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Abstract

We have searched for evidence of supersym m etry w ith  1 / 6_1 of d a ta  collected w ith 

low p t  di-m uon triggers of th e  Collider D etector on Tevatron R un II, a t Fermilab. We 

looked for trilep ton  events in pp  collisions a t yTs =  1.96 TeV. In th e  M inim al Supersym - 

m etric S tandard  M odel (MSSM) we expect chargino-neutralino pair production, w ith  

subsequent decay into th ree  isolated leptons. We observe one event of th ree  isolated

m u o n s , a  p o s s ib le  h in t  o f  s u p e r s y m m e try .
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Chapter 1

Introduction

Particle, or high energy, physics is th e  study  of quarks and leptons and  the ir in ter­

actions. The theory  describing quarks and  leptons is known as S tandard  Model. It 

is a  com bination of two other theories, th e  electroweak (EW K) theory  of W einberg, 

Salam  and Glashow, and  Q uan tum  Chrom odynam ics (QCD). Q uantum  E lectrodynam ­

ics (QED) is a p a rt of EW K  theory  and  it describes interactions of electrically charged 

particles and  photons. Its  predictive power makes it one of th e  m ost successful theo­

ries in all science. T he rem inder of EW K  theory  describes charged and  neu tra l weak 

interactions. QCD describes th e  in teraction  of quarks via the  strong force.

Overall, th e  S tandard  M odel has been very successful in predicting experim ental 

results. However, it is considered to  be only a low energy effective theory  of some 

more fundam ental theory. Class of theories w ith  Supersym m etry (SUSY) are viable 

candidates for such a  theory. This d issertation  is a search for evidence beyond the  

S tandard  M odel by searching for SUSY signature in th e  d a ta  collected w ith  CD F 

detector a t Tevatron R un II. C hapter 2 describes th e  theory  exam ined, C hap ter 3 the  

appara tu s used, C hap ter 4 th e  d a ta  processing, C hap ter 5, 6 and  7 th e  m easurem ents 

of efficiencies we needed and  perform ed for th e  analysis, C hapter 8  th e  analysis. We

1
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Chapter 1. Introduction

conclude w ith  C hap ter 9 where we discuss one SUSY model and  its acceptance 

di-m uon low p r  channel we used in th is analysis.

2
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Chapter 2

Theory

Supersym m etry has been one of th e  theoretical models giving a  description of physics 

beyond the  SM. T his chapter provides a general description of th e  SM in Section I I .1. 

T he theoretical m odels beyond SM are presented in Section II .2, w ith  a  more detailed 

trea tm en t of Supersym m etry  and  th e  phenom enological framework of th e  M inim al 

Supersym m etric S tandard  M odel (MSSM) in Section II .3. M inim al Supersym m etric 

G ravity  (mSUGRA) and mSUGRA-like models are discussed in section II.4.

2.1 T he Standard M odel o f particle physics

2.1.1 Classification of elem entary particles

In th e  past there  have been m any m odels th a t  a ttem p ted  to  describe th e  interactions 

of elem entary particles. T he m ost successful one has become known as th e  S tandard  

Model. Its success is depicted in robustness and  precision to  which it is able to  predict 

results of these interactions. SM has w ithstood th e  te s t of physics phenom ena on the  

scale as low as 10“ 19 m.

3
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Chapter 2. Theory

A particle is considered to  be elem entary if it does not exhibit any substructure. 

SM form ulation is based on the  a quan tum  gauge field theory  th a t  determ ines the 

interactions betw een th e  elem entary particles. It organizes elem entary particles based 

on th e  type of th e  interactions. Presently, there  are to ta l of twelve known elem entary 

particles th a t  constitu te  m a tte r and  eight particles responsible for in teractions between 

them . M atte r particles are f e r m io n s  and  in teraction  particles are bosons, and  they  

are fundam entally  different. E lem entary particles can be categorized as follows:

1. Hadrons: these exist of quarks and  can be categorized in:

(a) Baryons: these exist of 3 quarks or 3 antiquarks.

(b) Mesons: these exist of one quark  and  one antiquark.

2. Leptons: e± , p>± , r ± , ue, uT, Fe, F^, VT.

3. Field quanta: 7 , \ \ !±, Z°, gluons, gravitons and  a Higgs boson. 1

An overview of particles and  an tiparticles is given in th e  following table:

Here B is the  baryon num ber and  L the  lepton num ber. It is found th a t there  are 

th ree  different lep ton  num bers, one for e, p, and  r ,  which are separately  conserved. T  

is th e  isospin, w ith  T3 th e  projection of th e  isospin on th e  th ird  axis, C th e  charm ness, 

S th e  strangeness and  B* th e  bottom ness. T he an ti particles have quan tum  num bers 

w ith  th e  opposite sign except for th e  to ta l isospin T.

T he fermionic particles can be classified into th ree families, shown in Table 2.2. 

O n ly  t h e  1 s t g e n e r a t io n  p a r t ic le s  a r e  s t a b le  a n d  th e r e f o r e  fo rm  o r d in a r y  m a t t e r .  T h e  

heavier, higher generation particles decay into th e  first generation particles.

Unlike leptons, quarks cannot be observed in a  free state. Q uarks exist in th ree

colors bu t because they  are confined these colors cannot be seen directly. The color

1 Higgs boson and gravitons are not discovered, yet.

4

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Chapter 2. Theory

Particle spin (h ) B L T t 3 s c B* charge (e) mo (MeV)
d 1/2 1/3 0 1/2 - 1 /2 0 0 0 - 1 /3 9
u 1/2 1/3 0 1/2 1/2 0 0 0 + 2/3 5
s 1/2 1/3 0 0 0 - 1 0 0 - 1 /3 175
c 1/2 1/3 0 0 0 0 1 0 +2/3 1350
b 1/2 1/3 0 0 0 0 0 - 1 - 1 /3 4500
t 1/2 1/3 0 0 0 0 0 0 +2/3 173000

e~ 1/2 0 1 0 0 0 0 0 - 1 0.511
1/2 0 1 0 0 0 0 0 - 1 105.658

T ~ 1/2 0 1 0 0 0 0 0 - 1 1777.1
Z'e 1/2 0 1 0 0 0 0 0 0 0(?)

1/2 0 1 0 0 0 0 0 0 0(?)
UT 1/2 0 1 0 0 0 0 0 0 0(?)
7 1 0 0 0 0 0 0 0 0 0

gluon 1 0 0 0 0 0 0 0 0 0
W ± 1 0 0 0 0 0 0 0 + 80220

Z 1 0 0 0 0 0 0 0 0 91187

Table 2.1: List of known (discovered) S tandard  M odel elem entary particles and  some 
of the ir properties. T here are 12 fermionic particles (first two raws) and  five bosonic 
particles (last raw). P ostu la ted  b u t not yet discovered bosons are graviton and  Higgs 
boson.

leptons quarks antileptons antiquarks
1st generation e~ d e+ d

ve u u
2 nd  generation s h + s

vp. c c
3rd generation T~ b r + b

VT t !7t t

Table 2.2: Fermions can be divided in th ree  generations, each consisting of a  lepton, 
a s s o c ia te d  n e u t r in o ,  a n d  tw o  q u a rk s .

force does not decrease w ith  distance. T he po ten tia l energy will becom e high enough to  

create a quark-antiquark  pair when it is tried  to  disjoin an  (an ti)quark  from a hadron. 

This will result in two hadrons and  not in free quarks. T he com position of (anti)quarks

5
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7T° |\ /2 (u u + d d )  134.9764
7r+ ud  139.56995

V (uu+dd-2ss) 547.30
rf ^ g (u u + d d + ss) 958.78
K° sd 497.672
K+ us 493.677
D° cu 1864.6
D+ cd 1869.4
B° db 5279.4
B+ ub 5279.1
J / T cc 3096.8
T bb  9460.37
F+ cs 1969.0

Table 2.3: List of mesons, the ir quark  content and mass in MeV.

of th e  hadrons is given in tab les 2.4 and  ??, together w ith  the ir m ass in MeV in the ir 

ground state:

6
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p+ u u d 938.27231
p u u  d 938.27231
n° u d d 939.56563
n° u d d 939.56563
A u d s 1115.684
A u d s 1115.684
E+ u u s 1189.37
E+ d d s 1197.436
E° u d s 1192.55
E° u d  s 1192.55
E " d d s 1197.436
E~ u u s 1189.37
■zro u s s 1314.9

u  s s 1314.9
d s s 1321.32

H+ d s s 1321.32
n ~ s s s 1672.45
Q+ s s s 1672.45

A+ u d c 2285.1
A 2- u u u 1232.0
A 2+ u u u 1232.0
A+ u u d 1232.0
A 0 u d d 1232.0
A “ d d d 1232.0

Table 2.4: List of baryons, the ir quark  content and mass in MeV.

Each quark  exists in one of th e  two spin |  states. So mesons are bosons w ith  spin 

0  or 1 in the ir ground sta te , while baryons are fermions w ith  spin |  § in th e  ground 

state . There exist excited s ta tes  (resonances) w ith  higher in ternal angular m om entum  

quan tum  num ber L. N eutrino’s have a  helicity of —5 while antineutrinos have only + 4  

as possible value.

If a physical system  rem ains unchanged after some transform ation  th en  th e  tran s­

form ation is called sym m etry transform ation  or simply sym metry.  For every such 

transform ation  we m ay define an  un ita ry  operato r U  in H ilbert space. This operator
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com m utes w ith  the  H am iltonian of th e  system . Set of sym m etry transform ations has 

certain  properties th a t define it as group. The operators corresponding to  these sym­

m etry  transform ations m irror its group structu re . T he quan tum  num bers are subject 

to  conservation laws. These can be derived from sym m etries of physical system: con­

tinuous sym m etries give rise to  additive conservation laws, discrete sym m etries result 

in m ultiplicative conservation laws.

Geometrical conservation laws are invariant under Lorentz transform ations and  the  

C PT -operation. These are:

1. M ass/energy because th e  laws of na tu re  are invariant for transla tions in time.

2. M om entum  because the  laws of na tu re  are invariant for transla tions in space.

3. A ngular m om entum  because th e  laws of na tu re  are invariant for ro tations.

Dynamical conservation laws are invariant under th e  C PT -operation. These are:

1. Electrical charge because th e  Maxwell equations are invariant under gauge tran s­

form ations.

2 . Color charge is conserved.

3. Baryon num ber and  lepton num ber are conserved bu t not under a  possible SU(5) 

sym m etry of th e  laws of nature.

4. Q uark ’s color is only conserved under th e  color interaction.

5. P arity  is conserved except for weak interactions.

Sym m etries giving rise to  th e  in ternal quan tum  num bers, e.g. weak isospin and 

color, are called internal symmetries. In ternal sym m etries th a t  depend of tim e and 

space are called local gauge symmetries.

8
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In teractions between fermions are m ediated  by gauge bosons. T here are four fun­

dam ental forces in th e  nature: strong, electrom agnetic, weak and  gravitational, listed 

in th e  decreasing order of s treng th  which spans 38 orders of m agnitude. All particles 

feel week force which is carried by charged or neu tra l Z°  bosons. Charged p a rti­

cles feel electrom agnetic force, m ediated by electrically neu tra l and  massless photons. 

Only quarks feel th e  strongest of all forces, th e  strong force, which m ediated  by one of 

eight electrically neutra l, massless and  colorful gluons. T he weakest of the  four forces, 

gravity, couples to  all particles and  is postu la ted  to  be m ediated by a  massless spin two 

boson, gravitino. As of present, gravitino is yet to  be observed. T he first th ree  forces 

are encom passed by th e  SM, while gravity rem ains outside. T he in teractions between 

th e  elem entary particles in SM is based on local gauge sym m etries, whose operators 

form a  group. If th e  system  is represented by a  field ip  th en  th e  presence of each local 

gauge sym m etry is represented by gauge field a. In th e  sim plest case of U (l)  sym m etry 

group, the  sym m etry transform ation  ip —» eia x̂^ ,  is m ediated by only one gauge boson 

field.

2.2 T he standard m odel

The SM is a field theory  based on gauge sym m etry group th a t is a direct p roduct of 

th ree  gauge sym m etry  groups SU (3)c® SU (2)r (g)U(l)y. T he SU (3)c sym m etry group is 

used to  form ulate strong force in a  theory  known as Q uantum  C hrom odynaics (QCD). 

T he com posed sym m etry group SU(2)T<g>U(l)y and  th e  Electroweak T heory (EW T) 

describes b o th  electrom agnetic and  weak forces. E lectrom agnetic in teractions are de­

scribed in a  local gauge theory  called Q uantum  Electrodynam ics (QED) which is based 

on U (1)em sym m etry  group. T he subscripts C, L, and  Y  refer to  th e  quan tum  num ­

bers preserved by th e  sym m etries: color charge, weak isospin, and  hypercharge. The 

num ber of generators in a  TV-dimensional special un ita ry  group SU(N) is N 2 - 1. To

9
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understand  the  SM one needs to  understand  basic principle behind  gauge theories.

2.2.1 Gauge field theories

A physical theory  is usually described by th e  Lagrangian of th e  system  which is in­

variant under certain  transform ations (sym m etries). W hen these transform ations are 

perform ed equally for any space-tim e point, then  we say th a t th e  system  has global 

symmetry. If, on th e  o ther hand, th e  Lagrangian is invariant under some transform a­

tion  perform ed only on a  localized region of space-tim e w ithout affecting w hat happens 

in another region, th en  we say th a t  th e  system  has local or gauge symmetries.

I t is im portan t to  understand  how local gaguge sym m etry leads to  in teraction  of 

fields which were originally non-interacting. For sake of illustration, we look a t a  simply 

case of classical scalar fields.

Exam ple : ScalarO (n)gaugetheory

Consider a set of n  non-in teracting real scalar fields. T he Lagrangian density of the  

system  is:

£  =  2 S ( 9 i.4’i ) T'9'V i “  5 m 2 Y  $ (2 .1 )

where i runs over th e  num ber of fields. Or m ore compactly,

(2 .2 )

by introducing a vector of fields $  =  (<pi, 0 2- </>n)T- T he Lagrangian is invariant under

th e  transform ation

(2.3)

10
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for any G  a constant m atrix  belonging to  th e  n-by-n orthogonal group 0 (n ) . Since G  

is constant, th is  is a  global symmetry. N o th e r 's th e o rem  (ref) implies conservation of 

th e  current

=  i d ^ TT a<h (2.4)

where T a are generators of the  SO(n) group. If we, however, dem and th a t th e  above 

Lagrangian has local sym m etry, then  G  m atrices m ust be functions of tim e-space coor­

dinates x, G  — G (x).  We im m ediately run  into a  problem: G (x)  m atrices do not pass 

th rough  the  derivatives:

d ^ G O f d ^ G Q  ±  d ^ d ^ .  (2.5)

B ut we then  define a derivative th a t is a function of space-time, a covariant  derivative

D p Z zd n  + gAn (x) (2 .6 )

where A p is a gauge — field th a t has th e  following transform ation  properties

An -+ G (x )A muG - 1(x) -  ^ d tiG (x )G ~ 1(x). (2.7)

and  g is a constant, quan tity  defining th e  s treng th  of an  interaction, i.e., a coupling  

constant. T he gauge field is an  elem ent of th e  Lie algebra of the  local sym m etry group. 

I t can be expressed as

= A»aT a. (2.8)

T here are as m any gauge fields as there  are Lie algebra generator.

11
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If we use th e  covariant derivative in th e  equation 2.1 we ob ta in  a  locally gauge 

invariant Lagrangian

Cioc = -  I m 2<f>T$ . (2.9)

T he difference between th is lagrangian and  th e  original globally sym m etric one is 

th e  in teraction  Lagrangian

Cint =  |  +  |  ( d ^ ) TA ^ .  (2.10)

T his te rm  introduces th e  in teraction  betw een th e  scalar fields ju s t because we required 

local sym m etry of th e  system . Notice th a t  to  define th e  covariant derivative D  we m ust 

set know th e  values of th e  gauge field A (x )  for all x. T he values of th is field can be 

given by solving a  field equation. Further, we require th a t  the  Lagrangian responsible 

for generating th is field equation (L gf ) is locally gauge invariant as well. One possible 

form  for th e  gauge field Lagrangian is

£ s/  =  - j T r ( F ^ ) .  (2.11)

w ith

FVCU= [ D , ]L, D V] (2.12)

T his is called Yang-Mills action.

So the  com plete Lagrangian for for th e  O (n) gauge theory  is

£  — A o c  +  C'gf =  Lglobal +  A n t  +  £g f  (2.13)

Now, th a t  th e  basic principles of gauge theories is presented, we can now understand  

quan tum  field gauge theories. Before local sym m etries can be quantized one m ust

12
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restric t them  or perform  g a u g e f ix in g ,  which is discussed elsewhere (Sakurai’s Advnace 

Q uantum  M echanics). The sim plest quan tum  field gauge theory  is th e  T heory of 

Q uan tum  E lectrodynam ics (QED).

2.2.2 Quantum electrodynam ics

T he Q ED is th e  simples and  th e  m ost successful gauge theory, predicting experim ental 

results to  m any orders of m agnitude. In th e  Q ED Lagrangian fermions w ith  mass m  

and  electric charge Q  are represented as D irac fields ip(x):

C — •0(x)(z9jU7 m — m)ip(x),  (2-14)

From this one can ob ta in  th e  equation of m otion (Dirac equation)

( i d ^  — m)ip = 0. (2.15)

It is easy to  see th a t  th e  Lagrangian in 2.14 has a global sym m etry for ip —► e%eip. The 

gauge group here is U (l) , which consist of one generator, ju s t th e  phase angle of the  

field. One can show th a t  if we make a  local transform ation  ip —» el(̂ a x̂>pj th en  th e  

locally invariant Lagrangian becomes

£ q e d  = ip(x)(iy ,1D tl -  m)ip{x) -  (2.16)

where the  norm al derivative djL is replaced by covariant derivative D ;i,

£>n = (&H ~  (2.17)

This defines a  single gauge (boson) field A,  th e  pho ton  field. T he field streng th  tensor 

is

F ^  =  d ^ - d ^ A C  (2.18)

13
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T he in teraction Lagrangian is given by

A n t ouo =  < K x)-ft li(x)Av(x) =  J"(x )A „ (x ) , (2.19)

where J[x)  is th e  electrom agnetic current density which is conserved. T he charge, Q 

is given by

J JQ(x)dcx (2 .20)

2.2.3 The electroweak theory

T he electroweak in teraction arises from th e  necessity to  keep th e  Lagrange density 

invariant for local gauge transform ations of th e  group SU(2)<g)U(l). R ight- and  left- 

handed spin sta tes  are trea ted  different because th e  weak in teraction does not conserve 

parity. If a fifth D irac m atrix  is defined by:

^ 0 0 1 0 ^

75  : =  7 1 7 2 7 3 7 4  =  -
0 0 0 1 

1 0  0 0 

0 1 0  0

th e  left- and right- handed  solutions of th e  D irac equation for neu trino ’s are given by:

i >l =  | ( 1  +  75)^ and  -0 R =  K 1 “  tOV’

It appears th a t  neu trin o ’s are always left-handed while an tineutrinos are always right- 

handed.

For hypercharge Y ,  charge Q, weak isospin T3 , is defined

q  = ±y  + t 3

14
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so [Y,Tfc] =  0. T he group U (l)y® S U (2)T is taken  as sym m etry group for th e  elec­

trow eak in teraction  because th e  generators of th is  group com m ute. T he m ultip lets are 

classified as follows:

e R J'eL eL UL d'L U r d R

T 0 1
2

1
2 0 0

t 3 0 1 1 
2 2

1 1 
2 2 0 0

Y - 2 - 1 1
3

4
3

2
3

Now, 1 field B ^(x )  is connected w ith  gauge group U (l)  and 3 gauge fields A ^(x )  are 

connected w ith  SU(2). T he to ta l Lagrange density (minus th e  field term s) for the  

electron-ferm ion field now becomes:

Here, \ a  are th e  generators of T  and  —1 and  —2 th e  generators of Y .

2.2.4 Spontaneous sym m etry breaking: the Higgs mechanism

All leptons are massless in th e  equations above. T heir mass is generated  by spontaneous 

sym m etry  breaking. This m eans th a t  the  dynam ic equations which describe th e  system  

have a  sym m etry which th e  ground s ta te  does not have. It is assum ed th a t  there 

exists a weak isospin-doublet of scalar fields $  w ith  electrical charges + 1  and  0  and 

po ten tia l V ($ )  =  — fr2Q*& +  A(<f>*<I>)2. T heir antiparticles have charges —1 and  0. The 

ex tra  term s in C  arising from these fields, C h  =  (D L^ ) * ( D ^ )  — V ($ ), are globally 

U(1)®SU(2) sym m etric. Hence th e  s ta te  w ith  th e  lowest energy corresponds w ith  the

15
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s ta te  <f>*(:r)<L(:r) =  v — p 2/ 2 \  = constan t. T he field can be w ritten  (were and  2 are 

N am bu-G oldstone bosons which can be transform ed away, and  rri^ =  py/2)  as:

+ \ /  n Ni . . . .  0
4 > = | „  | =  | I and <0|*|0)

(v + 4>- i z ) / y j 2 \ v / y / 2

Because th is expectation  value ^  0 th e  EW K  sym m etry is broken, S U (2 ) 0  S U y  (1) —> 

S U e m (1)- W hen th e  gauge fields in th e  resulting Lagrange density are separated  one 

obtains:

W-  = i 0 ( A 0 i 0 )  , w ;  = 1 V2(Al~iAl)

Z » =  A i ,~ F T  -  A l  cos( M  -  B M sin(#w )
V 9  + 9

^  =  9 A/ \ + 9B-T =  A l  s in ( M  +  Bp cos(6»w )
V 9  +  9

where 9w is called th e  Weinberg angle. For th is angle holds: sin2(#w ) =  0.255 ±  

0.010. R elations for th e  masses of th e  field q uan ta  can be obtained from th e  rem aining 

term s: M w  = \v g  and  M z  =  \ v \ J g 2, +  g'2, and  for th e  elem entary charge holds: 

"  = g'cos(9w ) = g sin(6w ),/2

Experim entally  it is found th a t M w  =  80.022 ±  0.26 G eV /c2 and  M z  =  91.187 ±

0.007 G eV /c2. According to  the  weak theory  th is should be: M w  — 83 .0± 0 .24  G eV /c 2 

and M z  =  93.8 ±  2.0 G eV /c2.

2.2.5 Quantum chromodynamics

Colored particles in teract because th e  Lagrange density is invariant for th e  transform a­

tions of the  group SU(3) of th e  color interaction. A distinction can be m ade between 

two types of particles:
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1. “W hite” particles: they  have no color charge, th e  generator T  =  0.

2. “Colored” particles: the  generators T  are 8  3 x 3  m atrices. T here exist th ree 

colors and  th ree  anticolors.

T he Lagrange density for colored particles is given by 

£ q c d  =
k

T he gluons rem ain massless. The mass is fu rther obtained  from Higgs coupling, and 

sym m etry SU c(S)  is unbroken.

T he SM has been very successful a t predicting th e  results of an  enorm ous num ber 

of experim ents w ith  incredible precision for th e  past two decades. T he electroweak 

observables as predicted  by th e  SM are all substan tially  w ithin th e  exprim ental uncer­

ta in ties [?]. The flavor missing as described by th e  CKM  m atrix  is also well w ith in  the 

theory  [?]. The pertu rba tive  QCD precisions successfully lie w ithin th e  experim ental 

results. Some of th e  m ost im portan t QCD achievem ents were corrections to  th e  elec­

trow eak observables.. T he non-pertu rbative QCD calculations, which are notoriously 

difficult, have even recently m ade successful mass and  decay-constant predictions by 

solving QCD field equations num erically on th e  space-tim e lattice. T here are however 

some experim ental observations th a t  are not explained by th e  SM, such as neuturino  

oscillations and  th e  dark  m a tte r in th e  Universe. For example, because th e  neutrinos 

do undergo flavor changes (oscillations), it is certain  th a t  neutrinos have mass.

2.2.6 Beyond SM

T he SM of th e  particle physics, albeit, extrem ely successful phenomenologically, has 

been regarded only as a  low energy approxim ation of a  m ore fundam ental theory. Few 

of th e  reasons th a t  lead us to  believe so are listed below.
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•  The SM quantum  num bers listed in tab le  2.1 are, to  say the  least, looking bizarre, 

w ith  th e  hypercharge weirdest of all. The assignm ents of these are crucial and  

necessary to  rid  of anom alies which would jeopardize the gauge invariance a t the  

quan tum  level, which would otherw ise make the  theory  inconsistent. A nother 

bizarre detail is why are th e  hypercharges given in units of 1/6. In principle, 

hypercharges can be any num bers, even irrational. However, these quantized 

hypercharges are necessary to  ob ta in  neu tra lity  of bulk m a tte r  in the  universe 

Q(e) +  2 Q(u) + Q(d) =  0  to  one p a rt in 1 0 21.

•  The m ost essential ingredient of SM, th e  EW K  sym m etry breaking, probably 

seem th e  ugliest to  m ost people. T he spin one gauge bosons grouped in m ultiplets 

are n a tu ra l consequences of th e  gauge theories. However, there  is only one spinless 

m ultiplet in th e  SM, th e  Higgs doublet, which condenses in th e  vacuum  due to  

th e  M exican-hat potential. There, th e  po ten tia l has to  be arranged  in a  way 

to  break th e  sym m etry w ithou t any microscopic explanations. Higgs doublet is 

in troduced ad hoc ju s t for th e  purpose of EW K  sym m etry breaking and  to  fu rther 

give masses to  quarks and  leptons.

•  The gauge hierarchy problem  in SM arises from th e  fact th a t corrections to  Higgs 

boson m ass are proportional to  th e  m ass-squared of the  particle to  which Higgs 

boson couples. If there  is such a particle w ith  th e  mass much higher th a n  Higgs’ 

(EW K  scale), on th e  order of G U T or P lank  scale, th en  the  correction to  th e  Higgs 

mass would have to  cancel w ith  a  wonderful precision of ™ \ w l m %UT ~  1 0 -3 0  [8 ], 

[9]. Yukawa hierarchy problem  in SM refers to  unnatu ra l mass difference between 

th e  particles. Given th a t  neutrinos are believed to  have mass, these differences 

span over 13 orders of m agnitude.

•  W hy are there  th ree  generations? W hy do fermions have masses th a t  stre tch  over 

th ir teen  orders of m agnitude, between th e  neutrinos and th e  top  quark. We have 

no concrete understanding  of th e  mass spectrum  nor the  m ixing patterns.
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•  The SM is notorious for its problem s of infinities. P robably  th e  m ost serious one 

is zero point energy, H 0, which is given, m odulo some constants, as

fermion fields in th e  second sum. N ote th a t  H q is quartic  in k  whose in tegration 

upper lim it is infinity. Usually, one can redefine a  constan t zero point energy by 

setting  it to  zero, b u t in th is case it rem ains u tte rly  puzzling w hat to  do w ith  

infinity to  th e  fourth  power.

•  A fter m any astronom ical observations suggest th a t SM particles comprise only a 

small fraction of th e  entire m a tte r in th e  universe. Namely, m a tte r contributes 

only 30% to  th e  to ta l energy density of th e  universe, and baryons con tribu te  only 

5%. T he rest 25% is no t visable. T h a t is to  say, it does not couple to  photons.

All the  reasons listed above ask for a  more fundam ental theory  underlying th e  SM. 

H istory suggests th a t  m ore fundam ental theories always lie on distances shorter th a n  

th e  distance scale of th e  problem . For exam ple, M endeleev periodic tab le  was under­

stood in term s of th e  bound  electronic sta tes in th e  atom s, Pauli exclusion principle 

and  spin. The description of ideal gas was facilitated  by sta tistica l m echanics of free 

molecules. T he deviation from ideal gas, described by th e  van der W aals equation, is 

a  consequence of th e  finite size of th e  molecules and  the ir interactions. T he list can go 

on. T he SM distance scale is given by th e  size of Higgs boson condensate, which is on 

th e  order of v — 102 GeV, which in n a tu ra l un its  is tran sla ted  to  d «  10—16 cm. The 

idea is th a t th e  SM is valid to  some distances shorter th a n  d, b u t th en  for even shorter 

d istances new physics will appear which will take over th e  SM.

A num ber of theoretical m otivations together w ith  th e  effort to  describe th e  ex­

perim ental findings described above: inspired new ideas, like th e  following: grand

(2 .21 )

where ko =  y  k 2 + m 2 where i goes over all boson in the  first sum  and over all
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unification, Yukawa or gauge hierarchy problem s, ex tra  dimensions, form ulations of 

particles as strings, dynam ic sym m etry breaking, quark  and  lepton com positness, su­

persym m etry. I list m ajor outlines of these ideas below, and  give special trea tm en t to  

SUSY in th e  following subsection. T he m ost a ttrac tiv e  SUSY models encom pass m ost 

of th e  above ideas.

G rand unification theories (G UT) a ttem p t to  unify strong and  electroweak in ter­

actions into one. In th is case th e  SM particles are representation  of a  single gauge 

sym m etry group. A t some energy scale the  sym m etry is thought to  be broken giving 

rise to  the  SU(3)<7®SU(2)r <g)U(l)y. G UTs are m ainly m otivated  by th e  fact th a t  th ree 

coupling constants (strong, weak, electrom agnetic) seem to  converge a t one point on 

energy scale, around 1016 GeV. G U T calls for violation of letpon and  baryon num ber, 

and  as a consequence, decay of proton.

T he ex tra  dim ensions theories call for a  universe of 4+iV  dim ensions, of which the  

four are the  tim e-space ones we live in, and  th e  ex tra  N  dim ensions are com pact. These 

theories solve th e  gauge hierarchy problem  by definition, since th e  P lank  scale is as low 

as 1 TeV due to  ex tra  dimensions.

T he models w ith  quark  and  lepton com positness assum e th a t  SM fermions are not 

elementary, b u t m ade of constituents. T he large binding energy and  th e  chiral na tu re  

of th e  in teractions between constituents would explain masses of leptons and  quarks. 

These models natu ra lly  im ply existence of fermionic excited states. Up to  date, there  

is no evidence of such.

D ynam ic sym m etry  breaking models propose to  substitu te  Higss sym m etry breaking 

mechanism. Instead  of Higgs field acquiring m ass from its non-zero vacuum  expectation 

value (vev), it is proposed th a t  a fermion bilinear (i.e., a  ferm ion-antiferm ion pair) gains 

a  vev. In these m odels it is possible to  describe masses of all fermions and  W  and Z  

bosons.
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In  string theories, particles are described as extended objects, one dim ensional 

strings. S tring theories th a t include fermions and  bosons are supersym m etric by def­

inition. They are form ulated in more th a n  4-dim ensional tim e-space. One of the  

theoretically  m ost appealing, M theory, is defined in 11 dimensions. M theory  also 

provides for unification of gravity, electroweak, and  strong force in term s of quantized 

gauge field theory  (ref sc 34-35).

