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Abstrat

The thesis desribes searh for the neutral Higgs prodution assoiated with the W

boson using high-p

T

isolated like-sign (LS) dilepton events in proton-antiproton ol-

lisions at a enter-of-mass energy of 1.96 TeV. The searh is performed on a data

olleted by the Collider Detetor at Fermilab (CDF) between Marh 2002 and April

2008 orresponding to an integrated luminosity of 2.7 fb

�1

.

Although The Higgs boson is predited in Standard Model (SM) whih is most

suessful partile physis theory, its existene is not veri�ed yet experimentally. And

the SM does not tell us the Higgs mass, so it need to be measured by experiments.

The physis objetive in this thesis is to searh for the low-mass fermiophobi higgs

and the high-mass SM Higgs boson using LS dilepton events suh as the below proess,

qq
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+X; (1)

where the same harged W boson deay to leptoni, after that, the proess have a

�nal state with LS dilepton. The LS dilepton event requirement is quite e�etive to

suppress QCD and known eletroweak proess, however the fake-lepton bakgrounds

and residual photon-onversions still remain at a onsiderable level in the events of the

higgs signature. The fake eletron bakgrounds are for instane interative �

�

, overlap

of �

0

and a trak, and residual photon-onversions, but in this analysis, the residual

photon-onversion are separately estimated from fake lepton bakgrounds. The fake

muon bakgrounds are punh-through hadrons and deay-in-ight muons from �

�

and

K

�

. The bakgrounds are estimated by data-driven methods. While other bakgrounds

suh as WZ and ZZ prodution events, that is ontaining prompt real lepton, are

estimated by Monte Carlo (MC) data.

The number of expeted signal events passing LS dilepton event requirement are

1.31 for the fermiophobi higgs of the mass 110 GeV/

2

assuming the SM prodution

ross-setion and 0.38 for the SM higgs of 160 GeV/

2

. And the expeted number of

bakgrounds events are 188 � 24, while the atual number of observed events are 172.

The Boosted Deision Tree (BDT) are employed to get more searh sensitivity in

this analysis. The BDT is based on a multivariate analysis tehnique and used to

separate the signal and bakground events in the �nal sample passing LS dilepton

requirement.

There are no signi�ant disagreements in the BDT results, then, the upper limits on

the prodution ross-setion times the branhing fration for the higgs with masses in

i
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the region from 110 to 200 GeV/

2

at 95% on�dene level. The expeted limit is 1.54

pb for 120 GeV/

2

higgs and 0.98 pb for 160 GeV/

2

higgs, while the observed limits

are 2.42 and 1.23 pb, respetively. The expeted limit on the ratio to the theoretial

predition for the ross-setion is 8.2 for the fermiophobi higgs of the mass 120 GeV/

2

and 20.1 for the SM higgs of the mass 160 GeV/

2

, while the observed limits are 12.9

and 25.1, respetively.
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Chapter 1

Introdution

What's the origin of mass?

Isaa Newton said in his book \Philosophiae naturalis prinipia mathematia" [1℄ at

1687,

F = ma:

It means that mass (m) indiates a physial quantity whih is degree of aeleration

(a) when a boby are applied a fore (F ).

Albert Einstein said in his papers [2, 3℄ at 1905,

E = m

2

:

It shows mass-energy equivalene where  is the speed of light in a vauum.

However now we have understood the mass in sense of physial quantity by their

exellent ahievements, we do not know why there is the mass. Partile physis have

understood various fundamental physiial piutures in our world. The knowlege will

extend the grasp of mass.

Now, Human may be in a ground they an know the origin of mass.

1.1 The Standard Model

Standard Model (SM) is one of partile physis theories based on gauge �eld the-

ory whih is invariane under the gauge transformation, and extremely well desribes

the phenomena and properties of the elementary partiles whih was tested by vari-

ous experiments. The SM an form three gauge �eld theories in the framework, the

three gauge �eld theories are \Quantum Eletrodynamis (QED)", \Quantum Chro-

modynamis (QCD)" and \Weak theory". The QED desribes the eletromagneti

1
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interation between harged partiles based on U(1) gauge group, the QCD desribes

the strong interation between quarks and gluons based on SU(3)

C

gauge group, and

the Weak theory desribes weak interation where in the nulei based on SU(2) gauge

group. In partiular, the QED and the Weak theory are uni�ed in the SM framework

as SU(2)

L


U(1)

Y

gauge theory. In addition, the \Higgs Mehanism" amazingly plays

to give \Mass" to a partile with keeping the gauge invariane in the theory. However,

a partile is needed for the mehanism, whih is alled Higgs boson, the Higgs boson

is undisovered yet experimentally.

1.1.1 Elementary Partiles in the Standard Model

In the SM, there are mainly 2 types elementary partiles, so-alled \Fermion" and

\Boson", respetively. The Fermions onstrut matters in the universe, while the

Bosons mediate fores between the elementary partiles. The visible omplex matters

in this world are made up of them. This following setion desribes the elementary

partiles in some detail.

Fermion

A partile alled Fermion obeys the \Pauli Exlusion Priniple", i.e. it has half-integral

spin. In the SM, the Fermions are lassi�ed into six leptons and six quarks. The three of

the six leptons are harged lepton, whih are \eletron", \muon", and \tau", they have

di�erent mass, respetively, however its spin, weak isospin, and eletri harge are same.

The remaining three leptons have no eletri harge so-alled \neutrino", they have a

lepton avor (lepton number) same as orresponding harged lepton, when eletron

has +1 eletron number, the orresponding neutrino so-alled \eletron neutrino" has

+1 eletron number.

The three of the six quarks have 2/3 eletri harge, so-alled \up", \harm",

and \top" quark respetively, they are olletively alled \up-type quark" while the

other three quarks is �1/3 eletri harge alled \down", \strange", and \bottom",

olletively \down-type quark". They also have olor harge whih is soure of the

strong interation.

In addition, there are antipartile for eah fermion, whih have opposite quantum

numbers orresponding to the eah fermion. Table 1.1 shows the list of the leptons and

the quarks.

Boson

The Bosons play a role in mediating fore between the elementary partiles orrespond-

ing to type of fores. Suh bosons are espeially alled \gauge boson". In the present, it

is believed that there are at least 4 kind of fore, \Eletromagneti", \Weak", \Strong",

and \Gravity", however the Gravity fore is exluded in the SM due to normalization

problem, and its extremely small a�et in the partile world. The eletromagneti

fores are propagated via \photon" by feeling eletri harge whih is gauge boson in
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the eletromagneti �eld. The photon has spin 1, and massless means that the fore

aries to in�nity. The weak fore interations are mediated by W

�

and Z

0

bosons have

80 and 91 GeV/

2

mass, respetively, unlike eletromagneti fore, it an e�et within

short range (� 10

�16

m). The strong fore interations are ourred by exhang-

ing gauge boson so-alled \gluon" via olor harge, whih an propagate within �nite

range due to \asymptoti freedom". The olor harge are onventionally expressed as

3 olors, \red (r)", \blue (b)", and \green (g)", whih is introdued by taking Pauli

Exlusion Priniple in Hadrons (Baryons and Mesons) into aount, for example �

++

partile is onstruted by 3 up-quarks, it an be expressed as (u

r

; u

b

; u

g

). The fore

mediating partiles, i.e. gauge bosons, are shown in Table 1.2 [4℄.

Name Symbol Mass Charge Spin Weak Isospin

(Q=jej)

Leptons

eletron e 0.509 MeV/

2

�1 1/2 +1/2

eletron neutrino �

e

<225(95%CL) eV/

2

0 1/2 �1/2

muon � 105.7 MeV/

2

�1 1/2 +1/2

muon neutrino �

�

<0.19(90%CL) MeV/

2

0 1/2 �1/2

tau � 1776.8 MeV/

2

�1 1/2 +1/2

tau neutrino �

�

<18.2(95%CL) MeV/

2

0 1/2 �1/2

Quarks

up u 2:55

+0:75

�1:05

MeV/

2

+2/3 1/2 +1/2

down d 5:04

+0:96

�1:54

MeV/

2

�1/3 1/2 �1/2

harm  1:27

+0:07

�0:11

GeV/

2

+2/3 1/2 +1/2

strange s 104

+26

�34

MeV/

2

�1/3 1/2 �1/2

top t 171:2� 2:1 GeV/

2

+2/3 1/2 +1/2

bottm b 4:20

+0:17

�0:07

GeV/

2

�1/3 1/2 �1/2

Table 1.1: List of the leptons and quarks and its properties in the Standard Model [4℄.

Interation Gauge boson Mass E�etive Range Typial time

(symbol) (GeV/

2

) oupling [m℄ [s℄

Eletromagneti photon () 0 1/137 1 10

�20

Weak W

�

, Z

0

80.4, 91.2 10

�5

10

�16

10

�10

Strong gluon (g) 0 � 1 10

�13

10

�23

Table 1.2: Summry of the fores and gauge bosons in the Standard Model.
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1.1.2 Quantum Eletrodynamis: U(1)

Quantum Eletrodynamis (QED) is relativisti quantum �eld theory of the lassial

eletromagnetism [5℄. QED has the struture of an Abelian gauge theory with a U(1)

gauge group. The gauge �eld, whih mediates the interation between the harged 1/2

spin �elds, is the eletromagneti �eld. An eletron is desribed by a omplex �eld and

the Lagrangian is written as follows,

L = i

�

 

�

�

�

 �m 

�

 : (1.1)

The Lagrangian is invariant under the phase transformation,

 ! e

i�

 ; (1.2)

where � is a real onstant. The family of phase transformations U(�) � e

i�

forms

a unitary Abelian group known as the U(1) group. Using Neother's theorem, this

invariant implies the existene of a onserved urrent and harge,

�

�

j

�

= 0; j

�

= �e

�

 

�

 ; Q =

Z

d

3

xj

0

: (1.3)

In addition, the loal gauge transformation is generalized as

 ! e

i�(x)

 ; (1.4)

where �(x) depends on spae and time in a ompletely arbitrary way. Now, the La-

grangian (1.1) is not invariant under suh phase transformation. Using (1.4),

�

 ! e

�i�(x)

�

 ; (1.5)

the last term of the Lagrangian is invariant, however the term of derivative  is not as

follows,

�

�

 ! e

i�(x)

�

�

 + ie

i�(x)

 �

�

�; (1.6)

and the �

�

� term breaks the invariant of the Lagrangian. To impose invariane of the

Lagrangian under loal gauge transformation, the derivative �

�

is modi�ed as D

�

, the

treatment ovariantly transforms the Lagrangian under the phase transformation,

D

�

 ! e

i�(x)

D

�

 ; (1.7)

D

�

� �

�

� ieA

�

; (1.8)

where a vetor �eld A

�

is introdued to anel the unwanted term in (1.6), and the

vetor �eld transforms as,

A

�

! A

�

+

1

e

�

�

�: (1.9)
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Invariane of the Lagrangian (1.1) under the loal gauge transformation (1.4) is ahieved

by replaing �

�

by D

�

,

L = i

�

 

�

D

�

 �m 

�

 

=

�

 (i

�

�

�

�m) + e

�

 

�

 A

�

: (1.10)

By demanding loal phase invariane, it fores to introdue a vetor �eld A

�

, i.e.

gauge �eld in QED. If the additional �eld is regarded as the physial photon �eld, the

Lagrangian is added a term orresponding to its kineti energy. Sine the kineti term

must be invariant under (1.9), it an only involve the gauge invariant �eld strength

tensor

F

��

= �

�

A

�

� �

�

A

�

: (1.11)

Finally, the Lagrangian of QED is expressed as follows,

L =

�

 (i

�

�

�

�m) + e

�

 

�

 A

�

�

1

4

F

��

F

��

: (1.12)

The addition of a mass term (1=2)m

2

A

�

A

�

is prohibited by gauge invariane. The

gauge partile must be massless and the gauge �eld an propagate to an in�nite range.

1.1.3 Quantum Chromodynamis: SU(3)

C

Quantum Chromodynamis (QCD) is the gauge theory for strong interations [5℄. QCD

is based on the extension of the QED idea, however it has a gauge transformation

invariant under SU(3) group on quark olor �elds. The Lagrangian is written in the

following,

L = �q

j

(i

�

�

�

�m)q

j

; (1.13)

where q

j

(j = 1; 2; 3) denotes the three olor �elds. The Lagrangian (1.13) is to be

invariant under loal phase transformations as follows,

q(x)! Uq(x) � e

i�

a

(x)T

a

q(x); (1.14)

where U is an arbitrary 3� 3 unitary matrix, it has the summation over the repeated

suÆx a. T

a

(a = 1; � � � ; 8) is a set of linearly independent traeless 3� 3 matries, and

�

a

are the group parameters. The group is non-Abelian sine the generators T

a

do not

ommute with eah other,

[T

a

; T

b

℄ = if

ab

T



; (1.15)

where f

ab

are real onstants alled the struture onstants of the group. To impose

SU(3) loal gauge invariane on the Lagrangian (1.13), the in�nitesimal phase trans-

formation is introdued,

q(x)! [1 + i�

a

(x)T

a

℄q(x); (1.16)

�

�

q ! (1 + i�

a

T

a

)�

�

q + iT

a

q�

�

�

a

: (1.17)
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The last term spoils the invariane of Lagrangian. The 8 gauge �eldsG

a

�

are onstruted

by requiring the invariane of the Lagrangian under the loal gauge transformation,

G

a

�

! G

a

�

�

1

g

�

�

�

a

� f

ab

�

b

G



�

; (1.18)

and form a ovariant derivative,

D

�

= �

�

+ igT

a

G

a

�

: (1.19)

The gauge invariant QCD Lagrangian is formed by the replaement �

�

! D

�

in the

Lagrangian (1.13), and adding a gauge invariant kineti energy term for eah of the

G

a

�

�elds,

L = �q(i

�

�

�

�m)q � g(�q

�

T

a

q)G

a

�

�

1

4

G

a

��

G

��

a

; (1.20)

G

a

��

= �

�

G

a

�

� �

�

G

a

�

� gf

ab

G

b

�

G



�

; (1.21)

(1.20) is the Lagrangian for interating olored quarks q and vetor gluons G

�

, with

oupling spei�ed by g. The loal gauge invariane requires the gluons to be massless.

The �eld strength G

a

��

has a remarkable new property as shown in the last term in

(1.21). Imposing the gauge symmetry has required that the kineti energy term in

Lagrangian is not purely kineti but inludes an indued self-interation between the

gauge bosons and reets the fat that gluons themselves arry olor harge.

1.1.4 Eletroweak Theory: SU(2)

L


 U(1)

Y

The eletroweak theory is a gauge theory uni�ed the eletromagneti U(1) and weak

interations SU(2). The weak interation typially ours in � deay in nulei (n !

p+ `+ �

`

) via a W boson whih is weak gauge boson. The weak interation ats only

left-handed fermions, so-alled V �A struture, and based on SU(2) isospin group with

three vetor bosons. The eletroweak theory is suggested by Glashow [6℄, Weinberg [7℄,

and Salam [8℄.

By demanding weak interation, the quark �elds are expressed as follows,

 

L

=

�

q

u

q

d

�

L

;  

R

= q

R

: (1.22)

The left-handed quark �elds an be expressed in doublets, while the right-handed quark

�elds in singlets, where q

u

is up-type quarks (u; ; t), q

d

is down-type quarks (d; s; b),

and q

R

is six quark avours (u; d; ; s; t; b). The lepton �elds are also expressed by,

 

L

=

�

�

`

`

�

�

L

;  

R

= `

R

; (1.23)
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where ` means three lepton avours i.e. e, �, and � . Note that there are no right-

handed neutrino �elds due to satisfying V �A struture in the weak interation. Here,

the free Lagrangian for the lepton and the quark �elds is written in,

L =

X

j=L;R

i

�

 

j



�

�

�

 

j

: (1.24)

The Lagrangian (1.24) is invariant under global transformation,

 

L

! e

i�

a

T

a

+i�Y

 

L

; (1.25)

 

R

! e

i�Y

 

R

; (1.26)

where the parameter Y is hyperharge for U(1)

Y

phase transformation, the T

a

is de�ned

by using Pauli matries as follows,

T

a

=

�

a

2

; �

1

=

�

0 1

1 0

�

; �

2

=

�

0 �i

i 0

�

; �

3

=

�

1 0

0 �1

�

; (1.27)

and it is under SU(2)

L

transformation. The Lagrangian should be invariant under

loal SU(2)

L


 U(1)

Y

gauge transformation,

 

L

! e

i�

a

(x)T

a

+i�(x)Y

 

L

; (1.28)

 

R

! e

i�(x)Y

 

R

: (1.29)

To ahieve the loal gauge invariane in the Lagrangian, the derivative is replaed by

ovariant derivatives,

D

�L

� �

�

+ igT

a

W

a

�

;+i

g

0

2

B

�

Y (1.30)

D

�R

� �

�

+ i

g

0

2

B

�

Y; (1.31)

D

�L

(D

�R

) is for the left(right)-handed fermion �elds, g is the oupling onstant of

SU(2)

L

and g

0

is of U(1)

Y

. The ovariant derivatives have gauge �elds, W

a

�

(a = 1; 2; 3)

for SU(2)

L

, and B

�

for U(1)

Y

. The gauge �elds also transform as,

B

�

! B

�

�

1

g

0

�

�

�; (1.32)

W

�

!W

�

�

1

g

�

�

�� ��W

�

: (1.33)

In addition, the gauge �eld strength tensors are introdued by requiring the loal gauge

invariant,

B

��

� �

�

B

�

� �

�

B

�

; (1.34)

W

a

��

� �

�

W

a

�

� �

�

W

a

�

� g"

ab

W

b

�

W



�

: (1.35)
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Finally, the Lagrangian under loal gauge invariant in eletroweak interation an be

written as,

L =

X

j=L;R

i

�

 

j



�

D

�;j

 

j

�

1

4

W

a

��

W

��

a

�

1

4

B

��

B

��

; (1.36)

Although the weak and eletromagneti interations oexist in the SU(2)

L


 U(1)

Y

gauge symmetry, it desribes no realisti world, beause there are no mass terms for

fermions and weak gauge bosons whih are known that they are massive, and weak

interation only a�ets in short range. However introduing the mass terms suh as

1

2

M

2

W

W

�

W

�

in the Lagrangian breaks the gauge symmetry. The fermion terms also

break due to di�erent transformation between the left-handed and right-handed fermion

�elds,

m

f

�

ff = m

f

(

�

f

R

f

L

+

�

f

L

f

R

); (1.37)

using the left-handed and right handed relation equations,

f

L

=

1

2

(1� 

5

)f; f

R

=

1

2

(1 + 

5

)f: (1.38)

Fortunately, the nature have a solution(mehanism) to be invariant under gauge trans-

formation when the Lagrangian has a mass terms for fermion and weak gauge boson,

so-alled \Spontaneous symmetry breaking".

1.1.5 Spontaneous Symmetry Breaking

To give mass to the gauge bosons and fermions, the eletroweak gauge symmetry are

hidden. Here let us start by introduing the salar real �eld � as simple example, and

its Lagrangian is written by,

L =

1

2

�

�

��

�

�� V (�); (1.39)

V (�) =

1

2

�

2

�

2

+

1

4

��

4

; (1.40)

where � > 0, the Lagrangian is invariant under the symmetry operation: �! ��.

If �

2

> 0, it an be regarded that the Lagrangian desribes a salar �elds with

mass �, the �

4

terms means self-interation with oupling �, and the minimum of the

potential V (�) is,

h0j�j0i � �

0

= 0; (1.41)

as shown in the left side of Figure 1.1. On the other hand, if �

2

< 0, the potential

V (�) has a minimum when,

�V

��

= �

2

�+ ��

3

= 0; (1.42)

h0j�

2

j0i � �

2

0

= �

�

2

�

� v

2

; (1.43)
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as shown in the right side of Figure 1.1. The value v =

p

�

2

=� is alled \vauum

expetation value" of the salar �eld �. Here the �eld � is expanded around the

minimum value v with the quantum utuation �,

� = v + �: (1.44)

From this, the Lagrangian (1.40) beomes

L =

1

2

�

�

��

�

� � �v

2

�

2

� �v�

3

�

1

4

�

4

+ onst; (1.45)

where a salar �eld � with mass m

�

=

p

�2�

2

appears in the Lagrangian (1.45),

and there are self-interation terms �

3

and �

4

, in partiular, the ubi term breaks

the symmetry in the Lagrangian without external operation, it is alled \Spontaneous

Symmetry Breaking (SSB)". Next step, let us introdue the SSB to eletroweak sym-

metry to get the true world piture, that is, the weak bosons and the fermions are

massive.

φ

)φ(V

 > 02µ

0

φ

)φ(V

 < 02µ

0

+v-v

Figure 1.1: The potential V (�) of the salar �eld � in the ase �

2

> 0 (left) and �

2

< 0

(right).

1.1.6 Higgs Mehanism

As desribed in x1.1.4, however the Lagrangian (1.36) is invariant under loal gauge

invariant, the Lagrangian desribes the no real world piture beause the weak gauge

bosons and fermions have no mass in the Lagrangian. But the Lagrangian is broken

by inluding the mass terms. Now, let us show that the Lagrangian beomes the real
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world Lagrangian by using the symmetry breaking [9, 10, 11℄. By introduing omplex

salar doublet,

� =

�

�

+

�

0

�

=

1

p

2

�

�

1

+ i�

2

�

3

+ i�

4

�

; Y

�

= +1; (1.46)

where the hyperharge is 1 for the salar �elds, the Lagrangian an be written by

L = (�

�

�)

y

(�

�

�)� �

2

�

y

�� �(�

y

�)

2

: (1.47)

In this ase, if �

2

< 0, the vauum expetation value and the salar �eld after the

symmetry breaking with the real salar �eld h beome as follows,

�

y

� =

�

2

1

+ �

2

2

+ �

2

3

+ �

2

4

2

=

��

2

2�

�

v

2

2

; (1.48)

� =

1

p

2

�

0

v + h

�

; (1.49)

where the salar �elds are hosen as �

1

= �

2

= �

4

= 0, and �

3

= v. Let us expand the

�rst term of the Lagrangian (1.47), i.e. the kinematial terms,

jD

�

�j

2

=

�

�

�

�

�

�

�

� igT

a

W

a

�

+ i

g

0

2

B

�

�

�

�

�

�

�

2

=

1

2

(�

�

h)

2

+

g

2

v

2

4

�

�

�

�

W

1

�

+ iW

2

�

2

�

�

�

�

2

+

v

2

8

jgW

3

�

� g

0

B

�

j

2

+ interation terms

(1.50)

where the derivative is replaed to ovariant derivative (1.31), and de�ne the �eld W

�

�

,

Z

�

and A

�

written as follows,

W

�

�

=

1

p

2

(W

1

�

� iW

2

�

); (1.51)

Z

�

=W

3

�

os �

W

� B

�

sin �

W

; (1.52)

A

�

=W

3

�

sin �

W

+B

�

os �

W

; (1.53)

where weak mixing angle �

W

is de�ned as g

0

= g tan �

W

, the A

�

�eld is the orthogonal

�eld to the Z

�

�eld, and the masses of �elds an be expressed as respetively,

M

W

=

1

2

vg; M

Z

=

1

2

v

p

g

2

+ g

02

; M

A

= 0: (1.54)

Note that the W

�

and the Z

�

�elds beome massive, while the A

�

�eld is still massless,

that is, the weak gauge bosons an have desirable mass by introduing the SSB, in

partiular, it is alled \Higgs Mehanism\. By using the weak mixing angle �

W

, the

W

�

�eld is related to Z

�

�eld as follows,

M

W

=M

Z

os �

W

: (1.55)



1.1. THE STANDARD MODEL 11

The fermion �elds should be massive to ahieve the true world in the eletroweak

Lagrangian. The Higgs mehanism also gives a mass to the fermions under the loal

gauge invariant. The Lagrangian with fermion �elds is written by,

L

Y ukawa

= �G

f

�

 

L

� 

R

�G

f

�

 

R

�

y

 

L

; (1.56)

where G

f

is arbitrary onstant for eah fermion. First, the lepton setor Lagrangian

beomes,

L

lepton

= �G

`

�

(��

`

;

�

`)

L

�

 

+

 

0

�

`

R

+

�

`

R

( 

�

;

�

 

0

)

�

�

`

`

�

L

�

= �

G

`

p

2

v(

�

`

L

`

R

+

�

`

R

`

L

)�

G

`

p

2

(

�

`

L

`

R

+

�

`

R

`

L

)h

= �m

`

�

``�

m

`

v

�

``h; (1.57)

using (1.38) and m

`

= G

`

v=

p

2 is de�ned as the lepton mass. The lepton setor

Lagrangian (1.57) then keeps the gauge symmetry under the loal transformation. Let

us show that the quark setor Lagrangian also beomes the invariant. In the quark

setor, the new higgs doublet must be introdued by using � to give the the up-type

quark mass,

�



= i�

2

� =

�

�

�

�

0

�

�

�

; (1.58)

the higgs doublet is hosen the following after the symmetry breaking,

�



=

1

p

2

�

v + h

0

�

: (1.59)

The quark setor Lagrangian is formed by

L

quark

= �G

d

(�u;

�

d)

L

�

 

+

 

0

�

d

R

�G

u

(�u;

�

d)

L

�

�

�

 

0

 

�

�

u

R

+ h::

= �m

d

�

dd�m

u

�uu�

m

d

v

�

ddh�

m

u

v

�uuh; (1.60)

where the down-type and the up-type quark masses are de�ned as m

d

= G

d

v=

p

2 and

m

u

= G

u

v=

p

2 respetively. The quark setor Lagrangian also preserves the gauge

invariant after the symmetry breaking.

The Higgs Mehanism gives us the eletroweak Lagrangian with relevant �eld mass

terms under the gauge symmetry. However the fermions masses are not predited in

the Lagrangian beause of general fermion oupling G

f

's are arbitrary onstant, and

the Higgs mass and its potential struture are also unknown. They need to be revealed

by a experiment.
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1.1.7 Two Higgs Doublet Model

In the previous setion, the minimal SM higgs is onsidered, however the salar �eld

doublet an be introdued as two, and more doublets to break the eletroweak symme-

try. Then, Let us introdue the two omplex doublet salar �elds �

1

and �

2

so-alled

\Two Higgs Doublet Model (2HDM)",

�

1

=

�

�

+

1

�

0

1

�

; �

2

=

�

�

+

2

�

0

2

�

; (1.61)

The 2HDM have mainly two senarios, named \Type-I" and \Type-II", respetively.

In the \Type-I", the salar �elds �

1

do not ouple to any quarks and leptons, while the

other salar �elds �

2

ouple to them. In the \Type-II", the �rst salar �elds �

1

ouple

only to down-type quarks and leptons, while the seond salar �elds �

2

ouple only to

up-type quarks. In this thesis, the Type-I senario is notied [13, 14℄.

First, let us start to introdue the most general potential written as,

V (�

1

; �

2

) =�

1

(�

y

1

�

1

� v

2

1

)

2

+ �

2

(�

y

2

�

2

� v

2

2

)

2

+ �

3

h

(�

y

1

�

1

� v

2

1

) + (�

y

2

�

2

� v

2

2

)

i

2

+ �

4

h

(�

y

1

�

1

)(�

y

2

�

2

)� (�

y

1

�

2

)(�

y

2

�

1

)

i

+ �

5

h

Re(�

y

1

�

2

)� v

1

v

2

os �

i

2

+ �

6

h

Im(�

y

1

�

2

)� v

1

v

2

sin �

i

2

+ �

7

h

Re(�

y

1

�

2

)� v

1

v

2

os �

i h

Im(�

y

1

�

2

)� v

1

v

2

sin �

i

(1.62)

where �

i

are real parameters, and the potential has a disrete symmetry, �

1

! ��

1

,

only broken softly. The last term with �

7

an be eliminated by de�ning the phases of

the salar �elds or demanding the CP-onservation whih is assumed in this setion.

The vauum expetation values for the two salar �elds after symmetry breaking

are formed as follows,

h�

1

i =

�

0

v

1

�

; h�

2

i =

�

0

v

2

�

; (1.63)

where v

1;2

are real, in addition, the vauum expetation values are de�ned by,

tan� �

v

2

v

1

; v

2

� v

2

1

+ v

2

2

=

2m

2

W

g

2

= (173 GeV)

2

; (1.64)

as disussed below, the parameter � serves as key role in the model. In this model,

there are �ve Higgs boson (h

0

; H

0

; A

0

; and H

�

) and three Goldstone bosons (G

0

and

G

�

) whih give a mass to weak bosons. The harged Goldstone boson G

�

is orthogonal

to the harged Higgs boson H

�

, and the harged setor are expressed by,

G

�

= �

�

1

os � + �

�

2

sin �; (1.65)

H

�

= ��

�

1

sin� + �

�

2

os �: (1.66)
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By demanding the CP-onservation, the imaginary parts and the real parts of the

neutral salar �elds deouple. The neutral Goldstone boson is orthogonal to the one

of the neutral higgs bosons, the imaginary setor (CP-odd) are obtained as,

G

0

=

p

2

�

Im(�

0

1

)os � + Im(�

0

2

)sin �

�

; (1.67)

A

0

=

p

2

�

�Im(�

0

1

)sin � + Im(�

0

2

)os �

�

; (1.68)

while the real setor (CP-even) are expressed by as follows,

H

0

=

p

2

�

(Re(�

0

1

)� v

1

)os�+ (Re(�

0

2

)� v

2

)sin�

�

; (1.69)

h

0

=

p

2

�

�(Re(�

0

1

)� v

1

)sin� + (Re(�

0

2

)� v

2

)os�

�

; (1.70)

where the neutral higgs salars are related with the mixing angle � whih is de�ned as,

sin 2� =

2M

12

p

(M

11

�M

22

)

2

+ 4M

2

12

; (1.71)

os 2� =

M

11

�M

22

p

(M

11

�M

22

)

2

+ 4M

2

12

; (1.72)

then, the salar masses an be obtained by diagonalizing the Higgs boson matrix,

M

2

ij

=

�

2

V

��

i

��

j

, the Higgs masses are respetively written as,

M

2

H

0

;h

0

=

1

2

�

M

11

+M

22

�

q

(M

11

�M

22

)

2

+ 4M

2

12

�

; (1.73)

M

2

H

�

= �

4

(v

2

1

+ v

2

2

); M

2

A

0

= �

6

(v

2

1

+ v

2

2

); (1.74)

where using the mass matries de�ned as follows,

M =

�

M

11

M

12

M

12

M

22

�

=

�

4v

2

1

(�

1

+ �

3

) + v

2

2

�

5

(4�

3

+ �

5

)v

1

v

2

(4�

3

+ �

5

)v

1

v

2

4v

2

2

(�

2

+ �

3

) + v

2

1

�

5

�

: (1.75)

The neutral Higgs boson ouplings relate to the vauum expetation value ratio � and

the mixing angle �, the oupling an be repressed by,

g

h

0

V V

g

�

0

V V

= sin(� � �);

g

H

0

V V

g

�

0

V V

= os(� � �); (1.76)

where �

0

is minimal SM Higgs boson, and V = W

�

; Z. Note that the remaining neutral

Higgs boson A

0

ouples to no gauge boson.

Next, let us show the Higgs-fermion interation in the Type-I. The interation is

formed as,

L

fermion

=�

g

2M

W

sin�

�

DM

D

D(H

0

sin�+ h

0

os�)�

igot�

2M

W

�

DM

D



5

DA

0

�

g

2M

W

sin�

�

UM

U

U(H

0

sin� + h

0

os�) +

igot�

2M

W

�

UM

U



5

UA

0

+

got�

2

p

2M

W

(

�

U [M

U

K(1� 

5

)�KM

D

(1 + 

5

)℄DH

+

+ h::) + leptoni setor:

(1.77)
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where M

U

and M

D

are diagonal quark matries, K is Kobayashi-Maskawa mixing

matrix. The Higgs-lepton ouplings an be expressed by replaing U , D and the quark

mass matries with the orresponding lepton �elds and lepton matries and setting

K = 1. The neutral Higgs boson ouplings to gauge bosons and fermions are shown in

Table 1.3. In partiular, the \fermiophobi Higgs (h

F

)" appears in the 2HDM Type-I

by setting the mixing angle,

� =

�

2

; (1.78)

as seen in (1.77), so-alled \fermiophobia". The \fermiophobi Higgs" beomes only

oupling to the bosons.

� H

0

h

0

A

0

g

�V V

os(� � �) sin(� � �) 0

g

��uu

sin�

sin�

os�

sin �

ot �

g

�

�

dd

sin�

sin�

os�

sin �

ot �

g

��ee

sin�

sin�

os�

sin �

ot �

Table 1.3: The neutral Higgs boson ouplings to gauge bosons (V = W

�

; Z) and

fermions in 2HDM Type-I.

1.2 Prodution of The Higgs Boson at Tevatron

As mentioned before, the SM Higgs boson is that partile give a mass to any partiles

exept for weak gauge boson photon and neutrinos, that is, the higgs boson ouples

to the massive partiles with its prodution and deay. The strength of the proess

depend on higgs mass and relevant partile masses.

