > 6 cm. The probability， Pj， for a photon 

with an overlapping charged track to pass the electron identifi.cation cut was estimated 

from a ratio of the number of events in H AD / EM  < 0.04 (hatched area) to that in 

HAD/EMく 0.1. We plot Pj as a function of the lower cut value ofムX(CES)in 

Fig. 5.4 (b). We take the value of 0.606土0.025forムX(C ES) > 6 cm as Pj for photon 

charged track overlap. 

vVe used a Monte Carlo to study charged hadrons which deposited a signi五cant

amount of energy in the EM calorimeter. We generated charged pions with PT 

¥) and 7 GeV /c and let them pass through the CDFSIM detector simulation package. 



Figures 5.5 (a) and (b) show the H AD / E M distributions for pions passing the loose 

electron ide凶五cationselection for PT of 5 and 7 Ge V / c， respectively. We obtained 

乃==0.482土0.036(0.394土0.018)for pions with PT = 5 (7) GeV /c. 

Since we do not know the mixture ratio between the two sources， we assume the true 

value of Pj lies between the upper and lower extremes in the estimates， i.e・， 0.606+0.025

and 0.394 -0.018. That is， we take 

Pj = 0.50土0.13 for fake electrons. (5.13) 

Probability for real electrons Pr 

We estimated Pr for real electrons by a very similar way for muons. We reconstructed 

Jjゆ→ eedecays from two tracks of electrons in the dilepton sample. The invariant mass 

distribution is different from that for muons due to the bremsstrahlung of electrons. Since 

we are interested in the number of J /ψ's and not in the shape of the distribution itself， 

we did not correct it for the bremsstrahlung. We五tteda constant + an asymmetric 

Gaussian which has two differentσうson the right and left side of the peak to the 

dist山utionin the region between 2.3 and 3.8 Ge V / c2. We defined the signal region 

as the invariant mass region between 2.9 and 3.2 Ge V / c2， and from the numbers of 

backgrounds subtracted J /ゆ→ eeevents， we obtained 

Pr = 0.983土0.004 for real electrons. (5.14) 

Fake electron fraction 

Putting the numbers for Pj， Pr， N and N' in Eqs. (5.5) and (5.6)， Nf was found to be 

72 for 08 and 78 for LS. Then， from Eq 5.7 we obtained Fe(OS) = 0.062土0.007(stat.)土

O.033( sy st.) and凡(L5)= 0.110土0.013(stat.)土0.059(syst.). 



5.1.3 Contribution of photon conversions 

We now consider photon conversion eledrons as another fak:e electron source. Although 

most of photon conversion eledrons were removed by the electron identi五cationselection， 

some of them remain in the eμsample when one of the two electron tracks is missed. 

Because one of the two conversion electrons have lower PT than threshold PT of track 

which is reconstruded by CTC data. 

This contribution was estimated by using transverse momentum distributions for 

the photon conversion electron candidates in the eμsample and a Monte Carlo [17， 

50]. Photons in the Monte Carlo are generated with the tra.nsverse momentum spectra 

which is estimated by real photon conversion sample. The photons are converted to two 

electrons by a detedor simulator. 

Figure 5.7 shows the momentum distribution of an associated track with tagged 

electrons for the photon conversion in real data. The transverse momentum distribution 

of associated tracks for the Monte Carlo data in a region of 1 < PT( track) < 5 Ge V / c 

Is normalized to that for photon conversion events. The number of photon conversion 

events where one of two electrons is missed is estimated by subtracting the number of 

events for photon conversion from the normalized Monte Carlo events. 

The contribution of γconversion electrons to fake electrons is estimated as a fraction 

of the subtraded number to number of electron candidates and it turned out to be 

(2.00土0.64)%.Adding this value to previous九's，

九(OS)= 0.082土0.010(stat.)土0.034(.syst.) (5.15) 

and 

凡(LS)= 0.111士0.015(stat.)土0.059(syst.). (5.16) 

are obtained. 



5.1.4 Fake eμfraction凡μ

In order to estirnate Fe仰 weneed to know the fake rnuon fraction in the fake electron sarn-

ple， F~ ， as can be seen in Eq. (5.4). We considered electron candidates with HAD/EM 

between 0.04 and 0.1 as a fake electron sarnple and estirnated F~. We counted N and N' 

in the fake electron sarnple and obtained N = 135 and N' = 202 for OS eventsj N = 108 

and N' = 171 for LS events. Using N， N' and， Pr = 0.967土0.002and Pf = 0.498士0.009

given in Eqs. 5.8 and 5.10うweobtained 

F~(OS) = 0.474土0.078 (5.17) 

and 

F~(LS) = 0.564土0.098. (5.18) 

Substituting凡ヲ凡 andF~ into Eq. (5.4)， we obtained 

凡μ(OS)= 0.255土0.016(stαt.) :f: 0.021( syst.)， (5.19) 

and 

凡μ(LS)= 0.396土0.028(stαt.)土0.031(叩 st.). (5.20) 

We surnrnarize the fake lepton fractions in Table 5.2. 