2.3 Supersym m etry

C oncepts of supersym m etry  (SUSY) and  th e  m ost popular phenom enological models 

are described in th is section. P roperties of SUSY and th e  way it solves some of the  

theoretical challenges are discussed first. T he m inim al supersym m etric extension to  the  

SM (MSSM) is described next. T he problem  of a large num ber of param eter in MSSM 

and  th e  possible solutions to  it are discussed as well. T he section is concluded w ith 

th e  overview of benchm ark m odels sensitive to  th e  present analysis, such as m SUGRA 

and  its extension w ith  non-universality of scalar masses.

Supersym m etry is th e  sym m etry between boson and  fermion. M athem atically, 

supersym m etry arises from th e  requirem ent th a t th e  theory  should be invariant un­

der transform ations th a t  convert bosons to  fermions and  vice versa. Such a theory  

m ight seam strange a t first, since it changes particle sta tistics (Ferm i-Dirac and  Bose- 

E instein) and  th is is why it is called supersym m etry. If one can im agine th a t  G od 

created  two types of particles, one can im agine th a t  She created a  way of convert­

ing one into another. A supersym m etric theory  has th e  same num ber of bosonic and 

fermionic degrees of freedom, th a t is every particle has its corresponding superp art­

ner. T he nam es of th e  superpartners to  bosons have a  suffix “ino” (e.g. gluino), and 

superpartners to  fermions prefix “s” (e.g. squark). T he supersym m etric transform a­

tions are global transform ations of th e  fields are an  extension to  th e  Poincare group
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transform ations [?].

SUSY is very appealing theoretically. T he very first reason why Supersym m etry 

a ttra c ts  so much a tten tio n  is th a t  it am eliorates th e  zero point energy problem  of the  

SM. Recall th e  equation 2.21 for th e  zero point energy in th e  SM. It is useful to  rew rite 

it as

Ho = f d*kk(y -  y  (2.22)

In case num ber of boson fields equals num ber of fermion fields in nature , th e  first 

te rm  in equation 2.22 equation, which is quartic  in k, cancels. It cancels regardless if 

bosons and fermions are degenerate in mass. However, th e  second te rm  which is only 

logarithm ic in k  only cancels in case of mass degeneracy between bosons and  fermions. 

This was first realized by Wess and  Zumino in 1970’s, a t the  daw n of Supersym m etry 

[6].

It natu ra lly  solves th e  gauge hierarchy problem . The consistent string theories 

require SUSY, th e  SM gauge coupling unification is achievable (SUSY G U Ts). T hen 

from the  experim ental point of view, it can possibly explain the neutrino  masses. SUSY 

is one of the  m ajor candidates for explanation of dark  m a tte r in th e  universe.

T he gauge hierarchy problem  is solved in th e  following way: th e  correction to  the  

Higgs mass by the  v irtua l fermions and  bosons is expressed as a  self-energy diagram s 

shown in Figure 2.1. T he leading term s in th e  m ass correction calculation are of 

opposite sign, one of fermion and  one of boson. So, in th e  case of mass degeneracy of 

ferm ions an d  bosons, th e  q u a d ra tic  divergence in  th e  ca lcu la tion  cancels.

Since th e  SUSY particles are not mass degenerate w ith  the ir SM partners (we 

would have seen them  by now), th en  it m eans th a t  SUSY extension of SM m ust have 

supersym m etry  broken a t some energy scale down th e  line. The ways of SUSY breaking 

are not known so there  are various models th a t describe it. T he com mon way to  extend
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o b
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Figure 2.1: Feynm an diagram s for fermionic (left) and  bosonic (right) contributions 
to  th e  Higgs’s self energy. If th e  same diagram s exist for bo th  bosons and  fermions of 
exactly the  same mass, they  cancel exactly

th e  SM is phenomenological: th e  supersym m etrized SM Lagrangian prior to  th e  EW K  

sym m etry breaking (EW SB) is extended by th e  EW K  and  SUSY breaking term s.

T h e M inim al S u persym m etric  Standard M odel

T he MSSM is th e  m inim al phenom enological SUSY extension of th e  SM. In addition 

to  SM fermions and  bosons, in MSSM two Higgs doublets w ith  hypercharge Y  =  ± 1  

are introduced, and  all th e  particles are assigned the ir superpartners. Furtherm ore, 

th e  m ost general soft-SUSY-breaking term s are added. Since all norm alizable SUSY 

interactions conserve B  — L  (B  for baryon and  L  for lepton quan tum  num ber), th en  in 

MSSM we have i?-parity  invariance, where R  =  (—i ) 3(B- L)+2S' for a  particle w ith  spin

S. So, all SM particles have even 72-parity, while th e  superpartners have odd 72-parity, 

due to  the  factor ( - l )2,s. T he conservation of 72-parity implies th a t th e  lightest SUSY 

particle (LSP) is stable and  is a final s ta te  of any SUSY particle decay chain. A nother 

consequence is th a t  one can produce (or annihilate) superparticles only in pairs. These 

two concepts have m ajor im plications on th e  particle collider phenom enology and  cos­

mology. Being stable, th e  L S P ’s cosmological relic is one of th e  prim e candidates for
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dark  m atter. [7]. If th is  is th e  case, th a n  LSP m ust be electrically neu tra l and  not 

strong interacting, otherw ise we would have already detected  it. T hen  LSP should be 

a  superpartner of neu tra l SM particles, Z ,  7 , or neu tra l Higgs bosons, or the ir linear 

com bination (called neutra lino).  Since th e  superpartners can be produced only in 

pairs and  decay eventually into the  LSP which escapes detection, the  typical signature 

of SUSY in colliders are events w ith  missing energy/m om entum .

T he field content of MSSM prior to  th e  EW SB is given by th e  gauge and m a tte r 

superm ultiplets. T he gauge superm ultip lets contain th e  SM gauge bosons w ith  the ir 

fermionic superpartners: ( B ^ , \ B), \ lB) : (G“ ,A^), for U (l), SU(2) and  SU(3) groups

respectively. T he m a tte r  superm ultip lets are th e  pairs of SM m a tte r fermions w ith 

the ir scalar superpartners and  Higgs scalars w ith  the ir fermion superpartners, the  

two neu tra l Higgs fields couple separately  to  th e  m a tte r (s)fermions: one Higgs (H d) 

couples to  charged (s)leptons and  th e  dow n-type (s)quarks, while th e  other Higgs (H u) 

couples to  up-type (s)quarks. A fter th e  Higgs fields gain th e  vev  th e  particles get the ir 

masses proportional to  different v e v ’s (tim es the  Yukawa couplings). One im portan t 

param eter of th e  m odel is Higgs vev  ra tio  tan/? =

T he in teraction  Lagrangian of th e  MSSM is complex. The p a r t describing the  in ter­

action of gauge bosons and  gaugions w ith  them selves and  w ith  th e  m a tte r superm ulti- 

p let fields does not in troduce new param eters and  only depends on th e  corresponding 

gauge group coupling constant. T he supersym m etric p a rt of th e  Lagrangian, describing 

th e  in teraction  am ong th e  m a tte r superm ultip lets is described using th e  superpotential, 

which in case of A -parity  conservation is given by:

W m s s m  = K lQ iU jH n + K iQ iD .H ,  +  X ^ L 1E ]H d + p H uH d (2.23)

T he first th ree  term s correspond to  th e  Yukawa coupling in th e  SM (w ith th e  exactly 

th e  same num ber of param eters). T he subscripts, i and  j  are generation indices, th e  pa­

ram eter ji has m ass dim ension one and  gives a supersym m etric mass to  b o th  fermionic

24

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Chapter 2. Theory

and bosonic com ponents of th e  chiral superm ultip lets H u and H fj. In m SUGRA, by 

requiring th e  EW SB th e  absolute value of th e  param eter p, can always be constrained 

and  derived from other param eters of th e  theory, so we only tre a t sign(p,) as a  tru e  

param eter.

Supersym m etric particles do not have th e  m ass of the ir SM partners, otherw ise we 

would have detected  them  by now. We expect SUSY to  be an exact sym m etry th a t  is 

spontaneously broken. T he u ltim ate  m odel should have a lagrangian density invariant 

under SUSY transform ation , b u t a vacuum  s ta te  th a t  is not. This makes SUSY hidden 

a t low energies in an  analogous way EW K  sym m etry is hidden in th e  ordinary SM. An 

extensive trea tm en t of SUSY breaking term s is found else where [2]. M any models of 

spontaneous sym m etry breaking have been proposed (ref. SUSYprim er). All of these 

m odels in troduce new particles and  in teractions a t very high mass scales while is still 

rem ains unknow n how th is should be done correctly. To param etrize th e  ignorance, we 

can in troduce ex tra  term s which break th e  SUSY explicitly in th e  MSSM lagrangian. 

To m ain tain  th e  hierarchy between EW K  scale and  Planck mass scale, these term s 

should be of positive mass dim ension (i.e. soft). T he possible soft SUSY breaking 

term s in the  lagrangian are:

£soft =  - \ { M XAaA“ +  c.c.) -  {jn2))<tP*(t>i -  (±b*3fafa  +

SUSY breaking te rm s in th e  Lagrangian are th e  gaugino masses M \  and  scalar mass 

te rm s (m 2)) and  bl], plus th e  sclar fields’ trilinear couplings aTk. It has been shown 

regourously th a t softly-broken SUSY theory  w ith  £ soft solves th e  problem s of quadratic  

and  divergences in quan tum  corrections to  scalar masses, to  all orders in p ertu rba tion  

theory  [10]. £ soft breaks supersym m etry, since it involves only scalars and  gauginos, and  

not the ir respective superpartners. T he soft term s are capable of giving masses to  all 

of th e  scalars and  gauginos in a  theory, even if th e  gauge bosons and  fermions in chiral 

superm ultip lets are massless. In general b o th  (s)quarks and  (s)leptons are allowed to
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Nam es Spin R M ass Eigen Gauge Eigen

Higgs bosons 0 + 1 h oH oA oH ±

squarks 0 -1 ULURdLdjR - ii -
0 -1 SLSRCLCR - ii -

0 -1 t i t 2bib2
sleptons 0 -1 ^L^RVe - ii -

0 -1 - ii -

0 -1 TlT2i>T t l Tr v t

neutralinos 1/2 -1 X1X2X3X4 B ° W 0H QuH Qd
charginos 1/2 -1 X 1 X 1 w ± h : h .

gluino 1/2 -1 9 - ii -

gravitino 1/2 -1 G - ii -

Table 2.5: Not yet discovered particles in MSSM. G auge eigen sta tes  if denonted as 
ii are th e  same as m ass eigen sta tes

mix too. A fter th e  EW SB th e  corresponding charge higgsinos and  EW K  gauginos are 

allowed to  mix too  [9]. T he final particle content of th e  MSSM not included in SM is 

given in Table 2.5.

In  th e  postu la ted  mass spectrum  of th e  MSSM particles a t EW K  scale, th e  first 

two generation squark masses are usually degenerate, as well as th e  slepton masses; the  

th ird  generation sfermions are usually lighter, w ith  stop and  s tau  being th e  lightest in 

t h e  s q u a r k  a n d  s le p to n  s p e c t r u m ;  t h e  n e u t r a l in o  is  LSP, t h e  l ig h te s t  H ig g s  (/?, is one of 

th e  lightest particles w ith  m ass of 115 to  200 G eV /c2.

The to ta l num ber of independent param eters in th e  MSSM is 124 (including 18 

from th e  SM). T he com plete Lagrangian of MSSM is discussed elsewhere [2]. In its 

m ost general form, th e  MSSM is phenom enologically viable theory  for th e  m ost of
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its param eter space. For a  generic point the re  is no conservation of individual lepton 

num bers, flavor changing neu tra l current (FCNC) is no t suppressed, and  there are new 

sources of C P violation th a t  are inconsistent w ith  experim ental results. As a  result, 

th e  m odel is w orth testing  only in very special regions of the  param eter space.

A typical phenom enological way of reducing the  param eter space is to  reduce the  

num ber of param eters by assum ing a  certain  kind of universality. For exam ple, squark 

flavor mixing can be constrained to  th a t  of quarks in CKM  (m inim al flavor violation or 

M FV), SUSY breaking trilinear coupling and  scalar mass m atrices m ight not depend 

on generations (horizontal universalities) or even more they  m ight be diagonal in the  

basis where th e  corresponding lep ton  and  quark  mass m atrices are diagonal (flavor 

alignm ent). A nother way of simplifying the  m odel is to  consider m odel param eter a t 

a higher energy scale (e.g. GUT) and apply constrain ts on th e  m odel a t th a t  scale. 

Inspired by GUTs, one can require th e  unification of gaugino m ass param eters a t th a t 

scale. On the  o ther hand, one can derive SUSY breaking in the  MSSM based on certain  

theoretical assum ptions on the  na tu re  of the  breaking. Some of th e  theoretically  mo­

tiva ted  SUSY breaking scenarios are: supergravity  (SUGRA), gauge m ediated SUSY 

breaking (GM SB), anom aly-m ediated (AMSB), and  SUSY GUTs. In all of th e  listed 

scenarios some type of universality a t a  higher energy scale is postu lated . This analysis 

is done in th e  fram ework of mSUGRA. Its  overview is given below.

In  the  m inim al SUGRA (mSUGRA) framework, horizontal and  flavor alignm ent 

is assumed. T h a t m eans th a t  all th e  scalar mases are degenerate and  are given by a 

single param eter mo; all th e  trilinear coupling term s are unified a t some value A q, and  

th e  gaugino masses a t some value m l/2 .  If we assum e th a t  there  are no other SUSY 

breaking term s, th e  m SUGRA m odel is defined by five param eters (additional to  the  

SM): mo, m i/2 , A ,  sign(/i), and  ta n  (5. To ob ta in  particle spectrum  and th e  couplings 

a t th e  energy scale of th e  experim ent a t hand  one uses renorm alization group (RG) 

equations and  evolves th e  param eters from th e  G U T scale. P ostu lating  LSP and  as-
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sum ing EW SB substan tially  constrain  th e  m odel param eter space. F urther constrain ts 

on th e  m odel are im posed by m any experim ental observations. A lthough a sim plistic 

model, mSU GRA  is useful as benchm ark model. T here are m odels th a t are simple 

extensions of m SU GRA  and these usually add  some type of non-universality of the  

param eters a t th e  G U T scale: scalar mass non-universality (NMH m odel) [11] [13], or 

Higgs mass non-universality (NUMH model) [12] [14].

Recently, in literatu re, there  have been m any reports on serious constrain ts on 

mSU GRA models obtained  by m easurem ents, such as th e  anom alous m uon m agnetic 

m om ent (</ — 2)^/2  [15], determ ination  of b —> sy  [?] and  th e  relic CDM  density [17]. The 

(g-2 ) results call for lighter sleptons while b —> s y  results call for th e  opposite, heavy 

squarks. Baer a t al [11] reconcile th e  experim ental findings by proposing a  SUGRA 

m odel w ith  generational mass universality relaxed. Driven by th e  above constrain ts 

and  th e  constrain ts of FCN C which effect only th e  masses of th e  first two generations, 

they  advocate for relatively light (few hundred GeV) degenerate th e  first and  second 

generation scalar masses and  much heavier (multi-TeV) th ird  generation scalar mass. 

C onstrain ts from B (j — B tj  allow for low values of m i /2. W ith  all th e  above constrain ts 

taken  into account a  significant portion  of th e  param eter space still rem ains available.

In th is NMH model, due to  light slepton masses in  th e  first two generations, chargino 

and  neutralino decays into electron and  muons are enhanced, leading to  large ra tes for 

isolated m ultileptons plus plus je ts, a golden signature a t collider detectors such as 

CDF.

2.3.1 Trilepton Signal at the Upgraded Tevatron

In hadron  collisions, associated production  of chargino and  neutra lino  occures via 

quark-antiquark  annih ilation  in th e  s-channel th rough  a W  boson (qq1 —» W ± —> X 1 X 2 ) 

and  in the  t  and  '//-channels th rough  squarq  (q) exchanges, as shown in F igure 2.2.
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Figure 2 .2 : A ssociated x? X2 p roduction in s-channel via v irtual W ± boson exchange 
(lef) and  in t-channel via v irtua l q squark exchange (right) a t th e  Tevatron. For Xi and  
X2 niasses near W  and Z boson masses a  m easurable ra te  of production  is expected 
a t th e  Tevatron. Since th e  th e  above two m odes interfere, th e  Xi X2 p roduction  is 
enhanced for massive q.

If th e  squarks are light, a destructive interference between th e  W  boson and  the  

squark exchange am plitudes supresses th e  cross section by as much as 40% com pared 

to  th e  s-channel contribu tion  alone. For squarks m uch more massive th a n  th e  SM 

gauge bosons, th e  negetive interference is supresed and  th e  s-channel in W -resonance 

am plitude dom inates [18].

In  the  m SU GRA unified model, th e  sleptons(/), th e  lighter chargino (x f )  and  the  

lighter neu tra linos(x 5 , X2) are typically less massive th a n  gluinos and  squarks [18]. 

Because of th is th e  31 +  signal from associated production and  decays of X 1 X2 

is one of th e  m ost prom issing channels of SUSY particles searches a t Tevatron. The 

background to  th is signature from  processes in th e  SM can be greately reduced w ith 

appropria te  cuts. In mSUGRA, th e  weak-scale gaugino masses are realated  to  the  

universal gaugino m ass param eter by m^o 0 .4 m i /2 and  m-± ~  m^o «  0 .4 m i/2 - So, 

a  trilep ton  search provides valuable inform ation on th e  value of m  1/ 2 . We consider 

universal boundary  condition a t M q u t  scale w ith  a  commong guagino mass m i / 2 and 

a  com mon sfermion mass m 0. We also consider non-universal boundary  conditions 

am ong sfermion masses (ref Baer). In general, sm aller m 0 causes sm aller sletpons
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masses which enhances th e  branching ra tio  to  trileptons. Feynm an diagram s of three- 

body  and  tw o-body decays of Xi and  are shown in Figure 2.3 and  2.4. As m entioned 

above, the  chargino and  nutralino  masses increase proportionaly  to  m i /2. This increases 

th e  hardness of decaying leptons, b u t also reduces th e  cross section. This is th e  reason 

why in th e  search for chargino-neutralino associative production th e  low-pT channel is 

considered “golden channel” .

~o ~o

I

T T

Figure 2.3: T hre-body decay m odes for charginos (left) and  neutralinos (right). These 
m odes occur w hen th e  slepton m asses are larger th a n  th e  Xi and  x \  masses so the  
decays occur via v irtua l W ± and  Z °  bosons (top) or v irtua l sleptons (botom ).

It is assum ed th a t  th e  Tevatron will deliver to ta l of 2 fb ~ x of d a ta  during R un II. 

T h an  we sum m arize th e  discovery po ten tial of th e  Tevatron in R un II in mSUGRA  

framework as:

•  For rriQ 100 GeV and ta n  (3 ~  2, th e  trilep ton  signal should be detectable.
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T  T

Figure 2.4: Tw o-body decay m odes for charginos (left) and  neutralinos (right). These 
m odes occur w hen th e  slepton m asses are sm aller th a n  th e  Xi and  X2 masses so the  
decays occur via real sleptons.

However, in m SUGRA inspired m odel w ith  non-universal sfermion masses, NMH 

model, the  T evatron’s po ten tia l for discovery is best a t

•  m 0 ~  100 GeV and ta n  /3 fa 10 (ref Baer).
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Chapter 3 

Experim ental Apparatus

Currently, th e  Ferm ilab Tevatron is th e  m ost energetic particle accelerator on th e  E arth . 

T here are two large, general-purpose detectors independently  designed, constructed  

and  installed a t two in teraction  points on th e  Tevatron ring. In th is analysis we use 

th e  d a ta  collected a t th e  CD F experim ent during R un II. This ru n  s ta rted  in 2001 

after b o th  detectors underw ent significant upgrades, th e  accelerator complex was also 

significantly upgraded, for higher instan taneous lum inosity bu t also for small increase 

in the  center of mass energy { \fs  from 1.8 TeV to  1.96 TeV. An overview of th e  Tevatron 

and  th e  detector CD F are given in th is chapter.

3.1 Ferm ilab A ccelerator C om plex

T h e  F e rm ila b  a c c e le r a t in g  c o m p le x  c o n s is ts  o f  s e v e ra l  p a r t ic le  a c c e le r a to r s  s h o w n  in  

th e  draw ing in F igure 3.1. T he purpose of th e  accelerators is to  produce intense proton 

and  an tip ro ton  beam s of energies as high as 980 GeV each.

T here are two com m on types of accelerators used a t Fermilab: synchrotron and 

linear accelerators. A synchrotron is a  ring-shaped charged particle accelerator in
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FERMILAB'S ACCELERATOR CHAIN

MAIN INJECTOR/ /  ^

A f RECYCLES 
TEVATRON V  X  \

:: _ _ \ \ ^  V ^\

i  ; DZERO

ANTIPROTON
SOURCE

^  LINAC 

COCKCROFT-W AtTON

NEUTRINO...--

Figure 3.1: Schem atic draw ing of th e  Ferm ilab accelerator complex

which the  m agnetic field tu rn s  th e  particles to  travel in an orbit while the  electric 

field accelerates them . By synchronously increasing th e  electric and  m agnetic filed the  

charged particles gain kinetic energy while circulating thousands of tim es in th e  ring. 

A detailed  description of operation  of synchrotron can be found in lite ra tu re  elsewhere 

(ref). In  linear accelerators particles gain energy in a presence of increasing electric 

field, traveling in a  stra igh t line.

T he whole accelerator chain a t Ferm ilab can be split into th e  following th ree  stages: 

(1 ) creation and  preacceleration of protons, (2 ) creation and  preacceleration of an tip ro­

tons, and (3) injection of th e  particle beam s for th e  final acceleration in th e  Tevatron.

P ro ton  Source: T he creation of protons begins in C ockrot-W alton cham ber using 

gas of hydrogen molecules H 2- N egatively charged ions H ~  are produced by electrical 

discharges in th e  volume of th e  cham ber, th e  ions are ex tracted  from th e  cham ber by 

applying a  positive voltage of 750 kV on one side of th e  dome. T he preaccelerated 

ions are fed in to  th e  linear accelerator, Linac, where th e  particles are accelerated in 

R F  cavities to  400 MeV. T he Linac is 150 m long and  it converts a continuous stream
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of particles into discrete bunches. The H ~  ions are transfered to  th e  next accelerator 

called the  Booster. T he Booster is a  synchrotron of a  radius of 75 m. The Linac 

injection pulse length  is abou t 10  tim es longer th a n  th e  tim e particles need to  go once 

around in th e  Booster. Once in th e  Booster, th e  H ~  ions pass th rough  a  th in  carbon 

film which strips them  off of electrons leaving th e  bare protons. T he pro ton  bunches in 

th e  Booster pass th rough  a  sequence of R F  cavities arranged in a ring where they  are 

accelerated by oscillating electric field. A fter several thousand  cycles, th e  protons reach 

energy of 8  GeV and th e  bunches become dense constantly  adding protons from H ~  

ions coming from th e  Booster. A t th e  next stage, th e  pro ton  bunches are transfered into 

th e  M ain Injector, yet another b u t larger synchrotron. T he M ain Injector has radius of 

seven tim es th a t of th e  Booster, which enables th e  protons to  acquire energies of 150 

GeV. Once a t th a t  energy and  w ith  around 5 • 1 0 12  per bunch, th e  protons are ready 

for th e  final acceleration in th e  Tevatron, th e  final synchrotron in th e  chain.

A ntipro ton  Source: Two small synchrotrons, th e  D ebuncher and  th e  A ccum ulator, 

are referred to  as as th e  an tip ro tons source. P ro tons w ith energy of 120 GeV are 

ex tracted  from th e  M ain Injector and  transfered  to  th e  ta rg e t area where they  are 

used to  bom bard  a nickel ta rge t. As th e  result of pro ton  scattering  on th e  ta rge t, a 

spray of various particles is produced a t m any angles. These particles are focused w ith 

th e  L ithium  lens and  th en  th e  an tip ro tons are ex tracted  by a  m agnetic charge-m ass 

spectrom eter. These an tip ro tons are moved to  th e  D ebuncher, where th e  spread in 

th e  particle m om enta is reduced by a stocastic cooling process, and  fu rther sent to  

th e  A ccum ulator where they  are stored  till enough have been accum ulated. T he stack 

ra te  for an tipro tons is abou t 4 • 1010 p rotons per hour. Stacking continues till 1012 

protons are accum ulated. T he an tip ro tons are th en  sent back to  th e  M ain Injector 

where they  are accelerated to  150 GeV. Since protons and  an tipro tons are of opposite 

electric charge, they  are accelerated in opposite directions w ithout colliding in th e  M ain 

Injector.

34

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Chapter 3. Experim ental A pparatus

T he M ain Injector sends th e  pro ton  and  an tip ro ton  bunched beam s into th e  M ain 

Ring, th e  Tevatron. I t was specifically built for th is  purpose. Before its existence, 

M ain Ring accelerator could only accelerate particles to  400 GeV. A fter accepting 150 

GeV particles from th e  M ain Injector th e  M ain Ring is now capable of accelerating 

them  to  980 GeV each, alm ost 1 TeV, therefore th e  nam e Tevatron.

T he T evatron’s ring is 1 km  in radius. Very powerful m agnetic fields (4.2 T) are 

needed along its ring to  m ain tain  th e  m otion of th e  energetic particles in th e  orbit. 

This is obtained by using superconducting m agnets m ade of N iobium -T itanium  alloy 

th a t  are cryogenically cooled to  abou t 4.6 K w ith  liquid Helium. T h irty  six bunches 

each of protons and  an tip ro ton  circulate in opposite directions int th e  Tevatron. There 

are two point along th e  ring designated as BO and DO (see Figure ), where th e  beam s 

are focused and  brought to  collision, th e  result of such collisions are observed by two 

m ulti-purpose detectors installed a t th e  these points. T he collider D etector a t Ferm ilab 

(CD F) and T he DO-Detector.

T he process of loading protons and  an tip ro tons int th e  Tevatron is called th e  shot 

setup, and it begins when th e  size of th e  an tip ro tons stack in th e  A ccum ulator is 

large enough. The pro ton  bunches are injected first by th e  transfer system  w ith  a  fast 

kicker m agnet having 396 ns rise tim e. T he 36 bunches are injected in 3 tra in s  of 12 

coalesced bunches w ith  a  abo rt gap betw een each tra in  of 2.617 ps. In fact, a  single 

pro ton  bunch in th e  Tevatron is a  p roduct of m erging of several bunches prepared  int 

eh Booster providing an increased in tensity  of abou t 30 • 1010 p rotons per bunch. The 

an tip ro ton  bunches are injected sim ilarly to  th e  protons when either of th e  th ree abo rt 

g a p s  in  t h e  p r o to n  b e a m  p a s s e s  t h e  a n t ip r o to n  k ic k e r  m a g n e t .  L ik e  w i th  p r o to n s ,  e a c h  

bunch is a m arge of several an tip ro ton  bunches prepared  in the  A ccum alator resulting 

in abou t 30 • 1010 antiparticles per bunch.

Once th e  Tevatron loading is com plete, beam s are accelerated to  th e  m axim um  

energy and a  stable configuration is reached th e  d a ta  tak ing  period (store) begins.
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D uring th is period th e  lum inosity decrease due to  loss of particles in pp  collisions and  

beam -gas interactions. Also, th e  beam s s ta r t to  heat up  and  the ir effective w idth  

increases due to  long range beam -beam  interactions. T he instan taneous lum inosity is 

given by the  form ula

R  = <rC = <r
{ M y N

7  7
GO

77

(3.1)

where a  is effective cross section of a particu lar interaction, /  is th e  bunches’s 

revolution frequency, Nb is th e  num ber of bunches in the  beam , N p and  Np are the  

num ber of protons and  an tip ro tons respectively, sp and  sp are th e  transverse sizes of 

th e  pro ton  and  an tip ro ton  beam s a t th e  in teraction  point respectively. Prom th e  above 

expression one can see th a t  lum inosity increases as num ber of protons and  antipro tons 

increases or as effective beam  sizes decrease. If the  cross section of specific in teraction 

is a  th en  th e  in teraction  ra t R  is proportion  to  th e  instantaneous lum inosity L. W hile 

detectors collect d a ta , a  new stacking period begins in th e  A ccum ulator preparing 

an tip ro tons fort th e  next store. A typical store lasts for 15 hours. A fter th a t  tim e, 

it is more efficient to  ab o rt th e  d a ta  tacking in detectors an s ta rt a  new cycle w ith 

fresh beam s. T he tim e between two stores is typically  2 hours and  it can be used for 

detecto r calibration.

3.2 C ollider D etector  at Ferm ilab

3.2.1 Overview

CD F is a  m ultipurpose m agnetic detector of high energy pp  collisions. A general view 

of C D F is shown in Figure 3.2 and  a  cross section view is shown in Figure 3.3.
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Figure 3.2: Isom etric view of th e  CD F w ith  cut-away quarte r

T he detector was significantly upgraded for R un II (ref U pgradeM anual) to  be 

com patible w ith  the  increased lum inosity of th e  Tevatron and  shorted  bunch crossing 

tim e leading to  higher pp  collision rate . For im proved m om entum  resolution, b-tagging, 

electron and m uon identification in R un II some p arts  of the  detectors were replaced 

and  new hardw are was added to  th e  CDF.

The CD F consists of th e  following subdetectors:

•  T he tracking system  is th e  innerm ost p a rt of CD F used for particle charge 

a n d  m o m e n tu m  m e a s u r e m e n ts .  T h is  s y s te m  is  p la c e d  in s id e  a  s u p e c o n d u c t in g  

solenoid of 4.8 m  long and  1.5 m  radius, which produces a  1.4 T  m agnetic field 

coaxial w ith  th e  beam  direction.

•  T he calorim etr system  is com posed of electrom agnetic (EM) and hadronic (HAD) 

scintillator-based sam pling calorim eters surrounding the  solenoid in a  projective
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tower geometry. T he EM  calorim eter features an  em bedded proportional cham ber 

a t shower m axim um  for precise electron identification and reconstruction.

