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ABSTRACT OF THE DISSERTATION

Search for Supersymmetric Particles in pp

Collisions at /s = 1.8 TeV

by Ping Hu . Ph.D.

Dissertation Director: Professor Thomas J. Devlin

Supersymmetry is a proposed symmetry that links fermions and bosons. In
this theory all fundamental fermions and bosons have supersymmetic partners
with properties differing only by spin (and mass). If supersymmetry is connected
with the origin of the electroweak scale, then supersymmetric particles may exist
with masses accessible at the Tevatron collider. In the minimal supersymmetry
model, the squarks and gluino can be produced in pp collision. Assume the
photino is the lightest supersvmmetric particle, it could escape the detector. If the
other gauge particles’ masses are higher than squarks and gluino’s, the dominant
decay mode of squarks and gluino is to the normal quarks with photino. A study
of data set collected in 1988-89 run by CDF collaboration is discussed in this
thesis. The results show that the data is in good agreement with the Standard
Model prediction. and the lower mass limits for squark and gluino were set based

on the study. D
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Chapter 1

Introduction

Elementary particle physics has undergone great advances in the last two
decades. During this time. electromagnetic interactions and weak interactions
were unified in the electroweak theory '1'-[3. described by Glashow, Weinberg and
Salam. Quantum Chromodynamics (QCD) 4:- 6 has emerged as a comprehensive
description of the strong interactions. Together, these theories are often called
“The Standard Model”.

Throughout these decades, experiments added pieces to the standard model.
In 1974 J/v particle was discovered. This was the first experimental evidence of
existence of charm quark which was required by the GIM mechanism ;7. Later in
the 1970’s the 7 lepton and the bottom quark were also discovered. This extended
the lepton and quark family to the third generation. Another crucial discovery in
that decade was a neutral current component of the weak force.

In the 1980’s, the focus of the experiments was on the colliders (see Appendix
A). The trijet phenomenon was observed at an e"e~ collider. This phenomenon is
an important signature of gluon’s existence and strong evidence supporting QCD.
Then the last big piece of the electroweak puzzle left was the intermediate bosons
W+, W~ and Z°. In 1983 such particles were discovered at CERN Spp$S collider
with the masses predicted by theory.

At present the fundamental constituents of matter and the interactions among
them have been simplified as following: all matter appears to be composed of
quarks and leptons, which are pointlike, structureless, spin-% particles (see Table

1.1). They interact each other by exchange of gauge bosons (see Table 1.2).



quark charge mass(GeV') lepton charge mass(GeV)

‘ up(u) 2 0.31 ~ e-neutrino(v,) 0 <18x107%"
! down(d) -1 0.31 - electron(e) -1 511 x 1074

charm(c) 2 1.3 p-neutrino(v,) 0 <2.5x 1074
} strange(s) -3 0.5 muon(u) -1 0.106
1‘ top(t) 2 ? - r-neutrino(v; ) 0 < 7x107? :‘
bottom(b) -3 4.5 tau(r) -1 1.78 ';'

Table 1.1: Three generations of fundamental spin-; particles

, force | gauge boson ' charge - spin | mass ‘
: strong ‘ glﬁon(g) 01 i 0
| electromagnetic ; photon(y) 0 1 1 0
weak ! W-boson(W2) ]; +1 ‘ 1 | 79.8
| Z-boson(2°) 0 ! 1 | 911 |
gravitational | graviton(G) i 0 I 2 0

Table 1.2: Fundamental forces and gauge bosons

There are four kinds of interactions: electromagnetic, weak. strong interactions
and gravity. They are mediated by photon(y), W*, Z°, gluon(yg) and graviton.

Quarks and leptons can be grouped into three generations (also called families) as
shown in Table 1.1. The top quark has not been observed yet. The most recent
top quark search at CDF collaboration has the result of lower limit of top quark
mass of 89 GeV at 95% confidence level [8]. The r-neutrino has been studied only
as an un-detected final state particle in decays of 7*, which behave in a manner
completely consistent with the Standard Model properties for the v,. The recent
experiments at SLAC (Stanford Linear Accelerator Collider) and LEP (Large

Electron Position collider) have concluded that no fourth generation neutrino with



mass of less than 45 Ge\ exists 9 - 13 . The graviton has not been discovered.
The quantum treatment of gravity is still an open question. In addition to the
gauge bosons, a Higgs field is necessary for spontaneous svmmetry breaking in
the electro-weak theory. The Higgs particle (H) has not been discovered. The
present lower limit of Higgs mass is 24 GeV 14 .

The standard model works well in the energy scale accessible at present. But
many theorists believe that it is incomplete. One outstanding question is: Could
the strong interaction be unified with electroweak interaction? If the answer is
yes. how to do it? The theories dealing with this question are called Grand
Unification Theories (GUT). There are many models, all with the same signature
— unification is reached at the energy scale of 10! GeV. This raises another
question called the hierarchy problem — how could the symmetry broken from
such high energy generate the particles with very low masses at electroweak energy

scale.

One of the solutions to the hierarchy problem is supersymmetry, a symmetry
proposed between fermions and bosons. Fermions and bosons emerge as separate
classes of particles when supersymmetry is broken, so that every particle would
have a supersvmmetric partner with the same properties except spin and mass.
If supersvmmetry is to contribute to the resolution of the hierarchy problem.
the supersvmmetric particles’ masses should not be far above electroweak energy
scale.

The objective of the study presented in this thesis is to search for evidence
of supersymmetric particles in the energy region available at the Fermilab Col-
lider. Chapter 2 reviews the theoretical background and previous experimental
work. Chapter 3 describes briefly the experimental apparatus. Chapter 4 through

Chapter 7 describe the data analysis and Chapter 8 summarizes the results.



Chapter 2

Theory and Previous Experiments

2.1 Supersymmetry Theory

Supersymmetry (SUSY) was invented in 1973 by Wess and Zumino [15}, and
has been discussed in many books '16]-'19]. It is a new kind of symmetry which
relates fermions and bosons. In its simplest form, SUSY has a self-conjugate spin-
3 Majorana generator @, which changes the total angular momentum by half a

unit and turns a boson into a fermion and vice versa,
Qalboson) = ! fermion),

Qalfermion) = |boson).

where a = 1,2,3,4 is a spinor index. @, satisfies the following commutation and

anticommutation rules:

[Qa, M*} =1(a*Q)a,
[Qa, P*) =0,
{Qa, Qs} = —2(7u)asP*,
{Qa,Qs} = {Qa,Qs}" =0,

where v* are the Dirac operators, o = iy, v¥], Qo = QI4° and M*, P* are
the generators of rotations and translations.

There could be N different operators Q! (i = 1,.... N) which satisfy the above
requirement, but only SUSY with NV = 1 allow fermions in chiral representations

as observed.



Particle Spin Sparticle Spin

| lepton I g : slepton I} g 0
quark g1 g : squark gz g 0
photon ¥ 1 photino ¥ !

gluon g 1 gluino g 1

: W= 1 wino W= %

‘ 2° 1 zino 79 ‘ !

, Higgs HY. HY.H= 0 shiggs f;g,gg‘gz %

Table 2.1: SUSY particle spectrum

2.1.1 SUSY Particle Spectrum and R Parity

Supersymmetry implies that each ordinary particle must have a corresponding
supersymmetric partner. The SUSY particle spectrum is shown in Table 2.1.
Since the observed particles lack boson-fermion degeneracy, supersymmetry must
be broken.

In supersymmetry, particles are assigned to a quantum number usually called
R-parity,

R = (_1)3B~L+2S

where B is the baryon number, L is the lepton number and S is the spin. It is
easy to see that R is +1 for usual particles and —1 for their SUSY partners. R
parity is not necessarily conserved, but is imposed as a discrete symmetry.

In most SUSY models it is assumed that R parity is conserved. With this

conservation, SUSY particles are always pair produced and decay to the lightest

SUSY particle (LSP) which is stable.
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2.2 SUSY Mass Spectrum

There are some stringent theoretical constraints on the SUSY mass spec-
trum. The gaugino masses are induced by gauge interactions involving loops of

superheavy fields. giving
M_#2 A
a Qy g

at any mass scale. Here the u; are the gaugino masses of the U(1), SU(2) and

SU(3) interactions and the a; = g?/47 are the couplings. So the gluino mass is
mg = ‘i3 .
At the GUT scale there is a common gaugino mass p and a common coupling

g. For example, in SU(5) the above relation of #; and p, becomes

.5
iil— = =tan? Ow.
H2

The photino and zino are defined as a linear combinations of gaugino fields

W and B as following,
3 =sinwWs = cosw B,

Z = cos 8 wW, — sinfy B.