The main prodution mehanisms for the SM Higgs at hadron ollider uses oupling

to the heavy partiles, i.e. W , Z bosons, and top quark. There are 4 dominant SM

Higgs boson prodution modes in the Tevatron, the gluon-gluon fusion prodution, the

assoiated prodution with the weak boson, the vetor boson fusion (VBF) prodution,

and the assoiated prodution with top quark, as shown in Figure 1.2. However there

are also several mehanisms for the pair Higgs boson prodution, the mehanism is not

useful prodution in the Tevatron beause the prodution ross-setion will extremely

beome small by the additional oupling.

In this setion, the prodution mehanisms are desribed, and also its ross-setions

in the Tevatron are mentioned whih are taken QCD orretion on NLO into a-

ount [15, 16℄.
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Figure 1.2: Feynman diagrams for the Higgs boson prodution mehanism (from left to

right: the gluon-gluon fusion, the assoiated prodution with vetor boson, the vetor

boson fusion, and the assoiated prodution with heavy quarks).

1.2.1 The gluon-gluon Fusion Prodution

The Higgs boson prodution in the gluon-gluon fusion mehanism is mediated by tri-

angular loop of the heavy quarks, in the SM, the top quarks mostly ontribute the

proess, while the bottom quark loop is also non-negligible ontribution. In the single

Higgs prodution, the two loop QCD radiative orretions enhane the ross-setion

60-100%. The prodution proess is the largest ross-setion in the Tevatron, as shown

in Figure 1.3, 1.0-0.2 pb from 100 to 200 GeV/

2

.

1.2.2 The Assoiated Prodution with Vetor Boson

The assoiated prodution proess goes on with q�q annihilation into a virtual vetor

boson V

�

, and then, do the \Higgs-strahlung". The QCD orretions inreases the

ross-setion 30%. The ross-setion for a virtual W

�

proess, q�q ! Wh, is roughly a

fator of two higher than for a virtual Z ones, as shown in Figure 1.3. The ross-setion

for Wh mehanism is 0.3-0.02 pb from 100 to 200 GeV/

2

, and for Zh, 0.2-0.01 pb.

The prodution mehanism is most promising disovery ones for M

h

< 130 GeV/

2

.

1.2.3 The Vetor Boson Fusion Prodution

The vetor boson fusion mehanism is that the quark and anti-quark both radiate

virtual bosons, and then the bosons annihilate to produe the Higgs boson. The QCD

orretions enhane the ross-setion by about 10%. The ross-setion is 0.1-0.02 pb

from 100 to 200 GeV/

2

. In this prodution proess, there are two forward jets, it an

somewhat suppress the QCD bakgrounds by using the distint kinematis.

1.2.4 The Assoiated Prodution with Heavy Quarks

The prodution proess where Higgs is produed assoiation with heavy quark pairs

with the �nal state quarks being either the top or the bottom quark. At tree-level, it
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originates from q�q annihilation into heavy quarks with the Higgs boson emitted from

the quarks lines whih is the mains soure at the Tevatron. Figure 1.3 shows of the

top quark pairs, the QCD orretions are taken the limit of M

h

�M

t

into aount.

Figure 1.3: Prodution ross-setion of the SM Higgs boson in several proesses at the

Tevatron.

1.3 Deay of The Higgs Boson at Tevatron

In the deay proess, the Higgs boson has the tendeny to deay into the heaviest

partiles allowed by phase spae, beause the Higgs ouplings to gauge bosons and

fermions are proportional to the masses of the partiles.

The branhing frations for the dominant deay modes of the Higgs boson are

varied by the Higgs-self mass. In the Tevatron, the Higgs hunters hose the best set

of the Higgs deay mode and prodution mehanism as mentioned previous setion to

maximally get the disovery hane.

In this below setion, the several deay modes are disussed, whih are used in the

Higgs searh at the Tevatron. Figure 1.4 shows the branhing fration of the dominant

deay modes of the minimal Standard Model Higgs boson and the fermiophobi Higgs

in 2HDM Type-I.
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1.3.1 h! f

�

f Mode

The deay mode h! b

�

b dominates for the minimal SM Higgs boson below about 130

GeV/

2

. The b

�

b deay mode is ubiquitous employed in the Higgs searh at the Tevatron,

in partiular, in the assoiated prodution with vetor boson hannel, beause there

are distintive signatures in the �nal state, i.e. leptons plus two-bjets, whih lead to

not too large bakgrounds, and the valid feature an reonstruts the b

�

b invariant mass

peak using avour tagging (b-tagging) to rejet the bakground suh as Wb

�

b and t

�

t

prodution event. The deay mode h! �� also is somewhat valid with respet to its

high branhing fration for low mass minimal SM Higgs boson if enough luminosity is

available, however needs a signi�ant improvement of � identi�ation.

1.3.2 h!WW

(�)

Mode

The deay mode has one of the most promising detetion and the potential disovery

�nal state `

+

�`

�

� for the minimal SM Higgs boson M

h

> 135 GeV/

2

ombination

using gluon-gluon fusion prodution in the Tevatron. The dominant bakground soure

is WW and t

�

t prodution. The deay proess in the latter involves t ! bW , i.e.

beome 2-lepton plus 2-bjets �nal state, although 2-bjets non-requirement an greatly

removes the bakground. The former an be removed by using the harateristi spin-

orrelations in the Higgs hannel. With assoiated prodution with vetor boson,

the deay mode will be signi�ane detetion hannel using like-sign dilepton event

in the �nal state, whih exellently remove the QCD and eletroweak bakgrounds.

The ombination hannel are employed in this thesis, and also useful to searh for

the fermiophobi Higgs from its low mass region due to its feature, as shown in the

right-hand side of Figure 1.4.

1.3.3 h!  Mode

Although the two photon deay mode is extremely rare for the minimal SM Higgs

boson at the Tevatron, for low mass fermiophobi Higgs will be useful, whih will be

dominant mode, as shown in Figure 1.4. And the mode give a narrow mass peak whih

an e�etively rejet the bakgrounds.

1.4 Higgs Boson Mass Constraints

As mentioned before, the Higgs boson mass are not given in the SM framework while

predited the existene of the Higgs boson. However the Higgs boson mass an be on-

straint by taking into aount adaptive limit for perturbation theory. In additional, the

passed experiment results have onstrained the Higgs boson mass. In this setion, the

onstraints on the Higgs boson mass are disussed in both theoretial and experimental

point of view.
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Figure 1.4: The branhing fration on the minimal SM Higgs boson (left-side) and the

Fermiophobi Higgs boson in 2HDM Type-I (right-side).

1.4.1 Theoretial Higgs Boson Mass Constraints

The Higgs mass and its oupling depend on the onsidered energy beause of quan-

tum (radiative) orretions. The Higgs mass an be limited by taking into aount

the energy sale from upper side (triviality bound) and lower side (vauum stability

bound) where the SM is valid within perturbation theory. In this setion, let us see

the theoretial onstraint of the Higgs boson mass. Figure 1.7 shows the upper bound

and the lower bound on the Higgs boson mass as a funtion of the energy sale �



.

Triviality Bound

First, let us take the one-loop radiative orretion to the Higgs boson quarti oupling

for the ontributions to the Higgs boson. The Feynman diagrams for the tree-level

and the one-loop orretions to the Higgs boson self-oupling are shown in Figure 1.5.

The variation of the quarti Higgs oupling with the energy sale Q is desribed by the

Renormalization Group Equation (RGE),

d�(Q

2

)

dQ

2

=

3

4�

2

�

2

(Q

2

) + higher order: (1.79)

The solution of the equation by seleting a energy point to be the eletroweak symmetry

breaking sale Q

0

= v an be written by,

�(Q

2

) = �(v

2

)

�

1�

3

4�

2

�(v

2

) log

Q

2

v

2

�

�1

: (1.80)

The quarti ouplings varies logarithmially with the squared energy Q

2

. From (1.80),

if the energy is muh smaller than the eletroweak breaking sale, Q

2

� v

2

, the quarti

oupling beomes extremely small and eventually vanishes, i.e. the theory is trivially
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non-interating, �(Q

0

) � 0. While when the energy is muh higher than eletroweak

sale, Q

2

� v

2

, the quarti oupling grows and eventually beomes in�nite �(Q

2

)� 1

whih is alled Landau Pole, i.e. the oupling beomes in�nite at the energy,

�



= v exp

�

4�

2

v

2

M

2

h

�

: (1.81)

The energy point �



is orresponding to the Higgs mass upper limit to avoid the Landau

pole as seen in (1.81). For instane, if the energy �



� 10

16

, the Higgs boson mass

need to be light, M

h

< 200 GeV/

2

, while when the energy �



� 10

3

, the Higgs boson

mass is allowed to be the order of 1 TeV/

2

.

Figure 1.5: Feynman diagrams for the tree-level and one-loop Higgs self-oupling.

Stability Bound

Next, the Higgs boson oupling needs to also inlude the ontribution from fermion

and gauge bosons. In this ase, only the ontribution of top quark and massive gauge

bosons are taken into aount beause the Higgs boson oupling are proportional to

the partile masses. The Feynman diagrams for the top quark and gauge boson ontri-

bution are shown in Figure 1.6. The one-loop RGE for the quarti oupling inluding

the additional ontribution an be obtained by,

d�

d logQ
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; (1.82)

where the top quark Yukawa oupling is �

t

=

p

2m

t

=v. The solution taking the ele-

troweak breaking sale same as the ase of Higgs self-oupling,
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If the oupling � is too small, the top quark ontribution an be dominant and ould

result a negative value �(Q

2

) < 0 whih is eventually leading to a salar potential

V (Q

2

) < V (v), and it an say that the vauum is stable sine it has no minimum.

From the stability perspetive, that is, to keep �(Q

2

) > 0, the Higgs boson mass need

to be larger than a value as written in the following,
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The lower onstraint on Higgs boson mass depends on the value of the energy sale �



,

if the value �



� 10

3

, the Higgs boson mass should be larger than 70 GeV/

2

, and if

�



� 10

16

, the Higgs boson mass is larger than 130 GeV/

2

.

Figure 1.6: Feynman diagrams for the one-loop ontribution of fermion and gauge

boson to the Higgs oupling �.

Figure 1.7: The triviality (upper) bound and the vauum stability (lower) bound on the

Higgs boson mass as a funtion of the ut-o� sale � for a top quark massM

t

= 175�6

GeV/

2

and �

s

(M

Z

) = 0:118� 0:002.

1.4.2 Experimental Higgs Boson Mass Constraints

The Higgs searhes have performed and are going on with the various experiments in

the whole world. The experiments results give us the onstraint of the Higgs mass,

diretly and indiretly. The letter onstraints are set by using preision eletroweak

measurements taking top quark and Higgs boson radiative orretion into aount. The
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four LEP ollaborations performed the Higgs diret searhes at LEP1 and LEP2 from

1989 to 2000. The ollaborations reported the ombined lower limits on the mass of

SM Higgs boson, also set the lower limit on the mass of the fermiophobi Higgs boson.

In this setion, The experimental Higgs mass onstraints are disussed.

The Eletroweak Preision Measurements

The eletroweak parameters, the vetor boson and top quark mass and its width,

forward-bakward asymmetry, and so on, are preisely measured by various experi-

ments (ALEPH, DELPHI, L3, OPAL, SLD, CDF, D� and NuTeV) in the world. The

preision eletroweak results have the sensitivity to the masses of the top and the Higgs

boson through radiative (loop) orretions as shown in Figure 1.8. The parameter in-

diating the relation of the W boson and the Z boson mass with weak mixing angle at

one loop is,

� =

M

2

W

M

2

Z

(1� sin

2

�

W

)

� 1 + �r; (1.85)

and a radiative orretion are written by,
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whih is quadrati in the top quark mass, while the dependene on the mass of the

Higgs boson is only logarithmi, therefore the top quark mass, espeially if large, is the

dominant parameter in the orretion to eletroweak proesses [17℄.

The eletroweak preision measurements allow the onstraint on the SM Higgs bo-

son mass [18℄. The Figure 1.9 shows the ��

2

of the �t to all eletroweak measurements

as a funtion of SM Higgs Mass. From the �tting, the onstraint SM Higgs mass with

the experiment unertainties are obtained as,

M

h

= 84

+34

�26

GeV=

2

; (1.87)

the shaded band represents the unertainty due to unalulated higher-order orre-

tions. And the 95% one-sided on�dene level upper limits on the SM Higgs mass

is,

M

h

< 154 GeV=

2

; (1.88)

when the 95% on�dene level lower limits on the SM Higgs mass 114.4 GeV/

2

from

diret searhes as disussed in the following setion is inluded, the upper limit inreases

to 185 GeV/

2

.
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Figure 1.8: Radiative loop orretion for eletroweak proesses.
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Figure 1.9: The ��

2

of the �t to the eletroweak preision data as a funtion of SM

Higgs mass. The solid line results by inluding all data, and the blue band is the

estimated theoretial error from missing higher-order orretions.

The SM Higgs Boson Searhes at LEP

The four LEP ollaborations, ALEPH, DELPHI, L3, and OPAL set a lower bound

of the SM Higgs bosons at 95% on�dene level using the ombined result [19℄. The

LEP ollaborations have olleted a total of 2461 pb

�1

of e

+

e

�

ollision data at

p

s =

189� 209 GeV whih are used to searh for the SM Higgs boson. The four results are

ombined and examined in a likelihood test for their onsisteny with two hypotheses,

the bakground hypothesis and the signal plus bakground hypothesis.

The SM Higgs boson is expeted to be produed mainly in assoiation with Z

as e

+

e

�

! Zh, and the SM Higgs boson is expeted to deay mainly into b

�

b pairs.

The target �nal state are the 4-jets event (Zh ! q�qb

�

b), the missing energy event
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(Zh ! ���b

�

b), the leptoni event (Zh ! `

+

`

�

b

�

b, ` = e; �), and the tau lepton event

(Zh! �

+

�

�

b

�

b).

The ratio CL

s

= CL

s+b

=CL

b

is used to drive a lower bound on the SM Higgs boson

mass, where CL

s+b

means the ompatibility for the observation and signal + bak-

ground hypothesis, and CL

b

is the ompatibility for the observation and bakground

hypothesis. Using The quantity for setting exlusion limits by taken a mass hypothesis

into aount to be exluded at the 95% on�dene level if the orresponding value of

CL

s

is less than 0.05. The ombined the �nal results from the four LEP experiments

is a lower bound of 114.4 GeV/

2

on the mass of the SM Higgs boson at the 95%

on�dene level as shown in Figure 1.10.

The Fermiophobi Higgs Boson Searhes at LEP

The LEP ollaborations also set a lower bound on the \benhmark" fermiophobi Higgs

boson at the 95% on�dene level assuming Standard Model prodution rates [20℄. The

four experiments searhed for hadroni, leptoni, and missing energy deay mode of

the assoiated Z boson in the prodution Zh

0

with h

0

! . For the ombined data

from the four experiments, the 95% on�dene level lower mass limit for a benhmark

fermiophobi Higgs boson is set at 109.7 GeV/

2

. Figure 1.11 shows the ombined

upper limit on B(h

0

!)� �(e

+

e

�

!h

0

Z)=�(SM) at 95% on�dene level.
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line orrespond to the 68% and 95% probability bands, respetively.
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1.5 Higgs Boson Searhes at Tevatron

The two Tevatron ollaboration, CDF and D�, are performing not the SM Higgs boson

searhes but also the extended SM Higgs and the MSSM Higgs searhes. At the present

day, the Tevatron are already here that give us the new knowledge for the SM Higgs

bosons for the �rst times in 5 years from the LEP result. In this setion, let us disuss

the performing SM Higgs searhes and also fermiophobi searhes at two Tevatron

ollaborations.

The SM Higgs Boson Searhes

The CDF and the D� ollaborations are searhing the SM Higgs boson by looking

at several Higgs prodution and deay modes as desribed x1.2 and x1.3 with too

e�orts. The CDF experiment searhes the SM Higgs Boson under mainly six hannels

[21, 22, 23, 24, 25, 26℄, the four of them are sensitive to low mass SM Higgs (M

h

< 135

GeV/

2

) beause of the looking for H ! b

�

b and �

+

�

�

deay mode (WH ! `�b

�

b,

ZH ! ``b

�

b, V H ! ���b

�

b, and H ! �

+

�

�

), while the remaining two hannels are

sensitive to the high mass SM Higgs (M

h

> 135 GeV/

2

) beause of the looking for

H ! WW (gg ! H ! WW ! `

�

�`

�

� and WH ! WWW ! `

�

�`

�

� that is this

study hannel), they ontribute to the ombined Tevatron (CDF and D�) upper limits

on the SM Higgs boson prodution. The latest result (2009 winter) will show in x8.
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Also the several SM Higgs searh hannels (total 6 hannels [27, 28, 29, 30, 31, 32℄)

in the D� experiment ontribute to the Tevatron limits, in this ase, inluded hannel

H !  instead of H ! �

+

�

�

hannel. It is neessary to emphasize that the Tevatron

ombined result using 2.0-3.0 fb

�1

, at 2008 Summer, exluded the SM Higgs mass 170

GeV/

2

at 95% on�dene level. Figure 1.12 shows the Tevatron ombined upper limit

on the ratios to the SM Higgs boson prodution in the high Higgs mass region [33℄.

The Fermiophobi Higgs Boson Searhes

The Tevatron experiments, CDF and D� also searh for the fermiophobi Higgs boson.

In 1st period run, so-alled Run-I, the CDF ollaboration set a lower mass limit by

looking at di-photon events (h

f

! ) at

p

s = 1:8 TeV with 100 pb

�1

data [34℄. The

Higgs boson prodution onsiders the assoiated prodution withW and Z boson. The

lower limit on the mass of the fermiophobi Higgs is 82 GeV/

2

at 95% on�dene level.

The D� ollaboration also reported the lower limit on the mass at Run-I [35℄. The limit

are set by using the assoiated prodution with vetor boson and vetor boson fusion

prodution and looking at di-photon plus 2-jets �nal state (h

f

! , Z=W ! jj). The

D� ollaboration set the lower limits on the fermiophobi Higgs mass of 85 GeV/

2

at 95% on�dene level. Now, in the Run-II, the CDF and the D� ollaborations are

also searhing for the fermiophobi Higgs boson by using several the Higgs prodution

and deay modes, for instane di-photon hannel [36℄ and 3 or 4-photons hannel [37℄,

and also Wh!WWW hannel as disussed this thesis has disovery potential.
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26 CHAPTER 1. INTRODUCTION



Chapter 2

Experimental Apparatus

The Tevatron Collider represents the high energy frontier aelerator in partile physis.

The Tevatron is loated at Fermilab in Batavia, Illinois USA. It is urrently providing

highest energy proton-antiproton with a enter-of-mass energy of

p

s = 1.96 TeV. The

ollisions our at two points in Tevatron ring whih has a radius of about 1km. The

ollision points are instrumented with a detetor in eah whih alled The Collider

Detetor at Fermilab (CDF II) and D�. This study uses data olleted with the

CDF II. The CDF II is a general purpose solenoidal detetor whih ombines preision

harged partile traking, sintillator based alorimetry, and muon detetion hambers

and sintillators. This hapter desribes the beam prodution and aeleration system,

and the CDF II detetor design.

2.1 The Aelerator Complex

The Tevatron is the last in a hain of aelerators that gradually inrease the energy

of protons and antiprotons. The protons are abundant and readily in nature, while

antiprotons must be produed and stored. In addition, a single aelerator annot

bring partiles from rest to very high energies beause no magnets have the dynami

range neessary. Consideration of these requirements led to the design of a hain of

aelerators at Fermilab. Figure 2.1 shows a diagram and aerial photograph of the

Fermilab aelerator hain.

2.1.1 Proton Prodution and Boosting

The Cokroft-Walton pre-aelerator provides the �rst stage of aeleration. The

aelerator ionizes the hydrogen gas to H

+

ions, whih are aelerated to 750 keV of

kineti energy.

The ionized hydrogen gases (H

+

) enter a liner aelerator (Lina), approximately

150m long, and the ions are aelerated to 400 MeV. The aeleration in the Lina is

done by a series of \kiks" from Radio Frequeny (RF) avities.

27
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Figure 2.1: A diagram (left) and aerial photograph (right) of the Fermilab aelerator

hain.

The H

+

ions with 400 MeV are injeted into the Booster. The Booster is a irular

synhrotron, approximately 150m in diameter. A arbon foil strips the eletrons from

the H

+

ions, leaving behind protons. The intensity of the protons beam is inreased

by injeting new protons into the same orbits as the irulating ones. The protons are

aelerated from 400 MeV to 8 GeV with a series of magnets arranged around a 75m

radius irle, with 18 RF avities interspersed.

2.1.2 Main Injetor

The Main Injetor (MI) is a irular synhrotron seven times the irumferene of the

Booster and slightly more than half the irumferene of the Tevatron. Main Injetor

has 18 aelerating avities. It an aelerate 8 GeV protons from the Booster to either

120 GeV or 150 GeV, depending on their destination. When used to stak antiprotons,

the �nal energy is 120 GeV. When used to injet into the Tevatron, the �nal beam

energy is 150 GeV. As well as aepting protons from Booster, the Main Injetor an

aept antiprotons from the Antiproton Soure. The Main Injetor an aelerate beam

as fast as every 2.2 seonds.

2.1.3 Antiproton Soure

In order to produe antiprotons, the protons with 120 GeV are extrated from the

MI and strike a nikel target at the Antiproton soure. These high-energy protons

striking the target produe a spray of all sorts of seondary partiles. Using magnets

to hoose whih momentum and harge we an ollet 8 GeV antiprotons from this

spray. Approximately one antiproton is produed per 10

5

protons. These antiprotons

are direted into the Debunher.
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The Debunher is a rounded triangular-shaped synhrotron with a mean radius

of 90m. It an aept 8 GeV antiprotons from the target station, and maintain the

beam at a energy of 8 GeV. Its primary purpose is to eÆiently apture the high

momentum spread antiprotons oming from the target using a RF manipulation alled

bunh rotation whih redue the antiproton momentum spread. The redution is done

to improve the Debunher to Aumulator transfer beause of the limited momentum

aperture of the Aumulator at injetion.

The Aumulator is also triangular-shaped synhrotron and is mounted in the same

tunnel as the Debunher. It is the storage ring for antiprotons, all of the antiprotons

made are stored here at 8 GeV and ooled until need.

2.1.4 Reyler

The Reyler is an antiproton storage ring installed in the same tunnel as the MI. The

proposed purpose of the Reyler was to reyle the antiproton from a Tevatron store,

ooling them and storing them alongside those sent from the Antiproton Soure. This

was abandoned after early problems in RunII. The Reyler now aepts transfers only

from the Antiproton Soure and ools them further than the antiprotons Aumulator

is apable. The Reyler uses both a stohasti ooling system and an eletron ooling

system. Stohasti ooling is used to ool the beam in Reyler, but loses its e�etive-

ness with higher intensities. One above 2� 10

12

antiprotons in the Reyler, Eletron

ooling is required. Eletron ooling works on the priniple of momentum transfer

between eletrons and antiprotons, a highly onentrated, ool beam of eletrons is

driven at the same energy as the antiprotons and laid overtop of the antiprotons. The

resulting glaning ollisions between eletrons and antiprotons transfer some of the mo-

mentum from the \hot" antiprotons to the \ool" eletrons. With enough eletrons,

a substantial longitudinal ooling fore is produed by absorbing momenta from the

antiprotons allowing for more ompat, brighter bunhes to send to the Tevatron.

2.1.5 Tevatron

The Tevatron is the largest of the Fermilab aelerators, with a irumferene of ap-

proximately 6km long. It is a irular synhrotron with eight aelerating avities. The

Tevatron an aept both protons and antiprotons from MI and aelerate them from

150 GeV to 980 GeV. In Collider mode, the Tevatron an store beam for hours at a time.

Beause the Tevatron is a primarily storage ring, the length of time between aeler-

ation yles is widely variable. The Tevatron is the ryogenially ooled aelerator.

The magnets used in the Tevatron are made up of a superonduting niobium/titanium

alloy that needs to be kept extremely old (�4 K) to remain a superondutor. The

bene�t of having superonduting magnets is the inreased magneti �elds possible

when high urrents an be run through thin wires without fear of damage related to

exessive resistive heating.
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2.1.6 Luminosity

The luminosity of ollisions an be expressed as:

L =

fN

B

N

p

N

�p

2�(�

2

p

+ �

2

�p

)

F

�

�

l

�

�

�

; (2.1)

where f is the revolution frequeny, N

B

is the number of bunhed, N

p(�p)

is the number

of protons (antiprotons) per bunh, and �

p(�p)

is the protrons (antiprotons) RMS beam

size at the interation point. F is a form fator whih orrets for the bunh shape and

depends on the ratio of �

l

, the bunh length to �

�

, the beta funtion, at the interation

point. The beta funtion is a measure of the beam width, and it is proportional to

the beam's x and y extent in phase spae. Table 2.1 shows the aelerator parameter

in the urrent run (Run II). The urrent peak luminosity is � 3:6 � 10

32

m

�2

s

�1

.

The delivered luminosity is 5.4 fb

�1

and atual reorded luminosity is 4.5 fb

�1

, whih

is olleted between February 2002 and Deember 2008. Figure 2.2 shows integrated

luminosity measured with CDF.

Parameter Run II

Number of bunhes (N

B

) 36

Bunh length [m℄ 0.37

Bunh spaing [ns℄ 396

Protons/bunh (N

p

) 2.7 � 10

11

Antiprotons/bunh (N

�p

) 3.0 � 10

10

Total antiprotons 1.1 � 10

12

�

�

[m℄ 35

Interations/rossing 2.3

Table 2.1: Aelerator parameters for Run II on�gurations.

2.2 The Collider Detetor at Fermilab

The CDF II detetor [38℄ is a general purpose solenoidal detetor whih ombines pre-

ision harged partile traking with fast projetive alorimetry and �ne grained muon

detetion. Figure 2.3 and Figure 2.4 show a ut away view and elevation view of the

CDFII detetor for eah. Traking systems are made up Silion Trakers, Central Outer

Traker (COT), and Superonduting Solenoid whih to measure preise trajetories

and momenta of harged partiles and reonstrut verties. The solenoid surround the

Silion Trakers and COT, has 1.5m in radius and 4.8m long, and generates a 1.4 T

magneti �eld parallel to the beam axis. Calorimetry Systems measure the energy of

partiles, surround the solenoid. Muon Chambers detet the partiles penetrating both

Traking Systems and Calorimetry Systems. Muons deposit small amount of ionization
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Figure 2.2: Integrated luminosity as a funtion of store number between February 2002

and Deember 2008.

energy in the material beause they at as minimally ionizing partiles (MIP), that is,

the penetrating partiles are mostly muons.

2.3 Coordinate System in the CDF

The standard oordinate system to be used in the CDF is the right-handed oordinate

system. The z-axis is oriented the diretion of the proton beam. The x-axis points

horizontally away from the detetor and the y-axis is vertial pointing up-wards. It is

helpful to use the ylindrial oordinate. The azimuthal angle � is x � y plane angle

around the beam line. The polar angle � is measured starting from the z-axis. The

rapidity of a partile is de�ned as,

y �

1

2

ln

�

E + p

z

E � p

z

�

: (2.2)
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Figure 2.3: Cut away view of the CDF II detetor.

where E is the energy of the partile and p

z

is its longitudinal momentum. For highly

boosted partiles, E � p and p

z

= pos�, that is, the rapidity an be approximated by

pseudorapidity,

� = �ln

�

tan

�

2

�

: (2.3)

2.4 Traking Systems

For CDF analysis tehnique, preision harged partile traking is very important.

CDF II detetor has an open ell drift hamber, the Central Outer Traker (COT)

overs the region j�j � 1.0. Inside the COT, a silion \inner traker" is built from

three omponents. Layer 00 (L00) is mounted on the beam pipe, very lose to the

beam line. Its primary purpose is to improve the impat parameter resolution. A

miro-vertex detetor at very small radii, so-alled Silion Vertex Detetor (SVX-II),

establishes the ultimate impat parameter resolution. Two additional silion layers at

intermediate radii, so-alled Intermediate Silion Layers (ISL), provides p

T

resolution

and b-tagging in the forward region 1.0 � j�j � 2.0, and stand-alone silion traking

over the full region j�j � 2.0. The stand-alone silion segments allow integrated traking

algorithms whih maximize traking performane over the whole region � � 2.0. In

the entral region (� � 1.0), the stand-alone silion segment an be linked to the �ll
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Figure 2.4: Elevation view of the CDF II detetor.

COT trak to give exellent p

T

and impat parameter resolution.

2.4.1 Layer 00

Layer 00 [39, 40℄ is installed diretly in the beam pipe. L00 was added at beginning of

RunII for two reasons. Firstly to improve the impat parameter resolution of the CDF

detetor. Plaement of a minimal material silion layer at a smaller radius provides a

preise measurement. Seondly, L00 was installed to extend the useful lifetime of the

silion system. The inner layers SVX-II will have a limited lifetime due to radiation

damage. The design has six narrow (128 hannels) and six wide (256 hannels) groups

in � at r = 1.35m and r = 1.62m respetively. There are six readout modules

in z, with two sensors bounded together in eah module for a total length of 95m.

The sensors are single-sided p-in-n silion with a 25(50)�m implant(readout) pith.

These have been produed by Hamamatsu Photonis (HPK), SGS-Thompson (ST)

and Miron. These sensors an be biased up to 500V, limited by the maximum range

of the power supplies. Figure 2.5 shows the end view of L00 and a part of SVX-II (L0

and L1).

2.4.2 Silion Vertex Detetor

Silion Vertex Detetor (SVX, SVX-II) [41℄ is the ore detetor for silion traking

and for a trigger on traks with large impat parameter with respet to the interation
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2.2 cm

Figure 2.5: End view of Layer 00 (olored), also showing a part of SVX-II (un-olored).

point [42℄. The SVX-II detetor has 5 layers of double-sided sensors surround the L00

at radii from 2.5 to 10.6m. Three layers (L0, L1, and L3) are made of Hamamatsu

silion with the n strips perpendiular to the p strips. The remaining two layers (L2

and L4) are Miron sensors with a stereo angle of 1:2

Æ

between the n and p strips. The

strip pith varies between 60 to 140�m, depending on the layer radius. The maximum

bias voltages that an be applied to Hamamatsu and Miron sensors are 170 V and 70

V respetively, limited by the breakdown voltage of the integrated oupling apaitors

and subtle sensor e�ets. The SVX-II an provide trak information to j�j < 2.0.

Table 2.2 shows the design parameters of the SVX-II. Figure 2.6 shows 3D view and

r � � view for SVX-II.

2.4.3 Intermediate Silion Layers

Intermediate Silion Layers (ISL) [43, 44℄ provides an extended forward overage and

links traks between the COT and The SVX-II, and also an provide stand-alone 3D

trak information in the forward region. The ISL detetor has one entral layer at

radius of 22m overing j�j < 1.0, and two forward layers at radii of 22m and 28m

overing 1 < j�j < 2, with total length of 3m. It is made of double-sided silion with

strips at a stereo angle of 1:2

Æ

, and a strip of 112�m. The breakdown voltage of the

sensors is 100V limited by the breakdown voltage of the oupling apaitors.
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Parameter Layer 0 Layer 1 Layer 2 Layer 3 Layer 4

(L0) (L1) (L2) (L3) (L4)

Number of � strips 256 384 640 768 896

Number of z strips 512 576 640 512 896

stereo angle (degree) 90 90 +1.2 90 �1.2

� strip pith [�m℄ 60 62 60 60 65

z strip pith [�m℄ 141 125.5 60 141 65

Total width [mm℄ 171.140 25.594 40.300 47.860 60.170

Total length [mm℄ 74.3 74.3 74.3 74.3 74.3

Ative width [mm℄ 15.300 23.746 38.340 46.020 58.175

Ative length [mm℄ 72.43 72.43 72.38 72.43 72.38

Number of sensors 144 144 144 144 144

Table 2.2: Design parameters of the Silion Vertex Detetor.

Figure 2.6: 3D view of the three barrels (left) and r�� view of the barrel showing the

12 wedges with the 5 layers.

2.4.4 Central Outer Traker

The Central Outer Traker (COT) [45℄ is a ylindrial open-ell drift hamber spanning

from 44 to 132m in radii, and 310m long. It operates inside a 1.4 Tesla solenoidal

magneti �eld and is designed to �nd harged traks in the region j�j � 1.0. The hit

position resolution is approximately 140�m and the momentum resolution �(p

T

) =

0.0015 (GeV=)

�1

. The COT is segmented into 8 super-layers alternating stereo and

axial, with a stereo angle of �2

Æ

. Eah super-layer ontains 12 sense wires alternated

with 13 potential wires whih provide the �eld shaping within the ell yielding a total
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Figure 2.7: 3D veiw of the ISL spaeframe.

Figure 2.8: r � � veiw (left) and r � z view (right) of the silion detetors.

of 96 measurement layers. For the entire ell hamber, there are 30,240 sense wires

and 32,760 potential wires. Operating with an Argon-Ethane (50:50) gas mixture the

maximum drift time is approximately 180 ns. The ells ate tilted at 35

Æ

to aount for

the Lorentz angle suh that the drift diretion is azimuthal. Traks originating from

the interation point whih have j�j < 1 pass through all 8 superlayers of the COT.

Traks whih have j�j < 1.3 pass through 4 or more superlayers. Table 2.3 shows a

mehanial summary of the COT. Figure 2.9 shows ell layout for super-layer 2 (SL2).