UPPER NOTCH STEE

CENTRAL DRIFT CHAMBER

HADRON 1C CALORIMETER 

MUON DRIFT CHAMBERS 

STEEL SHIELDING

SL (3  LAYERS)

SVX I I (3 BARRELS) 

NTERACTI ON POINT (BO)

SOLENOID COIL

PRESHOWER DETECTOR

SHOWERMAX DETECTOR

Figure 3.3: Elevation view of one half of the  CD F
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•  The m uon system , m ade of drift wire cham bers, is located on the  exterior of 

CDF. Only high energy m uons are able to  pass slabs of steel beyond which the  

m uon detectors are located.

A C artesian  coordinate system  is chose w ith  th e  origin a t th e  geom etrical center of 

th e  detector. T he x  axis is defined in th e  direction radially  outw ard from th e  ring ’s 

center, th e  y  axis is pointing directly  upward, and  th e  z  axis is in th e  an tip ro tons’ 

beam  directions of th e  cylindrical shape of the  detector it is more convenient to  identify 

particle directions and  o ther location w ith in  th e  detector in a  cylindrical-like coordinate 

system . T he th ree  coordinates (z, 0, rj) where d> is the  azim uthal angle in x  — y  plane 

and  77 is the  pseudorapidity  expressed in term s of th e  polar angle 0 as

T he pseudorapidity  is chosen as a coordinate because of its close relationship w ith 

th e  rap id ity  known from special relativity, y,

where E  is energy and  p z is th e  z  com ponent of th e  m om entum  of th e  particle. R apidity

Lorentz transform ation. In a  boosted fram e of reference moving w ith  velocity (3 w ith  

respect to  some in itia l fram e of reference, rap id ity  transform s as

For highly relativ istic  particles 77 is a good approxim ation to  y. Because of A 77

(3.2)

(3.3)

is a  convenient variable to  use in high energy system s due to  its additive na tu re  under

y  —> y — ta n k  1j3 (3.4)

invariance under Lorentz transform ation  th e  d istribu tion  4^ also rem ains invariant.
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This is the  reason why th e  CD F calorim eter is segm ented in towers of equal un its  of 

pseudorapidity. If an  opening angle between two particles if defined as

T he Tracking System  is th e  inner m ost p a rt of th e  CDF. Its  purpose is to  track  th e  p a th  

of particles which are p roducts of pp  collisions. W hen a  charged particle traversed the  

m edium  of th e  tracking  system , it produces ionization th a t  is collected on a  localized 

electrode and  which is called a  hit. A sequence of h its spatially  d istribu ted  are la ter 

used to  reconstruct th e  p a th  th e  p roduct particle traversed. This whole precess is called 

track ing . T he Tracking System  consists of two m ain com ponents: Silicon D etector a t 

very small radii and  C entral O uter Tracker cylindrically surrounding th e  former. B oth 

detectors are subm erged in into a  uniform  m agnetic filed B  =  1.4 Tesla whose direction 

is along 2  axis.

T he trajecto ries of charged particles inside of a  m agnetic field are helices. A helix 

can be described by th e  following param eters:

•  zq - z  coordinate of th e  poin t of th e  closest approach to  th e  z axis

•  d0 = q ( y  Xq +  t/q — R  - d is ta n c e  f ro m  t h e  p in t  o f  c lo se s  a p p r o a c h  t o  t h e  z  a x is , 

im pact param eter, q is th e  charge of th e  particle and  (xc, yc) is th e  projection of 

th e  center of helix onto x  — y  plane.

•  0o - azim uthal angle of th e  tangen t to  th e  tra jec to ry  a t th e  point of closest 

approach to  z  axis

(3.5)

th en  it is Lorentz invariant as well since b o th  At] and  A<p are.

3.2.2 Tracking System
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cot 9 - ra tio  of helix step  to  its diam eter, helix pitch

•  C  = _ helix curvature

T he above param eters can be used to  calculated  th e  partic le’s transverse and  lon­

gitudinal m om enta:

Pt  = 2\d~yPz = PTCOte• (3 -6)

T he track  param eters are determ ined by th e  helical track  fit. T he inpu t to  th is 

fitter is a set of spacial coordinates of th e  m easured hist which specially preselected 

w ith  th e  p a tte rn  recognition algorithm . The prim ary vertex of event is determ ined 

from  th e  reconstructed track  in the  event by fitting  them  to  th e  sam e space point and  

using th e  beam  line position as a constrain. Tracks w ith  h its  in th e  silicon detector are 

reconstructed  w ith  high precision and can be used to  reconstruct secondary verticies. 

T he schem atic side view of th e  one quarte r of tracking system  is shown in Figure 3.4. 

T he param eters of each com ponent of tracking system  will be briefly described below.

Silicon D etector

th e  silicon detector consists of eight concentric cylindrical layers of silicon strips sur­

rounding th e  beam  pipe. T he layers span radii from 1.35 cm  to  28 cm  and  extend from 

90 cm to  alm ost 2 m along th e  pipe line. T he detector is divided into th ree  cylindrical 

s u b -s y s te m s :  L a y e r-0 0 , S V X II , a n d  IS L , l i s te d  in  t h e  in c re a s in g  d is ta n c e  f ro m  t h e  p ip e .

T he Silicon V ertex D etector (SVXII) is th e  m ost im portan t com ponent of th e  silicon 

tracking system. It consists of 5 layers of double-sided m icrostrip  detectors. T he m ost 

inner and outer layers have th e  radii of 2.5 cm and  10.7 cm respectively. Along the  

beam  pipeline th e  SVXII covers 2.5—sg im a  of th e  pp  lum inous region, corresponding
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CDF Tracking Volume

END WALL
HADRON
CAL.

SOLENOID.

T I | I I I I | I I I I | I I I I | I I I I | I

\  1.0 1.5 2.0 2.5 3.0
INTERMEDIATE

5 LAYERS SILICON LAYERS

Figure 3.4: Schem atic draw ing of one quarte r of CD F tracking system. P a rts  of 
calorim etry system  (Plug and  End Wall) are also shown on the  draw ing

to  th e  length of 96 cm, and in a pseudorapidity  it covers r] < 2.5 as ind icated  in Figure 

3.4. In th e  axial direction, SVXII is divided in to  th ree  barrels each 29 cm long w ith
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beryllium  bulkhead a t each end. T he bulkhead support th e  five silicon layers and  the  

cooling system  for readout electronics. In th e  plane transverse to  th e  beam  line, each 

layer is segm ented in 12 azim uthal wedges as shown in Figure 3.5.

Figure 3.5: CD F Silicon V ertex D etector - SVXII

To minimize residual interaction, th e  silicon sensors are supported  by very light 

substra tes forming a  basic s tru c tu ra l un it called barrel. SVXII contains th ree  such 

barrels. One side of silicon sensors is m ade of finely spaced p-type silicon strips runig 

in axial direction allowing m easurem ents in r  — 0  plane. On th e  o ther side of silicon 

sensors, n-type silicon strips are ro ta ted  forming either 90° or ±  1.2° stereo angels 

allowing m esurem ents oi r — z  plane. W hen a  signal is detected  on a  sm all cluster of 

axial and  stereo strips and  th e  h it position 3-space is determ ined. T he error on the  

individual h it position is abu t 12 pm .

T he readout un its  are m ounted directly  on th e  silicon surface on b o th  ends of each 

ladder. This minimizes electronic noise. Each wedge has 44 readout chip sets and  each 

chip has 128 channels w ith  charge sensitive amplifiers. T he to ta l num ber of readout 

channels for six barrel ends is 405,504. T he signals are converted by special p o rt card 

from  electrical to  optical form, and  tran sm itted  to  ex ternal electronics a t 53 MHz rate . 

T he highly parallel readout perm its th e  entire detector to  be read  in approxim ately 10 

ps.

To further improve im pact param eter resolution, Layer-00 is positioned directly  on 

th e  beam  pipe a t a radius of 1.6 cm. T he length  of Layer-00 is 80 cm and  its azim uthal 

s truc tu re  is sim ilar to  th e  th e  SVXII. Layer-00 uses rad ia tion  to leran t single sided 

m icrostrip  sensors. T he narrow  sensors laying closer to  the  pipe, have 128 channels 

and  wider sensors have 256 channels w ith  a  strip  w idth  of 50 pm . (see Figure 3.6.
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Figure 3.6: LayerOO viewed in th e  plane transverse to  th e  beam . LayerOO sensors are 
colored in red. T he two m ost inner layers of SVXII surrounding LayerOO are shown as 
well.

T he ISL is placed outside SVXII as depicted in the  cartoon of Figure 3.4. T here is 

one cylindrical layer installed in th e  cenetral region \rj\ <  1.0 a t radius of 22 cm. Two 

two o ther layers are installed a t radii of 20 cm and 29 cm, covering th e  pseudorapidity  

region to  1.0 <  \r)\ <  2.0. Double-sided silicon sensors are used in ISL ladders. On axial 

side, th e  silicon m cirostrips are spaced by 55 /im  and  on th e  stereo side by 73 pm  w ith 

1.2° stereo angle. To optim ize th e  readout tim e, only every o ther strip  is readout in ISL, 

am ounting to  to ta l of 268,000 readout channels. T he signal hit resolution in ISL is 16 

and  23 p m  on axial and  stereo layers respectively. This is worse th a n  th e  h it resolution 

in SVXII. T he purpose of ISL subdetector is to  provide ex tra  h its  between SVXII and  

th e  C entral O uter Tracker (CO T) which we describe in th e  following subsection.

Overall, th e  silicon system  m easures th e  im pact param eter (which is its m ain pur­

pose) of high pT tracks w ith  a  resolution of abou t 40 pm , including 25-30 pm  contribu­

tion  from th e  beam  w idth. The long te rm  perform ance of the  silicon system  depends 

on th e  rad ia tion  dam age it acquires over th e  tim e of d a ta  taking. Its m ost vulnerable 

com ponents, th e  innerm ost layer of SVXII and  LayerOO, are expected to  last a t least 

till 7.4 / f r 1 of d a ta  are taken.

Central Outer Tracker

T he C entral O uter Tracker (CO T) is a  cylindrical, m ulti-w ire open-cell drift cham ber, 

designed to  find tracks of charged particles in th e  central region r] <1.0. As shown in 

F igure 3.4, th e  C O T is located  outside th e  silicon detector and inside th e  solenoid. This 

m eans th a t C O T as well is em erged in th e  m agnetic field of 1.4 T. T he C O T covers
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Super layer R adius a t center (cm) Num ber of cells Stereo Angel 

Table 3.1: C O T layers sum m ary

th e  volume betw een |z i 155 cm and 44 cm <  r  <  155 cm. It is herm etically closed 

and  filled w ith  a 50:50 m ixture of A rgonne-E thane gas, which has a drift velocity of 50 

p m /n s . Small drift tim es are im portan t for preventing th e  subsequent even t’s signal 

pile-up. This becomes essential a t high collision ra tes for which Tevatron is designed.

A charged particles pass th rough  th e  C O T and leave a  tra il of ionized gas behind 

it. T he electrons drift to  sense wires strung  between th e  end plates of COT. The sense 

wires are placed in elctrostatic  drift field created  by filed-shaping wires and  cathode 

field panels, b o th  running parallel to  th e  sense wires, the  C O T cell consist of 12 

wires a lternating  w ith  13 po ten tial wires as shown in Figure 3.7. Two adjacent cell 

share th e  same field panel, and  four shaper wires (two a t each side) serve to  close the  

cell electrostatically. Because of th e  m agnetic field in th e  z  direction, th e  ionization 

electrons do not move along the  electric field lines b u t ra th e r cross them  a t th e  angle 

of 35° in the  case of CO T. Therefore, th e  C O T cells are ro ta ted  by th a t  same angle in 

respect to  th e  rad ia l direction to  reduce th e  drift length.

T he field panels are kept a t ground po ten tia l ans sense wires are operated  under 

poten tials of approxim ately 2 and  3 kV respectively. W ith in  a cell th e  actual voltages 

are slightly varied from wire to  wire to  m ain tain  a uniform  drift field.

T here are to ta l of of 30,240 sense wires in COT. T hey are arranged in eight radially 

s p a c e d  s u p e r la y e r s  a s  s h o w n  in  F ig u r e  3 .8 .

T here are 12 sense wires in one cell, so there  is 96 possible m easurem ents per track  

traversing th e  C O T  radially. T he even layers are axial, i.e. wires are in th e  planes 

parallel to  th e  beam , and  odd layers have a small stereo angle of ±3°. The num ber of 

cells and  the ir radii are sum m arized in Table 3.1
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+  Potential wires 

•  Sense wires 

X Shaper wires

Bare Mylar

—  Gold on M ylar (Field Panel)

52 54 56 58 60 62 64 ^  / 66
SL2 R(cm°

Figure 3.7: Transverse plane view of th ree  C O T cells. T he i?-arrow shows th e  radial 
direction. E lectrosta tic  field is perpendicular to  th e  field panels and  drift velocity is 
perpendicular to  th e  radius

The signals from sense wires are readout by electronics which are d irectly  placed 

on th e  cham ber end caps. Specially designed p a tte rn  recognition logic in th e  Level-1
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Units: centimeters [inches]

Figure 3.8: C O T end plates. T he wire-plane slots are grouped into eight concentric 
super layers. T he slots are tilted  by 35° w ith  respect to  rad ial direction

trigger is used to  recognize m ultiple h its from single wire. T he resolution of a single 

h it is m easured to  be about 140 pm , which corresponds to  the  transverse m om entum
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resolution of 8p t /P t  ~  0.15% (G eV /c)-1 . In absolute m agnitude th e  tracks can be 

m easured down to  300 M eV /c. If b o th  th e  Silicon D etector and  th e  C O T are used, 

th e  transverse m om entum  can be m easured w ith  resolution even lower th a n  SpT/ p \  ~

0.10% (G e V /c )-1.

3.2.3 Calorimetry

T he purpose of th e  C D F calorim eter system  is to  m easure th e  energies of the  charged 

and  neu tra l particles produced in pp collisions. T he absorption and  scintillation m ate­

rials are th e  m ain com ponents of each calorim eter. As particle traverses th e  calorim eter 

it looses its energy by in teracting  w ith  th e  dense absorption m ateria l and  produces a 

shower of secondary particles (ref W .R. Leo). The num ber of secondary particles is 

proportional to  th e  energy of th e  incident particle. A scintillator m ateria l is used to  

collect these secondary particles and  release th e  equivalent am ount of energy via light,

1.e. photons. T he light from scintillators is read  out by light guides and  converted 

into electrical signals by photom ultiplier tubes (PM T) and  amplifiers. T he streng th  

and  position of th e  signal are th e  inform ation used in th e  event reconstruction. The 

inform ation from calorim etry com bined w ith  th e  tracking inform ation is th e  essence of 

particle type identification.

T he resolution of energy m easurem ent in a calorim eter, is dom inated by s ta ­

tistica l sam pling fluctuations and  th e  pho to-sta tistics of th e  PM Ts, which is inversely 

proportional to  th e  square root of th e  incident energy. C alibration errors, non-uniform  

response  of th e  ca lo rim eter, a n d  electronic  noise also c o n trib u te  to  th e  reso lu tion .

T he calorim eter detectors are installed ju s t outside th e  solenoid providing 211 az­

im uthal coverage out to  \rj\ <  3.6 3.4. The C entral and  the  P lug Calorim eters cover 

regions of \rj\ <  1.1 and  1.1 <  |?71 <  3.6, respectively. The gap betw een th e  two is cov­

ered by the  End W all Calorim eter. B oth  C entral and  P lug calorim eters consist of two
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sections: E lectrom agnetic (EM) and  H adronic (HAD), while th e  End W all has only 

hadronic system. Radially, EM calorim eter is placed in front of th e  HAD calorim eter 

tow ard the  collision point. Such positioning is m otivated by difference in penetra tion  

lengths for e lectrons/pho tons and  hadrons. The high energy electrons loose the ir energy 

in th e  calorim eter v ia brem sstrah lung  or pho ton  radiation. Photons prim ary m eans of 

loosing energy is by th e ir conversion into electron-positron pairs. In b o th  cases electro­

m agnetic showers are produced. T he in teractions of hadrons is more com plicated since 

they  couple weekly and  strongly as well. A t C D F ’s calorim eter hadrons deposit energy 

m ostly in inelastic collisions w ith  th e  nuclei of th e  absorbing m aterial. Nuclear in ter­

action cross section is sm aller th a n  th a t of electrom agnetic, therefore hadrons travel 

longer distances then  electrons before loosing the ir energies. For electrons and  photons 

we define ra d ia tio n len g th X 0 as th e  distance over which th e  particle looses 1 - e~ l of 

its energy. T he nuclear in tera c tio n len g th X i is defined as a m ean free p a th  of hadron 

before it undergoes any inelastic scattering.

T he central calorim eter consists 24 azim uthal wedges as shown in F igure ??. Each 

wedge covers 15o in azim uthal direction and  250 cm  in 2 , b o th  positive and negative 

direction. In rad ia l direction, central electrom agnetic calorim eter (CEM ) covers 173 

<  r < 208 cm, which corresponds to  18 rad ia tion  lengths. Radially outw ard, central 

hadronic calorim eters (CHA) is placed. B oth  CEM  and CHA are segm ented in towers 

of equal pseudorapidity  Ar/ =  0.11. In CEM , th e  0.5 cm thick plastic scintillators are 

interspersed w ith  0.32 cm thick layers of lead th a t  serves as absorber. Each scintillator 

is read  out by two PM T. T he resolution on energy m easurem ent is ^  =  13.5% /  y /E x®  

2%, w ith  th e  constan t te rm  added in quadratu re. In CHA, scintillators are twice as 

thick, 1 cm, and  th e  absorption layers m ade of steel are 2.5 cm thick. T he wall hadronic 

calorim eter (W HA) has a s truc tu re  sim ilar to  th a t  of CHA, except th a t its absorption 

steel layers are 5 cm thick. This is to  accom m odate for very energetic hadrons a t this 

r] range. The w id th  of CHA and W H A  in term s of A/  and  the ir resolutions are listed 

in Table ??.
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T he plug calorim eter as well has th e  electrom agnetic (PEM ) and hadronic (PHA) 

p arts  to  it, each w ith  23 scintillator-absorber layers. T he segm entation of PEM  and 

PH A  into r) towers is finer th a n  th a n  in th e  case of CEM  and CHA. This optim izes 

electron identification in 6-jets. In PEM , absorber layer is 5 cm thick calcium -tin-lead 

alloy enclosed between steel plates. In CHA, absorber layer is 5 cm thick iron. Energy 

resolutions and  th e  w idths of PEM  and PH A  in term s of A/ are listed in Table ??  More 

specification details can be found in (ref IDR).

3.2.4 Muon System

T he energetic m uons produced in pp  collisions m anage to  escape th e  m agnetic filed 

of th e  solenoid. M uons do not in teract heavily w ith  th e  calorim eter. A t such high 

energies muons C oulom b-scatter in th e  calorim eter w ithout developing a  shower. The 

detection of m uons is perform ed w ith  p roportional drift cham bers and  scintillators, 

b o th  placed a t th e  m ost outer p a rt of the  detector. T heir m uon system  is com posed 

of four subdetectors covering th e  following regions in pseudorapidity: C entral M uon 

(CM U) and C entral M uon U pgrade (CM U P) cham bers cover th e  region of j?7| <  0.6, 

th e  C entral M uon Extension detector covers th e  region of 0 .6<  r/| <  1.0, and  the  

In term ediate M uon (IMU) detector extends th e  coverage fu rther to  abou t \r)\ =  2.0. 

T he CMU and CM P cover 84% and 63% of th e  solid angle respectively. O verlap region 

of CMU and C M P is abou t 53% of th e  solid angle. T he com plete coverage in p — (f> 

space of muon detectors is shown in 3.9.

T he CMU detectors are located w ith in  th e  central calorim eter wedges, directly 

behind  the  CHA a t th e  radius of 347 cm (see Figures 3.2 and  3.3). T he m ateria l in the  

yoke of the  m agnet and  in th e  calorim eter serve as an  absorber for hadrons shielding 

th e  m uon cham bers. T he am ount of th is  shielding for CMU is equivalent to  5.5 hadron  

in teraction  lengths. This sets th e  m uon sensitivity threshold  to  1.4 G eV /c. Like the
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CMP I=T1=] - CMUCMX

Figure 3.9: Coverage of m uon system s in rj — 4> space

calorim eter, th e  CM U is split in 24 azim uthal wedges, 15° each. Instrum ented  p a rt 

is of th e  wedge is only 12.6° leaving 2.4° gaps betw een th e  cham bers. Each wedge is 

fu rther segm ented in 4> in to  th ree  towers. Each tower is m ade of four radially  stacked
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rectangular drift cells. T here is a  sense wire a t th e  center running along a  drift cell 

in th e  z  direction, connecting th e  end p lates of th e  cell. T he length  of th e  cell in the  

z  direction is 226 cm. T he first and  th e  th ird  cell in a  stack are offset by 2 m m  in cj) 

d irection w ith  respect to  th e  second and  fourth  cell. This is done to  avoid am biguous 

4> m easurem ent. Single h it position can be m easured w ith  resolution of 250 /irn in 

th e  r  — (j) plane and  1.2 m m  in th e  r  — z  plane. T he z  coordinate is determ ined by 

com paring th e  pulse heights a t each end of th e  sense wires. It th e  h ist are observed 

on a t least 3 of th e  4 cells in one stack, or 3 or 4 cells from distinctive layers in two 

neighboring stacks, a  m uon stub  is reconstructed.

T he CM P cham bers for a  rectangular “box” around th e  central p a rt of CDF. To 

fu rther reduce th e  num ber of hadrons entering th e  CM P detector, an  additional layer 

of 60 cm of steel is placed in front of th e  C M P detector. This provides ex tra  2.3 A/ 

and  raises th e  m uon m om entum  threshold  to  2.2 G eV /c. T he drift cells and  the ir 

arrangem ent in CM P are sim ilar to  those in CMU. T he outer surface of th e  C M P is 

lined w ith scintillator counters (CSP) used to  ob ta in  tim ing inform ation. Because of 

th e  rectangular shape of th e  CMP, its 77 coverage varies as a function of (p. However, 

a t some values of 0, CM P covers CMU gaps.

T he m uon coverage is extended by additional m uon cham bers organized in the  

CM X and IMU detectors. T he CM X is m ade of two conical arches of drift tubes w ith 

layers of scintillators (CSX) installed a  each end of th e  central p a rt of th e  detector. 

No additional absorption m ateria l is added before CMX, since a t these polar angles 

(45°-55°) there  is enough detector m ateria l to  stop po ten tia l hadrons from reaching it.

T he IMU consists of a  barrel of drift cham bers and  scintillator counters placed on 

b o th  sides of to ro id  m agnets. T he IMU drift cham bers, scintillators, and  read-out 

electronics are identical to  th e  ones used in CMU. D ata  used in th is analysis have no 

inform ation from  th e  CMU, since its trigger was not im plem ented. We discuss triggers 

in one of th e  sections below.

52

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



C hapter 3. E xperim enta l A ppara tus

3.2.5 Shower D etector

T he electrom agnetic showers are very narrow  in transverse direction. T he Moliere 

radius, w ith in  which approxim ately 90% of th e  to ta l energy of a  EM  shower is deposited, 

has typical vaolues of m  2 cm int th e  CEM. To enable precise m easurem ent of the  

location of EM  shower, finely segm ented detectors are em bedded in central (CES) and  

plug (PES) electrom agnetic calorim eters. These detectors are located a t abou t six 

rad ia tion  lengths from th e  front face of th e  CEM  and PEM  detectors, which is were 

th e  average shower m axim um  is expected to  occur.

T he CES detector consists of proportional strip  and  wire cham bers th a t  provide 

position and  transverse shape of th e  electrom agnetic showers in b o th  z  and  r — <fi 

directions. T he position resolution of CES m easurem ent is 0.2 cm for electrons w ith  

energy of 50 GeV. T he PES detector is m ade w ith  of 0.5 cm pitch  scintillator strips 

and  arranged in two layers. The direction of strips in these layers are ro ta ted  a t +22.5° 

and  -22.5° w ith  respect to  th e  rad ial direction, to  provide a  tow  dim ensional position 

m easurem ent. T he PES position resolution is abou t 0.1 cm.

T here is also a  set of m ultiw ire proportional cham bers in from of th e  CEM  called 

C entral Preshower (C PR ) cham bers. These cham bers detect elctrom agnetic showers 

th a t  begin in th e  solenoid m agnet m aterial, providing enhanced photon  and  soft elec­

tro n  identification. T here is no dedicated  preshower detector in front of PEM , instead  

th e  first scintillator layer of PE M  is m ade thicker (1 cm) to  yield more light and  is read 

out separately. This layer is called P P R  and  it is used to  statistically  separate  prom pt 

7 s from  the  tw o-photons coming from II0 decays.
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3.2.6 Event Trigger

T he signals produced by various subdetectors of CD F m ust be stored  to  an  event-by- 

event basis for la ter analysis. By even t here refers to  each pp  crossing. As typical 

instan taneous lum inosity of «  3 • 1031 cm ~2s_1 it is expected to  have one proton- 

an tip ro ton  in teraction  on average per bunch crossing. For the  bunches separated  by 

396 ns, the  crossing occurs a t ra te  of abou t 2.5 MHz. T he tim e required to  read  out 

a  single event from th e  entire detector is of order of 2 ms which is abou t 5000 tim es 

larger th a t th e  tim e between two consecutive bunch crossings. A nother constrain t on 

event acceptance ra te  comes from th e  d a ta  w rite-tim e, which is currently  10-20 ms 

for a typical event record size of 100-200 kB. It is obvious th a t m ost of th e  pp  events 

can be recorded. Fortunately, m ost of these events are not in teresting for physics 

analysis. Namely, m ost of th e  inelastic scattering  events produced in pp  collisions 

are of low m om entum  transfer, “m inim um  bias” events, w ith  very little  energy flow 

in th e  direction transverse to  th e  beam . Events w ith  large m om entum  transfer are 

more in teresting for they  probe physics a t short distances, bu t are also less frequent, 

a  factor of 105 less th a n  m inim um  bias events. A m echanism  which selectively picks 

interesting events is needed. Commonly, th is  m echanism  and its  hardw are are referred 

to  as “trigger system ” .

Before perm anently  storing the  d a ta  from a  single event, the  d a ta  pass th ree  differ­

ent levels of th e  C D F trigger system , as shown in Figure 3.10a. A more detailed  block 

diagram  is showing th e  selection logic is shown in Figure 3.10b. T he m axim um  accep­

tance ra te  of Level-1 trigger is 50 kHz. T he events passing LI trigger requirem ents are 

fu rther analyzed by Level-2 trigger whose acceptance ra te  is 300 Hz. j+ + ^

Finally, th e  Level-3 trigger decides w hether to  accept the  events for offline storage 

a t th e  m axim um  possible w riting speed of 75 Hz. Since Level-1 and  Level-2 system s 

have to  make fast decisions they  use only a p a rt of th e  entire event data . Level-1 and
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Dataflow of CDF "D eadtim eless" 
Trigger and DAQ

LI Storage 
PlpelHio:
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Cyeto 0«ep

7.6 MHz Crossing  rate 
132 n e  clock cycle

L1 trigger

Level 2:

Storage

RUN II TRIGGER SYSTEM
D etector Elements

GLOBAL 
LEVEL 1

TSI/CLKGLOBAL 
LEVEL 2

Figure 3.10: CD F d a ta  acquisition and  trigger system  in R un II

Level-2 are based purely on hardw are (electronics) while L3 perform s alm ost full event 

reconstruction using an  appropria te  software running on a com puting farm.

As depicted in Figure ??b  th e  inputs for Level-1 are th e  signals from th e  calorim eter 

detectors, th e  CO T, and  th e  m uon detector. Up to  42 events (at 132 ns clock circle) can 

be stored in pipelined buffers where th e  d a ta  are stored for 5.5 ps  and  analyzed bu  the  

th ree  parallel synchronous stream s. T he first stream  collects th e  inform ation from the  

object and global calorim eter triggers. T he object triggers fire off when th e  transverse 

energy deposited in individual calorim eter towers is above a certain  threshold. The 

e lectron /pho ton  trigger makes decisions based on th e  EM  calorim eter energy, while je t 

trigger sets a threshold  on th e  sum  of EM and HAD energies in a  tower. T he global 

triggers com pares th e  to ta l energy from all towers and  com pares it to  th e  reference 

value. All th e  thresholds and  requirem ents on th e  num ber of objects can be preset
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a t a desired value in th e  hardw are of each detector subsystem . T he second stream  is 

responsible for finding stubs in th e  m uon cham bers. A novel p a rt of th e  Level-1 trigger 

upgrade in R un II is th e  insta lla tion  of th e  Extrem ely Fast Tracker (X FT) forming 

th e  th ird  Level-1 trigger stream . T he secret to  th e  X F T ’s speed is th a t it reconstructs 

tracks in the  transverse plain. Together w ith  th e  ex trapo lation  un it (X T R P) th e  tracks 

can be m atched to  clusters in EM calorim eter and  m uon cham bers forming electron 

and  m uon prim itives. The decision from above stream s are th en  com bined and  the  

final decision if th e  event is accepted is made.

In  case an  event is accepted by Level-1 trigger all the  inform ation abou t th is event 

is passed into one of four asynchronous event buffers of the  Level-2 trigger system. 

In addition, th e  inform ation from CES cham bers and  from r  — <fi strips of th e  SVX 

detecto r is tran sm itted  to  th e  Level-2 system. T he Level-2 buffers are not able to  hold 

more th a n  four events. The average tim e to  process one event sitting  in th e  buffer is 

20 ps, during which th e  trigger incurs dead tim e if th e  buffer is full. T here are th ree 

hardw are sybsystem s p a rt tak ing  in th e  decision a t Level-2: L2CAL, XSEC, and  SVT. 

T he L2CAL is th e  cluster finder which combines th e  energies collected by individual 

towers. Thus L2CAL provides. Thus L2CAL provides an  approxim ate m easurem ent 

of j e t ’s E t  and  its direction. XCES uses a  preset threshold  to  d iscrim inate for signals 

from CES detector. This inform ation com bined w ith  tracks ex trapo la ted  by X T R P  is 

used for b e tte r  track-to-cluster m atching and  therefore im proved electron identification. 

T he Silicon V ertex Tracker (SVT) reconstructs tracks in silicon vertex detector and 

determ ines th e  track  im pact param eter. W hen all th e  triggers of Level-2 are satisfied 

th en  th e  full detector readout is in itia ted .