2.2.1 Gauginos

At the W mass scale the SU(2) and U(1) gauginos mix with the Higgsinos and
receive additional mass contributions from the Higgs vacuum expectation values
vy, v2 and from a supersymmetric Higgsino mixing mass term m,.

The mass terms L = ._1;1/-:M¢ of the Majorana fields in the neutralino sector

are
( 0 —2m, %sz —%g'vz \ (I:i{,’ \
_1 g 70
(Hs. de W B); LA EAC
2 7159172 “71;91’1 K2 0 s
\—%9’112 79 0 K1 ) \ B )



where (v? —22)V? = ¢ = (/2GF)~!'% In general the neutralino mass eigenstates
X1, X2, X3 and X4 are complex mixtures of the HY. HJ. I, and B states. It is

not appropriate to think in terms of photino, zino and higgsino states.

In the chargino sector the mass matrix is

_ N _ 1 ol ) W
(W o= fan ) MG0=00) = M50 |7
Hyp — Hyp
where
v
M= H2  gu
gvs 2m,

2.2.2 Squarks and Sleptons

The squarks and sleptons have a common SUSY-breaking mass m, resulting
from integrating out superheavy fields. And there are also mass contributions
from diagrams with a gaugino and a fermion in the loop which are proportional
to the gaugino masses. It can be expressed in terms of mgy. Finally there are scalar
mass contributions from the supersymmetric “D-term” in the potential that are
proportional to vZ — v} in the minimal Higgs model. At the My scale the masses

for the first generation are
m?(dy) = m? + 0.83m; - 0.43r M3,
m*(dg) = m{ + 0.78m? — 0.07r M3,
m*(4L) = mj) + 0.83m} — 0.367 M3,
m?(ig) = m] + 0.78m} — 0.14r M3,
m*(ér) = m§ + 0.06m} + 0.287){3,
m*(ér) = mj + 0.01m} —~ 0.22r M3,

m*(?) = m§ - 0.06m? — 0.50r M3,



2.3 The Minimal SUSY Model

In the previous section if we assume gy = p; = 0 and v, = v,, then

= 0.

/
— /2 2
My = \/m — M3 — m,.

m)'(J = le .

—_—

— /m? — M2
My = /M1~ M2 —m,.

In this case ¥, is the photino and is massless. The squarks are nearly mass
degenerate.

If the photino is the lightest supersymmetric particle (LSP), it interacts with
matter through the processes in Figure 2.1. These processes’ cross sections are

very small. For example, the process 7¢ has the cross section of the order

where § is the c.m.s energy square which is usually much smaller than (m;)?. With
the present limits of m; > 41 GeV and m; > 70 GeV, the photino interaction cross
sections are less than 10 nb, on the order of neutrino cross section. The photino
would escape the detector without generating any signal. Any such events would

have large transverse momentum imbalance which is referred to as “missing E; ”
(Er ).

In hadron-hadron collisions, the strongly interacting SUSY particles ¢ and ¢
can be pair produced via the QCD processes shown in Figure 2.2 and 2.3. We
assume that the gaugino masses are high enough so that squarks and gluinos
could only decay into photino and quarks as shown in Figure 2.4. The quarks
would fragment into jets. In such case we could search for SUSY event signature

by looking at the events with at least two jets and large E- .
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Figure 2.2: ¢,g production processes
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Figure 2.3: ¢, g production processes
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Figure 2.4: ¢ decays to ¢ and 4 if M; < Mj;; g decays to ¢, and 5 via a virtual

squark.



2.4 Production of Squark and Gluino in pp collision

The squark and gluino production cross sections from pp collision have been
calculated in many papers :20- 22'". From Figure 2.2 and 2.3 we can see that ¢
and § are produced by the following processes: gg — §:q;. ¢.9; — ¢4, 9¢ — 3§;,
g9 — §g and ¢§; — ¢g. From parton model, the production cross sections of

these processes are as following 20!.

. ra?, 5 31 m? m? i—®
799 = 43) = ~oilz = = E~ (4= Smiln (1))
dra? 1 $sm?
q; — §:4q;) = 22% — (8- A — A\ A g
U(q qJ qq]) 932 - (5 g QJ) aT 1 — 51'_7 A§iA§j — 57”1:
1 émgz .
—_— ,"T——.\': 1 "51 5
3 Js"'Agx"'AgJ 9.( J)
_ - dral . . &sm?
0(6:d; = 4:4;) = S {3728 = (5+ Agq — 2y5)A5 - ﬁ'
§isg; ~ g
y $3 YRR 2(A5 A5 +§m:)A .
=+ .‘j[T i - - N §J}a
5 3 s
. T 40’ ® . X . -
o(9g: — 9%:) = 2 9‘ 5(1 — A/3)+a3[248/5 + (5 + 2m])A
.4a3{ A 2 2 1
—a?[®(1 — A/3) + (md — A?/3)A]
2
a' -~ . . -
+E[¢(1 —2A/3) = (m} = m} - 2A‘2/s)A]
!a_f{_rmz . 2+2(m4_m4)/*Y\
T\ TIMg T M T § g/ s
+[=2md + 2(m} — m})/51A — @}},
. 31raf 4m? 4m! s+ @ 17m? @
o(99 ~ 33) = B+ - F)(;5) -+ —=7)3)
.. 7  8a? ) . . 32a?
o(qigi — 399) = ﬁ{ 3 3(3 = m2)2(232 + 4"1;3) +2{ 27 P+ 284544
g
: 2
N — 4¢A§2§A 2;+803. 1 2[ (m2—5+2m§)
m} + m§ + mé(s — 2m}) 3 §—m? 2
s - 803 m2s
+(A;§ -+ mgs)AqJ} - sz\éﬁg}



In the above formulas, we used the following quantities

2°1/2° 2

5 (my — mg)2 Y2,

® = 5-(m;—my)
2
7

s$—-A;-Ap—-9

J— 2
Ay = mi-m

Ar =1 ,
A"
_ 2 2
A-5-9¢
A = In(——);
n(.l-#-é-rq) '
- A-5-9
S e 2

Where m,, m, are the masses of two final state particles and 5 is the square of
c.m. energy of the two partons.
Assuming that all squarks are mass degenerate, the production cross sections

for squark pair and gluino pair are shown in Figure 2.5.

2.5 Previous Experimental SUSY Searches

The SUSY particle searches have been performed in many experiments. At
e*e” colliders, the most recent results are from TRISTAN [23]-[25] and LEP
[26,27!. At pp colliders, the study has been done by UA1l {28]. The CDF col-
laboration did a study using a monojet data sample from 1987 run :29]. Most

recently UA2 performed a SUSY search [30,31]

.
4

The highest limits reached in
these experiments are m; > 41 GeV [27], my > 45 GeV [27], my, > 45 GeV (31],
mg; > 79 GeV [30] and my; > 74 GeV [30]. The current limits on squark and

gluino masses are shown in Figure 2.6.



SUSY Production at 1.8 TeV
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Figure 2.5: Total cross sections vs. SUSY particle masses at /s = 1.8 TeV. It
is derived from Baer and Berger’s calculation in mass range 40-120 GeV'/c? 21,

and extrapolated as function o = aM®.
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Chapter 3

Experiment Apparatus and Particle Detection

3.1 Tevatron

The Tevatron is a superconducting accelerator at the Fermi National Acceler-
ator Laboratory. It is located in a circular tunnel with the radius of 1 kilometer.

The layout is shown in Figure 3.1.

The beam begins from a Cockcroft-Walton pre-accelerator which accelerates
H~ ions to 0.75 MeV. And the Linear accelerator further accelerates them to
200 MeV. Then they are injected into the booster (a rapid cycling synchrotron)
and two electrons are removed from the H~ by a thin foil. The protons are
accelerated to 8 GeV in the booster before they are injected into main ring (a
conventional magnet synchrotron). They are further accelerated to 150 GeV in
the main ring. Then the protons are injected into Tevatron in which the magnets
have superconducting coils.