Figure 2.10 shows the east endplate slots sense and �eld planes.
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Parameter

Gas (Argon:Ethane) (50:50)

Number of Layers 96

Number of Super-layers 8

Stereo Angle (degree) +2, 0, �2, 0, +2, 0, �2, 0

Cells/Layers 168, 192, 240, 288, 336, 384, 432, 480

Sense Wires/Cell 12, 12, 12, 12, 12, 12, 12, 12

Radius at Center of SL (m) 46, 58, 70, 82, 94, 106, 117, 129

Tilt Angle 35

Æ

Material Thikness 1.6% X

0

Drift Field 1.9 kV/m

Maximum Drift Distane 0.88 m

Maximun Drift Time 177 ns

Number of Channels 30,240

Table 2.3: Design parameters of the Central Outer Traker.

Figure 2.9: East endplate slots sense and �eld planes are at the lok-wise edge of eah

slot.

2.5 Calorimeter Systems

Segmented eletromagneti and hadron sampling alorimeters surround the traking

system and measure the energy ow of interating partiles in the j�j < 3.6. The
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SL2
52 54 56 58 60 62 64 66

R
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R (cm)

Figure 2.10: Nominal ell layout for SL2.

alorimeter systems are divided into 2 systems with respet to the pseudo-rapidity

range, entral and plug(forward) region. The Central Eletromagneti Calorimeter

(CEM) overs the j�j < 1.1, whih uses lead sheets interspersed with polystyrene sin-

tillator as the ative medium and employs phototube readout. The Central Hadroni

Calorimeter (CHA) overs the j�j < 0.9, whih uses steel absorber interspersed with

aryli sintillator as the ative medium. The plug alorimeters, Plug Eletromagneti

Calorimeter (PEM) and Plug hadron alorimeter (PHA), over the 1.1 < j�j < 3.6.

They are sampling sintillator alorimeters whih are read out with plasti �bers and

phototubes.

2.5.1 Central Calorimeter

The Central Eletromagneti Calorimeter [46℄ detets eletrons and photons and mea-

sures their energy. It is a lead-sintillator sampling system with tower segmentation,

the eah tower is 15

Æ

in r � � plane. The CEM total thikness is 18 radiation length

(32m), to make sure that 99.7% of the eletrons energy will be deposited. The CEM
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energy resolution is

�

E

E

=

13:5%

p

E

T

� 2% (2.4)

where E

T

is the transverse energy in GeV, � symbol means that the onstant term is

added in quadrature to the resolution, and position resolution is typially 2mm for 50

GeV/ eletrons.

The Central Eletromagneti Showermax Chamber (CES) is used to identify ele-

trons and photons using the position measurement to math with traks, the transverse

shower pro�le to separate photon from �

0

s, and pulse hight to help identify eletro-

magneti showers. The CES is loated at approximately 6 radiation lengths deep at

the expeted shower maximum of partiles in the EM alorimeter. The CES module

is a multi-wire proportional hamber with 64 anode wires parallel to the beam axis.

The Central Preshower Detetor (CPR) [48℄ is loated at between the front fae

of the EM alorimeter and the magnet oil. The CPR an be useful in the ��photon

separation and eletron identi�ation. The CPR was replaed the slow gas hamber

with a faster sintillator version whih has a better segmentation during RunII in 2004.

The new CPR is used to improve the jet energy resolution.

The Central Hadroni Calorimeter [47℄ is an iron-sintillator sampling alorimeter,

overing range j�j < 0.9, approximately 4.5 �

0

interation length, and the energy

resolution is

�

E

E

=

50:0%

p

E

T

� 3%: (2.5)

The Wall Hadroni Calorimeter (WHA) also an iron-sintillator sampling alorime-

ter, overing range 0.7 < j�j < 1.3. The WHA is 4.5 �

0

interation length, and the

energy resolution is

�

E

E

=

75:0%

p

E

T

� 4%: (2.6)

2.5.2 Plug Calorimeter

The plug alorimeter overs 1.1 < j�j < 3.6, orresponding to polar angles 3

Æ

< � <

37

Æ

as shown in Figure 2.11. Eah plug wedge spans 15

Æ

in azimuth, however from

1.1 < j�j < 2.11 (37

Æ

to 14

Æ

) the segmentation in � is doubled, and eah tower spans

only 7:5

Æ

. There is an eletromagneti setion (PEM) with a shower position detetor

(PES), followed by a hadroni setion (PHA).

The PEM [49℄ is lead-sintillator sampling alorimeter, with unit layers omposed of

4.5mm lead and 4mm sintillator. There are 23 layers in depth for a total thikness of

about 21 X

0

radiation length at normal inidene. The PEM has an energy resolution

is

�

E

E

=

16%

p

E

T

� 1%: (2.7)
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The PHA is an iron-sintillator sampling alorimeter, approximately 7 �

0

in depth,

and has an energy resolution of

�

E

E

=

80%

p

E

T

� 5%: (2.8)

The PEM shower maximum detetor is loated about 6 �

0

deep within the PEM,

and is onstruted of two layers of sintillating strips. The strips are 5mm wide, and

roughly square in ross setion. Position resolution of the PES is about 1mm. The

summaries of design parameters for the alorimeter are shown in Table 2.4.

Figure 2.11: Cross setion of the plug alorimeter (PEM and PHA).

2.6 Muon Detetors

Muons penetrate the traking systems and the alorimeters leaving very little energy.

The reason is muons produe muh less bremsstrahlung than eletrons and therefore

do not produe eletromagneti showers, due to their larger mass. The CDF muon

systems [38℄ use this property by plaing detetors behind enough material. Muons

deposit minimum ionizing energy in the alorimeters mathed with a trak in the
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Calorimeter Coverage Energy Resolution (%) Thikness Absorber

CEM j�j < 1.1 13.5/

p

E

T

� 2 18 X

0

3.18 mm lead

PEM 1.1 < j�j < 3.6 16.0/

p

E

T

� 1 21 X

0

4.5 mm lead

CHA j�j < 0.9 50.0/

p

E

T

� 3 4.5 � 2.5 m iron

WHA 0.7 < j�j < 1.3 75.0/

p

E

T

� 4 4.5 � 5.0 m iron

PHA 1.3 < j�j < 3.6 80.0/

p

E

T

� 5 7.0 � 5.08 m iron

Table 2.4: Design parameters of the alorimeter.

COT. The momentum of these muons is measured by their bend in the solenoidal

�eld using the COT. The entral muon system is apable of deteting with transverse

momentum p

T

� 1.4 GeV, through their interation with the gas and subsequent drift

on the produed eletrons toward the anode wires. The muon detetors onsist of four

separate subsystems: the entral muon hambers (CMU), the entral upgrade (CMP),

the entral muon extension (CMX), and the barrel muon detetor (BMU). Table 2.5

shows design parameters of the muon detetor. Figure 2.12 shows the e�etive muon

detetor overage in � � � plane.

The CMU detetor loates diretly outside of the entral hadron alorimeter, 35

m from the interation point, and overs the region of j�j � 0.6. It is divided into

24 east and 24 west 15

Æ

wedges. Eah wedge ontains three muon hambers and eah

muon hamber onsists of four layers of four retangular drift ells staggered in order

to eliminate hit position ambiguities. A stainless steel sense wire a diameter of 50�m

is loated in the enter of eah ell. A muon objet is reated by forming a \stub"

from hits in the muon hambers mathing it to an extrapolated COT traks.

The CMP onsists of a seond set of muon hambers behind additional 60m of

steel in the region 55

Æ

� � � 90

Æ

. The hambers are �xed length in z and form box

around the entral detetor. The pseudorapidity overage thus varies with azimuth as

shown in Figure 2.12.

The entral extension onsist of onial setion of drift tubes (CMX) in polar angle

from 42

Æ

to 55

Æ

(0.6 � j�j � 1.0). The top two wedges (Wedge 5 and 6) of the west

CMX is alled the \Keystone". There are no top 2 wedge on the east CMX due

to ryogeni utilities serviing the solenoid. The bottom 6 wedges (Wedge 15-20) are

alled \Miniskirt". The design parameters of the muon detetor are shown in Table 2.5.

2.7 Luminosity Monitor

The beam luminosity has been measured using the proess of inelasti p�p sattering.

The ross setion is �

in

� 60 mb. The rate of inelasti p�p interation is given by

�f

BC

= �

in

L (2.9)
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Muon detetor CMU CMP CMX

Coverage j�j < 0.6 j�j < 0.6 0.6 < j�j < 1.0

Drift tube length [m℄ 226 640 180

Max drift time [�s℄ 0.8 1.4 1.4

Total drift tubes 2304 1076 2208

Pion interation length (�) 5.5 7.8 6.2

Minimum detetable muon p

T

(GeV/) 1.4 2.2 1.4

Table 2.5: Design parameters of the moun detetor.
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Figure 2.12: Muon detetor overage in � � � plane.

where L is the instantaneous luminosity, f

BC

is the rate of bunh rossing in the

Tevatron and � is the average number of p�p interation per bunh rossing. In CDF

Run II, Cherenkov luminosity ounters (CLC) [50, 51℄ is used to measure the luminosity

by ounting number of p�p interation � aurately.

The detetor onsists of two modules whih are loated in the \3 degree holes"

inside the end-plug alorimeter in the forward and bakward region and whih over

3.7 < j�j < 4.7 range. Eah CLC detetor module onsists of 48 thin, long, onial,
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Figure 2.13: CMX detetor in r � � plane.

gas-�lled Cherenkov ounters. The ounters arranged around the beam pipe in three

onentri layers, with 16 ounters eah, and pointing to the enter of the interation

region. They are built with reetive aluminized mylar sheets of 0.1mm thik and have

a onial shape. The ones in two outer layers are about 180m long and the inner

layer ounters have the length of 110m. The Cherenkov light is deteted with fast,

2.5m diameter, photomultiplier tubes. The tubes have a onave-onvex, 1mm thik,

quartz window for eÆient olletion of the ultra-violet part of Cherenkov spetra

and operate at a gain of 2 � 10

5

. The ounters are mounted inside a thin pressure

vessel made of aluminum and �lled with isobutane. The systemati unertainty of the

luminosity measurement is dominantly oming from the unertainty of the inelasti p�p

ross setion (� 3%), the CLC aeptane (� 2%), and the non-lineality of the CLC

aeptane due to CLC oupany saturates as growing luminosity due to the �nite

number of ounters (< 2%).

2.8 Trigger Systems

The trigger plays an important role on hadron ollider experiment beause the ollision

rate is muh higher than the rate as whih data an be stored on tape. The rossing

rate of the Tevatron under 36 on 36 bunh operation is 7.6MHz, orresponding to

396 ns ollision separation. The role of the trigger is to e�etively extrat the most

interesting physis events from the large number of minimum bias events. For Run

II, CDF employs a three-level trigger system to seletively apture interesting events.

The levels are denoted simply as \L1", \L2" and \L3", with eah subsequent level

making more ompliated deisions and requiring suessively longer proessing times.

Figure 2.14 shows shemati of the CDF trigger system.
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RUN II TRIGGER SYSTEM
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Figure 2.14: Book diagram of the trigger pass for Level 1 and Level 2.

2.8.1 Level-1

The �rst level of trigger seletion Level-1 (L1) uses ustom designed hardware to �nd

physis objets based on a subset of the detetor information and then makes a deision

based on simple ounting of these objets. The input to the L1 hardware omes from the

alorimeters, traking hambers and muon detetors. The deision to retain an event

for further proessing is based on the number and energies of the eletron, jet and muon

andidates as well as the missing energy in the event, or on the kinemati properties of

few of these objets. The L1 hardware onsists of three parallel synhronous proessing

streams whih feed inputs of the single Global Level-1 deision unit. One stream �nds

alorimeter objets, another �nds muons and the third �nds traks in the entral region.

The L1 trigger an be formed using these streams singularly as well as AND or OR

ombinations of them. All elements of the L1 trigger are synhronized to the same

132ns lok, with a deision made every 132ns by Global L1. In the period of the data

taking onsidered in this analysis the aelerator was the two intermediate lok yles

automatially rejeted. The maximum L1 aept rate is 20kHz, while the typial one

is 12kHz.
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Figure 2.15: Shamati diagram of the trigger and DAQ.

2.8.2 Level-2

Events aepted by L1 are proessed by the seond level of trigger Level-2 (L2), whih

is omposed of several asynhronous subsystems. These provide input data to pro-

grammable L2 proessors on the Global L2 rate, whih determine if any of the L2

trigger are satis�ed. Proessing for L2 trigger deision starts after the event written

into one of the four L2 bu�ers by a L1 aept. When L2 is analyzing the event in one

of the bu�ers, that bu�er annot be used additional L1 aept. If all the four are full,

the deadtime of the data aquisition is inreased. It follows that the time required

for a L2 deision needs to be less than about 80% of the average time between L1

aepts in order to keep the deadtime as low as possible. For this purpose L2 has been

pipelined into two stages eah taking approximately 10�s, whih is suÆient to keep

the deadtime at a minimum, even if L1 had an aept-rate of 50kHz. The L2 bu�ers

perform a limited event reonstrution using essentially all the information used in

L1, but with higher preision. In addition, at L2, data from the entral shower-max

detetor and the SVX are available, whih improve respetively the identi�ation of

eletrons and photons and the reonstrution of the seondary verties. Furthermore,

a jet reonstrution algorithm is provided by the L2 luster �nder. After all of the data

are stored in the proessors, the event is examined to hek if the riteria of any of the

L2 triggers have been satis�ed. This operation an be performed while the new events

are being loaded into memory, thus not a�eting the dead time. The typial L2 aept

rate, as of this writing, is between 100 and 300Hz, depending on the initial luminosity.
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2.8.3 Level-3

The Level-3 (L3) trigger subsystem is omposed of two main omponents, the Event

Builder (EVB) and the Level-3 Farm. Level-1 and Level-2 systems need to make their

deisions at very high rate whih makes it impossible to fully reonstrut eah event.

While Level-1 and Level-2 algorithms use small prede�ned piees of event data to make

their deision, the event piees are stored in the bu�ers of the 140 Front End rates

whih onstitute the EVB. After a L2 deision is made, the Event Builder assembles

all event fragments from the Front End rates into one data blok.

The 16 subfarms whih ompose the L3 Farm reeive event fragments from the EVB

and build omplete events into the appropriate data struture for analysis. Sine it

takes about one seond for one omputer unit to make a trigger deision on one event, it

takes a large farm of 250 Dual Pentiun Linux personal 5omputers (alled \proessors")

to ensure the required input rate. Eah subfarm ontains between 14 and 18 proessor

nodes and one \onverter" node, whih ats as \farm input" distributing the data ow

oming from the EVB.

The events are then passed to a trigger algorithm (a di�erent one for eah proessor)

that ategorizes the event and makes the deision as to whether or not to permanently

store it. The seleted event are passed to the Data Logger subsystem. During the

building proessing, the event integrity is heked. The L3 algorithms take advantage

of the full detetor information and improved resolution unavailable to lower trigger

levels. This inludes full three-dimensional trak reonstrution and tight mathing of

traks to alorimeter and muon-system information. Results from the lower level are

used or drive the algorithms, whih are based on the o�-line analysis pakages. This

is a modular and separated �lter modules for spei� triggers. L3 aept events with

a rate of approximately 75Hz.



Chapter 3

Dataset and Event Seletion

Physis objetive in this thesis is to searh for the neutral higgs boson assoiated W

boson using high-p

T

like-sign dilepton events (ee, e�, and ��), suh event ours in the

following proess,

qq

0

!W

�

h!W

�

W

�+

W

��

!`

�

`

�

+X: (3.1)

The desirable events are olleted by using trigger systems as desribed in previous

hapter and series of lepton seletion riteria in eÆiently.

First, the trigger system ollets the events roughly, however removes the undesir-

able events, i.e. bakground events, for example the event oming from inelasti p�p

ollisions.

In seond step, the event olleted by trigger system are imposed the series of

lepton seletion riteria to rejet the bakgrounds as possible. The seletion riteria

are onstruted by taken the lepton properties and the detetor response for the leptons

into aount.

3.1 Dataset and Triggers

To ollet the events eÆiently, the data olleted by inlusive high-p

T

lepton (eletron

and muon) trigger is used.

The inlusive high-p

T

eletron trigger requires at least a eletron satis�ed the series

of eletron seletion and some large E

T

requirement. Some onretely speaking, the

trigger selets the events have a objet whih deposit its some large energy to eletro-

magneti alorimeter (E

T

> 18 GeV) and the energy deposition ratio (HAD/EM) is

less than 0.124 and the lateral shower pro�le (L

shr

), and the position mathing on z

diretion between CES and extrapolated trak (�z

CES

< 8m). The riteria is applied

to events in step by step, i.e. Level 1, Level 2, and Level 3, to redue the data taking

rate due to the apability limit for the trigger system. The trigger path are named

ELECTRON CENTRAL 18 v�, the asterisk symbol means the version number beause of

the trigger riteria are hanged in run by run due to the performane and ondition of

CDF detetor and Tevatron aelerator.

47
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The inlusive high-p

T

muon trigger requires at least a muon satis�ed the series of

muon seletion and some large p

T

requirement. The muon trigger are mainly atego-

rized into CMUP moun trigger and CMX muon trigger, CMUP muon means a trak

objet points to both CMU and CMP detetor, while CMX muon points to CMX

detetor. The CMUP muon trigger is named MUON CMUP18 *, whih requires CMUP

muon with XFT trak p

T

> 18 GeV/ and the position mathing in x diretion be-

tween the position on muon detetors, both CMU and CMP, and trak. And the CMX

muon trigger (named MUON CMX18 *) requires CMX muon with p

T

> 18 GeV/ and the

position mathing same as CMUP muon trigger however CMX detetor.

The olleted data are ahieved during from 4th Feb. in 2002 to 16th Apr. in 2008

orresponding to an integrated luminosity 2.7 fb

�1

data after run �ltering for good

detetor ondition and desirable, so-alled \good run �ltering". In CDF Run-II, the

data is ategorized to some dataset with respet to data taking span, ex. 0d, or Period

0, to alibrate the data take into aount the varying taking data ondition due to long

range operation. The ategorized dataset and the run range are shown in Table 3.1 in

detail, also shows used trigger paths in eah dataset in Table 3.2 and the main features

of the triggers in Tables 3.3, 3.4, and 3.5.

Dataset Period Run range Data taking time

0d 0 138425 { 186598 04/Feb/02 { 22/Aug/04

0h 1 190697 { 195408 07/De/04 { 18/Mar/05

2 195409 { 198379 19/Mar/05 { 20/May/05

3 198380 { 201349 21/May/05 { 19/Jul/05

4 201350 { 203799 20/Jul/05 { 04/Sep/05

0i 5 203819 { 206989 05/Sep/05 { 09/Nov/05

6 206990 { 210011 10/Nov/05 { 14/Jan/06

7 210012 { 212133 14/Jan/06 { 22/Feb/06

8 217990 { 222426 09/Jun/06 { 01/Sep/06

9 222529 { 228596 01/Sep/06 { 22/Nov/06

0j 10 228664 { 233111 24/Nov/06 { 31/Jan/07

11 233133 { 237795 31/Jan/07 { 30/Mar/07

12 237845 { 241664 01/Apr/07 { 13/May/07

13 241665 { 246231 13/May/07 { 04/Aug/07

0k 14 252836 { 254683 28/Ot/07 { 03/De/07

15 254800 { 256824 05/De/07 { 27/Jan/08

16 256840 { 258787 27/Jan/08 { 27/Feb/08

17 258880 { 261005 28/Feb/08 { 16/Apr/08

Table 3.1: List of the datasets.
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0d 0h 0i 0j 0k

Period = 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

ELECTRON_CENTRAL_18_v* Æ Æ Æ Æ Æ Æ Æ Æ Æ Æ Æ Æ Æ Æ Æ Æ Æ Æ

The total number of good runs

1499 2128 4578 4577

MUON_CMUP18_v* Æ Æ Æ Æ Æ Æ Æ Æ Æ Æ Æ Æ

(1121) (4406) (4577)

MUON_CMUP18_L2_PT15_v* Æ Æ Æ Æ Æ Æ Æ Æ Æ

(378) (2128) (1502)

MUON_CMUP18_L2_LOOSE_LUMI_260_v* Æ Æ

(34)

MUON_CMUP18_L2_LOOSE_LUMI_240_v* Æ Æ

(839)

MUON_CMUP18_L2_LOOSE_DPS_v* Æ Æ Æ Æ Æ Æ Æ

(2203) (4577)

MUON_CMUP18_L2_PS10_L3TAG_v* Æ

(294)

MUON_CMX18_v* Æ Æ Æ Æ Æ Æ

(1121) (2466)

MUON_CMX18_L2_PT15_v* Æ Æ Æ Æ Æ Æ Æ

(378) (1653)

MUON_CMX18_L2_PT15_LUMI_200_v* Æ

(249)

MUON_CMX18_L2_LOOSE_LUMI_200_v* Æ Æ Æ Æ

(226) (2375)

MUON_CMX18_L2_LOOSE_DPS_v* Æ Æ Æ Æ Æ Æ Æ

(2203) (4577)

MUON_CMX18_LUMI_250_v* Æ Æ Æ Æ

(226) (2375)

MUON_CMX18_DPS_v* Æ Æ Æ Æ Æ Æ

(2203) (2111)

MUON_CMX18_L2_PS100_L3TAG_v* Æ

(294)

MUON_CMX18_L2_PS10_v* Æ Æ Æ

(294) (1930)

MUON_CMX18_L2_PS100_v* Æ Æ

(2466)

Table 3.2: Datasets and seleted triggers. The total number of runs ontaining orre-

ponding muon triggers are indiated.

ELECTRON_CENTRAL_18_v* L1_CEM8_PT8 L2_AUTO_L1_CEM8_PT8 L3_ELECTRON_CENTRAL_18

� Tower E

T

> 8 GeV � Auto aept. � E

T

> 18 GeV

� HAD/EM < 0:125 L2_CEM16_PT8 � HAD/EM < 0:125

� XFT p

T

> 8:34 GeV/ � Cluster E

T

> 16 GeV � p

T

> 9 GeV/

� HAD/EM < 0:125 Added during the 0d.

� XFT p

T

> 8 GeV/ � L

shr

< 0:4

Added during the 0j. � j�z

CES

j < 8 m

� j�j < 1:317

L2_CEM18_PT8

� Cluster E

T

> 18 GeV

Table 3.3: Main features of the ELECTRON CENTRAL 18 v� triggers.

3.2 Event Seletion

As desribed before, the desirable events are high-p

T

LS dilepton events to searh for

the higgs boson. CDF-II has well-de�ned algorithm to identify eletrons or muons

by using trak reonstrution, energy lustering, and other partile proper reation to
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MUON_CMUP18_v* L1_CMUP6_PT4 L2_AUTO_L1_CMUP6_PT4 L3_MUON_CMUP_18

� CMU p

T

> 6 GeV/ � Auto aept. � jd

x

j

U

< 10 m

� CMP p

T

> 3 GeV/ L2_TRK8_L1_CMUP6_PT4 (0d) � jd

x

j

P

< 10 m

! CMP stub (0d) � XFT p

T

> 8:34 GeV/ ! 20 m (0d)

� XFT p

T

> 4 GeV/ L2_CMUP6_PT8 (0d) � p

T

> 18 GeV/

! 4:09 GeV/ (0d) L2_CMUP6_PT15_3D (0j)

� XFT p

T

> 14:77 GeV/

� Stereo XFT = 1

L2_CMUP6_PT15_3DMATCH (0k)

� Stereo XFT = 3

MUON_CMUP18_L2_PT15_v* L1_CMUP6_PT4 L2_CMUP6_PT15 L3_MUON_CMUP_18

� XFT p

T

> 14:77 GeV/

MUON_CMUP18_L2_LOOSE_LUMI_260_v* L1_CMUP6_PT4 L2_CMUP6_PT15_LUMI_260 L3_MUON_CMUP_18

� XFT p

T

> 14:77 GeV/

� L < 260� 10

30

m

�2

s

�1

MUON_CMUP18_L2_LOOSE_LUMI_240_v* L1_CMUP6_PT4 L2_CMUP6_PT15_LUMI_240 L3_MUON_CMUP_18

� XFT p

T

> 14:77 GeV/

� L < 240� 10

30

m

�2

s

�1

MUON_CMUP18_L2_LOOSE_DPS_v* L1_CMUP6_PT4 L2_CMUP6_PT15_DPS L3_MUON_CMUP_18

� XFT p

T

> 14:77 GeV/

� DPS 1{30

MUON_CMUP18_L2_PS10_L3TAG_v* L1_CMUP6_PT4 L2_CMUP6_PT15_3D_ROLXFT_PS10 L3_NULL

(p13 only) � XFT p

T

> 14:77 GeV/

� Stereo XFT = 1

� PS = 10

Table 3.4: Main features of the CMUP MUON18 � triggers.

detetors. The partile identi�ations are not used to e�etively piking up desirable

events, but redue the bakground suh as fake lepton. To further pik up the good

events, there are more event seletion riteria, as mentioned after setions.

3.2.1 Pre-Event Seletion

The Pre-Event Seletions are �rst used in several studies and estimations desribed in

this thesis, for instane bakground estimations. One of them is used to ensure well-

de�ned measurement of ollisions with the detetor. The seletion requires the vertex

with the highest p

T

-sum of assoiated traks, so-alled \primary vertex", within the

region in z plane, i.e. jz

pv

j < 60m.

The Cosmi ray veto is also required as the Pre-Event Seletion. The osmi rays

ontaminate the physis event, oming from ollision, by mimiking muons or eletrons.

While the osmi rays are oming from outside of the detetor, the muon with ollisions

are oming from enter of detetor. And the Cosmi rays ross the detetor at any

time with respet to the beam rossing. The osmi ray veto is ahieved to look at the

diretion of the trajetory and rossing timing.

3.2.2 Lepton Identi�ation

The Eletron Identi�ation is ahieved by using series of seletion riteria, traking and

energy lustering, validated using test beam. Central eletron (CEM), Central muon
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MUON_CMX18_v* L1_CMX6_PT8_PS1 L2_AUTO_L1_CMX6_PT8 L3_MUON_CMX18

� CMX p

T

> 6 GeV/ � Auto aept. � jd

x

j

X

< 10 m

� XFT p

T

> 8 GeV/ L2_AUTO_L1_CMX6_PT8_CSX � p

T

> 18 GeV/

L1_CMX6_PT8_CSX_PS1 (0d) L2_CMX6_PT10 (0d)

� CMX p

T

> 6 GeV/ � XFT p

T

> 10:1 GeV/

� XFT p

T

> 8:34 GeV/ L2_CMX6_PT15_3DMATCH

� CSX muon � XFT p

T

> 14:77 GeV/

L1_CMX6_PT8_CSX (0d) � Stereo XFT = 3

MUON_CMX18_L2_PT15_v* L1_CMX6_PT8_CSX L2_CMX6_PT15 L3_MUON_CMX18

� XFT p

T

> 14:77 GeV/

MUON_CMX18_L2_PT15_LUMI_200_v* L1_CMX6_PT8_CSX L2_CMX6_PT15_LUMI_200 L3_MUON_CMX18

+ (0i) � XFT p

T

> 14:77 GeV/

MUON_CMX18_L2_LOOSE_LUMI_200_v* � L < 200� 10

30

m

�2

s

�1

MUON_CMX18_L2_LOOSE_DPS_v* L1_CMX6_PT8_CSX L2_CMX6_PT15_DPS L3_MUON_CMX18

� XFT p

T

> 14:77 GeV/

� DPS 1{80

MUON_CMX18_LUMI_250_v* L1_CMX6_PT8_CSX L2_CMX6_PT15_3D_LUMI_250 L3_MUON_CMX18

� XFT p

T

> 14:77 GeV/

� Stereo XFT

� L < 250� 10

30

m

�2

s

�1

MUON_CMX18_DPS_v* L1_CMX6_PT8_CSX L2_CMX6_PT15_3D_DPS L3_MUON_CMX18

� XFT p

T

> 14:77 GeV/

� Stereo XFT

� DPS 1{10

MUON_CMX18_L2_PS100_L3TAG_v* L1_CMX6_PT8_CSX L2_CMX6_PT15_3D_ROLXFT_PS100 L3_MUON_CMX18

� XFT p

T

> 14:77 GeV/

� Stereo XFT = 1

� PS = 100

MUON_CMX18_L2_PS10_v* L1_CMX6_PT8_CSX L2_CMX6_PT15_3D_PS10 L3_MUON_CMX18

� XFT p

T

> 14:77 GeV/

� Stereo XFT = 1

� PS = 10

MUON_CMX18_L2_PS100_v* L1_CMX6_PT8_CSX L2_CMX6_PT15_3D_PS100 L3_MUON_CMX18

� XFT p

T

> 14:77 GeV/

� Stereo XFT = 1

� PS = 100

Table 3.5: Main features of the CMX MUON18 � triggers.

(CMUP and CMX) are only desirable objet in the thesis, i.e. j�j <1.2. The seletions

are ategorized into 3 parts, \geometrial and kinematis uts", \trak quality uts",

and \identi�ation uts (ID uts)".

Geometrial and kinematial uts

� Eletron Fiduial:

This variable ensures that the eletron is reonstruted in a region of the detetor

whih well instrumented. The eletron position in the CEM is determined using

either the value determined by the CES shower or by the extrapolated trak, and

it must satisfy the following requirements.

{ The eletron must lie within 21m of the tower enter in the r � � view in

order for the shower to be fully ontained in the ative region jz

CES

j < 21m.

{ The eletron should not be in the regions jz

CES

j < 9m, where the two halves
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of the entral alorimeter meet, and jz

CES

j > 230m, whih orresponds to

outer half of the last CEM tower. This region is prone to leakage into the

hadroni part of the alorimeter.

{ The eletron should not be in the region immediately losest to the point

penetration of the ryogeni onnetions to the solenoidal magnet, whih is

uninstrumented. This orresponds to 0.77 < � < 1.0, 75 < � < 90 degree,

and jz

CES

j < 193m.

� Muon Fiduial:

Muons are identi�ed by mathing hits in the muon hambers with a reonstruted

trak and energy in the alorimeter on the trajetory of the partile. The muons

pass through the moun hambers, then the muon traking is formed using the

hit information and �tting algorithm (Muon (stub) reonstrution). The muon

stub has at least three hits assoiated to it.

{ The �duial distane of the traks extrapolated to muon hambers in the

r � � plane and z-diretion.

{ COT exit radius �:

To ensure that CMX muon pass through all eight COT superlayers, CMX

muons require COT exit radius � of the trak. � is de�ned as,

� =

�

j�j

�

z

COT

� z

0

tan(�=2� �)

(3.2)

where z

COT

is used for the length of the COT (155m).

� High transverse energy (E

T

):

The transverse eletromagneti energy deposited by eletron is alulated as the

eletromagneti luster energy multiplied by sin�, where � is the polar angle

provided by the best COT trak pointing to the EM luster.

� High transverse momentum (p

T

):

The transverse momentum of the COT trak as measured by using the trak

urvature in the COT.

Trak quality uts

� COT hits requirement:

To ensure that the trak assoiated with the eletron or muon is good quality

reonstruted trak, require that trak has been reonstruted in the COT in 3

axial and 3 stereo superlayers with at least 7 hits in eah.

� The relative position to primary vertex in z plane (z

0

� z

pv

):

Separation between z oordinate of the losest approah point with respet to

run average beam line (z

0

) and primary vertex z position (z

pv

).
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� Silion hits requirement:

The trak is required hitting to some SVX layers (>3). The requirement riti-

al plays to rejet the residual photon onversion events whih are onsiderable

bakground in the LS dilepton events.

� Impat parameter (d

0

):

This variable is realulated to take the x oordinate of the primary vertex. The

uts is the most powerfully for rejeting osmi rays bakground.

Isolation ut

� Isolation (ISO

al

0:4

):

The leptons are required to be isolated in terms of the alorimeter one-isolation

with one size of �R = 0:4 (�R =

p

��

2

+��

2

). The alorimeter isolation is

de�ned for trak objets. It is

ISO

al

0:4

=

X

�R<0:4

E

(i)

T

� (E

(seed)

T

+ E

(�+1)

T

+ E

(��1)

T

); (3.3)

where E

(i)

T

is the tower E

T

summed over the eletromagneti and hadroni alorime-

ter, E

(seed)

T

is the E

T

of the tower that the trak is pointing, and E

(��1)

T

is the

same quantities for the towers in the same wedge but with the � index o� by the

1 with respet to the seed tower.

Eletron Identi�ation uts

� Ratio of hadroni and eletromagneti energy (HAD/EM):

The ratio should be small, that is, energy deposition in eletromagneti alorime-

ter is muh higher than energy deposition in hadroni alorimeter.

� EM shower shape (L

shr

):

The purpose of this quantity is to provide some disrimination of eletrons and

photons from hadroni showers faking these partiles in the entral eletromag-

neti alorimeter. This is done by omparing the observed the energy in CEM

towers adjaent to the seed tower to expeted eletromagneti shower taken with

test beam data.

L

shr

= 0:14

X

i

E

(adj)

i

� E

(exp)

i

q

(0:14

p

E)

2

+ (�E

exp

i

)

2

; (3.4)

where E

adj

i

is the measured energy in tower adjaent to the seed tower, E

exp

i

is

the expeted energy in the adjaent tower from test beam data, �E

exp

i

is the

error on the energy estimate.
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� Ratio of the luster energy to the momentum (E=p):

If a objet pointing alorimeter luster is eletron, its momentum measured by

COT trak mathes to the energy in the alorimeter luster, i.e. E=p � 1.

