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ABSTRACT

We have searched for anomalous production of missing ET ( 6ET), jets, leptons

(e; �; � ), b-quarks, or additional photons in events containing two isolated,

central (j�j < 1:0) photons with ET > 12 GeV. The results are consistent with

Standard Model expectations, with the possible exception of one event that has

in addition to the two photons a central electron, a high-ET electromagnetic

cluster, and large 6ET. We set limits using two speci�c SUSY scenarios for

production of diphoton events with 6ET.
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Chapter 1

INTRODUCTION

I think we're on the road to coming up with answers that I don't think

any of us in total feel we have answers to.

- Kim Anderson, mayor of Naples, Florida

1.1 Introduction

The current understanding of fundamental particles and their inter-

actions via the strong, electromagnetic and weak forces has come to be known

as the Standard Model of particle physics [1]. However, there are many rea-

sons to believe that physics beyond the Standard Model is likely [2, 3]. Since

it is not obvious what form this new theory might take, there have been many

searches for new particles, with null or inconclusive results [4]. During one

such search, the Run 1 data taking period of the Fermilab Tevatron with p�p

collisions at
p
s = 1:8 TeV, an `ee

 6ET' candidate event was recorded by the

CDF detector [5, 6, 7]. This event has two high energy photons, a high en-

ergy electron, an electromagnetic cluster which passes the standard electron

1
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selection criteria [8] and a large energy imbalance (6ET). There is no obvious

Standard Model interpretation of this event [9].

While the event was pointed out as being very unusual at an early

stage [6, 10], there was no ongoing search for such events [11]. Without a

good theoretical hypothesis to guide a search, an attempt to understand the

event in terms of known Standard Model particles led to the speculation that

the electrons and 6ET come from WW ! e�e� production [12]. Thus, the

event would be WW

 ! ee

 6ET, either as a rare 
uctuation from Standard

Model predictions [13] or some anomalous production.

The anomalous WW

 production hypothesis can be tested quanti-

tatively [12]. By assuming that the one event was produced at its mean cross

section [14] and using the branching ratios of the W , the mean number of

events in the other decay channels, or `cousins' [15], can be predicted. For

example, using the branching ratio of W ! qi�qj ! jj and W ! e� the mean

number of WW ! 

jjjj events can be predicted using

NExpected 

jjjj = NObserved 

ee+6ET(
Br(W ! jj)

Br(W ! e�)
)2: (1.1)

Using these simple arguments, and correcting for detection e�ciencies, tens of

events with the 

jjjj signature are predicted to exist in the data and could

be searched for. However, since it was not obvious that new particles were not

involved, the search was generalized (without the same quantitative predictive

power) to look for other events like the candidate in the 

 +X channel [12].

As in the event, each photon was required to have high-ET (ET > 25 GeV);

however instead of ee6ET, X was allowed to be a high-ET lepton (e; �, � , �),

quark (light quark jet, b-tagged jet, or t! Wb) or boson (g;W;Z0 or 
). No



jjjj events were observed with � 30 expected from WW

. Similarly, no

leptonic or semileptonic decays of the WW pair were observed. The event is
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thus very unlikely to be from any type ofWW

 production and consequently,

the 6ET was unlikely to be from a Standard Model neutrino from W ! e� with

theW either on-shell or o�-shell [16]. The missing ET could thus be from some

new particle other than the left-handed neutrino. The lightest Supersymmetric

particle [17] is a natural candidate [12].

While Supersymmetric models [17] predict new particles which would

leave 6ET in the detector, at the time there was no active interest in models

with photonic �nal states [18]. After seeing the event and the preliminary

results, it was immediately pointed out [19] that in the early 1980's there

were predictions of Supersymmetric pair-production and decay of selectrons

(see Figure 1.1) with each selectron decaying via ~e ! eN2 ! e
N1 [20, 21].

Thus, this event could be an example of Supersymmetric particle production,

and con�rmation of the accompanying channels (e.g. ~�~�, ~� ~� etc.) could be

observed in the form of ��

 6ET and ��

 6ET events. Again no such events

with two central photons were observed [12], however the 

jjjj signal was

no longer required and the results were much less restrictive.

Soon after, a large number of theoretical papers discussing the event

in the context of Supersymmetric, and other, scenarios appeared [22, 23, 24,

25, 26]. Of particular interest are Supersymmetric theories involving the decay

N2 ! 
N1 [20, 23, 27] and theories with light gravitinos [22, 28, 29] which had

been postulated in the 1970's [30]. The latter models can explain the event via

the pair production and decay of selectrons via ~e! eN1 ! e
 ~G, or charginos

via C� ! e�N1 ! e�
 ~G (see Figure 1.2). Photonic �nal states are now

commonly discussed as a standard method of searching for Supersymmetric

signals [31].
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Figure 1.1: The Feynman diagram for ~e pair production and decay in the
N2 ! 
N1 scenario of Kane et al. Both selectrons decay via ~e ! eN2 where
N2 is the next-to-lightest neutralino which in turn decays in turn decays via
N2 ! 
N1.
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Figure 1.2: The Feynman diagram for ~e pair production and decay in the light
gravitino scenario. Both selectrons decay via ~e! eN1 where N1 is the lightest
neutralino which in turn decays via N1 ! 
 ~G.
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1.2 Overview

This paper describes a full systematic search for other anomalous



 events by examining events with two isolated, central (j�j < 1:0) photons

with ET > 12 GeV which contain missing ET (6ET), jets, leptons (e; �; � ), b-

quarks, or additional photons. The search is based on 85 pb�1 of data from

�pp collisions at
p
s = 1:8 TeV collected with the CDF detector [32].

The remainder of this Chapter is devoted to a description of the

detector. Chapter 2 discusses the diphoton event selection, the e�ciencies

of the selection criteria, and the purity of the sample. Chapter 3 discusses

a search for anomalous events in the sample. Chapter 4 discusses a study

of the ee

 6ET candidate event, in particular the electron candidate at large

�. Chapter 5 discusses the possible Standard Model sources for the ee

 6ET
signature and estimates the number of events expected from each. Chapter 6

discusses in more detail the possible interpretations of this event and places

limits on some of the new models which have risen to explain it. Chapter 7

contains the conclusions. The appendices contain much of the technical detail

used to derive many of the results, as well as additional information which

might be of interest to the reader.

1.3 The CDF detector

The CDF detector is an azimuthally and forward-backward sym-

metric magnetic detector designed to study �pp collisions at the Tevatron. A

schematic drawing of the major detector components is shown in Figure 1.3.

A more detailed description can be found in [32]; recent detector upgrades are

described in [33, 34]. The magnetic spectrometer consists of tracking devices
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inside a 3-m diameter, 5-m long superconducting solenoidal magnet which

operates at 1.4 T. A four-layer silicon microstrip vertex detector (SVX) [33]

makes measurements between the radii of 2.8 cm and 7.9 cm [35], and is used

to identify b hadron decays. A set of vertex time projection chambers (VTX)

surrounding the SVX provides measurements in the r-z plane up to a radius

of 22 cm, and is used to �nd the z position of the �pp interaction (zvertex).

The 3.5-m long central tracking chamber (CTC), which provides up to 84

measurements between the radii of 31.0 cm and 132.5 cm, is used to measure

the momentum of charged particles with momentum resolution �p=p < 0:001p

(p in GeV/c). The calorimeter, constructed of projective electromagnetic

and hadronic towers, is divided into a central barrel which surrounds the

solenoid coil (j�j < 1:0), `end-plugs' formed of the pole-pieces of the mag-

net (1:1 < j�j < 2:4), and forward/backward modules (2:4 < j�j < 4:2). Wire

chambers with cathode strip readout give 2-dimensional pro�les of electro-

magnetic showers in the central and plug regions (CES and PES systems,

respectively). A system of drift chambers (CPR) outside the solenoid and in

front of the electromagnetic calorimeters uses the 1-radiation-length thick mag-

net coil as a `preradiator', allowing photon/�0 discrimination on a statistical

basis by measuring the conversion probability[36]. Muons are identi�ed with

the central muon chambers, situated outside the calorimeters in the region

j�j < 1:1.

The CDF detector is (in general) a well understood measuring instru-

ment and there exists standard identi�cation selection criteria for electrons,

muons, taus, b-quarks, jets and 6ET which were developed for, among other

things, the top quark discovery and studies of its properties. Descriptions for

each can be found in Refs. [37, 38, 39, 40, 41]. The �ducial region of the detec-

tor for measuring tracks from electrons and muons with the full power of the
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central tracking chamber is roughly j�j < 1:0. Within j�j < 1:0, for electrons,

there is a 18.7% geometric loss due to regions which are uninstrumented or

do not give a good energy measurement [40]. The energy resolution on the

electron is

(
�E

E
)2 = (

(13:5� 0:7)% GeV1=2

p
ET

)2 + �2 (1.2)

where � is measured to be 1.0�1.0% [37]. For muons, approximately 84% of

the solid angle for j�j < 0:6 is covered. In the region 0:6 < j�j < 1:0 the

coverage is about 67%. The momentum resolution for muons is measured [37]

to be

(
�PT

PT
2 )

2 = 0:000 810 � 0:000 085(stat)� 0:000 010(syst) (GeV=c)�1: (1.3)

Hadronic decays of the tau lepton are identi�ed in the region j�j < 1:2 [40]. In

this search, jets are accepted in the region j�j < 2:0. However, jets can be found

in the region j�j < 4:2. A reasonable parameterization for the energy resolution

is given by �Ejet
T =Ejet

T = 80%=
q
ET[GeV]�4% for jets with ET < 125 GeV and

0.2< j�j < 0.8, and (15 � 2)%, independent of ET for 0:95 < j�j < 1:25 [40].

For events with an interaction with jzvertexj < 30 cm, b-jets can be identi�ed

using displaced vertices in the SVX [41].

Photon identi�cation and e�ciency are described in more detail in

Chapter 2. The 6ET calculation used in this search has been customized for

this analysis and is described in Chapter 3.
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Chapter 2

Datasets and Photon

Identi�cation

Before beginning, prepare carefully.

- Cicero

Photons are identi�ed using the central region of the CDF detector,

j�j < 1:0, which contains calorimeters and tracking chambers. Since the in-

teraction of a high energy photon with the detector is similar to that of an

electron, many of the same techniques for identifying electrons are used to

identify photons [36, 38]. The calorimeters are used to distinguish between

photons produced as part of the �pp collision and those which are produced in

the decay of hadrons, such as �0 ! 

. The tracking chambers are used to

provide additional rejection against jets of hadrons as well as against electrons

which are the other primary background.

Diphoton candidate events are selected using three criteria: global

event selection, photon identi�cation and photon isolation. The full set of

11
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selection criteria are listed in Table 2.1. The following sections discuss the

variables used to select events as well as the requirements on each.

2.1 Global Event Selection Variables

To insure that events are well measured and help reduce cosmic ray

backgrounds, photons are required to be in the �ducial region of the detector,

have a well measured primary vertex and have no signi�cant energy measured

out-of-time with the collision.

2.1.1 Fiducial Volume For Photons

In the central barrel region of the detector, covering the angular re-

gion �1:1 < � < 1:1, the electromagnetic (CEM) calorimeter is made of shower

counters arranged in a projective tower geometry. Each tower is composed of

absorber sheets interspersed with scintillator. The towers are constructed in

48 wedges, each consisting of 10 towers in � by one tower in �. Proportional

chambers are embedded near shower maximum, 6 radiation lengths within the

electromagnetic calorimeters. These chambers, called the central electron strip

(CES) chambers have wires in the r�� view and cathode strips in the z view.

For more details on the CEM see Refs. [32, 38].

Of the central region de�ned by j�j < 1:1, approximately 80% in

� � � space is in the �ducial volume for photons. The position of a photon

candidate is determined using the CES shower position and is required to lie

within 21 cm of the tower center (jXwirej < 21:0 cm) in the r � � view so

that the shower is fully contained in the active region. For low-ET photons the

�ducial region is reduced to jXwirej < 17:5 cm for reasons which are explained in
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Section 2.4. The region j�j < 0:05, where the two halves of the detector meet,

are excluded. The region 0.77< � < 1:0; 75� < � < 90� is uninstrumented

because it is the penetration for the cryogenic connections to the solenoidal

magnet. In addition, the region 1.0< j�j < 1:1 is excluded because of the

smaller depth of the electromagnetic calorimeter in the region. Within the

angular region 0.05< j�j < 1:0 and 0< � < 2� the �ducial coverage is roughly

87% for high-ET photons and 73% for low-ET photons. The energy resolution

for this region of the CEM is measured to be [37]

(
�E

E
)2 = (

(13:5� 0:7)% GeV1=2

p
ET

)2 + �2 (2.1)

where � is measured to be 1.0�1.0%.

2.1.2 Event Vertex Measurement

The position in z of the primary event vertex, zvertex, is measured by

the vertex tracking chamber (VTX) [42]. The z position of the interactions

were distributed around the nominal interaction in an approximately Gaussian

distribution with � � 30 cm. A requirement of jzvertexj < 60 cm is used to

maintain the projective geometry of the detector.

2.1.3 Energy-Out-of-Time

Every tower in the central hadronic calorimeter has timing informa-

tion associated with the energy deposited [32]. To reduce cosmic ray interac-

tion backgrounds which might occur during the event, all energy deposited at

time t must occur within a window around the nominal collision time, t0, to

be considered `in time' with the collision. The window is de�ned by

�20 nsec < t� t0 < 35 nsec: (2.2)



14

The event is rejected if any tower has more than 1 GeV deposited outside the

timing window.

2.2 Photon Identi�cation

Photon candidates are identi�ed as electromagnetic clusters of en-

ergy deposited in the central electromagnetic calorimeter [43]. Each cluster is

required to be consistent with being produced from a single prompt photon

shower. To reject against backgrounds from electrons and hadronic jets, each

candidate is required to pass a series of identi�cation selection criteria. Elec-

trons, which have shower characteristics very similar to those of photons, can

be easily removed by identifying the associated track. Hadronic jets, which

can contain photons from neutral meson decays, can be removed since they

typically contain multiple particles which can be identi�ed by the calorimeter

and/or tracking chamber.

2.2.1 Strip Chamber Shower Measurement

To observe the longitudinal development of a shower, strip cham-

bers (CES) are embedded 6 radiation lengths into the central electromagnetic

calorimeter. Since a shower from a photon is generally initiated much earlier

in the calorimeter than for a hadron, a shower shape measurement is used for

photon identi�cation. A �2 test separately compares the energy deposited in

the z view and in the r�� view to that expected from test beam data [38, 44].

The average of the two measurements, �2CES, is required to be below 10. In

addition, the shower development for each candidate is required to be within 2
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standard deviations, �CES, with that expected from the measured CEM energy

and vertex position [45]. The distribution, in �CES, is shown in Figure 2.4.

2.2.2 Leakage into the Hadronic Calorimeters

The ratio Had/EM of the energy in the hadronic towers of the photon

cluster (Had) to the energy in the electromagnetic towers in the photon cluster

(EM) is used to reject hadronic backgrounds [38]. The electromagnetic calor-

imeters nearly contain electromagnetic showers, while hadron showers in gen-

eral deposit energy in both the hadronic and electromagnetic compartments.

Each photon, for events with both photons with E

T>22 GeV, is required to

have Had=EM < 0.055 + 0.00045�E
 . This parameterization is derived from

test beam data, and is measured to be better than 99% e�cient [44].

2.2.3 Electron Rejection

Within the 1.4 T axial magnetic �eld of the solenoidal magnet is the

central tracking chamber (CTC), a large drift chamber with 84 layers of sense

wires organized into 9 superlayers. Four of the superlayers are tilted at �3�

with respect to the z axis so as to provide stereo position measurement of

charged particle tracks. Electrons, which will shower similarly to photons in

the calorimeter, can be rejected by the presence of a high momentum track

pointing at a photon candidate. Each photon candidate is required to have

no charged track pointing at it. However, to reduce the ine�ciency due to

unrelated particles, a single track is allowed to point at the cluster if the track

has a measured PT � 1 GeV.



16

2.3 Photon Isolation

Photons from the radiative decays of heavy new particles are, in

general, expected to be \isolated." That is, they are not expected to be

produced in association with other nearby particles. A number of di�erent

isolation variables are used as a topology requirement and help further reduce

hadronic jet backgrounds.

2.3.1 Trigger Tower Isolation

For low energy photons, the energy in a 3x3 trigger tower array [46]

around the primary tower (in both Hadronic and Electromagnetic calorimeters,

but not including the primary electromagnetic tower) is summed and is referred

to as EIso
3x3. A requirement, both at the trigger level (see Section 2.4) and

o�ine, of EIso
3x3<4 GeV is imposed on each photon if either photon candidate

has E

T<22 GeV. For high energy photons, the leakage of the shower into the

hadronic compartments makes this requirement ine�cient, and it is removed

if both photons have E

T > 22 GeV.

2.3.2 Cluster Isolation

The cluster isolation, IsoCal, is similar to the trigger tower isolation,

but is more e�cient for higher energy photons since it scales with the photon

energy. The IsoCal variable is de�ned as

IsoCal =
Econe
T � Ecluster

T

Ecluster
T

;

where Econe
T is the sum of the electromagnetic and hadronic transverse en-

ergies in all of the towers (including the photon cluster) in a cone of
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R =
q
(��)2 + (��)2 = 0:4 centered around the photon cluster, and Ecluster

T is

the electromagnetic transverse energy in the photon cluster [38]. Each photon,

for events with both photons with E

T>22 GeV, is required to have Iso

Cal <0.1.

2.3.3 Track Isolation

While there may be no track pointing directly at the cluster, tracks

near the cluster may indicate that the cluster is due to a jet. The track

isolation is de�ned as the scalar sum of the transverse momenta of all tracks

in a cone of radius R=0.4 in ��� space centered on the photon. Each photon,

for events with both photons with E

T>22 GeV, is required to have the sum

be less than 5.0 GeV.

2.3.4 Extra Photon Removal

To remove photons from �0 ! 

 production, photon candidates

which have a second electromagnetic cluster, as measured by either the strip or

wire chambers, are rejected. To maintain a constant e�ciency for all photon

energies [47] separate requirements for low energy and high energy photon

candidates are made:

Ecluster
2nd strip or wire � �0:00945 + 0:144 � E


T (E

T < 17:88 GeV)

Ecluster
2nd strip or wire � 2:39 + 0:01 � E


T (E

T > 17:88 GeV):

2.4 Diphoton Triggers

The initial data sample for the search consists of events with two

photon candidates selected by the three-level trigger [48]. At Level 1, (L1),

events are required to have two electromagnetic calorimeter trigger towers [46]

which measure more than 4 GeV. At Level 2 (L2), two triggers, one optimized
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for good background rejection at low ET and the other for high e�ciency

at high ET, are `OR'd [49]. The low-threshold diphoton trigger requires two

electromagnetic clusters with ET > 10 GeV and less than 4 GeV in a 3-by-3

array of trigger towers around the cluster (EIso
3x3); the high-threshold (16 GeV)

trigger has no isolation requirement. Corresponding Level 3 (L3) triggers

require cluster energies calculated with the o�ine photon algorithm [36] to be

above the 10 and 16 GeV thresholds respectively. The low-threshold trigger

also requires the clusters be in the restricted �ducial region of the calorimeter

(jXwirej < 17:5) to ensure a good cluster measurement in the strip chambers.

Each L3 trigger requires one of a set of L2 triggers to have passed.

The low-threshold trigger (ET > 10 GeV) requires either the L2 low-threshold

trigger or a dielectron trigger [50] which requires two electromagnetic clusters

with ET > 6 GeV, and corresponding tracks with PT > 4:7 GeV. The high-

threshold trigger requires either the L2 high-threshold trigger (16 GeV), a

single electromagnetic cluster trigger which requires 50 GeV of energy [51], or

a single jet trigger which requires a cluster above 100 GeV [51].

2.5 Final O�ine Selection

The �nal set of o�ine selection criteria are listed in Table 2.1. The

two di�erent sets of selection criteria correspond to the two trigger paths and

allow the e�ciencies to be well measured. The low-threshold criteria require

both photons to have E

T > 12 GeV (where the 10 GeV trigger becomes

> 98% e�cient) while the high-threshold criteria are used if both photons

have E

T> 22 GeV (where the 16 GeV trigger becomes > 98% e�cient). The

�nal data set consists of 2239 events.
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Global Event Cuts
jzVertexj < 60.0 cm
ET out-of-time = 0 GeV

Photon Identi�cation and Isolation Cuts
Central (j�j < 1:0)
�1 3D tracks pointing at the cluster, PT < 1 GeV
�2CES < 10:0
j�CESj < 2.0
Ecluster
2nd strip or wire � �0:00945 + 0:144 � E


T (E

T < 17:88 GeV)

Ecluster
2nd strip or wire � 2:39 + 0:01 � E


T (E

T > 17:88 GeV)

12 GeV < E
2
T < 22 GeV E
2

T � 22 GeV
Tight Fiducial Loose Fiducial
EIso
3x3� 4 GeV Had=EM < 0.055 + 0.00045E.

IsoCal < 0.10
PT of tracks in a cone of 0.4 < 5.0 GeV

Table 2.1: The selection criteria used to identify diphoton candidate events.

2.6 E�ciency of the Selection Criteria

Since electron and photon showers are nearly identical, the e�cien-

cies of the selection criteria listed in Table 2.1 are measured using electrons.

Two samples of electrons from Z0 ! e+e� events are used: one from the

data [52] and one generated using the PYTHIA Monte Carlo generator [53]

and a detector simulation [54]. Each sample is composed of events with one

electron candidate in the �ducial region which passes tight identi�cation and

isolation criteria (see Table 2.2), a second candidate in the �ducial region with

ET > 20 GeV, a matching track with PT > 13 GeV and an invariant pair

mass, Me+e� , within 10 GeV of the Z0 mass. These requirements, as shown

in Ref. [38], produce a fairly pure and unbiased sample of electrons. The e�-

ciency for each requirement is calculated in the following sections; di�erences

between data and Monte Carlo are quanti�ed as corrections, C, to the data.
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Requirement
ET > 20 GeV
E/p < 1:8
Had/EM < 0:05
Lshr < 0:2
�2strip < 10
j�xj(track-shower) < 1:5 cm
j�zj(track-shower) < 3:0 cm
j�zj(vertex-track) < 5:0 cm
EIso
T / ET < 0.10

Table 2.2: The selection criteria used to identify isolated electrons in the
central calorimeter. These are the same requirements as used in the top-quark
discovery and are described in Ref. [39].

2.6.1 Vertex Selection Criteria

The e�ciency of the vertex selection criterion is measured using a

subset of the Z0 ! e+e� sample selected by requiring both electron candidates

to pass the selection criteria in Table 2.2, but without the jzvertexj < 60 cm

requirement [39]. There are 1557 events in the sample, 1448 of which have

a vertex with jzvertexj < 60 cm for an e�ciency of �Dataz vertex = (93:0� 0:6stat)%.