Antiprotons(p’s) are produced by extracting the proton beam from the main
ring to hit a target. Then the antiprotons produced in the target are accumulated
in the p accumulator which actually has two rings. One is for debunching in which
a rotation in synchrotron phase space is done to reduce the energy spread at the
cost of increasing the time spread of the p bunch. After debunching, the 7's
are added to the circulating beam in the accumulator where stochastic cooling
takes place to reduce the random motions of the p's: horizontal, vertical and in
synchrotron phase space.

In the collider run, protons and antiprotons are injected into Tevatron from



Pre-accelerator P, . 4

LINAC

Booster

<

p source

Target

Figure 3.1: Fermilab accelerator complex



opposite directions and accelerated to 900 Ge\'. Then they collide with each other.
This yvields the center-of-mass energy of 1.8 TeV'.

During most of the 1988-89 run, the Tevatron was run with 6 bunches of
protons and 6 bunches of antiprotons. This led to an interval between beam-
crossings of about 3.5 us. The typical luminosity at BO collision point was 0.5 to

2.0 x 103%em %51,

3.2 Collider Detector at Fermilab

The Collider Detector at Fermilab (CDF) is a general purpose particle detec-
tor. It consists of a 2000-ton central detector with the superconducting solenoidal
magnet, steel yoke. tracking chambers. electromagnetic calorimeters, hadron calo-
rimeters and muon chambers, and two identical forward/backward detectors with
segmented time-of-flight counters, electromagnetic calorimeters, hadron calorime-
ters and muon toroidal spectrometers. The central detector can be rolled out of
the collision hall for maintenance and upgrade during non-collider operation.

The major function of this detector is to measure the energy, momentum,
and, where possible, the identity, of the particles produced during the proton-
antiproton collision.

A brief description to the components related to this thesis is given below.
The detailed description of the individual detector component can be found in
various papers [32]-[57]. Figure 3.3 shows the CDF detector.

In the detector coordinate system commonly used at CDF, we choose z axis
along the proton beam direction (East) with zero at the detector center, y axis
upward and z axis towards outside of the Tevatron ring (North). We use A as
the distance to the beamn line in cylindrical coordinates; ¢ is the azimuthal angle,

and # is the polar angle relative to the positive z-axis in spherical coordinates. In



-

practice we also use pseudorapidity which is defined as
n=—lIntan .
2

In this thesis the word “electron” usually means both electron and positron.
Muon (p), 7 lepton and quark also refer to both the particles and their antipar-

ticles.

3.2.1 Trigger Counters and Luminosity Monitoring

The beam-beam counters (BBC) are a plane of scintillation counters on the
front of each forward/backward electromagnetic calorimeter. The counters are
arranged in a rectangle around the beam pipe. They cover the angular region
from 0.32° to 4.47°. The BBC provide a “minimum-bias” trigger for the detector.

and are also used as the primary luminosity monitor.

3.2.2 Vertex Time Projection Chamber

The vertex time projection chamber (VTPC) consists of eight dual time
projection chambers surrounding the beam pipe. Its major function is to provide
determination of the z-position of the primary interaction vertex (or vertices).

A study of a data sample collected during 1987 run shows that the uncertainty

of the reconstructed vertex z position is about +0.3 cm.

3.2.3 Central Tracking Chamber

The central tracking chamber (CTC) is a wire chamber with 84 layers of
sense wires arranged into 9 superlayers. It is located inside the superconducting
solenoid as shown in Figure 3.2.

The CTC information can be used to determine single charged particle mo-

menta. This has been used in the online triggering as well as the offline analysis.
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Figure 3.2: Cross section through a vertical plane of one half the CDF detector.

The detector is symmetric about the midplane and roughly symmetric around

the beam axis.




Figure 3.3: CDF detector
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The transverse momentum resolution dPr/Pr < 0.0017Pr Ge\V/cin .y < 1.0.

3.2.4 Superconducting Solenoid Magnet Coil

The superconducting solenoid magnet coil is made of an aluminum-stabilized
NbTi/Cu superconductor. During the 1988-89 run it provided a uniform 1.41 T

magnetic field along the incident beam direction in the CTC region.

3.2.5 Calorimeters

The CDF calorimeters consist of several parts: central electromagnetic calo-
rimeter, central hadron calorimeter, end wall hadron calorimeter, end plug elec-
tromagnetic calorimeter, end plug hadron calorimeter, forward electromagnetic

calorimeter and forward hadron calorimeter. They are all shown in Figure 3.2.

Central Electromagnetic Calorimeter

The central electromagnetic calorimeter uses a hybrid design. It consists of
the lead and scintillator layers with an embedded strip chamber approximately
at the depth of maximum particle multiplicity for electromagnetic showers. The
scintillator provides a good energy resolution and the strip chamber provides the
position determination and transverse development at the shower maximum.

The average energy resolution of the central electromagnetic calorimetero( E)/E

is 13.5%/V E sin# (E in GeV).

Central and Endwall Hadron Calorimeter
The central and endwall hadron calorimeters are made of steel and scintillator.
The central calorimeter has 32 layers with 2.3 cm sampling and the endwall

calorimeter has 15 layers with 5.0 cm sampling.

The energy resolutions are shown in Figure 3.4.
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Figure 3.4: Energy resolutions of central and endwall hadron calorimeters



End Plug Electromagnetic Calorimeter

The end plug electromagnetic calorimeter covers both ends of the supercon-
ducting magnet coil. Each of them are made of four quadrants of 0 = 90°. And
each of the quadrants consists of 34 layers of proportional tube arravs interleaved

with 2.7 mm thick lead absorber panel filling about 50 ¢m in depth.

End Plug Hadron Calorimeter

The end plug hadron calorimeter shown in Figure 3.2 has 20 lavers of steel

and proportional tubes.

Forward Electromagnetic Calorimeter

The forward electromagnetic calérimeter consists of 30 sampling layers of
proportional tube chambers with cathode pad readout separated by lead sheets
for a total thickness of 25.5 radiation lengths. The measured energy response
of the calorimeter is linear up to 160 GeV, and the measured energy resolution.

og,/E. is approximately 25% /v E+0.5%.

Forward Hadron Calorimeter

The forward hadron calorimeter is composed of proportional tube chambers

and steel plates. It covers a pseudorapidity region of 2.2< n <4.2.

A summary of the calorimeter properties is shown in Table 3.1.

3.2.6 Central Muon Chamber

The central muon system covers a pseudorapidity region of ‘y: <0.7. It is
made of drift chambers operating in limited stream mode. It identifies muons by

their penetration of the 4.9 absorption length of the central calorimeter, measures



Central Endwall Endplug Forward

EM Hadron Hadron EM Hadron EM Hadron

n. 0-1.1 0-0.9 0.7-1.3 1.1-2.4  1.3-2.4 2.242 2.3-4.2

1 Medium - p.s.x a.s.t a.s.t proportional tube chambers
with cathode pad readout

| Absorber { Pb Fe Fe Pb Fe 94%Pb, Fe

J 6%Sb

| Thickness ; 0.32 2.5 5.1 0.27 5.1 0.48 3.1

| # of Lavers n 32 15 34 20 30 27

o og/E(%) 2 11 14 4 20 4 20

I |
1 Az x Ay(cm?) 0.2x0.2 10x3 10x5 0.2x0.2 2x2  0.2x0.2 3x3

* p.s.: polvstyrene scintillator. T a.s.: acrylic scintillator.

Table 3.1: CDF calorimeter performance

their positions and directions, and provides a Level 1 trigger for muons which have

a transverse momentum greater than a given set value.

3.2.7 Level 0, Level 1 and Level 2 Trigger System

A three-level fastbus based trigger system was used in 1988-89 run. Its
purpose was to reduce the event rate and select the most interesting events. The

—25-—1

interaction rate was about 50 kHz at luminosity of 1 x 10%%cm . The trigger
rate out of Level 2 was 5 Hz or less with about 10% deadtime.

The following is a brief description of the each subsystem.

Level 0

The Level 0 trigger was implemented in the early stages of 1988-89 run. It is
a beam-beam counter trigger employing high speed coincidence logic. It requires
that both the East and West counters have hits during a beam crossing. Its

decision is made in less than 0.5 us.



When a Level 0 trigger is detected. the sample-and-hold circuits are activated

to store on capacitors the analog information from each of detector channels.