5.1.5 Asymmetry of fake eμevents 

The nurnber of fake eμevents is 436 for OS and 340 for LS， and there seerns to be an 

asymrnetry， 436/340 = 1.28土0.19.In the fake eμevents， events of fake muon + rea1 

electron are dorninant. Since the real electron PT 's are high enough to ensure that rnost 

of the rea1 electrons are decay products of b hadrons， the rnain source of the fake eμ 

events is considered to be bb events. We study the origin of the asyrnrnetry using bb 

Monte Carlo events. 
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Opposite-sign 

Muon 

Muon Electron (Fake electron sample) 

N 1710 135 

N' 2122 1845 202 

Nf x Pf 362土17 140土58

Nr x Pr 1348土45 1570土71

Fμ?凡 0.212土0.016 0.082土0.035
Fμ f 0.474土0.078

凡μ 0.255土0.026

N x Feμ 436土44

Like-sign 

Muon 

Muon Electron (Fake electron sample) 

N 861 108 

N' 1175 969 171 

Nf x Pf 292土15 111土51

Nr x Pr 569土33 750土59

Fμ， Fe 0.339士0.028 0.130土0.060
Fμ f 0.S64土0.098

Feμ 0.396土0.042

N x Feμ 340土37

Table 5.2: Summary of the fake lepton fraction estimation. The uncertainties include 

both the statistical and systematic uncertainties. 



We generated bb events using ISAJET， and the b and b hadrons were decayed by 

CLEOMC. First， to simulate reallepton + fake lepton events， all b hadrons were forced 

to decay to leptons and all b hadrons were forced to decay to hadrons only. The PT 

of leptons and charged hadrons were required to be greater than 3 Ge V / c since the 

Pr threshold for leptons is 3 Ge V / c in this analysis. The pseudo-rapidities of leptons 

and I凶 ronswere required to be Iη|く 0.6，corresponding to the central muon detedor 

region. Since our electron-muon events are required that the azimuthal opening angle 

between the leptons is greater than 450， the azimuthal opening angle of a lepton and a 

hadron is required to be greater than 45 0
• After these kinematical cuts were app1ied， 

the number of OS lepton-hadron pairs was 749 and that of ]~ S lepton-hadron pairs was 

518. Then the asymmetry in the OS and LS reallepton + fake lepton pairs is calculated 

to be 749/518 = 1.446土0.083.Second， to simulate fake lepton + fake lepton events， 

we generated bb events and forced both the b and b quarks decay to hadrons. After 

applying the same kinematical cuts for hadrons， the number of OS hadron-hadron pairs 

was 602 and that of LS hadron-hadron pairs was 561. The asymmetry in this case was 

602/561 = 1.073士0.063.

There is an asymmetry in the fake lepton + real lepton l¥1onte Carlo bb events， but 

we can not say that there is an asymmetry in the fake lepton + fake lepton Monte Carlo 

bb events. Since the observed fake eμevents include fake lepton + real lepton events 

and fake lepton + fake lepton events in a certain ratio， we can expect the asymmetry 

will be in between 1 and 1.446. This result is consistent with the observed asymmetry 

of 1.28. 

In order to see where the Monte Carlo asymmetry comes from， we studied mu1tip1ic-

ities of charged particles from B and E mesons. For that end， bb events were generated 

and， b and b hadrons were decayed by the default branching ratio of CLEOMC. Then 

the rnultiplicities of charged particles were counted for each E~ meson. Figures 5.8 -5.13 

show the multiplicity distributions for B;; ぅ bj，忌~， B"!;， B~ and B~ mesons， respectively. 

Histogram (α) 's in these五guresshow the multiplicity of charged particles before the 



Quark Meson Charge asymmetry ( + / -) 
B_-
u 0.35土0.01

b 
BB3 f 

0.74土0.02

1.17土0.06
B+ 
U 

2.92 ::!: 0.10 

b B~ 1.27土0.04

J B~ 0.83土0.05s 

Table 5.3: The daughter hadron charge asymmetry for each B meson. The uncertainties 

are due to the statistics of Monte Carlo events. 

kinematical cut is applied. The number of charged particles produced from charged and 

neutral B mesons are odd and even， as they should be. The numbers of tracks (hadrons 

or leptons) after requiring the cuts on PT and 1171 are almost 1 for any B me悶

shown in histogram (b)'s. Histogram (c)'s are the same plots for hadroI 

distributions are essentially the same as for tracks. Since the charged hadron multi-

plicity after the cut is one most of the time， we calculate the daughter hadron charge 

asymmetry for each B meson using multiplicity-one event only. We summarize the asym-

rnetries in Table 5.3. Assuming the production ratio of Bu : Bd Bs to be 1 1 0.3 

[51， 52， 53]， the ratios of positive hadrons to negative 1凶 m

and b quarks， respectively. When a b quark in bb events decays semileptonically to a 

negatively charged lepton and the other b quark decays into hadronsヲweare more likely 

to find a positively charged hadron from the b quark. This creates the asymmetry in 

reallepton + fake lepton events. These studies show the asymmetry in fake eμevents 

originates from physical processes and our event selection. 