Similarly, in the Monte Carlo there are 1303 events in the sample,

1256 of which have a vertex with jzvertexj < 60 cm for an e�ciency of

�MC
z vertex = (96:4 � 0:5stat)% and Cz vertex =

�Data
�MC

= 0:965 � 0:008stat.

2.6.2 Energy-Out-of-Time Selection Criteria

The e�ciency of the Energy-Out-of-Time (ETOUT) selection criteria

is measured using the same Z0 ! e+e� sample as above but with the additional

vertex requirement of jzvertexj < 60 cm. There are 1448 events in this sample,

1412 of which have ETOUT=0. Since this value is not simulated in the Monte
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Carlo detector simulations the e�ciency and correction are taken to be

CETOUT = �ETOUT = (97:5 � 0:4stat)%: (2.3)

2.6.3 Identi�cation and Isolation Selection Criteria

The e�ciency of the identi�cation and isolation selection criteria are

estimated to be equal to the fraction of the Z0 `second' electrons which pass the

identi�cation and isolation selection criteria. For every event in the Z0 ! e+e�

sample one of the electrons is randomly selected and compared to the selection

requirements. From the sample of events which pass, the number of other

(second) electrons passing the requirements is used to calculate the e�ciency,

�raw.

The results are shown in Table 2.3 and Figures 2.1, 2.2 and 2.3 which

give the e�ciencies and ratio of e�ciencies as selection criteria are added and

as a function of E

T. Figure 2.3 shows that while the detector simulation is

optimistic, the ratio of e�ciencies is fairly 
at as a function of ET.

The �CES distribution is di�erent for electrons and photons and is not

well modeled in the detector simulation. The e�ciency is estimated using a

sample of central electromagnetic clusters with Had/Em < 0.05, E

T > 12 GeV,

no associated track and �2CES < 4. The distribution for data and Monte Carlo

is shown in Figure 2.4. While the mean is o�set by �0.6 in the Monte Carlo,

the width is the same as in the data. In the data there are 4369 events, 4349

of which have j�CESj < 2; the e�ciency is taken to be ��CES = (99:5 � 0:1stat)%.

The �CES is requirement is not used in Monte Carlo simulations, so no correc-

tion is made.

A second sample of events with Me+e� > 30 GeV allows the study of

lower E

T photons. Unfortunately, while this sample accepts lower ET electrons,
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it has a higher background fraction. Since the e�ciencies for backgrounds are

di�erent from those for real electrons, a slightly biassed e�ciency measurement

occurs. This di�erence is included as part of the systematic error. The results

are shown in Figures 2.1, 2.2 and 2.3.

Since the e�ciencies are not 
at as a function of E

T, an additional

systematic uncertainty is estimated as half the range of e�ciencies (5%). This

is added in quadrature with the statistical uncertainties. The total photon

identi�cation (ID) and isolation (Iso) e�ciency is �(ID and Iso) = �raw � ��CES

and is measured to be �Low Threshold
(ID and Iso) = (68�3)% and �High Threshold(ID and Iso) = (84�4)%.

The correction for the diphoton pair, C(Id and Iso), to be used in Chapter 6, is

determined using:

C(Id and Iso) = (
�Data(ID and Iso)

�MC
(ID and Iso)

)2: (2.4)

The measured values are C(Id and Iso) = 0:69 � 0:07 and 0:84 � 0:08 for the

low-threshold and high-threshold selection criteria, respectively [55].

2.7 E�ciencies of the Diphoton Triggers

The diphoton triggers are unusual in CDF in that the L2 and L3 E
2
T

thresholds are identical and they require the corresponding L2 trigger. Since

the L2 clustering algorithm measures energies slightly di�erently from those in

L3 [43], the L2 and L3 triggers become fully e�cient at di�erent values of E
2
T .

Conveniently, when the L2 trigger is fully e�cient, the L3 trigger is already

fully e�cient.
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High E

T threshold requirements

Requirement Events E�. Events E�. Corr.
(Data) (%) (MC) (%)

Sample 1661 | 1341 | |
Track requirement 1589 95.7 1333 99.4 0.962
�2CES < 10 1463 88.1 1278 95.3 0.924
2nd cluster 1441 86.8 1251 93.3 0.930
Had/Em 1420 85.5 1247 93.0 0.919
IsoCal 1408 84.8 1231 91.8 0.923
Track Iso 1403 84.5 1227 91.5 0.923

Correction (Per Leg) = 0.92 � 0.01

Low E

T threshold requirements

Requirement Events E�. Events E�. Corr.
(Data) (%) (MC) (%)

Sample 1192 | 948 | |
Track Requirement 1135 95.2 942 99.4 0.958
�2CES < 10 1046 87.8 905 95.5 0.919
2nd cluster 1030 86.4 881 92.9 0.930
EIso
3x3 819 68.7 780 82.3 0.835

Correction (Per Leg) = 0.84 � 0.02

Table 2.3: The e�ciencies of the selection criteria as each criterion is added.
All uncertainties are statistical only. The �nal column, Corr., is the ratio of
the e�ciencies as measured in the data and as measured using the Monte Carlo
simulation. These values are used in Chapter 6 as corrections to results from
the Monte Carlo simulations.
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Figure 2.1: The e�ciency of the photon identi�cation and isolation selection
criteria as a function of ET as measured from a sample of e+e� events in the
data. The left hand plots show the results for events with Me+e� > 30 GeV,
the right hand plots for 81 GeV <Me+e� < 101 GeV. The upper plots show
the results for the high E


T threshold selections, the lower plots for the lower
E

T threshold selections. The dashed line is the average e�ciency.
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Figure 2.2: The e�ciency of the photon identi�cation and isolation selection
criteria as a function of ET as predicted using a sample of e+e� events from
a detector simulation. The left hand plots show the results for events with
Me+e� > 30 GeV, the right hand plots for 81 GeV < Me+e� < 101 GeV. The
upper plots show the results for the high E


T threshold selection criteria, the
lower plots for the lower E


T threshold selection criteria. The dashed line is the
average e�ciency.
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Figure 2.3: The ratio of e�ciencies of the photon identi�cation and isola-
tion selection criteria as measured from the data and the detector simu-
lation. The ratio is estimated as a function of ET. The left hand plots
show the results for events with Me+e� > 30 GeV, the right hand plots for
81 GeV < Me+e� < 101 GeV. The upper plots show the results for the high
E

T threshold selection criteria, the lower plots for the lower E


T threshold se-
lection criteria. The dashed line is the average correction factor.
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Figure 2.4: The distribution of �CES in the data and in the detector simulation.
The variable �CES is a comparison between the shower development and that
expected from the measured CEM energy and vertex position. Each photon is
required to have j�CESj < 2:0. Since the simulation does not model the mean
of this distribution well, the requirement is not part of the Monte Carlo o�ine
selection. The e�ciency is ��CES = (99:5 � 0:1)%, where the uncertainty is
statistical only.
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2.7.1 Low-Threshold Diphoton Trigger

The e�ciencies of the low-threshold diphoton triggers are measured

using a sample of low-ET e+e� events. Each event is required to pass the

L2 dielectron trigger, the L3 low-threshold diphoton trigger and the selection

criteria listed in Table 2.4. There are 1570 events in the sample. Figure 2.5a

shows the e�ciency of the L2 low-threshold trigger as a function of the isolation

energy in a 3-by-3 array of trigger towers around the cluster, EIso
3x3. Since

the EIso
3x3< 4 GeV requirement is part of the o�ine selection, the e�ciency is

determined using a subset of events which have EIso
3x3< 4 GeV. Figure 2.5b

shows the trigger e�ciency as a function of E

T; the e�ciency is 
at as a

function of E

T above 12 GeV. Above 12 GeV there are 444 events; 425 pass

the trigger requirement for an e�ciency of �Low Threshold
Trigger = (96 � 1stat)%.

e+e� Sample Selection Criteria
Two central electromagnetic clusters with ET > 8 GeV
Pass the L2 dielectron trigger
Low E


T threshold �ducial requirement
jzvertexj < 60 cm
�2CES < 10
0.5 < E/P < 1.5

Table 2.4: The selection criteria used to select a sample of e+e� events for use
in evaluating the low-threshold trigger e�ciency. The selection criteria used
here are described in detail in Ref. [38].

2.7.2 High-Threshold Trigger

To measure the e�ciency of the high-threshold triggers a set of 2131

diphoton candidate events which pass the selection criteria in Table 2.1 and

also pass the low-threshold triggers are used. The trigger e�ciencies for the

L2 trigger and the L2-L3 high-threshold trigger path are shown in Figure 2.6.
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The e�ciency is 
at as a function of E

T above 22 GeV; the L3 trigger is

fully e�cient by the time the L2 trigger is fully e�cient. Above 22 GeV

there are 121 events; 121 pass the trigger requirement for an e�ciency of

�High ThresholdTrigger = 100%.

2.8 Purity of the Diphoton Sample

Since the purity of the sample is of less importance than the e�ciency

for searches for anomalous events, the selection criteria have been chosen to

have high e�ciency. However, even after requiring each photon to pass all of

the selection criteria, there are still a substantial number of background events

in the sample. The backgrounds are primarily due to hadronic jets which

contain pions, kaons or etas each of which can decay to multiple photons.

To estimate the photon backgrounds, each photon candidate is com-

pared to the single photon hypothesis and the �0 ! 

 hypothesis. For

candidates with ET < 35 GeV, the strip chamber system can distinguish the

di�erence between a single 
 and �0 ! 

. For higher energies, ET > 35 GeV,

the two photons cannot be resolved in the CES. Instead the central preradia-

tor system (CPR) is used to measure the conversion probability in the magnet

coil.

In both cases, it is not possible to separate real (prompt) photons

and backgrounds on an event-by-event basis. However, standard techniques

allow the extraction of purity information on a statistical basis in large sam-

ples [36, 56]. Using these techniques on both candidates, and taking into

account possible correlations, the average purity is estimated to be (15 � 4)%.

Note again that the purity of the sample is of less importance than

the e�ciency for searches for rare events. While this result indicates that most
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Figure 2.5: The top plot shows the e�ciency of the L2 low-threshold trigger
as a function of the EIso

3x3 selection. The lower plot shows the e�ciency of the
L2/L3 low-threshold trigger path as a function of E


T. The trigger is fully
e�cient for E


T > 12 GeV and has an e�ciency of (96 � 1stat)%.
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Figure 2.6: The e�ciency of the L2 high-threshold and the L2/L3 high-
threshold triggers as a function of E


T. The trigger is fully e�cient for
E

T > 22 GeV and has an e�ciency of 100%.
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of the events in the sample are not from prompt diphoton production, it does

not a�ect either the results of the 

+X search or the limit setting procedure

except as a dilution.



Chapter 3

Searches for Anomalous Events

No scienti�c activity teeters more precariously on the precipice between

bravery and foolishness than a search for unobserved objects justi�ed

only by their necessity in theory.

- Steven Jay Gould

In many models involving physics beyond the Standard Model, cas-

cade decays of heavy new particles generate 

 signatures with associated

quarks, leptons and/or gauge bosons. However, there are Standard Model

processes which produce or fake these �nal states at measurable rates. Anoma-

lous events, those which do not appear to be from Standard Model sources, are

searched for using two values of the photon ET thresholds: ET = 12 GeV and

ET = 25 GeV. The ET=12 GeV threshold has better acceptance for low-Q2

decays to photons, but has more background. The ET = 25 GeV threshold ac-

cepts many fewer Standard Model events and so has better discrimination for

high-Q2 decays. Each of the 2239 events in the diphoton sample, is searched

for the presence of 6ET, jets, electrons, muons, taus, b-quarks, or additional

photons.

33
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3.1 Missing ET

The standard method for inferring the presence of particles that do

not interact in the calorimeter, such as neutrinos, is measuring the missing

transverse energy (6ET) [37]. The 6ET is de�ned as the negative of the vector

sum of the transverse energy in all calorimeter towers with j�j < 3:6. The 6ET
is corrected for the measured detector response to jets and takes into account

cracks between detector components and nonlinear calorimeter response [39,

57, 58]. In addition, the 6ET is corrected for the presence of muons, which do

not deposit their total energy in the calorimeter [39]. The energies of photons

(and any electrons in the event) are subjected to small corrections (� 1%)

derived from an in situ calibration of the calorimeter [59].

While these corrections improve the 6ET resolution on average, some

events still have a substantially mismeasured 6ET. Many of these events can be

removed by rejecting events which have a jet with uncorrected ET > 10 GeV

pointing within 10� in azimuth of the 6ET. Since this requirement introduces an

unnecessary ine�ciency, and a possible bias, for searching for leptons, bosons,

or jets, it is only imposed when searching for the presence of 6ET and in making

all 6ET plots. The requirement only removes 48 of the 2239 events in the

sample.

The 6ET resolution is measured using Z0 ! e+e� events [60]. A sam-

ple is selected as having two electrons, each passing the requirements of Ta-

ble 2.2, and Mee within 10 GeV of the mass of the Z0. The resolution is plotted

in Figure 3.1 as a function of �ECorrected
T where �ECorrected

T = �ET � Ee1
T � Ee2

T .

In the region �ECorrected
T < 150 GeV the distribution is well-parameterized by

�( 6ExT) = (2:66 � 0:34 GeV) + (0:043 � 0:007)� �ECorrected
T : (3.1)

The �ECorrected
T distributions for Z0 ! e+e� and diphoton events are shown
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in Figure 3.2. As a check, in Figure 3.3 the resolution from e+e� events is

compared to that from the diphoton sample. The results from the two samples

are consistent with each other within statistics.

Standard Model diphoton events have no intrinsic 6ET; thus the ex-

pected 6ET distribution can be predicted from the resolution alone. This has

the advantage that the estimate is determined entirely by the data. For every

event the expected 6ET distribution can be calculated using a Monte Carlo

method which smears the X and Y components of the true 6ET (assumed to

be zero) by the resolution (estimated from �ECorrected
T ). Repeating the proce-

dure 200 times per event yields the expected 6ET distribution for that event.

Summing over all events gives the distribution for the entire sample. The

systematic uncertainty on the distribution is found by repeating the entire

procedure 1000 times but varying the resolution within its uncertainty.

The data are shown along with the expectations from the resolution

simulation in Figures 3.4 and 3.5. With the exception of one event on the tail

on the distribution, the `ee

 6ET' candidate event [7] (6ET = 55 � 7 GeV),

the data agree well with the expectations. For a photon ET threshold of

12 GeV only the one event with 6ET > 35 GeV is observed, with a expectation

of 0:5 � 0:1 events. For a photon threshold ET of 25 GeV, two events are

observed with 6ET > 25 GeV, with 0:5� 0:1 events expected. The ee

 6ET
candidate event will be discussed in more detail in Chapter 4. The other

event has both photons above 25 GeV and 6ET = 34 GeV. However, on close

inspection, it appears to be due to two mis-measurements. The event contains

an energetic jet which points directly at the region between the plug and

forward calorimeters and near the 6ET in �. However, one of the photons is

at the edge of the �ducial region and may be undermeasured [61], causing
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Figure 3.1: The resolution on one component of the 6ET (6ExT) as deter-
mined from a sample of Z0 ! e+e� events. The resolution is well-
parameterized by �(6ExT) = (2:66 � 0:34 GeV) + (0:043 � 0:007)� �ECorrected

T

for �ECorrected
T <150 GeV.



37

Figure 3.2: The total corrected transverse energy in the event, �ECorrected
T ,

for diphoton and Z0 ! e+e� events. The variable �ECorrected
T is de�ned as

�ECorrected
T = �ET � Ee1

T � Ee2
T .
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Figure 3.3: A comparison of the 6ET resolution for Z0 ! e+e� and diphoton
events. The resolutions, as measured using both samples, are consistent with
each other within statistics.
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the � position of the 6ET to be just far enough away from the jet to pass the

��6ET�jet > 10� requirement. The 4-vectors of the event are given in Table 3.1.

Run 67397, Event 47088

Px Py Pz E ET

(GeV/c) (GeV/c) (GeV/c) (GeV) (GeV)

1 -85.8 1.6 63.4 106.7 85.8

2 30.8 -15.9 6.4 35.3 34.7
j1 40.1 18.8 237 242 44.4
6ET 33.6 -5.5 { { 34.1

Table 3.1: The 4-vectors of the 

+ 6ET candidate event. Note that this event
may be due to mis-measurement. The �� between the jet and the 6ET is
34�, the jet points at the region between the plug and forward calorimeters
and the second photon, 
2, is at the edge of the �ducial region of the central
calorimeter and may be undermeasured [61].

3.2 Jets

To search for anomalous production of quarks and gluons, the number

of jets, NJet, is counted in a manner identical to that used in the top-quark

discovery [39, 62]. Each jet is required to have uncorrected ET > 10 GeV and

j�j < 2:0. The distributions in the number of jets are shown in Figures 3.7

and 3.8 for photon ET thresholds of 12 GeV and 25 GeV respectively.

While there are cross section predictions for 

, 

 +1 jet and 

 +

2 jet production [63], there is currently no theoretical prediction for higher

jet multiplicities. However, it has been known for some time that the ratio

between n-jet and (n � 1)-jet cross sections for W and Z0 production can be

approximated by a constant [64], i.e,

Rn =
�(V + n jets)

�(V + (n� 1) jets)
(3.2)
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Figure 3.4: The 6ET spectrum for diphoton events with E

T > 12 GeV in

the data. The boxes indicate the range of the values of the 6ET distribution
predicted from detector resolution. The one event on the tail is the ee

 6ET
candidate event, described in detail in Chapter 4.
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Figure 3.5: The 6ET spectrum for diphoton events with E

T > 25 GeV in

the data. The boxes indicate the range of the values of the 6ET distribution
predicted from detector resolution. The one event on the tail is the ee

 6ET
candidate event, described in detail in Chapter 4.
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where V is either a W or a Z0. This has been con�rmed within resolution in

the CDF data [65] and is expected to hold for most processes since additional

jets are typically due to initial state and �nal state radiation. As a check, the

NJet distributions in Z0 ! e+e� events and dijet events (e.g, �pp! q�q! jj,

or �pp ! gg ! jj) have been studied. The Z0 ! e+e� sample is the same as

in the previous section; the dijet sample is selected by requiring two jets with

uncorrected ET > 10 GeV and j�j < 2:0. For the dijet data sample, NJet is

de�ned to be the total number of jets in the event minus the two jets which were

used to select the sample. The NJet distributions for both samples are shown

in Figure 3.6 and, as expected, are well described by using an exponential,

exp��(��NJet). The slope, �, of the NJet distribution for the dijet sample is

measured to be � = 1:54 � 0:01stat. The slope of the NJet distribution for the

Z0 ! e+e� sample is measured to be � = 1:71� 0:04stat.

To look for anomalous NJet production in the 

 data, an exponential

�t for small values of NJet is used to extrapolate to the large NJet region [66].

The slope for diphoton events with E

T > 12 GeV and NJet � 3 is measured to

be � = 1:82 � 0:06stat. The parameterization predicts 1:6� 0:4 events with 4

or more jets; 2 events are observed. For diphoton events with E

T > 25 GeV

and NJet � 2, the slope is measured to be � = 1:6 � 0:2stat. The parameteri-

zation predicts 1:7� 1:5 events with 3 or more jets; 0 events are observed.

3.3 Electrons and Muons

Electrons and muons produced in association with photon pairs are

required to be isolated, have ET > 25 GeV, and be in the central part of

the detector (j�j < 1:0). They are identi�ed with the same identi�cation and

isolation selection requirements (see Tables 2.2 and 3.2) used in the top-quark



43

Figure 3.6: The number of jets, NJet, produced in association with dijets and
Z0 ! e+e� decays. For the dijet data sample, NJet is de�ned to be the total
number of jets in the event minus the two jets which were used to select the
sample. The slope of the exponential �t, �, is indicated on each plot.
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Figure 3.7: The number of jets, NJet, produced in association with diphoton
pairs with E


T > 12 GeV. The line is an exponential �t to the data with
NJet � 3, and is extrapolated to NJet � 4.
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Figure 3.8: The number of jets, NJet, produced in association with diphoton
pairs with E


T > 25 GeV. The line is an exponential �t to the data with
NJet � 2, and is extrapolated to NJet � 3.
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discovery [39]. A total of 3 events with a central electron or muon are found

in the data. The �rst event has two muons and two photons. Unfortunately,

this event is not terribly unusual, as shown below, and is kinematically very

di�erent from the ee

 6ET candidate event (see Table 3.3). Furthermore it is

consistent with a double-radiative Z0 decay, �pp ! Z0 ! �+��

, since the

4-body invariant mass is m�+��

 = 92 � 1 GeV/c2. The second event (see

Table 3.4) has a single electron. There is some indication that this event is also

due to the decay of a Z0 boson. While there is no track in the central tracking

chamber pointing at either photon, the SVX indicates that there may have

been a charged particle pointing at one of the photons, 
2 in Table 3.4 [67].

This indicates that this could be Z0 ! e+e�
 where one of the electrons

emitted a photon (via Bremstrahlung) in which the photon carried away most

of the energy and the electron was lost in the calorimeter. Another possible

explanation is that the track of one of the electron was not found in the central

tracking chamber. Furthermore, the invariant mass of the two photons and

the electron is me+

 = 91 � 2 GeV/c2. The third event is the `ee

 6ET'
candidate event and will be discussed further in Chapter 4.

The dominant sources of e

 and �

 production are Standard Model

W
 and Z0
. The production and decay of W
 ! `�
 and Z0
 ! `+`�


production, where ` is an electron, muon or tau, are simulated using the

PYTHIA [53] Monte Carlo and a detector simulation [54]. Additional �nal

state photons are added automatically by PYTHIA through additional initial

or �nal state radiation. The Monte Carlo predicts �Z0
 = 6:7 pb. In a sample

of 15,000 Z0
 simulated events 1 event passes the `

 cuts (the event has 2

muons passing the selection criteria in Table 3.2). For W
 the Monte Carlo

estimates �W
=37 pb. No events passing the cuts are found in 10,000 simu-

lated events. The number of events with the `

 signature from the Monte
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Requirement
PT > 20 GeV/c
jd0j < 0:3 cm
j�xCMUj < 2 cm
j�xCMPj < 5 cm
j�xCMXj < 5 cm
j�z(vertex-track)j < 5:0 cm
NASL � 3
NSSL � 2
NASL+NSSL � 6
EEM < 2 GeV
EHad < 6 GeV
EEM+EHad > 0:1 GeV
EIso
T / PT < 0.10

�PIso
T / PT < 0.10

Table 3.2: The selection criteria used to identify isolated muons. These are the
same requirements as used in the top-quark discovery are described in detail
in Ref. [39, 68].