� The pulse height shape in CES (�

2

strip

):

The pulse height shape in the CES detetor in the r� z view is ompared to the

test beam data using the �

2

test.

� Trak mathing to CES luster (�z

CES

and Q��x

CES

):

The extrapolated trak is required to math a CES luster in r � �(x) and z

plane. the r � � plane requirement is asymmetry due to the trajetory of trak

in the detetor. If the sign of harge and �x is opposite, the trak traverses a

larger part of the alorimeter in adjaent towers, whih results in more radiation

and a less preise position.

� Conversion removal:

A photon traveling through material onverts into an eletron-positron pair.

However the eletron is true eletron, it not diretly omes from hard sattering

events (prompt eletron). To remove the onversion eletron, onversion tagging

algorithm is used. The algorithm requires to opposite harge of eletrons the

following,

j�ot�j < 0:04; and jÆ

xy

j < 0:2; (3.5)

ot� is the di�erene between the polar angle otangents of the traks. Æ

xy

is the

separation between the traks in the r � � plane.

Muon Identi�ation uts

� Small alorimeter deposition (EM and HAD):

Muons deposit small energy in the alorimeters due to minimum ionization. The

energy deposition in the alorimeter inreases linearity with moun momentum,

and onsequently the ut eÆieny loss. To maintain good eÆieny for high

momentum muon, the ut is taken into aount for the momentum dependene.

� Trak-stub mathing in r � � plane (r ���):

The trak is required to math the muon stub in r � � plane.

3.2.3 Jet Reonstrution

Quark and gluon partiles are observed as \jet" objets due to its fragmentation and

radiation e�ets, as a results onstrut shower of partiles. The energy of jet are

alulated from the energy deposited in the alorimeter towers using a one lustering

algorithm with a �xed one size in whih the enter of the jet is de�ned as (�

jet

; �

jet

)

and the size of the jet one as R =

p

(�

tower

� �

jet

)

2

+ (�

tower

� �

jet

)

2

= 0:4. The jet

lustering algorithm groups alorimeter towers with E

T i

< 1 GeV. The algorithm is
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performed by �rst de�ning \Seed towers" has largest E

T i

. The seed tower are used to

build \lusters" with size R = 0:4. The luster transverse energy and its position is

alulated as the follows,

E

jet

T

=

N

X

i=0

E

T i

; �

jet

=

N

X

i=0

E

T i

�

i

E

jet

T

; �

jet

=

N

X

i=0

E

T i

�

i

E

jet

T

(3.6)

where N is the number of towers inside the radius R with E

T i

> 1 GeV. This proedure

is repeated until the luster entroid is stable. Overlapping jets are merged if they

overlap by more than 50%. If the overlap is smaller than 50%, eah tower in the overlap

region is assigned to the nearest jet. The measured jets are orreted to partile jet level

or parent parton level by taking into aount for the detetor e�ets and for radiation

and fragmentation e�ets. The olleted jet transverse momentum is expressed as the

follows,

p

parton

T

= (p

jet

T

� C

�

� C

MI

)� C

Abs

� C

UE

+ C

OOC

= p

partile

T

� C

UE

+ C

OOC

; (3.7)

where p

parton

T

is the transverse momentum of the parent parton, whih is taken into

aount for all e�ets, p

jet

T

is the transverse momentum measured in the alorimeter,

p

partile

T

is the transverse momentum of the partile jet, whih is orreted for detetor

e�ets, and

� C

�

is \�-dependent" orretion. The orretion takes into aount variations in

alorimeter response and gain as a funtion of jet �

� C

MI

is \Multiple Interation" orretion, whih is the energy oming from multi-

ple p�p interation in the same bunh rossing to subtrat from the jet

� C

Abs

is \Absolute orretion", is the orretion of the alorimeter response to the

momentum of the partile jet

� C

UE

is \Underlying Event orretion", to remove energy oming from underlying

event suh as initial state radiation and beam-beam remnant

� C

OOC

is \Out-of-Cone orretion" is orretion of parton radiation and hadroniza-

tion e�ets due to the �nite size of the jet one algorithm

The olletions are performed by using the generi jet samples and MC samples gener-

ated by several generators (Pythia and Herwig), and The systemati unertainties

oming from these olletions also estimated. The systemati ontribution mainly

arise from the absolute jet energy olletion due to di�erene between data and MC

for alorimeter response (2%). The total systemati unertanity is dereasing � 8% to

� 2% as the jet energy inreases (0 to >80 GeV) [59℄.
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3.2.4 Missing Transverse Energy

However neutrinos annot be deteted with CDF detetor, its energy will manifest as

missing energy. The CDF uses \missing transverse energy ( =E

T

)" taking into aount for

transverse energy imbalane beause of the missing energy, the vetor sum of transverse

energies should be ideal null. The missing transverse energy is measured using the

transverse energy imbalane,

=E

T

= �

X

i

E

(i)

T

; (3.8)

where E

(i)

T

is the transverse energy of ith alorimeter tower. It need to be orreted

for the muon minimum ionization energy taking into aount for muon momentum

measured by traking.

3.3 Like-Sign Dilepton Event Seletion

The �nal desirable events in this thesis are like-sign dilepton events to searh for the

higgs boson. To ollet the events, the series of seletion as mentioned in x 3.2 are ap-

plied to the data orresponding to an integrated luminosity of 2.7 fb

�1

. In the seletion,

the applied transverse energy or momentum requirement to dilepton is asymmetri. If

the 1st lepton is

� eletron, E

T

> 20 GeV and p

T

> 10 GeV/

� muon, p

T

> 20 GeV/

while, if the 2nd lepton is

� eletron, E

T

> 6 GeV and p

T

> 6 GeV/

� muon, p

T

> 6 GeV/

where the 1st lepton type is required to math trigger path, that is, when the 1st lepton

is eletron, the trigger path should be ELECTRON CENTRAL 18 v�. The event seletions

are listed in Table 3.6.

The seleted dilepton events are applied more seletion uts to lean up the sam-

ple. The additional seletions are listed in Table 3.7. The dilepton is required to be

onsistent with oming from the same vertex, whih is an important requirement for

dilepton and multi-lepton signatures. The dilepton mass ut is to rejet onium events

suh as J= or �. The Z removal (81< M

``

<101 GeV/

2

) introdue to redue WZ

and ZZ events whih potentially an be like-sign dilepton events in the �nal state.

The Z-leg andidates are not the lepton passing lepton seletion but also other objet

listed in Table 3.8 to ath Z events as many as possible. Finally, of ourse, like-sign

harge ombination requires to the dilepton events.

The number of desirable LS-dilepton events passing all event seletion uts are 172

events using data with 2.7 fb

�1

.
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Event pre-seletion

jz

pv

j < 60 m

Cosmi-ray veto

Eletron seletion Muon seletion

Geometrial and kinematial uts

CEM CMUP or CMX

Fiduial Fiduial (CMUP), �

COT

> 140 m (CMX)

Blue-beam veto, keystone veto, miniskirt veto

E

`

1

T

> 20 GeV (p

T

> 10 GeV/) p

`

1

T

> 20 GeV/

E

`

2

T

> 6 GeV (p

T

> 6 GeV/) p

`

2

T

> 6 GeV/

Trak quality uts

Axial � 3 and stereo � 3 (� 7 hits)

jz

0

� z

pv

j < 2 m

Silion hits � 3

jd

0

j < 0:02 m

Isolation ut

ISO

al

0:4

< 2 GeV

Identi�ation uts

HAD/EM < 0:055 + 0:00045� E EM < max(2; 2 + 0:0115� (p� 100)) GeV

L

shr

< 0:2 (E

T

< 70 GeV) HAD < max(6; 6 + 0:0280� (p� 100)) GeV

E=p < 2 (E

T

< 50 GeV) jr ���j < 3, 5, 6 m (CMU, P, X)

�

2

strip

< 10

j�z

CES

j < 3 m

�3:0 < Q��x

CES

< 1:5 m

Other uts

Conversion removal

Table 3.6: Event pre-seletion and lepton seletion uts.
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Exatly two leptons

jz

`

1

0

� z

`

2

0

j < 2 m

Dilepton mass > 12 GeV/

2

Z removal

At least one like-sign pair

Table 3.7: Dilepton seletion uts.

Trak objet

Opposite-sign

p

T

> 10 GeV/

trak one-isolation < 4 GeV/

axial � 3 and stereo � 2 (� 5 hits)

jz

0

� z

pv

j < 10 m

EM objet

E

T

> 10 GeV

HAD/EM < 0:12

frational isolation ISO

al

0:4

=E

T

< 0:15

Muon objet

p

T

> 10 GeV/

EM < 5 GeV

HAD < 10 GeV

frational isolation ISO

al

0:4

=p

T

< 0:15

jz

0

� z

pv

j < 10 m

jd

0

j < 0:5 m

Table 3.8: Physis objets used to identify and remove Z bosons.



Chapter 4

Bakground Estimation

Although the LS requirement is quite e�etive to suppress QCD and known eletroweak

proesses, fake-lepton bakgrounds inluding non-prompt leptons suh as those from

photon onversions or from heavy-avor deays, as well as literal fake leptons, still

remain at a onsiderable level in the events of our signature. They are estimated by

using data and MC samples, and the ontributions of residual photon-onversion whih

survived our onversion veto are separated from the rest of the fake-lepton bakgrounds

by knowing the onversion detetion eÆieny and the number of identi�ed onversions.

While other bakgrounds whih is ontaining prompt real lepton are estimated by using

MC data.

4.1 Residual Photon-onversions

The residual photon-onversion events arise from an eletron originating from the pho-

ton onversion with an unobserved partner trak due to its low momentum. The

amount and kinematial shape of the events are estimated by multiplying lepton +

onversion events by residual photon-onversion rate (R

res

). The following setions are

disussed the residual photon-onversion event estimation in detail.

4.1.1 Photon-Conversion Detetion EÆieny

One we know the detetion eÆieny, "

on

, we an alulate a ratio of the residual

onversions to the identi�ed onversions, R

res

, by

R

res

=

1� "

on

"

on

: (4.1)

The amount of residual onversions in samples of our interest an be basially estimated

by multiplying R

res

to the number of identi�ed onversions. The detetion eÆieny

is de�ned by taking the denominator to be the onversions with one leg passing our

eletron seletion riteria exept the isolation ut and onversion veto, whih we refer

to as the seed eletron. The reason for turning o� the isolation ut is rather tehnial.

59
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We use fake-event Monte Carlo (MC) samples reated by generating single  or �

0

to ompare onversions with those in the real data, and the isolation variable in suh

fake-events is not usable in this respet.

The base eÆieny is estimated as a funtion of partner-trak p

T

and deomposed

into two fators in our analysis as

"

on

(p

T

) = "

rel

(p

T

) � "

pla

; (4.2)

where "

rel

(p

T

) is the p

T

dependent eÆieny overing low-p

T

regions and de�ned relative

to the eÆieny on the plateau, and "

pla

is the absolute eÆieny on the plateau.

These eÆienies ould be further broken down to the trak-�nding eÆieny and the

eÆieny of the identi�ation riteria given by

jÆ

xy

j < 0:2 m and j�ot �j < 0:04 ; (4.3)

where jÆ

xy

j is the distane of the losest approah points between a pair of traks of

onversion andidates.

The ineÆieny of deteting onversions is dominated by that of reonstruting

low momentum partner-traks and manifests itself in "

rel

(p

T

). It is not negligible

even for high E

T

seed-eletrons beause the kinematis of onversions relatively favors

asymmetri energy sharing as shown in Figure 4.1 whih is a theoretial alulation

of the relative probability of energy sharing as a funtion of frational eletron (e

�

)

energy [52℄. Its asymmetri nature enhanes the residual onversion events.

Our �rst goal is to measure the base eÆieny, "

rel

(p

T

), by omparing observed p

T

spetrum of identi�ed onversions to a perfet, or generator-level, MC spetrum. It

turns out, however, that diret uses of this eÆieny would not be useful in atual ap-

pliations beause it inludes very low values at low p

T

. As we an easily imagine from

the form of the residual ratio, (1� ")=", too-low eÆienies in a ertain parametriza-

tion results in a signi�ant loss of statistial power of prediting residual onversions,

namely, we are fored to estimate the most needed part of residual onversions from

the identi�ed onversions with the least statistis. In order to avoid this problem,

we transform the base eÆieny to a funtion of di�erent parameter, and we hoose

the parent-photon p

T

for suh parametrization. The base eÆieny as a funtion of

partner-trak p

T

is onvoluted with the perfet p

T

spetra of the MC for a given p

T

bin of the parent photon to get "



rel

(p

T

). More details are explained in x4.1.4.

The next is to measure the plateau eÆieny, "

pla

, by using onversions in the real

data identi�ed with a method independent from our nominal identi�ation algorithm.

Finally, the "



on

(p

T

) is obtained by multiplying this absolute eÆieny to the relative

eÆieny:

"



on

(p

T

) = "



rel

(p

T

) � "

pla

: (4.4)
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Figure 4.1: A theoretial alulation of the relative probability of energy sharing in the

photon onversion as a funtion of frational eletron (e

�

) energy [52℄.

4.1.2 Data samples

Real data

We use the 0d dataset and a trigger bit seletion of ELECTRON_CENTRAL_18_v*, alled

bhel0d. The sample orresponds to an integrated luminosity of 361:8 pb

�1

. From

this sample, we selet events with at least one good eletron satisfying our high-p

T

eletron seletion (E

T

> 20 GeV and p

T

> 10 GeV/) exept the isolation ut and

onversion veto. However, in �rst step, we not apply a eletron seletion requirement,

silion hit ut to the eletron, to hek its rejetion performane whih is usually used

in LS dilpton seletions, of ourse, �nally we apply the requirement in the estimation

of residual photon-onversion ratio.

Conversion Monte Carlo Samples

There are four MC-samples used in this study. The two of them are made by generating

events of single �

0

using the FAKE_EVENT module: one with a at p

T

spetrum and

the other with a ertain p

T

slope. The rest of the samples are made by generating

single- events instead of �

0

. The generation parameters are listed in Table 4.1. The

\Good" in the table means that there is at least one high-p

T

good eletron in the

event. Simulations of �

0

deays and sueeding onversions of  themselves are left

to the CDF detetor simulation pakage. The simulated probability of onversion is

about 18% per photon independent of its p

T

.
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Sine p

T

spetra of partner traks are orrelated with p

T

of parent photons, we

need to math MC slopes with those we observe in the data. In the MC tuning, we

try to desribe onversions found in the data with a mixture of the �

0

and  MCs

with optimized slopes. In order to improve the statistial power of the MCs in the

optimization, the \at samples" (the samples 1 and 3 in Table 4.1) are used to optimize

the slopes, while the samples generated with the slopes in the table are ombined

appropriately, after re-weighting with the tuned slopes, to �nd out the optimum relative

ratio /�

0

.

Sample Partile min-p

T

max-p

T

Slope � max-j�j Generated Good

(GeV/) (GeV/) (p

T

��

) (events) (events)

1. �

0

3 150 0 (at) 1:3 1520000 155651

2. �

0

15 150 6.3 1:3 1600000 72500

3.  3 150 0 (at) 1:3 1580000 123470

4.  15 150 4.8 1:3 1580000 112935

Table 4.1: Monte Carlo samples.

4.1.3 Monte Carlo tuning

Tuning the MC samples is done by using identi�ed onversions olleted with an addi-

tional requirement of partner-trak p

T

> 2 GeV/ whih is expeted to be high enough

to avoid non-plateau region. The slope parameter � is optimized by mathing the

weighted p

T

spetra of reonstruted photon with what is observed in the real data,

where the photon p

T

is formed by the salar-p

T

sum of the seed-eletron trak and the

partner trak. On the other hand, we use E=p distributions to onstrain the mixture

of the �

0

and . The atual optimization of the three parameters, two slopes for the �

0

and , and the relative ratio =�

0

, is arried out by an iterative way. Namely, 1) �nd

a relative ratio for a given set of two slopes; 2) by adding the �

0

and  MCs with the

obtained ratio, we look for the best set of two slopes that desribes photon p

T

of the

data using the �

2

; 3) go bak to the �rst step and iterate. The optimized parameters

are

�

�

0

= 5:6� 0:5 ; �



= 4:9� 0:5 ; =�

0

= 0:66� 0:03 : (4.5)

Figure 4.2 shows the optimized E=p distribution ompared to the data. The redued �

2

as a funtion of slope parameters is shown in Figure 4.3. Figure 4.4 shows a omparison

of reonstruted photon-p

T

spetra between the MC and the data. We also demonstrate

that our MC sample simulates the onversion points reasonably well in Figure 4.5, and

that the detailed p

T

and E

T

spetra of seed eletrons are in good agreement with the

data as shown in Figures 4.6 and 4.7. The jump at 50 GeV seen in Figure 4.7 is due
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to the E=p ut turned o� at this E

T

. From these �gures, we say that our MC events

reprodue observed onversions well in a wide kinematial range.
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Figure 4.2: Distribution of E=p for the seed eletron of onversions.

4.1.4 Relative eÆieny in Low p

T

Region

Figure 4.8 ompares the p

T

spetrum of onversion partner-traks observed in the real

data with the one obtained at the generator level of MC, where the MC spetrum is �t

to the data in the region of 2 < p

T

< 5 GeV/. We learly see losses of traks in very

low-p

T

region. The eÆieny relative to the plateau, "

rel

(p

T

), is obtained by dividing

the observed partner-trak distribution by the �tted MC distribution, and is shown

in Figure 4.9, where the unertainties in the �gure are only statistial. The eÆieny

reahes its plateau at p

T

' 1 GeV/. Figure 4.9 also shows the MC predition of the

eÆieny. The MC performane is atually good in reproduing the p

T

dependene of

the onversion-detetion eÆieny.

We investigate systemati unertainties of the relative eÆieny oming from the

MC tuning parameters. This is done by shifting the parameters by the quoted un-

ertainties given in (4.5), and the result is summarized in Figure 4.10 in terms of

relative unertainties. The unertainty is dominated by MC statistis and at a level of

5%. The dependene on the MC tuning is small; only the slope dependene beomes

non-negligible at very low p

T

.

The relative eÆieny as a funtion of partner-trak p

T

is an important and the

most basi eÆieny, but it is not useful in atual appliations. Residual onversions
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Figure 4.3: Redued �

2

between the data and the Monte Carlo distributions of reon-

struted photon-p

T

as a funtion of Monte Carlo slope-parameters.
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Figure 4.4: The reonstruted photon-p

T

spetrum.
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Figure 4.5: Distribution of the radius of onversion points from the beam line.
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Figure 4.6: Conversion-eletron p

T

spetrum.
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Figure 4.7: Conversion-eletron E

T

spetrum.

result from low eÆienies of deteting onversions, whih in turn means that the

statistial power of identi�ed onversions is low as well. If we use the parametrization

of the partner-trak p

T

, we would su�er from it to a onsiderable extent beause there

is an extremely low eÆient point, and have to predit the most ontributing residual

onversions from the least statistis of identi�ed onversions. A solution is to hoose a

di�erent parametrization so that low and high eÆieny regions are reasonably mixed

and smeared out.

One might think that natural hoies would be the E

T

or p

T

of seed eletrons

beause the seed eletron is a physis objet we identify primarily in physis analyses.

However, we found that suh parameterizations had sample-to-sample dependenes

through di�erent photon-p

T

spetra. As an example, we onsider the parametrization

using the seed-eletron E

T

.

Before proeeding to an investigation of parametrization, we note that the transfor-

mation to a di�erent parametrization is done by using only the base relative eÆieny

whih has been just measured and the generator-level MC information regarding the

partner-trak p

T

spetrum. The p

T

ut on the seed-eletron no longer has to be high

in this situation beause the generated MC partiles over low-p

T

regions down to 3

GeV/ as given in Table 4.1. The kinematial ut in the atual LS dilepton analysis

is asymmetri desribed as x3, where the low-p

T

ut is de�ned to be E

T

> 6 GeV

and p

T

> 6 GeV/, and the primary estimation of residual onversion bakgrounds

in the LS dilepton analysis will be arried out for this low-p

T

side of dilepton pairs.

Given this, we mainly disuss the relative eÆieny with di�erent parameterizations
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by imposing the low-p

T

ut in what follows.

For getting the relative eÆieny as a funtion of seed-eletron E

T

, we onvolute

the base eÆieny as a funtion of partner-trak p

T

with the generator-level spetrum

of partner-trak p

T

in a given seed-eletron E

T

bin. In this ase, the partner-trak p

T

spetrum is inevitably dependent on the parent photon-p

T

spetrum whih has basially

a sample dependene. In fat, a omparison of photon-p

T

spetra between the MC that

is tuned by the inlusive eletron data and LS lepton + onversion events shown in

Figure 4.11 demonstrates suh a dependene. We see that a harder p

T

spetrum is

favored in the lepton + onversion events. Our analysis shows that the p

T

spetrum of

/ p

�2:5

T

of the  MC desribes the observed spetrum better, whih should be ompared

to p

�4:9

T

tuned by the inlusive eletron sample. The relative eÆieny as a funtion of

eletron E

T

for eah ase is shown in Figure 4.12. There is a ' 15% di�erene at lower

E

T

regions, whih translates to about a 40% hange in terms of the residual ratio as

alulated from

�R

res

R

res

= �

1

1� "

�"

"

: (4.6)

We ould measure the slopes for samples of interest but it is not always possible due

to, for example, limited statistis.

In order to obtain more stable eÆienies over di�erent samples, we hoose to use

the parent-photon p

T

itself to parametrize them. The onvolution is expressed by

"



rel

(p

T

) =

Z

f(~p

T

jp

T

) � "

rel

(~p

T

)d~p

T

Z

f(~p

T

jp

T

)d~p

T

; (4.7)

where f(~p

T

jp

T

) represents the true (i.e. generator level) p

T

spetrum of partner traks

for a given p

T

of the parent photon. In atual alulation, the "

rel

(p

T

) for the traks

with p

T

> 2 GeV/ (normalization region) is set to 1. The obtained relative eÆieny

as a funtion of photon p

T

is shown in Figure 4.13, where unertainties are statistial

only. The drop of the eÆieny for the p

T

less than 15 GeV/ is a threshold e�et

and it does not mean that the intrinsi eÆieny is low in this p

T

region. In the

�gure, eÆienies from  and �

0

MCs are separately shown, and they are onsistent

with eah other. This gives us an advantage that the appliation is not sensitive

to the omposition of  and �

0

in samples. Related to this, we show a omparison

of E=p distributions for onversions in the LS lepton+onversion events, the  MC,

and the �

0

MC in Figure 4.14, where the MC slope-parameters are tuned by the LS

lepton+onversion events themselves and the MC distributions are normalized to the

data. We omment that the onversions found in the LS lepton+onversion events are

more likely to be originating from photons, not from �

0

. In fat, if we try to �t the

data with the two MC distributions, a �tter returns answers of negligible ontributions

from the �

0

MC. We use the eÆieny obtained by using the  MC from now on.

We mention here one ompliation in the alulation of statistial unertainties

inluded in Figure 4.13. For a given p

T

bin of the parent photon, the denominator
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shows a ertain p

T

distribution of partner traks. This denominator is a sum of weights

related to the MC slope. The numerator aepts another weight whih is the relative

eÆieny "

rel

(p

T

). The eÆieny for a given p

T

bin is thus symbolially written as

" =

P

w

0

i

w

i

x

i

P

w

i

x

i

; (4.8)

where x

i

is atually 1 (event) for all i. The statistial unertainty of " is basially

alulated by propagating the unertainty of x

i

, namely �x

i

= 1:

�" =

P

(w

0

i

w

i

� "w

i

)�x

i

P

w

i

x

i

=

P

(w

0

i

w

i

� "w

i

)

D

; (4.9)

where theD =

P

w

i

x

i

is the integral of entries in the denominator. From this equation,

we see that there arises a ross term proportional to w

0

w

2

when we ompute h(�")

2

i.

We thus need to aumulate the square of weights of the form

p

w

0

w in order to

alulate the statistial unertainty properly. As the systemati unertainty of the

relative eÆieny as a funtion of photon p

T

, we onsider the input relative eÆieny.

Shifting them by ��, we look at resulting hanges of the �nal eÆieny. A summary

of the unertainty alulations is shown in Figure 4.15, where the total unertainty is

obtained by adding all the unertainties in quadrature.
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Figure 4.8: Partner-trak p

T

spetrum for onversions. The Monte Carlo spetrum is

shown at the generator (OBSP) level and �tted to the data in the p

T

region 2 < p

T

< 5

GeV/.
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Figure 4.9: Relative onversion-detetion eÆieny as a funtion of partner-trak p

T

.

Only statistial unertainties are shown.

4.1.5 Absolute EÆieny on the Plateau

We need to identify onversions with a method independent from the nominal iden-

ti�ation algorithm to measure the absolute eÆieny on the plateau region. By the

same way as the previous analysis, we use hit information of the CES strips for this

purpose. It is based on a distint feature of the onversion pair that the eletron and

the positron have approximately the same z position at any radius. When the eletron

and the positron separate enough so that they reah di�erent � wedges as illustrated

in Figure 4.16, we an measure eah z position of the eletron and the positron on the

CES plane, and will �nd that the z position di�erene, �z, has a peak around zero

in the \right" side (RS) wedge as expeted from the harge ombination. We refer

to this identi�ation of onversions as the CES method. In our analysis, we look for

the highest energy CES luster in the nearest three towers along the � diretion of the

wedges next to the seed eletron (see Figure 4.16).

We go bak to our initial eletron sample (1195056 events) as desribed in x4.1.2

to measure the plateau eÆieny. In order to make the geometrial on�guration of

onversions unambiguous, we here impose a set of \�duial" uts on the eletrons, whih

essentially selets only the eletrons loated in the entral region inside a tower. One

requirement is that the loal x oordinate of the extrapolated trak at the CES plane

satisfy jxj < 15 m. Another ut is for the z diretion to ensure that the partner trak

of a onversion is hitting the tower with the same �-index as the seed-eletron tower.
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Figure 4.10: Relative unertainty of the relative onversion-detetion eÆieny origi-

nating from di�erent soures.

The appropriate de�nition of the z �duial is obtained by looking again at identi�ed

onversions, but this time, only those with the � indies being di�erent between the

seed-eletron tower and the tower the partner trak is pointing. Figure 4.17 shows a

distribution of the un-signed detetor � for the seed eletrons with suh mismathing

tower indies, where the partner-trak p

T

is required to be larger than 1 GeV/, that

is, in the plateau region. We avoid the � regions seen as peaks in this �gure. Then,

it is natural and relevant to require the CES luster that we have found belong to the

tower with the same �-index as the eletron, i.e. exatly next to the eletron tower

and in the RS wedge. The last of our \�duial" uts is to require the number of

traks assoiated to the eletron be just one in order to suppress the onversions with

the partner trak passing through the same tower as the seed eletron, whih better

ensures the on�guration we desire. Finally, as in the previous analysis, we demand

a ertain energy deposition in the RS tower to purify the sample: E

strip

=p > 0:5 and

E

CEM

=p > 0:7, where the trak momentum p is alulated from the assumed p

T

of 2

GeV/ and the z position of the CES luster. It is probably good to remember that

the requirements introdued above are applied only to the information of the eletrons

and the RS tower, none is expliitly required on anything of partner traks.

A demonstration of the �z peaks for the RS and the wrong side (WS) wedge is

given in Figure 4.18 in whih we see a lear separation between what we observe in

the RS and in the WS. The bremsstrahlung emitted o� an eletron ould produe a

false �z peak in the RS tower but the probability of suh ases is on�rmed to be very
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Figure 4.11: Comparison of photon-p

T

spetra between like-sign lepton + onversion

events and Monte Carlo tuned by onversions in inlusive eletron data.

small, less than 0.1%, by using a large MC sample of single eletrons.

The distribution is �t with Gaussian plus onstant. The absolute eÆieny is

measured by looking at the redution of the �tted Gaussian funtions before and after

our nominal onversion identi�ation algorithm. The result is shown in Figure 4.19.

For reords, the ratio of the bakground to the signal (Gaussian) part is about 20% and

10% before and after onversion identi�ation, respetively. The eÆieny is obtained

to be "

pla

= 0:935 � 0:006. Instead of using the �tted Gaussian funtions, we also

try to ount the exess events over the �tted bakground, whih gives ' 2% larger

ounts. The eÆieny in this ase is, however, still stable and found to be 0:94� 0:01.

The ontamination of low-momentum partner-traks with p

T

< 1 GeV/ in the �z

peak is heked using the sample after the onversion tagging ut and found to be

small (< 1%). We do not observe any large systematis in the E

T

dependene but just

utuations due to statistis. From these, we believe that the systemati unertainty

is about 1% (absolute) at most, thus we quote

"

pla

= 0:935� 0:006(stat)� 0:010(syst) : (4.10)

By performing the same analysis for the MC data, we obtain a MC predition for the

plateau eÆieny whih is found to be 0:966� 0:009.
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Figure 4.12: Relative onversion-detetion eÆieny as a funtion of seed-eletron E

T

for two ases of slope parameters in MC tuning.

4.1.6 Overall EÆieny and Residual-Conversion Ratio

We alulate the overall onversion-detetion eÆieny by "



on

(p

T

) = "



rel

(p

T

) �"

pla

. The

result is shown in Figure 4.20. We see that the "



on

(p

T

) inreases from 30% to 90% as

the photon p

T

inreases. Figure 4.21 shows the R

res

as a funtion of photon p

T

.

Sine the "



on

(p

T

) is obtained by merely resaling "



rel

(p

T

), the relative unertainty

from MC statistis is the same as that of "



rel

(p

T

). We then propagate it aording to

(4.1) to the unertainty of the R

res

. The other unertainty of the "



rel

(p

T

) is separately

propagated to the unertainty of the R

res

. The systemati unertainty originating from

the plateau eÆieny is obtained by a similar propagation whih is straightforward. A

summary of the relative unertainties of the R

res

is given in Figure 4.22. Figure 4.23

shows the result for the ase of the high-p

T

ut to be applied to onversions in the

high-p

T

side of dileptons.

4.1.7 Appliation of Residual-Conversion Ratio

We have obtained the primary result, the residual ratio as a funtion of photon p

T

. In

this setion, we onsider a ouple of issues when we fae in realisti appliations.

For a given onversion, we reonstrut the parent-photon p

T

from the seed-eletron

and its partner trak, then obtain a residual ratio. By summing these ratios, or weights,

over all the onversions found in a sample of interest, we obtain an expetation of

the total number of residual onversions. However, we usually need the kinematial
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Figure 4.13: Relative onversion-detetion eÆieny as a funtion of photon p

T

. The

unertainties are statistial only.

information of expeted residual onversions suh as p

T

, while we only know the p

T

of

parent photons beause the residual ratios is parametrized by the photon p

T

. A handle

of prediting kinematial information of residual onversions is the fat that they are

most likely to have very low partner-trak p

T

, less than 1 GeV/, as seen from the base

relative eÆieny shown in Figure 4.9. We, thus, approximate the partner-trak p

T

of

residual onversions, expeted from a given onversion, to be (0:5 � 0:5) GeV/, and

re-assign the di�erene from the original partner-trak p

T

to the seed-eletron p

T

:

p

T

(part)

! 0:5 GeV/; p

T

(seed)

! (p

T

(seed)

+ p

T

(part)

� 0:5) GeV/ : (4.11)

By this way, we an predit the kinematial information of residual onversions with an

unertainty of �p

T

' 0:5 GeV/. For the onversions that already have partner-trak

p

T

less than 1 GeV/, we do not perform this p

T

re-assignment.

Yet we have a problem due to the fat that the plateau region is not fully eÆient.

It means that onversions with partner-trak p

T

of large values an still beome residual

onversions at small probabilities. Performing the above p

T

re-assignment all the time

is, thus, not really aurate, but using the original p

T

is also a valid thing to do reeting

the overall ineÆieny of onversion detetion. Let us all residual onversions with

the partner-trak p

T

less than 1 GeV/ \proper" and those with p

T

larger than 1

GeV/ \non-proper". More preise preditions are then given by splitting residual

onversions into the proper and non-proper part. The fration of proper residual-

onversions for eah photon p

T

bin, the \splitting" fator, an be onstruted from the
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Figure 4.14: Comparison of E=p distributions for onversions in like-sign lep-

ton+onversion events, the  Monte Carlo, and the �

0

Monte Carlo. The p

T

-slope

parameters of the Monte Carlo data are tuned by the like-sign lepton+onversion

events. The Monte Carlo distributions are normalized to the data. The unertain-

ties of the real data are statistial only.

MC by weighting the generator-level spetrum of partner-trak p

T

with 1 � "

on

(p

T

),

where the "

on

(p

T

) is the onversion detetion eÆieny as a funtion of parter-trak

p

T

as given in (4.2). The result is shown in Figure 4.24. We form a funtion through

�tting to the plot for the  MC, whih is given by

min(1; f

L

); f

L

� (2:6� 0:1)� p

�(0:501�0:008)

T

; (4.12)

where the L reminds us that the parametrization orresponds to the low-p

T

ut. A

similar fration for the ase of high-p

T

ut is given in Figure 4.25. The parametrized

funtion is

min(1; f

H

); f

H

� (5:0� 0:1)� p

�(0:663�0:009)

T

: (4.13)

The proedure for prediting residual onversions now inludes one more step after

obtaining the residual ratio w: we further get a splitting fator f using the funtions

above. Then the weight orresponding to the kinematis given by the p

T

re-assignment

is wf , while the weight w(1� f) is applied when the original seed-eletron p

T

is used

as the p

T

of predited residual onversion.