5.2 Fraction of sequential decays 

The fraction of sequential decays， fs， was estimated from Monte Carlo events. 



5.2.1 Monte Carlo of bb events 

The bb events were generated by ISAJET (Version 7.06) with PT > 2.9 GeV /c for both 

b and b. The gluon splitting events were generated by ISALEP (Ve凶 on7.06) with 

Pr > 9.8 Ge V / c for gluons that produced bb pairs. Quarks and gluons were hadronized 

and decayed in the ISAJET and ISALEP generators， but the B and B meson decays 

were replaced by those simulated using CLEOMC (Version 9.00). Finally the bb events 

were passed through the QFL (offiine version 7.10) detector simulator. 

5.2.2 Estimation of the 18 

To simulate Process 1 (Table 4.1)， all b and b hadror 

For Process 2， all b hadrons were forced to decay to leptons a.nd b hadrons were decayed 

following the CLEOMC decay table. In the decay products from b hadrons， c hadrons 

were forced to decay to leptons. Particles and anti-particles in Process 2 were exchanged 

for Process 3. 

The numbers of Monte Carlo events that passed the eμeven t selection are shown 

in Tables 5.4 to 5.12 for different structure functions and Peterson fragmentation pa-

rameters. The luminosities for generated events are also shown in the tables. The 

fraction of sequential decays is given by a ratio of the number of events for Processes 

2 and 3 to that for Process 1， where the number of events is normalized by the lumi-

nosity， taking into account the branching ratio， Br(b→ 1 + X) = 0.110土 0.005[4J 

and Br( c→ l + X). The branching ratio Br( c→ l十 X)for D+ and DO are used 

0.172土0.019and 0.0885士0.0143[4]， respectively. For D; and c baryon， the branching 
ratio are estimated from BベD+→ e+ anything) = 0.172士0.019and， the mean目白，
r(D+) = 1.057土0.015，ア(D;)= 0.467土0.017andァ(A;)= 0.200土0.010[4J. The 

estimated bra.nching ratio for D; and c baryon are 0.076土 0.019and 0.033土0.010，
respectively. 

The structure functions used in the above calculation are Martin-Roberts-Stirling 

(MRS) DO-' structure function [54， 55]， Eichte 
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ISAJET ISALEP 

Number Number 

of Luminosity of Luminosity 

events (pb-1 ) events (pb-1 ) 

Process 1 1024 0.742 59 0.309 

b → DO → J 33 5 

b → D-→ l 16 。
Process 2 0.729 0.336 

b → D~ → l 5 1 s 

b → bα7・yonε→ l 5 。
b → DO → J 24 2 

b → D+→ l 10 1 
Process 3 

b → D~ → l 
0.663 0.296 

s 6 

b → bαryonc→ l 5 。
Table 5.4: The numbers of eμevents which passed the eμevent selection and the corre-

sponding lurninosities. The structure function is MRSDO-' and the Peterson parameter 

1S set to 0.003. 



ISAJET ISALEP 

Number Number 

of Luminosity of Luminosity 

events (pb-1 ) events (pb-1 ) 

Process 1 1053 0.790 46 0.308 

b → DO → l 21 2 

b → D一→ l 11 2 
Process 2 0.624 0.305 

b → DJ→ l 2 。
b → bαryonc→ l 5 。
b → DO → l 30 2 

b → D+→ J 13 2 
Process 3 

b → DI→ l 
0.660 0.319 

6 。
b → bαryonc→ J 2 。

Table 5.5: The numbers of eμevents which passed the eμevent selection and the corre-

sponding luminosities. The structure function is MRSDO-' and the Peterson parameter 

lS set to 0.006. 



ISAJET ISALEP 

Number Number 

of Luminosity of Luminosity 

events (pb-1) events (pb-1) 

Process 1 926 0.789 49 0.323 

b → DO → l 24 2 

b → D-→ l 9 。
Process 2 0.601 0.325 

b → D~ → l 2 。
s 

b → bαryoηε→ l 3 1 

b → DO → l 25 2 

I Proω 
b → D+→ l 15 3 

b → D7-→ l 
0.641 0.225 

3 。
s 

b → bαryonc→ J 4 。
Table 5.6: The numbers of eμevents which passed the eμevent selection and the corre-

sponding luminosities. The structure function is MRSDO-' and the Peterson parameter 

IS set to 0.009. 