A fter Level-1 and  Level-2 triggers have m ade the ir decisions th e  events are trans- 

fered to  the  d a ta  acquisition system  (DAQ) buffers. T he system  controlling th e  DAQ 

buffers, called th e  Event Builder, orders event fragm ents and  sends them  to  a  farm  of 

conventional PC s serving as Level-3 triggers. T he event fragm ents are assembled in a
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block of data , eventrecord, su itable for analysis by CD F reconstruction software. T he 

reconstruction of an  event takes advantage of th e  full detector inform ation and  im­

proved resolution not available a t th e  lower trigger levels. If an  event satisfies Level-3 

requirem ents, th e  corresponding event record is sent and stored on a  m agnetic tape. 

Each event is m arked by a  num ber and  by a num ber of th e  store, or th e  run, which the  

detecto r was tak ing  data . D uring each run, th e  configuration of th e  detector is stable 

and  recorded in a  d a ta  base.

M ore inform ation on CD F trigger system  can be found elsewhere (ref TD R ). M uon 

trigger is very im portan t to  th is analysis and  is discussed in th e  section below.
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Event R econstruction

The initial triage of events occurs a t th e  online trigger level where a  m ajority  of back­

ground events is rejected. Physics d a ta  analysis requires even b e tte r  purification of the  

selected events. T he proper requirem ents are im portan t to  accept as m any interesting 

events while reducing th e  num ber of background events to  the  minim um .

Before any m eaningful analysis on th e  collected d a ta  happens, th e  inform ation 

acquired from th e  detector and  recorded on a  perm anent storage device m ust be re­

constructed  to  represent th e  high level physical objects. At CD F, we th e  four m ost 

im portan t high level objects are : electrons, muons, je ts, and  missing transverse energy. 

T he reconstruction is perform ed in th ree  steps. F irst, th e  hits in detectors subsystem s 

are com bined to  form  tracks, clusters, and  stubs. Second, th e  cluster and  tracking 

inform ation are m atched  to  th e  signature of known detectable particles. T hird , th e  

r a w  p r o p e r t ie s  o f  t h e  p a r t i c l e  a r e  c o r r e c te d  to  r e p r e s e n t  t h e  t r u e  f o u r - m o m e n tu m  o f

th e  corresponding parto n  or lepton.

T he reconstructed  events are w ritten  in one or m ore stream s according to  the  type 

and  num ber of high level objects in th e  reconstructed  event. In  th e  sections below we 

describe reconstruction  of th e  four basic high level object.
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4.1 L epton Identification

T he lepton identification is crucial for th is  analysis. Unlike electrons, m uons and  taus 

are unstab le particles w ith  average lifetimes r M ~  2.2 x 10“ 6 and  rT ~  2.91 x lO -13 

seconds. T he relativ istic muons pass th rough  th e  detector w ithout decaying, O n con­

trary , th e  tau s  decay soon after they  are produced. A bout 40% of th e  tim e ta u  will 

decay into a  ligther lepton (e or p)  and  two neutrinos. T he rest of th e  tim e th e  ta u  will 

decay hadronically producing particle je ts. In  th is  analysis we don ’t  consider events 

w ith  taus, b u t we concentrate on muons and  electrons only.

4.1.1 Electrons

Electron is a  light lepton w ith  a mass of 0.511 MeV. A t CD F electrons loose m ost of it 

energies in B rem sstrahlung process while moving th rough  the  lead absorbers. T he pho­

tons produced a t collisions of electrons w ith  th e  abso rber’s nuclei have enough energy 

to  convert into electron-positron pairs. Secondary particles collide w ith  th e  nuclei pro­

ducing te rtia ry  particles, and  so on, forming an electrom agnetic (EM) cascade. Such 

a  sower differs from th e  hadronic showers in je ts  by the  num ber of tracks, shape and 

length. EM  je ts  are identified by a  high pT track  in th e  drift cham ber pointing to  a  EM 

calorim etry tower where substan tia l am ount of energy was deposited. Typically, an 

electron je t deposits its  energy in a single tower while a  hadronic je t is m uch broader 

and  it continues into hadronic calorim etry towers. T he shape and  a position of EM 

shower is m easured by th e  shower m axim um  detector. Only electrons detected  in the  

central calorim eter (CEM  \r}\ <  1.1). T he full list of variables and  th e  cu ts used for 

identifying electrons is shown in Table 4.1

•  E T =  E  sin 0  >  20 GeV T he transverse energy of EM cluster E T is defined as 

a  p roduct of th e  to ta l energy deposited in th e  EM  cluster and  sin 0 ,  where 0  is
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V ariable C ut

\v\ <  1
Pt >  5 GeV
E x >  5 GeV

Fiduciality FidEleSm x() ±  landF idE leT rk() ^  4
E h a d / E e m <  0.055 +  0.00045 x E

num ber of axial segments > 3
num ber of stereo segments >  3

Isolation (px > 20) Cal_Iso/pT < 0 . 1
Isolation (pT < 20) CaLIso < 0 . 1

Table 4.1: E lectron ID cuts. E lectron object m ust pass these cu ts to  be considered in 
th is analysis

th e  angle of C O T tracking pointing to  th e  cluster.

•  Pt  > 1 0  GeV / c A n electron in m agnetic field moves along a  helix, whose curvature 

depends on th e  electron’s transverse m om entum  px- Due to  differential response 

of C O T to  electrons and  positrons, a  small correction m ust be applied

9-  = - 9 .  _  0.00037 -  0.0011 x sm (0  +  0.28), (4.1)
Pt  Pt w

where Q is th e  charge of th e  particle and  cj> is th e  trac k ’s azim uthal angle.

•  E / p  > 2 T he absolute value of th e  electron’s m om entum  as m easured by C O T 

track  is required to  be no less th a n  50 % of th e  full E  m easured in EM  calorim eter. 

This requirem ent is justified by th e  situa tion  where an  electron loses a portion  of 

its energy by em iting a  pho ton  while passing th rough  th e  m ateria l a t th e  inner 

CO T r a d iu s .  F o r  t h e  e le c t ro n s  w i th  pT > 50 G e V /c  t h e  r a d i a t e d  p h o to n  will 

be alm ost certain ly  collinear to  th e  electron’s direction contribu ting  to  m easured 

energy. For less energetic electrons th e  photon  can end up in ad jacent EM  towers.

•  Ehad/EEM <  0.055 +  0.00045A  To avoid m isidentification of a  hadronic je t as 

electron, th e  fraction of energy E h a d  deposited in the  hadronic calorim eter is
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required to  be a small fraction of th e  energy deposited in th e  electrom agnetic 

calorim eter. The last te rm  is there to  com pensate of th e  inefficiency of th e  cut 

for very high energy electrons th a t  pen e tra te  into th e  hadronic calorim eter.

•  L shr < 0 . 2  The energy deposited in th e  towers adjacent to  th e  shower tower is 

expected to  m atch  th e  d a ta  from th e  te s t beam  electrons. T he quan tity  L shr 

reflects how well th e  m easured energy E meas m atches the  expected energy E exp 

and  it is given by:

energies. Typically, th e  sum  is taken  over two nearby towers in a cluster.

•  xltrip < 10 T his quan tity  com pares how well th e  CES shower profile in r — z  view 

com pares w ith  th e  same profile ex tracted  from th e  te st beam  electrons. T he fit 

is perform ed for each strip  individually. This cu t discrim inates against wider 

clusters from  fully or partia lly  m erged showers from II0 decays.

•  W \ < 60 cm T he distance along th e  beam  direction between th e  nom inal in terac­

tion  point z  — 0 and  th e  point where th e  recosnrtucted  track  intersects th e  beam  

axis. T he longitudinal spread of the  z  com ponent of the  event vertex is subject 

to  th e  gaussian d istribu tion  w ith  a  =  26 cm.

•  Num ber of axial and  stereo segm ents >  3 each. To ensure a  good quality  track  

associated w ith  an  electron candidate, it is required to  pass th rough  a t least th ree 

axial and  th ree  stereo superlayers of th e  COT.

•  Isolation < 0 . 1  This variable defines how m uch energy is deposited  by o ther 

particles outside th e  EM  cluster b u t inside the  cone A R  <  0.4 and  is given by

L shr =  0.14 ^
1meas

(4.2)

where 0 , \ 4 \ [ E  and  A E exp are th e  uncertain ties on the  m easured and  expected

Iso la tion  = rr.E
ip E M c lu s te rJl/rp

J jjE M  c lu s te r (4.3)
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where E t f ne and  E tfMcluster are th e  transverse energies corresponding to  th e  cone 

and  EM  cluster. In fact, th e  Isolation is not an  electron identification cut bu t 

ra th e r a  d iscrim inator against non-isolated electrons produced in semi-leptonic 

decay inside th e  hadronic jets.

4.1.2 Muon

The m uon is abou t 200 tim es more massive th a n  th e  electron. I t ’s only decay channel 

in SM is to  electron. A lthough a  non-stable particle, relativistic m uon succeeds in 

traversing th e  detector w ithou t decaying. Its  rad ia tion  length is much g rater th a t  th a t 

of electron, weakening its loss of energy due to  B rem sstrahlung process. A t CDF, 

m uons are identified by a C O T track  m atched to  a stub  of hits in th e  m uon detector. 

T he reconstructed  m uons are divided into th ree  categories according to  in which muon 

subdetector stubs are located: CMU, CM P and CMX. If the  m uon was reconstructed  

in b o th  CMU and CM P cham bers, then  it is called CM U P muon.

T he list of m uon identification variables and  th e  cu ts im posed on the ir values are 

listed in Table 4.2. More details on th e  m uon identification are given below.

•  P t  >  5 G eV/ c  A n electron in m agnetic field moves along a  helix, whose curvature 

depends on th e  electron’s transverse m om entum  p T ■ Due to  differential response 

of C O T to  electrons and  positrons, a  small correction m ust be applied

—  =  —  -  0.00037 -  0.0011 x sin(4> +  0.28), (4.4)
p T p i fw

w h e re  Q  is  t h e  c h a rg e  o f  t h e  p a r t i c l e  a n d  <f> is  t h e  t r a c k ’s a z im u th a l  a n g le . T h e  

cut value of 5 is m otivated  by th e  point a t which m uon ID and m uon trigger 

efficiency reach a  p la teau  as a  function of Pt -

•  E e m  <  m a x ( 2, 2 +  0.0115 • (p — 100)) GeV. T his cu t vetos m uons w ith  m om en­

tu m  greater th a n  100 GeV th a t deposit energy greater th a n  2 GeV in th e  EM
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Variable C ut

M <  1
Pt >  5 GeV

Fiduciality  (CM UP) IsC M U Fid()A N D isC M PFid()
(CMX) IsCM XFidQ

Stub(C M U P) H asC M U Stub()A N D H asC M PStub()
(CMX) H asCM X StubQ

M atching(pT >  20) |A Cm u \ <  3 cm
I A c m p \ <  5 cm
|A  CMx \ <  6 cm

M atching(pr  <  20) \ A Cm u \ <  3 cm  O R X c m u  <  9

IA c m p \ <  5 cm O R X c m p  <  9

A CMx \ <  6 cm O R X c m x  <  9

E e m <  m a x ( 2, 2 +  0.0115 • (p -  100)) GeV
E h a d <  m a x ( 2, 2 +  0.0115 ■ (p -  100)) GeV

do <  0.02(<  0.2) cm w ith (w ithout SVX)
num ber of axial segments >  3

num ber of stereo segments >  3
Isolation (p x  >  20) C aL Iso /p r < 0 . 1
Isolation (p T <  20) CaLIso < 0 . 1

Table 4.2: M uon ID cuts. M uon object m ust pass these cuts to  be considered in th is 
analysis

calorim eter. For muons of sm aller m om entum , th is  cut is corrected to  make it 

more efficient.

•  E had  <  m a x ( 6, 6 +  0.0280 • (p — 100)) GeV This cu t is hadronic analogy of the  

cu t above.

•  \ A x \c m u  <  3 cm, \ A x \c m p  <  5 cm, \ A x \c m x  <  6 cm These cuts are im posed on 

th e  d istance in r — <fi plane betw een th e  m uon track  ex trapo lated  in th e  relevant 

detector cham bers and  th e  m uon stub  segment. T he CMU cut is loser th a n  

CM P and CM X because the  CMU m uon cham bers are th e  closest of th e  th ree to  

th e  in teraction  point. T he m uons undergo th e  least am ount of scattering  before 

reaching CM U cham bers.
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•  Pc m x  >  140 cm  T he exit radius of a  track  from C O T  cham ber m ust be smaller 

th a t 140 cm. This cu t disrcim inates against tracks from displaced prim ary verte- 

cies and  are m atched  to  CM X muons, w ith  CM X muons.

•  |zq | <  60 cm T he distance along th e  beam  direction between th e  nom inal in terac­

tion  point z  =  0 and  th e  point where th e  reconstucted track  intersects the  beam  

axis. T he longitudinal spread of th e  z  com ponent of the  event vertex is subject 

to  the  gaussian d istribu tion  w ith  a  =  26 cm.

•  d0 > 0.02 (0.2) cm w ith  (w ithout) SVX. T he im pact param eter d0 is th e  distance 

of th e  closest approach of th e  reconstructed  track  and th e  z  axis. Only those 

muons which pass close to  th e  vertex  survive th is requirem ent. Lots of cosmic 

muons from  th e  kaon and  pion decays are rejected by th is cut. In th is analysis 

we take an ex tra  advantage of th is cu t in estim ating our backgrounds. T his is 

discussed later.

•  Num ber of axial and  stereo segm ents >  3 each. To ensure a  good quality  track  

associated w ith  an  electron candidate , it is required to  pass th rough  a t least th ree 

axial and  th ree  stereo superlayers of th e  COT.

•  Isolation < 0 . 1  This variable defines how m uch energy is deposited by other 

particles outside th e  EM  cluster b u t inside th e  cone A R  < 0.4 and  is given by

and EM  cluster. In fact, th e  Isolation is not a  m uon identification cu t b u t ra th e r a

Iso la tion  = j^ E M c lu s te r

'con j j jE M c lu s te r

j j jE M c lu s te r (4.5)

where E ^ ne and  E ^ Mcluster are th e  transverse energies corresponding to  th e  cone

discrim inator against non-isolated m uons produced in semi-leptonic decay inside 

th e  hadronic jets.
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4.2 Jet R econstruction

Colliding protons and  antip ro tons have in them  th ree valence quarks, a  m ultitude 

of sea gluons and  v irtua l quark-antiquark  pairs. A t high energies, such as 1 TeV, 

partons inside th e  hadrons can be considered as free particles. D uring the  collisions 

they  scatter and  produce other hadrons of high transverse m om enta as high as 600 

GeV. A fter scattering  from th e  hadron, colorful p arto n  very quickly in teracts w ith 

th e  hadron rem nant. If th e  po ten tia l energy of such in teraction is high enough a pair 

of quarks will be produced and  will jo in  th e  free quark  in m aking of a  new colorless 

hadron. T he newly formed hadron  can fu rther decay and  cause fu rther form ation 

of colorless hadrons. The chain of such in teraction  continues till th e  energy of the  

secondary hadrons is low enough. This process is called hadronization. Its final result 

is a  spray of collim ated hadrons,a  je t ,  in th e  direction of th e  initial parto n  m om entum . 

T he to ta l energy of th e  je t is equal to  th e  energy and  is m easured in th e  calorim eter.

In  th e  calorim eter th e  jest of particles are recognized as clusters of energy deposited 

in adjacent towers. Since m any je ts  can be produced in an event, a  je t clustering 

algorithm  is used to  reconstruct th e  correct topology of the  event. Here we describe 

a  simple cone je t reconstruction algorithm . F irst, th e  seed  towers w ith  deposited 

transverse energy higher th a n  1 GeV are chosen. Then, these towers are used as initial 

centroids around which all th e  towers w ith in  particu lar open angle A R  =  \ / A</>2 +  A r f  

grouped into cluster. T he towers belonging to  th e  cluster and  having transverse energy 

above 100 MeV are used to  calculate a  new £ t-w e ig h ted  centroid:

(j)centro id  =  (f)centro id  =  (4.6)
z2i E r ,i  z2i E t ,i

where angular coordinate ( c ) define the  direction to  the  center of th e  i th calorim e­

te r tower w ith  transverse energy deposited in th e  tower E Tti. T he sum  in Equations 

3.1 and  3.2 is over all towers w ith in  a  cone A R  =  0.4. A new cone is draw n around the
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recalculated centroid and  a  new itera tion  is perform ed. T he whole process is repeated  

till the re  is no change in th e  centro id’s angular coordinates. Int th e  case when th e  two 

clusters are overlapping , they  m ay be com bined or not. T he clusters are com bined if 

th e  energy in th e  com m on towers is g ra te r th a n  or equal to  75% of th e  to ta l energy 

in th e  sm aller cluster, otherw ise th e  overlap is assigned to  the  cluster w ith  th e  closest 

centroid. In either case, th e  coordinates of th e  new centroids have to  be recalculated.

Once all stable cones are identified, th e  following sums over th e  towers inside each 

cluster are used to  calculate th e  raw  four-m om entum  of th e  jets:

praw =  ( E ,p x ,p y,p z) = Q 2  E p ^ E i S i n Q i  c o s h )  (4.7)

where E * is th e  energy deposited  in th e  i th tower and  Q; and  4>t are th e  polar and 

azim uthal angles defining th e  direction to  th e  center of th is  tower.

I t m ust be noted  th a t  th e  cone algorithm  described above showed a  satisfactory 

perform ance in th e  M onte Carlo, though  it suffers from a  few problem s. Two “real” 

je ts  can be m istakenly merged into one cluster if th e  soft emission between them  is 

above th e  seed threshold. O n th e  other hand, th e  je ts  m ay not be reconstructed  a t all 

if the ir energy is evenly d istribu ted  am ong several towers where deposited E x  is less 

th a n  th e  threshold. Thus, th e  num ber of reconstructed  je ts  depends on em pirically 

determ ined param eters such as je t cone size and seed threshold.

O n m ust ad just th e  raw  je t m om entum , to  correct for th ings like d e tec to r’s im per­

fections or physics effects. For exam ple, one kind of correction is due to  th e  cracks 

between the  towers and  th e  dependence of calorim eter’s response on th e  rapidity. The 

physical reasons have to  do w ith  m ultiple in teractions and  deposition of partic les’ en­

ergy outside th e  cone. Seven additive and  m ultiplicative levels of corrections are applied 

to  th e  raw energy in th e  following way:

E t = (E rTaw x f rel x f time x f scale -  E™1) x  f abs -  E vt e  +  E o o c . (4.8)
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T he description of each factor is presented below.

•  The relative correction (f rei is responsible for adjusting th e  responses from th e  

calorim eter towers a t different pseudorapidities m aking them  uniform  function of 

rj. The scale factor is determ ined by com paring th e  transverse energy balance in 

di-jet events where one je t is m easured in w ell-calibrated central region far from 

th e  detector cracks and  th e  o ther is lying outside th e  0.2 <  \rj\ < 0.6 region.

•  T he tim e dependent correction (f time is responsible for justify ing th e  calorim eter 

responses due to  the ir deterioration  in tim e, e.g., aging of phototubes.

•  T he scale correction (f scaie) accounts for differences in je t energy m easurem ents 

in R un I and  R un II. T he photon  energy deposited in th e  EM calorim eter is 

m easured w ith  high precision. T he scale factor is determ ined from th e  photon- 

je t balance:

 ̂ _|_ ^jRunl^ 
fscaie  ̂ (^jRunll^j ’ (4.9)

where f RunI’n  = Pt f p'r ,Pjy

•  T he correction for m ultiple in teractions { E fn ) is required if more th a n  one in­

te raction  per bunch crossing happens. T he events can have an  ex tra  overlapping 

m inim um  bias event. T he energy from these events m ay fall into th e  je t cluster­

ing cone and  m ust be sub trac ted  from th e  raw  value. The num ber of additional 

vertecies is used to  estim ate th e  num ber of soft pp  scatterings. T he additional 

energy  p e r in te rac tio n  E f f 1 in  th e  je t  cone of th e  given size A R  =  0.4 is e s tim a ted  

by m easuring th e  transverse energy of a  random  cone as a  function of th e  num ber 

of the  reconstructed  vertecies in th e  m inim um  bias event.

•  T he absolute energy correction f abs scales th e  m easured je t energy to  th e  energy 

of the  original parto n  as it is defined by th e  M onte Carlo sim ulation. T he tru e
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parton  energy is usually underestim ated  because of nuclear absorption, energy 

loss in un instrum ented  region and  non-linear response to  th e  neu tra l and  charged 

pions. T he m ultiplicative factor f abs is determ ined by scaling th e  sum  of px  s of 

th e  particles w ith in  th e  cone of sam e size around th e  parton  direction in M onte 

Carlo by th e  E T of th e  jet.

^  M C p a r tic le

faOs =  ------  (4.10)

•  T he underlying event correction ( E j E) is defined by activities th a t  are not di­

rectly rela ted  to  th e  physical process of interest. T he sources of such parasitic  

activities include th e  interactions, also referred as underlying events, of specta to r 

partons and  p ro ton-an tip ro ton  rem nants. This value, usually small, is m easured 

from th e  m inim um  bias events w ith  only one vertex.

•  T he out-of-cone E o o c  is conditioned by th e  fact th a t not all particles produced by 

th e  in itia l parto n  lie inside th e  je t cone. T he usual cause of such energy leakage is 

th e  soft gluon rad iation. To account for th e  escaped particles, th e  certain  am ount 

of energy needs to  be added to  th e  energy of th e  je t cluster. A n exact value of 

E o o c  is determ ined from th e  M onte Carlo sim ulations by calculating th e  average 

difference between th e  actual parto n  transverse m om entum  and  th e  sum  of the

transverse m om enta of all daughter particles lying inside th e  je t cone:

jjjOOC __ pp a rto n  _  ^ M C p a r t ic le  (4 11)

T he application of the  corrections to  th e  raw  je t energy heps to  estim ate the  true  

energy of th e  parto n  as accurate  as possible. T he to ta l system atic uncertain ty  on the  

je t E t  is determ ined from  th e  individual uncertainties assigned to  each correction level. 

T he overall uncertain ty  depends on th e  je t E t  value and  varies form  5% to  12%. T he 

central je ts  are m easured slightly b e tte r th a n  th e  je ts  in th e  plug region.
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4.3 M issing Energy

N eutrinos are chargless particles which partic ipa te  only in the  weak in teractions w ith 

o ther particles. A n im pact from th e  neutrino  passing th rough  th e  detector m aterial 

is too  small th a t  it cannot be detected. T he presence of the  neutrino(s) in th e  event 

can be deduced from th e  im balance in th e  to ta l observed transverse energy. The initial 

transverse m om entum  of th e  system  of in teracting  partons is negligible and  so m ust be 

th e  vector sum  of all final particle m om enta pro jected  on the  transverse plane. If the  

la tte r  is not consistent w ith  zero, th e  missing transverse energy (E T) is in troduced to  

restore the  balance according to  th e  to ta l m om entum  conservation:

Since th e  CD F is sealed around th e  z  axis th e  sum  on th e  right side of E qautaion  ??  can 

be calculated over all detected  particles, and  thus th e  missing transverse energy can 

be associated w ith  th e  neu trin o ’s transverse m om entum . Unlike w ith  the  transverse 

m om entum  we cannot make any assum ptions abou t th e  in itial longitudinal com ponents 

of th e  in teracting partons. M any particles w ith  th e  very high pseudorapidity  values 

are not detected, so neu trino ’s z  com ponent of th e  m om entum  cannot be m easured.

T he raw value of $ T is estim ated  very fast a t th e  trigger level by sum m ing the  

transverse energies of all calorim eter towers:

of th a t  vector lying in th e  plane perpendicular to  th e  beam  direction. If th e  azim uthal

&T =  ~  J 2 VeCPT,i- (4.12)

—» ra w

(4.13)

where Ei is th e  energy deposited in th e  i th tower, 0,; is th e  polar angle of th e  vector 

pointing from th e  event vertex  to  th e  center of th e  i th tower, and  n* is th e  com ponent

aw  is (j>  ̂ th en  th e  x  and y  com ponents are given by

ra w  jh Taw , 7 jh r a w  w ,  ra w  . , (4.14)
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All towers w ith  th e  pseudorapidity  \rji\ <  3.6 and  th e  deposited energy E t >  100 MeV 

are taken  into account in E quation  3.15.

T he m easurem ent of missing energy is corrected to  account for im perfections of 

th e  detector. T here are two m ajor correction to  th e  $ t - One is a  correction to  je t 

energies and th e  other one is correction to  th e  m uon’s energies. T he former sub tracts
_» r* raw

th e  corrected je t energies and  adds uncorrected je t energies E ^ r to  E t  ■ The 

la ter correction sub trac ts  th e  m uon p x s which are more accurate m easurem ents of 

m uons’ transverse energies and  and  adds m uon energies m easured in EM  calorim eter
- »  t *  r a w

E t in the  expression form E t  ■ The b o th  correction can be sum m arized as

i T  =  t T rr  -  ( £  E t7  -  E K T r )  -  (E E t *  -  E & * )  (4-15)

T he uncertain ty  on th e  missing transverse energy prim arily  comes from th e  uncertain­

ties on je t energy and  m uon m om entum  m easurem ents.
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Chapter 5

M easurem ent of Low pp M uon  

Trigger Efficiencies

A t CD F R un ll, m edium  p r  dim uon trigger efficiencies have been m easured using m uon 

calibration sample, [19], and  low p r  m uon trigger efficiencies have bean  m easured using 

J / 'F  sample, [20]. In b o th  cases, d a ta  processed w ith  cdfsoft2 version 5.3.1 were used. 

D ilepton d a ta , am ounting to  700 p5_1, has been processed w ith version 6.1.1 of cdfsoft2 

software. I t is, therefore, necessary to  m easure m uon trigger efficiency for these data . 

This is th e  first m easurem ent of SUSY D IL E PT O N  m uon trigger efficiencies using the  

SUSY D ILEPTO N  datase t itself.

5.1 Trigger Efficiency and Trigger P ath s

M uon trigger efficiencies we m easured can be used to  derive to ta l trigger efficiencies, 

(et ), of the  following SUSY D IL EPTO N  paths:

•  DIMUON_CMUCMU4
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•  DIMUON_CMU4CMX4

•  D IM U 0N _CM U PCM U P4

•  DIM UON_CM UP4CM X4

where trigger efficiency is m easured relative to  offline CdfM uon.

5.1.1 Total Path Trigger Efficiency

T otal p a th  trigger efficiency is given by th e  p roduct of L I, L2, and  L3 trigger efficiencies. 

et = P ( L I, offl|offl) x P(L1, L2, offl|L l, offl) x P(L1, L2, L3, offl|L l, L2, offl)

U  =  bLl X LL2 x  CL3

D im uon Trigger Efficiency

SUSY D ILEPTO N  dim uon trigger pa th s consist of dim uon triggers a t L I, L2, and  L3. 

D im uon trigger efficiency, 6i(pi, p^)-, a t any of th e  th ree  trigger levels i can be expressed 

as a  p roduct of single-leg m uon trigger efficiencies a t th a t trigger level i :

u ( / u , / i 2 ) =  u ( / b )  X 6i(p,2),

as discussed in [23].

Offline CdfM uon, Trigger Requirem ents

We im pose th e  following cuts on offline CdfM uon to  purify the  d a ta  sample,

•  Offline CdfMuon:
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-  track: \z0\ < 60 cm, |A z0| <  4 cm, Q i  +  Q 2 =  0 , |d0| <  0.2 or |d0| <0.02 

cm if SVX h its  available.

It is im portan t to  be able to  determ ine if an  offline CdfM uon fired a given trigger. 

To do so we im pose following requirem ents:

•  L I requirem ent

-  L I trigger in list of passed  triggers a t L I in PhysicsTriggerTable.

-  m atch  offline m uon’s s tub  to  TCM D  m uon prim itive-track m atch info. 

M atch to  2.5° in 4>. [30].

-  m atching done using stnTrig class, developed by UNM group [29].

•  L2 requirem ent

-  L2 trigger in list of PASSED triggers a t L2 in PhysicsTriggerTable.

-  m atch  offline m uon’s s tub  to  TCM D  m uon prim itive-track m atch  info. 

M atch to  2.5° in 0.

•  L3 requirem ent

-  L3 trigger in list of PASSED triggers a t L3 in PhysicsTriggerTable.

-  L3 to  Offline Track m atching (A R  < 0 . 1  rad, A Z 0 < 1 cm).

F irst, we identify th e  trigger leg using th e  m ethod described above. The second leg 

is th en  unbiased, an  exam ple of which can be seen in ??.

Once we have th e  sam ple of unbiased muons, then  we apply additional cuts:
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•  M inim al tra c k ’s distance from the  origin in z  direction a t any axial superlayer 

of CO T, z M ir i -A x S L ,  m ust be g reater th a n  1.5 cm. In CO T, a t abou t \z\ <1.5 

there are glass spacer. 1 C O T h it efficiency close to  the  spacers is very small. 

Since X F T  requires 11 of 12 possible h its L I tracking efficiency is significantly 

effected by th is cu t [31], [20].

•  Due to  L2 requirem ent we im pose tracks to  be more th a n  1.25 deg separated  in 

cf) (i.e. A 4>Sl& > 1-25 deg) [20].

•  We don’t  consider muons th a t  are less th a n  two stacks ap a rt in th e  m uon cham ­

bers. Since each stack is 1.25 deg in 0  and  a single m uon can have hits in two 

stacks a t m ost, we elim inate undesired m uon pairs by im posing A (j)stub > 7 . 5  deg, 

if th e  m uons are found in th e  same side of a  single m uon detecto r (East or W est).

5.1.2 edilOh Dataset

D ataset edilOh collected w ith  th ree  trigger datase ts  (SUSY_DILEPTON_ 2_v-5, 3_v-l, 

3_v-2), which were used in to ta l of eight different PHYSICS tab les (00, 01, 02, 04, 05, 

06, 07, 08).

# low,high run  # SUSY_DILEPTON_ PHYSICS_3_ lum inosity (pb x)
1 190893,200272 2_v-5 00,01,02 332
2 200076,202814 3_v-l 04,05,06 32
3 201456,203489 3_v-2 06,07,08 122

T a b le  5.1: T h r e e  g ro u p s  o f  r u n s  fo r  w h ic h  d if fe re n t  SUSY_DILEPTON t r ig g e r s  w e re  
used. Second colum n gives lowest and  highest run  num ber, th ird  colum n is version of 
SUSY_DILEPTON trigger d a tase t used, fourth  colum n is version of PHYSICS_3 tab le  
used, fifth colum n is in tegrated  lum inosity collected. N ote th a t  run  ranges are not 
contiguous.