Carlo is thus predicted to be

Nexp = L � � �A (3.3)

= (85 pb�1) � (6:7 pb) � ( 1

15; 000
) = 0:04 � 0:04stat:

Another source of e

 events, but which is not correctly simulated

with the Monte Carlo, is Z0
 ! e+e�
 where one of the electrons is identi�ed

as a photon. This can occur if the electron emits a photon via Bremstrahlung

(the photon carries away most of the energy and the electron is lost in the

detector) or the track of the electron is not found by the central tracking

chamber. The rate at which electrons are `identi�ed' as a photon is determined

from a sample of Z0 ! e+e� events from the data. The sample is selected

by requiring the presence of a central electron passing the requirements in
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Run 69571, Event 769815

Px Py Pz E ET

(GeV/c) (GeV/c) (GeV/c) (GeV) (GeV)

1 12.4 5.3 -1.4 13.5 13.4

2 -16.0 -5.3 -3.2 17.1 16.8
�1 28.2 9.5 -33.4 44.7 29.7
�2 -26.5 -4.9 -14.9 30.8 27.0
6ET 7.1 -0.3 { { 7.1

Table 3.3: The 4-vectors of the 

 + �� candidate event. This event
is consistent with a double-radiative Z0 decay, �pp ! Z0 ! �+��


(m�+��

 = 92 � 1 GeV/c2).

Run 63541, Event 304680

Px Py Pz E ET

(GeV/c) (GeV/c) (GeV/c) (GeV) (GeV)

1 -13.7 -19.9 -28.8 37.6 24.2

2 -9.8 -13.1 -10.1 19.2 16.3
e1 19.7 35.0 5.0 40.4 40.1
6ET -4.3 0.4 { { 4.4

Table 3.4: The 4-vectors of the 

 + e candidate event. The invariant
mass of the two photons and the electron indicates that this may be a Z0

(me+

 = 91 � 2 GeV/c2) where one of the electrons was identi�ed as a pho-
ton or the electron emitted all its energy in a photon via Bremstrahlung.

Table 2.2, a second electromagnetic cluster which passes all the photon cuts

except the track requirement, and a pair invariant mass within 15 GeV of the

Z0 mass. There are 1853 events in the sample, 35 after requiring the second

electromagnetic cluster to have no tracks pointing at it. By assuming the

1853 events are a pure sample of Z0 ! e+e� events and the 35 events are

examples of events where the electron was identi�ed as a photon, the `fake'

rate is estimated to be (1:9� 0:3stat)% per electron.

To turn this fake rate into the number of expected e

 events, a

sample of ee
 events is selected and used in conjunction with the fake rate.
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The sample is selected by requiring a central electron, a photon passing the cuts

in Table 2.1 and a third electromagnetic cluster selected using all the electron

selection criteria with the exception of the track requirement. This sample,

presumably ee
, consists of 12 events. Multiplying by the fake rate yields a

expectation of 0:2� 0:1stat events in the data. Summing this source with the

W
 and Z0
 Monte Carlo predictions gives an expectation of (0:04 � 0:04stat)

+ (0:2� 0:1stat) = 0:3 � 0:1stat `

 events in the data. Similarly, for the

photon threshold of E

T > 25 GeV the methods predict a total of 0.1�0.1

events, dominated by events in which electrons fake photons; only one event,

the ee

 6ET candidate event, is observed in the data.

The number of ``

 events in the data is dominated by Z
 pro-

duction. In the Monte Carlo simulation one event has two leptons and two

photons, and using Equation 3.3 a total of 0:04 � 0:04stat events with ``



are expected in the data. While the ee

 6ET event remains unexplained, the

��

 event appears to be an upward 
uctuation of the rate of Z0
, and is not

terribly unusual.

3.4 Taus

Hadronic decays of the � lepton are identi�ed with the selection cri-

teria used in the measurement of t�t production and decay into e� and ��

�nal states [40]. Table 3.5 contains a list of the � identi�cation requirements.

One �

 candidate is observed in the data with E

T > 12 GeV; none with

E

T > 25 GeV. Hadronic jets from light quarks or gluons, produced in associ-

ation with diphoton pairs, can fake hadronic � decays. The number of events

passing the �

 selection criteria in the data, where the � is due to a jet passing

the � identi�cation requirements, is estimated using the methods of Ref. [40].
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The method assigns a fake probability to each jet in the full 

 sample which

is � -taggable (ET > 25 GeV and j�j < 1:2). The total event rate is found by

summing over all jets. The ET spectrum of jets which could fake a � with ET >

25 GeV and j�j < 1:2 is shown in Figures 3.10a and 3.11a. Figure 3.9 shows

the ET spectrum for � leptons measured in the data as well as for backgrounds

from fake � 's. A total of 0:2 � 0:1 events where a jet fakes a � are expected

in the data for E

T > 12 GeV, and 0.03�0.03 events for E


T > 25 GeV, both

consistent with observation. The number of events with the �

 signature

from W
 and Z0
 production are estimated by the Monte Carlo to be tiny in

comparison.

The most likely interpretation is that the `� ' is from a jet which fakes

the � signature. The kinematics of the event, see Table 3.6, indicate that the �

is not likely to be due to the decay of a vector boson via W ! �� or Z ! �� .

The W ! �� hypothesis is unlikely as 6ET= 14.5 GeV, which would be low,

even for a W ! ��; � ! �X decay chain. Furthermore, the 6ET in the event

is likely to be spurious as there is a jet which is only 5.5� away, in � from the

6ET. The invariant mass of the �

 system is 69.3 GeV and does not indicate

that this is the decay of a Z0.

3.5 b-Quarks

Jets from b-quarks are identi�ed using the b-tagging jet algorithm

(SECVTX) developed for the top-quark discovery [39, 41]. Two b

 candidate

events are observed in the data with E

T > 12 GeV; none with E


T > 25 GeV.

Quarks and gluons produced in association with diphoton pairs are real and

fake sources of b-jets. The number of b

 events from these sources is estimated

using the same methods as developed for the top-quark discovery [39, 41, 69].
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Preliminary Requirements
At least one calorimeter seed tower with ET > 4 GeV
� 6 towers with ET > 1 GeV in a cluster (cone 0.4)
Seed track with PT > 4:5 GeV within 0.4 of cluster center
No additional cut on total cluster ET

Identi�cation and Isolation Cuts
Track multiplicity in 10o cone:

use 1-prongs and 3-prongs only

E/p cut:
0:5 < ET

PT
trk+�0

< 2:0 (1-prongs)

0:5 < ET
PT

trk+�0
< 1:5 (3-prongs)

Sliding RMS cluster width cut:
�cl < 0:11 � 0:025 � ET=100 (1-prongs)
�cl < 0:13 � 0:034 � ET=100 (3-prongs)

Mass cut:
mtrk+�0 < 1:8 GeV

# of �0's:
#�0 < 3

Isolation:
Itrk < 1 GeV=c

Electron removal:
Reject 1-prongs with E=p < 4;EMFrac > 0:9 or
clusters with EMFrac > 0:95 as electrons

Muon removal:
Reject clusters with ET < 8 GeV, 0:05 < EEM < 2 GeV,
0:5 < EHad < 5 GeV or with a muon stub with j�� � �stubj < 15o

as muons

Table 3.5: The identi�cation and isolation selection criteria used to select
hadronic decays of the � . These are the same criteria used in the measurement
of top decays into e� and �� �nal states, described in more detail in Ref. [40].



52

Figure 3.9: The ET spectrum of � candidates produced in association with
diphoton pairs. Only the hadronic decays of the � are included. The upper
plot is for diphoton events in which both photons have E


T > 12 GeV. There
are no events with a � candidate in the data for E


T > 25 GeV, as shown in
the lower plot. The point represents the one event in the data; the histogram
is the expectation from fake � 's.
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Figure 3.10: The ET spectrum for jets produced in association with diphoton
pairs with E


T > 12 GeV. These plots are used to estimate the number of 


events with extra � 's, b-jets or photons. The top plot shows the ET spectrum
for jets used to estimate the � fake rate. Each jet in the plot must be � -
taggable (ET > 25 GeV and j�j < 1:2). The middle plot shows the jets which
are b-taggable (ET > 25 GeV and SVX-`taggable' [41]). The lower plot shows
the 
-taggable jets (ET > 25 GeV and j�j < 1:0).
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Figure 3.11: The ET spectrum for jets produced in association with diphoton
pairs with E


T > 25 GeV. These plots are used to estimate the number of 


events with extra � 's, b-jets or photons. The top plot shows the ET spectrum
for jets used to estimate the � fake rate. Each jet in the plot must be � -
taggable (ET > 25 GeV and j�j < 1:2). The middle plot shows the jets which
are b-taggable (ET > 25 GeV and SVX-`taggable' [41]). The lower plot shows
the 
-taggable jets (ET > 25 GeV and j�j < 1:0).
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Run 66392, Event 23895

Px Py Pz E ET

(GeV/c) (GeV/c) (GeV/c) (GeV) (GeV)

1 3.6 23.3 3.9 23.9 23.6

2 -11.5 15.4 5.6 20.0 19.2
� 14.6 -20.7 26.3 36.6 25.4
j1 -13.5 -9.2 11.3 20.2 16.6
j2 19.1 6.4 33.5 39.4 20.3
6ET -12.7 -7.0 { { 14.5

Table 3.6: The 4-vectors of the 

 + � candidate event. Note that the while
the 6ET in the event is 14.5 GeV, the �rst jet, j1, is only 5:5� in � away from
the 6ET.

Again the method assigns a probability to each jet in the full 

 sample which

is SVX-taggable [41] and the total event rate is found by summing over all

jets. The ET spectrum of jets which could fake a b-tag with ET > 25 GeV are

shown in Figures 3.10b and 3.11b. Figure 3.12 shows the ET spectrum of the

b-tagged jets and the expectations from the background prediction. A total

of 1:3 � 0:7 b

 events are expected to be in the sample due to real and fake

sources of 

 + b for E

T > 12 GeV; 0.1�0.1 for E


T > 25 GeV. The 4-vectors

of the objects in the two b

 events are given in Tables 3.7 and 3.8.

Run 63033, Event 337739

Px Py Pz E ET

(GeV/c) (GeV/c) (GeV/c) (GeV) (GeV)

1 -21.6 -8.2 -16.7 28.5 23.1

2 -14.3 -22.1 -12.8 29.3 26.4
b-jet 44.8 40.8 37.6 71.8 61.0
j2 4.9 13.0 12.4 18.6 13.9
6ET -4.0 -4.5 { { 6.1

Table 3.7: The 4-vectors of the �rst 

 + b candidate event.
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Figure 3.12: The ET spectrum of b-tags produced in association with diphoton
pairs. The upper plot is for diphoton events in which both photons have
E

T > 12 GeV. The lower plot is for diphoton events in which both photons have

E

T > 25 GeV. The point represents the data; the histogram is the expectation

from real and fake sources of b-tags.
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Run 64811, Event 62109

Px Py Pz E ET

(GeV/c) (GeV/c) (GeV/c) (GeV) (GeV)

1 -7.1 20.2 -11.1 24.1 21.4

2 -23.6 9.5 -10.8 27.6 25.4
b-jet 37.6 48.6 -4.1 62.2 62.0
j2 4.1 -67.5 17.5 70.4 68.1
j3 -8.8 -5.6 -16.6 19.6 10.4
6ET -0.9 -12.8 { { 12.9

Table 3.8: The 4-vectors of the second 

+b candidate event. Note that while
the 6ET in the event is 12.9 GeV, the second jet, j2, is only 7:4� in � away from
the 6ET.

3.6 Additional Photons

To search for events with additional photons with ET > 25 GeV,

events are required to have three photons which pass the selection criteria in

Table 2.1. One photon must have ET > 25 GeV and pass the high-threshold

requirements, any two other photons in the event must both pass the same

selection criteria (low-threshold or high-threshold) [70]. No events are observed

with more than two photons. To estimate the rate at which jets fake the

photon signature, a method similar to that in the � analysis is used [40, 71].

The ET spectra of jets which could fake a 
 (ET >25 GeV, j�j < 1:0) is shown

in Figures 3.10c and 3.11c. The average rate at which jets fake the photon

signature is approximately 1:3� 10�3/jet and is essentially 
at as a function

of ET for ET > 25 GeV. A total of 0:1� 0:1 events are estimated to be in the

sample due to 

 + fake 
 for E

T > 12 GeV; 0.01�0.01 for E


T > 25 GeV.

The ET spectrum for photon background sources in which jets fake additional

photons is shown in Figure 3.13.
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Figure 3.13: The ET spectrum of additional photons produced in association
with diphoton pairs. There are no events in the data with an additional
photon. The upper and lower plots shown the expectation from fake 
's for
thresholds of E


T > 12 GeV and E

T > 25 GeV respectively.
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3.7 Summary of the Searches

Table 3.9 summarizes the observed and expected numbers of events

with 6ET, NJets, additional leptons, b-tags and photons. With the one possible

exception of the ee

 6ET candidate, the data appear to be well predicted by

the background expectations. The ee

 6ET candidate event is discussed in the

next Chapter.

E

T > 12 GeV Threshold

Object Obs. Exp. Ref.
6ET > 35 GeV 1 0:5� 0:1 {
NJet � 4, EJet

T > 10 GeV, j�Jetj < 2:0 2 1:6� 0:4 {
Central e or �, Ee or �

T > 25 GeV 3 0:3� 0:1 [39]
Central � , E�

T > 25 GeV 1 0:2� 0:1 [40]
b-tag, Eb

T > 25 GeV 2 1:3� 0:7 [39]
Central 
, E
3

T > 25 GeV 0 0:1� 0:1 {

E

T > 25 GeV Threshold

Object Obs. Exp. Ref.
6ET > 25 GeV 2 0:5� 0:1 {
NJet � 3, EJet

T > 10 GeV, j�Jetj < 2:0 0 1:7� 1:5 {
Central e or �, Ee or �

T > 25 GeV 1 0.1 � 0.1 [39]
Central � , E�

T > 25 GeV 0 0.03 � 0.03 [40]
b-tag, Eb

T > 25 GeV 0 0.1 � 0.1 [39]
Central 
, E
3

T > 25 GeV 0 0.01 � 0.01 {

Table 3.9: The number of observed and expected 

 events with additional
objects in 85 pb�1. Note that the ee

 6ET candidate event appears in multiple
categories.
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Chapter 4

The ee

 6ET Candidate event

\Faith" is a �ne invention

When Gentlemen can see -

but microscopes are prudent

In an Emergency.

- Emily Dickenson, 1860

The `ee

 6ET' candidate event, shown in Figure 4.1, consists of two

high-ET photons, a central electron, an electromagnetic cluster in the plug

calorimeter with ET= 63 GeV which passes the electron selection criteria used

for Z0 identi�cation [38], and the largest 6ET (6ET = 55 � 7 GeV) in the

diphoton sample. While the event does not have any obvious Standard Model

interpretation and could be the �rst observation of new physics, it could also

be due to one or more detection pathologies [72]. A detailed study of the event

consequently is important.
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 44.8 GeV

e1
ET = 36 GeV γ2

ET = 30
GeV

e Candidate
ET = 63 GeV

γ1
ET = 36 GeV

 eeγγETCandidate Event

ET = 55 GeV

Figure 4.1: An event display for the ee

 6ET candidate event.
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4.1 The Z0 ! e+e� Control Sample

The characteristics of the ee

 6ET candidate event are studied using

a control sample of 1009 well-measured Z0 ! e+e� events. Each event in the

sample is required to have one electron in the central part of the detector, one

electron in the plug calorimeter, and a pair invariant mass within 15 GeV of the

Z0 mass (91 GeV). The requirements are listed in Table 4.1. The distributions

in ET for the electrons in the sample are shown in Figure 4.2.

Good Run
jzvertexj < 60 cm
No energy out-of-time with the event
An isolated electron in the central region with ET >25 GeV
Plug Electron with:
ET > 25 GeV
Fiducial
Had/Em<0.05
VTX Occupancy > 0.5
�23x3 < 3.0
�2Depth < 15.0
PES active region (�2� Strips > 0; �2� Strips > 0)
EIso
T =ET <0.1

76< Me+e� < 106 GeV

Table 4.1: The requirements used to select the Z0 ! e+e� control sample with
one electron in the central calorimeter and one electron in the plug calorimeter.
The requirements used to select isolated electrons in the central calorimeter
are given in Table 2.2 and are the same as those used to identify electrons in
the top-quark discovery [39]. The requirements used to select electrons in the
plug calorimeter are the same as those used to identify Z0 ! e+e� decays in
the measurement of the ratio R = ��Br(�pp!W!e�)

��Br(�pp!Z0!ee) [38].
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Figure 4.2: The transverse energy of electrons in the central and plug calor-
imeters in Z0 ! e+e� events. The arrows indicate the measured values of the
ET for the electron candidates in the ee

 6ET candidate event.
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4.2 The Interaction Vertex

The primary vertex [73], determined using the track from the cen-

tral electron, is situated at z = 20:4 cm. The scalar sum of the transverse

momentum of the 14 tracks associated with the vertex is 40.6 GeV and in-

cludes 31.8 GeV due to the electron in the central calorimeter. Note that

since there is no track associated with a photon and the calorimeter has no

pointing capabilities, the z position of the vertex for the photons cannot be

determined. Similarly, since there is no CTC track for the cluster in the plug

calorimeter [74], its vertex cannot be determined.

There are three other vertices in the event which are typical of soft

�pp collisions [75, 76] and are described in Table 4.2. The instantaneous

luminosity, L, during this particular part of the run was measured to be

L = 1:43 � 1031=cm2 � sec; at this luminosity there should be, on average, 2.5

primary vertices. Figure 4.3 shows the instantaneous luminosity and number

of primary vertices as measured in Z0 ! e+e� events during the course of the

run. There is no indication that the electron candidates, photon candidates

or the missing transverse energy are due to anything other than the single �pp

collision which occurred at z = 20:4 cm.

4.3 Timing Information

Every tower in the central hadronic calorimeter has timing informa-

tion associated with any energy deposited. All energy deposited at time tmust

occur within a window around the nominal collision time, t0, to be considered

`in time' with the collision. The window is de�ned by

�20 nsec < t� t0 < 35 nsec: (4.1)
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Figure 4.3: The instantaneous luminosity and the number of primary vertices,
as measured in Z0 ! e+e� events, during the course of the run. The arrows
indicate the values measured in the ee

 6ET candidate event.
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zvertex �PT of tracks
associated with the vertex

20.4 cm 40.6 GeV
-8.9 cm 1.3 GeV
-38.9 cm 5.0 GeV
-33.7 cm 5.4 GeV

Table 4.2: The vertices in the ee

 6ET candidate event. �PT is the scalar
sum of the transverse momentum of tracks associated with the vertex. The
primary vertex at 20.4 cm has �PT = 40.6 GeV which includes the PT of the
central electron. The other vertices are typical of soft �pp collisions [75, 76].
Note that the last two vertices are not completely independent as they share
tracks with a total of 2.03 GeV of �PT.

and is centered at 7.5 nsec, the typical time-of-
ight for relativistic particles

to travel from the interaction point at the center of the detector to the face of

the calorimeter. Any tower with energy deposited outside the timing window

might indicate the presence of a cosmic ray interaction in the event. No tower

in the ee

 6ET candidate event has more than 1 GeV of energy deposited

outside the timing window.

Timing information for clusters in the central electromagnetic calor-

imeter can be found if the shower also deposits energy in the hadronic calor-

imeters [77]. Figure 4.4 shows the timing for central electrons from the

Z0 ! e+e� control sample as well as for a sample of photons from cosmic

rays [78]. The electron arrival time distribution is centered at approximately

7 nsec, as expected, and has a time resolution of � 4 nsec. In contrast, cosmic

rays have an arrival rate which is 
at in time and extends to large times (see

Figure 4.4b). In the ee

 6ET candidate event only the central electron and one

of the photons (
1 in Table 4.11) have associated timing information [77]. The

arrival times of the clusters are measured to be 15 nsec and 18 nsec after the

nominal collision time respectively, well within expectations, and consistent



68

with each other. There is no indication that any of the energy deposited in

the event is due to a cosmic ray interaction in the detector.

4.4 The Central Electron

The electron in the central calorimeter passes all the standard elec-

tron identi�cation and isolation requirements used in top-quark studies[39].

The measured values of the identi�cation variables as well as the selection

criteria are given in Table 4.3.

Requirement Value
ET > 25 GeV ET = 36.4 GeV
E/P < 1.8 E/P= 1.15
Had/EM < 0.05 Had/EM = 0.026
Lshr < 0.2 Lshr= -0.007
�2strip < 10.0 �2strip = 2.13
j�xtrack�showerj < 1.5 cm �x = 0.02 cm
j�ztrack�showerj < 3.0 cm �z = -0.50 cm
j�zvertex�trackj < 5.0 cm �z = 1.31 cm
jzvertexj < 60.0 cm zvertex = 20.4 cm
Fiducial Yes
EIso
T =ET < 0.1 EIso

T =ET= 0.02

Table 4.3: The measured values of the variables used to identify the central
electron in the ee

 6ET candidate event. The selection criteria are those used
to identify electrons in the top-quark analyses. For a full description of these
variables see Refs.[38, 39].

4.5 The Central Photons

Both photon candidates in the event pass all the selection require-

ments in Table 2.1. The values of the variables used in the selection, as well

as the selection criteria, are shown in Table 4.4. While it is true that the
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Figure 4.4: The arrival times of electrons and photons at the face of the central
hadronic calorimeter from Z0 ! e+e� events and from a sample of photons
from cosmic rays. In the ee

 6ET candidate event only the central electron
and one of the photons (
1 in Table 4.11) have associated timing information
and are indicated by the arrows. There is no indication that any of the energy
deposited in the event is due to a cosmic ray interaction in the detector.
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purity of the sample is low ((15 � 4)%), it is not possible to determine if these

photons are directly produced or are from a �0 ! 

 decay except on a statis-

tical basis. The fact that the showers pass the selection criteria (in particular

the �2CES and �CES requirements) implies that the showers are consistent with

coming from the interaction region.

Photon 1
Requirements Value

ET > 22 GeV ET = 36 GeV
�1 3D tracks, PT < 1 GeV # 3D Tracks = 0
�2CES < 10 �2CES = 1:9
j�CESj < 2.0 �CES = -0.29
Ecluster
2nd strip or wire � 2:39 + 0:01 � E


T = 2:92 GeV E2nd Strip = 0.0
E2nd Wire = 1.4 GeV

Fiducial [79] Yes
Had=EM < 0.055 + 0.00045E = 0.079 Had/EM = 0.012
EIso
T =ET < 0:10 EIso

T =ET= 0.050
�PT(�R = 0:4) < 5.0 �PT(�R = 0:4)= 0.39

Photon 2
Requirements Value

ET > 22 GeV ET = 32 GeV
�1 3D tracks, PT < 1 GeV # 3D Tracks = 0
�2CES < 10 �2CES = 3:9
j�CESj < 2.0 �CES = -1.6
Ecluster
2nd strip or wire � 2:39 + 0:01 � E


T = 2:76 GeV E2nd Strip = 0.0
E2nd Wire = 1.2 GeV

Fiducial [79] Yes
Had=EM < 0.055 + 0.00045E = 0.072 Had/EM= 0.012
EIso
T =ET < 0:10 EIso

T =ET = 0.015
�PT(�R = 0:4) < 5.0 �PT(�R = 0:4)= 1.7

Table 4.4: The measured values of the variables used to identify the central
photons in the ee

 6ET candidate event.
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4.6 The Missing Transverse Energy

The missing transverse energy in the ee

 6ET candidate event is mea-

sured to be 55 GeV. The uncertainty on this measurement is determined us-

ing the resolution parameterization of Section 3.1. The scalar sum of the

transverse energy deposited in the calorimeters, �ET, is measured to be

�ET = 267.7 GeV. The majority of the transverse energy (� 60%) is de-

posited in clusters in the electromagnetic calorimeters where the energy reso-

lution is good [80]. The rest of the energy in the calorimeter is unclustered.