ISAJET ISALEP 

Number Number 

of Luminosity of Luminosity 

events (pb-1) events (pb-1) 

Process 1 1169 0.589 203 0.586 

b → DO → l 34 14 

b → D-→ l 21 5 
Process 2 0.627 0.586 

b → D-→ l 9 1 s 

b → baryoηε→ l 3 1 

b → DO → l 34 9 

b → D+→ l 16 1 
Process 3 

b → D!→ J 
0.512 0.586 

s 2 l 

b → bαryonc→ l 11 2 

Table 5.7: The numbers of eμevents which passed the eμevent selection and the corre-

sponding luminosities. The structure function is EHLQ and the Peterson parameter is 

set to 0.003. 



ISAJET ISALEP 

Number Number 

of Luminosity of Luminosity 

events (pb-1 ) events 
(pb ・・-1) 

Process 1 1252 0.706 216 0.587 

b → DO → l 25 6 

b → D-→ l 26 5 
Process 2 0.606 0.587 

b → D一→ l 1 。
s 

b → bαryonε→ l 5 2 

b → DO → l 45 ，ー 6 

し
25 4 

0.563 0.587 
b → D-!"→ l 5 

l b→ bJU叫 7 l 

Table 5.8: The numbers of eμevents which passed the eμevent selection and the corre-

sponding luminosities. The structure function is EHLQ and the Peterson parameter is 
set to 0.006. 



ISAJET ISALEP 

Number Number 

of Luminosity of Luminosity 

events (pb-1 ) events (pb-1 ) 

Process 1 1129 0.705 204 0.585 

b → DO → l 39 8 

b → D-→ l 34 2 
Process 2 0.705 0.585 

b → DJ→ l 7 。
b → baryoπε→ l 3 2 

b → DO → l 39 5 

b → D+→ l 22 5 
Process 3 

b → D-!-→ l 
0.705 0.557 

s 4 2 

b → bαryonc→ l 6 4 

Table 5.9: The numbers of eμevents which passed the eμevent selection and the corre-

sponding luminosities. The structure function is EHLQ and the Peterson parameter is 

set to 0.009. 



ISAJET ISALEP 

Number Number 

of Luminosity of Luminosity 

events (pb-1 ) events (pb-1 ) 

Process 1 1217 0.662 71 0.233 

b → DO → J 39 3 

b → D-→ l 13 2 
Process 2 0.588 0.229 

b → D~ → l 3 。
s 

b → bαryonε→ l 6 1 

b → DO → l 44 1 

b → D+→ l 18 。
Process 3 0.523 0.227 

b → D+→ l 7 。
s 

b → baryonc→ l 4 。
Table 5.10: The numbers of eμevents w hich passed the eμevent selection and the 

corresponding luminosities. The structure function is DFLM a.nd the Peterson parameter 
lS set to 0.003. 



ISAJET ISALEP 

Number Number 

of Luminosity of Luminosity 

events (pb-1 ) events (pb-1 ) 

Process 1 995 0.586 57 0.233 

b → DO → l 27 2 

b → D-→ l 14 l 
Process 2 0.485 0.218 

b → D-→ l 2 1 s 

b → bαryonε→ l 3 。
b → DO → l 39 2 

b → D+→ l 。
Process 3 

b →Df→ l 2 9 596 
0.215 。

b → bαryonc→ l 。
Table 5.11: The numbers of eμevents which passed the eμevent selection and the 

corresponding luminosities. The structure function is DFLM and the Peterson parameter 

lS set to 0.006. 



ISAJET ISALEP 

Number Number 

of Luminosity of Luminosity 

events (pb-1) events (pb-1) 

Process 1 1071 0.663 40 0.199 

b → DO → l 30 l 

b → D-→ l 21 1 
Process 2 0.663 0.198 

b → D~ → l 6 。
s 

b → bαryonε→ J 7 。
b → DO → l 34 2 

b → D+→ l 23 1 
Process 3 

b →D;→ l 
0.663 0.199 

5 。
b → bα7・yonc→ l 4 。

Table 5.12: The numbers of eμevents which passed the eμevent seledion and the 

corresponding luminosities. The structure function is DFLM and the Peterson parameter 

15 set to 0.009. 



Structure function 11 fs 

MRSDO-' 11 0.1107 

EHLQ 11 0.1355 

DFLM 260 11 0.1124 
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Table 5.13: The fs for different structure functions where the Peterson parameter value 

is 0.006. 

ture function [41， 56]， and Diemoz-Ferro心 Lo時 o-Martinelli(DFLM) structure func-

tion [54， 57] with AQCD = 260 Me V. The fs values calculated for three different structure 

functions are shown in Table 5.13， where the default value of the Peterson parameter， 

0.006， was used. We take a center value of the minimum and the maximum values in 

Table 5.13: fs = 0.123. 