1 Spacers serve to maintain constant COT layer separation.
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For group of runs #  1, listed in th e  first row of Table 5.1, SUSY_DILEPTON_2_v-5 

triggers were used, which are shown in Table 5.2.

We used dim uon pa th s  (#15-16) for th e  calculation of th e  following single-leg trig ­

gers:

•  L1_CMU1.5JPT1.5

•  L2_CMU6_PT4

We used dim uon pa th s (#17-18) for th e  calculation of the  following single-leg trig ­

gers:

•  L1_CMX1.5_PT2

•  L2_CMX1.5_PT4

We used single electron p a th  (# 1 9  ELECTRON_4_LOOSE_v-3) and  electron-m uon 

p a th  (# 2  CEM4_CMU4_v-2) for th e  calculation of L3 single-leg trigger:

•  L3 CMU4

We used single electron p a th  (# 1 9  ELECTRON_4_LOOSE_v-3) and  electron-m uon 

p a th  (# 4  CEM4_CMU4_v-2) for th e  calculation of L3 single-leg trigger:

•  L3 CMX4

For groups of runs #  2 and  #  3, listed in th e  second and the  th ird  row of Table 5.1, 

SUSY_DILEPTON_3_v-l and  SUSY_DILEPTON_3_v-2 triggers were used, which are 

shown in tab le  5.3 and  5.4. In these trigger sets CMU trigger pa th s were substitu ted
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# Trigger P a th  for SUSY_DILEPTON_2_v-5
1 CEM4_CMU4_v-2
2 CEM4_CMU4_L2_CEM8_PT8_CES3_+_TRK8_v-l
3 CEM 4_CM U4_L2_CMUP6_PT8-v-l
4 CEM4_CMX4_v-11
5 CEM4_CMX4_L2_CEM8_PT8_CES3_+_TRK8_v-l
6 CEM4_PEM8_v-2
7 CEM4_PEM 8_L2_CEM8JPT8_DPS_v-l
8 CMU4_PEM8_v-2
9 CMU4_PEM8_L2_CMUP6_PT8_v-l
10 CMX4_PEM8_v-9
11 DIELECTRON_CENTRAL_4_v-7
12 DIELECTRON_CENTRAL_4_L2_CEM 8_PT8_CES3_+_TRK8_v-l
13 DIELECTRON_CENTRAL_4_L2_CEM 8_PT8-DPS_v-l
14 DIELECTRON_CENTRAL_Ll_TW O_CEM 4_v-2
15 DIMUON_CMU4_CMX4_v-4
16 DIMUON_CMU4_CMX4_L2_CMUP6_PT8_v-l
17 DIMUON_CMUCMU4_v-3
18 DIMUON_CMUCMU4_L2_CMUP6_PT8_v-l
19 ELECTRON_4_LOOSE_v-3

Table 5.2: Trigger pa th s  in SUSY_DILEPTON_2_v-5. Note th e  presence of single 
electron path . Also note th e  presence of DIM UON path s w ith single m uon triggers a t 
L2 ( #  16 and  #  18)

by CM UP trigger paths. The key difference between th e  two pa th s is a  change a t L2, 

from  L2 TW O_CM U6_PT4 for CMU path s to  L2 TW O _CM U P6JPT4 for CM UP paths. 

B oth  pa th s have com mon L I trigger, L I TW O_CM U1.5_PT1.5. T he m easurem ent of 

L2 C M U P6-PT4 single-leg trigger efficiency is no t described in th e  current version of 

th is docum ent.

5.1.3 LI and L2 Single-Leg Trigger Efficiency

As described in Section 2.1, to  ob ta in  dim uon trigger efficiency we m ust first determ ine 

single-leg m uon trigger efficiencies. In  th e  following subsections we describe how single-
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# Trigger P a th  for SUSY_DILEPTON_3_v-l
1 CEM4_CMUP4_v-8
2 CEM 4_CM X4_v-ll
3 CEM4_PEM8_v-2
4 CMUP4_PEM8_v-7
5 CMX4_PEM8_v-9
6 DIELECTRON_CENTRAL_4_v-7
7 DIMUON_CMUP4_CMX4_v-8
8 DIM UON_CM UPCMUP4_v-5
9 ELECTRON_CENTRAL_16_v-l
10 ELECTRON_CENTRAL_8_+_TRACK8_v-l
11 MUON_CMUP15_v-l
12 M UON_CM UP8_+_TRACK8_v-l
13 MUON_CMX15_v-l
14 MUON_CMX8_+_TRACK8_v-l

Table 5.3: Trigger pa th s  in SUSY _DILEPT0N_3_v-l. Note the  presence of CM UP 
path s and th e  absence of CMU paths.

#  Trigger P a th  for SUSY_DILEPTON_3_v-2
1 CEM4_CMUP4_v-9
2 CEM4_CMX4_v-11
3 CEM4_PEM8_v-2
4 CMUP4_PEM8_v-8
5 CMX4_PEM8_v-9
6 DIELECTRON_CENTRAL_4_v-7
7 DIMUON_CMUP4_CMX4_v-9
8 DIM UON_CM UPCMUP4_v-6
9 ELECTRON_CENTRAL_16_v-l
10 ELECTRON_CENTRAL_8_+_TRACK8_v-l
11 MUON_CMUP15_v-l
12 M UON_CM UP8_+_TRACK8_v-l
13 MUON_CMX15_v-l
14 MUON_CMX8_+_TRACK8_v-l

Table 5.4: Trigger pa th s  in SUSY_DILEPTON_3_v-2. Note th e  presence of CM UP 
path s and th e  absence of CMU paths.
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leg CM U and  CM X trigger efficiencies were m easured.

D a ta set

For th e  m easurem ent of LI and  L2 single-leg m uon trigger efficiency we collected d a ta  

from runs in row # 1  of Table 5.1 skim m ed by dim uon p a th  w ith single L I and  L2 CM UP 

triggers (L3 p a th  DIM U04_CM UCM U(CM X)4_L2_CM UP6_PT8). This p a th  contains 

a single L2 trigger (L2_CM UP6_PT8), and  a single L I trigger (L1_CMUP6_PT_4)

A lgorith m  and C alcu lation  o f E fficiency

In  th e  skimm ed d a tase t of dim uon events we reconstruct resonances J / '0 ,  T , and  Z. 

We identify a t least one of th e  two m uons to  have fired the  L2 C M U P6-PT8 skim­

ming trigger. We label th is  leg as trigger leg and  th e  other leg, regardless if it fired 

th e  skimm ing trigger, as o ther leg and  th en  we te s t if th e  o ther m uon triggered LI 

CM U(CM X)1.5. We use th e  following mass windows cuts for th e  resonances: J / T  

(2.7-3.4 G eV /c), T  (8-11 G eV /c), Z  (60-120 G eV /c) We use the side-band sub traction  

to  correct for possible residual fake muons.

•  For J/'ip, we define peak signal (sig) to  be 3.0 <  mass <  3.2, and  we define side 

bands (sb) to  be 2.8 <  m ass <  3.0, and  3.2 <  mass <  3.4.

•  For T , we define peak signal (sig) to  be mass G (9.3,9.6) and  (9.9,10.4) and  we 

define side bands (sb) to  be mass G (8.6,9.1), (9.7,9.8), and  (10.6,10.8).

•  For Z , we define peak signal (sig) to  be mass G (80,100), and  we define side bands 

(sb) to  be m ass G (60,70) and  (110,12).

Since th e  skim m ing trigger L2 C M U P6-PT 8 has harder cuts th a n  those of th e  trig ­

gers whose efficiency we are m easuring, a  special care m ust be taken  in th e  calculation
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of th e  trigger efficiency. Let q  be th e  single-leg efficiency of th e  low p t trigger which 

we are try ing  to  m easure, and  let e/, be th e  single-leg efficiency of th e  high p t trigger 

th a t  we used to  select th e  dim uon events. Low p t trigger has softer cu ts th a n  th e  high 

p t trigger, and  le t’s express it as ei =  Ch +  ot, where 0<  a  <1 .

Given N dim uon events in th e  original datase t, then

•  Nhh =  num ber of events w ith  b o th  legs passing high  trigger =  N e \  .

•  Nha =  num ber of events w ith  one leg passing high  trigger and  th e  o ther leg 

passing low  b u t no t high  trigger =  2 Areha:.

•  N hdt =  num ber of events w ith  one leg passing high  trigger and  th e  o ther leg not 

passing low  trigger = 2 N e h( l  — ei) .

Further, le t’s define

•  A  =  2 Nhh +  Nha +  Nha

= 2 N e \  +  2 Neh(ei — th) +  2 N  e/l( 1 — e/)

=  2 Neh

•  B  =  2 N ^  +  Nha

= 2 N e \  + 2Nch{ei — Qi)

=  2 NehCi

The single-leg m uon low trigger efficiency is then

j * _  _  A

Hi  -  e‘ -  5

. This applies for b o th  L I and  L2 trigger efficiency m easurem ents.
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For the  calculation of CMU L I and  L2 efficiencies we included all th e  wedges of the  

CMU detector, i.e. th e  entire CMU detector. However, we applied th e  official Good 

R un List version 11 [32], compiled w ith  option (0,0,3,1) 2 and w ith  option (0,0,4,1) 

for th e  m easurem ent of CMU and CM X trigger efficiencies, respectively. In th e  case of 

CM U trigger efficiencies m easurem ent, we separately  considered J/ij) and  Z resonances 

com bined and  T  and  Z resonance combined. In th e  case of CM X trigger efficiency 

m easurem ent, we com bined all th ree  resonances due to  lower statistics. We m easured 

trigger efficiencies as functions of p r ,  4>{i.e. wedge), detector rj. T he plots of efficiency 

versus pT we try  to  fit w ith  a  function of th ree  param eters,

r /  \   P0
X 1 +  exp(pi -  x / p 2) ’

where x  is pr-

2CMU and CMP detectors were required to be performing well.
3CMU, CMP and CMX detectors were required to be performing well.
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C M U  LI and L2 from  J/ijj and Z

R esults for CMU L I and  L2 efficiencies, ob ta ined  from J]ij) and  Z resonances, are 

shown in figures 5.3 and  5.4. Same type of plots bu t w ithout z M i n A x S L A cut applied 

to  th e  testing  muon, obta ined  from J/ip  and  Z resonances, are shown in figures 5.5 and 

5.6. Im posing z M i n A x S L  cu t improves L I CMU trigger efficiency by abou t 3 percent, 

and  removes rj dependence of th e  efficiency, as it can be seen from  th e  plots in figures 

5.3 and  5.5.

pT of first log (red), second leg (blue) Pt of denominator (rad), numerator (blue)

350

300

250

200

150

100

50

0
0 10 20 30 40 SO 00 70 00 00 100

P rIG eV /c]

300

250

200

150

100

50

0
0 10 20 30 40 50 60 70 <0 90 100

Pt [G eV/c]

F igure  5.1: J / i f  a n d  Z Left: p T  of trig g er leg (red) a n d  o th e r leg (b lue) leg. R ight: p T  

of o ther leg, num erator (blue), denom inator (red)

4Described in section 2.1.2
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pT of denominator (rad), numerator (blue)

600

500

400

300

200

100

Figure 5.2: Zoom-in of pT of denom inator (O T H E R  leg) and num erator. No obvious 
shoulder a t p x  — 8 GeV, indicating bias by L2 trigger used for our event selection.

C M U  LI and L2 from  T  and Z

R esults for CMU L I and  L2 efficiencies, ob tained  from T  and Z resonances, are shown 

in figures 5.8 and  5.9. Same type of plots b u t w ithout z M i n A x S L  cu t applied to  the  

testing  muon, obta ined  from J/ij) and  Z resonances, are shown in figures 5.10 and  5.11. 

As it was th e  case w ith  Jj\p  and  Z resonances and  discussed in th e  previous subsection, 

im posing z M i n A x S L  cut improves L I CMU trigger efficiency by abou t 3 percent, and 

removes r) dependence of th e  efficiency, as it can be seen from th e  plots in figures 5.8 

and  5.10.
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C M U1.5_PT1.Sev*C M U 1.3_PT1.Sev»pT [d*g]

1.0S
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Figure 5.3: J / ^  and  Z A fter SB subtraction , single-leg L I efficiency vs pT (top left), 
vs <f) (top right) , vs rj (bottom ). A fit function shown in blue (top right). N um ber 
of CMU hits shown in red  (top right and  b o tto m  left). For Pt  > 6 G eV /c efficiency 
becom es fiat. Efficiency is approxim ately flat as a  function of and  rj.

5.11.
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6.321/7 
0.9044 ±0.0015 
0.8633 ±0.8037 
0.7793 ± 0.2067
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0.7 •160 •100 100 160+c«uP"8)

Figure 5.4: J/ip  and  Z A fter SB subtraction , single-leg L2 efficiency vs pT (top left), 
vs cj) (top  right) , vs p (bo ttom ). A fit function shown in blue (top right). For p r  > 6 
G eV /c efficiency becom es fiat. Efficiency is approxim ately flat as a  function of (j) and 

V-

C M X  L I and L2 from  J / i ) ,  T, and Z for E ast A rch O nly

W hen m easuring CM X trigger efficiencies in th e  E ast CMX Arch we did not impose 

cu t Z M i n A x S L .  ft had  negligible effect on th e  results. We also did not include neither 

th e  Keystone nor th e  M iniskirt. R esults for CM X L I and  L2 efficiencies in th e  E ast 

CM X Arch, ob tained  from J / ^ ,  T  and  Z resonances, are shown in figures 5.12, 5.13 

and  5.14.
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CMU1 -5_PT1.5 e vt"<|ia ,u [d«g] |CMU1.5_PT1.5ev»pT
4.4

1.0$
1 6 .1 2 /7

0.9556 ±0.0038

0.9

0.S

0.7 •00 100 110

CMU1.5 PTI.Sevon 
1 .0 $

Figure 5.5: J/tj} and  Z A fter SB sub traction  and  z M i n A x S L  cu t no t applied, single-leg 
L I efficiency vs Pt  (top left), vs (f> (top right) , vs rj (bottom ). A fit function shown 
in blue (top right). N um ber of CMU hits shown in red (top right and  bo ttom  left). 
T he absence of z M i n A x S L  cu t lowers th e  efficiency and  introduces a significant r/ 
dependence.

C M X  L I and L2 from  J/V , T, and Z for W est A rch O nly

W hen m easuring CM X trigger efficiencies in th e  W est CMX Arch we did not impose 

cu t Z M i n A x S L .  It had  negligible effect on th e  results. We also did not include neither 

th e  K eystone nor th e  M iniskirt. Results for CM X L I and  L2 efficiencies in th e  W ast 

CM X Arch, obta ined  from J/ip, T  and  Z resonances, are shown in figures 5 .1 5 , 5 .10  

and  5.17.

C M X  L I and L2 from  J/'ip, T , and Z in M iniskirts

85

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Chapter 5. M easurement o f Low p r  Muon Trigger Efficiencies
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Figure 5.6: J/ip  and  Z A fter SB sub traction  and  z M i n A x S L  cu t not applied, single-leg 
L2 efficiency vs pT (top left), vs 0  (top right) , vs rj (bottom ). A fit function shown 
in blue (top right). T he absence of z M i n A x S L  does not affect L2 efficiency which is 
approxim ately flat as a function of 0  and  r).
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pT of first leg (red), second leg (blue)
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Figure 5.7: T  and  Z Left: p r  of trigger leg (red) and  o ther leg (blue) leg. Right: pT of 
o ther leg, num erator (blue), denom inator (red)
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Figure 5.8: T  and  Z A fter SB subtraction , single-leg L I efficiency vs p r  (top left), vs <f> 
(top  right) , vs rj (bottom ). A fit function shown in blue (top right). N um ber of CMU 
hits shown in red (top right and  bo ttom  left). For p t  > 6 G eV /c efficiency becomes 
flat. Efficiency is approxim ately flat as a  function of 0  and  p.
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Figure 5.9: T  and  Z A fter SB subtraction , single-leg L2 efficiency vs p r  (top left), vs <p 
(top  right) , vs rj (bottom ). A fit function shown in blue (top right). N um ber of CMU 
hits shown in red  (top right and  bo ttom  left). For p T > 6 G eV /c efficiency becomes 
flat. Efficiency is approxim ately flat as a  function of (j> and  rj.
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Figure 5.10: T  and  Z after SB sub traction  and  z M i n A x S L  cut no t applied, single-leg 
L I efficiency vs p r  (top  left), vs 4> (top right) , vs r) (bottom ). A fit function shown 
in blue (top right). N um ber of CM U hits shown in  red (top right and  b o tto m  left). 
T he absence of z M i n A x S L  cu t lowers th e  efficiency and  introduces a  significant rj 
dependence.
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Figure 5.11: T  and  Z A fter SB sub traction  and  z M i n A x S L  cut not applied, single-leg 
L2 efficiency vs Pt  (top left), vs 0  (top right) , vs 77 (bottom ). A fit function shown 
in blue (top right). T he absence of z M i n A x S L  does not affect L2 efficiency which is 
approxim ately flat as a  function of 0  and  r/.
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Figure 5.12: L I CM X efficiency in th e  east arch. T he keystone and  th e  m iniskirt
are excluded. Top, efficiency as a  function of pT from J /ip  in black triangles, from T  
red circles, from Z in green squares. B ottom , efficiency obtained from J / i p ,  T  and  Z 
are combined. A lthough th e  p r  tu rn  on of th e  efficiency is not very well resolved, the  
efficiency is constan t for P t  > 6 GeV/ c.
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Figure 5.13: L I CM X efficiency in th e  arches as a function of CMX wedge num ber (left) 
and  CM X stub  p. T he keystone and  th e  m iniskirt are excluded, which is reflected by the  
m issing bins in th e  plot on th e  left. In th e  same plot, th e  low efficiency bin corresponds 
to  th e  keystone p a rt of CMX detector. W edge # 1 4  W est was m alfunctioning during 
th e  d a ta  taking, so we did not consider th e  m uons found in th is wedge.
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Figure 5.14: L2 CM X efficiency as a function of pT , CM X wedge num ber (right) and 
CM X stub  p (bo ttom ). T he keystone and  th e  m iniskirt are excluded.
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Figure 5.15: L I CM X efficiency in th e  west arch. M iniskirts are excluded. Top,
efficiency as a function of P t  from J/'ip in black triangles, from T  red circles, from Z in 
green squares. B ottom , efficiency obtained  from J/'ip, T  and  Z are combined. A lthough 
the  p r  tu rn  on of th e  efficiency is no t very well resolved, the  efficiency is constan t for 
Pt  > 6 G eV /c.
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Figure 5.16: L I CM X efficiency in th e  arches as a function of CM X wedge num ber
(left) and  CM X stub  77. M iniskirts are excluded, which is reflected by th e  missing bins 
in th e  plot on th e  left. In th e  same plot, th e  low efficiency bin corresponds to  the  
keystone p a rt of CM X detector. Wedge # 1 4  W est was m alfunctioning during th e  d a ta  
taking, so we did not consider th e  muons found in th is wedge.
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Figure 5.17: L2 CM X efficiency as a  function of px,  CM X wedge num ber (right) and 
CM X stub  77 (bo ttom ). M iniskirts are excluded.
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Figure 5.18: L I CM X efficiency in th e  m iniskirts. Top, efficiency as a  function of
pT from J / #  in black triangles, from T  red circles, from Z in green squares. B ottom , 
efficiency obtained  from J/'ip, T  and  Z are combined.
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Figure 5.19: L I CM X efficiency in th e  m iniskirts as a  function of CM X wedge num ber 
(left) and CM X stub  rj (right). CM X m iniskirt wedges # 1 5  and  # 2 0  were not in 
function during th is d a ta  tak ing  so th e  bins corresponding to  these wedges are missing 
from  th e  plot on th e  left.
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Figure 5.20: L2 CM X efficiency in th e  m iniskirts as a function of pr ,  CMX wedge
num ber (right) and  CM X stub  rj (bottom ).
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5.1.4 L3 Single-Leg Trigger Efficiency

Again, we seek to  determ ine single-leg m uon trigger efficiencies. In th e  following subsec­

tions we describe how single-leg L3 CMU and CM X trigger efficiencies were m easured.

D a ta set

Calculation of L3 trigger efficiency was done from th e  same datase t as L I and  L2, SUSY 

dilepton da tase t edilOh. However, we used different triggers and different m ethod from 

th e  ones used for th e  calculation of L I and  L2 efficiencies. For L I and L2 efficien­

cies we used dim uon triggers. These triggers had  dim uon triggers a t L3, which m ade 

them  unusable for calculation of L3. Instead, we used a  single electron trigger ELEC- 

TRON_4_LOOSE to  select electron-m uon events. These electron-m uon events provide 

us w ith  a sam ple of trigger unbiased muons.

A lgorith m  and C alcu lation  o f E fficiency for L3

As described in section 2, we define L3 m uon efficiency as

e3 =  P (L 1 , L2, L3, offl|L l, L2, offl)

To calculate th e  efficiency of L3 m uon trigger we use th e  offline CdfM uon and  the  

m uon p a rt of m uon-electron trigger p a th  CEM4_CMU4 or CEM4_CMX4. T he elec­

tro n  p a r t  of CEM4_CMX4 p a th  are  iden tica l to  ELECTRON_4_LOOSE p a th  m odulo  

prescale of 250 of ELECTRON_4_LOOSE trigger a t L2.

Before th e  trigger m easurem ent was m ade, th e  following requirem ents were imposed: 

•  We required L I m uon trigger L1_CMU1.5_PT1.5, L1_CMX1.5_PT2, and  L2 trig-
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ger m uon L2_CMU6_PT4, L2_CMX1.5_PT4, in th e  case of CMU and CMX, re­

spectively.

•  Offline m uon has a  CM U(X) stub.

•  We m atched  th e  offline CdfM uon to  L I and  L2 trigger bits.

•  M atched th e  offline m uon to  a L 3 0 b jec t w ith in  1 degree in solid angle

•  Required h ard  calorim etry cu ts on th e  offline m uon

-  EM <  1 G eV /c2

-  HAD <  2 G eV /c2

-  EM +H A D  >  0.1 G eV /c2

T h a t the  requirem ents above do not bias L3 efficiency calculation can be seen from 

th e  requirem ents of CMU L3 trigger:

L3 Instance: muonCMU4_vl, of c la s s  L3MuonFilterModule_v-l

1. cmuDx = 15

2. minPt = 4 . 0

3. nMuon = 1

4. selectCMU = tru e

All th e  events th a t  pass th e  above requirem ents enter in the  denom inator of th e  L3 

efficiency calculation. The events th a t, in addition  to  th e  above requirem ents have 

CEM 4_CM U(X)4 p a th  triggered, enter in th e  num erator.
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L3 CM U and L3 CM X

T he L3 CMU and L3 CM X trigger efficiency is effectively 100 % for Pt  > 4 GeV. This 

can be seen in figures 5.21 and  5.22.
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Figure 5.21: L3 CMU. Left: p r  d istribu tion  of th e  denom inator (red) and  th e  num erator 
(blue). Right: L3 CMU trigger efficiency. In  th e  first bin, the  inefficiency is due to  Pt  
cu t of 4 GeV a t L3, alm ost entirely.
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Figure 5.22: L3 CMX. Left: pT d istribu tion  of th e  denom inator (red) and  th e  num erator 
(blue). Right: L3 CM X trigger efficiency. T here is much lower sta tistics in for th is 
m easurem ent to  L3 CM U m easurem ent, because CMX of much lower yield of CMX 
muons.
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5.1.5 Summary

We sum m arize th e  results of our m easurem ents of efficiency of all th ree trigger levels 

in tab le  5.5 for CMU, tab le  5.6 for CM X arches and  tab le  5.7 for CM X m iniskirts. In 

these tables we list ex tracted  param eters to  th e  function

/>/ \   Po
x  1 +  expipx -  g )

, used to  fit th e  plots of trigger efficiencies as a  function of pr- In these tab les we also 

list ’’p la teau  cut-off” value of p x  for which th e  above function reaches p lateau, and 

therefore can be substitu ted  by a  constan t single value of the  param eter p0.

level P0 p l p2 X2/ndf plateau cutoff [GeV/c]
LI 0.987 ±0.003 1.646 ±  0.425 0.944 ±0.142 17.8/7 6
LI 0.956 ±  0.004 1.938 ±0.296 0.783 ±  0.099 16.1/7 6
L2 0.994 ±  0.002 0.883 ±  0.804 0.780 ±  0.207 6.3/7 6
L3 1.002 ±0.019 3.174 ±0.192 0.402 ±  0.062 2.2/5 4

Table 5.5: CMU trigger efficiency fit function param eters by trigger level. L I ’ and 
L I entries list th e  efficiency fit function param eters for Level 1 w ith  and  w ithout 
z M i n A x S L  cu t im posed, respectively. The effect of th is  cu t is negligible for L2. P a­
ram eters ex tracted  from figures 5.3, 5.5, 5.4, 5.21.

level P0 p l p2 X 2 / n d f plateau cut-off
(East) LI 0.968 ±  0.007 0.461 ±  1.875 0.977 ±0.551 5.1/9 6
(West) LI 0.953 ±  0.007 1.696 ±3.848 0.14r ±  1.870 6.5/9 6
(East) L2 0.999 ±  0.006 2.362 ±1.831 1.783 ±  0.772 1.3/9 15
(West) L2 0.996 ±  0.006 2.863 ±0.758 1.063 ±  0.393 1.7/9 15
L3 1.000 ±  0.000 -0.656 ±  58443 0.626 ±  10106 1.8/2 4

Table 5.6: CM X trigger efficiency fit function param eters by trigger level for th e  E ast 
and  W est CM X Arch. Result for L3 is obtained  from m uons from b o th  E ast and  W est 
CM X Arches. P aram eters ex tracted  from figures 5.12, 5.15, 5.14, 5.17 and  5.22.
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level pO p l p2 X 2 / n d f plateau cut-off [GeV/ c]
LI 0.898 ±  0.014 1,817 ±4.448 0.137 ±3.333 10.4/9 4
L2 0.801 ±  0.026 4.364 ±  1.629 0.057 ±0.685 16.9/8 15
L3 1.000 ±0.000 -0.656 ±  58443 0.626 ±  10106 1.8/2 4

Table 5.7: M iniskirt CM X trigger efficiency fit function param eters by trigger level. 
Param eters ex tracted  from figures 5.18 , 5.20 and  5.22.
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Chapter 6

M uon Isolation Efficiencies

6.1 M otivation

We are in terested in calculating th e  efficiency of a  m uon to  be isolated. This effi­

ciency is necessary and  useful for m any searches. One exam ple is tri-lep ton  search 

for chargino-neutralino SUSY production, where th e  th ree leptons are isolated. One 

u ltim ately  m ight be in terested  in th e  efficiency of a m uon to  pass b o th  isolation and 

ID requirem ents. If th e  isolation efficiency and  th e  ID efficiency of isolated m uons are 

m easured, and  w ith  Bayes’s theorem  in hand, one can calculate th e  efficiency of a m uon 

to  pass bo th  isolation and  ID requirem ents in th e  following m anner1:

e { I D k I S O )  = e ( ID \IS O )e ( IS O )

Finally, we derive a  scale factor to  correct th e  m uon isolation efficiency of th e  MC.

1The muon ID efficiencies are m easured in CDF not 7210.
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6.2 A lgorithm  and Sam ples

To study  th e  m uon isolation efficiency one needs a sam ple of ’’good” muons. Good 

here m eans th a t one is confident th a t these particles are from a  w ell-understood source 

of prom pt, isolated muons, and  are not either fakes, cosmics or from sequential decays 

of heavy-flavor particles. Since we are in terested  in a  large range of m uon m om enta, 

we select muons th a t  are likely to  be from th e  Drell-Yan process which produces two 

leptons of th e  sam e flavor and  un-like sign charge (US). We do not make th e  US 

requirem ent un til th e  very end. We use th e  like sign (LS) pairs to  m odel th e  heavy 

flavor background distribu tion . A fter we sub trac t th e  backgrounds, we define the  

isolation efficiency as th e  num ber of events w ith  b o th  legs isolated divided by the  

num ber of events w ith  one leg isolated.

  A ^ 2 i so

A f i  i so

We define a  m uon to  be isolated if

•  C o n eR A -E t/p T  <  0.1, for p r  >  20G eV

•  C oneR A -E t < 2 GeV, otherwise

where C oneR A -E t  is defined as th e  transverse energy, ET deposited in th e  calorim e­

te r towers in th e  cone of solid angle 0.4 in 77-0  space around the  m uon’s tower, excluding 

th e  m uon’s tower.

6.2.1 DY  Selection

For MC we used P y th ia  Drell-Yan sam ple generated, sim ulated in cdfosft2 version 

5.3.3. For d a ta  we used SUSY di-lepton d a ta  set edilOd, produced in 5.3.1. O n b o th  

d a ta  and  M C were stored in stntuples. We used th e  production version of S tn tuple
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dev_242 package executable, version 5.3.3, so th a t  b o th  d a ta  and  MC were analyzed in 

th e  same production  version (cdfsoft2 5.3.3)

D atasets:

•  MC - P y th ia  (S tntuple_prod 5.3.3)

•  DATA - edilOd (S tntuple_prod 5.3.3)

To ob ta in  our sam ple of DY-enriched muons we m ade the following requirem ents.

•  A t least 2 CdfM uon in th e  event. Figure 6.1

•  The two m uons’ C O T tracks be no less th en  4 cm in zO. (/i’s |AzO| <  4) Figure

6.1 (b)

•  C O T exit radius >  140 cm Figure 6.1 (c).

•  Identify th e  p rim ary  vertex closest to  th e  two m uons in Z.