To use the 6ET resolution method of Chapter 3, the �ET is corrected by sub-

tracting o� all the electromagnetic clusters:

�ECorrected
T = �EMeasured

T � ECentral e
T � EPlug Cluster

T � E
1
T � E
2

T (4.2)

= 267:7 GeV� 36:3 GeV � 63:3 GeV � 36:2 GeV � 32:3 GeV

= 99:6 GeV

Using Equation 3.1 yields

�(6ET) = 2:66 GeV + (0:043 � �ECorrected
T ) (4.3)

= 2:66 GeV + (0:043 � 99:6 GeV)

= 6:9 GeV

for a �nal result of 6ET= 55 � 7 GeV. There are no jets in the event and all

the clusters appear to be well measured. There is no indication that the 6ET
is the result of a measurement pathology or due to a cosmic ray interaction.

Because the momenta of the four clusters (the two photons and the

two electron candidates) are measured by the electromagnetic calorimeters,

the resolution on each is a few per cent. The total PT of the 4-cluster system

is 48 � 2 GeV, opposite to the 6ET and in good agreement with the measured
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magnitude. This is a further indication that the imbalance is not caused by

spurious energy elsewhere in the detector.

4.7 The Electron Candidate in the Plug

Calorimeter

The cluster in the plug calorimeter passes all the standard electron

identi�cation and isolation selection criteria used for Z0 ! e+e� identi�ca-

tion [38]. In addition it passes all the requirements used to identify electrons

in the region of the plug calorimeter used in the top-quark discovery [39, 81].

Table 4.5 and Figure 4.5 show a comparison of the values of the measured

variables for the cluster to those of electrons from the Z0 ! e+e� control

sample. The fact that the shower passes the selection criteria (in particu-

lar the �23x3 = 1.3 and �2Depth = 0.43 requirements) implies that the shower

is consistent with being from a single, isolated electron emanating from the

interaction point. However, a closer inspection reveals a possible discrepancy

with the electron hypothesis.

4.8 A Problem with the Electron Interpreta-

tion

The tracking information along the trajectory between the primary

vertex at z = 20:4 cm and the cluster in the calorimeter indicates that the

cluster is not due to an electron [82]. Figure 4.6 shows the expected path of

the particle as it passes through the SVX, VTX and CTC tracking chambers.

The standard electron identi�cation selection criteria only use the information

from the CTC and VTX detectors. However, in this particular event there is
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Figure 4.5: The values of the identi�cation variables for electrons in the plug
calorimeter from a sample of Z0 ! e+e� events. The arrows represent the
measurement for the cluster in the ee

 6ET candidate event.
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Requirement Value
ET > 25 GeV ET = 63 GeV
�23x3 < 3.0 �23x3 = 1.3
Had/EM < 0.05 Had/EM= 0.03
EIso
T =ET < 0.1 EIso

T =ET =0.05
VTX occupancy > 50% VTX occupancy = 1.0
Fiducial Yes

Additional Selection Criteria used in the top-quark Analysis
�2Depth < 15.0 �2Depth = 0.43
3D Track through 3 CTC axial superlayers # Track = 0

Table 4.5: The measured values of the variables used to compare the cluster
in the plug calorimeter in the ee

 6ET candidate event to electrons. The
requirements are those used to identify electrons from Z0 ! e+e� events in
the plug calorimeter and are described in Ref. [38]. The additional selection
criteria are those used to identify electrons in the top-quark analysis [39].

no expectation of �nding a track in the central tracking chamber because the

trajectory only passes through the innermost layers [74].

4.8.1 VTX Tracking

The VTX is a system of eight octagonal time projection modules sur-

rounding the beam pipe and mounted end-to-end along the beam direction.

For every event detailed r � z tracking, with some � resolution, provides a

measurement of the vertex position as well as additional tracking information

for individual charged particles. The standard electron identi�cation require-

ments uses a VTX occupancy measurement which is de�ned to be the ratio of

the number of layers in the VTX in which the electron deposits charge divided

by the number of layers in the VTX expected to be traversed by the electron,

given the electron's trajectory. For more information on the VTX and electron

identi�cation see Refs. [32, 38].

The expected particle trajectory, from the vertex at z = 20:4 cm to
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Figure 4.6: The expected trajectory for the cluster in the plug calorimeter as
it passes through the SVX, VTX and CTC tracking chambers in the ee

 6ET
candidate event.
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the cluster position at � � 0:3 rad, � � �1:7, passes through the �ducial part

of the VTX. A total of 7 hits are recorded with 7 hits expected [83] for an

occupancy of 100%. Figure 4.7 shows the VTX occupancy as a function of �

for � = 0:3 rad, and as a function of � for � = -1.72. There appears to be

a charged particle trajectory at the � and � of the cluster. The VTX does

not provide a precision measurement of the trajectory and cannot distinguish

between single and multiple particles heading in the direction of the cluster

in the plug calorimeter. The information is completely consistent with the

interpretation of the cluster as an electron.

4.8.2 SVX Tracking

The standard electron identi�cation selection criteria do not use

the SVX because the detector is not instrumented outside of the region

jzj < 30 cm. However, for interactions which occur within jzj < 30 cm, the

SVX can often be used to provide precision tracking for electrons [84, 85, 86].

The SVX is a single-sided silicon microstrip detector made from 300�m thick

silicon wafers. Three wafers are bonded together to form a 25.5 cm long `ladder'

with the strips running lengthwise to provide r� � coordinate measurements.

Four layers of ladders (numbered 0-3) are placed at radii of 2.86 cm, 4.26 cm,

5.69 cm, and 7.87 cm and arranged in a projective wedge that subtends 30� in

�. Twelve wedges form a \barrel"; Two barrels are placed end-to-end along

the beam direction to cover the region 1 cm < jzj < 28 cm. The SVX tracking

results are described using three di�erent terms: hit, cluster and stub. When a

charged particle traverses the SVX it typically deposits energy in 2 or 3 strips

per layer. If enough energy is deposited in a strip it is referred to as a `hit.' A

`cluster' �nding algorithm joins the adjacent hits on the layer and determines
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Figure 4.7: The VTX occupancy as measured in the ee

 6ET candidate event.
The trajectory is assumed to come from the vertex at z=20.4 cm.
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a mean position with a typical resolution in � of 5-15 mrad as shown in Ta-

ble 4.7. Joining 3 or more clusters on di�erent layers produces a `stub' with

a typical resolution of 1.5 mrad. For more details on the SVX as well as the

stub-�nding algorithms see Refs. [33, 34, 84, 85, 86].

The SVX stub-�nding algorithm searches for SVX clusters in the

region of � �100 mrad around the � of the electron candidate [86]. Any stub

found is required to pass the requirements in Table 4.6 to insure that is well-

measured [87, 88]. Figure 4.8 shows the �� between the measured � position

in the strip chambers (CES and PES respectively) and from the SVX stub

for electrons from the Z0 ! e+e� control sample. Two peaks, corresponding

to the bending of positively and negatively charged electrons in the magnetic

�eld, are clearly visible. Any event with large �� would be from mismeasured

or fake stubs [89].

Cut Description Requirement
SVX Fiducial Trajectory must pass through � 3 layers of the SVX

1 cm < jzLayerTrajectoryj < 26 cm
� 3 layers with clusters

Well Measured �2SVX < 2:0
Correct � 80 < QCentral

Min < 200

100 < QPlug
Min < 200

Table 4.6: The SVX stub-�nding requirements for electrons. Any stub found
by the SVX tracker must pass through the �ducial part of the SVX, be well-
measured and be consistent with being from an electron in the central or plug
calorimeter. For more detail on the requirements see Ref. [87, 88].

In the ee

 6ET candidate event, the SVX tracker �nds stubs for all

four electromagnetic clusters [90]. However, only the central electron and the

electromagnetic cluster in the plug have stubs that pass the requirements of

Table 4.6. For the electron in the central calorimeter, the �� measurement is
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Figure 4.8: The �� between the measured electron position from the strip
chambers (CES and PES) and the � from the SVX tracker for electrons in
the Z0 ! e+e� control sample. The two peaks correspond to the bending of
positively and negatively charged electrons in the magnetic �eld.



80

consistent with the negative charge determination from the track in the central

tracking chamber as shown in Figure 4.8.

Barrel Layer Length Radii (cm) � (radians)
z > 0 1 3 4.3962 0.313�0.008
z > 0 3 5 7.9866 0.249�0.063
z > 0 3 6 7.9880 0.258�0.076
z < 0 0 2 2.8679 0.269�0.003
z < 0 0 3 2.8672 0.319�0.005
z < 0 1 3 4.2803 0.267�0.008
z < 0 2 3 5.7165 0.267�0.011
z < 0 3 3 7.8823 0.306�0.015

Table 4.7: A list of all good SVX clusters with 0.23 rad< � < 0.33 rad in the
ee

 6ET candidate event. `Length' is the number of SVX hits in the cluster.
The clusters found by the SVX stub-�nding algorithm for the cluster in the
plug are in boldface.

The stub found by the SVX tracker for the cluster in the plug is prob-

lematic. The �� between an SVX stub and the measured position in the PES,

due to bending in the magnetic �eld, is expected to be -2.6 mrad for a 63 GeV

positron. The position, in �, of the electromagnetic cluster as measured by the

strip chambers in the plug calorimeter (PES) is �PES = 0:2940 rad. There are

no SVX clusters in the region 0.29 rad < � < 0.30 rad in either SVX barrel as

seen in Figure 4.9 and Table 4.7. However, the algorithm does pick up a three-

cluster stub near the expected path which is in the barrel with z < 0 (as would

be expected for the trajectory [91]). The stub appears to be well measured,

�2SVX = 0:54 and QMin = 145, but has �SVX = 0:2654 rad for �� = �29 mrad
which would be very unusual for an electron; again see Figure 4.8.

The non-observation of an SVX stub with the correct �� is very

unusual for an electron [92]. While a malfunction in the PES would be an

appealing explanation [82], there is no indication of a � mismeasurement in

the calorimeter. Table 4.8 lists all the bad strips in the SVX in the region
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0.23 rad < � < 0.33 rad. Note that the trajectory passes very near (or at) a

dead strip in barrel 1 (z <0), layer 0, and could cause the loss of a cluster.

Also note that for layer 1, the trajectory passes near a gap between silicon

crystals at z = 9.6 cm. These could possibly account for two of the three

missing clusters. The SVX cluster �nding e�ciency is � 95% due almost

entirely to dead strips and gaps between crystals. With that e�ciency, the

average probability to miss all three clusters is 1:4 � 10�4; however if the true

trajectory passes through the two bad regions, the probability of also losing

the third cluster is only less than about 1% [93].

Barrel Layer � Strip Width
z < 0 2 0.2373 0.0010
z < 0 3 0.2410 0.0007
z > 0 0 0.2606 0.0021
z > 0 0 0.2962 0.0021
z > 0 3 0.3225 0.0007
z > 0 3 0.3246 0.0007
z > 0 3 0.3232 0.0007
z > 0 3 0.3239 0.0007

Table 4.8: A list of all the bad strips in the SVX in the region
0.23 rad < � < 0.33 rad. The strip width is the angle, in radians, subtended
by the physical strip width.

Another quantity of interest is the impact parameter of the stub with

respect to the position of the collision. Prompt electrons should have an impact

parameter which is consistent with zero within resolution. The distribution

in the impact parameter of stubs associated with central and plug electrons

from Z0 ! e+e� events is shown in Figure 4.10 along with the results for the

electron candidates in the ee

 6ET candidate event. While the stub associated

with the central electron has a small impact parameter (46 �45) �m, the stub
at � = 0:265 rad has a large value, 90�45 �m, which is on the tail of the
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Figure 4.9: The positions of the SVX clusters with 0.23 rad < � < 0:33 rad.
The dashed line is the expected trajectory from the primary vertex to the
cluster in the plug calorimeter using the measured cluster position and ET.
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distribution but not inconsistent with the prompt hypothesis. Note that the

impact parameter measurement is highly dependent on whether or not the

� position and energy information from the calorimeter is used [94]; if the

stub is unrelated to the cluster, removing the calorimeter information from

the tracking algorithm can change the mean value of the impact parameter,

as well as its uncertainty, by an order of magnitude [95].

The tracking information is confusing and would be highly unusual

for an electron (no others like it are found in the sample of 1009 well-measured

plug electrons). Since there is no associated track in the central tracking

chamber, it is not obvious that the stub has anything to do with the cluster

in the calorimeter. Since there are no other large energy clusters in the � � �

region suggested by the stub, either this is an SVX or PES failure, or the stub

is due to a low PT charged particle which is not seen in the calorimeter. Based

on the j��j distribution of the Z0 ! e+e� events, the probability that this

observation is due to an electron is estimated to be less than 0.3% at 95% C.L.

4.9 Interpreting the Electromagnetic Cluster

To summarize, the relevant experimental facts about the electro-

magnetic cluster in the plug calorimeter in the ee

 6ET candidate event are:

1. The cluster easily passes all the standard electron identi�cation selection

criteria.

2. There are no SVX clusters in the region 0.29 rad < � < 0.30 rad and

3 are expected. There is a bad SVX strip in layer 0 and a gap in the

coverage in layer 1 which may lie along the trajectory and cause clusters

to be lost. There is a high quality SVX stub which is near the expected
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Figure 4.10: The measured impact parameter from the SVX tracker for elec-
trons from Z0 ! e+e� events. The central electron in the ee

 6ET candidate
event has an impact parameter of 46�45�m. The nearest SVX stub to the �
of the cluster in the plug electromagnetic calorimeter has an impact parameter
of 90�45�m. Both are consistent with zero within resolution.
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trajectory, but is not necessarily correlated with the plug cluster. The

stub is well measured [88] and appears to be due to a charged particle

traveling at an � consistent with the cluster. However, the probability

for an electron to have j��j > 0:03 rad between the stub and the cluster

is estimated to be less than 0.3% at 95% C.L.

3. Assuming the energy and position of the plug cluster are due to the par-

ticle which made this stub, the best �t impact parameter of the SVX

stub is 90�45�m. While this is not inconsistent with the prompt elec-

tron hypothesis (a 2� deviation), the result is highly dependent on the

calorimeter information [95]. If the calorimeter information is removed

from the SVX track �nding algorithm, the impact parameter information

becomes inconclusive.

4. The VTX occupancy indicates that there is at least one charged particle

traveling in the direction of the PEM cluster (this could be the track

associated with the SVX stub).

The above list indicates that while many of the measurements of the cluster

are consistent with an electron emanating from the primary interaction, some

are inconsistent. One possibility is that the stub or cluster come from separate

�pp interactions. Another possibility is that the cluster is due to an unusual

interaction of the electron with the detector. A third possibility is that the

cluster is due to a di�erent type of particle such as a photon with a nearby

particle from underlying event, a hadronic � decay, or a hadronic jet which

faked the electron signature. These possibilities are discussed in the next

Sections.
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4.9.1 Two Interactions

One possibility is that the cluster or the SVX stub comes from a

di�erent �pp interaction. As a check, the VTX and SVX results are investigated

using the other vertices in the event; the results are summarized in Table 4.9.

The trajectory from a vertex to the plug passes through the SVX �ducial

region for only one other vertex; there are no stubs associated with it. The

VTX occupancy along the trajectories from the other vertices do not indicate a

better choice. There is no indication that the stub or cluster is from a di�erent

vertex [76].

Vertex SVX Clusters D0 VTX Occ
(cm) (Exp/Obs) (�m) (Exp/Obs)
20.4 3/3 90�45 7/7
-8.9 3/0 - 9/3
-38.9 0/- - 10/7
-33.7 0/- - 10/4

Table 4.9: The VTX and SVX results assuming the cluster in the plug comes
from a di�erent vertex in the event. Due to the cluster position in the plug
calorimeter, only vertices with -13 cm < zvert < 38 cm could give three or more
clusters in the SVX.

4.9.2 Anomalous Electron Detection

Since all evidence, with the exception of the SVX information, is con-

sistent with the single isolated electron hypothesis it is instructive to consider

reasons that a large mismatch might exist for real electron candidates [96].

For example, the electron could have emitted an energetic photon, via Brem-

strahlung, while traversing the detector, or the electron could have had an

elastic scattering with a nucleus. If the photon emission or collision occurs

after the electron leaves the SVX, then there should be at least two �nal state
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particles and the SVX stub should, by conservation of momentum, point to

the energy-weighted mean of the energy deposition in the calorimeter (within

the expected resolution and bending due to the magnetic �eld). No evidence

for a second cluster is seen in the calorimeter [82]. If the photon emission

occurs before the electron reaches the SVX, then the initial direction of the

electron must have been directly toward the center of the electromagnetic clus-

ter (again by conservation of momentum). In this case the SVX stub is due to

the electron going o� with low momentum, and the electromagnetic cluster is

due to the photon. However, the impact parameter would be roughly 5 times

that observed [96]. A �nal scenario is that the photon emission or collision

occurs in the SVX. If this were the case, there should be a deviation, or kink,

along the trajectory de�ned by the SVX hits and the primary vertex. No such

occurance is seen.

4.9.3 Photonic Interpretation

Since electrons and photons will interact with the calorimeter in sim-

ilar ways, the cluster could be a photon with a nearby, but unrelated, charged

particle. Figure 4.7 shows that while the occupancy in the VTX has a local

maximum at � = 0:3 rad, it is above 0.5 for all values of �. Thus, even if the

SVX stub is due to an unrelated, low-momentum charged particle that causes

the local maximum in the VTX, the cluster would, by a side band estimate,

still not pass any reasonable photon VTX occupancy requirement. To esti-

mate the probability that the SVX tracker might �nd a stub unrelated to the

cluster in the plug, the SVX stub-�nding algorithm is used. Instead of using

the � position of the cluster, the � is varied between 0 and 2� in increments of

0.01 rad. Table 4.10 lists all SVX stubs found using this procedure that pass
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the selection criteria in Table 4.6. A total of 8.4% of � space has a good stub

of which 1.8% is due to the stub at � = 0.265 rad. It is not improbable to �nd

an unrelated stub or high VTX occupancy in this event.

Another way to estimate the probability for a photon to have an

SVX stub and high VTX occupancy is to use the central photon sample from

Chapter 2 but with the additional requirement of E

T > 20 GeV. There are 268

events in the sample for a total of 536 photons. Figures 4.11 and 4.12 show the

�� and VTX occupancy distributions for the photons in the sample. A total of

277 photons pass through the �ducial region of the SVX, 16 have an SVX stub

which pass the requirements in Table 4.6, and 6 have j��j > 0.03 rad (� 2%).

A total of 58 of the 536 photons have a VTX occupancy of greater than 50%

(� 10%). The bottom part of Figure 4.12 shows that most of the photons

with a stub have very low VTX occupancy. No event with j��j >0.03 rad

has a VTX occupancy greater than 0.5 indicating that there is no correlation

(at low statistics) between large VTX occupancy and large j��j [97]. While

the cluster could be due to a photon with a soft track nearby, it is an unusual

example as estimated by the diphoton sample, and the hypothesis cannot be

proved or excluded.

4.9.4 Hadronic � decay

The cluster could be due to the hadronic (1-prong) decay of a � lep-

ton. For example, the decay � ! �+�0�� produces a �+ which could generate

the SVX stub and VTX occupancy, and a �0 which decays via �0 ! 

 and

could generate a calorimeter cluster that is largely electromagnetic energy and

that passes the remaining electron identi�cation selection criteria. However,

as shown below, most hadronic � decays will not shower predominantly in
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Figure 4.11: The �� between the measured photon position and the stub found
by the SVX tracker for a sample of central photons. A total of 277 photons
in the sample pass through the �ducial region of the SVX, 16 of which have
a stub found by the SVX tracker that passes the requirements in Table 4.6.
Only 6 photons have a stub with j��j >0.03 rad.
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Figure 4.12: The VTX occupancy of photons with ET > 20 GeV in the dipho-
ton sample. Note that 58 of the 536 photons have a VTX occupancy of greater
than 50%. The lower plot shows the VTX occupancy for photons which have
an associated stub found by the SVX tracker.
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�Stub j��j
0.2654 0.11
0.4695 0.14
1.990 0.16
2.682 0.05
3.469 0.07

��� = 0:53
���
2�

= 8:4%

Table 4.10: Other SVX stubs in the ee

 6ET candidate event found using the
SVX stub-�nding algorithm. To �nd stubs, the � of the cluster was used, but
the � was allowed to vary between 0 and 2� in increments of 0.01 rad. All
stubs are required to pass the requirements in Table 4.6. The j��j is a measure
of the region in which the stub is found by the SVX tracker and passes the
selection criteria.

the electromagnetic calorimeter. The cluster in the event deposits roughly

180 GeV in the electromagnetic calorimeter and only 5 GeV in the hadronic

calorimeter. The probability that a � might fake the electron signature, but

not be from the � ! e��� decay chain, is estimated using a Monte Carlo to

simulate a sample of � 's with a one-prong decay (excluding the electron and

muon decays) interacting with the plug calorimeter [54, 98]. Unfortunately,

the standard CDF detector simulation does not correctly model the VTX occu-

pancy or the �2 variables in the calorimeter or strip chambers in the plug, each

of which provide rejection against the hadronic decays. To avoid an underes-

timate of the probability, the simulated cluster is not required to pass these

requirements. The top part of Figure 4.13 shows the electromagnetic fraction

of the energy of clusters produced by the � . The rate at which � events pass

the Had/EM and calorimeter isolation selection criteria (corrected for the 50%

one-prong branching fraction [4]) is plotted in the bottom of Figure 4.13 as a

function of the ratio of reconstructed cluster energy to the original � energy.
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For most of phase space the fake rate is 
at, typically around 3%; however at

the end points it rises to almost 10%.

While the cluster in the PEM could be due to the hadronic decay

of a � , and there is no evidence to the contrary, this would be an unusual

example as estimated by the Monte Carlo. Furthermore, it would signi�cantly

change the interpretation and kinematics of the event [99]. Ignoring additional

tracking information from the SVX and VTX, as well as potential rejection

power from the calorimeter, the probability of a � to pass the electron selection

criteria is conservatively estimated to be less than a few percent per � .