5.2.3 Correcting fs for J /ψand b → ε→ 1 events 

We correct Is for the contributions from other b-decay processes. Considering all of 

other possible decay processes， we have found that the following two processes have a 

sizable effect: 

(ぃLP(orl-) { :→ Jトド(or Z-) b → Z+ 
(5.21 ) 

and 

{ :→ Z-
b → eW; W → cs; c → Z+ 

{ :→ cW;…e→l-
b → Z+ 

(5.22) 

We call the first process b → J/ψ → Z events and the second b → ε→ Z events. The 

b →J/ゆ→ Zevents produce tri-leptons. Since we are rejecti時 eventswith three or 

more good leptons， the b → J/ゆ→ Zevents come into OU1C sample only when one of 

the two leptons from J /ゆdecaysfails the selection cuts. Depending on which lepton 



Direct bb prod uction Gluon splitting 

(ISAJET) (ISALEP) 

Number Luminosity Number Luminosity 

of events (pb-1 ) of events (pb-1 ) 

8→J/ゆ→ l土 195 0.720 12 0.295 

b → C →1+ 
14 0.491 5 0.481 

Table 5.14: The numbers of b → J/ゆ→ 1and b → ε→ 1 events which passed the 
eμevent selection and the corresponding luminosities， where the structure function is 
MRSDO-' and the Peterson parameter is set to 0.006. 

fails， b →J/ゆ→ 1events produce OS or LS pairs. On the other hand， b → E → l 

events contribute to OS. We generated these events in the same way as for the case of 

Processes 1rv3. This time， b mesons were forced to decay to leptons， and b mesons were 

forced to decay to J /ゆforb →J/ψ→1 events， and to c mesons for b → E →1 events 

in the CLEOMC. The structure function was MRSDO-' and the Peterson parameter 

was set to 0.006. The number of Monte Carlo events that passed the eμevent selection， 

together with the integrated luminosities are summarized in Table 5.14. As in the case 

of Processes 1rv3ぅtheluminosities are not corrected for having forced b-decays to speci五c

channels. The corresponding branching ratios used for the correction of the luminosities 

are Bゆ→ 1+ X) = 0.110 which is the same as before， and Br(b→J/ψ) = 0.019 and 

Bゆ→e)= 0.12. 

A summary of the numbers of events from Processes 1rv3， b →J/ゆ→ 1and b →5→ 

l events corresponding to the integrated luminosity of 20 pb-1 is given in Table 5.15. 

Note that b → J/ψ→ 1 events are considered to have an equal contribution to OS 

and LS. Processes 1rv3 gave fs = 0.1107 for MRSDO-' as already shown in Table 5.13. 
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11 08 L8 

b → l+ 
1630.0土1:24.3 一

b → ε→ l- b → l+ 
180.5土20.8

b →J/ゆ→ l土 b → l+ 26.0土1.9 26.0土1.9

I 1 b → C → l+ b → l+ 
41.1土9.4

Table 5.15: The numbers of Monte Carlo events which passed the eμselection for 08 

and LS at the integrated luminosity of 20 pb-1. The structure function is MR8DO-' 

and Peterson parameter is set to 0.006. 

lnclusion of b → J/ゆ→ 1and b → E → 1 events changed fs to 0.1231， which was a 

correction by a factor of 1.112土0.012.The uncertainty is estimated from the statistics of 

b →J/ゆ→ land b → ε→ 1 Monte Carlo events. Multiplying 1.112 to 0.123 which was 

obtained only from Processes 1""'-'3 as the center value for the three different structure 

functions， we obtained fs = 0.137. 

5.2.4 Systematic uncertainties in 1s 

We discuss the uncertainties of fs in what follows. The relatively small contributions 

from b → J/ψ→ l and b → E → l events were not included in the Monte Carlo data 

used in estimation of this uncertainties. 

First of all， our estimation of the uncertainty due to the structure function is already 

included in Table 5.13. The uncertainty due to b quark fragrnentation was estimated by 

changing the Peterson parameter，ε= 0.006士0.003[7]， by one sigma. The results for 

the MRSDO-' structure function of are shown in Table 5.16，. Figure 5.14 shows the fs 

120 



e
-
e
一
m
一3

6

9

r
五
U
n
u
n
u

a
玄

u
n
u
n
u

p
一仏

仏

仏

n
一
O

一
e
一

戸し
町
一
P
一

uncertainty 。..0075
0.0084 

0，，0091 

Table 5.16: The fs for different values of the Peterson param.eter (ε)， where the structure 
function is MRSDOーにTheuncertainties are due to the statistics of the Monte Carlo 

events. 

F'raction of gluon splitting" fs 

0% 11 0.1004 

11.2% 11 0.1107 

22.4% 11 0.1128 

Table 5.17: The fs for different ratios of gluon splitting events to bb direct productions， 
where the structure function is MRSDO-' and the Peterson parameter is set to 0.006. 

values for different structure functions and different values of the Peterson parameter. 

Due to the statistical uncertainty of the Monte Carlo events， we can not separate the 

uncertainties from the structure function and the fragmentation. Instead， we simply 

looked at the minimum and the maximum of center values of fs in Fig 5.14， which are 

-14.3% and 12.9% of our fs， respectively. We took 14.3% conservatively as the combined 

uncertainty of fs due to the statistics， the structure function and the fragmentation. 