Level 1

The Level 1 decision is based on the global energy deposition in the calori-
meter and the information from muon chambers. Fast outputs from the front end
calorimeter sample-and-hold circuits are input to summing and comparator cir-
cuits. With hybrid analog/digital circuits fast multiplication and sums are done
to compute LE, TE; = YEsin§. TE, = YE;cos ¢ and XE, = LE; sin¢ for EM
and hadron calorimeters. From these quantities one can calculate event’s total
E: and E; . There are a few tvpes of triggers in Level 1: jet. central electron.
photon and muons. It completes its decision in about 5 us, and if it is not satis-
fied, the analog information previously stored is zeroed and the front end circuits

are re-activated for the next beam crossing.

Level 2

The Level 2 is more sophisticated than Level 1 but requires more time, typ-
ically about 40 us. It has the cluster finder processor and has the information
from CTC fast tracker. So that it can make better identification on electron.
muon and photon events. It also has better recognition for jet events, and it can
apply cbmbinations of requirements such as E; and jet E, .

When Level 2 is satisfied, the analog signal are digitized and collected by the

data acquisition system (DAQ) for subsequent analysis.

3.2.8 Data Acquisition System

The CDF data acquisition system uses a multilevel FASTBUS network. At

the lowest level, scanners (called MEP/MX and SSP) read and buffer data from




RABBIT (Redundant Analog Bus-Based Information Transfer) crates containing
analog-to-digital converters (ADC’s) from calorimeters. and FASTBUS f{ront end
system containing time-to-digital converters (TDC’s) from tracking chambers.
Operations of these front end scanners are coordinated by the Trigger Supervisor
module which initiates parallel readout after receiving Level 1 and Level 2 triggers.
The data flow after scanners is supervised by the Buffer Manager. It directs the
Event Builder to collect and format data from a set of scanners, and push the
formatted data into one of the Level 3 nodes. The Level 3 node processes the
event and the Buffer Multiplexor reads the event out of Level 3 and puts it on
VAX memory where the Tape Logger may copy it to tapes, and other consumer
processes may read it and analyse it for online monitoring. Figure 3.5 shows the

data flow in the data acquisition system.

3.2.9 Level 3

Level 3 is a VME based microprocessor farm. Each of the 58 processor boards
has a Motarola 68020 CPU with 68021 floating point coprocessor and 6 MBytes of
memory. It can run the FORTRAN program and to make more accurate trigger
decision for the events based on algorithm developed offline.

In the 1988-89 run, Level 3 performed two major functions: first, reformatting
the TDC data; second, running the trigger algorithm and setting trigger bits to
classify events.

The Level 3 E; trigger was based on the information from all calorimeters.
It used the same algorithm as offline to reconstruct the energy deposition in the
calorimeter, to remove electronic noise and to correct for the large signals induced
by low energy neutrons.

Level 3 also had a fast algorithm to reconstruct tracks based on CTC infor-
mation which were very useful for lepton triggers. These results were also used

by some offline programs as stated in later chapters.
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Figure 3.5: Data flow in the CDF data acquisition system
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3.3 Trigger and Data Collection

3.3.1 Trigger

The analvsis reported in this thesis is based on the data collected with the
online E; triggers. As previous discussed. CDF had a 4-level online trigger svstem
in 1988-1989 run. No E; condition were imposed in Level 0 and Level 1. It was
selected by Level 2 and Level 3.

Level 2 E. Trigger

The Level 2 E, trigger requires the following:

A The transverse energy imbalance (£, ) of all calorimeter components is greater

than 25 GeV (in practice the cut is (Y E.)* = (S_E,)? > 625GeV?).

B The leading calorimeter cluster has at least 6 GeV energy deposited in elec-

tromagnetic calorimeters.

C The leading calorimeter cluster has no seed tower in forward calorimeters.

The requirement B and C are imposed to reject the events caused by “Texas
Towers” (the calorimeter response to the low energy neutrons). The requirement
B also helps reject cosmic ray events.

Level 3 E: Trigger

The Level 3 trigger has an algorithm similar to that of the offline analysis

program. [t requires
A The E, after calorimeter cleanup is greater than 15 GeV.

B If the event has a jet with E; > 10 GeV which is within 30° opposite to the

leading jet direction in ¢, then the E; after cleanup must be > 40 Ge\'.



(]

The major function of Level 3 in 1988-89 run was to improve the data quality. So

its E; threshold was actually lower than that of Level 2. The requirement B is to

reject dijet events which appear to have E; because of energy mismeasurement.

3.3.2 Data Collection

The data sample used in this thesis was collected during the 1988-89 run. A

number of calibrations and stability checks were performed regularly during the

run.

The gain of the gas calorimeters was monitored continuously by a “Gas
Gain” program. The gain was a function of temperature and pressure,
and new constants were downloaded if it differed more than 3% from the
previous value. The new constants were also downloaded each time when a

run started normally.

The gains of scintillation calorimeters were checked approximately once a
day by a short run with light pulsers. Gains were also measured by the
response to a Cs'®" (or Co®°) radiation source which could be moved into

various position in the calorimeter array.
The trigger was calibrated by a calibration once a day.

The hot channels were masked out from trigger when it caused a large
amount of change of the trigger rate. Otherwise they were masked dur-
ing the regular calibration run. The hot/dead channels’ information were

recorded in the database for every run in order to make offline correction.

Pedestals were checked once a day by a calibration run.

The uncertainties relevant to this study are =3% in gas gain and =0.4% in scin-

tillation calorimeter gain. Although there was uncertainty in trigger thresholds,

software cuts described in next chapter eliminated the source of uncertainty.



During a number of runs part of the gas calorimeters were off for various

reasons. Such runs were not used in this analysis.



Chapter 4

Data Analysis: Event Selection

There are two ways to search for new particles. The first one is to look for
new phenomena which cannot occur with known particles. This is the best way
to pursue the search if the new particle has some very distinctive characteristics.
However this is not the case for ¢ and §. So the second method was used in
this study: to look for events with certain characteristics at rates higher than
expected from known particles. i.e. to look for a signal on top of a background
from conventional processes. If the background contribution in these events can
be predicted precisely, then possible excess events due to the existence of the new
particle can be measured and their significance evaluated.

The distinctive signature for § and g is large E; in purely hadronic events. So
the strategy will be to isolate a sample of such events in the data, to study their
distribution as a function of E; , to calculate the distribution from conventional
processes and from SUSY particles, and finally, to assess the statistical significance
of any possible SUSY contribution.

As discussed before CDF is a general purposed detector. so the raw data
contains all kinds of events. The raw data tapes are usually first processed by a
production pass to generate different data summary tapes (DST’s) for different
kind of events. Most physics analyses then start from these DST’s.

This chapter first gives a description of the production data analysis. and then
a description of the analysis specific to this study. At each stage certain cuts were
applied to the data to select the events with better quality (signal-to-background

ratio). Initially they concentrated on event quality and elimination of spurious



events. At later stage. they focused on specific physics and rejecting events due
to other processes. Detailed discussion of the precise tuning for each of these cuts
is beyond the scope of this thesis. References to CDF technical notes on these
topics are provided for interested readers. A summary of all cuts applied from

triggering to final SUSY selection is presented in Table 4.1.

4.1 Spin Cycle and Production

The raw data tapes collected in 1988-89 run were first processed through a
process called Spin Cycle. The output tapes from Spin Cycle were later processed

through production pass.

4.1.1 Spin Cycle

In the spin cycle partial event reconstruction was done, and the events passed
certain selection criteria (see Appendix B) were saved to the output tapes.

The event reconstruction in the spin cycle was based on the raw data from
calorimeters, muon chambers, VTPC and BBC. But instead of doing the full CTC

tracking reconstruction, it simply used the online reconstructed CTC tracks.

4.1.2 Spin Production

The output tapes from spin cycle were further processed with the full pro-
duction analysis package. It contained the full CTC tracking reconstruction and
the best calibration constants.

There were four output streams from the production based on the different se-
lection criteria for the different physics purpose. They were QCD. EWK(electroweak),
TOP(top search) and MET (E. ) tapes. In this analysis we only used the MET

tapes. The selections for MET stream were as the following:
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Table 4.1: Data path and cuts



o The event has to pass one of the following Level 2 triggers:

60 GeV jet trigger

trijet trigger

- total E; triggers

total EM E; triggers

12 GeV electron triggers
- photon triggers
- E. triggers
o The event had to have the good data structure. In other words there was
no detector and readout system ﬁalfunction.