4.9.5 Jet Interpretation

A jet associated with the event, either as part of the partonic process

or from initial or �nal state radiation, could 
uctuate to pass all the electron

selection criteria. The rate at which a jet passes the electron selection criteria

is estimated using a method similar to that in the � analysis in Chapter 3 [40,

71, 100]. The fake-rate per jet is consistent with being a constant for jets

with ET > 25 GeV with a probability of approximately 2:2 � 10�3/jet. Thus,

although the cluster could be due a jet which 
uctuated to pass the electron

selection criteria it would be an unusual example.

4.9.6 Conclusion

Although the cluster passes all of the standard electron selection cri-

teria, the tracking information provides evidence that the cluster is not due to

an electron. The cluster could be interpreted as a photon, the hadronic decay

of a tau lepton, or simply as a jet. While all three scenarios are reasonable

a priori, and are consistent with the facts, each is unlikely in that this would
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Figure 4.13: A Monte Carlo simulation of one-prong hadronic decays of a �
interacting with the plug calorimeter. The electromagnetic fraction (EMF)
of the energy deposited in the electromagnetic and hadronic calorimeters is
shown in the top plot. The measured cluster energy as a fraction of the true
energy of the � is shown in the middle plot. The rate at which � events pass
the Had/EM and isolation selection criteria (corrected for the 50% one-prong
branching fraction) as a function of ratio of reconstructed cluster energy to
original � energy is shown in the bottom plot.
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be an unusual example of any of them. There simply is not enough information

to establish the origin of the cluster.

4.10 A Study of the Kinematics of the Event

A study of the kinematics of the ee

 6ET candidate event is poten-

tially useful in helping understanding its origin. The energies and momenta

are given in Table 4.11. There are no additional jets with ECorrected
T > 10 GeV.

Figure 4.14 shows the 6ET of the system if the energy of the cluster in the plug

calorimeter were mismeasured. For simplicity, the cluster is denoted as e, and

in the plot, Mee is plotted vs. 6ET for di�erent correction factors, C, such that

Eused = C � Emeasured. The 6ET cannot be reduced below 25 GeV for any

value of C. While the value of the 6ET is at a local minimum for Mee � MZ0,

where 6ETmin = 26:6 GeV, it would mean that a particle (or particles) with

51 GeV (� = 2 GeV) of electromagnetic energy was mismeasured as having

183 GeV of energy.

Run 68739, Event 257646

Px Py Pz E ET

(GeV/c) (GeV/c) (GeV/c) (GeV) (GeV)


1 32.1(9) -16.8(5) -35(1) 50(1) 36(1)

2 -12.9(4) -29.6(9) -22.5(7) 39(1) 32.3(9)
e� -34(1) 11.5(3) 21.7(6) 42(1) 36(1)
Plug EM Cluster 60(2) 19.0(5) -172(5) 183(5) 63(2)
6ET -54(7) 13(7) | | 55(7)

Table 4.11: The 4-vectors of the electron and photon candidates and the miss-
ing transverse energy in the ee

 6ET candidate event. The parentheses repre-
sent the uncertainty in the last digit and are as determined in Chapters 2 and
3 [32, 80]. There are no additional jets with ECorrected

T > 10 GeV.

Table 4.12 lists the masses and transverse momentum for various
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combinations of the clusters in the event. One of the most interesting combi-

nations is the ecentral
2 combination which has an invariant mass of 91.7 GeV/c2

and a PT of 4.1 GeV. While this could be a Z0 where one electron faked the

photon signature (there is no track or SVX stub pointing at the photon) this

would be unusual, as estimated in Section 3.3. Table 4.13 lists the calculated

transverse masses for various combination of the clusters and the 6ET. While

the ecentral 6ET combination is inconsistent with the decay of a W via W ! e�

(it has MT = 4:3 GeV/c2) the ecentral
1 6ET combination could be the radiative

decay of a W via W ! e�
 (MT = 70:4 GeV/c2).

While part of the event may be due to leptonic or radiative decays of

W and/or Z0 bosons, the interpretation of the event is not obvious. Further-

more, the kinematics do not suggest any obvious indication that the event is

due to two overlapping events.

4.11 Conclusions

After a detailed study of the ee

 6ET candidate event, the conclusion

appears to be that it originates from a single �pp collision and consists of a

high quality isolated electron, two isolated photons in the central calorimeter,

signi�cant 6ET, and an electromagnetic cluster in the plug calorimeter with

a problematic interpretation. While the cluster passes all of the standard

electron selection criteria, further investigation reveals its interpretation is

not obvious. The tracking chambers indicate that there is clearly a charged

particle (or particles) traveling in the direction of the cluster but not directly at

it, indicating that the cluster might not due to an electron. The cluster could

be interpreted as a photon, the hadronic decay of a tau lepton, or simply as

a jet. While all of three scenarios are reasonable a priori, and are consistent
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Figure 4.14: The invariant mass of the cluster in the plug calorimeter, here
denoted as an e, and the electron in the central calorimeter (Mee) plotted
vs. the 6ET as the energy of the cluster in the plug is varied. Note that the
minimum value of the 6ET is 26.6 GeV and occurs when Mee is close to the Z0

mass (Mee = 86 GeV). However, this requires a correction factor of C = 0.28.
The mass of the ee pair is equal to the mass of the Z0 when the correction
factor is C = 0.31, and results in 6ET = 26:7 GeV.
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Objects MSystem PSystem
T 6ET �

(6ET)
HT

(Gev/c2) (Gev) (GeV) (degrees) (Gev/c2)
eplugecentral
1
2 232.4 48.1 52.8 167.2 221.2
eplug
1
2 121.8 84.4 89.0 164.9 221.1
ecentral
1
2 121.4 38.2 32.0 73.8 137.0
eplugecentral
1 200.4 13.1 20.0 194.9 152.0
eplugecentral
2 195.6 59.7 66.9 195.6 202.8
eplugecentral 163.3 40.0 47.5 227.3 147.1

1
2 47.3 50.4 49.3 121.2 118.1
eplug
1 97.0 48.7 54.1 173.3 149.8
eplug
2 56.5 92.6 99.1 183.8 198.7
ecentral
1 64.1 50.7 43.4 18.6 112.1
ecentral
2 91.7 5.8 4.1 166.6 76.8

Table 4.12: The kinematics of various combinations of the clusters in the
ee

 6ET candidate event. The combination of clusters is referred to as a sys-
tem. Column 4 ( 6ET) is the transverse imbalance of that particular sub-system
and takes into account the underlying event. The HT is the transverse mass
of the system along with its imbalance. The cluster in the plug is simply re-
ferred to as ePlug for simplicity. The lowest 6ET attainable by simply removing
one electron or photon candidate from the event is 20.0 GeV, which occurs by
removing 
2. By removing both the central photon and the cluster in the plug
the 6ET becomes 4.1 GeV.

with the facts, each is unlikely in that this would be an unusual example of

any of them. There simply is not enough information to establish the origin of

the cluster. The unambiguous interpretation of the ee

 6ET candidate event

remains a mystery.
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Objects MT

(Gev/c2)
eplugecentral
1
2 6ET 221.1
eplug
1
2 6ET 182.0
ecentral
1
2 6ET 141.2
eplugecentral
1 6ET 180.4
eplugecentral
2 6ET 187.0
eplugecentral6ET 144.2

1
2 6ET 111.9
eplug
1 6ET 148.5
eplug
2 6ET 146.2
ecentral
1 6ET 70.4
ecentral
2 6ET 113.2
eplug6ET 111.6
ecentral6ET 4.3

1 6ET 52.8

2 6ET 86.9

Table 4.13: The transverse mass for the measured 6ET and various combi-
nations of the electron and photon candidates within the ee

 6ET candidate
event. The cluster in the plug calorimeter, for simplicity, is labeled ePlug.
The transverse mass of the ecentral6ET and the `eplug 6ET' candidate pairs are
4.3 GeV/c2 and 111.6 GeV/c2 respectively and are thus unlikely to be from
the decay W ! e�. However, the ecentral
1 6ET combination could be due to
the radiative decay of a W via W ! e�
 (MT = 70:4 GeV/c2).



Chapter 5

Estimating the Number of

ee

 6ET Events from Standard

Model Sources

There are more things in heaven and earth, Horatio,

Than are dreamt of in your philosophy.

- William Shakespeare, Hamlet

The `ee

 6ET' candidate event is obviously unusual. While a detailed

study of the event does not indicate the source of the event, it is useful to make

a quantitative estimate of the rate at which various Standard Model processes

might produce or fake such a signature.

5.1 Introduction

The estimation of the probability of a single event has measure zero.

It is more instructive to de�ne an event topology and estimate the number

99
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of events which pass that set of selection requirements from Standard Model

sources. In an attempt to make the requirements similar to the standard

a priori criteria used in CDF W and Z0 analyses, the event topology is de�ned

by the following list of requirements;

� One isolated electron in the central calorimeter with ET > 25 GeV

� A second isolated electromagnetic cluster, in the central or plug calor-

imeters, which passes the electron identi�cation requirements with

ET > 25 GeV.

� Two isolated central photons, ET > 25 GeV

� 6ET > 25 GeV

� An electron-electron invariant mass above the mass of the Z0: we use

110 GeV.

A subtlety in the topology requirement is that the cluster in the plug

calorimeter is possibly not an electron. To take this into account, the possible

Standard Model sources are divided into two classes- those in which the clus-

ter in the plug is caused by an electron, and those in which it is not. In both

cases, electron candidates are required to pass the standard identi�cation and

isolation requirements described in the previous Chapter [39, 101, 102]. Both

photons are required to pass the high-threshold requirements in Table 2.1.

The primary sources are Standard Model WW

 and t�t production, events in

which jets fake electrons and/or photons, cosmic ray interactions, and over-

lapping events.
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5.2 Standard Model WW

 production

The Standard Model process that is most likely to produce the signa-

ture directly (assuming the cluster in the plug calorimeter is due to an electron)

is WW

 production via the decay:

p�p! W+W�

 ! (e+�)(e���)

 (5.1)

with each � leaving the detector and causing 6ET. To estimate the rate the

MADGRAPH Monte Carlo [103, 104] is used to simulate the process in lowest

order. The cross-section, �WW

 , is estimated to be �WW

 = 0:15�0:05 fb for
two photons with ET > 10 GeV, and j�j < 4.0. The PYTHIA/JETSET [53, 54]

Monte Carlo is used to model the fragmentation, underlying event structure,

and detector response. A total of 150,000 events with both W 's decaying via

W ! e� are simulated.

A total of 1503 of the events simulated pass all the selection criteria

(except the invariant mass requirement). This corresponds to an expected rate

in 85 pb�1 of 1:6� 10�6 events. The invariant mass spectra of the electron pair

are shown in Figure 5.1. Of the 1503 events, 738 events have an invariant

mass greater than 110 GeV. The rate at which WW

 events produce the

ee

 6ET signature is estimated as:

NHigh mass
WW

!ee

 6ET = L � �WW

 �Br(W+W� ! e+e����) �A (5.2)

= 85 pb�1 � (0:15 � 10�3 pb) � 1
81
� 738

150; 000

= 7:7� 10�7 events

where A is the acceptance, de�ned to be the number of events in the sample

passing all the requirements divided by the number of events simulated, and

the branching ratio Br(W+W� ! e+e����) � 1
9 � 1

9 =
1
81.
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Taking into account the uncertainty on the cross section, the lumi-

nosity (85�6.8 pb�1), and di�erences between detection e�ciencies in the data
and in the detector simulation, a total of (8� 4)� 10�7 events is taken as the

best estimate for WW

 producing two electrons, two photons and 6ET in the

observed topology [105].

5.3 Standard Model t�t Production

Another source, in which both electrons are real, is Standard Model

t�t production and decay. Both t-quarks decay via t!Wb, both W 's decay via

W ! e�, and the photons are produced from radiation from internal fermion

lines or are from jets which fake the photon signature. A sample of 22000 t�t

events with t ! Wb and W ! e� is simulated using the PYTHIA Monte

Carlo and a detector simulation [53, 54]. In the sample, a total of 1335 events

pass the two electron requirements with Me+e� > 110 GeV and 6ET> 25 GeV,

one of which has an additional central photon. The rate of �nding an extra

photon in e+e� 6ET events is thus estimated to be:

PExtra Photon � N
M
e+e�

>110 GeV

e+e�
 6ET
N

M
e+e�

>110 GeV

e+e� 6ET
(5.3)

=
1

1335
= 7:5� 10�4:

As a check with better statistics, the Me+e� > 110 GeV requirement is removed

leading to

PExtra Photon � Ne+e�
 6ET
Ne+e� 6ET

(5.4)

=
4

3653
= 1:1� 10�3:
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Figure 5.1: The invariant mass of the e+e� pair in Standard Model WW

 !
ee

 6ET events. The simulation corresponds to 8:1 � 1010 pb�1 of data and
predicts that 1:6 � 10�6 events of ee

 6ET should be observed, with 7:7� 10�7

events with Me+e� > 110 GeV. Events with both electrons in the central
calorimeter are referred to as CC while events with one electron in the central
and one in the plug are referred to as CP .
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Thus, the acceptance is estimated to be

At�t!e+e�

 6ET =
N

M
e+e�

>110 GeV

e+e�
 6ET
NSample

� PExtra Photon (5.5)

=
1

22000
� (1:1� 10�3) = 5:0 � 10�8

where, to be conservative, the larger of the two values for the extra photon

rate is used. The number of t�t events which produce the ee

 6ET signature is

thus estimated by:

NExp = L � �t�t �Br(W+W� ! e+e����) �At�t!e+e�

 6ET (5.6)

= (85 pb�1) � (5pb) � 1
81
� (5:0 � 10�8) = 2:6� 10�7 Events:

Taking into account the uncertainty on the t�t cross section, the lumi-

nosity, di�erences between detection e�ciencies in the data and in the detector

simulation, the extra photon rates and statistical uncertainties in the sample,

the rate is estimated to be (3 � 3) � 10�7 events. This estimate, while conser-

vative, is still roughly a factor of 2 below the estimate from Standard Model

WW

 production.

5.4 Setting up to Estimate the Number of

Fake Events

Other processes which contribute to the Standard Model production

rate of ee

 6ET events include events with jets that fake either photons or

electrons, two Standard Model overlapping events, or additional objects from

cosmic rays interacting or radiating in the detector. To estimate the number

of events from these sources, the rate at which a part of the event occurs is

multiplied by the probability that the rest of constituent parts of the event



105

occur in a random event. For example, to estimate the rate at which WWjj

production fakes the event signature, the rate at which W+W� ! e+�e���

events occur and pass the ee6ET requirements is multiplied by the probability

that two jets are produced in association with the WW and both fake the

photon requirements.

5.4.1 The Main Part of the Event

The number of observed events in various channels which constitute

a part of the ee

 6ET signature are listed in Table 5.1. The datasets used

to measure or estimate these numbers are described in Appendix I and are

selected using the standard electron, photon and 6ET identi�cation require-

ments described in Chapters 2 and 3. The rates at which jets fake the photon

and electron selection criteria are estimated using a method similar to that in

Chapter 3 [40, 71]. The results are given in the Table 5.1 and are essentially


at as a function of ET for ET > 25 GeV.

5.4.2 Rates for Finding the Additional Objects

The second part of the estimate requires a determination of the prob-

ability of �nding an extra object or objects, such as real or fake photons, in

the event. The results for fake 6ET, real and fake photons, and fake electrons

are summarized in Table 5.2.

Missing Energy Fake Rate

The 6ET fake rate is de�ned to be the average rate in highly electro-

magnetic events in which there is no expected 6ET, and yet more than 25 GeV of

6ET is observed. This rate is estimated to be equal to the number of Z
0 ! e+e�

events with 6ET > 25 GeV, divided by the total number of Z0 ! e+e� can-
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Type of Event Observed Number of events
W -Type Events

ecentral6ET 58000
ecentral6ET + 
 4
ecentral6ET + Central Jet 1383 Events, 1513 jets
ecentral6ET + Plug Jet 597 Events, 620 jets
eplug6ET 40000
eplug6ET + 
 4

Photon-Type Events

ecentral
 49
eplug
 22
ecentral

 0
eplug

 0


 218


 + 6ET Events 3

Cosmic-Type Events


 + 6ET 3181
Z0=
�-Type Events(CC/CP)

ee 1660=1771
ee6ET 12=7
ee
 0=2
Z0 ! e+e� 1470=1613
Z0 ! e+e� + 6ET 9=3
Z0 ! e+e� + 
 0=1
Mee > 110 GeV 40=40
Mee > 110 GeV + 6ET 1=3
Mee > 110 GeV + 
 0=1

Other numbers

Bunch Crossings 3�1012
Central electron fake rate < 7:4 � 10�5/ jet (95% C.L.)
Central photon fake rate 1:3� 10�3/ jet
Plug electron fake rate 2:2� 10�3/ jet

Table 5.1: The number of observed events for the various parts of the ee

 6ET
signature, used to calculate fake and overlap rates. Note that Z0 ! e+e�

events require 81 GeV < Me+e� < 101 GeV and that the one surviving event
in the Mee > 110 GeV + 
 category is the ee

 6ET event.
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Type of Rate Rate/Event
Rate for �nding additional fake 6ET 3:9 � 10�3

R 6ET
� ee 6ET Events

ee Events

= 9+3
1470+1613

= 3:9 � 10�3

Rate for �nding an additional central photon 6:2 � 10�4

R
 Candidate � Rfake

 + Rradiation




� PExtra Jet � P fake

 + ee
 Events

ee Events

= 1513
58000

� (1:3 � 10�3) + 0+2
1660+1771

= 3:4 � 10�5 + 5:8 � 10�4

= 6:2 � 10�4

Rate for �nding an additional plug electron candidate 2:3 � 10�5

Rfake
Plug Cluster � PExtra Jet � P fake

Plug e

= 620
58000

� (2:2 � 10�3)
= 2:3 � 10�5

Rate for �nding an additional central electron (95% C.L.) <1:9 � 10�6

R95% C:L:
Central e � PExtra Jet � P fake

Central e (95% C.L.)
= 1513

58000
� (7:4 � 10�5)

= 1:9 � 10�6

Table 5.2: The estimated rates for �nding fake objects (electrons, photons
or 6ET) in an event from various processes. Note that the rate for �nding
an additional central photon is probably an overestimate by a factor of two
because both methods include contributions from real photons as well as fakes.

didates [60, 106]. Summing the number of events with both electrons in the

central calorimeter (CC) and the number of events with one central electron

and one electron in the plug (CP) yields a total of 1470 + 1613 = 3083 events,

9 + 3 = 12 of which have 6ET > 25. The 6ET fake rate is thus (conservatively)

estimated to be:

R6ET � ee6ET Events
ee Events

(5.7)

=
9 + 3

1470 + 1613
= 3:9 � 10�3:
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Additional Photon Rate

The probability that there will be an additional high-ET photon in a

given event is estimated to be the sum of two processes [107]: physics processes

(initial or �nal state radiation) and fake processes (a jet faking the photon

signature). The fraction of events with an additional 
 from physics processes

is estimated to be equal to the fraction W
 Events
W Events

. Events with aW are selected

as having a tight central electron and 6ET > 25 GeV. From Table 5.1:

RRadiation

 � W
 Events

W Events
(5.8)

=
e
 6ET Events

e 6ET Events
=

4

58000
= 6:9 � 10�5:

Similarly, the probability is estimated to be equal to the probability of observ-

ing an extra photon in Z0=
� ! ee events:

RRadiation

 � e+e�
 Events

e+e� Events
(5.9)

=
0 + 2

1660 + 1771
= 5:8 � 10�4:

To be conservative, the larger of the two results is used, RRadiation

 = 5:8 � 10�4,

even though the ee

 6ET candidate event is part of the sample of e+e�
 events.

The fraction of events with an additional photon from a jet in the cen-

tral calorimeter which fakes the photon signature is estimated to be the prod-

uct of two probabilities: the probability that an event will have an extra central

jet with ET > 25 GeV, and the probability that a jet will fake a photon. The

probability that an event will have an extra central jet from physics processes

is estimated to be equal to the fraction Additional Central Jets in W events
Total number of W events

. Again W

events are selected by requiring a tight central electron and 6ET > 25 GeV.

Additional jets are required to have ET > 25 GeV and j�j < 1:0. Putting this
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together with the photon fake rate (from Table 5.1) gives:

Rfake

 � PExtra Jet � P fake


 (5.10)

=
1513

58000
� (1:3 � 10�3) = 3:4� 10�5:

Summing the two results gives a total rate for an additional central photon:

R
 Candidate = Rfake

 +RRadiation


 (5.11)

= (3:4 � 10�5) + (5:8 � 10�4) = 6:2� 10�4:

Additional Plug `Electron' Rate

The probability of �nding an additional electron candidate in the

plug calorimeter in an event is dominated by the rate at which jets fake the

electron signature. Using similar methods with W ! e� events, and requiring

the jets to be in the region 1:2 < j�j < 2:2 yields:

Rfake
Plug electron = PPlug Jet � PJet fakes an electron (5.12)

=
620

58000
� (2:2 � 10�3) = 2:3� 10�5:

Additional Central Electron Rate

The fraction of events with an additional central electron from a jet

fake is estimated in a similar manner using W ! e� events and requiring jets

to have j�j < 1:0. Since the electron fake rate is a 95% C.L. upper limit, a

limit on the fake rate is determined via:

Rfake 95% C:L: upper limit
Central electron = PCentral Jet � PJet fakes an electron (5.13)

� 1513

58000
� (7:4� 10�5) = 1:9 � 10�6:
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5.5 Estimating the Number of Expected Fake

Events

Events can fake the ee

 6ET signature in two main ways: events in

which there is one or more fake objects (electrons or photons), and events in

which there are two collisions which occur at the same time each producing

part of the event (overlapping events).

As a check, the number of real ee

 6ET events is predicted and com-

pared to the WW

 Monte Carlo estimate. The event rate is estimated to be

equal to the number of ee events with with Mee > 110 GeV and 6ET > 25 GeV

in the data, multiplied by the rate at which two additional central photons

are produced in association with the event. Taking the 4 ee 6ET events with

Mee > 110 GeV from Table 5.1, and two factors of 5:8� 10�4 for real photon

production yields:

Nee

 6ET � NMee>110 GeV
ee6ET �RRadiation


 �RRadiation

 (5.14)

= 4 � (5:8 � 10�4) � (5:8 � 10�4) = (1� 1) � 10�6 Events:

This compares well with the (8� 4)� 10�7 events expected from the WW



Monte Carlo estimate [108].