The uncertainties due to the branching ratios， Bゆ→ l+ X) and B r ( c→l + X)， 

were estimated to be 4.5% and 9.1 %， respectively， by propagating their uncertainties 

toん.We estimated a ratio of gluon splitting events to direct production events to be 

11.2% from the Monte Carlo data where the structure function was MRSDO-' and the 

Peterson parameter was set to the default value of 0.006. When we changed the ratio 

from 11.2% tO 0% and 22.4%， fs varied by -9.3% and +1.8%， respectively， as shown in 

Table 5.17. We took 9.3% as the uncertainty due to the ratio of gluon splitting events to 

direct production events. The uncertainty due to the correction factor for b→J/ψ→l 
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Source U ncertainties 

(M……t Fragmentation 

Structure function 

Br(b→ l + X) 
Br(c→ l + X) 
Fraction of gluon splitting 

J/ψ， b →E →l 
Total 

14.3% 

4.5% 

9.1% 

9.3% 

1.1% 

19.9% 

Table 5.18: Uncertainties in fs・

and b → ε→ 1 events was 1.1 %. 

As a五nalresult， we obtained 

fs = 0.137土0.027.

The uncertainties in fs are summarized in Table 5.18. 

5.3 Fraction of direct cc backgrouIld 

5.3.1 Method of fc estimation 

(5.23) 

The fraction of direct cc background was estimated by五ttingPyel distributions for 

bb Monte Carlo， cεMonte Carlo and fake leptons from the real data to the observed 

distribution. The bb Monte Carlo was already described in the previous section. The cε 

direct production events were generated by ISAJET with PT > 2.9 Ge V / c for both c and 

e， and cc events from gluon splitting were generated by ISALEP with Py > 2.9 Ge V / c 

for gluons. These events were processed by the QFL detector simulator. 

We can rewrite NexP(LS) and NexP( OS) as 

NexP(LS) = 2χ(1 -χ)No + [(1 -χ)2 +χ2]Ns + Nf(LS) (5.24) 

122 



and 

NexP( OS) = [(1 -χ)2 +χ2]ND + 2χ(1 -χ)Ns + lVf( OS) + Nc， (5.25) 

where No， Ns， Nc and Nf are the numbers of events :for Process 1+5+6， Process 

2+3+5+6+ 7 +8， Process 4 in Tables 4.1 and 4.4， and fake leptons. The difference 

between the numbers of 08 and L8 is written by 

NexP(OS) -NexP(LS) = (1 -2χ)2(ND - ~Ns) + Nc + sNf. (5.26) 

where the last term，ムNf三 Nf(OS)-Nf(LS). There is a similar relation among Pfel 

distributions， 

NexP( OS)H~Xt(Pý勺 - NexP(LS)Hl?(p:;el) = 

(1 -2χ)2[NDHd(p:;el) -NsHs(P:;el)] + NcHc(Prel) +ムNfHf(pyel)，(5.27) 

where H( pyel) represents the Pfel distribution function and is normalized to be one. 

This relation holds for muons and electrons separately. We五tted

叫ん(Pyel)_芋Hs(Pyel))+ηcHc(p:;el) + llNfHf(P:;el) (5.28) 
1YD 

to 

H57(Prl)-H27(PFl) (5.29) 

taking ηb and ηc are五ttingparameters and settingムNfto the observed value. 8ince 

we defined Eq. (5.27) for muons and electrons separately， theムNfcan be defined to be 

a difference of number of fake leptons. Then the sNj is calculated to be 70土23and 

29土77for fake muons and fake electrons， respectively， frorn Table 5.2 in 8ection 5.1. 

The PfeL distributions for bb and cc were obtained from the Monte Carlo's. As fake 

muons， we used muon candidates which had a stub only in CMU chambers within the 

CMU and CMP五ducialregion. As fake electrons， we used electron candidates with 
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ムX(C ES) > 6 cm which were considered as photons ove位erlappedby charged hadroI 

the EM calorimeter. We here assume that the Pfel distribution for photons overlapped 

by charged hadrons and that for other sources of fake electrons are the same. One 

should note that the magnitude ofムNffor fake electrons itself is small compared to 

the total number of the fi.tted distribution， that is NexP( 0 S) -Nexp( LS)ニ 849derived 

froID Table 5.2. The result， therefor， does not signi五cantlydepend on it. The number of 

direct cc background is given by Nc = nc J HcdPfel in the region of Pfel > 1.5 Ge V / c. 

The fraction of direct cεbackground is obtained by 

Nc ~c 
fc =一二 ¥(5.30) 
N D [Nexp( OS)(l一九μ(OS))+ NexP(LS)(l一九μ(LS))-Nc] . 1:万

5.3.2 Estimation of fc 

The五ttedPfel distributions for muons and electrons are shown in Fig. 5.15， where the 

structure function is used MRSDO-' In Fig. 5.15 (a) ((b))， we did not apply the Pfel 

cut to mωns (electrons) while Pyel of electrons (muons) was required to be greater 

than 1.5 Ge V / c. The shape difference between the Pyel distributions for muons and 

electrons comes from the different lepton PT thresholds， which was con五rmedby raising 

up the PT threshold for muons. The number of direct cc background Nc was estimated 

to be -6土26from the五tof electron Pyel distribution and 34土18frorn muon pyel. 