The event had no more than 8 GeV energy deposited in the central hadron
calorimeter out of the beam crossing time window. This rejected most of

the cosmic ray events.

o The E. selection had the following requirements:

_ET>20GC\/
-o=45 > 24

- The leading jet cluster was required to be in the good detector region
(Imi < 3.5), and to have at least 5% of its energy deposited in the

electromagnetic calorimeters.

— If the event had a jet cluster with E; > 5 GeV within 30° opposite to
the leading jet cluster in ¢ direction. the event was removed from the

data set.

The last two requirements in E; selection are proposed to reject events with

fake E; due to detector response. It has been discussed in other papers 58,29



4.2 Further Selection on F; Events

The output tapes from spin production were further processed by E; analysis
group and the events were classified into four categories and written to the differ-
ent tapes. They were CWS(central W decays to electron and electron neutrino).
MMU(muon events), MON(monojet events) and ZEN(events with at least two
jets). We only used ZEN events in this thesis.

Before the events were classified. they all had to satisfy the following require-

ments.
o Events from bad runs were rejected.

o In order to eliminate cosmic rays, an event was rejected unless it had at
least one jet cluster in central detector region with charge fraction CHR >

0.1.

The charge fraction of a jet is defined as the ratio of the scalar sum of all charged
particles’ momenta (measured from CTC) to the jet cluster energy.

At the next level of event selection, the ZEN filter algorithm required
o E: > 20 GeV
e Events have at least 2 jet clusters with E; > 15GeV, EMF > 0.1, i5| < 3.5,

where EMF is the ratio of the energy deposited in electromagnetic calorimeter to
the total cluster energy.

These cuts were discussed in References [59,60]

H

4.3 SUSY Selection

We applied the following cuts to events which passed the ZEN filter to select
events for SUSY analysis. Some of these are redundant with cuts applied at

earlier stages of the analysis.



o F; > 10GeV.
e 0> 28
e Events were required to have at least one jet cluster with

- E; > 13GeV,
- n; < 1.0,
- CHR > 0.2,

0.1<EMF<0.9,

where CHR = Pr(charge)/E; is the charge fraction of the jet, Pr(charge)
is the sum of the transverse momenta of all CTC tracks associated with the

jet cluster.

e The “two good jet clusters” requirement was tightened to require

0.1<EMF<0.9.

e Events with an electron candidate were rejected if there was a jet cluster

with

- ET > ].5 Gev’

- EMF > 0.9.

e Events with a muon candidate with P, >15GeV were rejected. A muon
candidate is defined as one of the following: a) in central muon chamber
covered region, a good muon chamber hit which matches with a CTC track
and has a small amount of energy deposited in the matching calorimeter
tower: b) outside of central muon chamber covered region, a central mini-
mum ionized track determined from CTC measurement which matches the
calorimeter tower with a small amount of energy deposition. In both case.

the energy deposited in the calorimeter towers matching the CTC track (R



= \((An)2 — (A9)? < 0.13) should have Egy < 2.0Ge\V. Ejag < 6.0GeV
and Egpar — Freg > 1.0GeV.

o Events were rejected if they had any jet cluster with a) E, > 13 Ge\.
b) @jee — ®g,: < 30°. This requirement removed trijet events with the
E: caused by mismeasurement of one of jet energy. and some bb events in
which b or b decayed into leptons. Figure 4.1 shows the angle between the

third jet and E; in the plane perpendicular to the pp beams before this cut.

¢ Events with two or more primary vertices. i.e. two independent pp collisions
in the same crossing, were removed from the data set. E; is not well-defined
for these events and it is difficult to assign individual calorimeter towers or
jet clusters to the proper interaction vertex. The events with the vertex z
position off detector center by 60 cm or more were also removed because, in
these cases, the detector did not cover the sufficient solid angle, as viewed
from the interaction vertex, to prevent particles with large E; from escaping

undetected through un-instrumented areas.

After these selections we scanned the remaining events and removed a few
which were identified as cosmic ray events, beam-gas events, and the events with
readout problem or a lot of electronic noise. We also required the events to pass
the Level 2 E; trigger. This leads to a final data sample with 97 events which
corresponds to a 4.3 pb™! of integrated luminosity.

The E; distribution of the final data set is shown in Figure 4.2, and the jet

multiplicity is shown in Figure 4.3.
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Chapter 5
Data Analysis: Background Study

There are several Standard Model processes which can survive our cuts. In
general any processes with a neutrino in the final state can contribute to our
background since the neutrino will cause E; . However, when the E. threshold is
40 GeV, the neutrino must to have high Pr in order to generate such high E, . In
this case. the dominant processes are from W (or Z) + jet(s) events as shown in
Figure 5.1. Heavy quark events are also a possible background source if the decay
is semi-leptonic and the neutrino has high Pr. QCD events can contribute if the
jet energy is mismeasured. Other possible background events may come from
processes like W(or Z)+~v, W*W -, WZ and ZZ, but these processes typically
have the production cross section of 1 pb or less so that their contributions are
negligible.

For W (or Z) + jet(s) events, when the 1} (or Z) decay produces a high
Pr neutrino it could contribute to background. Z — e*e™, u*u~ or 777 can
also cause some E; if the lepton goes through an uninstrumented detector region.
However the cross section for pp — Z — e7e™ {(as well as pp - Z — p*u~ or
777~) is 10 times smaller than pp — W — ev, [61], and our cuts are intended
to reject events with e or u, so the contributions from Z — e7e~, p~p~ or 777"
small and can be neglected.

To estimate the background, one can use Monte Carlo method to generate
events and use detector simulation program to see how many of them will pass the
cuts. The other method is to use a control data sample of a certain process, apply

cuts to them to see their contributions to backgrounds, or alter the data sample to
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Figure 5.1: W + jet and Z — jet processes from pp collision



simulate another processes and apply cuts to see their contributions. In the 1988-
89 run. CDF collected a data sample of more than 5000 §" — ev, events. This
enabled us to use them to estimate backgrounds from this sample. Both methods
were used to determine backgrounds from W — ev, W — uv,, W — rv, and
Z — vi. The backgrounds from QCD and heavy quark are difficult to estimate in
either way. However their contributions are relatively small comparing with W (or
Z) — jet(s). We did our best to try to estimate them from our own data sample.
In the sections below, we present the number of events and E: distributions from

specific processes estimated by each of the two methods.

51 W —oe+v

In pp collisions, the W can be produced associated with one or more jet(s). In
the case of W + 1 jet, where W decays to e and v, the neutrino can generate large
amount of E; . If the electron is not isolated or there is other energy deposition
in the hadron calorimeter near the electron so that the electron cluster had an
EM fraction less than 0.9, the event will not be rejected by the previous cuts. So
they contribute to the background.

For W — 2 or more jets, if the electron has low Pr or is lost in detector cracks,
the event also contributes to the background.

The STIRLING Monte Carlo [62] and a CDF detector simulation 63,64 pro-
gram were used to determine the background from W (or Z) — jet(s). Only
W (or Z) + 1,2,3 jets events are included in STIRLING Monte Carlo. The

E: distribution from W — ev, events which pass the cuts is shown in Figure 5.2.

From our final data set wefound 5 events which were candidates for W — e—v.
Four of them had the electron in the central region |! < 1.0, the other one had

the electron in the end plug region. All five electrons had E7 > 10 GeV.
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Figure 5.2: Background from Stirling Monte Carlo W — ev, processes: (a) W +
1jet, (b) W — 2 jets, (c¢) W + 3 jets and (d) sum of W + 1,2,3 jets



The electron detection efficiency in the central region is reduced by the detec-
tor cracks. The efficiency €.geie = 0.85 = 0.05 was determined by the study of an

inclusive electron data sample.

The total W — e — v background is obtained by

1, n
NW s e+v)= —( T ny).

€e €crack

Where n. = 4 is the number of events observed in the central region, and n, = 1is

the number of events observed outside of central detector, ¢, = %%l, N(total)
is the number of total W — e - v events passing the cuts and N(Er > 10) is the
number for those events with electron E1 > 10 GeV. From Monte Carlo study

we get €, = 0.89 = 0.05. This leads to
NW s e+v) =64

The E; distribution is shown in Figure 5.3.

52 W o pu+tv

The central muon chambers have limited coverage (In| < 0.7). By looking
at the minimum ionized track in the CTC (CMIO), we can expand our muon
coverage to (| < 1.2.

For W + 2 or more jets event, if W decays to a muon which is outside our
coverage region, it contributes to the background. Otherwise if the muon has
Pr < 15 GeV, it also contributes to the background.