5.5.1 Events with a Fake Object or Objects

The number of expected events where part of the event is `real' and

part of the event is `faked' is summarized in Table 5.3. The Real Process

rates are estimated using Table 5.1, and the Fake Process rates are given in

Table 5.2. Contributions from events with fake central electrons have not been

included as the expected rate is negligible compared to the other sources. A

total of 2:6� 10�7 events are expected in the data due to fake sources.
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Real Fake Fake Fake Events
Process Process 1 Process 2 Process 3 in 85 pb�1

e+e�
 6ET 
Fake from Jet | |
2:3� 10�3 � 3:4 � 10�5 | | = 7:8 � 10�8

e+e�

 6EFake
T | |

2:7� 10�5 � 3:9 � 10�3 | | = 1:1 � 10�7

eCentral

 6ET eFake from Jet
Plug | |

2:3� 10�3 � 2:3 � 10�5 | | = 5:4 � 10�8

ee6ET 
Fake from Jet 
Fake from Jet |
4 � 3:4 � 10�5 � 3:4 � 10�5 | = 4:5 � 10�9

eCentral
 6ET 
Fake from Jet eFake from Jet
Plug |

4 � 3:4 � 10�5 � 2:3 � 10�5 | = 3:1 � 10�9

ee
 
Fake from Jet 6EFake
T |

4:7� 10�2 � 3:4 � 10�5 � 3:9 � 10�3 | = 6:1 � 10�9

ecentral

 eFake from Jet
Plug 6EFake

T |
2:9� 10�2 � 2:3 � 10�5 � 3:9 � 10�3 | = 2:6 � 10�9

eCentral
 
Fake from Jet eFake from Jet
Plug 6EFake

T

49 � 3:4 � 10�5 � 2:3 � 10�5 � 3:9 � 10�3 = 1:5 � 10�10

eCentral 6ET 
Fake from Jet 
Fake from Jet eFake from Jet
Plug

58000 � 3:4 � 10�5 � 3:4 � 10�5 � 2:3 � 10�5 = 1:5 � 10�9

ee 
Fake from Jet 
Fake from Jet 6EFake
T

80 � 3:4 � 10�5 � 3:4 � 10�5 � 3:9 � 10�3 = 3:5 � 10�10

Sum � 2:6 � 10�7

Table 5.3: An estimate of the number of events passing the ee

 6ET selection
criteria from events with fake electrons, photons or 6ET. Individual rates are
estimated as being equal to the number of observed events (the Real Process)
multiplied by the rate at which additional objects from fakes (Fake Process)
are observed in the event. The real process rate is taken or estimated from
Table 5.1 and the fake process rates are taken from Table 5.2.
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The `real process' rates (Column 1) in Table 5.3 are derived from

Table 5.1 as follows:

� e+e�
 6ET: The 4 events from the data with Mee > 110 GeV and

6ET > 25 GeV, multiplied by a factor of 5:8� 10�4 for a real additional

central photon.

� e+e�

: The 80 events in the data with Mee > 110 GeV, multiplied by

two factors of 5:8 � 10�4 for real additional central photons.

� eCentral

 6ET: The 4 ecentral 6ET + 
 events, multiplied by a factor of

5:8� 10�4 for a real additional central photon.

� e+e� 6ET: The 4 events from the data with Mee > 110 GeV and

6ET > 25 GeV. Note that this is consistent with the 5 events of the

WW analysis (which include 1.2 events background) [109].

� eCentral
 6ET: The 4 eCentral
 6ET events.

� ee
: The 80 ee events in the data with Mee > 110 GeV, multiplied by

a factor of 5:8� 10�4 for a real additional central photon.

� eCentral

: The 49 eCentral
 events, multiplied by a factor of 5:8� 10�4

for a real additional central photon.

� eCentral
: The 49 eCentral
 events.

5.5.2 Overlapping Events, Including Cosmic Rays

Events in which two collisions occur at the same time, each producing

part of the event, can fake the ee

 6ET signature. The rate of expected events

from each source is estimated to be equal to the rate at which one part of the
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event occurs, multiplied by the probability of the rest of the signature occurring

in a second overlapping event. The total rate sums over all processes and

includes contributions from cosmic rays which leave a photon in the detector

as well as real physics contributions which might occur in an overlapping event.

The probability of getting a particular type of overlapping event is

estimated to be equal to the number of events with that signature, divided

by the total number of events studied by the detector during the course of

the run [110]. Every event measured by the detector can contain multiple �pp

collisions from the same proton anti-proton `bunch crossing' in the Fermilab

Tevatron. The total number of bunch crossings, and thus the number of events

studied by the CDF detector, is estimated to be

Bunch Crossings =
Integrated Luminosity

Avg: Luminosity � Bunch Crossing Interval
(5.15)

=
85 pb�1

(8� 1030 cm2=sec)� 3:5�sec
= 3 � 1012

Note that this is di�erent from the number of �pp collisions which occurred

during the run. The number of collisions is estimated using

Ncollisions = ��pp � L (5.16)

= 51 mb� 85 pb�1 = 4 � 1012:

To be consistent (and conservative), only the number of bunch crossings is

used since there are multiple collisions per crossing.

As an example, the probability for a speci�c event to contain an over-

lapping 
 + 6ET event (due primarily to cosmic ray interactions) is estimated

using the 3181 
+ 6ET events in the data and the 3�1012 bunch crossings via:

R
+6ET =
3181

3 � 1012
= 1:1 � 10�9: (5.17)
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The results for the dominant sources of overlap events are summa-

rized in Table 5.4. To take into account the fact that there are 4 interactions

in the ee

 6ET candidate event, the estimate is multiplied by 6 to re
ect the 6

possible permutations of any two of the four interactions causing the signature.

Summing all the sources, the total rate due to overlapping events is estimated

to be (8� 8) � 10�9 events.

The process 1 rates (Column 1) in Table 5.4 are derived as follows:

� eplug

: The 22 eplug
 events in the data, multiplied by the fake+real

additional photon rate of 6:2 � 10�4.

� ee
: The 80 ee events in the data with Mee > 110 GeV, multiplied by

the fake+real additional photon rate of 6:2 � 10�4.

� e

: The 49 e
 events in the data, multiplied by the fake+real additional

photon rate of 6:2� 10�4.

� WW
: The 4 WW events in the data, multiplied by the fake+real

additional photon rate of 6:2 � 10�4.

� W

: The 4 e
 6ET events in the data, multiplied by the fake+real

additional photon rate of 6:2 � 10�4.

� ePlug 6ET: The 40000 eplug 6ET events in the data. Note that these events

come from both W and cosmic ray production.

5.6 Total Standard Model Rates

The possible Standard Model sources are divided into two classes-

those in which the second electromagnetic cluster passing the electron selection

criteria is caused by an electron, and those in which it is not.
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Process 1 Process 2 Calculation Expected Events
WWhigh mass 

 4 � 218

3�1012 2:9� 10�10

W
 W
 4 � 4
3�1012 5:3� 10�12

W

 ! eplug

 W ! ecentral 6ET 1:4� 10�2� 58000
3�1012 2:6� 10�10

ee
 
 6ET 4:9� 10�2� 3181
3�1012 5:2� 10�11

W

 ! ecentral

 ePlug 6ET 3:0� 10�2� 40000
3�1012 4:0� 10�10

WW
 Cosmic ! 
 2:5� 10�3� 3181
3�1012 2:6� 10�12

Sum � 1:4� 10�9

Sum� 6 � 8� 10�9

Table 5.4: The number of events with the ee

 6ET signature due to two over-
lapping events. These include double interactions, two separate events occur-
ring in the same bunch crossing, as well as an event with additional objects
from a cosmic ray which interacted or radiated in the detector. The number
of expected events is estimated to be equal to the rate of the `real' part of
the event (process 1) times the probability of observing a particular type of
overlapping event (process 2). The probability is de�ned to be equal to the
number of events with the signature divided by the number of bunch crossings
in the data (3�1012). To take into account the fact that 4 interactions are
observed in this event the estimate is multiplied by 6.
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5.6.1 The Total Standard Model Rate Including Pro-

cesses Where the Plug Cluster is due to an Elec-

tron

The Standard Model estimate for the number of events with the

ee

 6ET signature is dominated by real WW

 production. A total of

1:6� 10�6 ee

 6ET events are expected, 7:7� 10�7 with an invariant mass

above 110 GeV. Standard Model t�t production contributes an additional

2:6� 10�7 events. The total fake rate, split roughly equally between ee



+ fake 6ET, ee
 6ET + fake photon and e

 6ET + fake plug electron, contributes

a total of 2:6� 10�7 events. Overlaps and cosmic rays are estimated to con-

tribute a total of 8� 10�9 events. The total (using the WW

 production

with invariant mass greater than 110 GeV) is 1:3� 10�6 events. Including the

uncertainties in the method, as well as on the numbers used, the total rate is

estimated to be:

NStandard Plug e Requirements
Expected = (1� 1)� 10�6 events: (5.18)

5.6.2 The Total Standard Model Rate Excluding Pro-

cesses Where the Plug Cluster is due to an Elec-

tron

With the addition of the SVX data and a thorough scrutiny of the

plug cluster, there are good indications that the cluster may not be due to

an electron. Because this additional information excludes the dominant back-

grounds, each of which produce two electrons, it lowers the Standard Model

predicted rates. In particular it lowers substantially the expectation from

WW

 and t�t production. The total, dominated by e

 6ET + fake plug elec-
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tron, is 6:1� 10�8. Overlaps are again negligible. Including the uncertainties

in the method, as well as on the numbers used, the total rate is estimated to

be:

NPlug Cluster not an e
Expected = (6 � 6) � 10�8 events: (5.19)
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Chapter 6

Setting Limits with the 

 +X

Analysis

A little knowledge is a dangerous thing

- Alexander Pope

The absence of a satisfactory Standard Model explanation of the

`ee

 6ET' candidate event leaves open the possibility of new physics interpre-

tations. A number of theories put forward to explain the event predict that

other events from related decay modes should appear in the 

 +X searches.

Since there is no evidence of these events in the central diphoton sample,

quantitative limits can be set on such scenarios.

6.1 Anomalous WW

 Production

It is improbable a priori that the ee

 6ET candidate event is from

Standard Model WW

 production, as shown in Chapter 5. However, the

119



120

event could be an example of anomalous WW

 production [111]. This hy-

pothesis can be tested quantitatively by assuming that the one event was

produced at its mean cross section [14]. Using a Monte Carlo of Standard

Model WW

 [103, 104] the mean number of events in the other WW decay

channels, dubbed `cousins' [15], can be estimated. Two samples are simu-

lated: WW ! X where X are all decay channels of the WW pair, and

WW ! `i�i`j�j where ` is an electron, muons or tau. Each sample con-

tains 100,000 events. Events which pass the high-ET diphoton selection cri-

teria (E

T > 25 GeV) are searched for multijet (3 or more jets as de�ned in

Chapter 3) or dilepton (2 or more leptons in any combination as de�ned in

Chapter 3) signatures. The results are shown in Table 6.1. Only 3 jets are

required because the acceptance is almost cut in half by requiring a fourth jet,

as shown in the Table. Also, to be conservative, the number of cousins in the



jjj channel is estimated using all leptonic decays (e; � or � ) of the WW

pair as normalization rather than just the ee channel.

The number of 

 + jjj events from anomalous WW

 production

is estimated using:

NExpected


jjj � NObserved



`i`j+6ET � (
Rate (WW

 ! 

jjj)

Rate (WW

 ! 

`i`j + 6ET)
): (6.1)

The Monte Carlo estimates that in the diphoton sample with ET > 25 GeV,

WW

 production should produce events with 3 or more jets 31.3 times more

often than events with two photons, two charged leptons and 6ET. With one



``6ET candidate event and no events with 3 or more jets in the data (see

Table 3.9 and Figure 3.8) anomalous WW

 is excluded as the source of this

event at the 95% C.L.
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 + Multijet Signatures
Channel Events Data

MC Sample SM WW

 Anomalous
WW

 ! 

 +X (L=85 pb�1) WW



� 3 Jets 2130 2:7 � 10�4 31.3 0
� 4 Jets 1125 1:4 � 10�4 16.5 0



 + Leptonic Signatures
Channel Events Data

MC Sample SM WW

 Anomalous
WW

 ! l���l�

 (L=85 pb�1) WW



Dilepton + 6ET 613 8:7 � 10�6 1.0 1

Table 6.1: Standard Model WW

 predictions for diphoton events with
E

T > 25 GeV. Standard Model WW

 production has a cross section of

0.15 fb for two photons with ET > 10 GeV, and j�j < 4.0. The anoma-
lous WW

 production cross section is normalized to the number of ll

 6ET
events. The Monte Carlo samples have 100,000 events simulated.

6.2 Supersymmetric Models

Several theories, have been proposed to explain the ee

 6ET candidate
event [10, 22, 23, 26, 27, 25, 29, 112]. The trademark of the Supersymmetric

versions is the production of a lightest Supersymmetric particle (LSP). In every

event, either by direct production or by cascade, the LSP leaves the detector

and causes an energy imbalance [17]. For this reason, limits are set on two

di�erent Supersymmetric scenarios using the 

 + 6ET analysis.

6.2.1 Light Gravitino Scenarios

In light gravitino scenarios [28, 29] the gravitino can have a mass on

the order of 1 eV and for most of the parameter space the lightest neutralino,

N1, has a branching ratio of �100% into 
 ~G. The lifetime of the N1 depends

on M ~G; the decay occurs inside the detector for a gravitino mass less than

approximately 1 KeV. The ~G is very weakly interacting and escapes the de-
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tector leaving an energy imbalance. These models can produce the ee

 6ET
signature, for example, via:

C1C1 ! (�~e)(�~e)! �(eN1)�(eN1)! e�(
 ~G)e�(
 ~G)! ee

 6ET (6.2)

For concreteness, limits on light gravitino scenarios are set using the

Minimal Gauge-Mediated Model (MGM) [29, 113]. As in supergravity models,

the Supersymmetry breaking occurs in a hidden sector; unlike the Supergravity

models in which �SUSY � 1011 GeV, in the MGMmodels, �SUSY � 105�9 GeV.

Thus in these models,

M ~G ' �2
SUSY

MPlank
(6.3)

' (105�9 GeV)2

1018 GeV
' 1 eV� 100 KeV

making it the lightest Supersymmetric particle (LSP) by far. Because the cou-

pling of the gravitino is very weak, it is not produced directly in p�p collisions,

but is rather the end product of all supersymmetric decay chains. In particu-

lar, the next-to-lightest SUSY particle (NLSP), which in the model considered

will be the lightest neutralino, N1, will decay dominantly via N1 ! 
 + ~G.

The lifetime of N1 depends on M ~G; one �nds that the decay occurs inside the

detector for M ~G
<� 1 KeV.

In gauge-mediated models, the SUSY breaking is then communicated

to the observable sector [114] via gauge interactions, instead of by gravitational

couplings as in supergravity. Gaugino masses arise through one-loop diagrams

and are given by:

Mi(�) =
�i(�)

4�
�: (6.4)

where � is the e�ective SUSY-breaking scale communicated to the observable

sector, with the condition that � � �SUSY. (For simplicity Equation 6.4 is
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assumed to be true at the scale �. In some versions of the MGM, Equation 6.4

holds at scales far above �, but this would not change the results signi�cantly.)

Notice that this relation reproduces the normal gaugino mass uni�cation of

supergravity:
M1

�1
=
M2

�2
=
M3

�3
; (6.5)

so at the weak scale, substituting the PDG values [4] �3 = 0:120; �2 =
1

29:68

and �1 =
1

58:98
, leads to the result M1 :M2 :M3 � 1 : 2 : 7.

The scalar masses arise through two-loop diagrams and are approxi-

mated by:

m2(�) = 2�2

8<
:C3

"
�3(�)

4�

#2
+ C2

"
�2(�)

4�

#2
+
3

5

�
Y

2

�2 "�3(�)
4�

#29=
; (6.6)

where Y is the hypercharge of the scalar and is de�ned via Q = T3+
Y
2
where

T3 = 0;�1
2 is its weak isospin. The constants C3 and C2 are given by C3 =

4
3

for colored scalars and zero otherwise; C2 = 3
4 for SU(2) doublets and zero

otherwise. Using

(uL; dL) : Y = +
1

3
; C2 =

3

4
; C3 =

4

3
(6.7)

ucR : Y = �4

3
; C2 = 0; C3 =

4

3

dcR : Y = +
2

3
; C2 = 0; C3 =

4

3

(�L; eL) : Y = �1; C2 =
3

4
; C3 = 0

ecR : Y = +2; C2 = 0; C3 = 0

(H+
u ;H

0
u) : Y = +1; C2 =

3

4
; C3 = 0

(H0
d ;H

�
d ) : Y = �1; C2 =

3

4
; C3 = 0:

one �nds mass ration of ~q : ~g : ~̀L : ~W : ~̀R : ~B = 11:6 : 7:0 : 2:5 : 2 : 1:1 : 1.

These ratios receive signi�cant corrections from the renormalization group
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evolution between the �-scale and the weak scale. For the range of masses

for under consideration, the (approximate) �nal masses occur in the ratios

9:3 : 6:4 : 2:6 : 2:0 : 1:9 : 1. There is some tan � and Sgn(�) dependence

on this result, but it is weak, particularly as the overall mass scale increases.

One of the advantages of the Minimal Gauge-Mediated Model is that all scalar

and gaugino masses are given, to lowest order, only in terms of one unknown

parameter, �, or alternatively any one mass, which is chosen to be M2.

The process of gauge-mediation does not in itself explain the origin of

the �-term of the MSSM which couples the two Higgs doublets to one another,

or the value of tan �. However, if the spectrum of the model is required

to include only those �elds of the MSSM, then the Higgs potential can be

minimized and the value of �2 can be determined in terms of the Z0-mass and

other scalar masses (given a choice of �). In particular,

�2 =
m2

Hd
�m2

Hu
tan2 �

tan2 � � 1
� 1

2
m2

Z0: (6.8)

The sign of �, Sgn(�), and tan � are taken as input parameters. Finally note

that in gauge-mediated models the trilinear soft term, often called the A-term,

is very small and can be taken to be zero for all purposes.

The values of �2 derived from Eq. (6.8) are generally large compared

to the gaugino masses, so that in the neutralino/chargino sector one �nds

N1 ' ~B, N2 ' ~W3, and C1 ' ~W�. The production processes at the Teva-

tron are then dominated by C1N2 and C+
1 C

�
1 production throughout most of

parameter space because of the large W� ~W� ~W3, Z ~W+ ~W� and 
 ~W+ ~W� cou-

plings in the MSSM. Meanwhile the cross sections of N1N1 and C1N1 are small

in these models due to the absence of Z ~B ~B, 
 ~B ~B and W� ~W� ~B couplings.

For moderate values of the gaugino masses (i.e, just above those excluded by

LEP) the squark masses are so large as to have negligible cross section.
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As an example, setting � = 100 TeV leads to

MC1 �M ~W �M2 � (1=29:68)

4�
� (100 TeV) = 268 GeV: (6.9)

To summarize, the Minimal Gauge-Mediated Model can be com-

pletely described by three parameters: the SU(2) gaugino mass M2, the ratio

of the Higgs vacuum expectation values tan �, and the sign (+ or -) of the

Higgs mixing parameter Sgn(�). For most of parameter space pair-production

of sparticles (dominated by gaugino pair production) eventually leads to �nal

states producing 

 + 6ET.

Full calculations and simulations are done using the SPYTHIAMonte

Carlo and a detector simulation [54, 115, 116, 117] for a total of 50 points in pa-

rameter space: M2 = 75, 100, 125, 150 and 200 GeV, tan � = 1.1, 2, 5, 10 and

25 and Sgn(�)= �1. Figure 6.1 shows the gaugino masses vs. M2. Figure 6.2

shows the dominant production cross sections, again vs. M2. Figure 6.3 shows

distributions in ET of the photons and 6ET (after simulation and the full dipho-

ton and �� 6ET�jet requirements of Section 3.1) for M2 = 150 GeV, tan� = 10

and Sgn(�)= 1.

6.2.2 The N2! 
N1 Model

The N2 ! 
N1 model of Kane et al. [20, 27, 118] is more typical of

Supergravity scenarios [17] except that it only encompases a small amount of

parameter space. The model predicts the N2 to be pure photino, N1 to be pure

higgsino and the higgsino to be lighter than the photino. This is accomplished

by setting M1 � M2, tan � � 1 and �M1 � � � 0. With these conditions

the Supersymmetric breaking scale, �, and consequently the gravitino mass,

are large. In this case, the N1 is the LSP, or is at least long-lived enough to

escape the detector. The dominant decay of the N2 is through the one-loop
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Figure 6.1: Masses of the gauginos vs. M2 in the Minimal Gauge-Mediated
Model. Each line corresponds to a di�erent choice of tan � and Sgn(�).
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Figure 6.2: The dominant sparticle production cross sections vs. M2 in the
Minimal Gauge-Mediated Model. Each line corresponds to a di�erent choice
of tan� and Sgn(�).
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Figure 6.3: The distributions in ET of the photons and 6ET in the Minimal
Gauge-Mediated Model with M2 = 150 GeV, tan � = 10 and Sgn(�)= 1. The
sample is normalized to 5000 events generated, which correspond to an inte-
grated luminosity of 7,163 pb�1.
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radiative decay and has Br(N2 ! 
N1) � 100%. The ee

 6ET signature can

be produced, for example, via:

~eL~eL ! (eN2)(eN2)! e(
N1)e(
N1)! ee

 6ET: (6.10)

For concreteness, limits are set on a particular point in parameter

space [119]. The parameters, listed in Table 6.2, are selected assuming that

the ee

 6ET candidate event is in fact an ee

 6ET event, is due to the pair-

production and decay of selectrons as in Equation 6.10, and is produced at

a typical cross section (� 1 fb�1). For these parameters, MN1
= 36:6 GeV,

MN2
= 64:6 GeV and the total sparticle production cross section is 11.5 pb.

To provide a normalization point for future model-builders to esti-

mate the detector e�ciency, N2N2 production (�N2N2
� 2 fb) is used to set

cross section limits. The distributions in ET of the photons and 6ET (after

simulation and the full diphoton and ��6ET�jet requirements of Section 3.1)

are shown in Figure 6.4.

6.3 Acceptances and Limits Setting

The acceptance for a given model is determined using the following

equation:

Acc = �Ai
MC �C i

(ID and Iso) � Czvertex � CETOUT �C i
Trig (6.11)

where the index, i, is for the two di�erent regions (12 GeV < E
2
T <22 GeV

and E
2
T >22 GeV) to take into account the di�erent trigger requirements and

photon selections, Ai
MC is the acceptance from the Monte Carlo using the full

detector simulation for the di�erent regions, C i
(ID and Iso) is the correction for

di�erences between photon identi�cation and isolation variables in the data
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Figure 6.4: The distributions in ET of the photons and 6ET for N2N2 pro-
duction in the N2 ! 
N1 model with MN2

= 64:6 GeV, and MN1
= 36:6 GeV.