Finally, we onsider another detail regarding the isolation ut. We impose a

alorimeter isolation ut in the atual LS analysis. The residual onversions, there-

fore, must pass this ut too. But our onversion studies so far are arried out without
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Figure 4.15: Relative unertainty, shown for di�erent soures, of the relative onversion-

detetion eÆieny as a funtion of photon p

T

.
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Figure 4.16: Illustration of the onversion tagging by means of CES strip information.

applying the isolation ut beause the MC samples of fake-events are not suÆient to

simulate suh information. What we need here is to introdue e�ets of the isolation
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Figure 4.17: Distribution of absolute detetor � for onversion eletrons with the part-

ner trak hitting the tower with an �-index di�erent from the eletron.

ut spei� to residual onversions that are not ommon to identi�ed onversions. As

we expet, residual onversions tend to pass the isolation ut more than identi�ed on-

versions beause the partner-trak ativity is less harmful. Our approah to introdue

suh e�ets is to subtrat partner-trak p

T

from the original isolation value, then ap-

ply the nominal isolation ut. This subtration is oordinated with the predition of

kinemati information for expeted residual onversions just desribed in the previous

paragraphs, i.e. when the partner-trak p

T

is assumed to be 0.5 GeV/, the di�erene

from the original value is subtrated from the isolation, and when the residual onver-

sion is onsidered to be non-proper, we do not do anything to the isolation but just

apply the ut as usual. Further we require the following onditions to trigger the sub-

tration in order to pik up only the ase where the original isolation value is ertainly

a�eted by the partner trak:

� the partner trak is pointing a di�erent wedge from the one of the seed eletron;

� the partner trak is within the isolation one radius of 0.4;

� the partner trak is passing through the loal x oordinate at the CES plane in

the region jxj < 21 m to avoid � raks.

The ontribution of partner-trak p

T

to the isolation is heked by looking at the ratio

between the two (just like E=p for eletron lusters but for the isolation one in this

ase) and shown in Figure 4.26. We on�rm a lear peak around unity in the plot.
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Figure 4.18: Distribution of z position di�erene on the CES plane between the seed

eletron and the highest-energy CES luster in the nearest three towers of eah � side

(right side and wrong side).

The left side of the peak an be onsidered to show detetor-resolution e�ets, and

the tail in the right side an be attributed to the e�ets from ativities around the

onversions, i.e. what the isolation is meant to measure. We argue that this sheme
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Figure 4.19: Distribution of z position di�erene before the onversion tagging ut

(top) and after (bottom).

would be apable of respeting sample dependenes of the isolation, if any, beause

what we are trying to subtrat is the ativity only from the onversion partner-trak,

while underlying events are intat.

4.1.8 Stability over di�erent datasets

The onversion detetion eÆieny and residual ratio have been measured using the

bhel0d dataset in the previous setions. We here hek the stability of these numbers

over the four datasets. Figure 4.27 ompares the basi relative eÆienies as a funtion

of partner-trak p

T

between four di�erent datasets. A struture is ommon to all the

datasets beause the MC data used to obtain the eÆieny are the same. We do not

observe any signi�ant hanges among the datasets. The plateau eÆienies for all the

datasets are listed in Table 4.2. The plateau eÆieny is stable as well.
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Figure 4.20: Conversion-detetion eÆieny as a funtion of photon p

T

. The uner-

tainties are statistial only.

Dataset "

pla

bhel0d 0:935� 0:006

bhel0h 0:945� 0:007

bhel0i 0:937� 0:006

bhel0j 0:933� 0:006

Table 4.2: Plateau eÆienies for the four datasets. The unertainties are statistial.

4.1.9 Requiring silion hits

In order to improve the signal to bakground ratio, we will eventually impose a ut

requiring Si hits on lepton traks. Correspondingly, we investigate the ase of analyzing

onversions with the seed-eletron trak satisfying our Si-hit ut

the number of Si hits � 3 : (4.14)

The results and disussions are mostly the same as what we desribed in the previous

setions, thus we only briey show the main points.

Figure 4.28 shows the base relative eÆieny as a funtion of partner-trak p

T

. We

see that the eÆieny rise is slightly shifted toward the low p

T

diretion. The plateau

eÆieny is estimated to be

0:95� 0:01 (stat)� 0:01 (syst) ; (4.15)
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Figure 4.21: Residual ratio as a funtion of photon p

T

. The unertainties are statistial

only.

whih is virtually the same as the result without the Si ut. The overall detetion

eÆieny and residual ratio are then shown in Figures. 4.29 and 4.30, respetively, for

the ase of the low-p

T

ut. The relative unertainty of the R

res

is about 25% (not

shown). The splitting funtions are obtained to be

f

L

= (3:5� 0:2)� p

�(0:67�0:02)

T

; (4.16)

and

f

H

= (10:3� 1:3)� p

�(0:94�0:04)

T

: (4.17)

As the photon p

T

inreases, the fators derease a little faster than those in the previous

setion, reeting the slight extension of the plateau region of the detetion eÆieny

toward the lower p

T

.
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Figure 4.22: Relative unertainty, shown for di�erent soures, of the residual ratio as

a funtion of photon p

T

.
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Figure 4.23: Residual ratio (top) and its relative unertainties (bottom) as a funtion

of photon p

T

for the ase of our high-p

T

ut, E

T

> 20 GeV and p

T

> 10 GeV/. The

unertainties in the top plot are statistial only.
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Figure 4.24: Fration of residual onversions with partner-trak p

T

less than 1 GeV/

as a funtion of photon p

T

for the ase of low lepton-p

T

ut.
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Figure 4.25: Fration of residual onversions with partner-trak p

T

less than 1 GeV/

as a funtion of photon p

T

for the ase of high lepton-p

T

ut.
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Figure 4.26: Ratio between the alorimeter isolation and the partner-trak p

T

for

onversions.
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Figure 4.27: Comparison of relative onversion-detetion eÆienies as a funtion of

partner-trak p

T

between four datasets.
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Figure 4.28: Relative onversion-detetion eÆieny as a funtion of partner-trak p

T

for the ase that silion hits are required for the seed-eletron trak. Only statistial

unertainties are shown.
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Figure 4.29: Conversion-detetion eÆieny as a funtion of photon p

T

for the ase that

silion hits are required for the seed-eletron trak. The unertainties are statistial

only.
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Figure 4.30: Residual ratio as a funtion of photon p

T

for the ase that silion hits are

required for the seed-eletron trak. The unertainties are statistial only.
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4.2 Fake Leptons

Fake leptons are one of major bakgrounds in the like-sign (LS) dilepton events. They

were estimated by weighting lepton + isolated trak events with the expeted fake-

lepton yield for a given isolated trak. These rates used to estimate fake-lepton bak-

grounds are alled the fake-lepton rates, and are de�ned with respet to some referene

rates, the rates of denominator objets. It is expeted that the simple isolated-traks

in the OS ombination are signi�antly ontaminated by real leptons from Drell-Yan

proesses, whih leads to overestimates of fake-lepton bakgrounds. To avoid this prob-

lem and to establish a onsistent sheme whih an be applied to both the OS and LS

ases, we hoose isolated traks that deposits ertain energies in the eletromagneti

(EM) and hadron (HA) alorimeters in the way suh that they are not likely to be

indued by real leptons.

4.2.1 Fake-lepton Bakgrounds

The lepton plus fake-lepton bakgrounds arise typially from a single lepton event suh

as W!`�. This type of bakgrounds onsist of one trigger lepton and one fake lepton.

The omponents of the \fake lepton" are

� Fake leptons

1. Interative �

�

! fake eletrons,

2. Overlap of �

0

and a trak ! fake eletrons,

3. Punh-through hadrons ! fake muons,

� Non-prompt leptons

1. Residual photon onversions ! eletrons

2. Deay-in-ight muons from �

�

and K

�

! muons,

3. (Semi-)Leptoni deay of heavy-avor hadrons ! leptons.

As noted here, we use \fake leptons" as a generi word to mean both the literal fake lep-

tons and non-prompt leptons. Most of the omponents are onsidered to be non-isolated

and quite ommon in generi QCD events, while the residual photon-onversions are not

neessarily QCD spei�, and they are separately estimated from identi�ed onversions

with a similar philosophy as the fake-lepton rates. Details of the estimation of residual

photon-onversion bakgrounds are disussed in x4.1. Correspondingly, ontributions

of residual onversions are subtrated from fake-eletron rates in this study.

4.2.2 Measurement of Fake-lepton Rates

We de�ne the fake rate R

fake

as a rate of fake leptons relative to isolated traks with er-

tain energy depositions espeially in the hadron alorimeters, whih we all \hadroni"
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traks:

R

fake

=

lepton objets passing nominal seletions and onsidered to be fakes

isolated traks with required alorimeter energy depositions

: (4.18)

It is noted that we de�ne the fake rate here per isolated trak, not per jet. The event

pre-seletion and the isolated hadroni-trak seletion riteria are listed in Table 4.3.

The kinematial ut is p

T

> 6 GeV/ and we require the same trak-quality uts as

shown in Table 3.6. The hadroni-trak seletion imposes uts on the energy depositions

in the alorimeter towers that a given trak is pointing. The �rst ut in the table is

thought to mainly rejet real eletrons and the other uts are meant to rejet real

muons. As to the numerator, we apply the nominal lepton seletion uts to �nd fake-

lepton objets.

We evaluate R

fake

using inlusive jet samples. The data we use are the Jet20,

Jet50, Jet70, and Jet100 generi jet samples from the 0d through the 0i datasets.

The \jet samples" means di�erent types of jet data olleted by di�erent triggers. In

order to remove real-leptons from the numerator side, we impose a W veto and a Z

veto. The W veto rejets events with

� eletrons with E

T

> 20 GeV or muons with p

T

> 20 GeV/ passing lepton

seletion shown in Table 3.6,

� =E

T

> 30 GeV or transverse mass > 40 GeV/

2

.

The =E

T

is orreted for muons passing our muon seletion with the p

T

> 6 GeV/ ut.

The Z veto rejets events with

� eletrons with E

T

> 20 GeV or muons with p

T

> 20 GeV/ passing our lepton

seletion,

� invariant mass with the 2nd-leg objets is in the mass window of 81{101 GeV/.

The de�nition of the 2nd-leg objets for the Z veto is given in Table 3.8. Note that

the EM objets for the 2nd-leg are not neessarily in the entral region. Finally, we

require the hadroni traks and fake-lepton objets be both separated from the trigger

jet in the �-� spae by R > 1:0 to remove possible trigger biases.

Figure 4.31 shows the p

T

distributions of isolated hadroni traks, fake eletrons,

and fake muons for eah jet sample ombined over the datasets from the 0d through

the 0i. The fake rates by ombining jet samples with the RMS spread as a systemati

unertainty are shown in Figure 4.32 with breakdown of fake-muon rates into those of

CMUP and CMX muons.

4.2.3 Subtration of Residual Photon-Conversions

Residual photon-onversions in the fake-eletron objets found in the jet samples are

estimated from the amount of identi�ed onversions multiplied with weights for residual



4.2. FAKE LEPTONS 89

Event pre-seletion

jz

pv

j < 60 m

Cosmi-ray veto

Geometrial and kinematial uts

CDF default traks in the entral region

p

T

> 6 GeV/

Trak quality uts

axial � 3 and stereo � 3 (� 7 hits)

jz

0

� z

pv

j < 2 m

Silion hits � 3

jd

0

j < 0:02 m

Isolation ut

ISO

al

0:4

< 2 GeV

Hadroni-trak seletion

HA/EM > 0:2

EM > 1 GeV

HA > 4 GeV

Table 4.3: Event pre-seletion and the denominator trak seletion.

photon-onversions inferred from them, whih we refer to as residual onversion ratios.

The details of the method itself is desribed in x4.1. We show only the results in this

setion. Figure 4.33 shows the p

T

distributions of estimated residual onversions for

eah jet sample ombined over the datasets. The ombined fake-eletron rates over

the di�erent type of jet samples, whih is shown in Figure 4.34. In this ase, the

unertainties shown in the �gure inlude a systemati unertainty from the residual

onversion estimation, quanti�ed by �1� variations of the residual onversion ratios,

as well as the RMS spread over the jet samples.

4.2.4 Real-lepton Contamination and Charge Correlation

In this setion, we briey hek an impliation of hadroni-trak seletion in applia-

tions to inlusive lepton data. Figure 4.35 shows e�etive ross setions of � + trak

objets of a few types. For this plot, the trak objet searh in a given event is per-

formed only when there is exatly one good muon passing all the muon seletion ut

with the high p

T

ut of p

T

> 20 GeV/. Also, the simple isolated traks in this anal-
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Figure 4.31: Trak p

T

distributions of isolated hadroni traks (top), fake eletrons

(lower left), and fake muons (lower right) in the jet samples ombined over the datasets.

ysis are heked if they are assoiated with any good leptons or any EM objets with

onversion ags, and removed if so. The �� events and the � + isolated-trak events

are therefore mutually exlusive.
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Figure 4.32: Fake rates as a funtion of trak p

T

obtained by ombining all the datasets

and jet samples. The unertainties shown in the plots take into aount of the RMS

spread over jet samples as systemati unertainties. The last data points in the plot

orrespond to the fake rates inluding overow events.

First of all, we an on�rm from a strong Z peak that simple isolated traks of

the OS ase are signi�antly ontaminated by real muons. Sine the fake-muon rates

are about at a few % level as obtained in the previous setions, the estimated fake

bakgrounds from the isolated traks would be also a few % level of dimuon andidates.

It is atually not a serious problem ompared to the large ontributions from real

dimuon events, although the estimated value of fake bakgrounds itself would be orders

of magnitude larger than the orret answer. We also see that the isolated trak rates

get larger than those of the dimuon andidates toward low mass regions, whih indiate

more bakgrounds at low masses as expeted. For the ase of isolated hadroni traks,

the situation is greatly improved. We are piking up relatively more bakgrounds with

suppressing real muon ontamination. Remembering again the fake-muon rates are

about a few %, the fake-lepton bakgrounds are negligibly small in the OS dimuon

events in rather a wide invariant mass range.

One of interesting thing is a omparison between the OS and LS ombinations of

� + hadroni traks (see Figure 4.35). The OS rates are larger than the LS rates even

outside Z mass regions, whih ould be a sign of harge orrelation besides the e�ets

due to real dimuon events. In order to get a better measure, we investigate real-muon

ontamination in the hadroni traks with helps of PYTHIA Monte Carlo (MC) events.

We use inlusive W!��, Z!��, and Z!�� MC samples to ollet � + hadroni
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Figure 4.33: Trak p

T

distributions of residual photon-onversions in the jet samples

ombined over the datasets.

traks, and ompare with the data as given in Figure 4.36. We see that the observed � +

hadroni traks are qualitatively desribed by MC events, and also see that ontributing

mass regions are di�erent between the proesses. The gradual rise of the rates toward

low mass regions an be understood as oming mainly from ontributions of W events.

The MC preditions of the absolute value do not ompletely agree with the observed

e�etive ross setion due to some unknown reasons. We, however, try to obtain the

fration of real muons in these MC events by looking at OBSP information for whih

systematis would be aneled to some extent. The omponents of real muons in the

MC events are shown in Figure 4.37. The real-muon ontamination is due to Z!��

events and the small peak around Z mass regions are ompletely attributed to them as

expeted. Regarding this, we omment that Z mass regions will be eventually exluded

from the �nal analysis, whih provides us a ertain safety fator against the problem of

real-muon ontamination. Real-muon frations, f , as a funtion of invariant mass are

estimated as shown in Figure 4.38, and a orretion for real-muon ontamination in the

observed OS � + hadroni traks an be done by multiplying 1� f . The OS/LS ratios

after the orretion is shown in Figure 4.39. The result is not statistially powerful, but

there seem to still remain indiations of the harge orrelation in the data whih are

as muh as a fator of 2 in a mass region around 40{50 GeV/

2

. The MC preditions

obtained by expliitly rejeting real-muons using OBSP information are also inluded

in the �gure. It shows a similar level of harge orrelation, and further says that the

orrelation is originating from W events, not from Z!�� events. The Z!�� strongly
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Figure 4.34: Fake-eletron rates as a funtion of trak p

T

before and after subtrating

residual photon-onversions, with ombining all the datasets and jet samples. The

unertainties shown in the plots take into aount of the RMS spread over jet samples

as systemati unertainties. The rates after orretion also inlude a systemati uner-

tainty from the estimation of the residual photon-onversions. The last data points in

the plot orrespond to the fake rates inluding overow events.

favors the OS ombination as expeted but the ontribution itself is relatively small

ompared to the W events, thus the net e�et is driven by the W events. From these

investigation, we think that there may be harge orrelations between leptons and

additional trak objets, thus the estimation of the fake-lepton bakgrounds in the OS

dilepton events using LS ombinations is not neessarily ensured to lead to a orret

answer. We an also say that the harge orrelation may depend on the seletion and

on the kinematial spae that we look at, and not always important espeially when

W events are not ontributing muh. For example, it might be reasonable to use LS

ombinations in the Z mass window. In general, we must always bear this in our mind

when we analyze the OS dilepton events.
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Figure 4.35: Comparison of the rates of � + various objets from inlusive muon

datasets.
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Figure 4.36: Comparison of the rates of � + hadroni traks between the data and the

Monte Carlo preditions, where the hath of the light red olor represents statistial

unertainties of the Monte Carlo data.
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Figure 4.37: Real-muon omponents of hadroni traks in the Monte Carlo events

extrated by looking at OBSP information.
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Figure 4.38: Fration of real-muons of hadroni traks for the Monte Carlo events.
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Figure 4.39: Opposite-sign and like-sign ratios of � + hadroni trak events for the data

after subtrating real-muon frations predited by Monte Carlo events. The preditions

of Monte Carlo events are also shown, whih are obtained by expliitly removing real

muons using the OBSP information.
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4.3 Physis Bakground

The physis bakgrounds an be lassi�ed into reduible and irreduible bakgrounds:

� Reduible bakgrounds

1. Z=

�

!`

+

`

�

,

2. W+(heavy-avor hadrons)!``+X,

3. tt!(W

+

b)(W

�

b)!``+X,

4. W

+

W

�

!(`

+

�)(`

�

�).

� Irreduible bakgrounds

1. WZ!(`

�

�)(`

+

`

�

),

2. ZZ!(`

+

`

�

)(`

+

`

�

).

The reduible bakgrounds are redued �rst of all by the LS requirement. When they

ontribute to LS dilepton events, the events are most likely due to residual onversions

or fake leptons ontained in these physis events, thus redued also by the isolation

ut. The irreduible bakgrounds are suppressed mainly by a Z veto at the �rst order.

The MC samples were generated by Pythia generator. Table 4.4 lists the MC

samples and related information of them. The MC data are all applied with the rel-

evant sale fators that are disussed in the below. A rather important point regard-

ing our MC predition is that residual photon-onversions and fake-leptons inluding

non-prompt leptons from (semi-)leptoni deays of heavy-avor hadrons found in the

MC events are expliitly removed from the MC ontributions by looking at the OBSP

information sine their ontributions are assumed to be diretly estimated from the

data-driven methods.

4.3.1 Monte Carlo Sale Fators

The sale fator (SF) is to be used in MC based events yield estimation. The event

yield N is driven by

N = L � " � �; (4.19)

where L is the integrated luminosity, " is the total detetion eÆieny, and � is the

proess ross setion. The total detetion eÆieny inludes several seletion eÆieny,

an be expressed as,

" =

X

i

A

(i)

� "

(i)

trig

� "

(i)

pre

� "

(i)

ID

(4.20)

where i means dilepton types suh as CEM-CEM, CMUP-CMX and so on. A

(i)

is

geometrial and kinematial aeptane, "

(i)

trig

is trigger eÆieny, "

(i)

pre

is pre-seletion

eÆieny, and "

(i)

ID

is lepton identi�ation eÆieny.
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Proess Events � �B

F

K fator Filter- Luminosity Notes

(pb) eÆieny (fb

�1

)

Eletron hannels

W!e� 4036290 1960 1.4 | 1.47

Z=

�

!ee 1594110 355� 3 1.4 | 3.21 M > 20 GeV/

2

Muon hannels

W!�� 1608588 1960 1.4 | 0.586

Z=

�

!�� 6701700 355� 3 1.4 | 13.5 M > 20 GeV/

2

Both hannels

Z=

�

!�� 6849882 238� 3 1.4 | 19.0 M > 30 GeV/

2

tt 1111652 7.3 | | 152.3

WW 1596781 1.27 | | 1:26� 10

3

WZ 3598792 0.365 | 0.76 1:19� 10

4

ZZ 761342 2.01 | 0.23 1:65� 10

3

M > 15 GeV/

2

Table 4.4: Summary of the Monte Carlo samples.

The trigger eÆieny is driven by using real data, while other eÆienies are driven

by data and MC samples, respetively. The MC based event yield are saled by the

ratio of the eÆieny in data and MC to more math MC yield to real data. In this

thesis, the estimated sale fator are pre-seletion eÆieny and lepton identi�ation

eÆieny.

4.3.2 Data Samples

As desribed in x3.1, the data olleted by inlusive high-p

T

lepton trigger is used to

searh in the higgs boson. The employed triggers are ELECTRON CENTRAL 18, MUON CMUP18,

and MUON CMX18, the trigger eÆienies is used in the total detetion eÆieny.

The triggers an e�etively ollet the eletroweak proess events suh as Drell-Yan

events. The Drell-Yan events are used to estimate the lepton identi�ation eÆieny.

The Drell-Yan MCs are used to estimate the eÆieny in MC, whih are generated by

Pythia. The higgs MC samples are also used to estimate the pre-seletion eÆieny,

shown in Table 5.1.

4.3.3 Trigger EÆieny

The trigger eÆienies are estimated period by period from the period 0 through 17 to

take the hanges of trigger tables into aount as muh as possible.
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High-p

T

Eletron Trigger EÆieny

The eletron trigger eÆieny is estimated for the parts of the traking trigger and

the alorimeter trigger, separately. We use the W NOTRAK trigger to estimate traking

trigger eÆieny. The W NOTRAK trigger has the same alorimeter trigger path as the

ELECTRON CENTRAL 18 trigger path, but does not have the traking trigger path. For

the traking trigger eÆieny, we pik upW andidate events whih have good eletrons

passing our eletron seletions, missing E

T

> 25 GeV, and W NOTRAK trigger bits. These

are the denominator of the eÆieny. Then we require the traking trigger at eah level

to estimate the eÆienies.

For the Level-1 alorimeter trigger eÆieny, we use high-p

T

muon samples as

unbiased samples. In moun samples, we pik up good eletrons passing our ele-

tron seletions (the L1 denominator), then require the event to �re the L1_EM8 trig-

ger (the L1 numerator). The L1_EM8 trigger is the same as the Level-1 trigger of

ELECTRON CENTRAL 18 (L1_CEM8_PT8) for alorimeter trigger part. For the Level-2

alorimeter trigger eÆieny, we use good lepton events whih are triggered by the

ELECTRON CENTRAL 18 NO L2 and the Level-1 trigger of ELECTRON CENTRAL 18 (the L2

denominator), then we require the Level-2 trigger of ELECTRON CENTRAL 18 (the L2 nu-

merator). For the Level-3 alorimeter trigger eÆieny measurement, �rst we pik up

good lepton events passing the ELECTRON CENTRAL 18 NO L2 and the Level-2 trigger of

ELECTRON CENTRAL 18 (the L3 denominator), moreover we require the Level-3 trigger

(the L3 numerator). The eÆienies are shown in Table A.1.

High-p

T

Muon Trigger EÆieny

We use Z! �� events whih have the invariant mass between 81 to 101 GeV/

2

and �re

the MUON CMX18 (MUON CMUP18) trigger to estimate the MUON CMUP18 (MUON CMX18) trig-

ger eÆieny (the denominator events). Then we apply the MUON CMUP18(MUON CMX18)

trigger. We just require dileptons in events, no jet objets, so this muon trigger eÆ-

ieny is not inluding the Jet10 trigger. The eÆienies are shown in Table A.2 and

Table A.3.

4.3.4 Primary-vertex Cut EÆieny and Sale Fator

Primary-vertex ut is to selet events within the detetor region well-de�ned measure-

ment of ollisions. The region is on�rmed as jz

pv

j < 60m by using osmi ray and

simulation. The osmi ray trak z

0

and simulation z

0

�nding eÆieny both indiate

that the �nding eÆieny within jz

0

j < 60m is at. The aeptane with the p�p beam

luminous region of jz

0

j < 60m is determined by �tting to \Beam Luminosity Fun-

tion" with jz

0

j < 60m. The beam luminosity funtion is the longitudinal pro�le of the

luminous region, expressed by

dL(z)

dz

= N

p

N

�p

1

p

2��

z

exp(�z

2

=2�

2

z

)

4��

x

(z)�

y

(z)

(4.21)
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where z is primary-vertex position, N

p;�p

are proton or antiproton beam uxes, and

�

x;y;z

(z) are the beam widths. The eÆieny is alulated from the �t to z of beam

pro�le as follows,

"(jz

0

j < 60m) =

Z

+60

�60

[dL(x)=dz℄dz

Z

+1

�1

[dL(z)=dz℄dz

: (4.22)

We are using high-p

T

lepton trigger samples, Drell-Yan Monte Carlo and higgs Monte

Carlo samples. The eÆienies and sale fators are shown in Tables A.4-A.8.

4.3.5 Lepton Seletion EÆieny and Sale Fator

We estimate lepton seletion eÆieny based on our like-sign dilepton analysis. Our

base kinematial-ut is p

T

> 20 GeV/ for the leading lepton and p

T

> 6 GeV/ for the

2nd leading lepton, so we look at the eÆieny and sale fator from p

T

> 6 GeV/.

We use Drell-Yan events of the data and MC samples whih are produed by Pythia

to estimate the eÆieny and sale fator. For the eletron seletion eÆieny, we

estimate it in 2 regions with respet to eletron E

T

, beause the sale fator of eletron

identi�ation ut depends on eletron E

T

. We deide to divide the eÆieny and sale

fator to 2 region at E

T

= 30 GeV, while the sale fator does not show any lear

dependene on the muon p

T

. The estimated ut variables are shown in Table 3.6.

4.3.6 OSLS Fake Ratio

We use Drell-Yan events to estimate the eÆieny and sale fator. The Drell-Yan

events are opposite sign dilepton events whih are passing ��

`

1

`

2

> 2.8 (rad) ut.

Suh Drell-Yan events ontain non-negligible amount fake bakgrounds in the events,

in partiular when the 2nd leading lepton is low p

T

. So, we subtrat the bakgrounds

from the Drell-Yan events to get more pure Drell-Yan events using a ratio of opposite

sign(OS) fake events and like sign(LS) fake events (R

OSLS

). The Drell-Yan ounting

method is

N

DY

= N

OS

�N

LS

� R

OSLS

; (4.23)

R

OSLS

=

The number of fake OS events

The number of fake LS events

; (4.24)

where N

OS

is the number of OS dilepton events, N

LS

is the number of LS dilepton

events. the dilepton events have the 1st leading lepton passing all lepton seletion

ut and the 2nd leading lepton passing geometrial, kinematial ut and any seletion

ut. we de�ne the fake Drell-Yan event as the 1st leading objet is passing all lepton

seletion riteria and the 2nd leading objet is satis�ed geometrial and kinematial

ut and hadroni objet riteria (HAD/EM > 0.2, HAD > 1.0 GeV and EM > 4 GeV).

We regard suh a diobjet event as fake Drell-Yan event. If we simply regard the LS

dilepton events as bakground, we go into underestimate the bakground, beause real
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dilepton events have harge orrelation as mentioned in x4.2.4. We require the reading

lepton passing all the lepton seletion and the event �re the high-p

T

lepton trigger.

Then we apply our lepton seletions to the 2nd lepton, as a probe, passing only the

geometrial and kinematial seletions. If the dilepton type ontains the same type of

lepton objets suh as CEM-CEM, CMUP-CMUP, and CMX-CMX, the eÆieny is

alulated by

" =

2�N

after

N

before

+N

after

; (4.25)

while if it onsists of di�erent types, the eÆieny is given by

" =

N

after

N

before

; (4.26)

where the N

before

is the number of events before a seletion and the N

after

is the number

of events after a seletion.

4.3.7 Low-E

T

Eletron Seletion EÆieny and Sale Fator

We estimate the eletron seletion eÆieny and sale fator for low-E

T

eletrons

(E

T

< 30 GeV) using Drell-Yan events (��

`

1

`

2

> 2.8), the events are provided by

extrating LS dieletron events applied OSLS ratio from OS dieletron events with the

invariant mass greater than 20 GeV/

2

. As mentioned before, the identi�ation sale

fator depends on the E

T

of eletron. The eÆienies and sale fators are shown in

Tables A.9, A.11, A.13, A.15, and A.17

4.3.8 High-E

T

Eletron Seletion EÆieny and Sale Fator

We estimate the eletron seletion eÆieny and sale fator for high-E

T

eletrons

(E

T

> 30 GeV) using Drell-Yan events within Z mass window (76 < M

ee

< 106) and

the bakground subtration is same as low-E

T

eletron seletion eÆieny study (see

x4.3.7). The eÆienies and sale fators are shown in Tables A.10, A.12, A.14, A.16

and A.18

4.3.9 Muon Seletion EÆieny and Sale Fator

We estimate the muon seletion eÆieny and sale fator using Drell-Yan events with

OSLS ratio to subtrat bakground events. In muon ase, there is no lear muon p

T

dependene for any muon seletion variables. The eÆienies and sale fators are

shown in Tables A.19-A.38.

4.3.10 Muon Reonstrution EÆieny and Sale Fator

We use Drell-Yan event passing ��

`

1

`

2

ut (> 2.8), the di�erene of z

0

position riterion

for dimuon (jz

`

1

0

� z

`

2

0

j < 2m) to estimate the muon reonstrution eÆieny. we also
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use OSLS ratio to subtrat the bakground. We are using the high p

T

muon trigger

samples and Drell-YanMC data produed by Pythia. The eÆienies and sale fators

are shown in Tables A.39-A.43.

4.3.11 Z=

�

! `

+

`

�

Cross Setion

We measure the Z=

�

! `

+

`

�

ross setion for the invariant mass region 66-116 GeV/

2

using the trigger eÆieny and the sale fators to validate them. The ross setion

an be expressed by

�(Z=

�

! `

+

`

�

) =

N

obs

L � "

; (4.27)

" = "

MC

� "

trig

� SF

pv

� SF

`

1

� SF

`

2

; (4.28)

the N

obs

is the number of observed events, the L is the integrated luminosity, the "

MC

is Z=

�

! `

+

`

�

eÆieny derived by Drell-Yan MC samples. the "

trig

means lepton

trigger eÆieny, the SF

pv

is the sale fator for the primary-vertex ut eÆieny, and

the SF

`

1;2

mean the lepton seletion and muon reonstrution eÆieny sale fators.

Tables 4.5-4.9 show the number of observed events, expeted events and ross setions

for eah dilepton types. We see the maximum 8.0% di�erene in observed event and

expeted event for CMX-CMUP pair. We onsider the overall di�erene (2.8%) as

systemati unertainty for our like-sign dilepton analysis.
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Data Set Observed Expeted Signi�ane (E�O)/O Cross-Seion Signi�ane

(O) (E) for # of events (pb) for Cross-Setion

0d 3781 3752.8 � 238.9 �0:116 �0:008 256.2 � 16.8 0:277

0h 4127 4285.4 � 266.5 0:578 0:038 244.7 � 15.7 �0:401

0i 6246 6304.5 � 392.4 0:147 0:009 251.7 � 16.0 0:022

0j 8528 9048.3 � 560.8 0:916 0:061 239.6 � 15.1 �0:738

0k 4696 4542.4 � 281.7 �0:529 �0:033 262.8 � 16.7 0:658

Overall 27378 27933.4 � 822.1 0:663 0:020 250.3 � 7.2 �0:111

Table 4.5: The number of Z=

�

(66 < M

``

< 116 GeV/

2

) events and the ross-setion

for CECE pair. (Note : Quote NNLO ross-setion (� = 251.3 � 5 pb) to estimate the

signi�ane for ross-setion.)

Data Set Observed Expeted Signi�ane (E�O)/O Cross-Seion Signi�ane

(O) (E) for # of events (pb) for Cross-Setion

0d 1141 1102.0 � 78.0 �0:459 �0:034 263.3 � 20.2 0:575

0h 1261 1233.5 � 99.2 �0:261 �0:022 259.7 � 22.1 0:372

0i 1971 1967.3 � 144.3 �0:025 �0:002 254.7 � 19.5 0:170

0j 2681 2845.9 � 203.0 0:787 0:062 239.5 � 17.7 �0:643

0k 1369 1320.0 � 126.4 �0:372 �0:036 263.7 � 26.2 0:462

Overall 8423 8468.7 � 306.5 0:143 0:005 254.3 � 9.2 0:289

Table 4.6: The number of Z=

�

(66 < M

``

< 116 GeV/

2

) events and the ross-setion

for UPUP pair. (Note : Quote NNLO ross-setion (� = 251.3 � 5 pb) to estimate

the signi�ane for ross-setion.)