•  T he prim ary  vertex  is w ith in  60 cm from th e  collision point (\Z\ <  60.cm) Figure

6.1 (d)

•  Far from resonances (m MM >  12) Figure 6.2 (top)

•  O pening angle b /w  th e  two C O T tracks g reater th en  150°, i.e. tracks are back

to  back (A <f>) > 2.5 rad  (150° ) Figure 6.2 (bottom )

•  One p  leg pass ID cuts (no DO requirem ent)

•  Testing p  leg pass track  quality  cu t (num ber of CO T h its  >  60, and  no DO

requirem ent)
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Figure 6.1: Selection of events shown for a part of edilOd DATA: (a) number of CdfMuons 
in the event, require 2 at least, (b) Difference between the zo coordinates of the muons’ COT 
tracks in cm, (c) COT exit radius in cm, require pexn > 140cm (d) z coordinate of selected 
primary vertex in cm, require \zOprim \ < 60cm

6.2.2 ID Variables

In  th e  selection process, we im pose ID cuts (all except DO cut) on th e  first random ly 

selected leg. T he ID cuts are shown in Table 6.1. We do not apply th e  calorim eter ID 

cuts on the  2nd leg, in order to  not bias th e  isolation efficiency.
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Selection of DY mu-mu events Mon Dec 20  18:12:34 2004
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Figure 6.2: Selection of events p p  pairs for all DATA (blue) and  MC (red). Top:
invariant mass ( m ^ )  of m uon pair. For reference we show rriMM of DATA when b o th  
legs isolated (green). Selected events have m w  >  12 GeV to  assure absence of J / T  and 
T  resonances. B ottom : difference of two legs’ C O T tracks angles, i.e. opening angle 
A <fi. Selected events shown in filled blue A<p > 150°
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cut value
P t(b c) > 4
EM < 4
HAD <  1
E M +H A D  >  0.1
CMU A x <  3 or x 2 <  9
CM P A x  <  5 or x 2 <  9
CM X A x <  6  or x 2 <  9

Table 6.1: ID cuts for muons: CM U-m uon has a  CMU stub, C M U P-m uon has b o th  
CMU and CM P stubs, and  a  CM X-m uon a  CM X stub

6.2.3 Backgrounds

In Tevatron, production  of H F pairs bb and  cc is th e  dom inant background to  DY. 

HF quark-an tiquark  pair can fu rther decay sem ileptonically into a pair of lepotons of 

either LS or US charges. We will use th e  LS d a ta  to  m odel th e  H F background, bu t 

we m ust determ ine th e  correct norm alization. H F background does not come from the  

prim ary interaction, therefore it should be independent of the  im pact param eter d0. 

O n th e  contrary, th e  signal DY comes from th e  p rim ary  in teraction and  the  v irtua l 7  

or Z, and its cross section should depend on d0. We exploit th is  fact in th e  following 

m anner: - we do not im pose any d0 cu t on LS pairs and  use pT and m w  d istributions 

to  m odel th e  background. (Shown on th e  right of Figures 6.5 and 6.4. - we impose 

a tigh t d0 cu t (|d0| <  0.005cm )on US pairs and  use p^  and m Wi d istributions to  

ob ta in  DY signal. (Shown on th e  left of Figures 6.5 and  6.4. - we estim ate th e  HF 

background contribu tion  in th e  US sam ple using th e  LS pair sample, which is discussed 

in  subsection  6.2.4.
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Figure 6.3: p  ID variables. One leg (black), testing  leg (blue), MC testing  leg (red).
All ID cuts, except for DO cut, applied to  th e  first leg. Only the  m atching cuts (cm upA x 
an d  Xcm up) a n d  tra c k  q u a lity  c u t (num ber of C O T  h its) app lied  on  th e  second leg, i.e. 
te sting  leg.
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pT Distributions Mon Dec 2018:12:35 2004

P l
2nd leg pT [GeV/c]

2nd leg Pt [GeV/c]

2nd leg pT [GeV/cl

1600

1400
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Xd / n d f M.67/3
Constant 1656 ±30.51
Mean 7.248 ± 0.3272
Siama 6.096 ±0.2121

LS„. (b)

2"" lag pT [GaV/clb
L

yff / ndf m / s
Constant 518.8 ±41.88
Mean 4.413 ±1.206
Slama 5.921 ±0.5565

^1180 (d>

2nd leg p T [GeV/e]

is pfr
2nd leg p T [GeV/b

xd/ ndf 2.498/3
Constant 267.6 ± 102
Mean 1.656 ± 3.311
Siama 5.558 ± .108

L®2l«o (f)

Figure 6.4: 2nd leg pT : for unlike sign (US) pairs on th e  left and  like sign (LS) pairs 
on th e  right. For reference, MC DY norm alized to  th e  Z peak overlaid in red  on th e  
left. Negligible num ber of LS MC events not shown on th e  right, (a) US pairs (b) 
LS pairs, (c) US pairs 1 leg isolated, (d) US pairs 1 leg isolated, (e) US pairs b o th  
legs isolated, (f) LS pairs b o th  legs isolated. On th e  right, for LS pairs, a fit w ith  a 
G aussian function is shown in black line.
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Invariant Mass Distributions Mon Dec 20 18:12:35 2004

60 80 100
m.... I GeV/c

0 20 40 60

0 20 40 60

x'/rxtl 
Constant 
Slops -0.2454 ± 0.00813

21.38/29

TTndT 7.601/13X

Figure 6.5: m ^ :  leg p r '■ for unlike sign (US) pairs on th e  left and  like sign (LS) pairs 
on th e  right. For reference, MC DY norm alized to  th e  Z peak, overlaid in red on the  
left. Negligible num ber of LS MC events no t shown on the  right, (a) US pairs (b) 
LS pairs, (c) US pairs 1 leg isolated, (d) US pairs 1 leg isolated, (e) US pairs b o th  
legs isolated, (f) LS pairs b o th  legs isolated. O n th e  right, for LS pairs, a fit w ith  a 
exponential function is shown in black line.
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Figure 6.6: Bin-Likelihood fit (a) fit to px of the 2nd leg for events where one leg isolated 
(b) fit to px of the 2nd leg for events where both legs isolated
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dY; 3 = 0,023.+/* 0.0Q1

1G»V/c*f*

Figure 6.7: Bin-Likelihood fit (a) fit to for events where one leg isolated (b) fit to mw  
for events where both legs isolated

6.2.4 Bin-Likelihood

The d a ta  US sam ple referred to  in th e  subsection ” Backgrounds” is com posed predom ­

inan tly  of DY and HF events. We fit MC DY US and  d a ta  LS to  d a ta  US for b o th  

in v arian t m ass an d  p r  of th e  2nd leg. W e do th e  fit for b o th  ” one-leg iso la ted ” an d  

”both-leg isolated” samples. T he results of fitting  for m Wi are shown in Figures 6.6 

and  6.7, and th e  factors of H F LS d istribu tions are given in Tables 6.2 and  6.3.

113

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Chapter 6. Muon Isolation Efficiencies

sam ple HF LS MC DY
1 i so 0.4396 ±  0.0265 0.0164 ±  0.0009
0." ISO 0.6502 ±  0.0685 0.0159 ±  0.0009

Table 6.2: Bin-Likelihood factors for pT HF LS and MC DY distributions, also shown 
in middle row ( l iao case) and  b o tto m  row (2iso case) of Figure 6.5 where H F LS is on 
right (green histogram ) and  MC DY is on rihg t (red m arkers). The sum  of apropriately  
w eighted HF LS and  M C DY histogram  approxim ate DATA US hist gram  on right (blue 
histogram )

sam ple HF LS M C DY
1 i s o 0.4443 ±  0.0258 0.0162 ±  0.0010
0.
4 IS O 0.6502 ±  0.0621 0.0159 ±  0.0010

Table 6.3: Bin-Likelihood factors for m ^  H F LS and  MC DY distributions, also shown 
in middle row ( l iso case) and  bo ttom  row (2iso case) of Figure 6.4 where HF LS is on 
right (green histogram ) and  MC DY is on rihg t (red m arkers). T he sum  of apropriately  
w eighted HF LS and  M C DY histogram  approxim ate DATA US hist gram  on right (blue 
h istog ram )
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6.2.5 Calculation of Isolation Efficiency and Error Propaga­

tion

We define:

Nuso — num ber of US p p  events w ith  one leg passing isolation cut

N 2is o  =  num ber of US p p  events passing isolation cut on b o th  legs

N 2iso — N iiS0 — N 2iso =  num ber of US p p  events pass isolation cut on one leg b u t 

failing isolation cut on other leg

efficiency
- ^ 2  i soe

1 i so

error
(A e)2 =  N2iS0(N u s0 — N2iso)

N L o

We use ’’Bin Likelihood” m ethod to  estim ate am ount of heavy flavor (HF) back­

ground in th e  sam ple of U S iiso and  U S 2iso 2p  events. To do th e  error propagation 

correctly, we need to  use m ore general form ula for th e  error on efficiency. So, we s ta rt 

from  basics. W ithou t loss of generality and  for th e  sake of sim plicity we will relabel 

N liso, N 2iso, N 2iSo as n ,p ,  / ,  respectively.

Then,

efficiency
P

error

(P + f )

(Ae) 2 =  (Ap) [7——rr -  7 - ^ d 2 +  (A /)(p +  / )  (p +  / ) 2 (p +  f f
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=  (A p f l - L - f  +  ( A / ) 2' P
'(P + f )2 ( P + / ) 2

If p  and /  obey Poisson sta tistics ( i .e .(A p)2 = p  and  ( A / ) 2 =  /  we get

(A£)2 =  p / 2 +  / P 2 P f
(p +  / ) 4 (p +  / ) 3

so we retrieve th e  form ula in (above).

In  the  case of BG subtraction , N 2iso N 2iao — ^ 2if0> where B ^ f0 is th e  num ber 

of BG US events passing th e  ’’b o th  legs isolated” cu t and  estim ated  from th e  ” Bin- 

Likelihood” fit, It is expressed as Bljfso = c B ^ o  where fG is th e  num ber of BG 

LS events passing th e  ’’b o th  legs isolated” cut and  c is the  ” Bin-Likelihood” fitting  

coefficient. T he error on -B^f0 is

(A  B ™ ) 2 =  c2{ A B ^ so?  +  ( ^ f 0)2(A c)2 

=  < ?B g0 +  ( B g 0)*(Ac)2

T he error on N 2iso is

( A N 2iso)2 =  (A  N 2isof  +  (A B ™ ,)2 

— N 2is0 +  c2B%fBO +  (B^fso)2 (A c )2

and  for N 2iao,

(A N 2i, „ f  =  1V2i„  +  c2s “  +  (B “  )2(A c)2

where we neglected sm all errors on N ^ 0 US and  us  which we take to  be errors 

to  function fits (see Fig. 6.4 and  Fig. 6.5).

116

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Chapter 6. Muon Isolation Efficiencies

6.2.6 Isolation Efficiency and Scale Factors

In th is subsection we present isolation efficiencies for b o th  DATA and MC. Subse­

quently, we derived th e  scale factors as th e  ra tio  of th e  isolation efficiency m easured 

in d a ta  to  one m easured in M onte Carlo. For pT variable, th e  results are shown in 

histogram s in Figure 6.8 and  Table 6.4. For variable, th e  results are shown in

histogram s in F igure 6.9 and  Table 6.5.

pT bin d a ta MC scale factor
0-20
20-40
40-60

0.907 ± 0 .0 7 1  
0.891 ± 0 .0 3 4  
0.986 ±  0.008

0.957 ±  0.001 
0.940 ±  0.003 
0.992 ±  0.001

0.948 ±  0.075 ±  0.01 
0.947 ±  0.036 ±  0.005 
0.994 ±  0.008 ±  0.000

Table 6.4: Isolations efficiencies and  scale factors for 3 p^ bins: ra tio  of efficiency 
m easured in th e  d a ta  to  th e  M onte Carlo. The errors in the  d a ta  are statistical. For 
scale factors we included sy tem atical erros discussed in th e  subsection ” System atics”

m ^  bin d a ta MC ratio
0-40 0.948 ±  0.077 0.960 ±  0.002 0.987 ± 0.080 ± 0.045
40-80 0.788 ±  0.056 0.912 ±  0.005 0.864 ± 0.062 ± 0.055
80-120 0.962 ± 0 .0 1 1 0.978 ±  0.001 0.982 ± 0.012 ± 0.000

Table 6.5: Isolation efficiencies and  scale factors for 3 m wt bins: ra tio  of efficiency 
m easured in th e  d a ta  to  th e  M onte Carlo. The errors in the  d a ta  are statistical. For 
scale factors we included sy tem atical erros discussed in th e  subsection ” System atics” .
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Isolation efficiencie vs Pt Mon D ec 20 18:12:36 2004

Unlike Sign nn Isolation Efficiency Scale Factor (Fit LS HF subt/MC)

pi i 11' 11' i'

(a)

Both Iso (hatched) 

One Iso HF

B o th  I so  H F ( h a tc h e d )

0 10 20 30 40 50 60

2nd leg pT JGeV/c]

Q  No HF subt

^  Fit LS HF s u  >t

▼  MC

20 40 50 600 10 30 0 10 20 30 40 50 60

2nd leg pj (GeV/cJ 2"d leg pT [GeV/cl

Figure 6.8: Fixed isolation cut of 2 GeV for p7- <  20 GeV. LE FT : m uon P t. Unlike
Sign (US) in light blue, US one leg iso in m edium  dark  blue, US b o th  leg isolated 
dark  blue. Like Sign (LS) in green. LS one leg iso in m edium  dark  green, LS b o th  leg 
isolated dark  green. C EN TER : Isolation efficiency vs p7-. RIG HT: Isolation efficiency 
corrected for LS background.
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Isolation efficiencie vs pair M ass Mon D ec 20 18:12:37 2004

Unlike Sign un Isolation Efficiency Scale Factor (Fit LS HF subt/MC)

(a)

Both Iso (hatched) 

One Iso HF

B oth  Iso  HF (ha tched)

0 20 40 60 80 100 120

mu-mu pair mass One Iso US

Q  No HF

yf Fit LSHF suit

▼  MC

100 1200 20 40 60 80 0 20 40 80 100 1 2060

rr\, M [GeV/c*]

Figure 6.9: F ixed isolation cut of 2 GeV for <  20 GeV. LEFT: m uon Mass. Unlike 
Sign (US) in light blue, US one leg iso in m edium  dark  blue, US b o th  leg isolated 
dark  blue. Like Sign (LS) in green. LS one leg iso in m edium  dark  green, LS b o th  leg 
isolated dark  green. C EN TER : Isolation efficiency vs pr- R IG HT: Isolation efficiency 
corrected for LS background.
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6.2.7 System atics

p
We repeated  th e  study  of th e  isolation efficiency for 3 system atically  different scenarios:

•  Do not sm ooth H F LS d istribu tion  by fitting  a  function, b u t used th e  d istribu tion  

” as is” .

•  A pply all, except for DO, ID cuts on the  testing  leg

•  Redefine isolation to  be

— C o n e R A E t /p r  > 0.1, for pT >  10G eV

— ConeR& Et > 1 GeV, otherwise

A part from th e  above listed changes, our m ethod  was identical to  the  original. The 

results for th e  four scenarios item ized above are given in Figure 6.10, Figure 6.11, 

Figure 6.12.
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Unilka Sign^v laoiatlci Efficiency

w] 1
Soaia Factor f i t  LS V  wblMC)

(a) 2nd leg p r (b) m■/i/i

Figure 6.10: No smoothing of HF LS distributions but used the distribution ”as is” . Results 
for pt  (left set of three histograms) and results for m/iAt (right three histograms). LEFT: muon 
P t. Unlike Sign (US) in light blue, US one leg iso in medium dark blue, US both leg isolated 
dark blue. Like Sign (LS) in green. LS one leg iso in medium dark green, LS both leg isolated 
dark green. CENTER: Isolation efficiency vs p t - RIGHT: Isolation efficiency corrected for 
LS background.

iMlatlon Efficiency Scale Factor f i t  LSW  iuHMC) iMlatioo Efficiency Seale Factor f i t  LS O f outKMC)
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11 ,i 11,1 .1 i
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1 i l i , . « 1 r 1 ,
■ramiiM* m t  emit* lit

(a) 2nd leg p t (b) m

Figure 6.11: Applied all ID cuts, including calorimetry cuts, on both legs. Results for pt
(left set of three histograms) and results for mw  (right three histograms). LEFT: muon Pt. 
Unlike Sign (US) in light blue, US one leg iso in medium dark blue, US both leg isolated dark 
blue. Like Sign (LS) in green. LS one leg iso in medium dark green, LS both leg isolated 
dark green. CENTER: Isolation efficiency vs pr- RIGHT: Isolation efficiency corrected for 
LS background.
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Uttlmlon Efficient Scale Faotor (Pit LS IP  (UbtMC) 1*0 Mian Efficiency Seal* Factor (Pit LS I P  aubtMC)

(a) 2nd leg pT (b) HIp/i

Figure 6.12: Fixed isolation cut of 1 GeV for pt  < 10 GeV.Results for pt  (left set of
three histograms) and results for mw  (right three histograms). LEFT: muon Pt. Unlike 
Sign (US) in light blue, US one leg iso in medium dark blue, US both leg isolated dark blue. 
Like Sign (LS) in green. LS one leg iso in medium dark green, LS both leg isolated dark 
green. CENTER: Isolation efficiency vs p-/. RIGHT: Isolation efficiency corrected for LS 
background.
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Chapter 7

M easurem ent of M uon ID 

Efficiencies in Gen6 D ata

We have determ ined th e  identification efficiencies for isolated muons corresponding 

to  th e  selection criteria  for exotics m ultilep ton  searches. We use ,//'0  and  Z dim uon 

resonances from SUSY dilepton d a tase t edilOh, created  w ith  P roduction  from cdfsoft2 

gen6, to  calculate efficiencies of identification for CMU, CMUP, and  CM X muons. O ur 

results are in th e  agreem ent w ith  th e  m easurem ent perform ed on d a ta  created  w ith 

P roduction  cdfsoft2 gen5, docum ented in th e  note CDF7210.

In [33], m easurem ent of m uon identification efficiencies in d a ta  processed w ith  

cdfsoft2 gen5 was presented. Since then , approxim ately 500 pb^1 of d a ta  were col­

lected a t CDF. These d a ta  were processed w ith  a  new version gen6 of cdfsoft2. In th is 

note, th e  efficiency m easurem ent of th e  m uon identification (ID) cu ts studied in [33], 

listed in the  following subsection, are presented. However, th e  d a tase t and  th e  triggers

[36] used in th is study  are very different from th e  ones used in th e  work presented in 

[33]. We discuss th e  d a tase t used in th is m easurem ent in Section 2. T he s tandard  

m ethod of using an  unbiased m uon leg of a  dim uon resonance, in our case ,7/T  and
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Z, we described in Section 3 and  4. In Section 5 we presented our results. In the  

A ppendix D, we present m easurem ents of ID cuts defined by th e  Top G roup , and we 

com pare our results to  th e  m easurem ents quoted  by th e  Top  H ig h  Pt  M u o n  group in

[37]. In the  A ppendix E, we show plots of efficiency of each cut as a  function of p r  for 

bo th  low and  high pT region. In the  A ppendix F, we show plots of efficiency of each 

cu t used by Top Group as a  function of pT for b o th  low and  high Pt  region. These cuts 

don ’t  include to ta l energy (CAL) cut, b u t include isolation (ISO) cut.

7.0.8 M uon Identification Cuts

We are in terested  in th e  efficiency of th e  following ID cuts perform ed on Cdf-Offline 

muon:

•  Track quality

-  >  3 5-hit axial stubs, and  >  2 5-hit stereo stubs

-  C O T exit radius >  140 cm

•  im pact param eter to  p rim ary  vertex, do:

-  if track  w ith  SVX hits, th en  |d0| <  0.02 cm

-  if track  w ith  no SVX hits, th en  |do| <  0.20 cm

•  if px  <  20 G eV /c2, then

-  EM energy in tower <  2 GeV,

-  HAD energy in tower <  3.5 + P t / 8 GeV

-  CAL (EM +H A D ) energy in tower >  1 GeV,

•  if px > 20 G eV /c2, then
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-  EM  energy in tower <  2.0 +  0(0.0115 x (pT — 100)) GeV

-  HAD energy in tower <  6.0 +  0(0.028 x (pT — 100)) GeV

-  CAL (EM +H A D ) energy in tower >  1 GeV,

•  track -stub  m atching

-  CMU s tu b  A X  <  3 cm or %2 <  9

-  CM P stub  A X  <  5 cm  or x 2 <  9

-  CMX stub  A X  <  6 cm or x 2 <  9

In  th e  above list of cu ts for muons, CM U-m uon has a CMU stub , C M U P-m uon has 

b o th  CMU and  CM P stubs, and  a  CM X-m uon has a CMX, and  0() is th e  step  function.

A lthough ” CAL” will no t be used for gen6 analysis, we list it for th e  sake of com parison

w ith  th e  results for gen5 listed in CDF7210.

7.1 Sam ple

We selected dim uon events from th e  SUSY dilepton datase t edilOh, which is cre­

a ted  w ith  P roduction  from cdfsoft2 gen6. T he d a ta  were stored into th e  S tntu- 

ple form at, version dev_243, by Ray C ulbertson et al. S tarting  from these stn tu - 

ples, we select dim uon events th a t  passed DIMUON_CMUCMU4_L2_CMUP6_PT8 or 

DIMUON_CMU4CMX4_L2_CMUP6_PT8 trigger paths. A lthough these two dim uon 

p a th s  have dim uon triggers a t L3, they  have single m uon triggers a t L I (C M U P6-PT4) 

and  L2 (C M U P6-PT8). T he only requirem ent a t L3 relevant to  ID variables is the  

m atching cut, A X , of 15 cm, b o th  for CMU and CMX. This cu t is much loser then  

th e  ID m atching cut listed in th e  section 1.1, so th a t  it does not create any L3 trigger 

bias. Further, dim uon events w ith  th e  invariant masses in th e  region of th e  «//?/>, T  

and  Z were selected. One leg of th e  pair is required to  pass th e  CM U P L1-L2 trigger
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( “trigger leg” ), and  th e  o ther leg is used as a sample of muons w ithout a  trigger bias. 

A special care m ust be taken  in th e  case of J/ij) events, since abou t 30 percent of J/ij) 

a t C D F originate from b— hadron  decays [34]. We cut on the  im pact param eter of the  

trigger leg, to  exclude J/ij) events w ith  non-prom pt vertices. However, we don’t  cu t 

on th e  im pact param eter in th e  case of T , since its  production comes predom inantly  

from prim ary in teractions [35]. The invariant m ass plots of di-m uons form J / T  and  Z 

resonances are shown in figures 7.1 and  7.2.

140

120

100

ao

60

20

i   ■HiP1 1 nliarTViwJIU
2.7 2.6 2.9 3 3.1 3.2 3.3

all isolated (blue), same wedge (black) [GeV]

iftlimiiin i i i i i
3.4 3.5 3.6

wedge (black) M,

Figure 7.1: J T  m ass for all isolated dim uons (blue) and  dim uons in th e  same CMU
wedge (black, filled). This is only relevant to  CM U (P) fiducial muons. Triggering 
CM UP m uon cannot physically be in th e  same wedge as a  CMX fiducial muon.

Finally, th e  sam ple of m uons is fu rther separated  into the  th ree  classes of muons 

considered. ID efficiency is m easured for each of th e  th ree m uon classes, CMU, CM UP 

and  CMX.
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Figure 7.2: J/ff> (top) and  Z (bottom ) before (left) and  after (right) isolation applied 
to  b o th  legs. O n th e  right, signal (blue) and  background (red) regions.

7.2 Trigger B ias

We remove a  possible trigger bias based on th e  m uon m atchbox trigger inform ation 

stored in the  TCM D  bank. The event is required to  have triggered th e  L I CM UP6_PT4 

trigger and to  have pT a t L3 >  8 G eV /c. The offline reconstructed  m uon w ith  s tub  in 

th e  same trigger tower as th e  level 1 trigger m uon is identified. T he second m uon in 

th e  event is th en  unbiased. The identification of th e  trigger leg is done using stnTrig 

class [30] of th e  stnE vent package developed by th e  UNM group internally  [29]. The 

pT of trigger and  o ther leg are shown in figure 7.3. T he d istribu tions show th a t  there 

is no trigger bias on th e  testing  muon.
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gen6 gen5 CDF7210
cut e l o w { J  /  V O e i o w C f ) e h i g h ( Z ) t l o w t h i g h

EM 1.000 ± 0.004 1.000 ± 0.004 0.976 ± 0.004 0.998 ± 0.001 0.975 ± 0.004
HAD 1.000 ± 0.004 0.997 ± 0.004 0.986 ± 0.003 0.996 ± 0.002 0.984 ± 0.003
CAL 1.000 ± 0.004 1.000 ± 0.004 1.000 ± 0.001 1.000 ± 0.000 0.991 ± 0.009
TRK 1.000 ± 0.004 1.000 ± 0.004 1.000 ± 0.001 0.998 ± 0.001 1.000 ± 0.003
DO 0.970 ± 0.008 0.979 ± 0.011 0.988 ± 0.003 0.977 ± 0.004 0.994 ± 0.002
CMUDX 0.987 ± 0.006 0.973 ± 0.010 0.958 ± 0.005 0.987 ± 0.004 0.961 ± 0.005
ALL 0.960 ± 0.010 0.951 ± 0.014 0.910 ± 0.008 0.957 ± 0.006 0.901 ± 0.008

Table 7.1: CMU ID efficiencies (gen6 and  gen5 reported  in CDF7210) for low p r  (<  15 
G eV /c) and high pT (>  20 G eV /c) regions. Efficiencies are listed for each cu t applied 
individually. The efficiency of all th e  cuts applied together is listed in the  last entry, 
’’ALL” . This was not th e  case for gen5, docum ented in C D FN ote 7210.

7.3 G en 6 /i ID  Efficiencies

T he results of our ID efficiency m easurem ents for CMU, CM UP and CM X muons are 

shown in tab les 7.1, 7.2 and  7.3, respectively. T he pT dependence of th e  ID efficiency 

m easurem ents for CMU, CM UP and CM X m uons are shown in figures 7.4 and  7.5 for 

low pT (<15 G eV /c) and  high pT (>20  G eV /c) regions, respectively. In  the  figures 

7.6, 7.7, 7.8 and  7.9 we p lo tted  ID variables in LOW  Pt  region after th e  ID cuts have 

been applied to  all th e  o ther ID variables, for CMU, CM UP, and  CM X muons. In the  

figures 7.10, 7.11, 7.12 and  7.13 we p lo tted  ID variables in high p r  region after the  

ID cuts have been applied to  all th e  o ther ID variables, for CMU, CMUP, and  CMX 

muons.

[htpb]
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gen6 gen5 CDF7210
cut tlow(J/  VO < W  T ) thigh{Z) tlow ^high
EM 1.000 ± 0.006 1.000 ± 0.006 0.979 ± 0.005 0.997 ± 0.002 0.978 ± 0.004
HAD 1.000 ± 0.006 0.996 ± 0.005 0.987 ± 0.004 0.996 ± 0.003 0.981 ± 0.004
CAL 1.000 ± 0.006 1.000 ± 0.006 1.000 ± 0.002 1.000 ± 0.002 0.989 ± 0.011
TRK 1.000 ± 0.006 1.000 ± 0.006 1.000 ± 0.002 0.999 ± 0.001 1.000 ± 0.003
DO 0.969 ± 0.010 0.992 ± 0.011 0.992 ± 0.003 0.977 ± 0.005 0.993 ± 0.003
CMUDX 0.990 ± 0.005 0.984 ± 0.009 0.953 ± 0.007 0.987 ± 0.003 0.969 ± 0.005
CMPDX 1.000 ± 0.006 0.988 ± 0.008 0.971 ± 0.005 0.996 ± 0.002 0.977 ± 0.004
ALL 0.961 ± 0.011 0.965 ± 0.015 0.886 ± 0.010 0.953 ± 0.007 0.882 ± 0.009

Table 7.2: CM UP ID efficiencies (gen6 and  gen5 reported  in CDF7210) for low Pt  
(<  15 G eV /c) and  high  px  (>  20 G eV /c) regions. Efficiencies are listed for each cu t 
applied individually. T he efficiency of all th e  cuts applied together is listed in th e  last 
entry, ’’ALL” . This was not th e  case for gen5, docum ented in C D FN ote 7210.

gen6 gen5 CDF7210
cut tlowm) tlow{ T) thigh tlow thigh
EM 1.000 ± 0.012 0.991 ± 0.013 0.973 ± 0.006 0.995 ± 0.004 0.981 ± 0.005
HAD 1.000 ± 0.012 0.982 ± 0.016 0.983 ± 0.004 1.000 ± 0.003 0.975 ± 0.006
CAL 0.978 ± 0.013 0.991 ± 0.013 0.983 ± 0.004 0.988 ± 0.006 0.987 ± 0.004
TRK 1.000 ± 0.012 1.000 ± 0.013 1.000 ± 0.002 1.000 ± 0.014 1.000 ± 0.000
DO 0.978 ± 0.013 0.945 ± 0.024 0.990 ± 0.003 0.987 ± 0.009 0.991 ± 0.004
CMXDX 1.000 ± 0.012 1.000 ± 0.013 0.998 ± 0.001 0.996 ± 0.004 0.995 ± 0.003
ALL 0.956 ± 0.018 0.917 ± 0.028 0.927 ± 0.008 0.956 ± 0.011 0.934 ± 0.009

Table 7.3: CM X ID efficiencies (gen6 and  gen5 reported  in CDF7210) for low px  (<  15 
G eV /c) and high  p r  (>  20 G eV /c) regions. Efficiencies are listed for each cut applied 
individually. The efficiency of all th e  cuts applied toge ther is listed in th e  last entry, 
’’ALL” . Note, th a t  for gen6 results, we separately m easured efficiencies from J/ip  and 
T . This was not th e  case for gen5, docum ented in C D FN ote 7210.
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Figure 7.3: Pt  of th e  trigger leg (red) and  the  o ther leg (blue).
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Figure 7.4: CMU, CM UP, and  CM X ID efficiencies as a function of pT of o ther leg 
(blue circles) and  trigger leg (reg triangles), in th e  low p r  region (pT < 1 5  G eV /c).
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Figure 7.5: CMU, CM UP, and  CM X ID efficiencies as a function of pT of o ther leg 
(blue circles) and  trigger leg (reg triangles), in th e  high pT region (pT > 1 5  G eV /c).
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Figure 7.6: In LOW  p t  region, CMU ID variables w ith  cuts applied on all b u t the  
p lo tted  variables.
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Figure 7.7: In LOW  Pt  region, CM U P ID variables w ith  cuts applied on all b u t the  
p lo tted  variables.
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Figure 7.8: In LOW  p t  region, CM UP ID variables w ith  cuts applied on all b u t the  
p lo tted  variables.
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Figure 7.9: In LOW  Pt  region, CM X ID variables w ith  cuts applied on all b u t the  
p lo tted  variables.
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Figure 7.10: In high p r  region, CMU ID variables w ith  cuts applied on all b u t the  
p lo tted  variables.