The E; distribution from STIRLING W — puv, events which pass the cuts is
shown in Figure 5.4.

Muons deposit very little energy in the calorimeters. We noted that the muon
Pr distribution from W decay is the same as the electron’s from W — e — v.

Therefore one can simulate the calorimeter response in W — u + v events by
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Figure 5.4: Background from Stirling Monte Carlo W — puv, processes: (a) W +
1jet, (b) W — 2 jets. (c) W + 3 jets and (d) sum of W — 1,23 jets



removing the energy which electrons deposit in the calorimeters from the 11" —
€ — v events.

The selection for W — e — v events is discussed in Appendix C. A total of
19 events passed the cuts after the electron energy deposited in calorimeters were
removed in these events.

The background contribution from W — p — v is

y,

NW - p—-v)= (1 — €n)€erg,

€cr€ele€el €M, €y

where
€rg = 0.924 = 0.024 is the E; trigger efficiency.

€1 = 0.97 =0.03 is the efficiency for :QgrEs| = 1, :QgLEs| is the electron charge
decided by electron algorithm (this has an implicit requirement of a CTC

track matching the calorimeter tower),
€ete = 0.83 = 0.02 is the efficiency for the rest of the electron cuts {65],
em, = 0.96 = 0.03 is the efficiency for transverse mass cut,

€, = 0.47 £ 0.05 is the ratio of number of events which have electron Pr > 15
GeV, E; > 15 GeV and |g| < 1.0, and passed our cuts to the number of

total events passed our cuts from W — u + v process,
€, = 0.7 = 0.05 is the acceptance for electron with % < 1.2 and Pr > 15 GeV.
With n, = 19 events and the efficiencies above,
NW — p+v)=16.6.

Their E, distribution is shown in Figure 5.5.
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Figure 5.5: Background from W — pv, process estimated from data
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In case of W decays to 7 ~ v, there are more ways to contribute to back-
grounds.

If it s W — 1 jet, the 7 decays to hadrons which form a jet, and the two
neutrinos can cause a large amount of £, . It adds to the background.

If it is W — 2 or more jets, the 7 could decay to muon or electron as well as
hadrons. In any case if it is not rejected by the previous cuts. It becomes our
background.

We found nine W — rv candidates in our final data set. These were of
hadronic decay mode, and with 7 cluster E; > 20 GeV.

The E: distribution from STIRLING W — 7v, events which pass the cuts is
shown in Figure 5.6.

Backgrounds from W — rv. events can be simulated by the same method
used in W — p + v analysis. The only difference is to replace the electron energy
deposition in the calorimeters with the proper energy deposition by a 7. Since
the dominant contribution from W — 7v, is W + 1 jet where the 7 decays to
hadrons, the simulation was done assuming all T’s decayed into hadrons — v,.

For this study a slightly different data set and slightly different electron cuts
were used for practical reasons. The cuts are listed in Appendix D.

The background contribution from W — = + v is

NW 1 +p)= —

— ™ Brew,,
€cr€ele€ebCr

where

€. = 0.44 = 0.07 is the ratio of the number of events passed our cuts in which
7 decays to hadrons with Pr(7r) > 20 GeV and |5| < 1.0, to the number of

total events passed our cuts from W — 7 - v process,

Br = 0.65 = 0.01 is the branch ratio for 7 decaying to hadrons,
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Figure 5.6: Background from Stirling Monte Carlo W — 7v. processes: (a) W +
1jet. (b) W = 2 jets, (¢) W - 3 jets and (d) sum of W + 1,2,3 jets



b = 0.92 = 0.02 65 is the efficiency for Track-Strip match and border energy

cuts.

With n,. = 15 events passed cuts from this simulation, the background con-

tribution from W — 7 — v is
NW - 7 +v) =307,

Their E; distribution is shown in Figure 5.7.

54 Z - vub

A neutrino leaves no signals in the detector. So for Z + 2 or more jets event,
it is very easy to enter into the background as long as it satisfies the kinematic
cuts.

The Er distribution from STIRLING Z — vi events which pass the cuts is
shown in Figure 5.8.

For Z + jets events, their Z Pr distribution has the same shape as W + jets
events (see Figure 5.9). So it is possible to simulate Z — v+ events by removing
the electron energy in W — e + v events. (The W — e + v data set was chosen
rather than the Z — v data, since there are approximately 10 times more W
events. This allows more certainty in prediction of the E; distribution.)

The expected background is

_ n
N(Z s v+9p)= ————— Rétrg,
€cr€ele€e1€M, €y

where R = ;’%g—}vz‘__"%% = 0.59 £ 0.03 is derived from our own measurement [61].

Using the data discussed in W — puv case, we have
N(Z - v+0)=327.

The E. distribution is shown in Figure 5.10.
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Figure 5.7: Background from W — rv, process estimated from data
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5.5 QCD Events

The major background from QCD processes comes from the heavy quarks.
especially bb. If the b(b) decays to leptons the neutrino is usually very close to
the b(b) jet. Most of them could be rejected by our cuts. but those that survive
contribute to the background.

Finally, if one of the jets in the standard QCD events is mismeasured, it also
can add to the background. But in this case the E; direction should be the
same as that jet direction so that our cut should reject it unless the jet energy is
completely lost or very low.

It is difficult to estimate the background from QCD processes. Different prop-
erties of the final data sample were checked to look for anomalies. Figure 5.11 is
a plot of the angle between E; and the third jet (E; > 15 GeV) direction in ¢.
There are some excess events in the small angle region (the low edge cut is 30°).
However Monte Carlo studies for both the possible signal events (SUSY) and the
W(Z) + jets background predict a flat distribution. Therefore we attributed the
excess of events to either mismeasured QCD events or 5(b) quark decay. The es-
timated background from QCD processes is 4 = 4 events. It is noticed that these
events with the third jet close to the E; direction all have E; below 45 GeV. In
other words they barely pass the 40 GeV threshold. This is just what one can

expect from QCD events.

5.6 Summary

Two methods were used to determine backgrounds for the SUSY signal: a
Monte Carlo calculation and estimates based on distributions observed in data.

As shown in previous sections, the background contributions from W(Z) +
jet(s) were estimated from STIRLING Monte Carlo program. The sum of these

contributions determined in this way is shown in Figure 5.12.
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STIRLING + Detector Simulation
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Figure 5.12: E, distribution for W(Z) + jet(s) background from STIRLING



The estimation of background events from our own data shows that the back-
ground contributions are 88.6 = 14.5(stat) = 10.3(sys) events from W(Z) decay
and 4 = 4 events from QCD. The E, distribution from the W' (Z) — jet(s) events

is shown in Figure 3.13.
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Chapter 6

Data Analysis: Monte Carlo Study of SUSY
Signal

The ISAJET Monte Carlo program was used to generate the SUSY events
and a CDF detector simulation program was used to simulate the calorimetry
response for these events. Then the same cuts as described before were applied
to these events. For different SUSY particle masses, the production cross sections
and the cuts’ efficiencies are different, because the E; distribution is dependent
on SUSY particle masses. Figure 6.1 shows the E. distribution for some SUSY

particle masses.

Systematic Uncertainty

The systematic uncertainty for our expected SUSY events comes from the

following factors.

o The uncertainty of our integrated luminosity is 15%.

e The uncertainty of ISAJET Monte Carlo includes the choice of Q% and the
limited number of events which were generated. The estimated uncertainty

is about 15%.

e The choice of structure function could induce further uncertainty, but the
EHLQ1, which was used in this analysis, has the lowest predicted cross sec-
tions. This ensures that, with respect to structure functions. the conclusions

reached are conservative.



o L] ¥ ¥ v 1 1 LA AR A LML B B L S T
°-° -l -y
-. - o - ey
i lo) §Q. 33 nye80 0V () 5% ]
't ajve ] 1
003 mge60 Qev ) ]
‘% d + -
. L - -
-
‘v-o.o: o - 4
§ | ' ‘
-~ . )
0.01 | - -
s | 4
[ ] '
0
20 40 60 80 100 120 140 20 40 60 80 100 120 140
P, (GeV)

Figure 6.1: Distribution in missing Pr (adapted from Baer and Berger (21}) for
two extreme cases of (a) §g and ¢g production with m; = oo and (b) §g production
with m; = oc. The area under the curved is normalized to unity; the results are

insensitive 1o collider energy between 0.5 and 2 TeV.
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e There is an uncertainty in the jet energy and the overall calorimeter energy
scale. The energy scale in the detector simulation were changed by 10% to
study this effect. The energy scale was also changed 5% in central region
and 10% in the rest. In both case the expected SUSY events changed less

than 1%.
o The Level 2 £, trigger efficiency is about 92.4 = 2.4%.