Data Set Observed Expeted Signi�ane (E�O)/O Cross-Seion Signi�ane

(O) (E) for # of events (pb) for Cross-Setion

0d 548 575.3 � 40.8 0:582 0:050 242.2 � 20.0 �0:442

0h 884 880.1 � 65.3 �0:054 �0:004 255.2 � 20.8 0:182

0i 1315 1387.8 � 117.3 0:594 0:055 240.9 � 21.4 �0:473

0j 1875 2089.2 � 148.5 1:382 0:114 228.2 � 17.1 �1:301

0k 857 976.1 � 81.3 1:378 0:139 223.2 � 20.1 �1:356

Overall 5479 5908.5 � 219.9 1:850 0:078 236.9 � 8.8 �1:420

Table 4.7: The number of Z=

�

(66 < M

``

< 116 GeV/

2

) events and the ross-setion

for UPMX pair. (Note : Quote NNLO ross-setion (� = 251.3 � 5 pb) to estimate

the signi�ane for ross-setion.)
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Data Set Observed Expeted Signi�ane (E�O)/O Cross-Seion Signi�ane

(O) (E) for # of events (pb) for Cross-Setion

0d 612 609.5 � 42.1 �0:051 �0:004 255.3 � 20.4 0:190

0h 821 822.1 � 62.5 0:016 0:001 253.7 � 21.2 0:112

0i 1214 1292.3 � 112.6 0:664 0:064 238.8 � 21.9 �0:554

0j 1722 1955.7 � 140.8 1:592 0:136 223.8 � 17.0 �1:550

0k 843 950.6 � 80.8 1:252 0:128 225.4 � 20.7 �1:215

Overall 5212 5630.1 � 211.5 1:871 0:080 238.0 � 8.9 �1:300

Table 4.8: The number of Z=

�

(66 < M

``

< 116 GeV/

2

) events and the ross-setion

for MXUP pair. (Note : Quote NNLO ross-setion (� = 251.3 � 5 pb) to estimate

the signi�ane for ross-setion.)

Data Set Observed Expeted Signi�ane (E�O)/O Cross-Seion Signi�ane

(O) (E) for # of events (pb) for Cross-Setion

0d 398 383.7 � 26.5 �0:432 �0:036 263.8 � 22.5 0:540

0h 607 587.3 � 41.2 �0:410 �0:032 262.6 � 21.3 0:516

0i 997 927.5 � 88.1 �0:743 �0:070 273.3 � 27.3 0:791

0j 1382 1438.8 � 101.4 0:527 0:041 244.2 � 18.4 �0:374

0k 694 697.7 � 51.8 0:064 0:005 252.9 � 21.1 0:072

Overall 4078 4035.1 � 152.0 �0:260 �0:011 257.0 � 9.7 0:526

Table 4.9: The number of Z=

�

(66 < M

``

< 116 GeV/

2

) events and the ross-setion

for MXMX pair. (Note : Quote NNLO ross-setion (� = 251.3 � 5 pb) to estimate

the signi�ane for ross-setion.)



4.3. PHYSICS BACKGROUND 105

0d 0h 0i 0j 0k comb.0d 0h 0i 0j 0k comb.0d 0h 0i 0j 0k comb.

C
ro

s
s
 S

e
c
ti

o
n

 (
p

b
)

160

180

200

220

240

260

280

300

320

340
This results

Theory(NNLO)

CECE

1-
CDF Run-II Preliminary:  2711.4 pb

Mode3000.Page200 (10.ZXsec.14)

0d 0h 0i 0j 0k comb.0d 0h 0i 0j 0k comb.0d 0h 0i 0j 0k comb.

C
ro

s
s
 S

e
c
ti

o
n

 (
p

b
)

160

180

200

220

240

260

280

300

320

340
This results

Theory(NNLO)

UPUP

1-
CDF Run-II Preliminary:  2711.4 pb

Mode1000.Page201 (10.ZXsec.14) Sat Oct 25 16:59:28 2008

0d 0h 0i 0j 0k comb.0d 0h 0i 0j 0k comb.0d 0h 0i 0j 0k comb.

C
ro

s
s
 S

e
c
ti

o
n

 (
p

b
)

160

180

200

220

240

260

280

300

320

340
This results

Theory(NNLO)

UPMX

1-
CDF Run-II Preliminary:  2711.4 pb

Mode1000.Page202 (10.ZXsec.14)

0d 0h 0i 0j 0k comb.0d 0h 0i 0j 0k comb.0d 0h 0i 0j 0k comb.

C
ro

s
s
 S

e
c
ti

o
n

 (
p

b
)

160

180

200

220

240

260

280

300

320

340
This results

Theory(NNLO)

MXUP

1-
CDF Run-II Preliminary:  2711.4 pb

Mode1000.Page203 (10.ZXsec.14)

0d 0h 0i 0j 0k comb.0d 0h 0i 0j 0k comb.0d 0h 0i 0j 0k comb.

C
ro

s
s
 S

e
c
ti

o
n

 (
p

b
)

160

180

200

220

240

260

280

300

320

340
This results

Theory(NNLO)

MXMX

1-
CDF Run-II Preliminary:  2711.4 pb

Mode1000.Page204 (10.ZXsec.14)

Figure 4.40: Z=

�

! `

+

`

�

Cross Setion for eah dilepton type to validate the trigger

eÆieny and sale fators.
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4.4 Expeted Bakgrounds

We show expeted number of events passing our events seletion uts. We look into

onsisteny between the data and bakground expetations by using a 2 dimensional

plane (p

T12

VS. p

T2

), we divide the plane to 4 regions. The region de�nition is

� Region 1 : Dilepton system p

T

< 15 GeV/ and 2nd lepton p

T

� 20 GeV/,

� Region 2 : Dilepton system p

T

< 15 GeV/ and 2nd lepton p

T

< 20 GeV/,

� Region 3 : Dilepton system p

T

� 15 GeV/ and 2nd lepton p

T

< 20 GeV/,

� Region 4 : Dilepton system p

T

� 15 GeV/ and 2nd lepton p

T

� 20 GeV/.

The region 4 is most sensitive region for higgs (Wh) events omparing with other 3

regions, but unfortunately, also sensitive to WZ events due to the similar kinematis

between Wh andWZ events in the �nal state. The observed and expeted bakground

events in region by region are shown in Table 4.10. There are no signi�ant disrep-

anies between the data and the bakground expetations for eah region. The total

observed events are 172 events, while the bakground expetation are 188.3 events,

the dominantly bakground omponent is fake lepton with 89:8%, and the residual

photon-onversion with 8:3%.



4.4. EXPECTED BACKGROUNDS 107

Regions

1 2 3 4 Total

Fakes 0.76 36.29 130.35 1.64 169.03

Photon-onversions 0.79 0.28 13.52 1.01 15.60

Total 1.54�0.65 36.57�6.15 143.87�16.70 2.65�1.26 184.62�24.25

(Stat.) �0.29 �1.98 �4.16 �0.35 �4.65

(Syst.) �0.59 �5.82 �16.18 �1.21 �23.80

W!e� 0.000 0.000 0.000 0.000 0.000

Z=

�

!ee 0.000 0.000 0.000 0.000 0.000

W!�� 0.000 0.000 0.000 0.000 0.000

Z=

�

!�� 0.000 0.000 0.000 0.000 0.000

Z=

�

!�� 0.000 0.000 0.000 0.000 0.000

tt 0.000 0.000 0.000 0.000 0.000

WW 0.000 0.000 0.000 0.000 0.000

WZ 0.145 0.058 1.277 1.755 3.234

ZZ 0.025 0.019 0.313 0.283 0.641

Total MC 0.170�0.013 0.077�0.008 1.591�0.108 2.038�0.130 3.875�0.250

(Stat.) �0.007 �0.005 �0.023 �0.024 �0.035

(Syst.) �0.003 �0.003 �0.045 �0.037 �0.084

(Luminosity) �0.010 �0.005 �0.095 �0.122 �0.223

Total expeted 1.7�0.7 36.6�6.2 145.4�16.7 4.7�1.3 188.5�24.3

Data 3 26 137 6 172

Table 4.10: Bakground expetation and observed number of events for the like-sign

dilepton events.
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Chapter 5

Searh for the Higgs Boson

This setion desribes the sensitivity for higgs searh using LS-dilepton events. The

higgs searh is very hallenging searh due to low prodution ross setion for higgs for

instane �(p�p!Wh) = 0:053 pb for 160 GeV/

2

higgs, while even so WZ prodution

is �(p�p!WZ) = 3:96 pb. In order to gain the higgs searh sensitivity, the multivariate

analysis tehnique is employed. The tehnique an suppress bakground events, while

keeping high signal detetion eÆieny. This searh employs \Boosted Deision Trees"

tehnique whih is one of multivariate analyses to gain the higgs searh sensitivity.

5.1 Detetion EÆieny and Event Yield for Higgs

The detetion eÆieny and event yield after passing LS-dilepton seletion are es-

timated by using higgs MCs whih are generated by Pythia assuming higgs mass

between from 110 to 200 GeV/

2

in 10 GeV/

2

steps, due to Standard Model does not

tell us the higgs mass, but predits the existene and other properties. The properties

and the number of generated events for eah higgs mass to be used in the higgs event

estimation is shown in Table 5.1. The expeted event yield forWh!LS-dilepton events

are alulated by,

N

h

= "(Wh!`

�

`

�

) � L � �(p�p!Wh) �B

F

(h!WW ) (5.1)

where "(Wh!`

�

`

�

) is the detetion eÆieny for Wh!`

�

`

�

that the denominator is

Wh!WWW!LS-dilepton event, L is the integrated luminosity, �(p�p!WH) means

the prodution ross setion, and B

F

(h!WW ) is the branhing fration. The dete-

tion eÆieny is 2.16% for 110 GeV/

2

higgs and 2.39% for 160 GeV/

2

higgs. The

expeted event yield for 110 GeV/

2

fermiophobi higgs is 1.32 events assuming the SM

prodution ross setion, and for 160 GeV/

2

SM higgs is 0.38 events. The estimated

values are taken into aount relevant sale fators as desribed in x4.3. Table 5.2

shows the detetion eÆieny and the expeted event yield for eah higgs mass.
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Mass �(p�p!Wh) B

F

(h

FH

!WW ) B

F

(h

SM

!WW ) Generated

(GeV/

2

) (fb) (Events)

110 216.0 0.87 0.04 4198567

120 159.0 0.88 0.12 4198567

130 119.0 0.88 0.27 4198567

140 90.2 0.89 0.47 4198567

150 68.9 0.90 0.68 4198567

160 53.1 0.97 0.92 4198567

170 41.3 0.98 0.97 4198567

180 32.4 0.94 0.94 4198567

190 25.5 0.94 0.94 4198567

200 20.3 0.94 0.94 4198567

Table 5.1: Higgs Monte Carlo samples. h

FH

means fermiophobi higgs, while h

SM

means Standard Model higgs.

Higgs Mass EÆieny Expeted Events Expeted Events

(GeV/

2

) (%) (Fermiophobi higgs) (SM higgs)

110 2.16 � 0.08 1.318 � 0.024 0.061 � 0.001

120 2.27 � 0.09 1.033 � 0.018 0.141 � 0.003

130 2.37 � 0.09 0.808 � 0.014 0.248 � 0.004

140 2.48 � 0.09 0.648 � 0.011 0.342 � 0.006

150 2.50 � 0.09 0.504 � 0.008 0.381 � 0.006

160 2.39 � 0.08 0.400 � 0.006 0.380 � 0.007

170 2.45 � 0.08 0.323 � 0.005 0.320 � 0.005

180 2.57 � 0.09 0.255 � 0.004 0.255 � 0.004

190 2.78 � 0.09 0.217 � 0.003 0.217 � 0.003

200 2.91 � 0.10 0.180 � 0.003 0.180 � 0.003

Table 5.2: Detetion eÆieny and expeted event yeild for higgs passing LS-dilepton

seletion. MC statisti and MC sale fator unertainty are inluded.

5.2 Boosted Deision Trees Disriminant

The bakground expetation is 188.3 events passing LS-dilepton seletions. The S=B

(ratio for signal and bakground) is 1.32/188.3 for fermiophobi higgs at 110 GeV/

2

.

The searh for smaller signal in larger data (bakground) suh as this higgs searh

has beome essential to use the available information from the data as possible to get

more searh sensitivity. The multivariate data analysis an extrat the maximum of

the information. In this searh, \Boosted Deision Trees" (BDT) tehnique whih is

one of the multivariate data analyses is employed [53, 54℄. Deision trees is a binary



5.2. BOOSTED DECISION TREES DISCRIMINANT 111

tree strutured lassi�er suh as Figure 5.1. \S" means signal, \B" means bakground,

terminal nodes are alled \leaves". The naming for S or B is depending on the majority

of events in the eah node. The tree struture is built up by repeatedly splitting

the given events to regions that are eventually lassi�ed as signal or bakground. A

shortoming of deision trees has instability for lassi�er response due to statistial

utuation in the samples, derives the tree, alled training samples, for example if

two input variables suh E

T

and p

T

exhibit similar separation power, the variables are

handled as almost like one variables. In suh a ase the whole tree struture is altered

below this node. This problem is overame by \Boosting" algorithm. The Boosting

onstruts a forest of deision tree with modi�es weights in event by event, as a result

inreases the statistial stability for the lassi�er and also improves the separation

performane omparing with a single deision tree.

Figure 5.1: Shemati view of a deision tree.

5.2.1 Deision Trees

The Deision Trees are built up under the splitting riteria for eah node. The splitting

proedure is repeated until the whole tree is built. The split is determined by �nding

the variable and orresponding ut value that provides the best separation between

signal and bakground. The node splitting is stopped at time that node is reahed

the required minimum number of events. The leaf nodes are lassi�ed as signal or

bakground aording to the majority of events in the node. The employed splitting

riterion is \Gini-Index" to build the deision trees in this thesis. The Gini-Index is

de�ned as

i

G

= p(1� p); (5.2)
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p is purity in a node de�ned as follows,

p =

X

s

W

s

X

s

W

s

+

X

b

W

b

(5.3)

where

P

s

is the sum over signal events and

P

b

is the sum over bakground events in

a node, assuming the events are weighted with eah events having W

i

, so p(1� p) is 0

if the samples is pure signal or pure bakground. The riterion is to maximize

i

G

(parent)� i

G

(left-hild)� i

G

(right-hild); (5.4)

where i

G

(parent) means Gini index of a node before splitting (parent node), and i

G

(left-

hild, or right-hild) means Gini index of a node after splitting from parent node.

The maximum onstruted deision tree has some statistially insigni�ant nodes

whih leads to redue the separation performane (overtrainig). Some \pruning" meth-

ods are used to avoid the overtrainig as possible. \Cost-omplexity pruning" is used

to perform the maximum separation. The ost-omplexity in a tree T starting at node

t is expressed by

R

�

(T

t

) = R(T

t

) + � �N(T

t

) (5.5)

where, R(T

t

) is the total error ost in the tree T , the error ost in eah terminal node

is given by multiplying the 1�max(p; 1� p) by the proportion of data, � is the ost

omplexity parameter, and N(T

t

) is the number of terminal nodes in the tree T , while

the ost-omplexity at node t is

R

�

(t) = R(t) + �: (5.6)

As long as R

�

(t) > R

�

(T

t

) the tree T has a smaller ost-omplexity than the single

node t, in other words, it is worth to keep this node expanded. The inequality also

expressed as the follows,

� <

R(t)�R(T

t

)

N(T

t

)� 1

: (5.7)

The node t with the � in the tree T is reursively pruned away as long as violating

(5.7). Overtraing is managed by using the pruning method.

5.2.2 Boosting Algorithm

As desribed before, A single deision tree has instability for lassi�er response due to

statistial utuation in the samples. In this thesis, \Adaboost" algorithm are used to

overome the problem, whih is one of the some boosting algorithms. In general, the

training events whih were mislassi�ed have their weights inreased i.e. boosted, and

new tree is formed. This proedure is then repeated for the new tree, as results many

trees are built up. The sore from the mth individual tree T

m

is taken as +1 if the



5.2. BOOSTED DECISION TREES DISCRIMINANT 113

events falls on a signal leaf and �1 if the event falls on a bakground leaf. The �nal

sore is taken as a weighted sum of the sores of the individual leaves. This setion

mentions in the boosting algorithm for \Adaboost".

Suppose that there are N events in the samples. The events are assigned the weight

1=N at �rst. Some notations are de�ned as the follows,

� x

i

is the set of information (for example p

T

or E

T

) for the ith event

� y

i

= 1 if the ith event is a signal event and y

i

= �1 if the ith event is a bakground

event

� w

i

is the weight of the ith event

� T

m

(x

i

) = 1 if the set of information for the ith event lands that event on a

signal leaf and T

m

(x

i

) = �1 if the set of information for that event lands it on a

bakground leaf.

� I(y

i

6= T

m

(x

i

)) = 1 and I(y

i

= T

m

(x

i

)) = 0

where m is index for Mth tree. Using the above notations, de�ne the mislassi�ation

rate error,

err

m

=

N

X

i=1

w

i

I(y

i

6= T

m

(x

i

))

N

X

i=1

w

i

(5.8)

The error is used to hange the weight of eah event

�

m

= � � ln

�

1� err

m

err

m

�

(5.9)

w

i

!w

i

� e

�

m

I(y

i

6=T

m

(x

i

))

: (5.10)

where � = 1 is the standard AdaBoost method. The hanged weights are normalized

to

w

i

!

w

i

N

X

i=1

w

i

: (5.11)

The sore for a given event is

T (x) =

M

X

m=1

�

m

T

m

(x) (5.12)

whih is the weighted sum of the sores of the individual trees. The boosting algo-

rithm remedies the statistial utuation in the samples and improves the separation

performane between signal and bakground. The BDT framework is implemented in

TMVA pakage integrated in ROOT framework [55, 56℄, whih is used in this searh.
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5.2.3 BDT Training Samples

From bakground estimation in x4, there are two main bakground events for like-sign

dilepton events. One bakground event is residual-photon onversions event, whih

is eletron originated from photon onversion with unobserved partner trak. The

other main bakground is fake leptons event. The omponents of the fake-lepton are

interative �

�

, overlap of �

0

and a trak, punh-through hadrons, and non-prompt

leptons. The BDT disriminant is optimized to well separate between the higgs and

the two main bakground, so-alled \training". The signal training samples are higgs

MC samples as shown in Table 5.1, while bakground samples are residual-photon

onversion events, and fake lepton events, whih are derived from data samples. The

training are performed by using eah higgs mass sample with the main bakgrounds,

independently. These samples are passing LS-dilepton seletion riteria.

5.2.4 BDT Input Variables

The BDT is insensitive to inluding input variables with low separation powers, beause

the pruning proedure remove the spitting nodes under suh variables, while the other

multivariate tehniques have to arefully selet the input variables and deal with it,

for example Arti�ial Neural Network. If a strongly orrelated variables is seleted

as input variable, the performane should not be always good. We have seleted 8

kinematis to be used the input variables to onstrut BDT disriminant.

� 1st lepton p

T

(p

T1

)

� 2nd lepton p

T

(p

T2

)

� Dilepton system p

T

(p

T12

)

� Missing E

T

� Dilepton mass

� MetSpe : =E

T

if ��( =E

T

, ` or jet) > �/2 or

. : =E

T

sin(��( =E

T

, ` or jet)) if ��( =E

T

,` or jet) < �/2

� H

T

(Sum of p

T1

, p

T2

, jets E

T

(E

T

> 15 GeV and j�j < 2.0), and Missing E

T

)

� Number of Jets with E

T

> 15:0 GeV

The normalized 8 input variables for LS-dilepton event are shown in Figure 5.2. The

p

T

relevant variables (p

T2

and p

T12

) well separate bakgrounds from higgs, and H

T

variable is growing the separation power as larger higgs mass. Figure 5.3 also show

BDT input variables, but staked histogram for expeted bakground events and data.
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5.2.5 BDT Optimization

The BDT in TMVA framework has some parameters to improve the sensitivity and to

avoid overtraining. The \Prune-Strength" and \Number of trees" are used to optimize

the BDT disriminant looking at redued �

2

for BDT output between the training and

the test samples for both signal and bakground as shown in Figure 5.4. The redued

�

2

is de�ned as multipliation with signal redued �

2

and bakground �

2

, so the value is

best to be around 1 or less. Figure 5.5 show the redued �

2

in plane of Prune-Strength

and Number of trees, and the projetion plots using higgs mass 160 GeV/

2

sample.

We an see the redued �

2

is stable around from 20 Prune-Strength on any Number

of trees, and the projetion plot to Number of trees says 800 trees is minimum value.

From this results, we set the values to 20.0 for Prune-Strength and 800 for Number of

trees. We also performed this proedure for higgs mass samples 110 GeV/

2

and 200

GeV/

2

. These samples also show similar values to 160 GeV/

2

sample, so we deide

to use the values got from 160 GeV/

2

samples to other higgs mass samples training.

5.2.6 BDT Output and Cross Chek

The BDT output is used to the disriminant between higgs and bakground. The

trained BDT is validated by using three event samples whih are OS dilepton, Low-

MetSpe&High-Met event, and Zero-silion event, before applying to LS-dilepton events.

The OS dilepton events is passing lepton seletion and dilepton seletion but OS om-

bination not LS ombination, the event is used to hek the validation for Monte Carlo

based bakground expetation. The Low-MetSpe&High-Met events are de�ned as

follows,

� OS dilepton passing lepton seletion uts

� Low-MetSpe : 15 < MetSpe < 50 GeV

� High-Met : =E

T

> 25 GeV

� Low Dilepton mass : 20 < M

``

< 40 GeV/

2

The sample events are fake-lepton rih (53%), to hek the bakground estimation for

fake leptons. The Zero-silion hit events are de�ned as,

� LS dilepton passing lepton seletion uts, but

� The 1st lepton is not applied the silion hit requirement

� The 2nd lepton is applied the zero-silion hit requirement

The sample events are dominantly residual-photon onversion events (90%), to hek

the residual-photon onversion event expetation. There are no signi�ant disrepan-

ies between the data and the bakground expetations as shown in Table 5.3, 5.4,

and 5.5, respetively, and the input variable also shows reasonable shapes shown in
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Figure 5.6 for OS dilepton events, Figure 5.7 for Low-MetSpe&High-Met events, and

Figure 5.8 for Zero-silion hit events.

After looking bakground yield and the kinemati shape, The 3 samples are applied

the trained BDT whih is trained for LS-dilepton event. Figure 5.9, 5.10, and 5.11

show the BDT output in eah 3 samples for 110 and 160 GeV/

2

mass higgs. We an

see reasonable agreement between the data distribution and expeted events ones from

these BDT outputs. From these results, we go to apply the trained BDT to LS dilepton

events whih is signal region in this searh. Figure 5.12 shows the normalized BDT

output for main bakgrounds (Fake leptons and Residual photon-onversion) event and

higgs event. The BDT well disriminate between bakground and higgs. Figure 5.13

shows the BDT output for LS dilepton events for 110 and 160 GeV/

2

mass higgs.

Regions

1 2 3 4 Total

Fakes 7.3 51.1 197.8 5.6 261.7

Photon-onversions 12.2 10.0 31.7 7.7 61.5

Total 19.5�4.8 61.1�9.8 229.4�26.8 13.3�4.0 323.2�44.7

(Stat.) �1.2 �2.5 �5.3 �1.0 �6.1

(Syst.) �4.7 �9.5 �26.2 �3.9 �44.3

W!e� 0.0 0.0 0.0 0.0 0.0

Z=

�

!ee 2277.9 1723.4 1723.3 1183.6 6908.3

W!�� 0.0 0.0 0.0 0.0 0.0

Z=

�

!�� 2855.0 1067.4 983.7 993.4 5899.4

Z=

�

!�� 247.7 419.7 482.0 72.8 1222.1

tt 1.8 0.7 18.2 43.2 63.8

WW 8.4 2.9 39.9 64.4 115.6

WZ 0.4 0.2 2.8 3.8 7.2

ZZ 0.4 0.4 4.6 4.6 9.9

Total MC 5391.6�344.7 3214.6�253.8 3254.4�234.3 2365.7�149.6 14226.3�956.7

(Stat.) �32.8 �25.3 �25.2 �21.5 �53.1

(Syst.) �114.4 �163.0 �127.0 �42.0 �428.8

(Luminosity) �323.5 �192.9 �195.3 �141.9 �853.6

Total expeted 5411.0�344.7 3275.7�254.0 3483.8�235.8 2371.0�149.6 14549.5�957.7

Data 4648 2837 3795 2221 13501

Table 5.3: Bakground expetation and observed number of events for the opposite-sign

dilepton events.



5.2. BOOSTED DECISION TREES DISCRIMINANT 117

Regions

1 2 3 4 Total

Fakes 0.00 0.11 40.85 0.23 41.20

Photon-onversions 0.00 0.00 3.48 0.00 3.47

Total 0.00�0.00 0.11�0.08 44.33�5.32 0.23�0.20 44.68�5.51

(Stat.) �0.00 �0.08 �2.17 �0.08 �2.17

(Syst.) �0.00 �0.02 �4.86 �0.18 �5.06

W!e� 0.00 0.00 0.00 0.00 0.00

Z=

�

!ee 0.00 0.00 5.86 1.42 7.01

W!�� 0.00 0.00 0.00 0.00 0.00

Z=

�

!�� 0.00 0.00 3.98 1.83 5.82

Z=

�

!�� 0.12 0.12 5.81 0.53 6.56

tt 0.00 0.09 2.29 2.33 4.71

WW 0.00 0.08 9.03 2.42 11.53

WZ 0.00 0.01 0.42 0.10 0.52

ZZ 0.00 0.01 0.43 0.08 0.51

Total MC 0.12 �0.12 0.30�0.12 27.82�2.60 8.42�1.01 36.66�3.17

(Stat.) �0.12 �0.12 �1.70 �0.84 �1.91

(Syst.) �0.01 �0.01 �1.03 �0.22 �1.24

(Luminosity) �0.01 �0.02 �1.67 �0.51 �2.20

Total expeted 0.12�0.12 0.42�0.15 72.15�5.92 8.66�1.02 81.34�6.36

Data 0 0 69 9 78

Table 5.4: Bakground expetation and observed number of event for Low-MetSpe &

high-Met in low dilepton mass.
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Figure 5.2: BDT input variables for like-sign dilepton (1st lepton p

T

(p

T1

), 2nd lep-

ton p

T

(p

T2

), dilepton system p

T

(p

T12

), Missing E

T

, Dilepton mass, number of jets,

MetSpe, and H

T

).
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Figure 5.3: BDT input variables for like-sign dilepton (1st lepton p

T

(p

T1

), 2nd lepton

p

T

(p

T2

), dilepton system p

T

(p

T12

), and Missing E

T

, Dilepton mass, number of jets,

MetSpe, and H

T

).
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BDT response
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Figure 5.4: Expample of BDT output for training and test sample.
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Regions

1 2 3 4 Total

Fakes 0.03 1.29 4.77 0.03 6.12

Photon-onversions 1.60 3.32 27.23 3.79 35.94

Total 1.63�0.39 4.62�1.00 32.0�3.56 3.82�0.63 42.06�3.88

(Stat.) �0.37 �0.96 �3.06 �0.59 �3.31

(Syst.) �0.10 �0.27 �1.82 �0.22 �2.02

W!e� 0.00 0.00 0.00 0.00 0.00

Z=

�

!ee 0.00 0.00 0.00 0.00 0.00

W!�� 0.00 0.00 0.00 0.00 0.00

Z=

�

!�� 0.00 0.00 0.00 0.00 0.00

Z=

�

!�� 0.00 0.00 0.00 0.00 0.00

tt 0.00 0.00 0.00 0.00 0.00

WW 0.00 0.00 0.00 0.00 0.00

WZ 0.00 0.00 0.00 0.00 0.00

ZZ 0.00 0.00 0.00 0.00 0.00

Total MC 0.00 �0.00 0.00�0.00 0.00�0.00 0.00�0.00 0.00�0.00

(Stat.) �0.00 �0.00 �0.00 �0.00 �0.00

(Syst.) �0.00 �0.00 �0.00 �0.00 �0.00

(Luminosity) �0.00 �0.00 �0.00 �0.00 �0.00

Total expeted 1.63�0.39 4.62�1.00 32.00�3.56 3.82�0.63 42.06�3.88

Data 1 3 26 10 40

Table 5.5: Bakground expetation and observed number of event for Zero-silion hit

events.
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Figure 5.6: BDT input variables for opposite-sign dilepton (1st lepton p

T

(p

T1

), 2nd

lepton p

T

(p

T2

), dilepton system p

T

(p

T12

), Missing E

T

, Dilepton mass, number of jets,

MetSpe, and H

T

).
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Figure 5.7: BDT input variables for LowMetSpe&HighMet event (1st lepton p
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),

2nd lepton p
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), Missing E
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jets, MetSpe, and H
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).
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Figure 5.8: BDT input variables for Zero-silion hit event (1st lepton p
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Figure 5.9: BDT output for opposite-sign dilepton (M

h

: 110 and 160 GeV/

2

).
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Figure 5.10: BDT output for LowMetSpe&HighMet event (M

h

: 110 and 160 GeV/

2

).
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Figure 5.11: BDT output for Zero-silion hit event (M

h

: 110 and 160 GeV/

2

).
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Figure 5.12: Normalized BDT output for like-sign dilepton (M

h

: 110 and 160 GeV/

2

).
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Figure 5.13: BDT output for like-sign dilepton (M
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: 110 and 160 GeV/
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).
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Chapter 6

Systemati Unertainty

There are the systemati unertainties arise from several soures in any study. The

systemati unertainties are lassi�ed to two types ones in this searh. One is \Rate

systemati unertainty" whih a�ets the event yield and aeptane, the other is

\Shape systemati unertainty" whih hanges the shape to the relevant kinematis.

The both systemati strongly a�ets the searh sensitivity, for example if larger sys-

temati gains ross setion upper limits, and give us poor observation hane for higgs.

In this hapter, the several systemati unertainties are shown in.

6.1 Rate Systemati Unertainty

The rate systemati unertainties a�et the event yield (aeptane). The system-

ati unertainties are taken into aount for both signal and bakground for several

systemati soures.

� Monte Carlo sale fators:

The sale fator is to sale the MC based aeptane to realisti one by applying

trigger eÆieny and lepton identi�ation eÆieny sale fators, the systemati

only a�ets MC based expetation, in this ase, higgs, WZ, and ZZ event.

� Parton Distribution Funtion (PDF):

Parton momentum in hadron is desribed by the PDF whih is derived by theoret-

ial alulations and measured by several experiments. Monte Carlo simulations

use CTEQ5L as default PDF set in CDF. The PDF unertainty are estimated

by alulating aeptane using other PDF set with taking into aount the dif-

ferene of them. The other PDF are 2 CTEQ6Ls hanging �

s

value, 2 MRST set

hanging �

s

and not, and 40 CTEQ6Ms hanging eigenvetor. The unertainty

is only taken into aount for higgs samples.

� Initial and Final State Radiation (ISR and FSR):

The gluon and photon radiation at initial and �nal state give orretion to the

event topology. The orretion a�et to aeptane is estimated as systemati

129
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unertainty using the MC hanging the parameters related to the ISR and the

FSR from default MC. The systemati estimation has been done on higgs samples.

� Prodution ross setion:

The several prodution ross setions are estimated by theoretial alulation

taking into aount experiment results. The unertainty from the predition

alulation is onerned as systemati unertain in aeptane. The unertainty

of higgs predition ross setion �(Wh!p�p) is notied as 5% in [57℄. The both

WW and WZ unertanity are mentioned in [58℄ as 10%.

� Z ross setion:

As desribed at x4.3.11, Z=

�

! `

+

`

�

ross setions are estimated to validate the

trigger eÆieny and lepton seletion ut eÆieny sale fators. The disagree-

ment between data and expetation is taken into aount systemati unertainty,

the systemati unertainty is 2.8%.

� Luminosity:

The luminosity measurement has been done by CLC detetor as desribed in

x2.7 in CDF experiment. The measurement has several onsiderable systemati

unertainties, that is, the unertainty of the inelasti p�p ross setion and CLC

aeptane. The systemati from the measurement is total 6%, whih is for MC

baed aeptane.

� Residual photon-onversion ratio and Fake lepton rate:

The bakground expetation for fake lepton and residual photon-onversion are

derived from data applying a weight, that is, fake lepton rate and residual photon-

onversion ratio. The weight systemati unertainty omes from used data/MC

statistis and unertainty between used samples, for example Jet samples for fake

lepton rate.

The summaries of rate systemati unertainties are shown in Table 6.1 for signal (higgs)

and Table 6.2 for bakgrounds.

6.2 Shape Systemati Unertainty

The shape systemati unertainty a�ets relevant kinemati distributions, espeially

BDT input and output distributions in this ase. The onsiderable unertainties are Jet

energy sale unertainty and weight unertainties whih are used to expet the residual

photon-onversions and fake leptons whih are main bakground in LS-dilepton event.