These nurnbers are consistent with each other within the statistical uncertainties. The 

weighted average of the nurnbers， 21士15，was used in this analysis. 

We estirnated fc for two other structure functions as in the case of fs・The五ttedPyel 

distributions for EHLQ and DFLM structure functions are shown in Figs. 5.16 and 5.17， 

respectively. The results for three structure functions are shown in Table 5.19. We take 

as fc the center value of the rninirnurn and the maxirnurn values in Table 5.19うwhichis 

0.007. 



n
 
o
 
c
 
n
 

h
-r

o

 

t

一一

m

U
丈

U

a

d

d
一氾

Q
M

m
一即

日

目

釘

一M

E

D

L 
0.013 

0.009 

0.001 

Statistical u:ncertainty 

0.010 

0.010 

0.012 

Table 5.19: The fc for different structure functions. 

Difference between the numbers of fake 

leptons in OS and LS 

Fake muon I Fake electron 
70 I 29 

L 

70 + 23 
70 -23 

29 + 77 
29 -77 

0.013 

-0.002 

0.031 

Table 5.20: The fc for values of difference between the nurnbers of fake leptons in OS 

and LS. 

5.3.3 Systematic uncertainties in fc 

The uncertainty due to the structure function was obtained in the same way as for fs. 

The combined uncertainty in fc due to statistics and the structure function is taken to 

be 85.7% which is half of the difference between the minimu:m and the maximum values 

in Table 5.19. 

The uncertainty in fc caused by the uncertainty in n f was estimated by changing 

the nf by one sigma around the center value of n f in the五tting.The defau1t structure 

function， MRSDO-'， was used for the Monte Carlo data. From Table 5.20 showing the 

results， we estimated the uncertainty to be 139.6%， where we took the largest deviation 

from the center value divided by the center value. 

Finally， we got 

fc = 0.007土0.011. (5.31) 

The uncertainties in fc are summarIzed in Table 5.21 
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Chapter 6 

Results and Discussion 

6.1 Mixing parameter，χ 

From Eqs. (4.2) and (4.3)， the rnixing pararneterχis related to the ratio R of the nurnber 

of LS events to that of OS events by 

NexP(LS)(l一九μ(LS)) 2χ(1 -χ) + [(1 -χ)2 +χ2]f 
R= 二 7 (6.1) 
Nexp( 0 S)( 1 -凡μ(OS)) (1 -χ)2+χ2+2χ(1 -χ)fs + fc 

Substituting the nurnerical values，凡μ(OS)= 0.255土0.021，凡μ(LS)= 0.395土0.031，

ん=0.137土0.027and fc = 0.007土0.011うtogetherwith the observed N叫 (OS)=1710 

and Nexp(LS) = 861， we obtained 

χ= 0.130土0.010(stat)土0.010(sνst) (6.2) 

The uncertainties in χare shown in Table 6.1. The obtained result (Eq. (6.2)) is consis-

tent with the 88/89 CDF result and also with other experirnents as shown in Fig. 6.1. 
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Source 

Statistical 

Fake lepton events 

Fraction of sequential decays 

Fraction of cc events 

Total 

U ncertainties 

0.010 

0.004 

0.009 

0.002 

0.014 

Table 6.1: Uncertainties in χ. 

6.2 Mixing parameter for Bs mesons，χs 

To obtain the value ofχsぅweused the relation χ= Pdχd+Psχs・TheB~ and B~ fractions， 

Pd and PS， are inferred from measurements of the relative production rates of kaons and 

pions. We have assumed Pd 二 0.391and PS 0.117. These values correspond to a 

strange quark suppression factor Ps/ Pd二 0.3consistent with measurements at LEP [51] 

and lower energy e+e-colliders [52，53]. The mixing parameter，χ， gives a constraint 

on the χd-χs plane as shown in Fig. 6.2. The dotted line represents the ARGUS and 

CLEO combined result of χd: 

χd = 0.15土0.03 (6.3) 

which was measured by ARGUS (1992 and 1994) and CLEO (1993) [9， 10， 58]. The 

shaded region is allowed by the standard model (see Eq. (2.19)). The B~ meson is 

expected to be maximally mixed from the ARGUS & CLEO results combined with the 

Standard Model prediction. Our result is consistent with this expectation. 

We combined our result and the world average value in the Particle Data Book (1994) 

to obtain a new world average 

χ= 0.132土0.008 (6.4) 

Assuming that the errors inχd (Eq. (6.3)) and χ(Eq. (6.4)) are independent and rep-
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resent 1σuncertainty of the Gaussian error function， we derive a limit on χs' 

χs > 0.447 (68.3%C.L.). (6.5) 

The contour in the χs一χdplane is shown in Fig. 6.3. 