So that the total uncertainty is about 21%.

For the background. when the estimated number of events from our own data
was used, there was no systematic uncertainty from luminosity, choices of @? and
structure function, jet energy and overall energy scale, etc. The only uncertainty
comes from the cuts’ efficiency and acceptance which were discussed in the last
chapter. The uncertainty of the acceptance partly comes from Monte Carlo from
which €., €, and ¢, were derived. Because STIRLING only has W (Z) + 1,2,3 jets,
the acceptances for 1 and 2 jets and for 1, 2 and 3 jets were compared to estimate
the additional contribution of 4 or more jets. The acceptances for different choice
of structure functions were also studied, as were the acceptances from the different
Monte Carlo program — PAPAGENO, STIRLING and ISAJET. Their predicted

acceptance were very similar, usually differing by less than 1%.



Chapter 7
Data Analysis: SUSY Particle Mass Limits

As discussed before there was no excess of events with large E; in the final
data set. This can be used to derive limits on SUSY particle production.

From Figure 2.2, 2.3 and 2.4, one can see that when ¢ mass is lower than §
mass the events should have two jets with large E; ; if the g mass is lower the

events would have four jets. So the limits were studied in these two cases.

7.1 qu < Mg

In this case one can look for events with E; greater than a certain threshold.
For different ¢ mass, the E; distribution and the production cross section are
different. As the ¢ mass increases, the production cross section decreases and the
peak in E. distribution shifts to high E; region. So it is helpful to use a high
E: threshold to get the limit. Table 7.1 shows the cross section and expected
number of events with E; > 40 GeV and E; > 100 GeV for some squark and gluino
mass combinations. The numbers of expected event in the table are normalized

to corresponding to 4.3 pb~! data.

The events with E; > 40 GeV were used to exclude the region 70 GeV/c? <
M; < 130 GeV/c?. The E. threshold was increased to 100 GeV to calculate the
90% confidence level (CL) limits. There was 3 events from the final data set and
the estimated background from the data is 1.3+1.3 events. Using the method
described in Appendix E, the 90% CL limit is 6.4 events assuming E. trigger
efficiency is 92.4%.



(mz.mg) o (pb)  # of events expected to pass the cuts

: E: > 40 GeV Er > 100 GeV
(230.230)  5.50 7.8 5.0
(225.225)  6.67 9.5 5.9
©(250,215) 611 9.2 ‘ 5.8

© (250,210)  6.83 . 10.8 | 6.5

| (250205) T.85 124 7.6

? (300.200) = 6.26 . | 5.4

| (300.190)  8.33 . | 6.6

| (300.180) 112 . 7.4

| (300.170) 1.1 - 8.7

© (300.160)  20.8 : 10.1

. (350.190)  6.66 10.6 | 5.5

| (350.180)  8.83 136 6.6

| (350,170) 123 . 185 7.8

| (400175) 889 129 | 4.9 1
(400,170) | 106 | - 13.5 | 5.7
(400,165) ~ 12.7 19.5 | 7.4 |
| (400,160) 144 | 203 7.5
(400,155) | 17.3 25.1 7.8 ‘
(400,150) - 21.1 | 28.4 | 8.1 ,
(400,145) ' 24.8 33.5 | 8.2 |
(400,140) | 29.9 33.5 7.4
(300.150) ‘ 28.8 | 38.3 11.3
(400,150) | 21.1 | 28.4 ; 8.0
(500,150) | 17.0 22.6 6.0
(600,150) | 14.5 19.5 5.1
(700,150) | 12.3 15.5 :l 3.6
(800,150) | 11.1 150 | 4.1
(900,150) | 10.3 136 | 3.9
(1000,150) | 9.72 | 13.3 | 3.3

Table 7.1: SUSY particle production cross sections and expected number of events
passed cuts. with Er > 100 GeV and E; > 40 GeV. The statistic uncertainties

are typically 3% and systematic uncertainty about 20%. “-” not studied.



(mg.m;) o (pb) = of events (> 2 jets) = of events (> 4 jets)
(190.190)  24.9 31.3 3.4

(170.170) . 36.3 67.8 7.8

(180.190) © 30.3 : 5.9

(180.200)  25.4 : 1.2

(170.200) | 31.4 : 6.0 |
(170.220) | 24.5 : 4.4
(165.220) . 27.8 : 1.9 |
(165.250) © 20.5 12.1 | 4.8 |
(155,250) | 29.7 16.8 ‘ 5.2 |
(155.300)  32.3 20.2 | 5.0 |
(155.400) | 24.5 15.1 2.7 |
(150.400) = 32.2 21.5 5.4
(150.500) | 34.0 21.6 4.8 |
- (145.500) ! 43.4 : 6.0 |
;(140,500)} 553 : | 6.3 |

Table 7.2: SUSY particle production cross sections and expected number of events

passed cuts with E; > 40 GeV and at least 1 jets E; > 15 GeV. The statis-

W

tic uncertainties are typically 5% and systematic uncertainty about 20%.%-” not

studied.

7.2 Alq > Afg

The limits were decided by the events with 4 or more jets Er > 15 GeV in
this case. There were 2 events of this kind on the final data set, and the estimated
background is 1.3+1.3 events. This leads to a 90% CL limit of 5.0 events with
E: efficiency 92.4%. Table 7.2 shows some expected number of events for 4.3

pb~! from the different § and § mass combinations.

The 90% confidence level (CL) limit is shown in Figure 7.1.
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Chapter 8

Summary

In conclusion, the study of a E; data set corresponding to 4.3 pb~! data from
pp collision at /s = 1.8 TeV shows that the data are consistent with the Standard
Model prediction. There were no excess events which suggests a SUSY particle’s
existence.

Based on the theoretical assumptions discussed in earlier chapters, The 90%
CL limits on SUSY particle’s masses were reached which are shown in Figure 7.1.

The results presented in this thesis would change for different photino mass
and different decay modes. The production for unequal left-handed and right-
handed squark masses was discussed by H. Baer and X. Tata 66]. If some gaug-
inos’ masses are lighter than squark’s mass, squarks could decay to the gaugino
and subsequently decay to the LSP. Such cascade decay mode has been discussed
by some theorists {67,68]. The event signature in this case would be m leptons —
n jets — E; . but E; would be degraded comparing with the E; in decay modes
used in this thesis.

The direct search for gauginos was also suggested by theorists 69!. These
studies could be carried out in the near future. The results would tell us whether
there are any such SUSY particles with masses up to 200 GeV, and perhaps give

us some hints if there are any new physics processes unexpected in the Standard

Model.



Appendix A
The Colliders

The traditional method in particle physics experiment is to accelerate par-
ticles and let them collide with a stationary target — so-called “fixed target
experiment”. For many purposes, this works well. but the useful energy in such
experiment is low. The center-of-mass (c.m.) energy when two relativistic parti-

cles collide is given by the following formula

Eem, = \/(E1 — E3)? — (Poy + Pr2)? — (P — Py2)? — (Pa — 22)? (A.1) |

where (E,, Py, Py, P,1) and (E,, P,3, P2, P,2) are the four-momenta of the two
particles. For fixed target experiment, one particle is moving (E£,0,0,p) and the

other is at rest (M,0,0,0), the center-of-mass energy is

Eems = \/(E < M) - p? (A.2)

The moving particle has mass m = /E? — p?, and m, M < E, so

Ecne = V2EM + M? = m? = V2EM (A.3)

The c.m. energy grows as the square-root of the beam energy. Thus, the 800
GeV energy of the Fermilab Tevatron in fixed-target operation vields E.m, =~ 40
GeV in the proton-nucleon c.m. system.

In order to use the beam energy more efficiently and to achieve high energy,
it is necessary to have a “head-on” collision of two moving particles. Assuming

their four momenta are (E,,0,0,p,) and (E;,0.0, —p,),

Eems = \(B1 + E2)? = (p1 — p2)? (A4)



If pr = p2.
Ecma = El - E2 (A5)

In this way, the scaling is linear and a high center-of-mass energy can be reached.
In collider operation at Fermilab. £, = E, = 900 GeV and E,, = 1800 GeV'.
At the Tevatron. the pp center of mass energy is 1800 GeV'. and parton-parton
c.m. energies of order 400 GeV are typical. This is significantly higher than the
electroweak scale of 100 GeV, and it i1s possible to study phenomenon predicted
by theory and to search for new discoveries either by their direct appearance or

by departure from the standard model prediction.