� Jet energy sale:

As desribed at x3.2.3, the jet energy measured by alorimeters is olleted by

using data and MCs for detetor e�ets and physis e�ets. The systemati

unertainties oming from the olletions hange the jet relevant kinematis, that
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Mass(GeV/

2

) 110 120 130 140 150 160 170 180 190 200

MC statistis 1.01 0.98 0.96 0.94 0.93 0.96 0.94 0.92 0.88 0.86

MC sale fators 1.52 1.55 1.49 1.39 1.39 1.25 1.24 1.18 1.38 1.11

PDF 2.65 2.47 2.21 2.16 1.99 1.90 1.79 1.73 1.50 1.10

ISR 5.23 5.23 5.23 5.23 5.23 5.23 5.23 5.23 5.23 5.23

FSR 5.46 5.46 5.46 5.46 5.46 5.46 5.46 5.46 5.46 5.46

Cross Setion 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00

Z Cross Setion 2.78 2.78 2.78 2.78 2.78 2.78 2.78 2.78 2.78 2.78

Luminosity 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00

Total (%) 11.7 11.6 11.6 11.6 11.5 11.5 11.5 11.5 11.4 11.4

Table 6.1: Rate systemati unertainty for signal.

Fake leptons Residual photon-onversion WZ ZZ

Statistis 2.27 16.90 0.80 3.59

Fake rate 14.08 - - -

Residual onversion rate - 8.84 - -

MC sale fators - - 2.22 2.65

Cross Setion - - 10.00 10.00

Luminosity - - 6.00 6.00

Total (%) 14.3 19.1 11.9 12.5

Table 6.2: Rate systemati unertainty for bakgrounds.

is the jet transverse momentum, number of jet is passing entral jet riteria, and

H

T

, as a results also varies the BDT output distribution as shown in Figure 6.1.

The variation e�ets the searh sensitivity.

� Residual photon-onversion ratio and Fake lepton rare:

The eah weights are formulated as a binned funtion of p

T

for relevant objets

as shown in x4.1 and x4.2. The systemati unertainty in eah bin a�ets the

shape of kinemati distribution suh as input variables. In this ase, the e�et

also validates the BDT separation power. The systemati are estimated by simul-

taneously varying the all bins with 1 � unertainty. The shape systemati e�et

in the BDT output are shown in Figure 6.2 for the residual photon-onversion

ratio and in Figure 6.3 for the fake lepton rate.
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Figure 6.1: Shape systemati oming from jet energy sale in BDT output for higgs at

110 (top row) and 160 (bottom row) GeV/

2

(from left to right : higgs, WZ, and ZZ).
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Figure 6.2: Shape systemati oming from fake lepton rate in BDT output for higgs at

110 (left) and 160 (right) GeV/
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Chapter 7

Upper Limit on Prodution Cross

Setion

As desribed above setions, there is no signi�ane disrepanies between data and

bakground expetation for number of events, several kinematis, and �nal disrimi-

nant i.e. BDT output. From this results, the upper limits on higgs prodution ross

setion is set by using binned likelihood funtion in Bayesian approah with the BDT

output distribution. The binned likelihood funtion obeys the Poisson statis inor-

porating some information, that is, systemati unertainties from several soures by

the Gaussian. The following setion shows the onstrition for the binned likelihood

funtion, and the upper limit on prodution ross setion at a 95% on�dene level by

using the likelihood funtion.

7.1 Likelihood Funtion

The upper limit on prodution ross setion is alulated by using Bayesian approah

with �tting binned likelihood to the BDT output [60℄. The likelihood is onstruted

under the Poisson statistis:

p(�; n) =

�

n

e

��

n!

; � = s+ b (7.1)

where n is number of observed events, � is expeted number of events, and s(b) is

expeted number of events for signal(bakground). In this thesis, the binned likelihood

�tting to N bins histogram is written down as the follows,

L =

N

bin

Y

k

�

n

k

k

e

��

k

n

k

!

; �

k

= s

k

+ b

k

(7.2)
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In addition, the likelihood is taken some informations, the systemati unertainties,

into aount by Gaussian,

L(�

1

; � � � ; �

N

pro

; Æ

1

; � � � ; Æ

N

syst

) =

N

bin

Y

k=1

�

n

k

k

� e

��

k

n

k

!

�

N

pro

Y

i=1

G(�

i

j�

SM

i

;��

SM

i

) �

N

syst

Y

j=1

G(Æ

j

j0; 1) (7.3)

where N

pro

is number of physis proesses, N

syst

is number of systemati soures. The

expeted event �

k

is taken both systemati unertainties into aount, expressed as the

follows,

�

k

=

N

pro

X

i=1

�

ik

� Æ

rate

i

� Æ

shape

ik

; (7.4)

Æ

rate

i

=

N

syst

Y

j=1

[1 + jÆ

j

j � f"

ij+

H(Æ

j

) + "

ij�

H(�Æ

j

)g℄ (7.5)

Æ

shape

ik

=

N

syst

Y

j=1

[1 + jÆ

j

j � f�

ijk+

H(Æ

j

) + �

ijk�

H(�Æ

j

)g℄ : (7.6)

where "

ij

is the relative aeptane unertainties from jth systemati soure in ith

proess, �

ijk

is the relative unertainty in the kth bin ontent from jth systemati

soure in ith proess. Heaviside step funtion H(Æ

j

) is used in the above equations,

de�ned as the follows,

H(Æ

j

) =

�

1 (Æ

j

> 0)

0 (Æ

j

< 0)

(7.7)

The likelihood funtion (7.3) is used to alulate the upper limit on prodution

ross setion times branhing fration �(p�p!Wh)�B

F

(h!WW ) at a 95% on�dene

level.

7.2 Upper Limit at a 95% Con�dene Level

In this searh, there is no signi�ant exess in between data and bakground ex-

petation, so the upper limits on prodution ross setion times branhing fration

�(p�p!Wh)�B

F

(h!WW ) at a 95% on�dene level (C.L.) is set by using the binned

likelihood funtion (7.3) in Bayesian approah with BDT output distribution as the
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following funtion,

95% =

Z

�

95%

0

L(�)d�

Z

1

0

L(�)d�

: (7.8)

The upper limits are alulated for both expeted and observed ones orresponding to

from 110 to 200 GeV/

2

higgs. The expeted upper limit alulations are performed

with 10,000 pseudo-experiments. The expeted limit are quoted the median in the

distribution for 10,000 pseudo-experiment. As a results, the expeted upper limit are

�

exp

(p�p!Wh)� B

F

(h!WW ) < 2:42 pb at 110 GeV/

2

;

�

exp

(p�p!Wh)�B

F

(h!WW ) < 1:23 pb at 160 GeV/

2

;

while the observed upper limits are

�

obs

(p�p!Wh)� B

F

(h!WW ) < 1:54 pb at 110 GeV/

2

;

�

obs

(p�p!Wh)�B

F

(h!WW ) < 0:98 pb at 160 GeV/

2

;

and the relative expeted and observed upper limit to the fermiophobi higgs (FP)

predition at 110 GeV/

2

are

limit

exp

=�

FP110

< 8:2;

limit

obs

=�

FP110

< 12:9;

and to the SM higgs ones at 160 GeV/

2

limit

exp

=�

SM160

< 20:1;

limit

obs

=�

SM160

< 25:1:

Table 7.1 and Figure 7.1 show the expeted and observed upper limits at a 95% C.L.

for from 110 to 200 GeV/

2

higgs. And the relative upper limits to higgs predition

ross setion are also alulated, to the fermiophobi higgs shown in Table 7.2 and

Figure 7.2 and to the SM higgs shown in Table 7.3 and Figure 7.3.
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Higgs Mass Expeted Median Observed

(GeV/

2

) (pb) (pb)

110 1:54

+0:64

�0:44

2.42

120 1:24

+0:53

�0:34

1.80

130 1:16

+0:49

�0:32

1.97

140 1:05

+0:44

�0:29

1.73

150 1:04

+0:42

�0:29

1.82

160 0:98

+0:42

�0:27

1.23

170 0:97

+0:40

�0:27

1.48

180 0:88

+0:37

�0:24

1.23

190 0:82

+0:34

�0:23

1.18

200 0:76

+0:31

�0:21

0.89

Table 7.1: The expeted and observed upper limit on prodution ross setion times

branhing fration �(p�p!Wh)�B

F

(h!WW ) at a 95% on�dene level in eah higgs

mass.

Higgs Mass Expeted Median Observed

(GeV/

2

) (Limit/�

FH

) (Limit/�

FH

)

110 8:2

+3:4

�2:3

12.9

120 8:8

+3:8

�2:4

12.9

130 11:1

+4:6

�3:1

18.8

140 13:0

+5:5

�3:6

21.6

150 16:7

+6:8

�4:7

29.4

160 19:1

+8:2

�5:3

23.8

170 24:0

+9:8

�6:8

36.7

180 29

+12

�8

40.4

190 34

+14

�10

49.2

200 40

+17

�11

46.5

Table 7.2: The relative upper limits on �(p�p!Wh) � B

F

(h!WW ) to fermiophobi

higgs predition at a 95% on�dene level in eah higgs mass.
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Higgs Mass Expeted Median Observed

(GeV/

2

) (Limit/�

SM

) (Limit/�

SM

)

110 180

+74

�52

283.0

120 65

+28

�18

94.9

130 36

+15

�10

60.9

140 25

+11

�7

41.2

150 22:0

+8:9

�6:2

38.7

160 20:1

+8:6

�5:5

25.1

170 24:0

+9:8

�6:8

36.7

180 29

+12

�8

40.4

190 34

+14

�10

49.2

200 40

+17

�11

46.5

Table 7.3: The relative upper limits on �(p�p!Wh)� B

F

(h!WW ) to SM higgs pre-

dition at a 95% on�dene level in eah higgs mass.
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)
2

Higgs Mass (GeV/c

110 120 130 140 150 160 170 180 190 200
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(pσ
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Observed Limit (95% CL)

Fermiophobic higgs
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1-
CDF Run-II Preliminary:    2.7 fb

Figure 7.1: The upper limits on the prodution ross setion times branhing fration

�(p�p!Wh) � B

F

(h!WW ) at a 95% on�dene level as a funtion of higgs mass

together with the ross setions of the benhmark senario for the fermiophobi higgs

and of the Standard Model.
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)
2

Higgs Mass (GeV/c

110 120 130 140 150 160 170 180 190 200

)
2

Higgs Mass (GeV/c

110 120 130 140 150 160 170 180 190 200

9
5
%

 C
.L

. 
li
m

it
/F

H

1

10

210

310
P.E. of 95%

P.E. of 68%

Expected Limit (95% CL)

Observed Limit (95% CL)

Fermiophobic higgs

1-
CDF Run-II Preliminary:    2.7 fb

Figure 7.2: The relative upper limits on the prodution ross setion times branh-

ing fration �(p�p!Wh) � B

F

(h!WW ) to fermiophobi higgs predition at a 95%

on�dene level as a funtion of higgs mass.
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Figure 7.3: The relative upper limits on the prodution ross setion times branhing

fration �(p�p!Wh)� B

F

(h!WW ) to SM higgs predition at a 95% on�dene level

as a funtion of higgs mass.



Chapter 8

Conlusion

This thesis has desribed the searh for the neutral higgs prodution assoiated W bo-

son using high-p

T

like-sign dilepton events with the data orresponding to an integrated

luminosity of 2.7 fb

�1

. The bakground expetation in the �nal seleted like-sign event

was 188 events, while the observed event was 172, so there was no signi�ant disrep-

anies between data and the expetation within the unertainties, also well mathed

the several kinemati distributions. The expeted number of signal events was 1.31 for

the fermiophobi higgs of the mass 110 GeV/

2

assuming the Standard Model produ-

tion ross setion and 0.38 for the Standard Model higgs of 160 GeV/

2

. The Boosted

Deision Tree tehnique was used to give more separation power between bakgrounds

and signal events in the �nal sample. The BDT output distribution also have shown

no signi�ant exess between the data and bakground expetation. From this re-

sults, the upper limits on the prodution ross setion times the branhing fration

�(p�p!Wh)�B

F

(h!WW ) at a 95% on�dene level was set by using the binned like-

lihood funtion in Bayesian approah with the BDT output distribution. The observed

limit was for higgs mass at 110 and 160 GeV/

2

respetively,

�(p�p!Wh)�B

F

(h!WW ) < 2:42 pb at 110 GeV/

2

;

�(p�p!Wh)� B

F

(h!WW ) < 1:23 pb at 160 GeV/

2

:

The CDF experiment is also searhing the neutral higgs boson using the other

hannels (total 7 hannels) with several analysis tehniques (Arti�ial Neural Network

and Matrix Element) [24, 61, 62, 63, 65, 64℄. The hannels also set the upper limits on

ross setion, respetively. And the ombined upper limits with the 7 hannels using

from 2.0 to 3.6 fb

�1

data show more sensitivity to the Standard Model higgs omparing

with the upper limit in the individual hannel. In addition, the other experiment, so-

alled the D�, in the Tevatron is also searhing the SM higgs boson using 9 hannels

from 0.9 to 4.2 fb

�1

data [27, 28, 31, 66, 67, 68, 68, 69, 70℄. The both ollaboration

have reported the ombined upper limits from 110 to 200 GeV/

2

[71℄. In that report,

The SM higgs with 160-170 GeV/

2

was exluded at 95% on�dene level as shown

in Figure 8.1. The results has been updated sine LEP results for the �rst time in

about 5 years [19℄, and give us new knowledge for the SM higgs. The Tevatron will

141
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run in FY2010 and it will give us total the 6-8 fb

�1

data, that also give us the hope to

\disover" the higgs in the Tevatron.

1
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-1
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LEP Exclusion Tevatron
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March 5, 2009

Figure 8.1: The ralative observed and expeted upper limit on prodution ross setion

to SM predition as a funtion of the higgs mass for the ombined CDF and D� results.



Appendix A

Events Seletion E�ieny and

Sale Fator

A.1 Trigger EÆieny

Period EÆieny

0 0.9635 � 0.0005

1 0.9780 � 0.0007

2 0.9788 � 0.0007

3 0.9750 � 0.0008

4 0.9796 � 0.0008

5 0.9672 � 0.0113

6 0.9777 � 0.0007

7 0.9687 � 0.0016

8 0.9677 � 0.0030

9 0.9610 � 0.0008

10 0.9630 � 0.0006

11 0.9638 � 0.0006

12 0.9609 � 0.0008

13 0.9588 � 0.0007

14 0.9643 � 0.0017

15 0.9660 � 0.0008

16 0.9632 � 0.0010

17 0.9659 � 0.0007

Table A.1: ELECTRON CENTRAL 18 trigger eÆieny for eah period.

143
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Period EÆieny

0 0.9017 � 0.0090

1 0.9118 � 0.0142

2 0.9242 � 0.0121

3 0.9314 � 0.0130

4 0.9399 � 0.0141

5 0.9102 � 0.0121

6 0.9171 � 0.0136

7 0.9337 � 0.0178

8 0.9176 � 0.0062

9 0.9192 � 0.0106

10 0.9313 � 0.0082

11 0.9263 � 0.0089

12 0.9141 � 0.0116

13 0.9174 � 0.0095

14 0.9209 � 0.0229

15 0.9203 � 0.0118

16 0.8826 � 0.0187

17 0.9212 � 0.0109

Table A.2: MUON CMUP18 trigger eÆieny for eah period.
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Period EÆieny

0 0.9687 � 0.0054

1 0.9005 � 0.0149

2 0.8780 � 0.0146

3 0.8738 � 0.0165

4 0.9078 � 0.0169

5 0.8833 � 0.0134

6 0.8644 � 0.0164

7 0.8927 � 0.0216

8 0.8768 � 0.0073

9 0.8529 � 0.0133

10 0.9274 � 0.0084

11 0.9093 � 0.0097

12 0.8764 � 0.0134

13 0.8595 � 0.0116

14 0.8889 � 0.0262

15 0.8755 � 0.0140

16 0.9228 � 0.0158

17 0.9167 � 0.0112

Table A.3: MUON CMX18 trigger eÆieny for eah period.
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A.2 Primary-Vertex Cut EÆieny and Sale Fa-

tor

MC samples EÆieny(Data) EÆieny(MC) Sale Fator

Drell-Yan (Z=

�

! e

+

e

�

) 0.9488 � 0.0127 0.9531 � 0.0001 0.9955 � 0.0133

Drell-Yan (Z=

�

! �

+

�

�

) 0.9488 � 0.0127 0.9528 � 0.0001 0.9958 � 0.0133

higgs : M

higgs

= 110(GeV=

2

) 0.9488 � 0.0127 0.9486 � 0.0004 1.0002 � 0.0134

higgs : M

higgs

= 120(GeV=

2

) 0.9488 � 0.0127 0.9479 � 0.0004 1.0010 � 0.0134

higgs : M

higgs

= 130(GeV=

2

) 0.9488 � 0.0127 0.9488 � 0.0004 1.0000 � 0.0134

higgs : M

higgs

= 140(GeV=

2

) 0.9488 � 0.0127 0.9494 � 0.0003 0.9994 � 0.0134

higgs : M

higgs

= 150(GeV=

2

) 0.9488 � 0.0127 0.9492 � 0.0003 0.9996 � 0.0134

higgs : M

higgs

= 160(GeV=

2

) 0.9488 � 0.0127 0.9497 � 0.0003 0.9991 � 0.0134

higgs : M

higgs

= 170(GeV=

2

) 0.9488 � 0.0127 0.9485 � 0.0003 1.0004 � 0.0134

higgs : M

higgs

= 180(GeV=

2

) 0.9488 � 0.0127 0.9501 � 0.0003 0.9987 � 0.0134

higgs : M

higgs

= 190(GeV=

2

) 0.9488 � 0.0127 0.9491 � 0.0003 0.9997 � 0.0134

higgs : M

higgs

= 200(GeV=

2

) 0.9488 � 0.0127 0.9486 � 0.0003 1.0003 � 0.0134

Overall 0.9488 � 0.0127 0.9497 � 0.0016 0.9991 � 0.0135

Table A.4: Primary vertex ut eÆieny and sale fator for 0d data set.

MC samples EÆieny(Data) EÆieny(MC) Sale Fator

Drell-Yan (Z=

�

! e

+

e

�

) 0.9565 � 0.0058 0.9614 � 0.0001 0.9949 � 0.0061

Drell-Yan (Z=

�

! �

+

�

�

) 0.9565 � 0.0058 0.9606 � 0.0001 0.9957 � 0.0061

higgs : M

higgs

= 110(GeV=

2

) 0.9565 � 0.0058 0.9595 � 0.0003 0.9969 � 0.0061

higgs : M

higgs

= 120(GeV=

2

) 0.9565 � 0.0058 0.9584 � 0.0003 0.9980 � 0.0061

higgs : M

higgs

= 130(GeV=

2

) 0.9565 � 0.0058 0.9586 � 0.0003 0.9979 � 0.0061

higgs : M

higgs

= 140(GeV=

2

) 0.9565 � 0.0058 0.9586 � 0.0003 0.9978 � 0.0061

higgs : M

higgs

= 150(GeV=

2

) 0.9565 � 0.0058 0.9591 � 0.0003 0.9973 � 0.0061

higgs : M

higgs

= 160(GeV=

2

) 0.9565 � 0.0058 0.9594 � 0.0003 0.9970 � 0.0061

higgs : M

higgs

= 170(GeV=

2

) 0.9565 � 0.0058 0.9581 � 0.0003 0.9984 � 0.0061

higgs : M

higgs

= 180(GeV=

2

) 0.9565 � 0.0058 0.9580 � 0.0003 0.9984 � 0.0061

higgs : M

higgs

= 190(GeV=

2

) 0.9565 � 0.0058 0.9577 � 0.0003 0.9987 � 0.0061

higgs : M

higgs

= 200(GeV=

2

) 0.9565 � 0.0058 0.9577 � 0.0003 0.9988 � 0.0061

Overall 0.9565 � 0.0058 0.9589 � 0.0011 0.9975 � 0.0062

Table A.5: Primary vertex ut eÆieny and sale fator for 0h data set.
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MC samples EÆieny(Data) EÆieny(MC) Sale Fator

Drell-Yan (Z=

�

! e

+

e

�

) 0.9598 � 0.0066 0.9646 � 0.0001 0.9950 � 0.0069

Drell-Yan (Z=

�

! �

+

�

�

) 0.9598 � 0.0066 0.9639 � 0.0001 0.9957 � 0.0069

higgs : M

higgs

= 110(GeV=

2

) 0.9598 � 0.0066 0.9643 � 0.0002 0.9953 � 0.0069

higgs : M

higgs

= 120(GeV=

2

) 0.9598 � 0.0066 0.9641 � 0.0002 0.9955 � 0.0069

higgs : M

higgs

= 130(GeV=

2

) 0.9598 � 0.0066 0.9641 � 0.0002 0.9955 � 0.0069

higgs : M

higgs

= 140(GeV=

2

) 0.9598 � 0.0066 0.9640 � 0.0002 0.9957 � 0.0069

higgs : M

higgs

= 150(GeV=

2

) 0.9598 � 0.0066 0.9639 � 0.0002 0.9958 � 0.0069

higgs : M

higgs

= 160(GeV=

2

) 0.9598 � 0.0066 0.9651 � 0.0002 0.9945 � 0.0069

higgs : M

higgs

= 170(GeV=

2

) 0.9598 � 0.0066 0.9651 � 0.0002 0.9944 � 0.0069

higgs : M

higgs

= 180(GeV=

2

) 0.9598 � 0.0066 0.9642 � 0.0002 0.9954 � 0.0069

higgs : M

higgs

= 190(GeV=

2

) 0.9598 � 0.0066 0.9647 � 0.0002 0.9949 � 0.0069

higgs : M

higgs

= 200(GeV=

2

) 0.9598 � 0.0066 0.9644 � 0.0002 0.9952 � 0.0069

Overall 0.9598 � 0.0066 0.9644 � 0.0004 0.9952 � 0.0069

Table A.6: Primary vertex ut eÆieny and sale fator for 0i data set.

MC samples EÆieny(Data) EÆieny(MC) Sale Fator

Drell-Yan (Z=

�

! e

+

e

�

) 0.9577 � 0.0068 0.9694 � 0.0001 0.9880 � 0.0071

Drell-Yan (Z=

�

! �

+

�

�

) 0.9577 � 0.0068 0.9691 � 0.0001 0.9882 � 0.0071

higgs : M

higgs

= 110(GeV=

2

) 0.9577 � 0.0068 0.9683 � 0.0002 0.9891 � 0.0071

higgs : M

higgs

= 120(GeV=

2

) 0.9577 � 0.0068 0.9673 � 0.0002 0.9902 � 0.0071

higgs : M

higgs

= 130(GeV=

2

) 0.9577 � 0.0068 0.9680 � 0.0002 0.9894 � 0.0071

higgs : M

higgs

= 140(GeV=

2

) 0.9577 � 0.0068 0.9685 � 0.0002 0.9889 � 0.0071

higgs : M

higgs

= 150(GeV=

2

) 0.9577 � 0.0068 0.9685 � 0.0002 0.9889 � 0.0071

higgs : M

higgs

= 160(GeV=

2

) 0.9577 � 0.0068 0.9686 � 0.0002 0.9888 � 0.0071

higgs : M

higgs

= 170(GeV=

2

) 0.9577 � 0.0068 0.9679 � 0.0002 0.9895 � 0.0071

higgs : M

higgs

= 180(GeV=

2

) 0.9577 � 0.0068 0.9682 � 0.0002 0.9892 � 0.0071

higgs : M

higgs

= 190(GeV=

2

) 0.9577 � 0.0068 0.9682 � 0.0002 0.9892 � 0.0071

higgs : M

higgs

= 200(GeV=

2

) 0.9577 � 0.0068 0.9675 � 0.0002 0.9899 � 0.0071

Overall 0.9577 � 0.0068 0.9683 � 0.0006 0.9891 � 0.0071

Table A.7: Primary vertex ut eÆieny and sale fator for 0j data set.
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MC samples EÆieny(Data) EÆieny(MC) Sale Fator

Drell-Yan (Z=

�

! e

+

e

�

) 0.9679 � 0.0049 0.9707 � 0.0001 0.9971 � 0.0050

Drell-Yan (Z=

�

! �

+

�

�

) 0.9679 � 0.0049 0.9707 � 0.0001 0.9971 � 0.0050

higgs : M

higgs

= 110(GeV=

2

) 0.9679 � 0.0049 0.9683 � 0.0001 0.9996 � 0.0050

higgs : M

higgs

= 120(GeV=

2

) 0.9679 � 0.0049 0.9685 � 0.0001 0.9994 � 0.0050

higgs : M

higgs

= 130(GeV=

2

) 0.9679 � 0.0049 0.9678 � 0.0001 1.0001 � 0.0050

higgs : M

higgs

= 140(GeV=

2

) 0.9679 � 0.0049 0.9677 � 0.0001 1.0002 � 0.0050

higgs : M

higgs

= 150(GeV=

2

) 0.9679 � 0.0049 0.9682 � 0.0001 0.9997 � 0.0050

higgs : M

higgs

= 160(GeV=

2

) 0.9679 � 0.0049 0.9685 � 0.0001 0.9994 � 0.0050

higgs : M

higgs

= 170(GeV=

2

) 0.9679 � 0.0049 0.9684 � 0.0001 0.9995 � 0.0050

higgs : M

higgs

= 180(GeV=

2

) 0.9679 � 0.0049 0.9683 � 0.0001 0.9996 � 0.0050

higgs : M

higgs

= 190(GeV=

2

) 0.9679 � 0.0049 0.9680 � 0.0001 0.9999 � 0.0050

higgs : M

higgs

= 200(GeV=

2

) 0.9679 � 0.0049 0.9682 � 0.0001 0.9997 � 0.0050

Overall 0.9679 � 0.0049 0.9686 � 0.0010 0.9993 � 0.0051

Table A.8: Primary vertex ut eÆieny and sale fator for 0k data set.

A.3 Lepton Seletion EÆieny and Sale Fator

uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9880 � 0.0158 0.9915 � 0.0005 0.9966 � 0.0159

z

0

� z

pv

0.9853 � 0.0074 0.9953 � 0.0004 0.9900 � 0.0075

d

0

0.9752 � 0.0137 0.9768 � 0.0008 0.9984 � 0.0140

Silion hit 0.8712 � 0.0337 0.8700 � 0.0019 1.0014 � 0.0388

ISO

al

0:4

0.7901 � 0.0346 0.8050 � 0.0023 0.9814 � 0.0430

EM 0.9772 � 0.0308 0.9847 � 0.0007 0.9925 � 0.0312

L

shr

0.9584 � 0.0319 0.9712 � 0.0009 0.9869 � 0.0328

E=p 0.9627 � 0.0171 0.9601 � 0.0011 1.0027 � 0.0179

�

2

srtip

0.9268 � 0.0284 0.9609 � 0.0010 0.9645 � 0.0296

�z

CES

0.9679 � 0.0244 0.9793 � 0.0008 0.9883 � 0.0250

Q��x

CES

0.9166 � 0.0241 0.9519 � 0.0012 0.9629 � 0.0254

Conversion removal 0.9633 � 0.0208 0.9308 � 0.0014 1.0349 � 0.0224

Overall 0.6036 � 0.0321 0.6290 � 0.0030 0.9596 � 0.0513

Table A.9: Low E

T

eletron seletion ut eÆienies and sale fators for 0d data set.
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uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9771 � 0.0018 0.9937 � 0.0002 0.9832 � 0.0018

z

0

� z

pv

0.9967 � 0.0008 0.9966 � 0.0001 1.0001 � 0.0008

d

0

0.9865 � 0.0016 0.9834 � 0.0003 1.0032 � 0.0016

Silion hit 0.9256 � 0.0033 0.9325 � 0.0006 0.9925 � 0.0036

ISO

al

0:4

0.9115 � 0.0035 0.8994 � 0.0008 1.0134 � 0.0040

EM 0.9929 � 0.0013 0.9912 � 0.0002 1.0017 � 0.0013

L

shr

0.9920 � 0.0013 0.9912 � 0.0002 1.0008 � 0.0013

E=p 0.9318 � 0.0031 0.9233 � 0.0007 1.0092 � 0.0034

�

2

srtip

0.9753 � 0.0019 0.9854 � 0.0003 0.9898 � 0.0020

�z

CES

0.9939 � 0.0010 0.9960 � 0.0002 0.9979 � 0.0011

Q��x

CES

0.9855 � 0.0015 0.9862 � 0.0003 0.9993 � 0.0016

Conversion removal 0.9519 � 0.0028 0.9431 � 0.0006 1.0093 � 0.0031

Overall 0.7200 � 0.0057 0.7099 � 0.0013 1.0142 � 0.0082

Table A.10: High E

T

eletron seletion ut eÆienies and sale fators for 0d data

set.

uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9935 � 0.0156 0.9896 � 0.0005 1.0039 � 0.0158

z

0

� z

pv

0.9976 � 0.0078 0.9952 � 0.0003 1.0024 � 0.0079

d

0

0.9857 � 0.0163 0.9769 � 0.0007 1.0090 � 0.0167

Silion hit 0.9081 � 0.0389 0.8716 � 0.0017 1.0418 � 0.0447

ISO

al

0:4

0.8329 � 0.0401 0.7943 � 0.0022 1.0486 � 0.0506

EM 0.9893 � 0.0362 0.9838 � 0.0006 1.0056 � 0.0368

L

shr

0.9705 � 0.0368 0.9703 � 0.0008 1.0001 � 0.0379

E=p 0.9651 � 0.0191 0.9618 � 0.0010 1.0034 � 0.0198

�

2

srtip

0.9441 � 0.0327 0.9590 � 0.0010 0.9845 � 0.0341

�z

CES

0.9713 � 0.0276 0.9799 � 0.0007 0.9912 � 0.0282

Q��x

CES

0.9491 � 0.0285 0.9522 � 0.0011 0.9967 � 0.0299

Conversion removal 0.9709 � 0.0240 0.9290 � 0.0013 1.0452 � 0.0259

Overall 0.6371 � 0.0373 0.6208 � 0.0028 1.0263 � 0.0603

Table A.11: Low E

T

eletron seletion ut eÆienies and sale fators for 0h data set.
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uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9851 � 0.0014 0.9915 � 0.0002 0.9936 � 0.0014

z

0

� z

pv

0.9944 � 0.0009 0.9966 � 0.0001 0.9977 � 0.0009

d

0

0.9865 � 0.0017 0.9841 � 0.0003 1.0025 � 0.0017

Silion hit 0.9420 � 0.0028 0.9370 � 0.0006 1.0053 � 0.0031

ISO

al

0:4

0.9081 � 0.0034 0.8917 � 0.0008 1.0183 � 0.0039

EM 0.9946 � 0.0012 0.9912 � 0.0002 1.0034 � 0.0013

L

shr

0.9920 � 0.0013 0.9916 � 0.0002 1.0005 � 0.0013

E=p 0.9375 � 0.0030 0.9249 � 0.0006 1.0136 � 0.0033

�

2

srtip

0.9752 � 0.0019 0.9853 � 0.0003 0.9897 � 0.0020

�z

CES

0.9958 � 0.0010 0.9960 � 0.0001 0.9999 � 0.0011

Q��x

CES

0.9873 � 0.0013 0.9865 � 0.0003 1.0008 � 0.0014

Conversion removal 0.9557 � 0.0027 0.9456 � 0.0005 1.0107 � 0.0029

Overall 0.7291 � 0.0054 0.7113 � 0.0012 1.0250 � 0.0078

Table A.12: High E

T

eletron seletion ut eÆienies and sale fators for 0h data

set.

uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9803 � 0.0146 0.9879 � 0.0004 0.9923 � 0.0148

z

0

� z

pv

0.9970 � 0.0081 0.9950 � 0.0003 1.0021 � 0.0082

d

0

0.9905 � 0.0156 0.9753 � 0.0006 1.0156 � 0.0160

Silion hit 0.9123 � 0.0361 0.8730 � 0.0014 1.0449 � 0.0414

ISO

al

0:4

0.8041 � 0.0367 0.7910 � 0.0017 1.0165 � 0.0464

EM 0.9981 � 0.0336 0.9839 � 0.0005 1.0144 � 0.0342

L

shr

0.9812 � 0.0344 0.9709 � 0.0007 1.0106 � 0.0354

E=p 0.9674 � 0.0173 0.9619 � 0.0008 1.0057 � 0.0180

�

2

srtip

0.9495 � 0.0306 0.9603 � 0.0008 0.9888 � 0.0318

�z

CES

0.9905 � 0.0265 0.9798 � 0.0006 1.0110 � 0.0270

Q��x

CES

0.9244 � 0.0264 0.9521 � 0.0009 0.9709 � 0.0277

Conversion removal 0.9685 � 0.0234 0.9277 � 0.0010 1.0440 � 0.0253

Overall 0.6069 � 0.0334 0.6198 � 0.0022 0.9792 � 0.0539

Table A.13: Low E

T

eletron seletion ut eÆienies and sale fators for 0i data set.
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uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9818 � 0.0013 0.9904 � 0.0002 0.9914 � 0.0013

z

0

� z

pv

0.9952 � 0.0007 0.9964 � 0.0001 0.9988 � 0.0007

d

0

0.9851 � 0.0013 0.9837 � 0.0002 1.0014 � 0.0013

Silion hit 0.9408 � 0.0023 0.9338 � 0.0005 1.0075 � 0.0025

ISO

al

0:4

0.8936 � 0.0029 0.8839 � 0.0006 1.0110 � 0.0034

EM 0.9943 � 0.0011 0.9913 � 0.0002 1.0031 � 0.0011

L

shr

0.9920 � 0.0011 0.9916 � 0.0002 1.0004 � 0.0011

E=p 0.9326 � 0.0025 0.9242 � 0.0005 1.0090 � 0.0027

�

2

srtip

0.9729 � 0.0016 0.9859 � 0.0002 0.9868 � 0.0017

�z

CES

0.9951 � 0.0009 0.9959 � 0.0001 0.9992 � 0.0009

Q��x

CES

0.9858 � 0.0012 0.9860 � 0.0002 0.9998 � 0.0012

Conversion removal 0.9513 � 0.0023 0.9453 � 0.0004 1.0063 � 0.0024

Overall 0.7064 � 0.0044 0.7014 � 0.0010 1.0072 � 0.0065

Table A.14: High E

T

eletron seletion ut eÆienies and sale fators for 0i data

set.

uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9842 � 0.0143 0.9842 � 0.0004 1.0000 � 0.0145

z

0

� z

pv

0.9981 � 0.0085 0.9951 � 0.0002 1.0031 � 0.0086

d

0

0.9877 � 0.0148 0.9760 � 0.0005 1.0120 � 0.0152

Silion hit 0.9062 � 0.0335 0.8657 � 0.0011 1.0467 � 0.0387

ISO

al

0:4

0.7858 � 0.0335 0.7789 � 0.0014 1.0088 � 0.0430

EM 0.9991 � 0.0312 0.9836 � 0.0004 1.0158 � 0.0318

L

shr

0.9598 � 0.0316 0.9691 � 0.0006 0.9904 � 0.0326

E=p 0.9624 � 0.0168 0.9623 � 0.0006 1.0001 � 0.0174

�

2

srtip

0.9543 � 0.0286 0.9602 � 0.0006 0.9939 � 0.0298

�z

CES

0.9788 � 0.0249 0.9795 � 0.0005 0.9993 � 0.0254

Q��x

CES

0.9263 � 0.0249 0.9501 � 0.0007 0.9749 � 0.0262

Conversion removal 0.9653 � 0.0212 0.9288 � 0.0008 1.0392 � 0.0228

Overall 0.6115 � 0.0305 0.6016 � 0.0018 1.0164 � 0.0508

Table A.15: Low E

T

eletron seletion ut eÆienies and sale fators for 0j data set.
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uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9813 � 0.0011 0.9870 � 0.0002 0.9943 � 0.0011

z

0

� z

pv

0.9957 � 0.0006 0.9964 � 0.0001 0.9993 � 0.0006

d

0

0.9868 � 0.0011 0.9848 � 0.0002 1.0020 � 0.0012

Silion hit 0.9356 � 0.0021 0.9268 � 0.0004 1.0095 � 0.0023

ISO

al

0:4

0.8791 � 0.0026 0.8686 � 0.0005 1.0122 � 0.0031

EM 0.9938 � 0.0009 0.9915 � 0.0001 1.0023 � 0.0010

L

shr

0.9914 � 0.0010 0.9912 � 0.0001 1.0002 � 0.0010

E=p 0.9316 � 0.0021 0.9264 � 0.0004 1.0057 � 0.0023

�

2

srtip

0.9740 � 0.0014 0.9855 � 0.0002 0.9883 � 0.0014

�z

CES

0.9946 � 0.0008 0.9959 � 0.0001 0.9987 � 0.0008

Q��x

CES

0.9864 � 0.0010 0.9863 � 0.0002 1.0001 � 0.0010

Conversion removal 0.9528 � 0.0019 0.9459 � 0.0003 1.0073 � 0.0020

Overall 0.6809 � 0.0038 0.6842 � 0.0008 0.9951 � 0.0057

Table A.16: High E

T

eletron seletion ut eÆienies and sale fators for 0j data

set.

uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9763 � 0.0142 0.9804 � 0.0005 0.9958 � 0.0145

z

0

� z

pv

0.9979 � 0.0089 0.9949 � 0.0003 1.0031 � 0.0090

d

0

0.9809 � 0.0152 0.9765 � 0.0005 1.0045 � 0.0156

Silion hit 0.8746 � 0.0335 0.8661 � 0.0013 1.0098 � 0.0387

ISO

al

0:4

0.7669 � 0.0341 0.7653 � 0.0017 1.0022 � 0.0446

EM 0.9697 � 0.0312 0.9830 � 0.0005 0.9864 � 0.0317

L

shr

0.9581 � 0.0314 0.9685 � 0.0006 0.9892 � 0.0325

E=p 0.9663 � 0.0170 0.9628 � 0.0007 1.0036 � 0.0177

�

2

srtip

0.9272 � 0.0284 0.9600 � 0.0007 0.9658 � 0.0296

�z

CES

0.9812 � 0.0253 0.9789 � 0.0005 1.0024 � 0.0259

Q��x

CES

0.9271 � 0.0249 0.9502 � 0.0008 0.9757 � 0.0262

Conversion removal 0.9575 � 0.0220 0.9274 � 0.0009 1.0324 � 0.0237

Overall 0.5980 � 0.0315 0.5911 � 0.0020 1.0117 � 0.0534

Table A.17: Low E

T

eletron seletion ut eÆienies and sale fators for 0k data set.
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uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9780 � 0.0014 0.9827 � 0.0002 0.9952 � 0.0015

z

0

� z

pv

0.9953 � 0.0007 0.9963 � 0.0001 0.9989 � 0.0007

d

0

0.9862 � 0.0013 0.9844 � 0.0002 1.0018 � 0.0013

Silion hit 0.9378 � 0.0025 0.9292 � 0.0004 1.0092 � 0.0028

ISO

al

0:4

0.8714 � 0.0035 0.8540 � 0.0006 1.0203 � 0.0042

EM 0.9928 � 0.0011 0.9912 � 0.0002 1.0016 � 0.0011

L

shr

0.9918 � 0.0012 0.9912 � 0.0002 1.0007 � 0.0012

E=p 0.9357 � 0.0026 0.9262 � 0.0004 1.0102 � 0.0029

�

2

srtip

0.9743 � 0.0017 0.9855 � 0.0002 0.9886 � 0.0018

�z

CES

0.9952 � 0.0010 0.9959 � 0.0001 0.9993 � 0.0010

Q��x

CES

0.9849 � 0.0013 0.9865 � 0.0002 0.9984 � 0.0013

Conversion removal 0.9508 � 0.0024 0.9457 � 0.0004 1.0054 � 0.0026

Overall 0.6826 � 0.0051 0.6704 � 0.0009 1.0183 � 0.0077

Table A.18: High E

T

eletron seletion ut eÆienies and sale fators for 0k data

set.

uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9604 � 0.0050 0.9932 � 0.0004 0.9670 � 0.0051

z

0

� z

pv

1.0000 � 0.0000 0.9992 � 0.0002 1.0008 � 0.0002

d

0

0.9976 � 0.0026 0.9987 � 0.0002 0.9990 � 0.0026

Silion hit 0.9037 � 0.0092 0.9096 � 0.0016 0.9935 � 0.0103

ISO

al

0:4

0.9004 � 0.0093 0.9222 � 0.0014 0.9764 � 0.0102

EM 0.9453 � 0.0071 0.9305 � 0.0014 1.0158 � 0.0078

HAD 0.9773 � 0.0052 0.9842 � 0.0007 0.9930 � 0.0053

r ��� 0.9310 � 0.0079 0.9845 � 0.0007 0.9457 � 0.0080

Overall 0.7201 � 0.0123 0.7774 � 0.0023 0.9263 � 0.0161

Table A.19: Muon seletion ut eÆienies and sale fators from CMUP-CMUP for

0d data set.
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uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9779 � 0.0067 0.9922 � 0.0007 0.9856 � 0.0068

z

0

� z

pv

0.9969 � 0.0022 0.9990 � 0.0003 0.9979 � 0.0022

d

0

0.9985 � 0.0015 0.9991 � 0.0002 0.9994 � 0.0016

Silion hit 0.9080 � 0.0134 0.9305 � 0.0021 0.9758 � 0.0145

ISO

al

0:4

0.9106 � 0.0136 0.9281 � 0.0021 0.9812 � 0.0148

EM 0.9540 � 0.0115 0.9332 � 0.0020 1.0223 � 0.0125

HAD 0.9724 � 0.0087 0.9782 � 0.0012 0.9940 � 0.0090

r ��� 0.9974 � 0.0086 0.9935 � 0.0007 1.0039 � 0.0087

Overall 0.7960 � 0.0172 0.8039 � 0.0032 0.9902 � 0.0218

Table A.20: Muon seletion ut eÆienies and sale fators from CMUP-CMX for 0d

data set.

uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9702 � 0.0082 0.9941 � 0.0006 0.9760 � 0.0083

z

0

� z

pv

1.0000 � 0.0000 0.9995 � 0.0002 1.0005 � 0.0002

d

0

0.9975 � 0.0017 0.9985 � 0.0003 0.9990 � 0.0018

Silion hit 0.8667 � 0.0136 0.8895 � 0.0025 0.9743 � 0.0156

ISO

al

0:4

0.8986 � 0.0135 0.9218 � 0.0021 0.9749 � 0.0148

EM 0.9482 � 0.0106 0.9354 � 0.0020 1.0137 � 0.0115

HAD 0.9813 � 0.0074 0.9852 � 0.0010 0.9961 � 0.0076

r ��� 0.9371 � 0.0111 0.9825 � 0.0010 0.9538 � 0.0113

Overall 0.7048 � 0.0173 0.7630 � 0.0034 0.9238 � 0.0231

Table A.21: Muon seletion ut eÆienies and sale fators from CMX-CMUP for 0d

data set.
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uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9660 � 0.0098 0.9924 � 0.0009 0.9734 � 0.0100

z

0

� z

pv

0.9978 � 0.0022 0.9992 � 0.0003 0.9986 � 0.0022

d

0

0.9978 � 0.0022 0.9990 � 0.0003 0.9988 � 0.0022

Silion hit 0.9130 � 0.0161 0.9202 � 0.0029 0.9921 � 0.0178

ISO

al

0:4

0.8895 � 0.0183 0.9283 � 0.0028 0.9581 � 0.0199

EM 0.9454 � 0.0127 0.9344 � 0.0026 1.0118 � 0.0139

HAD 0.9800 � 0.0066 0.9753 � 0.0017 1.0048 � 0.0070

r ��� 0.9914 � 0.0096 0.9952 � 0.0007 0.9962 � 0.0097

Overall 0.7983 � 0.0212 0.7935 � 0.0043 1.0060 � 0.0273

Table A.22: Muon seletion ut eÆienies and sale fators from CMX-CMX for 0d

data set.

uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9818 � 0.0040 0.9905 � 0.0005 0.9912 � 0.0041

z

0

� z

pv

0.9980 � 0.0020 0.9993 � 0.0001 0.9987 � 0.0020

d

0

1.0000 � 0.0000 0.9987 � 0.0002 1.0013 � 0.0002

Silion hit 0.9032 � 0.0097 0.9179 � 0.0014 0.9840 � 0.0106

ISO

al

0:4

0.8907 � 0.0100 0.9156 � 0.0014 0.9729 � 0.0110

EM 0.9542 � 0.0077 0.9307 � 0.0013 1.0253 � 0.0084

HAD 0.9850 � 0.0054 0.9841 � 0.0006 1.0009 � 0.0055

r ��� 0.9464 � 0.0079 0.9854 � 0.0006 0.9604 � 0.0080

Overall 0.7392 � 0.0122 0.7774 � 0.0021 0.9509 � 0.0159

Table A.23: Muon seletion ut eÆienies and sale fators from CMUP-CMUP for

0h data set.
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uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9863 � 0.0056 0.9896 � 0.0007 0.9967 � 0.0057

z

0

� z

pv

1.0000 � 0.0000 0.9990 � 0.0002 1.0010 � 0.0002

d

0

0.9992 � 0.0043 0.9990 � 0.0002 1.0001 � 0.0044

Silion hit 0.9420 � 0.0109 0.9373 � 0.0016 1.0051 � 0.0117

ISO

al

0:4

0.9128 � 0.0121 0.9172 � 0.0018 0.9951 � 0.0134

EM 0.9554 � 0.0100 0.9347 � 0.0016 1.0222 � 0.0108

HAD 0.9879 � 0.0076 0.9794 � 0.0009 1.0086 � 0.0078

r ��� 0.9959 � 0.0081 0.9947 � 0.0005 1.0013 � 0.0082

Overall 0.8045 � 0.0147 0.8045 � 0.0026 1.0001 � 0.0185

Table A.24: Muon seletion ut eÆienies and sale fators from CMUP-CMX for 0h

data set.

uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9773 � 0.0056 0.9901 � 0.0006 0.9871 � 0.0057

z

0

� z

pv

1.0023 � 0.0029 0.9998 � 0.0001 1.0025 � 0.0029

d

0

0.9968 � 0.0029 0.9986 � 0.0002 0.9983 � 0.0029

Silion hit 0.9092 � 0.0114 0.8973 � 0.0020 1.0133 � 0.0128

ISO

al

0:4

0.9039 � 0.0118 0.9099 � 0.0018 0.9933 � 0.0131

EM 0.9540 � 0.0094 0.9319 � 0.0016 1.0238 � 0.0102

HAD 0.9901 � 0.0071 0.9839 � 0.0008 1.0063 � 0.0072

r ��� 0.9393 � 0.0102 0.9842 � 0.0008 0.9544 � 0.0104

Overall 0.7164 � 0.0152 0.7587 � 0.0028 0.9442 � 0.0203

Table A.25: Muon seletion ut eÆienies and sale fators from CMX-CMUP for 0h

data set.
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uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9871 � 0.0053 0.9891 � 0.0009 0.9980 � 0.0054

z

0

� z

pv

0.9996 � 0.0033 0.9992 � 0.0002 1.0004 � 0.0033

d

0

0.9972 � 0.0020 0.9990 � 0.0003 0.9982 � 0.0020

Silion hit 0.9299 � 0.0116 0.9316 � 0.0021 0.9982 � 0.0127

ISO

al

0:4

0.8996 � 0.0138 0.9144 � 0.0023 0.9838 � 0.0153

EM 0.9563 � 0.0102 0.9353 � 0.0020 1.0225 � 0.0112

HAD 0.9807 � 0.0075 0.9805 � 0.0011 1.0002 � 0.0077

r ��� 0.9901 � 0.0073 0.9940 � 0.0006 0.9961 � 0.0074

Overall 0.7922 � 0.0169 0.7992 � 0.0033 0.9911 � 0.0215

Table A.26: Muon seletion ut eÆienies and sale fators from CMX-CMX for 0h

data set.

uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9750 � 0.0040 0.9879 � 0.0004 0.9869 � 0.0041

z

0

� z

pv

0.9976 � 0.0026 0.9993 � 0.0001 0.9983 � 0.0026

d

0

0.9971 � 0.0034 0.9987 � 0.0001 0.9984 � 0.0034

Silion hit 0.9153 � 0.0074 0.9123 � 0.0011 1.0034 � 0.0082

ISO

al

0:4

0.8874 � 0.0081 0.9052 � 0.0012 0.9804 � 0.0091

EM 0.9499 � 0.0063 0.9295 � 0.0010 1.0219 � 0.0069

HAD 0.9869 � 0.0046 0.9839 � 0.0005 1.0031 � 0.0047

r ��� 0.9457 � 0.0059 0.9838 � 0.0005 0.9613 � 0.0061

Overall 0.7204 � 0.0098 0.7663 � 0.0017 0.9401 � 0.0130

Table A.27: Muon seletion ut eÆienies and sale fators from CMUP-CMUP for

0i data set.
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uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9804 � 0.0058 0.9874 � 0.0006 0.9929 � 0.0059

z

0

� z

pv

0.9957 � 0.0024 0.9990 � 0.0002 0.9967 � 0.0025

d

0

0.9983 � 0.0027 0.9991 � 0.0002 0.9991 � 0.0027

Silion hit 0.9483 � 0.0090 0.9338 � 0.0013 1.0155 � 0.0097

ISO

al

0:4

0.9169 � 0.0103 0.9130 � 0.0015 1.0042 � 0.0114

EM 0.9643 � 0.0082 0.9332 � 0.0013 1.0333 � 0.0089

HAD 0.9808 � 0.0052 0.9792 � 0.0007 1.0016 � 0.0054

r ��� 0.9960 � 0.0065 0.9942 � 0.0004 1.0018 � 0.0066

Overall 0.8085 � 0.0122 0.7943 � 0.0021 1.0178 � 0.0156

Table A.28: Muon seletion ut eÆienies and sale fators from CMUP-CMX for 0i

data set.

uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9623 � 0.0053 0.9880 � 0.0006 0.9739 � 0.0053

z

0

� z

pv

0.9954 � 0.0023 0.9989 � 0.0002 0.9965 � 0.0023

d

0

0.9948 � 0.0024 0.9982 � 0.0002 0.9965 � 0.0024

Silion hit 0.9142 � 0.0089 0.8995 � 0.0015 1.0163 � 0.0101

ISO

al

0:4

0.8961 � 0.0095 0.9069 � 0.0015 0.9880 � 0.0106

EM 0.9651 � 0.0067 0.9333 � 0.0013 1.0341 � 0.0073

HAD 0.9829 � 0.0052 0.9837 � 0.0006 0.9992 � 0.0053

r ��� 0.9453 � 0.0076 0.9837 � 0.0006 0.9609 � 0.0077

Overall 0.7289 � 0.0121 0.7579 � 0.0022 0.9617 � 0.0162

Table A.29: Muon seletion ut eÆienies and sale fators from CMX-CMUP for 0i

data set.
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uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9757 � 0.0057 0.9863 � 0.0007 0.9892 � 0.0058

z

0

� z

pv

1.0000 � 0.0000 0.9987 � 0.0002 1.0013 � 0.0002

d

0

0.9974 � 0.0044 0.9990 � 0.0002 0.9984 � 0.0044

Silion hit 0.9381 � 0.0096 0.9276 � 0.0017 1.0113 � 0.0105

ISO

al

0:4

0.8863 � 0.0113 0.9119 � 0.0018 0.9719 � 0.0126

EM 0.9510 � 0.0089 0.9368 � 0.0016 1.0152 � 0.0097

HAD 0.9817 � 0.0063 0.9802 � 0.0009 1.0016 � 0.0065

r ��� 1.0000 � 0.0000 0.9933 � 0.0005 1.0067 � 0.0005

Overall 0.7752 � 0.0136 0.7913 � 0.0026 0.9797 � 0.0175

Table A.30: Muon seletion ut eÆienies and sale fators from CMX-CMX for 0i

data set.

uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9630 � 0.0035 0.9815 � 0.0004 0.9812 � 0.0036

z

0

� z

pv

0.9946 � 0.0018 0.9987 � 0.0001 0.9959 � 0.0018

d

0

0.9970 � 0.0018 0.9984 � 0.0001 0.9986 � 0.0018

Silion hit 0.9084 � 0.0061 0.9012 � 0.0010 1.0080 � 0.0068

ISO

al

0:4

0.8644 � 0.0068 0.8898 � 0.0010 0.9715 � 0.0077

EM 0.9426 � 0.0049 0.9279 � 0.0008 1.0159 � 0.0054

HAD 0.9880 � 0.0031 0.9837 � 0.0004 1.0043 � 0.0032

r ��� 0.9410 � 0.0055 0.9845 � 0.0004 0.9558 � 0.0056

Overall 0.6937 � 0.0082 0.7405 � 0.0014 0.9367 � 0.0112

Table A.31: Muon seletion ut eÆienies and sale fators from CMUP-CMUP for

0j data set.
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uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9748 � 0.0044 0.9812 � 0.0006 0.9934 � 0.0045

z

0

� z

pv

0.9934 � 0.0027 0.9986 � 0.0002 0.9948 � 0.0027

d

0

0.9955 � 0.0028 0.9988 � 0.0001 0.9966 � 0.0028

Silion hit 0.9322 � 0.0078 0.9253 � 0.0011 1.0075 � 0.0085

ISO

al

0:4

0.8847 � 0.0088 0.9037 � 0.0012 0.9789 � 0.0098

EM 0.9565 � 0.0063 0.9333 � 0.0010 1.0248 � 0.0069

HAD 0.9812 � 0.0044 0.9794 � 0.0006 1.0018 � 0.0046

r ��� 0.9853 � 0.0051 0.9942 � 0.0003 0.9911 � 0.0051

Overall 0.7759 � 0.0101 0.7771 � 0.0017 0.9985 � 0.0132

Table A.32: Muon seletion ut eÆienies and sale fators from CMUP-CMX for 0j

data set.

uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9664 � 0.0041 0.9813 � 0.0005 0.9848 � 0.0043

z

0

� z

pv

0.9951 � 0.0021 0.9989 � 0.0001 0.9962 � 0.0021

d

0

0.9949 � 0.0027 0.9980 � 0.0002 0.9969 � 0.0027

Silion hit 0.8925 � 0.0075 0.8855 � 0.0013 1.0079 � 0.0086

ISO

al

0:4

0.8626 � 0.0083 0.8892 � 0.0013 0.9702 � 0.0095

EM 0.9504 � 0.0058 0.9297 � 0.0010 1.0223 � 0.0063

HAD 0.9858 � 0.0036 0.9847 � 0.0005 1.0011 � 0.0037

r ��� 0.9383 � 0.0064 0.9842 � 0.0005 0.9534 � 0.0065

Overall 0.6789 � 0.0102 0.7276 � 0.0018 0.9331 � 0.0142

Table A.33: Muon seletion ut eÆienies and sale fators from CMX-CMUP for 0j

data set.
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uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9655 � 0.0050 0.9813 � 0.0007 0.9838 � 0.0051

z

0

� z

pv

0.9963 � 0.0034 0.9985 � 0.0002 0.9978 � 0.0035

d

0

0.9987 � 0.0032 0.9989 � 0.0002 0.9998 � 0.0032

Silion hit 0.9158 � 0.0090 0.9203 � 0.0014 0.9951 � 0.0099

ISO

al

0:4

0.8670 � 0.0101 0.8991 � 0.0015 0.9643 � 0.0113

EM 0.9519 � 0.0071 0.9343 � 0.0013 1.0188 � 0.0077

HAD 0.9873 � 0.0057 0.9806 � 0.0007 1.0069 � 0.0058

r ��� 0.9952 � 0.0059 0.9937 � 0.0004 1.0015 � 0.0059

Overall 0.7554 � 0.0118 0.7729 � 0.0021 0.9773 � 0.0155

Table A.34: Muon seletion ut eÆienies and sale fators from CMX-CMX for 0j

data set.

uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9582 � 0.0056 0.9740 � 0.0006 0.9837 � 0.0058

z

0

� z

pv

0.9903 � 0.0026 0.9985 � 0.0001 0.9918 � 0.0026

d

0

0.9939 � 0.0026 0.9981 � 0.0002 0.9957 � 0.0026

Silion hit 0.9158 � 0.0082 0.9030 � 0.0011 1.0142 � 0.0092

ISO

al

0:4

0.8623 � 0.0094 0.8753 � 0.0012 0.9852 � 0.0108

EM 0.9561 � 0.0061 0.9291 � 0.0009 1.0291 � 0.0066

HAD 0.9885 � 0.0046 0.9840 � 0.0004 1.0046 � 0.0047

r ��� 0.9254 � 0.0076 0.9854 � 0.0004 0.9391 � 0.0078

Overall 0.6900 � 0.0114 0.7296 � 0.0016 0.9457 � 0.0158

Table A.35: Muon seletion ut eÆienies and sale fators from CMUP-CMUP for

0k data set.
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uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9710 � 0.0057 0.9727 � 0.0007 0.9983 � 0.0059

z

0

� z

pv

0.9966 � 0.0039 0.9977 � 0.0002 0.9989 � 0.0039

d

0

0.9940 � 0.0034 0.9983 � 0.0002 0.9957 � 0.0034

Silion hit 0.9282 � 0.0115 0.9281 � 0.0012 1.0002 � 0.0124

ISO

al

0:4

0.8758 � 0.0137 0.8927 � 0.0014 0.9811 � 0.0154

EM 0.9468 � 0.0113 0.9309 � 0.0011 1.0172 � 0.0122

HAD 0.9861 � 0.0080 0.9809 � 0.0006 1.0053 � 0.0082

r ��� 0.9952 � 0.0091 0.9946 � 0.0003 1.0006 � 0.0091

Overall 0.7621 � 0.0156 0.7664 � 0.0019 0.9943 � 0.0205

Table A.36: Muon seletion ut eÆienies and sale fators from CMUP-CMX for 0k

data set.

uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9653 � 0.0059 0.9748 � 0.0007 0.9903 � 0.0061

z

0

� z

pv

0.9956 � 0.0027 0.9984 � 0.0002 0.9971 � 0.0027

d

0

0.9916 � 0.0026 0.9976 � 0.0002 0.9940 � 0.0026

Silion hit 0.8931 � 0.0100 0.8927 � 0.0014 1.0004 � 0.0113

ISO

al

0:4

0.8296 � 0.0116 0.8749 � 0.0015 0.9482 � 0.0134

EM 0.9444 � 0.0071 0.9317 � 0.0011 1.0136 � 0.0077

HAD 0.9770 � 0.0051 0.9837 � 0.0006 0.9931 � 0.0052

r ��� 0.9249 � 0.0082 0.9842 � 0.0005 0.9398 � 0.0084

Overall 0.6491 � 0.0142 0.7209 � 0.0020 0.9004 � 0.0198

Table A.37: Muon seletion ut eÆienies and sale fators from CMX-CMUP for 0k

data set.
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uts Data EÆieny MC EÆieny Sale Fator

COT hit 0.9860 � 0.0093 0.9742 � 0.0009 1.0120 � 0.0096

z

0

� z

pv

1.0000 � 0.0000 0.9985 � 0.0002 1.0015 � 0.0002

d

0

1.0000 � 0.0000 0.9987 � 0.0002 1.0013 � 0.0002

Silion hit 0.9332 � 0.0133 0.9236 � 0.0015 1.0103 � 0.0145

ISO

al

0:4

0.8685 � 0.0154 0.8852 � 0.0018 0.9811 � 0.0175

EM 0.9636 � 0.0118 0.9349 � 0.0014 1.0307 � 0.0127

HAD 0.9811 � 0.0089 0.9804 � 0.0008 1.0007 � 0.0091

r ��� 1.0000 � 0.0000 0.9940 � 0.0004 1.0060 � 0.0004

Overall 0.7438 � 0.0171 0.7604 � 0.0024 0.9781 � 0.0226

Table A.38: Muon seletion ut eÆienies and sale fators from CMX-CMX for 0k

data set.

uts Data EÆieny MC EÆieny Sale Fator

CMUP-CMUP 0.9650 � 0.0050 0.9860 � 0.0005 0.9787 � 0.0051

CMUP-CMX 0.9800 � 0.0078 0.9935 � 0.0007 0.9864 � 0.0079

CMUP-CMX(AR) 0.9800 � 0.0078 0.9935 � 0.0007 0.9864 � 0.0079

CMUP-CMX(KS) 1.0000 � 0.0000 1.0000 � 0.0000 1.0000 � 0.0000

CMUP-CMX(MS) 1.0000 � 0.0000 1.0000 � 0.0000 1.0000 � 0.0000

CMX-CMUP 0.9407 � 0.0129 0.9732 � 0.0013 0.9666 � 0.0133

CMX-CMX 0.9956 � 0.0045 0.9967 � 0.0005 0.9990 � 0.0045

CMX-CMX(AR) 0.9956 � 0.0045 0.9967 � 0.0005 0.9990 � 0.0045

CMX-CMX(KS) 1.0000 � 0.0000 1.0000 � 0.0000 1.0000 � 0.0000

CMX-CMX(MS) 1.0000 � 0.0000 1.0000 � 0.0000 1.0000 � 0.0000

Table A.39: Muon reonstrution eÆienies and sale fators for 0d data set. (AR :

Arh, MS : Miniskirt, KS : Keystone)
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uts Data EÆieny MC EÆieny Sale Fator

CMUP-CMUP 0.9553 � 0.0052 0.9857 � 0.0005 0.9691 � 0.0053

CMUP-CMX 0.9785 � 0.0093 0.9924 � 0.0006 0.9860 � 0.0094

CMUP-CMX(AR) 0.9992 � 0.0100 0.9945 � 0.0006 1.0047 � 0.0101

CMUP-CMX(KS) 0.9173 � 0.0460 0.9849 � 0.0038 0.9314 � 0.0468

CMUP-CMX(MS) 0.9118 � 0.0235 0.9866 � 0.0018 0.9242 � 0.0239

CMX-CMUP 0.9081 � 0.0123 0.9726 � 0.0011 0.9337 � 0.0127

CMX-CMX 0.9972 � 0.0055 0.9961 � 0.0004 1.0012 � 0.0056

CMX-CMX(AR) 1.0000 � 0.0000 0.9970 � 0.0004 1.0030 � 0.0004

CMX-CMX(KS) 0.9933 � 0.0525 0.9928 � 0.0025 1.0005 � 0.0529

CMX-CMX(MS) 0.9508 � 0.0169 0.9928 � 0.0013 0.9577 � 0.0170

Table A.40: Muon reonstrution eÆienies and sale fators for 0h data set. (AR :

Arh, MS : Miniskirt, KS : Keystone)

uts Data EÆieny MC EÆieny Sale Fator

CMUP-CMUP 0.9572 � 0.0043 0.9856 � 0.0004 0.9712 � 0.0043

CMUP-CMX 0.9482 � 0.0084 0.9918 � 0.0005 0.9561 � 0.0085

CMUP-CMX(AR) 0.9842 � 0.0088 0.9934 � 0.0005 0.9908 � 0.0089

CMUP-CMX(KS) 0.9697 � 0.0211 0.9845 � 0.0030 0.9850 � 0.0216

CMUP-CMX(MS) 0.8097 � 0.0240 0.9877 � 0.0014 0.8198 � 0.0244

CMX-CMUP 0.9164 � 0.0104 0.9701 � 0.0009 0.9447 � 0.0107

CMX-CMX 0.9879 � 0.0042 0.9959 � 0.0003 0.9920 � 0.0042

CMX-CMX(AR) 0.9959 � 0.0046 0.9968 � 0.0003 0.9991 � 0.0047

CMX-CMX(KS) 1.0000 � 0.0000 0.9951 � 0.0017 1.0049 � 0.0017

CMX-CMX(MS) 0.9459 � 0.0121 0.9920 � 0.0010 0.9535 � 0.0122

Table A.41: Muon reonstrution eÆienies and sale fators for 0i data set. (AR :

Arh, MS : Miniskirt, KS : Keystone)
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uts Data EÆieny MC EÆieny Sale Fator

CMUP-CMUP 0.9557 � 0.0040 0.9858 � 0.0003 0.9694 � 0.0041

CMUP-CMX 0.9690 � 0.0076 0.9921 � 0.0004 0.9767 � 0.0077

CMUP-CMX(AR) 0.9948 � 0.0078 0.9940 � 0.0004 1.0008 � 0.0079

CMUP-CMX(KS) 0.9368 � 0.0250 0.9796 � 0.0028 0.9563 � 0.0256

CMUP-CMX(MS) 0.8636 � 0.0218 0.9882 � 0.0011 0.8739 � 0.0221

CMX-CMUP 0.9189 � 0.0089 0.9724 � 0.0007 0.9449 � 0.0092

CMX-CMX 0.9863 � 0.0045 0.9960 � 0.0002 0.9902 � 0.0046

CMX-CMX(AR) 0.9971 � 0.0048 0.9966 � 0.0002 1.0004 � 0.0048

CMX-CMX(KS) 0.9890 � 0.0109 0.9936 � 0.0016 0.9954 � 0.0111

CMX-CMX(MS) 0.9299 � 0.0132 0.9937 � 0.0007 0.9358 � 0.0133

Table A.42: Muon reonstrution eÆienies and sale fators for 0j data set. (AR :

Arh, MS : Miniskirt, KS : Keystone)

uts Data EÆieny MC EÆieny Sale Fator

CMUP-CMUP 0.9479 � 0.0048 0.9855 � 0.0003 0.9618 � 0.0049

CMUP-CMX 0.9529 � 0.0099 0.9914 � 0.0004 0.9612 � 0.0100

CMUP-CMX(AR) 0.9658 � 0.0112 0.9940 � 0.0004 0.9717 � 0.0112

CMUP-CMX(KS) 0.9933 � 0.0525 0.9838 � 0.0028 1.0096 � 0.0534

CMUP-CMX(MS) 0.8909 � 0.0231 0.9837 � 0.0014 0.9057 � 0.0235

CMX-CMUP 0.9035 � 0.0128 0.9730 � 0.0007 0.9286 � 0.0132

CMX-CMX 0.9796 � 0.0056 0.9966 � 0.0002 0.9830 � 0.0057

CMX-CMX(AR) 0.9910 � 0.0062 0.9969 � 0.0003 0.9940 � 0.0062

CMX-CMX(KS) 0.9524 � 0.0268 0.9955 � 0.0014 0.9567 � 0.0270

CMX-CMX(MS) 0.9325 � 0.0150 0.9951 � 0.0007 0.9371 � 0.0151

Table A.43: Muon reonstrution eÆienies and sale fators for 0k data set. (AR :

Arh, MS : Miniskirt, KS : Keystone)
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