The sample is normalized to 5000 events generated, which correspond to a
luminosity of 2,272 fb�1.
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Parameter Value

SFermions
MSQuarks 500.0 GeV

MLeft�Handed SLeptons 105.0 GeV
MRight�Handed SLeptons 272.0 GeV
MLeft�Handed SNeutrinos 99.6 GeV
MRight�Handed SNeutrinos (don't exist)

Electroweak Sector
tan� 1.18
� -37.0 GeV
M1 64.7 GeV
M2 64.3 GeV
Gluino Mass

M3 = MGluino 225.0 GeV
Higgs Sector

Mh 70.2 GeV
MH 229 GeV
MA 200 GeV
MH+ 216 GeV

Chargino/Neutralino Masses
MN1

36.6 GeV
MN2

64.6 GeV
MN3

90.5 GeV
MN4

118 GeV
MC1 79.6 GeV
MC2 110 GeV
N2/N1 Constraints

< N1j ~Hb >
2 0.997

< N2j~
 >2 1.000
Br(N2 ! 
N1) � 100%

Table 6.2: The parameters used to simulate the N2 ! 
N1 scenario. These
are taken from Ref.[27], Appendix B, Table 12.
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and in the detector simulation, Czvertex is the correction for di�erences between

the distributions of the interaction point, zvertex, in the data and that simulated

in Monte Carlo, CETOUT is the e�ciency of the energy-out-of-time requirement

and C i
Trig is the correction for the trigger e�ciency.

After a full simulation of the model using the Monte Carlo and de-

tector simulation [54, 115] the acceptance, AMC, is determined using

AMC =
NPassing all Selection Criteria

NSimulated
(6.12)

where NPassing all Selection Criteria is the number of events in the sample passing

the selection criteria of Section 3.1 and NSimulated is the number of simulated

events. The remaining corrections (taken from Chapter 2) are summarized in

Table 6.3.

Correction 12 GeV < E
2
T <22 GeV Sample E
2

T >22 GeV Sample
ID and Iso 0:69 � 0:07 0:84� 0:08
jzvertexj < 60 cm 0:965 � 0:008 0:965 � 0:008
ETOUT = 0 0:975 � 0:004 0:975 � 0:004
Trigger 0:96 � 0:01 1:0
Total Correction 0:62 � 0:06 0:79� 0:08

Table 6.3: The corrections used to take into account di�erences between the
true detector response and the detector simulation. The identi�cation and
isolation requirement corrections are labeled as ID and Iso. The energy out-
of-time requirement correction is labeled as ETOUT.

The 95% C.L. cross section upper limit, �95%C:L:, is set by counting

the number of events in the data (without a background subtraction) above

the E

T and 6ET thresholds. The cross section, � is related to the number of

observed events, N, by the relation:

� =
N

L �Acc (6.13)

where the luminosity, L = 85�6:8 pb�1. The 95% C.L. upper limit on the

cross section is de�ned such that 95% of the time (including systematic and
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statistical uncertainties [120]) the number of `observed' signal events in a series

of pseudo-experiments is more than the number of observed events in the data.

To �nd this cross section a Monte Carlo ensemble of 25,000 pseudo-experiments

is used to simulate the number of `expected' signal events for a cross section.

6.4 Results

A single set of requirements, E

T > 12 GeV and 6ET > 35 GeV, is

chosen as it is estimated to exclude the maximal amount of parameter space

for the light gravitino model [121]. The acceptances are typically between 1%

and 10%, as shown in Figure 6.5 in the tan � vs. M2 plane. Figure 6.6 shows

the number of expected events in the same plane. The acceptance and number

of expected events vs. the N1 mass are shown in Figure 6.7.

Only one event in the diphoton data sample passes the requirements

(the ee

 6ET candidate event). The 95% C.L. upper limits are summarized in

Tables 6.4 and 6.5. Figures 6.8 and 6.9 show the contour plot of the excluded

region in the tan � vs. M2 plane and tan � vs. C1 mass plane, respectively.

Figures 6.10 and 6.11 show the limits as a function of the N1 and C1 masses,

respectively. The lines show the experimental limit and the theoretically pre-

dicted cross section for the lowest value of the N1 or C1 mass which is excluded.

The N1 is excluded for MN1
< 65 GeV at 95% C.L. (this occurs at tan � = 5,

� > 0). The C1 is excluded for MC1 < 120 GeV at 95% C.L. (this occurs at

tan � = 5, � < 0) respectively.

The same selection criteria are used for the N2 ! 
N1 model with

the results given in Table 6.6. The model is not excluded by the data as only

2.4 events from all sparticle production and decay are expected to pass the

selection criteria. To provide a normalization point for those interested, the de-
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tector e�ciency and 95% C.L. upper limit for N2N2 production (�N2N2
� 2 fb)

is estimated. The acceptance is 5.4% with a 95% C.L. cross section upper

limit of 1.1 pb. These results, along with the light gravitino results, are

comparable [122] to those of LEP [123] and the D� collaboration [124].

6.5 Conclusions

The diphoton data set is clearly a good place to search for new

physics. The fact that there are no 

+ � 3 jets in the data excludes a

model of anomalous WW

 production as the source of the ee

 6ET candi-

date at 95% C.L. Similarly, the diphoton + 6ET data show no evidence for new

physics with the possible exception of the ee

 6ET candidate event. Although,

we have some sensitivity to Supersymmetric models with photonic �nal states,

there is a large amount of parameter space which remains unexplored. More

data is required.
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M2 tan � j�j
�

MN1
MC1 �95%C:L: �Theory Acc Events

GeV GeV GeV (pb) (pb) (%) (85 pb�1)
75 1.1 1 40.7 85.3 2.06 5.84 2.8(3) 14(1)
75 1.1 -1 32.7 61.5 5.83 25.64 1.0(2) 22(4)
75 2 1 42.1 90.1 2.13 4.44 2.7(3) 10(1)
75 2 -1 17.7 38.6 1851 2466 0.003(1) 7(2)
75 5 1 39.5 70.3 5.34 9.84 1.1(2) 9(2)
75 5 -1 21.5 40.0 1484 2046 0.005(2) 9(3)
75 10 1 36.4 61.0 12.41 19.12 0.5(1) 9(2)
75 10 -1 26.2 45.1 517 1033 0.013(3) 11(3)
75 25 1 33.7 55.6 11.48 38.02 0.6(1) 18(4)
75 25 -1 29.4 49.1 115.6 327.8 0.052(9) 15(3)
100 1.1 1 53.1 107.9 1.20 1.94 4.8(4) 7.9(7)
100 1.1 -1 47.4 89.5 1.68 4.16 3.4(3) 12(1)
100 2 1 54.6 111.7 1.16 1.57 4.9(4) 6.6(5)
100 2 -1 38.0 69.3 5.93 11.47 1.0(2) 10(2)
100 5 1 52.1 94.9 1.29 2.66 4.5(4) 10.1(9)
100 5 -1 39.7 68.4 5.80 11.28 1.0(2) 10(2)
100 10 1 49.7 86.5 1.87 3.73 3.1(3) 10(1)
100 10 -1 42.8 72.5 3.96 8.08 1.5(2) 10(1)
100 25 1 47.8 81.6 1.86 4.68 3.1(3) 12(1)
100 25 -1 45.0 75.9 2.14 6.40 2.7(3) 15(2)
125 1.1 1 65.7 131.4 0.77 0.77 7.4(5) 4.8(4)
125 1.1 -1 61.1 116.4 0.93 1.30 6.1(5) 6.8(5)
125 2 1 67.2 134.6 0.78 0.67 7.3(5) 4.2(3)
125 2 -1 54.7 98.4 1.48 2.40 3.9(4) 8.0(7)
125 5 1 64.8 119.9 0.96 0.99 5.9(5) 5.0(4)
125 5 -1 55.6 96.2 1.60 2.42 3.6(3) 7.4(7)
125 10 1 62.9 112.2 0.93 1.27 6.1(5) 6.6(5)
125 10 -1 57.8 99.5 1.21 2.04 4.7(4) 8.2(7)
125 25 1 61.5 107.7 0.91 1.51 6.3(5) 8.0(6)
125 25 -1 59.3 102.5 0.94 1.83 6.1(5) 9.4(7)

Table 6.4: The number of expected events, acceptances and the 95% C.L.
cross section upper limits for the Minimal Gauge-Mediated Model with
M2 < 150 GeV. The parenthesis represent the uncertainty in the last digit.
The acceptance, Acc, is as de�ned in Equation 6.11. The uncertainty on the
number of expected events includes only the uncertainty in the acceptance.
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M2 tan � j�j
�

MN1
MC1 �95%C:L: �Theory Acc Events

GeV GeV GeV (pb) (pb) (%) (85 pb�1)
150 1.1 1 78.4 155.4 0.60 0.34 9.4(6) 2.8(2)
150 1.1 -1 74.6 142.7 0.70 0.51 8.2(6) 3.6(3)
150 2 1 79.8 158.1 0.68 0.31 8.4(6) 2.2(2)
150 2 -1 69.8 126.5 0.83 0.80 6.9(5) 4.7(4)
150 5 1 77.7 144.9 0.72 0.42 7.9(6) 2.8(2)
150 5 -1 70.4 123.5 0.83 0.82 6.8(5) 4.8(4)
150 10 1 76.0 137.9 0.69 0.51 8.1(6) 3.5(3)
150 10 -1 72.0 126.3 0.79 0.74 7.3(5) 4.6(3)
150 25 1 74.8 133.6 0.73 0.59 7.9(6) 3.9(3)
150 25 -1 73.2 128.9 0.72 0.68 8.0(6) 4.6(3)
200 1.1 1 104.3 204.2 0.72 0.08 7.9(6) 0.53(4)
200 1.1 -1 101.4 194.4 0.68 0.10 8.3(6) 0.73(5)
200 2 1 105.5 206.2 0.69 0.07 8.3(6) 0.52(4)
200 2 -1 98.2 181.0 0.76 0.14 7.5(6) 0.90(7)
200 5 1 103.8 195.2 0.63 0.09 9.0(6) 0.71(5)
200 5 -1 98.5 177.0 0.58 0.15 9.9(7) 1.25(9)
200 10 1 102.5 189.0 0.55 0.11 10.4(7) 0.93(6)
200 10 -1 99.6 179.0 0.57 0.14 9.9(7) 1.16(8)
200 25 1 101.6 185.3 0.52 0.12 10.8(7) 1.10(7)
200 25 -1 100.4 181.2 0.56 0.13 10.1(7) 1.13(8)

Table 6.5: The number of expected events, acceptances and the 95% C.L.
cross section upper limits for the Minimal Gauge-Mediated Model with
M2 > 150 GeV. The parenthesis represent the uncertainty in the last digit.
The acceptance, Acc, is as de�ned in Equation 6.11. The uncertainty on the
number of expected events includes only the uncertainty in the acceptance.
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Figure 6.5: The acceptances for various points in the tan � vs. M2 plane in
the Minimal Gauge-Mediated Model. The left hand plot shows the acceptance
for Sgn(�)> 0, the right hand for Sgn(�)< 0.
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Figure 6.6: The number of expected events for various points in the tan � vs.
M2 plane in the Minimal Gauge-Mediated Model. The left hand plot shows
the acceptance for Sgn(�)> 0, the right hand for Sgn(�)< 0.
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N1→ γG
~

Figure 6.7: The acceptances (upper plot) and the number of expected events
(lower plot) for various points plotted vs. the N1 mass in the Minimal Gauge-
Mediated Model.
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τ
~
 = LSP, N1→ ττ

~τ
~
 = Unphysical

N1 = LSP, N1→ γG
~

Figure 6.8: The contour plot of the excluded region of the Minimal Gauge-
Mediated Model in the tan � vs. M2 plane.
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τ
~
 = LSP, N1→ ττ

~
τ
~
 = Unphysical

N1 = LSP, N1→ γG
~

Figure 6.9: The contour plot of the excluded region of the Minimal Gauge-
Mediated Model in the tan � vs. C1 mass plane.
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N1→ γG
~
, PRL 77, 3070 (1996)

Figure 6.10: The 95% C.L. cross section upper limit from the data vs. the N1

mass in the Minimal Gauge-Mediated Model. The shaded region shows the
range of cross section limits as the parameters are varied within the ranges
1 < tan � < 25;M2 < 200 GeV, and � > 0 or � < 0. The lines show the
experimental limit (solid line) and the theoretically predicted cross section
(dashed line) for the lowest value of MN1

that is excluded (MN1
< 65 GeV at

95% C.L., for tan � = 5, � > 0).
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N1→ γG
~
, PRL 77, 3070 (1996)

Figure 6.11: The 95% C.L. cross section upper limit from the data vs. the C1

mass in the Minimal Gauge-Mediated Model. The shaded region shows the
range of cross section limits as the parameters are varied within the ranges
1 < tan � < 25;M2 < 200 GeV, and � > 0 or � < 0. The lines show the
experimental limit (solid line) and the theoretically predicted cross section
(dashed line) for the lowest value of MC1 that is excluded (MC1 < 120 GeV at
95% C.L., for tan � = 5, � < 0).
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Results for all sparticle production

MN1
MN2

�95%C:L: �Theory Acceptance Events
GeV GeV (pb) (pb) (%) (85 pb�1)
36.6 64.6 31.58 11.50 0.24� 0.08 2.355� 0.810

Results for N2N2 production

MN1
MN2

�95%C:L: �Theory Acceptance Events
GeV GeV (fb) (fb) (%) (85 pb�1)
36.6 64.6 1054.00 2.21 5.43� 0.44 0.010� 0.001

Table 6.6: The number of expected events, acceptances and 95% C.L. cross
section upper limits for the N2 ! 
N1 model with MN2

= 64:6 GeV, and
MN1

= 36:6 GeV. This model is not excluded. Results for N2N2 production
are reported for reference, although the cross section is much to low to be
detectable with this data set.



Chapter 7

Conclusion

If you come to a fork in the road, take it.

- Yogi Berra (New York Yankees)

How the hell should I know what it is?? I don't even know how a can

opener works!

- Woody Allen

We have searched a sample of 85 pb�1 of p�p collisions for events

with two central photons and anomalous production of missing transverse

energy, jets, charged leptons (e; �, and � ), b-quarks and photons. We �nd good

agreement with Standard Model expectations, with the possible exception of

one event that sits on the tail of the 6ET distribution as well as having a high-ET

central electron and a high-ET electromagnetic cluster.

The ee

 6ET candidate event has sparked interest in the physics com-

munity. We have tried to address what we believe are the most important

questions

1. What are the characteristics of the event?,
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2. How many are expected from Standard Model sources?,

3. Are there any others like it? and

4. What is the origin of the event?

What are the characteristics of the event? Unfortunately, even after

a detailed study, the answer is inconclusive. The most probable explanation is

that this a single �pp collision which produced a high-ET, isolated electron, two

high-ET, isolated photons, a high-ET isolated electromagnetic cluster which

could be an electron, photon, tau or generic jet, and a signi�cant amount of

missing transverse energy.

How many are expected from Standard Model sources? A conservative

estimate predicts that there should be a total of (1� 1)� 10�6 events in the

data with the ee

 6ET signature. If sources which produce a second electron

are excluded the rate drops to (6 � 6) � 10�8 events.

Are there any others like it? In this 

+X search, with both photons

in the central region, there are no others which would, by any reasonable or

useful de�nition, be called like the ee

 6ET candidate event. For completeness,

we note that there is one event, a �+��

jj candidate event [125] which is

VERY similar to the ee

 6ET candidate event. However, this event does not

pass the a priori central photon selection criteria. A detailed description of

the kinematics and properties of the event are given in Appendix A.

What is the origin of the event? The simplest interpretation of the

event as anomalous WW

 production is unlikely because there should be

many more events with hadronic decays of the W in the data and none are

observed. While a number of other scenarios are theoretically appealing, there

is no experimental evidence for any of them.
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The ee

 6ET candidate event is tantalizing. Perhaps it is a hint of

physics beyond the Standard Model. Then again it may just be one of the rare

Standard Model events that could show up in 1012 interactions. Only more

data will tell.
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Appendix A

The �+��

jj Candidate Event

There is an event in the CDF Run 1 data which is very similar to the

ee

 6ET candidate event, but is not a part of the central 

 dataset [126]. This

event, a �+��

jj candidate event, has one central photon and one photon

candidate in the plug calorimeter and thus does not pass the a priori selection

criteria. While a systematic study remains to be done, for completeness, this

Appendix gives a detailed description of this unusual event and compares it

to the ee

 6ET candidate event.

The event has been described as having two central muons with large

invariant mass, a central photon, a photon in the plug calorimeter, two sub-

stantial central jets, and a large missing transverse energy. While the two

muons in the event could be from a Z0 ! �+�� decay, the �+�� mass is only

consistent with being a Z0 at the 6% level. A detailed study shows that the

identi�cation of the objects in the event (photons, muons and 6ET) is, as in the

ee

 6ET candidate event, somewhat problematic. One of the muons does not

pass one of the standard identi�cation requirements; however, it looks golden

in all other respects. In addition, one of the jets is rather di�use. While each
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of these problems causes the 6ET, as calculated Section 3.1, to be incorrect, the

vector sum of the PT's of the muons, photons, and jets shows that the 6ET in

the event is in fact very small.

A.1 Event Kinematics

The �+��

jj candidate event (Run 65390, Event 16199) has two

central muon candidates, one central photon candidate, one plug photon can-

didate, and two jets as shown in Figure A.1. Table A.1 gives the 4-vectors of

the six objects in the event. The jets and 6ET, for technical reasons, are treated

in a manner which is slightly di�erent from Chapter 3. These di�erences are

discussed in Sections A.6 and A.7 respectively.

Run 65390, Event 16199

PX PY PZ E ET

(GeV) (GeV) (GeV) (GeV) (GeV)

�+ -20.20 53.00 -24.97 61.97 56.72
�� -15.52 -52.46 -16.66 57.19 54.71

1 8.91 47.52 30.21 57.00 48.35

2 13.47 1.59 -20.76 24.80 13.57
J1 28.88 -23.18 41.12 58.59 39.21
J2 -8.26 -28.18 -26.35 40.29 29.98
6ET -7.3 1.7 { { 7.5

Table A.1: The 4-vectors of the �+��

jj candidate event. All energies and
momenta are corrected. The jets are clustered in a cone of �R = 0:7 and the
6ET is the vector imbalance of the �+��

jj system. The jet and 6ET selection
and corrections are discussed in Sections A.6 and A.7 respectively.

The masses of various combinations of objects are given in Table A.2.

The invariant mass of the muon pair is 105.8 GeV, close to the Z0 mass. This

is compared to a sample of muon pairs in Figure A.2 where both muons are
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 60.8 GeV

Figure A.1: The event display for the �+��

jj candidate event.
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required to pass the identi�cation and isolation selection criteria used in the

top-quark analysis (see Table 3.2) and have P�
T > 30 GeV. A total of 97 of the

1,698 events in the sample (5.7%) have a dimuon mass greater than 105 GeV.

One cannot rule out this being a Z0, although it is unlikely at almost the

95% C.L. The �+��

 system has a mass of 192 GeV; highly unlikely to

be from a radiative or double-radiative Z0 decay. The invariant mass of the

photon pair is 60.8 GeV. The invariant mass of the jet pair is 75.5 GeV, close to

the W mass (the typical resolution on the W ! jj mass is 10%). The second

jet contains calorimeter energy in the tower traversed by the ��; correcting

for this extra energy, the dijet mass is lowered to 68.6 GeV.

As shown in Table A.2, each sub-system has large PT. The PT of

the dimuon pair is 36 GeV, the diphoton pair has a PT of 54 GeV, and the

PT of the dijet system is 55.3 GeV, 49.5 GeV after corrections. Similarly,

the �+��

 system has PT = 51:4 GeV. However, since the total PT of the

�+��

jj system is close to zero, any subset of the 6 objects in the event

will balance the remaining subset. For example, the �+��

 system is back-

to-back with the dijet system with transverse momenta that balance and are

�50 GeV [127]. The pairings of three objects that give the closest match

in mass are �+
1J2 and ��
2J1. The PT is about 37 GeV for each system

and three-body masses are 138 and 112 GeV, respectively. Alternatively, the

�+
2J1 and ��
1J2 systems have a PT of 75 GeV, and the masses are 137 GeV

and 149 GeV, respectively.

A.2 The Interaction Vertex

The primary vertex [73] associated with the �+��

jj candidate

event is situated at z = �45:6 cm and has �PT = 149 GeV of tracks (in-
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Figure A.2: The invariant mass of pairs of muons passing the tight identi�ca-
tion and isolation selection criteria, each with P�

T > 30 GeV.
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System Mass PSystem
T �

(GeV) (GeV) (degrees)

�+�� 105.8 35.7 179�


1
2 60.8 54.0 66�

J1J2 75.5 55.3 292�

J1J
no �
2 68.6 49.5 297�

�+
1 62.4 101.2 96�

��
2 52.2 50.9 268�

�+
2 49.1 55.0 97�

��
1 113.1 8.3 217�

�+��
1 167.0 55.0 119�

J1J2
2 103.1 60.3 304�

�+��
2 127.8 22.3 175�

J1J2
1 141.9 29.8 253�

�+
1J1 148.1 79.3 72�

��
2J2 65.8 79.7 262�

�+
1J2 138.0 74.9 105�

��
2J1 112.4 78.6 289�

�+
2J1 136.7 38.4 55�

��
1J2 148.8 36.0 246�

�+
2J2 99.1 30.4 120�

��
1J1 156.4 35.9 308�

�+��
1
2 191.6 51.4 105�

�+��
1
2J1J2 295.0 7.5 347�

Table A.2: The mass and PT for sub-systems of the �+��

jj candidate event.

cluding 111 GeV from the central muons) associated with it. The instanta-

neous luminosity, L, during this particular part of the run was measured to be
L = 4:95 � 1030=(cm2 � sec) which predicts that there should be, on average,

0.88 primary vertices. A total of 2 are observed. The other primary vertex

in the event is situated at z = -28.1 cm and has 17 GeV of tracks associated

with it. Both vertices are evident in Figures A.3 and Figure A.4, which show

the number of tracks and the number of tracks weighted by PT in the event
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as a function of z and � respectively. Both jets are clearly associated with the

primary vertex.

The sum PT of tracks associated with the second vertex is 17 GeV

and is compared to the Z0 ! �+�� sample to see if this is unusual. A total

of 49% of the events have at least two vertices. Figure A.5 shows the sum PT

of tracks associated with these other vertices if they are separated by at least

10 cm from the dimuon (�rst) vertex. A total of 7% of events with a second

vertex have > 17 GeV of associated �PT. There is no indication that the

second vertex in the �+��

jj candidate event particularly energetic, or that

any of the objects in the event are not from the �rst primary vertex. However,

there is no information from either photon that can discriminate between the

vertices.

A.3 The Muon Candidates

Both muons are fully reconstructed in the muon chambers [128] and

their momenta are shown in Table A.1. The vertex is at z= -45.6 cm so

the muons do not traverse the SVX. The �+ passes all the tight selection

requirements except for the 6.0 GeV threshold on the hadronic energy of the

muon tower (Had=6.8 GeV). The hadronic tower energy requirement has been

measured to be 98% e�cient [40]. The �� passes all selection criteria. The

results for each criterion for the �+ and �� are shown in Table A.3.

As a check, the muon momenta are evaluated using the additional cor-

rections used in measuring the mass of the W boson[129]. Using this method

the PT values change to 53.9 GeV and 55.1 GeV respectively. The invariant

mass becomes 103.5 GeV.