Appendix B
Cuts Used in Spin Cycle

The events which passed one of the filter algorithms — METFLT, DFEXPR
and TOP_EXPRESS, were written to the SFL output tapes in the Spin Cyvcle.
The cuts in these filter algorithm are listed below.

METFLT (“E. Filter”):

Events pass all following requirements.
o ¥;: > 20 GeV
® gg. > 2.4

o The leading jet cluster must be in the good detector region (i} < 3.5), and

have at least 5% of its energy deposited in the electromagnetic calorimeters.

o If the event had a jet cluster with E; > 5 GeV within 30° opposite to the

leading jet cluster in ¢ direction, the event was removed from the data set.

DFEXPR (“Damn Fast Express”, leptons and photons):

Events pass one of the following requirements.

¢ Single Photon: E; > 150.0 GeV

Di-Photon: E; > 20.0 GeV

Single Electron: E; > 20.0 GeV, Pr > 15.0 GeV

e Di-Electron: E; > 8.0 GeV, Pr > 8.0 GeV

Single Muon: Pr > 20.0 GeV



o Di-Muon: Pr > 5.0 GeV

e Single Central Jet: E; > 100.0 GeV

e Di-Central-Jet: E; > 80.0 GeV

e Muon-Electron: Muon Pr > 5.0 GeV', Electron E; > 5.0 GeV
e Muon-Gamma: Muon Pr > 10.0 GeV. Photon E; > 10.0 GeV
e E-Gamma: Electron E; > 10.0 GeV. Photon E; > 10.0 GeV

e Muon — Cental Jet: Jet E; > 20.0 GeV, Muon Pr > 15.0 GeV
e Electron + Central Jet: Jet E; > 20.0 GeV, Electron E; > 15.0 GeV
e Photon+ E; : Photon E; > 20.0 GeV, E: > 20.0 GeV

® Sum E;: S E; > 180.0 GeV

e Single [solated track: Pr > 30.0 GeV

e Isolated Track + B : Track Pr > 20.0 GeV, E; > 20.0 GeV

¢ Minimum lonized Isolated Track: Pr > 20.0 GeV, E; .. in wedge < 4.0

GeV

TOP_EXPRESS:

Events pass one of the following requirements.

e Jet Cuts: E; joc > 8.0 GeV, 7| < 2.0 and no jets with electron,

e Electron Cuts: Electronisin central calorimeter, E; > 12.0 GeV, Epaa/ Egym <

0.1, Pr > 10 GeV/c, LSHR < 0.3 and x},;, < 10.0,

e Muon Cuts: CFT bin > 4, number of jets > 2 with E; > 10.0 GeV, and

minimum ¢ between muon and jet is 7.5°.



Appendix C
W — e+ v Selection 1

The following cuts were applied an inclusive electron data sample to select

the W — e + v events.

o Pr(ele) > 15 GeV and in: < 1.0

o Qpres) =1

e ;> 15 GeV

o Er/Pr < 1.5if Ep < 50 GeV

o Enaa/Egas < 0.055 + 0.00045E7(GeV)

o CES x2,,, < 10 and x2,,, < 10, if Er < 50 GeV
e LSHR < 0.2

e 40 GeV < Mr < 100 GeV

Pr is the electron’s transverse momentum measured from CTC. Er = Esiné,
wheré E is the electron energy measured from calorimeter. Qgrgs is the electron
charge determined by CTC tracking information. Ej,q and EFgp are the energies
deposited in the hadron and electromagnetic calorimeter separately. The electron
shower profiles in central strip and wire chambers were fit with the test beam

measurements, X2, and x2;. are the fitting x* for them. LSHR is a lateral

shower sharing variable, it is defined as

LSHR =

=044 Z \/0 142Ed + dP2



where energy and momenta are in GeV. the sum is over towers adjacent to the

seed tower in the cluster and

e M; is the measured energy fraction of the adjacent tower energy to the sum

of it and the seed tower energy,

e P, is the energy fraction calculated using the impact point in Z, the event

vertex and the shower profile fit obtained from test beam data,
o L, is the cluster electromagnetic energy,

e dP,; 1s the uncertainty in P, associated with a 1 ¢m variation in impact point

at the strip chamber.

The transverse mass of electron and E; is defined as Mr = 2E;E; (1 — cos ¢),
where E; is the transverse energy of electron and ¢ is the azimuthal angle between

the electron and E. vectors.



Appendix D
W — e+ v Selection 2

The following cuts were applied a ¥ and Z data sample to select the W —

€ + v events,
o Pr(ele) > 20 Ge\' and 7 < 1.0
o E; > 20 GeV
o Er/Pr < 1.5if Er < 50 GeV
o Enaa/Egp < 0.055 ~ 0.00045ET(GeV)
o CES x%,, <10and x},. < 10,if Er < 50 GeV
e LSHR < 0.2
o the Track-Strip match ( 1.5cm in #-¢ and 3.0cm in Z )
e border tower energy less than 2 GeV.

Pr is the electron’s transverse momentum measured from CTC. E;r = Esiné.
where E is the electron energy measured from calorimeter. E,,q and Egjpr are
the energies deposited in the hadron and electromagnetic calorimeter separately.
The electron shower profiles in central strip and wire chambers were fit with the
test beam measurements, x?,., and x2,,, are the fitting x? for them. LSHR is a

lateral shower sharing variable, it is defined as

M; - P

P
- Z \/514213:, +dp?

LSHR




where energy and momenta are in GeV'. the sum is over towers adjacent to the

seed tower in the cluster and

e Al is the measured energy fraction of the adjacent tower energy to the sum

of it and the seed tower energy,

o P; is the energy fraction calculated using the impact point in Z, the event

vertex and the shower profile fit obtained from test beam data.
o E_ is the cluster electromagnetic energy,

e dP, is the uncertainty in P; associated with a 1 c¢m variation in impact point

at the strip chamber.



Appendix E

Method Used in Determination of the Upper
Limit

The method to determine the upper limit from an experiment has been dis-
cussed in many papers. One of the most recent articles is from G. Zech [70].

If the probability, p, of a particular kind of events occurred in our measure-
ment. is very small, and we repeat the measurement N times, then the probability
of this kind events happened would follow Possion distribution

e #um

Pnjp) = —

Where y = pN, n is the number of times the special kind of events happened.
If we expect u events in our experiment, and we only saw n, events, then the

probability of observing more than no events if we repeat our experiment would

be

oc

CL = P(i;p)
i:nzo;-l
no

= 1-3% P(i;p).

So that if CL is our desired confidence level, the upper limit for allowed expected
events would be u.
If the number of expected events has a relative uncertainty 7, and it follows

Gaussian distribution




where po is the number of expected events. ¢ = nu,. The probability of observing

n events would be

f(n; po,0) = %[P(n;#)G(u;no,a)d#-

It has a normalization factor k = jg"G(u;uo,a)du. The above formula can be

calculated as following
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Recall the y? distribution p,z(z:n) = 2—;;(—")23"16“5. we have
H

n—wn m

e h-F) 2 (o — )" "o

2k\/2_7' PA m! n_m)! —F( 2 )([ px’(z;n)dz
e’y
(-1 f/f prs(2:)dz)

]
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()
3
1

f(n; po, o)

If po < o2, with the same procedure it is easy to get

. e -T) B (g —?Me™ ma om—1
f(n:#O,O') = Zk\/i-‘f_l' m; m'(n—m)' 272 r(——z_)j‘:_,:)sz’(zvn)dz

I'd

Then we can use the same method to calculate C' L as before.

no
CL=1-% f(3po,0).

If the experiment also has background, the expected number of background

events is p;, the confidence level for an upper limit gq is

CL =1 — e o) i——(pb = o) JeHe iﬁl
< n! g n!

assuming there is no uncertainty.
If the expect background and signal also have uncertainty, assuming an uncer-

tainty of background o, = myu,. Then the probability to observe n events would

be

79

P(Tl) = Z_ f("l?ﬂma')f(nz;#b, Ub)/ f(i;#baa'b)-

1=

And we still have
no

CL=1-S P().

1=
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