137

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Chapter 7. M easurement o f Muon ID Efficiencies in Gen6 D ata

A blE m
110

146

146

106

44

6.2 0.4

AblHad
146

140

120

100

A bldal

100

AblDO

10

1

Figure 7.11: In high pT region, CM UP ID variables w ith  cuts applied on all b u t the  
p lo tted  variables.
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Figure 7.12: In high p T region, CM UP ID variables w ith  cuts applied on all b u t the  
p lo tted  variables.
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Figure 7.13: In high pT region, CM X ID variables w ith  cuts applied on all b u t the  
p lo tted  variables.
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7.4 Sum m ary

Using SUSY dilepton gen6 d a ta  set, edilOh, we were able to  m easure ID efficiencies 

of CMU, CMUP, and  CM X muons. O ur findings, sum m arized in tab les 7.1, 7.2 and  

7.3, show these efficiencies to  be w ith in  th e  errors from th e  ID efficiencies m easured for 

gen5 and  docum ented in CDF7210. Furtherm ore, th e  agreem ent between th e  results of 

our m easurem ents of ID cuts used by th e  Top group and  the  m easurem ents perform ed 

by th e  Top group for gen6 d a ta  provided us w ith  a  satisfactory cross check of our 

methodology. For analysis of gen6 d a ta  we in tend  to  use the  values of ID efficiencies 

reported  in th is  docum ent and  listed in th e  tab les m entioned above.
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Chapter 8 

Trilepton Analysis

8.1 Search A nalysis S trategy

We perform  a  trilep ton  analysis using low-pT dim uon triggers discussed in previous 

chapters. This m eans th a t  we only searched for th e  signal in the  events th a t fired these 

triggers. O ther analysis a t CD F perform ed searches in o ther dilepton channels using 

different triggers. We conducted a “b lind” analysis. This m eans th a t we don ’t  look 

for events w ith  th ree  isolated leptons in th e  signal region till th e  very end, after we 

have understood  th e  backgrounds in th e  control regions to  our satisfaction. We define 

th e  signal region in th e  param eter space as: M Nl >  15 G eV /c2.(Mwt — M z \ <  G eV /c2, 

,Et  >  15 GeV, N j  <  1. We define 19 d ilep to n /trilep to n  control regions in th e  ,E t v s  

th e  dim uon m ass M ^  vs je t multiplicity. In  F igure (ref) we present th e  19 dim uon and 

trilep ton  control regions we use. In these region SM backgrounds are dom inant. SM 

processes are well understood  and  so we expect good agreem ent betw een expected and  

observed background. T h a t is to  say, in these control regions, th e  d a ta  we observed 

should agree w ith in  uncertain ties w ith  processes we expect from SM. T here are two 

m ajor SM background sources for th is analysis. One is heavy-flavor and  th e  o ther
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one is Drell-Yan (DY). The low-mass and  a n d /o r  low- /E-p control regions give us a 

good handle on heavy flavor background, while th e  control regions w ith  Z -m ass help 

us understand  DY. W hen we fully understand  th e  backgrounds in th e  control regions, 

we proceed to  un-blind ourselves in th e  signal region. This way our analysis is not 

sta tistically  biased. We consider all th e  events th a t  come th rough  dim uon trigger in 

which the  leading m uon’s transverse m om entum  is p r  > 5 GeV/ c.

8.1.1 The observed data

We analyzed th e  d a ta  collected in th e  period from M arch 2002 to  February 2006. 

These d a ta  were divided in exotic dilepton edilOd, edilOh and  edilOi datasets. For all 

MC samples and  th e  d a ta  processed w ith  version 5.3.3 of CD F software cdfsoft2 we 

used S tntuples version dev_242. For d a ta  processed w ith  version 6.1.2 of cdfsoft2 we 

used S tntuples version dev_243. T he d a ta  lum inosity, after removing bad  runs [21] and 

after th e  application of corrections is 976 p b -1 (330 p b " 1 for edilOd and  646 p b -1 for 

edilOh +  i.

8.1.2 The Backgrounds

In  th is analysis various MC generators were used to  m odel the  hard  scattering  of BG 

processes. PY T H IA  6.2 was used for th e  p arto n  showering and  hadronization. In 

all cases the  CTEQ 5L param etrization  was used for th e  parton  d istribu tion  functions 

(PD Fs). All MC events were sim ulated using CD F detector sim ulation software (cdfSim 

version 5.3.3, which is based on G EANT. To m atch  data , in MC we sm ear th e  l / p r  

using gaussian d istribu tion  w ith  m ean 0 and  sigm a of 0.000475 [26]. In  th e  case of DY 

MC, we apply a  K -factor of 1.4 to  account for th e  difference betw een th e  leading and  

next-to-leading order theoretical cross sections.
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T here are several SM background (BG) processes which can also yield a  final s ta te  

w ith  th ree leptons. We m ust consider each of them , perform  our analysis on MC 

sim ulated d a ta  th a t describe them  and com pare it to  th e  observed data . By studying 

th e  kinem atic variables of our signal events and  our background events, we can devise 

various cuts th a t  remove m ost of th e  background b u t preserves our signal.

Recall th e  Feynm an diagram s in th e  T heory chapter of decays of th e  x t  and Xz- 

N either of th e  decay m odes to  th ree  leptons contain jets. T his m eans th a t each of 

th e  leptons should be well isolated. Coming from associated production  of x tx®  the  

leptons should not be particu larly  back-to-back in r] — 0  space. Since these leptons 

are massive objects, we don’t  expect them  to  be close together in th e  detector, b u t we 

do expect them  to  come from th e  same vertex. T he x .2 should always decay to  two 

opposite sign b u t same flavor leptons plus LSP.

If th e  above m entioned cuts are applied together w ith  ID cuts described in previous 

chapters, m ost of th e  BG events will be removed. T here will be , however, a num ber 

of BG events th a t pass these cuts: events w ith  th ree  real leptons, and  events w ith  two 

real leptons plus an  object th a t is m istakenly identified as a real lepton. This fake 

lepton can be a real lepton from th e  underlying event, a decay in flight, or a  hadronic 

track  m isidentified as a  lepton.

In  th is trilep ton  search we study  various SM BG processes. Some of them  contribu te 

to  dilepton BG and  some contribu te to  b o th  dilepton and  trilep ton  BGs. T he m ost 

im portan t BGs are discussed below.

•  t t

- A top  quark  will p ractically  always decay t  —> in the  SM. If th e  W ± decays

leptonically, th e  lepton will be isolated. From decays we can get two leptons

(one from t  and  one from t). So th is is a  dilepton BG. If th e  b decays semilep- 

tonically we can get a  th ird  lepton, bu t th is  type of event should be removed
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by the  isolation cut. Also, th e  production  cross section for ttis  quite small so 

th is background is negligible. We used available da tase t atopcb, generated  using 

PY TH IA , w ith  lum inosity of 143,156 p b -1 , which is m ultiplied by good-run re­

quirem ent efficiency. In  th is  MC sim ulation to p  m ass was m t =  178 G eV /c2, and 

cross section o tt =  6.7 p b -1 .

•  bb- heavy flavor (HF)

- A typical b decay is b —> W *c  —> W *(W *d).  E ither of two v irtua l W s  has 

22% chance of decaying to  an  e or p. In  4.8% of th e  decay, b o th  W*  will decay 

leptonically. This is a  dilepton BG. If either of W *s  from b decays leptonically 

then  we will have th ree  real leptons in th e  event. The probability  of th is  is 

1%. However, bs are produced a t Tevatron w ith  high rate , bbis a  substan tial 

background, b quark  is light com pared to  th e  center of mass energy which m eans 

i t ’s m om entum  is large. This m eans th a t  leptons coming from its decays will be 

in the  direction close to  th e  rest of th e  p roducts of the  decay and  therefore will 

no t be isolated. A lthough MC samples of th is process were available to  us, we 

estim ate th is background from th e  dilepton d a ta  using inverse im pact param eter 

cut. This estim ation  of th is BG requires a  more detailed  discussion is given in 

th e  following subsection.

•  Diboson production  ( Z ° Z ° a n d W ± Z°)

B oth th e  production  cross section and  branching ra tio  to  th ree  leptons for Z °Z °  

(o = 1.0 pb, BR  =  0.45% to  e or p) and  W ± Z° (a =  2.5 pb, BR  =  1.44% to  e or 

//.) are small. However, th e  leptons from either of these processes are very similar 

to  those of our signal, so we m ust consider th is BG. We used th e  following MC 

datasets:

— zewk8t: W Z  process generated  using M A D G RA PH , w ith  lum inosity of 

9,453,013 p b -1 , which is m ultiplied by good-run requirem ent efficiency.
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— Z Z  process generated  using PY TH IA , w ith  lum inosity of 535,200 pb 

which is m ultiplied by good-run requirem ent efficiency.

•  Diboson production  (W +W ~ )  Like in th e  o ther diboson BG processes, th is  one 

as well has a small cross section, (cr =  9.5 pg). T he only BG w ith  real leptons 

th a t th is  process can give us is th e  dilepton. However, if there  is a fake th ird  

lepton, th en  th is process contribu tes in trilep ton  BG, too. We used th e  following 

MC dataset:

— w toplw : W W  process generated  using PY TH IA , w ith  lum inosity of 33,849 

p b -1 , which is m ultiplied by good-run requirem ent efficiency.

•  Drell-Yan (Z°  and  7 ) p roduction

Due to  its extrem ely large cross section, DY is our dom inant BG. It can be split 

in th ree categories: 7  production, and  low- and high-pT Z °  production. Events 

w ith  7  and  low-pr Z °  p roduction  can be removed w ith an  opening angle cut. 

Leptons from high-pT Z °  p roduction  are not back-to-back and these events are 

removed w ith  a  Z °  m ass window cut. This BG production is fu rther reduced 

in our sam ple by requiring large ,Et- We use 4 different DY samples, properly 

merged a t th e  generator level. T he reason for th is com plicated approach is th a t 

th e  MC sample th a t  has lepton p r  requirem ents looser th a n  our analysis cuts 

(z8v2gt) has lim ited statistics, w hereas th e  higher sta tistics DY MC samples 

have tigh ter cuts th a n  ours. T he four samples are:

— z8v2gt: DY process generated  using PY T H IA  allowing decays to  electrons, 

m uons and  taus, w ith  low p t  cu ts a t generator level (3.6 GeV for electrons 

and  4.8 GeV for m uons), consistent w ith  our ID cuts given th e  detector 

resolution. This sam ple is used if b o th  of th e  leptons a t generator level 

have pT < 10 GeV. T he lum inosity of th is sample is 1415 p b -1 , which is 

divided by th e  K -factor of 1.4 and  m ultiplied w ith  the  good-run requirem ent
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efficiency.

-  sexo8 t: DY process generated using PY T H IA  allowing decays to  electrons, 

muons and  taus, w ith  high 'pr cuts a t generator level. This sample is used 

if b o th  of th e  leptons a t generator level have p r  >  10 GeV. T he lum inosity 

of th is sam ple is 6701 p b -1 , which is divided by th e  K -factor of 1.4 and  

m ultiplied w ith  th e  good-run requirem ent efficiency.

-  zewk6 m: DY process generated  using PY T H IA  allowing decays to  muons 

only and  M /t/i >  20 GeV. This sample is used if a t least on of th e  muons 

a t generator level have p r  > 10 GeV. T he lum inosity of th is sample is 8948 

p b -1 , which is divided by th e  K -factor of 1.4 and  m ultiplied w ith  th e  good- 

run  requirem ent efficiency.

-  zewk8 t: DY process generated  using PY T H IA  allowing decays to  tau s  only 

and  large pT cu ts (10 GeV and 5 GeV for th e  two leptons). This sample 

is used if a t least on of th e  leptons a t generator level have pT >  10  GeV 

and  > 20 GeV. The lum inosity of th is sample is 15106 p b -1 , which is 

divided by th e  K -factor of 1.4 and  m ultiplied w ith  the  good-run requirem ent 

efficiency.

•  W +  je ts

-  atopcb: W  +  parton  process generated  using A LPEN  and HERW IG, w ith 

lum inosity of 287.6 p b -1 , which is m ultiplied by good-run requirem ent effi­

ciency.

-  atopkb: W  -I-charrnboson  process generated  using M A D G R A P H ,  w ith  lum i­

nosity of 59,837 p b -1 , which is m ultiplied by good-run requirem ent efficiency.

-  atophb: W  +  bottomboson  process generated  using A LPEN  and HERW IG, 

w ith  lum inosity of 61,554 p b -1 , which is m ultiplied by good-run requirem ent 

efficiency.
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•  DY +  7 :

For th e  estim ation  of th is  background we use the  DY samples presented above, in 

addition to  sexo9t which is th e  same as sexo8 t  w ith  a  larger lum inosity of 22,164 

p b -1 , which is m ultiplied by th e  good-run requirem ent efficiency and  divided by 

K -factor of 1.4.

•  Cosmics

Cosmic m uons are detected  as dim uon events in th e  CD F detector. This types 

of events are removed using th e  s tan d ard  cosmic filter of cdfsoft2 software. The 

filter is docum ented elsewhere (ref Cosmic F ilter). Residual cosmics are removed 

by requiring th a t th e  3-D opening angle be less th a n  178 degrees.

8.2 Event Selection

We select events th a t  include either th ree  muons passing th e  CM U P or CM X require­

m ents of Table (ref m uonID) or two muons passing these requirem ents and  a  CEM  

electron passing th e  requirem ents of Table (ref electronID ). T he leptons have to  be 

A R  >  0.4 away from each other, th e  leading dim uon mass has to  be greater th a n  10.5 

G eV /c2, and the  th ree dim ensional opening angle between the  two leading m uons has 

to  be less th a n  178 degrees. We require prim ary vertex and redefine im pact param eter 

w ith  respect to  th is vertex. T he absolute value of th e  z  coordinate of th e  prim ary 

vertex  has to  be less th a n  60 cm. We count je ts  in th e  event if th e ir corrected energy is 

greater th a n  20 GeV, the ir electrom agnetic fraction (e.m .f) is less th a n  0.9 and  they  are 

A R  >  0.4 away from th e  leptons in th e  event. T he missing energy, J7T, in th e  event is 

corrected for th e  m uons and  je ts  w ith  uncorrected energy greater th a n  10 GeV, e.m .f < 

0.9 and  A R  >  0.4.
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8.3 W eighing o f M C

To m eaningfully com pare MC to  data , we w eighted th e  MC events by appropria te

weights have to  be m ultiplied by th e  trigger efficiency, th e  lepton ID efficiency scale 

factors (SF), isolation efficiency (SF), as well as th e  lepton reconstruction  efficiency 

(SF). W ithou t fully understanding  th e  above efficiencies and  the ir (SF) it is impossible 

to  m eaningfully com pare BG to  d a ta  in th e  control regions. In C hapters 7 and  5 I 

discuss in detail our m easurem ents of m uon ID efficiency and  dim uon low-p r  trigger ef­

ficiencies for gen6  da ta . T he m uon trigger efficiency used for gen5 d a ta  are docum ented 

elsewhere [2 2 ].

T he values of single m uon trigger efficiency used for gen5 d a ta  are sum m arized :

factors so th a t  they  correspond to  th e  d a ta  lum inosity of 976 pb h  Further, these

ecMUP =  0.889 i  0.0056ecM x  =  0.910 i  0.007 (8 .1)

T he values of single m uon trigger efficiency used for gen6  d a ta  are:

ecMUP =  0.94 ±  0.005€c m x  — 0.95 i  0.009 (8 .2 )

A n event w ith  only two m uons has trigger efficiency

(8.3)

while an  event w ith  th ree  m uons has trigger efficiencies

ttr im u o n  )  ] 1 ^fc) T (8.4)

where ei, e2, e3 are single m uon trigger efficiencies for th e  th ree muons.
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M uon type M uon ID Scale Factor
CM UP
CMX

0.9710 ±  0.0056 ±  0.0232 
1.0222 ±  0.0077 ±  0.0258

Table 8.1: T he m uon ID scale factors (system atic uncertain ty  shown second)

CM UP and  CM X p T (G eV /c2) M uon Isolation Scale Factor
0 -2 0 0.948 ±  0.075 ±  0.010

20-40 0.947 ±  0.036 ±  0.005
>  40 0.994 ±  0.008 ±  0.000

Table 8.2: T he m uon Isolation scale factors (system atic uncertain ty  shown second)

pT (G eV /c2) Electron ID x Isolation Scale Factor

4-6 0.8 ±  0.07 ±  0.010
6 -8 0.88 ±  0.06 ±  0.005

8 -1 0 1.06 ±  0.10 ±  0.005
>  10 1.03 ±  0.02 (to ta l uncert.)

Table 8.3: T he electron ID x Isolation scale factors for gen5 (system ic uncertain ty  
shown second)

p T (G eV /c2) Electron ID x Isolation Scale Factor
4-12 0.933 ± 0 . 1  (to ta l uncert.)
12-16 0.999 ± 0 . 1  (to ta l uncert.)
16-20 0.960 ±  0.1 (to ta l uncert.)
>  2 0 1.206 ± 0 .1  (to ta l uncert.)

Table 8.4: T he electron ID x Isolation scale factors for gen6

T he m uon ID and m uon isolation SF we used are discussed in C hap ter 6  and  are 

sum m arized in Tables 8.1 and  8.2. It tu rn s  out th a t these SF for gen5 and  gen6  d a ta  

are equal w ith in  th e  uncertainty. The electron ID SF (w ith th e  electron isolation SF 

included) for gen5 are given in Table 8.3 and  for gen6  in Table 8.4.
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The m uon reconstruction  efficiency SF for gen 5 are:

C  rpreco  
o r C M U P =  0.9427SF;C M X

weco =  0.9872 (8 .5)

while th e  m uon reconstruction  efficiency SF for gen 6  are:

S F rA Z rP =  0.9325SFT™  =  0.9863C M U P C M X (8 .6)

8.4 Background E stim ation

We use CDF d a ta  to  estim ate H F background and  th e  fakes. M onte Carlo is used for 

DY, diboson, tt ,  W + je ts  and  D Y +y.

8.4.1 Heavy flavor background estim ation

Since we include m uons w ith  very low p x  th e  heavy flavor (HF) is our m ajor background 

in addition to  DY. Unlike for o ther sources of BG where we use MC to  m odel these 

processes, in case of heavy flavor (HF) we use data . It is always desirable to  use real 

d a ta  over MC whenever possible, to  account for unknow n effects th a t  MC misses to  

m odel. This background is estim ated  from a  HF-rich set of th e  CD F dilepton data. 

H F-rich events are selected by inverting th e  do requirem ent for a t least one of th e  two 

muons, keeping th e  rest of th e  dim uon requirem ents unchanged. T he reversal of the  

im pact param eter cu t depends on th e  presence of silicon hits in th e  track  (|d0| >  0 .0 2  

if N sim ts > 2, or |do\ > 0.2 if N snnts < 2). We th en  fit th e  H F+ D Y  dim uon m ass to  

th e  d a ta , for opposite sing and  same-sign dim uons separately as shown in Figures [?] 

and  [?], ex tracting  two sets of weights. These weights are then  applied to  th e  HF-rich 

events, which are fed to  our analysis program , passing th e  same cuts as d a ta  (w ith the  

exception of th e  im pact param eter cut) in our control regions. Figures ?? to  ?? show
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th e  resulted  H F estim ation  for various low-mass dilepton control regions. These figures 

support the  consistency of th e  the  m ethod, where we observe satisfactory agreem ent 

between d a ta  and  D Y + H F  in all control regions.

c
sLU

i3

CDF Run 11 preliminary 

% L=976 pb '1•  CDF data

DY+HF (stat)

■  HF

10

1

20 40 60 80 100 120
.

140
Dimuon Mass (GeV/c ), Opposite Sign dimuons

Table 8.5: F it of di-m uon invariant mass for opposite sign pairs.

Because of th e  lim ited sta tistics of th e  H F-rich datase t, we observe no HF trilep ton  

event in th e  signal region using b o th  gen5 and  gen6  data . Nevertheless, we observe 

HF trilep ton  events in th e  low ,ET control region (CON_UNM). Given th a t th e  ,ET 

d istribu tion  for th e  dilepton and  trilep ton  events should not be different, we estim ate 

th e  HF background in th e  signal region using th e  following relation

A / P T > E 2 /  ___ a 7 P t > £ ' 2  j o
i v  H F , t r i l e p / J V  H F , t r i l e p  —  J v  H F , d i l e p l J v  H F ,d i le p  1 )

or

] \J^T >E 2    1\jP t > E 2  v  / a t P t > ® 1  j o  o \

H F ,t r i l e p  ~  J V H F ,d i le p  x  i v H F , t r i l e . p l i v H F ,d i le p  \ ° - ° )

where E \  is 10.5 GeV, and  E 2 is 15 GeV, which is our single region m inim um

152

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Chapter 8. Trilepton Analysis
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CDF Run II preliminary
L=976 pb'1

•  CDF data 

M DY+HF (stat) 

■  HF

0

Table 8 .6 : F it of di-m uon invariant mass for same sign pairs.

We don’t  see any m uon H F-rich gen6  events in region SIG-A2, b u t we see m uon 

H F-rich events in region SIG_A. As a  rem inder, we point out th a t th e  only difference 

betw een control regions SIG-A and  SIG_A2 is je t m ultiplicity. We estim ate th e  H F in 

region SIG_A2 by assum ing th a t  th e  dim uon HF d istribu tion  should not be affected by 

th e  je t multiplicity, and  using th e  formula:

We also d on ’t  see any trilep ton  H F-rich gen6  events in region CON_G, where we 

estim ate the  H F assum ing th e  th e  dim uon and  trilep ton  HF d istribu tions should be 

alike, and  using th e  formula:

r S I G ^ A  v  a tS I G - A 2  / a i S I G - A  
H F ,d i le p  x  i v H F , t r i l e p / -/ v H F ,d i le p (8.9)

t C O N j G

H F ,t r i le p
r C O N - G  v  a j C O N J G  / a tC O N j G  
H F ,d i le p  x  i v H F , t r i l e p l i v H F ,d i le p (8 . 10)
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8.4.2 Fakes

In th e  case of muons, fake ra te  is defined as a  probability  th a t a  track  th a t  does not 

belong to  a  m uon is reconstructed  as a  muon. In case of electrons, fake ra te  is defined 

as a  probability  th a t  a  je t is reconstructed  as an  electron.

In  our estim ation  of dilepton HF we include th e  estim ation of fakes. For th e  es­

tim ation  of trilep ton  fakes, we first identify th e  dim uon event and  th en  loop over all 

tracks (excluding th e  tracks of th e  leading two muons) applying th e  m uon fake ra te  

and  over all je ts  applying th e  electron fake rate . For th e  fake leptons we require the  

sam e cuts as in th e  case of real ones. We subsequently sum  th e  weights for all events 

to  estim ate th e  trilep ton  fake background.

8.4.3 Backgrounds estim ated with M onte Carlo

We run  our analysis program s on MC, using th e  proper lum inosity norm alization, trig ­

ger efficiencies, and  lepton-fD , lepton isolation and  lepton reconstruction SF. Especially 

for th e  trilep ton  events, to  avoid double counting betw een fakes and  MC backgrounds 

we require th a t th e  MC final leptons are geom etrically m atched to  th e  generator-level 

produced real leptons.

Fake estim ation does not include th e  DY +  7  events where photons are subsequently 

convert in dileptons. We estim ate th is  background by running our analysis on DY 

samples dem anding th a t a photon  is rad ia ted  from one of the  two prom pt muons. We 

th en  rem ove th e  req u irem en t th a t  th e  final lep tons are  m atch ed  to  th e  g en e ra to r level 

and  count how m any DY +  7  events pass our conversion filter. These events properly 

w eighted give us an  estim ate on th e  num ber of DY +  7  background events in the  

trilep ton  control and  signal region.

To every estim ated  background we associate a  s ta tis tica l error, which is re la ted  to
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th e  num ber of MC events th a t  pass our cuts in a particu la r control or signal region.

8.5 S ystem atics

T he sources of system atic uncertain ties for th e  M C -estim ated backgrounds axe:

•  The lum inosity uncertain ty  of 6%.

•  The lepton-ID  and isolation scale factors

•  Triggers efficiency uncertain ty

•  Je t energy scale. This source of system atic uncertain ty  is responsible for m igra­

tion  of events from  one control region to  another, since th e  change to  je t energy 

affects b o th  th e  corrections to  th e  and  th e  jet-20 multiplicity.

•  P arton  D istribution  Function system atic. We use a  previous study  [27], and 

apply 2% system atic to  th e  BG MC and 1

•  Cross section theory  system atic of 5-12% depending on th e  process, as described 

in [27].

•  T he fakes uncertain ty  of 50% [28].

•  T he HF system atic error consists of two parts , an  anti-correlated  to  DY and a 

non-correlated w ith  DY part. T he correlation comes from deriving HF weights 

from th e  fit of D Y + H F to  d a ta , so th a t variation  on DY weights causes nega­

tive variation in HF weight. T he non-correlated error for H F comes from 2% 

uncertain ty  in th e  fit D Y + H F to  d a ta  for fixed DY com ponent and  from the  

H F estim ation  m ethod  system atic. We estim ate H F-m ethod system atic by re­

defining th e  H F-rich d a ta  set using either a  requirem ent of silicon hits for the
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m uon th a t  has th e  im pact param eter cut inverted, o r/a n d  setting  cuts on the  

im pact param eter significance. T he H F-m ethod system atic is abou t 25% in our 

signal region. T he correlated D Y + H F system atic is about 8%. T he to ta l sytem - 

atic  uncertain ty  due to  th e  com bined H F+ D Y  is th en  given by

8 (D Y  + H F ) =  [(5 D Y  -  5H F corr)2 +  S H F 2ncJ 1/2 (8.11)

In  Tables 8.7, 8.7 and  8.7 we show th e  break-dow n of system atic errors for th e  BG, 

SIG1 and SIG2 in th e  signal region SIG_A.

B A C K G R O U N D  S Y S T E M A T IC S

R egion  S IG .A  ( # r  >  15, 15 <  <  76 or M w  >  106 , N j <  1)

Source Dileptons Thleptons

Electron scale factors 

Muon scale factors 

Luminosity 

Trigger efficiency 

P D F

Theoretical cross sections 

Jet energy scale

+  0 % -  0 % 

+ 8 % - 7 %

+  3 % -  3 %

+  0.5 % -  0.5 % 

+  1 % -  1 %

+  3 % -  3 %

+  0.5 % -  0.2 %

+  1 % -  1%

+  3 % -  3%

+  1 % -  1%

+  0.1 % -  0.1% 

+  0 .4 %  -  0.4% 

+  1 % -  1%

+  0 % -  0.02%

T o ta l M C  syst. 

Fakes estimation 

HF estim ation

+  9 % -  8 %

+  0.03 % -  0.03 % 

+  11 % -  11 %

+  4 % -  4% 

+  24 % -  24% 

+  5 % -  5%

Total (w ith  correlations) + 1 2 %  -  12 % +  24 % -  24%

Table 8.7: System atic errors for th e  backgrounds in SIG A region.
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S IG N A L -1  S Y S T E M  A T IC S

R egion  SIG _A  ( # r  >  15, 15 <  Afw  <  76 or M w  >  106, N j  <  1)

Source Dileptons Ttileptons

Electron scale factors 

Muon scale factors 

Luminosity 

Trigger efficiency 

PDF

Theoretical cross sections 

Jet energy scale

+  0 % -  0 %

+  11 % -  10 %

+  6 % -  6 %

+  0.9 % -  0,9 % 

+  1 % -  1 % 

+ 7 % - 7 %

+  0.09 % -  0.39 %

+  6 % -  6%

+  13 % -  13% 

+  6 % -  6%

+  0,5 % -  0.5% 

+  1 % -  1%

+  7 % -  7%

+  0 % -  0%

T otal +  14 % -  14 % +  18 % -  17%

Table 8.8: System atic errors for th e  SIG1 point in SIG A region.

S IG N A L -2  S Y S T E M  A T IC S

R egion  SIG _A  ( $ T >  15, 15 <  <  76 or >  106, JVj <  1)

Source Dileptons H ilep tons

Electron scale factors 

Muon scale factors 

Luminosity 

Trigger efficiency 

P D F

Theoretical cross sections 

Je t energy scale

+  0 % -  0 %

+  11 % -  11 % 

+  6 % -  6 %

+  0.9 % -  0.9 % 

+  1 % -  1 %

+  7 % -  7 %

+  0.4 % -  0.2 %

+  6 % -  6%

+  15 % -  14% 

+  6 % -  6%

+  0.5 % -  0.5% 

+  1 % -  1%

+  7 % -  7%

+  0.9 % -  0%

T otal +  15 % -  15 % +  19 % -  18%

Table 8.9: System atic errors for th e  SIG2 point in SIG A region.
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8.6 C ontrol R egions

O ur signal region in th e  param eter space is defined as: 3 leptons, large exclusion 

of th e  Z  peak and  low je t multiplicity. We rem ain blind a t th e  signal region, and  

we define 22 control regions in phase-space (w ith m inim al signal presence), where we 

com pare the  observed d a ta  to  th e  SM event-yield prediction.

C ontrol and Signal R egions Y ields

Control Region
Dim uons Trileptons

E xpected Observed E xpected Observed

CON_Z 6423 ±  644 6347 3 ±  1 4

C O N .U N M 26595 ±  1451 26295 16 ± 6 16

CON_E 219 ± 2 3 253 0.3 ± 0 . 1 0

CONJF 23 ± 3 28 0.02 ± 0 . 0 1 0

CON_G 8557 ±  851 8205 6 ±  2 8

C O N .H 29 ±  10 50 0 . 0 4 ±  0,02 0

C O N J 5267 ±  528 5185 2 ±  1 2

CON_J 69 ± 8 71 0.05 ± 0 . 0 3 1

SIG_A 300 ±  38 297 0 . 4 ±  0,1 1

SIG_A2 24 ± 6 23 0.03 ± 0 . 0 1 0

Table 8.10: Expected and  observed num ber of d ilepton and trilep ton  events in our 
control regions. We observe one trilep ton  event in th e  signal region SIG_A

In Table 8.10 we sum m arize our com parison in th e  control and  signal region. We 

show and jET d istribu tions for these regions in th e  following subsections.
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8.6.1 Control Region CON_Z

In th is region, we require unlike sing dim uon pairs, and  dim uon mass between 76 and 

106 GeV. Figures 8.1 to  8.4 show th e  M mi and  d istributions for d a ta , SM predicted 

BG, and  SUSY signal for d ilepton and  trilep ton  case.