The value ofχs is sensitive to the relative production fractions of B3 and B~ mesons. 

The dependence of χs on Ps/ Pd is shown in Fig. 6.4， up to the SU(3) flavor symmetry 

limit of PS / Pd = 1. 
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Chapter 7 

Conclusion 

We measured BO BO mixing parameter，χ， in electron muon events in proton antiproton 

collisions at vs = 1.8 Te V using the CD F detector. The data were collected in the 
1992・1993CDF run. The corresponding integrated luminosity was 20 pb-1. We have 

exploited the good electron and muon identi五cationcapabilities of the CDF detector to 

measure the BO BO mixing parameter. We obtained the mixing parameter as 

χ= 0.130土0.010(stαt.)土0.010(syst.). (7.1 ) 

This result improves the previous CDF result by a factor of 3 and is one of the most 

accurate measurements of χat the present time. The result is consistent with other 

measurements ofχand also with the expectations from the standard model using other 

experimental results. 

Since both neutral B mesor 

parameter for B~ ， χs ， is estimated by using the mixing pa:rameter for B~ measured by 

the ARGUS and the CLEO groups i泊ne+e一 collisionsand by assuming the fractions of 

B;and B?me似

me白sonsis consistent w仇it凶hthe expectations from the standa.rd model. 
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Appendix A 

Estimation of Probabilities for Real 

Leptons from J /ゆ→ IIE"¥rents 

In this appendix， we derive Eq. (5.9) used to estimate the Pr. 

Before to discuss J /ψ→ II events， We fi.rst consider the defi.r山ionof the probability， 

Pr， for a single lepton. Let Nr be the total number of real leptons. Call Nt the number 

of leptons which pass the original identi五cationcut， and N{ the number of leptons which 

pass the loose identi五cationcut. We write εt for the probability that the lepton passed 

the original cu t， and εl for the probability that leptons which fail the original cut， pass 

the loose cut. The numbers Nt and Nl are related to Nr，εt and εl by 

Nrf.t (A.1) 

(A.2) 

(A.3) 

Nl 

N[ Nt + Nr(l -εdεl 

= [f.t + (1 -f.t)εdNr 

Since the probability Pr is de五nedby a ratio of nurnber of leptons which pass the original 

cut to nurnber of leptons which pass the loose cut， the Pr can be written by 

Pr 
川
一
川

(A.4) 
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εt + (1 -f.t)εl 
(A.5) 

When N is the number of J jψ→ II events produced， let N1 be the number of J j'lt's 

for which at least one lepton passes the original identi五cationcut， and N2 be the number 

of Jjψ's for which both leptons pass the cut. We write the N1 and N2 using εt and εI as 

N1 

N2 

Nf.Z + 2Nεt (1一向)εl (A.6) 

(A.7) Nf.; 

From these equations and Eq. (A.5)， we get. 

!一九
N
一+

つ山一
一N

R
 

(A.8) 
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Appendix B 

Uncertainty in 1s due tC) Monte 

Carlo Statistics， Structllre Function 

and Peterson ParameteJr 

The uncertainty in fs due to Monte Carlo statistics， structure functions and Peterson 

fragmentation parameter was estimated by using mlnlmum and maximum of center 

values for each Monte Carlo data set. Is this estimation reasonable? 

The center values and statistical uncertainties of fs for different structure function 

sets and Peterson parameters are listed in Table B.1. We lllade the probability distribu-

tions of fs using the center value and uncertainties assuming the Gaussian distributions 

where the center value and the statistical uncertainty were used as the mean value and 

sigma of the Gaussian distribution. The probability distributions for different structure 

function sets and Peterson parameters are shown in Fig. B.1. 

We assume that each of the nine probability distributions represent and independent 

measurement of fs・ Thenwe make the sum of the nine distributions to determine 

the center value and its error (Fig. B.2). The sum probability distribution is五tted

by a Gaussian function and the results are listed in the五gure.From the results， the 

relative uncertainty in fs due to structure functions， Peterson parameter and Monte 
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Structure function Peterson parameter ε fs Statistical uncertainty 

0.003 0.1055 0.0075 

MRSDO-' 0.006 0.1107 0.0084 

0.009 0.1190 0.0092 

0.003 0.1158 0.0041 

EHLQ 0.006 0.1355 0.0050 

0.009 0.1390 0.0053 

0.003 0.1196 0.0089 

DFLM 260 0.006 0.1124 0.0084 

0.009 0.1242 0.0118 

Table B.1: Fraction of sequential decays with MRSDO-'， EHLQ and DFLM 260 struc-
ture functions and， with Peterson parameterε= 0.003，0.006，0.009. 

Carlo statistics is 10.2%. This is consistent with the uncertainty which is estimated in 

Section 5.2.4. 
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