CDF Run II preliminary. L=976 pb'
C D F  D A T A

F A K E S

S U S Y  S i g n a l  ( S I G 2 )

Figure 8.1: D im uon mass for data , SM prediction, and  SUSY MC signal in region 
CON_Z
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Figure 8.2: for data , SM prediction, and  SUSY MC signal in region CON_Z

CDF Run II Dreliminarv, L=976 pb*
C D F  D A T A
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Figure 8.3: D im uon mass for d a ta , SM prediction, and  SUSY MC signal in region 
CON_Z
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CDF Run II preliminary, L=976 pb'
C D F  D A T A

F A K E S

D r e l l - Y a n  +  g a m m a

S U S Y  S i g n a l  ( S I G 2 )

MET fG»VireON Z. trU«Dton*l

Figure 8.4: for d a ta , SM prediction, and  SUSY MC signal in region CON_Z
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8.6.2 Control Region CON_UNM

In th is region, we only require <  10 GeV. Figures 8.5 to  8.8 show th e  M tl)l and 

d istributions for d a ta , SM predicted  BG, and  SUSY signal for d ilepton and trilep ton  

case.

C D F  D A T A
i

|  | D r e l l - Y a n iS lO 3

m |  H e a v y  F l a v o r l 1 ° »

ea
*  1 0

m i  ww
1

m i wz

| | m  W + b o t t o m
1 0 ‘ 1

[ F A K E S 1 0 *

m  t  -  t b a r 1 0 *

------------S U S Y  S i g n a l  ( S I G 2 )

CDF Run II preliminary, L=976 ob'

Dlmuon m«*« (G*V/c 1 ICON UNM. dlleotonsl

Figure 8.5: D im uon mass for data , SM prediction, and  SUSY MC signal in region 
CON_UNM
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Figure 8.6: J£T for d a ta , SM prediction, and  SUSY MC signal in region CON_UNM
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Figure 8.7: D im uon mass for d a ta , SM prediction, and  SUSY MC signal in region 
CO N.U NM
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Figure 8.8: for d a ta , SM prediction, and  SUSY M C signal in region C O N JJN M
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8.6.3 Control Region CON_E

In th is region, we require /E T <  15 GeV, dim uon mass w ith in  Z  region and  low 

je t m ultiplicity (only one je t allowed). Figures 8.9 to  8.12 show th e  and  /ET 

distribu tions for d a ta , SM predicted BG, and  SUSY signal for dilepton and  trilep ton  

case.

CDF Run II preliminary. L=976 pb'
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F A K E S

70 75 *0 85 00 05 100 105 110 115S U S Y  S i g n a l  ( S I G 2 )

Figure 8.9: D im uon mass for d a ta , SM prediction, and  SUSY MC signal in region 
CON_E
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CDF Run II preliminary. L»976 Pb'
CDF DATA

F A K E S

S U S Y  S i g n a l  ( S I G 2 )

Figure 8.10: for data , SM prediction, and  SUSY MC signal in region CON_E
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F igure 8.11: D im uon m ass for data , SM prediction, and  SUSY MC signal in region 
CON_E
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CDF Run II preliminary. L=976 pb'
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Figure 8.12: for d a ta , SM prediction, and  SUSY MC signal in region CON_E
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8.6.4 Control Region CON_F

In th is region, we require < 1 5  GeV, dim uon mass w ithin th e  Z  region and  high 

je t m ultiplicity (more th a n  one je t). Figures 8.13 to  8.16 show th e  M w  and /ET 

distribu tions for d a ta , SM predicted  BG, and  SUSY signal for dilepton and  trilep ton  

case.

CPF Run II preliminary. L=976 pb'
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Figure 8.13: D im uon mass for d a ta , SM prediction, and  SUSY MC signal in region 
CON_F
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CDF Run II preliminary, L=976 pb'
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F igure 8.14: jEx for d a ta , SM prediction, and  SUSY MC signal in region CON_F
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Figure 8.15: D im uon m ass for d a ta , SM prediction, and  SUSY MC signal in region 
CONJF
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CDF Run II preliminary, L=976 pb'
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Figure 8.16: for d a ta , SM prediction, and  SUSY MC signal in region CONJF
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8.6.5 Control Region CON_G

In th is region, we only require <  10 GeV. Figures 8.17 to  8.20 show th e  M ^  and  J5t 

d istributions for d a ta , SM predicted  BG, and  SUSY signal for d ilepton and  trilep ton  

case.
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Figure 8.17: D im uon m ass for d a ta , SM prediction, and  SUSY MC signal in region 
C O N .G
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Figure 8.18: for d a ta , SM prediction, and  SUSY MC signal in region CON_G

□
C D F  D A T A I

=

5 _
U J -

D r e l l - Y a n I Illlll 
I

H e a v y  F l a v o r
E
a

-

Z -

Z Z
1 0 * 1

w z
-

1 0 * —

F A K E S
-

D r e l l - Y a n  +  g a m m a 1 0 * —

1  ■

S U S Y  S i g n a l  ( S I G 2 )

CDF Run II preliminary, L»976 pb'

-t

BfMM

20 40 60
Olmuonmaas (GaV7c \  ICON G. trllaotonal

F igure 8.19: D im uon m ass for data , SM prediction, and  SUSY MC signal in region 
CON_G
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CDF Run II preliminary, L=976 pb'
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Figure 8.20: for d a ta , SM prediction, and  SUSY MC signal in region CON_G
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8.6.6 Control Region CON_H

In th is  region, we only require <  10 GeV. Figures 8.21 to  8.24 show th e  and 

d istributions for d a ta , SM predicted  BG, and  SUSY signal for dilepton and  trilep ton  

case.

_________CDF Run II preliminary. L=976 pb'1
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S U S Y  S i g n a l  ( S I G 2 )

Figure 8.21: D im uon m ass for d a ta , SM prediction, and  SUSY MC signal in region 
CON_H
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Figure 8.22: for d a ta , SM prediction, and  SUSY MC signal in region CON_H
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Figure 8.23: D im uon mass for d a ta , SM prediction, and  SUSY MC signal in region 
CON_H
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CDF Run II preliminary, L=976 pb'
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Figure 8.24: for d a ta , SM prediction, and  SUSY MC signal in region CON_H
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8.6.7 Control Region CON_I

In th is region, we only require <  10 GeV. Figures 8.25 to  8.28 show th e  and 

d istributions for d a ta , SM predicted  BG, and  SUSY signal for dilepton and  trilep ton  

case.

CDF Run II preliminary. L»976 pb

M W  M 08 100 105 110 11S
—.PliPmimMMtfL/Gdfcŷ /c V rcow—I. dthopOottoX...

S U S Y  S i g n a l  ( S I G 2 )

Figure 8.25: D im uon mass for data , SM prediction, and  SUSY MC signal in region 
CON_I
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CDF Run II preliminary. L»976 pb'
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Figure 8.26: for data , SM prediction, and  SUSY MC signal in region C O N J
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Figure 8.27: D im uon mass for d a ta , SM prediction, and  SUSY MC signal in  region 
C O N J
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Figure 8.28: for data , SM prediction, and  SUSY MC signal in region C O N J
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8.6.8 Control Region C O N .J

In th is  region, we only require <  10 GeV. Figures 8.29 to  8.32 show th e  and 

d istribu tions for d a ta , SM predicted  BG, and  SUSY signal for dilepton and  trilep ton  

case.
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Figure 8.29: D im uon mass for data , SM prediction, and  SUSY MC signal in region 
CON_J
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Figure 8.30: for d a ta , SM prediction, and  SUSY MC signal in region CON_J
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Figure 8.31: D im uon mass for data , SM prediction, and  SUSY MC signal in region 
C O N .J
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CDF Run II preliminary. L=976 pb'1

FAKES

    MET (GftVirCQN J. tril*oton*1  j

Figure 8.32: for d a ta , SM prediction, and  SUSY MC signal in region CON_J
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8.6.9 Control Region SIG_A

In th is region, we only require J£T <  10 GeV. Figures 8.33 to  8.36 show th e  M Mfi and 

d istributions for d a ta , SM predicted  BG, and  SUSY signal for dilepton and  trilep ton  

case.

CDF DATA 

|  | D r e l l - Y a n

m  H e a v y  F l a v o r

m  ww

■wz
i m i  W + b o t t o m  

W + c h a r m  

m  W + l i g h 1  q u a r k

B i  fa k e s

g |  1 -  t b a r

 S U S Y  S i g n a l  ( S I G 2 )

Figure 8.33: D im uon m ass for d a ta , SM prediction, and  SUSY MC signal in region 
SIG_A
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Figure 8.34: f°r data , SM prediction, and  SUSY MC signal in region SIG_A
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Figure 8.35: D im uon m ass for d a ta , SM prediction, and  SUSY MC signal in region 
SIG_A
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Figure 8.36: ]ET for d a ta , SM prediction, and  SUSY MC signal in region SIG_A
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8.6.10 Control Region SIG_A2

In th is region, we only require JEt  <  10 GeV. Figures 8.37 to  8.40 show th e  and 

d istributions for data , SM predicted  BG, and  SUSY signal for dilepton and  trilep ton  

case.
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Figure 8.37: D im uon mass for data , SM prediction, and  SUSY MC signal in region 
SIG_A2
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Figure 8.38: for data , SM prediction, and  SUSY MC signal in region SIG_A2
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Figure 8.39: D im uon mass for d a ta , SM prediction, and  SUSY MC signal in region 
SIG_A2
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CDF Run II preliminary, L*976 pb'
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Figure 8.40: for data , SM prediction, and  SUSY MC signal in region SIG-A2
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8.7 O pening th e  box

We were confident th a t we understood  th e  backgrounds after we observed satisfactory 

agreem ent betw een d a ta  and  SM predictions. We th en  “opened” th e  signal “box” . 

T h a t is to  say we looked for trilep ton  events in th e  signal region SIG_A. We observed 

one clean event of th ree  isolated muons. In Table 8.11 we list th e  properties of th is 

event. Figures 8.41 and  8.42 show detector displays of th is  event. Figures 8.43 to  ?? 

show kinem atic variables of SM predictions and  our event in SIG-A region where it 

was observed. Judging from these d istributions, our trim uon event does not look like 

SM background. However, we will tre a t th is  event as BG and set up  an  upper lim it in 

th e  a  x  B R ,  based on th is result.

Figure 8.41: Transverse plane display of th e  observed trim uon event in th e  CD F detec­
tor. M uons are shown in green lines. Only th e  tracks w ith  Pt  > 1 G eV /c2 are shown 
(blue lines) and  th e  calorim etry towers w ith  E t  > 0 .7  GeV
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Trimuon Event Properties

R un# , event# 211396, 9177382

Kind of Leptons CMUP - CMX - CMX

px  of Leptons (GeV/c) 45.0, 21.1, 7.8

rj of Leptons -0.21,-0.89, 0.84

<f> of Leptons (deg) 358.9, 321.1, 340.2

Isolation of Leptons 0,05(frac), 0,009(frac), 0.13 (frac) and 1 GeV(abs)

Z q (cm) 7.42, 7.23, 7.81

Vertices in event One, with Z  =  7.42 cm

Charge of Leptons -1, 1,-1

Number of Lepton silicon hits 10, 10, 7

Dimuon masses (GeV/c2) 29.3(1-2), 21.7(1-3), 25.7(2-3)

Transverse masses (m uon-$r) 86.39, 51.43, 34.15

3-d A^(dimuon) (deg) 46.3

#r(G eV ) 43.8

# r  <p (deg) 205.6

Number of Jet-20 1

Jet B t  (GeV) 41.1

Jet 7? -1.55

Jet <p (deg) 102.9

Jet Z q (cm) 7.37

Table 8.11: P roperties of th e  observed event in region SIG_A
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Figure 8.42: r] — <j> Lego display of E T in th e  observed trim uon event in th e  CDF 
detector. M uons are shown in green lines. Pho tons are shown in yellow. Only the  
calorim etry towers w ith  E T > 0.7 GeV
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Figure 8.43: D im uon mass for data , SM prediction, and  SUSY MC signal in region 
SIG_A
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CDF Run II preliminary, L“976 Ob'
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Figure 8.44: D im uon m ass (1+3) for d a ta , SM prediction, and  SUSY MC signal 
region SIG_A

C D F  D A T A

H e a v y  F l a v o r

Z Z

W Z

F A K E S

D r e l l - Y a n  +  g a m m a  

S U S Y  S i g n a l  ( S I G 2 )

CDF Run II preliminary, L=976 pb

Dlmuon m»«» T2*31 (GaV/c ) TSIG A. trileptornl

Figure 8.45: D im uon mass (2+3) for d a ta , SM prediction, and  SUSY MC signal 
region SIG_A
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CDF Run II preliminary. L»976 pb'1
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Figure 8.46: 1st m uon pT for data , SM prediction, and  SUSY MC signal in region 
SIG_A
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Figure 8.47: 2nd m uon pT for data , SM prediction, and  SUSY MC signal in region 
SIG_A
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Figure 8.50: 3-D A <fi of th e  first two m uons for d a ta , SM prediction, and  SUSY MC 
signal in region SIG_A
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Chapter 9

NM H  M odel

We conduct a  s tudy  of th e  norm al scalar mass hierarchy supergravity  m odel (NMH 

SUGRA). In th is theoretical model th e  generalization universality of th e  m inim al su­

pergravity  m odel (mSUGRA) is relaxed so th a t th e  th ird  generation scalar masses are 

greater th a n  th e  degenerate first and  second generation scallar masses. We perform  a 

scan over th e  param eter space, report th e  yields for th is model and  th e  acceptances for 

th e  Low pT dim uon channel a t CD F detector.

9.1 Introduction

Recently, in th e  litera tu re , there  have been m any reports on serious constrain ts on 

m SU GRA models obtained  by m easurem ents, such as th e  anom alous m uon m agnetic 

m om ent(g—2)^/2  [15], determ ination  of b —> s j  [?] and  th e  relic CDM  density [17]. The 

(g-2) results call for lighter sleptons while b —> sy  results call for th e  opposite, heavy 

squarks. B aer a t al [11] reconcile th e  experim ental findings by proposing a  SUGRA 

m odel w ith  generational mass universality relaxed. Driven by th e  above constrain ts
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and  th e  constrain ts of FCN C which effect only th e  masses of th e  first two generatins, 

they  advocate for relatively light (few hundred  GeV) degenerate th e  first and  second 

generation scalar masses and m uch heavier (multi-TeV) th ird  generation scalar mass. 

C onstrain ts from Bd — Bd allow for low values of m  1/ 2- W ith  all the  above constraints 

taken  into account significant portion  of th e  param eter space still rem ains available.

In  th is NMH model, due to  light slepton m asses in the  first two generations, chargino 

and  neutralino decays into electron and  muons are enhanced, leading to  large ra tes for 

isolated m ultileptons plus plus je ts, a golden signature a t collider detectors such as 

CDF.

O ur p lan  is to  set a lim it on th is m odel w ith  th e  results obtained in trilep ton  search 

a t SUSY w ith  1 / 6 _1.
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9.2 G eneration

To generate NHM SUGRA events, we use th e  executable isa sugra  from isajet package, 

version 7.74. In particu lar, we generate mass spectra  and  decay m odes of NHM SUGRA 

particles, stored  in a  file in a special form at of SUSY Les Houche A ccord (SLHA). The 

mass spectra  and  decay m odes are th en  used as inpu t to  P y th ia  which does th e  rest of 

th e  generation.

We have created  mass spectra  and  particle decay tab les in th e  SLHA file form at for 

m any points in th e  param eter space varying: m o(50 - 200) in steps of 10, m i/2(100 - 

300) in steps of 10, and  ta n {0 ){3 - 30 ) in steps of 3. We keep A 0 =  0, p  =  1, and  top  

m ass n p =  175 GeV. Setting  of m 0sets th e  com m on scalar masses, b u t we th en  set the  

th ird  generation scalar mass m 0(3)=  1400 GeV, as suggested by au tho rs in [11].

For the  sake of illustration, bellow is an  excerpt from th e  m enu given w hen executing 

isasugra .

output filenam e in  s in g le  quotes:

SUSY Les Houches Accord filenam e [ /  fo r  n o n e]:

Isaw ig (Herwig in te r fa c e )  filenam e [ /  fo r  n o n e]:

1 fo r  mSUGRA:

2 for  mGMSB:

3 for  non -u n iversa l SUGRA:

ENTER M_0, M _ (l/2 ), A_0, ta n (b e ta ) , sgn(m u), M_t:

4 fo r  SUGRA w ith tr u ly  u n if ie d  gauge couplings:

5 fo r  non-minimal GMSB:

6 fo r  SUGRA+right-handed neutrino:

7 for  minimal anomaly-mediated SUSY breaking:

8 for  non-minimal AMSB:
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ENTER 1 , . . . , 5  fo r  NUSUGx keyword; 0 to  continue:

NUSUG1 = GUT sc a le  gaugino masses

NUSUG2 = GUT sc a le  A terms

NUSUG3 = GUT sc a le  Higgs masses

NUSUG4 = GUT sc a le  ls t /2 n d  generation  masses

NUSUG5 = GUT sc a le  3rd gen eration  masses

ENTER 6 to  a c t iv a te  right-hand neutrino

ENTER 7 to  en ter  a lte r n a te  high s c a le  Q_max.ne.M_GUT

ENTER 8 fo r  mu, mA input at weak sc a le  (NUHM model)

We feed th e  m ass spectrum  of th e  particles a t th e  GUT scale and  th e  particle 

decay tab le  into P y th ia , which is a p a rt of c d fS im  executable, which in tu rn  is p a rt of 

m cP roduction  package of c d fso ft .  M otivated by a  scan of the  NMH param eter phase 

spaces shown in Figure 11, on page 20 of [11], we have generated (w ith P y th ia ) and  ran  

m cP roduction  on some of th e  first fourteen points which have th e  highest chargino- 

neutralino production  cross section. In NMH model these points are described by 

param eters A0 = 0 , /i >  0, m t=  175 GeV, m 0(3)=  1400 GeV, m i/2=  225, and  m 0=  

[50,140] in steps of 10. T he au thors of [11] use tan((3)=  10, and  we use tan((3)=  

9. For each of these points in th e  param eter phase space we have generated  and  

produced abou t 50K events. In th e  tab le  9.1 we list th e  exact num ber of events we 

have available for each of the  points, th e  location of th e  ou tp u t of M C Production  jobs 

and  th e  corresponding log files. The files th a t contain mass spectra  and  decay m odes of 

g e n e r a te d  p a r t ic le s  u s e d  a s  t h e  in p u t  t o  P y t h i a  a r e  la b e le d  N M H .s lh a  a n d  a r e  lo c a te d  

in th e  directories listed in th is table. Further, we have n tupled  th e  produced d a ta  

using the  executable stnm akerprod.exe of S tntuple package of cdfsoft version 6.1.2. 

T he location of these ntuples is listend in th e  tab le  9.3.
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m 0 events o u tp u t directory files log files

50 49120 m 0_50/rexo0b.000*. o u tp u t/ rb024f8b.* exo0b.000*.M CProd.*.log
60 49120 m0_60 /  rexoOb.000*. ou tp u t / rb024f8b.* exoOb.OOO*. M C Prod. * .log
70 41963 m 0_70/rexo0b.000*.o u tp u t/ rb024f8b.* exo0b.000*.M CProd.*.log
80 49620 m 0_80/rexo0b.000*. o u tp u t/ rb024f8b.* exoOb.OOO*.MCProd.*.log
90 0 m0_90 /  rexoOb .000* .ou tpu t / NA NA

100 49120 m0_100/rexo0b.000* .ou tpu t / rb024f8b.* rexoOb.000*.M CProd.*.log
110 48000 m0_l 10 /rexoOb.000*. ou tp u t / rb024f8b.* rexoOb.000*.M CProd.*.log
120 0 m 0_120/rexo0b.000*. o u tp u t/ NA NA
130 49120 m0_l 30 /  rexoOb. 000*. o u tp u t / rb024f8b.* rexoOb.000*.M CProd.*.log
140 23620 m 0_140/rexo0b.000*.o u tp u t/ rb024f8b.* rexoOb.000*.M CProd.*.log
150 0 m0_l 50 /  rexoOb.000*. ou tp u t / NA NA

Table 9.1: For each mo point, num ber of events generated and  produced us­
ing cdfsoft M C Production, and  a location of corresponding subdirectory, se­
quential o u tp u t files and  log files in th is subdirectory  of d irectory fcdf- 
d a ta l2 1 :/ex p o rt/d a ta3 /ex o tic /rek o v ic /rex o 0 b /. For points m 0=  90, 120, 150 CAF 
jobs crashed, so th e  o u tp u t sequential files are not available.

m 0 stn tup le  files

50 stn_NUSM_m0_50_ml2_225_tanb_9_mu_l_m03_1400_slha.root*
60 stn_NUSM_m0_60_ml2_225_tanb_9_mu_l_m03_1400_slha.root*
70 stn_NUSM_m0_70_ml2_225_tanb_9_m.u_l_m03_1400_slha.root*
80 stn_NUSM_m0_80_ml2_225_tanb_9_mu_l_m03_1400_slha.root*

100 stn_NUSM_m0_100_ml2_225_tanb_9_mu_l_m03_1400_slha.root*
110 stn_NUSM_m0_110_ml2_225_tanb_9_mu_l_m03_1400_slha.root*
130 stn_NUSM_m0_130_ml2_225_tanb_9_mu_l_m03_1400_slha.root*
140 stn_NUSM_m0_140_ml2_225_tanb_9_mu_l_m03_1400_slha.root*

Table 9.2: For each m 0 point, location of root files generated  using cdfsoft
Stntuple_v_243, in th e  d irectory fcdflnx6:/ ex p o rt/ d a ta 3 / cdfm c/ rekovic/ M C / 
6.1.2/rexoO b/.
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m 0 ° T H t o t a l  [fb] LMc[ fb  x] anlysis expected (w ith 1 f b  1)

50 77.8 631.4 0 0
60 79.1 621.0 0 0
70 79.0 531.2 359 0.68
80 79.8 621.8 529 0.85

100 79.8 615.5 6 0.01
110 76.0 631.6 9 0.015
130 81.7 601.2 10 0.016
140 80.5 293.4 7 0.023

Table 9.3: For each m 0 poin t of th e  NMH m odel w ith  above described param eters, 
theoretical cross section given by PY TH IA , lum inosity of MC sam ple (i.e. num ber of 
events generated / c t h ), num ber of tri-m uon events th a t  pass cu ts of our analysis in 
low pT di-m uon channel, and  num ber of expected events to  be observed w ith  1 f b ~ l 
d a ta  collected w ith  CD F a t Tevatron.
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A ppendix A

Acceptance w ith zMinAxSL

In th e  figure below, we show th e  loss of acceptance, which is abou t 1/6, if zMinAxSL 

cut is imposed. This cu t improves th e  trigger efficiency by abou t 4 percent, b u t th e  

loss of acceptance is too  great.
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[zlinAxSL̂ OJ [zMlrtAxSUjgjJ

44

120 tea a I 120 too 1 I

44 i ’M 44

Figure A .l: Top: zM inAxSL, in green events w ith  zM inAxSL <  1.5 cm (1 /6  of to ta l), 
for T R IG G E R  and  O T H E R  leg. B ottom : zO for T R IG G E R  and O T H E R  leg

208

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



A ppendix B

M uon Isolation Efficiency as a 

Function of Openning Angle in 

gen5 D ata

In th is appendix we provide a  p lot in Figure B .l we show and Isolation efficiency vs 

opening angle segment A 0(l,j2). In  th is study, we used th e  d a ta  and  MC from all six 

A 0 (l,j2)segments (150° — 180°) so to  gain in sta tistics for HF LS background.
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Isolation efficiencie vs Dphi opening angle Mon Dec 20 18:12:35 2004
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Figure B .l: Isolation efficiency vs A</>(l,j2)segment. F ixed energy cu t of 2 for pT < 20 
G eV /c, otherwise ConeR.4Et/px <  0.1 cut.
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A ppendix C

Resonances Used for gen6 D ata ID  

Efficiencies

In th e  figures in th is appendix, we show th e  mass resonances of «//?/>, T  and  Z in p x , 

and  77 bins, used in th e  calculations of efficiencies.
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1 ■ Hi
] s.a it pt « ad

Figure C .l: J/'tp mass d istribu tions in p t bins, used in efficiency calculations. N um er­
ato rs are in blue, filled, histogram s, and  denom inators in red, not filled, histogram s.
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Figure C.2: T  m ass d istribu tions in p t bins, used in efficiency calculations. N um erators 
are in blue, filled, histogram s, and  denom inators in red, no t filled, histogram s.

213

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



A ppendix C. Resonances Used for gen6 D ata ID Efficiencies

1 n, “  ' 1 1 . .  sj,. ‘ ■ “  v,

1̂ 8-—r?}

■ i t “  114* ■. st - * 1 y | . i  1̂ 1

I 4E •  p . .  44  |

' » | ^ '  1 si1 * * * 11 '

iJkI
14 LL.I
fci ■III 1 11 h * ' 11 ^

|f i b  > P  : 4 1 0 1

■ H ' 1 ‘ Si  “  ‘ Hf  • ■ r i ‘

Figure C.3: Z m ass d istributions in p t bins, used in efficiency calculations. N um erators 
are in blue, filled, histogram s, and  denom inators in red, not filled, histogram s.
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Figure C.4: J/'ip mass d istribu tions in phi bins, used in efficiency calculations. N um er­
a tors are in blue, filled, histogram s, and  denom inators in red, no t filled, histogram s.
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Figure C.5: T  m ass d istribu tions in phi bins, used in efficiency calculations. N um era­
to rs are in blue, filled, histogram s, and  denom inators in red, not filled, histogram s.
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Figure C.6: Z m ass d istribu tions in phi bins, used in efficiency calculations. N um erators 
are in blue, filled, histogram s, and  denom inators in red, not filled, histogram s.
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Figure C.7: J/if) mass d istributions in e ta  bins, used in efficiency calculations. N um er­
a to rs are in blue, filled, histogram s, and  denom inators in red, no t filled, histogram s.
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Figure C.8: T  m ass d istribu tions in e ta  bins, used in efficiency calculations. N um era­
to rs are in blue, filled, histogram s, and  denom inators in red, not filled, histogram s.
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Figure C.9: Z mass d istribu tions in e ta  bins, used in efficiency calculations. N um erators 
are in blue, filled, histogram s, and  denom inators in red, no t filled, histogram s.
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A ppendix D

Cross Check of M uon ID  

Efficiencies w ith High pp Group’s 

R esults

We cross check our m ethod by m easuring efficiencies of high  pT electrow eak  cu ts on 

th e  d a ta  in our sample, dilepton da tase t edilOh. Unlike th e  cuts listed in tab les 7.1, 7.2 

and  7.3, these cu ts do not include CAL cut. We com pared these m easurem ents to  the  

m easurem ents perform ed on inclusive high pT m uon datase t, bhmuOh, docum ented in 

[37]. The com parisons are shown in tab les D .l and  D.2, and  th e  plots of efficiencies vs 

pT in figure D .l.
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A ppendix D. Cross Check o f Muon ID Efficiencies with High p? G roup’s Results

cut T O P G r o u p e e C £ ) F 7 9 5 6

EM 0.979 ± 0.005 0.977 ± 0.002
HAD 0.989 ± 0.004 0.983 ± 0.002
TRK 1.000 ± 0.003 1.000 ± 0
DO 0.992 ± 0.003 0.997 ± 0.007
ISO 0.968 ± 0.006 0.974 ± 0.002
CMUDX 0.953 ± 0.006 0.957 ± 0.003
CMPDX 0.974 ± 0.005 0.980 ± 0.002
ALL 0.889 ±  0.010 0.898 ±  0.004
ALLISO 0.858 ±0.011 0.875 ±  0.004

Table D .l: CM UP ID efficiencies of cu ts used by th e  Top  (h igh  pT) group and  efficien­
cies of these cu ts m easured by th e  Top  group and  docum ented in CDF7956 (both  for 
gen6 data).

CUlTOPGroup e ZCDF7956
EM 0.973 ± 0.006 0.967 ± 0.003
HAD 0.982 ± 0.005 0.980 ± 0.002
TRK 1.000 ± 0.003 1.000 ± 0
DO 0.991 ± 0.003 0.998 ± 0.001
ISO 0.984 ± 0.005 0.971 ± 0.003
CMXDX 0.997 ± 0.003 0.995 ± 0.001
ALL 0.942 ±  0.008 0.943 ±  0.004
ALLISO 0.928 ±  0.009 0.916 ±  0.004

Table D.2: CM X ID efficiencies of cuts used by th e  Top  (h igh  p r )  group and  efficiencies 
of these cuts m easured by th e  T op group and  docum ented in CDF7956 (bo th  for gen6 
d a ta ) .
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Figure D .l: CMU, CMUP, and  CM X ID efficiencies of Top Group’s all cuts as a  function 
of pT of o ther leg (blue circles) and  trigger leg (reg triangles), in th e  high  pT region 
{pT >  20 G eV /c).
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A ppendix E

Efficiencies of M uon ID Cuts for 

Low and High pp Regions for gen6

In th is A ppendix, we show our m easurm ent of efficiency of each cu t in low and high 

pT region separately.
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A ppendix E. Efficiencies o f Muon ID Cuts for Low and High p r  Regions for gen6
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Table E .l: individual cu t eff CMU low p t (EM ,H A D ,CA L,D 0,TRK ,CM U D X ) for trig ­
ger (red) and  o ther (blue) leg.
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T able  E.2: in d iv id u a l c u t eff CM U  high  p t  (E M ,H A D ,C A L ,D O ,T R K ,C M U D X ) for 
trigger (red) and  o ther (blue) leg.
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Table E.3: individual cu t eff CM UP low p t (EM, HAD, CAL, DO, TR K , CMUDX, 
CM PDX) for trigger (red) and  other (blue) leg.
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Table E.4: individual cut eff CM UP high p t (EM, HAD, CAL, DO, T R K , CMUDX, 
CM PDX) for trigger (red) and  other (blue) leg.
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Table E.5: individual cu t eff CM X low p t (EM ,HAD,CAL,DO,TRK,CM XDX) for trig ­
ger (red) and  o ther (blue) leg.
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T able  E.6: in d iv id u al c u t eff C M X  h igh  p t  (E M ,H A D ,C A L ,D 0 ,T R K ,C M X D X ) for 
trig g er (red) a n d  o th e r (blue) leg.

230

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



A ppendix F

Comparisson of Efficiencies of 

M uon ID Cut w ith High pp Group’s

In th is  A ppendix, we show our m easurm ent of efficiency of each cu t used by Top Group 

in high pT region.
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A ppendix F. Comparisson o f Efficiencies o f Muon ID Cut with High pT G roup’s
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Table F .l: Top Group’s individual cu t eff CM U P high p t (EM, HAD, ISO, DO, TR K ,
CMUDX, CM PDX) for trigger (red) and  other (blue) leg.
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Table F.2: T opG roup '}s individual cu t eff CM X high p t (EM, HAD, ISO, DO, TR K , 
CMXDX) for trigger (red) and  o ther (blue) leg.
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