156

Figure A.3: The number of tracks in the central tracking chamber as a function
of track z position in the �+��

jj candidate event. The upper plots shows
the number of tracks, the lower plot shows the number of CTC tracks weighted
by track momentum (excluding the two muon tracks). The primary vertex is
at z = �46 cm, the other vertex is at z =-28 cm.
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Figure A.4: The PT weighted � distribution of tracks associated with the two
vertices in the �+��

jj candidate event. The top plot shows the tracks as-
sociated with the primary vertex (Z1), while the bottom plot shows the tracks
associated with the other vertex (Z2). Note that the jets, J1 (at � = 321�) and
J2 (at � = 254�), are associated with the primary vertex.
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Figure A.5: The Sum PT of tracks associated with other vertices in �+��

events. The arrow represents the value for the �+��

jj candidate event.
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�+

Requirements Value

PT > 25 PT= 56.72 GeV
EEM < 2.0 GeV EEM = 0.27 GeV
EHad < 6.0 GeV EHad = 6.83 GeV
EEM+EHad > 0:1 GeV EEM+EHad = 7.10 GeV
j�xCMUj < 2 cm �xCMU = 0.49 cm
j�xCMPj < 5 cm �xCMP = 0.43 cm
jd0j < 0:3 cm jd0j = -0.02 cm
NASL � 3 NASL = 5
NSSL � 2 NSSL = 5
NASL+NSSL � 6 NASL+NSSL = 10
j�z(vertex-track)j < 5:0 cm �z(vertex-track) = 0.76 cm
jzvertexj < 60.0 cm zvertex = -45.59 cm
EIso
T / PT < 0.10 EIso

T / PT = 0.03
�PIso

T / PT < 0.10 �PIso
T / PT = 0.00

��

Requirements Value

PT > 20 GeV PT= 54.71 GeV
EEM < 2.0 GeV EEM= 0.26 GeV
EHad < 6.0 GeV EHad= 2.95 GeV
EHad+EEM > 0.1 GeV EHad+EEM = 3.21 GeV
j�xCMUj < 2 cm �xCMU = -0.10 cm
j�xCMPj < 5 cm �xCMP = 0.44 cm
jd0j < 0:3 cm jd0j = -0.02 cm
NASL � 3 NASL = 5
NSSL � 2 NSSL = 5
NASL+NSSL � 6 NASL+NSSL = 10
j�z(vertex-track)j < 5:0 cm �z(vertex-track) = 0.31 cm
jzvertexj < 60.0 cm zvertex = -45.59 cm
EIso
T / PT < 0.10 EIso

T / PT = 0.01
�PIso

T / PT < 0.10 �PIso
T / PT = 0.00

Table A.3: Summary of the muon identi�cation and isolation variables in the
�+��

jj candidate event. The �� passes all the selection criteria. The �+

passes all the selection criteria except the EHad < 6.0 GeV requirement. For a
description of the variables used to identify muons see Ref. [39].
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A.4 The Central Photon Candidate

The photon candidate in the central calorimeter passes all the stan-

dard identi�cation and isolation selection criteria as shown in Table A.4.

Requirements Value
�1 3D tracks, PT < 1 GeV # 3D Tracks = 0
�2CES < 10 �2CES = 4:74
14 < jZstripj < 230 cm Zstrip= 69.65 cm
jXwirej <21.0 Xwire = 10.03 cm
j�CESj < 2.0 �CES = 1.36
Ecluster
2nd strip or wire � 2:39 + 0:01 � E


T = 2:95 GeV E2nd Strip = 0.0 GeV
E2nd Wire = 0.0 GeV

Had=EM < 0.055 + 0.00045E = 0.080 Had/EM = 0.02
EIso
T =ET < 0:10 EIso

T =ET= 0.02
�PT(�R = 0:4) < 5.0 �PT(�R = 0:4)= 0.0

Table A.4: Summary of the central photon variables in the �+��

jj candi-
date event. The photon passes all the selection criteria.

A.5 The Plug Photon Candidate

The photon candidate in the plug calorimeter passes all standard

photon identi�cation and isolation selection criteria used in the W
 analy-

sis [130]. The selection criteria, along with values from the candidate, are

given in Table A.5. A detailed inspection of the cluster shows that a small

purely electromagnetic deposition of a few GeV in a nearby tower in the same

quadrant causes the cluster to almost fail the isolation requirement. A layer

pro�le of the quadrant shows an excess deposition in layer 5 that is consistent

in magnitude with the electromagnetic tower mentioned above and suggests

that it is noise. The cluster energy algorithm does not use this information

and therefore the photon energy measurement is not a�ected by the spike in
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layer 5 [131]. Thus, there is no indication that this cluster is not due to a

photon.

Requirements Value

ET > 7 GeV ET = 13.6 GeV
Fiducial Yes
Had=EM < 0.028 + 0.00019E = 0.032 Had/EM = 0.0
�23x3 < 5.0 �23x3= 3.681
�2� < 20.0 �2�= 3.463
�2� < 20.0 �2�= 3.942
VTX occ < 40% VTX occ= 0.12
EIso
T /ET < 0.15 EIso

T /ET= 0.12

Table A.5: Summary of the plug photon variables in the �+��

jj candidate
event. The photon passes all the selection criteria described in Ref. [130].

A.6 The Jets

Two jets pass the requirements of Section 3.2 and are listed in Ta-

ble A.6. However, a closer inspection reveals that this is problematic as shown

in the top part of Figure A.1. The �rst jet, j1, appears to be only one of three

jets which are part of a single larger jet (J1 in Table A.6).

Instead of using the standard cone size of �R = 0:4 for jet clusters,

a cone of �R = 0:7 appears to be more appropriate for this event. While the

results are not highly dependent on the cone size used, the larger cone size

more accurately re
ects the size and direction of the jet activity and is used

for all kinematic calculations. While the di�use jet, J1, is fully contained in

the larger cone, the algorithm picks up a third jet which is due mostly to

the energy deposited by the �+ (EUncorr
T = 10.1 GeV, EHad + EM

� = 7.1 GeV).

This jet is ignored. The second jet, J2, also picks up a second smaller jet due

calorimeter energy deposited by the ��. This jet, in a cone of �R = 0:4, has
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ECorr
T = 7:2 GeV. The energy is removed from J2 and gives EJ2Corr

T = 23 GeV.

Using the new values changes the dijet mass fromMJ1J2 =75.5 GeV to MJ1J2 =68.6 GeV.

The uncertainty on the dijet mass is taken to be 10% from jet energy resolu-

tion. In either case the dijet mass is consistent with the W mass. Figure A.6

shows the dijet invariant mass for the two most energetic jets in �+�� events

with two or more jets (�R = 0:7).

�R = 0:7

� � ET Mass Corr
(degrees) (GeV) (GeV)

J1 0.957 321.3 39.21 19.28 1.336

J2 -0.807 253.6 29.98 8.14 1.455
�R = 0:4

� � ET Mass Corr
(degrees) (GeV) (GeV)

j1 0.763 337.4 17.79 3.91 1.653
j1
0 0.864 309.9 13.91 3.12 1.751

j1
00 1.504 308.8 13.79 2.92 1.871

j2 -0.899 252.7 29.28 3.39 1.829

Table A.6: The jets in the �+��

jj candidate event. The values of ET are
already corrected using JTC96S(`EY', `DD'). Corr is the value of the correc-
tion.

A.7 The Missing ET

Using the methods of Chapter 3.1, the 6ET is estimated to be

6ET = 31 GeV. However, a closer investigation of the algorithm reveals three

subtle problems with the method: 1) The �+ does not pass the standard muon

cuts, so it is not corrected for, 2) photons in the plug calorimeter are treated

like jets and given a large correction, 3) the other jets are identi�ed using a
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Figure A.6: The dijet invariant mass for jets produced in association with
pairs of muons passing the tight identi�cation and isolation selection criteria.
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cone size of �R = 0:4, not the �R = 0:7 which is preferred for this event (see

the previous section).

To deal with these problems and calculate a 6ET for this particular

event, the 6ET is calculated in two ways. In Method 1, the raw value of the

6ET is corrected for both muons (and muon towers) and for J1 and J2. In

Method 2, the 6 objects, �+��

J1J2, in the event are vectorially added as

they appear in Table A.1. The results are summarized in Table A.7. The 6ET
signi�cance, Sig= 6ET=

q
�ET(

J1J2), is also shown.

6ET

� ET Sig
(degrees) (GeV)

Method 1 234.3 15.6 1.4
Method 2 166.8 7.5 0.7

Table A.7: The missing transverse energy in the �+��

jj candidate event.
Method 1 corrects the RAW 6ET for all muons, jets and photons. Method 2 is
the vector imbalance of the six objects.

Note that the 6ET in both cases is small and that the transverse

momentum of the 6 objects is consistent with zero. The Method 1 6ET is also

close to the direction of the ��, which has � = 254�.

A.8 Estimating the Number of �+��

jj

Events from Standard Model Sources

The rate at which Standard Model sources produce this type of event

is estimated for the following four sources:

� Z0=
� ! �+�� + 

jj.
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� Z0=
� ! �+��+
central + jets where one of the jets fakes a loose photon.

� Z0=
� ! �+��+
loose + jets where one of the jets fakes a central photon.

� Z0=
� ! �+�� + jets where both photons are fakes.

To estimate these contributions (as in Chapter 5) one of the photons

is required to be in the central region and have ET > 25 GeV, the other photon,

dubbed the loose photon, only needs ET > 10 and can be in the central or

plug calorimeters.

To estimate the rates, the �+�� sample is used [132]. The sample

contains, 1,698 events, 1 event [133] has an additional central photon (no addi-

tional jets) and 2 events have an additional plug photon (no additional jets). A

total of 162 events have two or more jets (�R = 0.7) with EUncorrected
T > 10 GeV

and j�j < 2:2; 68 have Mjj > 50 GeV. The probability of �nding an additional

two jets in the event with Mjj > 50 GeV is estimated to be:

RTwo Extra Jets =
Events with �+��jj
Events with �+��

(A.1)

=
68

1; 698
= 4:0� 10�2:

The rate at which real �+��

jj events are produced by Standard

Model sources is estimated using the 3 ��
Loose events in the data. Mul-

tiplying by a factor of 5:8 � 10�4 for real additional central photons (from

Section 5.4.2), and a factor of 4:0 � 10�2 for the two additional jets gives a

total of 7 � 10�5 events expected with the �+��

jj signature.

The rate at which fake events contribute is also calculated in a manner

similar to that used in Chapter 5. The probability that an event will have

an extra jet from physics processes is estimated to be equal to the fraction

Additional Jets in Z0=
� events
Total number of Z0=
� events . Two types of jets which could fake a photon are
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considered: Central (ET > 25 GeV) and Loose (central or plug, ET > 10 GeV).

Jets which could fake a central photon are required to have ET > 25 GeV and

have j�j < 1:0; there are 79 such jets in the sample. Any jet which could

fake a loose photon is required to have ECorr
T > 10 GeV, and have j�j < 1:0

or 1.2< j�j < 2:2. There are 226 and 137 jets in the central and plug regions

respectively. Putting this together with the photon fake rates [71] gives:

Rfake central

 � PCentral

Extra Jet � P fake Central

 (A.2)

=
79

1; 698
� (1:3 � 10�3)

= 6:0 � 10�5

and for additional loose photons

Rfake loose

 � PCentral

Extra Jet � P fake Central

 + P

Plug
Extra Jet � P fake Plug


 (A.3)

=
226

1; 698
� (1:3� 10�3) +

137

1; 698
� (4:0 � 10�3)

= (1:7� 10�4) + (3:2� 10�4)

= 5:0� 10�4:

As a check, Equation A.2 predicts:

N�+��
 = N�+�� �Rfake central

 (A.4)

= 1; 698 � (6:0� 10�5) = 0:1 events

where one event is observed in the data.

The �nal results are summarized in Table A.8. A total of 2:9� 10�5

Standard Model events are estimated to have the �+��

jj signature in the

data from fake sources. Note that no factor has been taken into account for

the muon pair mass being above the Z0 mass. Summing the real and fake

sources gives a total of 1� 10�4 events.
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Real Fake Fake Fake Events
Process Process 1 Process 2 Process 3 in 85 pb�1

�+�� + 
Fake Central + 
Fake Loose RTwo Extra Jets

1,698 � 6:0 � 10�5 � 5:0� 10�4 � 4:0� 10�2 = 2:0� 10�6

�+��
Central + 
Fake Loose RTwo Extra Jets

1 � 5:0 � 10�4 � 4:0� 10�2 = 2:0� 10�5

�+��
Loose + 
Fake Central RTwo Extra Jets

3 � 6:0 � 10�5 � 4:0� 10�2 = 7:2� 10�6

Sum � 2:9� 10�5

Table A.8: The number of fake �+��

jj events expected from Standard
Model sources.

A.9 Comparing the Event to the ee

 6ET Can-

didate Event

The kinematics of the �+��

jj event are quite similar to that of

the ee

 6ET candidate event. In particular the pair masses of one of the

combinations of the leptons (assuming the cluster in the plug calorimeter in

the ee

 6ET event is indeed a lepton) are essentially identical with one of the

combinations in the ee

 6ET candidate event. One of the pairing gives masses

of 62 GeV and 52 GeV in the �+��

jj candidate event, to be compared with

masses of 64 GeV and 57 GeV in the ee

 6ET candidate event. The invariant

masses for the lepton-photon combinations are shown in Table A.9. Another

interesting similarity is that the ll

 systems have PT = 48 GeV (ee

 6ET)
and 51 GeV (�+��

jj) respectively.

A.10 Physics Interpretation

While this could just be a very unusual Z0

 + 2 jet event, it it

instructive to speculate on possible Supersymmetric interpretations [134]. For
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ee

 6ET Candidate �+��

jj Candidate
Run 68739, Event 257646 Run 65390, Event 16199


1 
2 e1 
1 
2 ��

eCentral 64.1 91.7 163.3 �+ 113.1 52.2 105.8
ePlug 97.0 56.5 �� 62.4 49.1

2 47.3 
2 60.8

Table A.9: The invariant masses of combinations of the leptons and photons
in the ee

 6ET and �+��

jj candidate events. All numbers are in GeV/c2.

example in the models discussed in Chapters 1 and 6, ~W ~Z pair production

can produce the signature via:

~W ~Z ! (WN1)(Z
0N1)

! (jj)(
 ~G)(�+��)(
 ~G)

or

~W ~Z ! (WN2)(Z
0N2)

! (jj)(
N1)(�
+��)(
N1)

Alternatively, each muon could come from a separate parent: looking

at Table A.2 one sees there are several pairings that have similar masses on

each leg (not necessary, however). The dimuon mass being close to that of the

Z0 would then be fortuitous. The two jets then would also be unrelated, and

the dijet mass being close to that of the W would also be due to kinematics

rather than to a W decay. For example, one could have:

~q~q ! (q ~W )(q ~W )

! q(WN1)q(WN1)

! q(��)(
 ~G)q(��)(
 ~G)

where the dimuon mass and dijet masses being close to the Z0 and W masses

is due to the kinematics and is not forced by the decay.
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One of the 
aws with these interpretation is that these decay chains

in general have 6ET. However, the 6ET in an individual event can be low due to

the cancellation of the momentum carried o� by the 2 LSP's, which in general

tend to be back-to-back; the net 6ET thus is a broad distribution. For example

(12�1)% of ll

 events in the light gravitino model [29] have 6ET less than

25 GeV. The lack of 6ET may favor some non-SUSY interpretation[25, 26]. For

example both the ee

 6ET and �+��

jj candidate events could be the same

type of event with the 6ET in the ee

 6ET event due to a high-PT Z0 ! ���

decay, and the two jets in the �+��

jj candidate event due to Z0 ! q�q and

a mass which 
uctuated low. Both events would then be ll

+Z0. Then again

this may be just one of the rare Standard Model events that should show up

in the data out of the many possible types in 1012 interactions.

A.11 Conclusions

The �+��

jj candidate is similar to the ee

 6ET event both kine-

matically, and in that both events are highly unusual. The Standard Model

rate for this signature is estimated to be � 1� 10�4 events. Its existence is

relevant as it gives further evidence that either both it and the ee

 6ET can-

didate event are due to sources of background which are not understood, or

there is possibly a signal. Unfortunately, the �+��

jj candidate event is

not part of the central 

 + X searches because one of the photons is in the

plug calorimeter. Another problem is that the event is 
awed. While one the

central muons fails the canonical muon requirement on hadron energy, it is a

golden muon in all other respects. The primary di�erences between this event

and the ee

 6ET candidate event is that instead of 6ET, (the missing ET of

the event is less than 10 GeV) the �+��

jj candidate has two jets with an
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invariant mass close to the W mass. Similarly, while the `dilepton' mass in

the ee

 6ET is well above the Z0, only 6% of dimuon events in the data have

a �� mass larger than in the �+��

jj event. Only more data will tell us the

origin of these events.



Appendix B

Comments on the Diphoton

Purity Estimate

This Appendix describes the purity estimate of Chapter 2. The tech-

niques used to estimate the purity of the diphoton sample were developed

to measure the single photon production cross section [36]. For each photon

candidate an algorithm determines the fractional probabilities of the candi-

date being due to a single, prompt photon (�
) or to a neutral meson (�b).

In addition each photon is compared to a CES or CPR requirement if it has

ET greater than or less than 35 GeV respectively [135]. With these fractions

the following vector equation is used to extract the true photon signal for the

sample: 0
B@ Nfail

Npass

1
CA =

0
B@ �b �


�b �


1
CA
0
B@ Nb

N


1
CA (B.1)

where � � 1 � �, and Nfail and Npass are the number of photons which fail or

pass the CES/CPR requirements respectively.

In the diphoton case, there are 4 possible combinations: fail-fail,

fail-pass, pass-fail and pass-pass. The number of possible cases for the com-
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binations of signal and background become 4, which are bb; b
; 
b and 

.

The vector equation becomes a 4�4 matrix instead of 2 � 2, as was used in

Equation B.1:

0
BBBBBBBB@

Nff

Nfp

Npf

Npp

1
CCCCCCCCA
=

0
BBBBBBBB@

�b1 � �b2 �b1 � �
2 �
1 � �b2 �
1 � �
2
�b1 � �b2 �b1 � �
2 �
1 � �b2 �
1 � �
2
�b1 � �b2 �b1 � �
2 �
1 � �b2 �
1 � �
2
�b1 � �b2 �b1 � �
2 �
1 � �b2 �
1 � �
2

1
CCCCCCCCA

0
BBBBBBBB@

Nbb

Nb


N
b

N



1
CCCCCCCCA

(B.2)

The real number of signal (N

) and backgrounds (Nb
; N
b and Nbb)

are estimated by inverting the matrix. One technical point is appropriate here.

The CES/CPR methods require the use of data samples with �2CES < 20 and

are only applicable for photons in the tight �ducial region (jXwirej < 17:5 cm).

In order to correct for the fact that the sample requires �2CES < 10, events which

pass all the selection criteria in Table 2.1 but with the �2CES requirement raised

from 10 to 20 are added to create a sample to measure the purity. There are

3697 events in the sample, 3615 of which have jXwirej < 17:5 cm. The purity

is assumed to be the same in the region 17.5 cm < jXwirej < 21:0 cm and in

jXwirej < 17:5 cm. Inverting the matrix, Equation B.2 estimates there are

2447 � 136 bb events, 782 � 207 b
+ 
b events and 386 � 103 

 events in the

sample for a raw purity of (11 � 3)%. Using the e�ciency of the �2CES < 20 re-

quirement, which is measured to be 92.2% e�cient per photon (see Table 2.3),

and the 2164 events in the tight �ducial region with �2CES < 10, the average

purity is estimated to be (15 � 4)%.



Appendix C

Detailed Event Displays

This Appendix shows the detailed event displays, in CDF jargon, the

DF LEGO and CTC displays, for the events which pass the selection criteria

of the 

+X searches of Chapter 3. The ee

 6ET candidate event is displayed

in Figures C.1 and C.2. Figure C.3 shows the 

+ 6ET which has both photons

above 25 GeV and 6ET = 34 GeV. The other three 

 + ` events are shown in

Figures C.4, C.5 and C.6. The two 

+ b-tag events are shown in Figures C.7

and C.8.
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 49.1 GeV

Figure C.1: The LEGO and CTC displays for the ee

 6ET candidate event.
Note that only towers with ET > 0:5 GeV are shown.
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142.2 GeV

Figure C.2: The LEGO plot in energy for the ee

 6ET candidate event. Note
that only towers with E> 0:5 GeV are shown.
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 74.7 GeV

Figure C.3: The event display for the 

 + 6ET candidate event
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 41.3 GeV

Figure C.4: The event display for the 

 + ecentral candidate event
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 33.9 GeV

Figure C.5: The event display for the 

 + �� candidate event
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 21.7 GeV

Figure C.6: The event display for the 

 + � candidate event
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 24.6 GeV

Figure C.7: The event display for the �rst 

 + b-jet candidate event
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 26.6 GeV

Figure C.8: The event display for the second 

 + b-jet candidate event



Appendix D

Comments on the Calculation of

the Jet Fake Rates

This Appendix discusses the rates at which generic jets fake the pho-

ton and electron selection criteria. The procedure uses a method and sample

similar to that in Ref. [40]. The sample [136] consists of dijet events which are

selected using the following requirements.

1. 2 jets with Euncorr
T > 10 GeV, j�j < 2:2

2. j��jjj > 1600 (back-to-back cut)

Jets which could fake photons or electrons in the central calorimeter

are selected as having j�j < 1:0; jets which could fake a photon or electron in

the plug calorimeter are selected as having 1:2 < j�j < 2:2. The Level 2 and

Level 3 triggers measure cluster energies using slightly di�erent methods. To

remove a small bias, the following algorithm is used:

1. Select one of the two jets at random (even/odd event numbers are used

to do this)
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2. Try to match the selected jet to a L2 cluster within a cone of �R = 0:4.

If there is no match, skip the event.

3. If the ET of the matched L2 cluster is below the trigger threshold, skip

the event.

4. Put the other jet into the sample.

5. If both jets have matched L2 clusters which pass the trigger threshold,

put both jets into the sample.

The ET spectra of the jets are shown in Figures D.1, D.2, D.3 and D.4 along

with the ET spectra for clusters passing the electron/photon selection criteria.

Dividing bin-by-bin yields the fake rate. The average rates are 
at, within

error, as a function of ET for ET > 25 GeV. The fake rate is taken to be

the average fake rate per jet using jets with ET > 25 GeV. The results are

summarized in Table D.1.

Fake Rate Generic Jets Fakes Rate (Per Jet)
Central Photons 40342 52 1:3� 10�3

Central Electrons 40342 0 <7:4 � 10�5 (95% C.L.)
Plug Electrons 18469 40 2:2� 10�3

Plug Photons 18469 74 4:0� 10�3

Table D.1: The rates at which jets pass the electron and photon selection
criteria. Note that no attempt has been made to remove contributions from
real physics objects.

D.1 The �� Distribution for Fake Electrons

To study the �� distribution of fake electrons a large sample of fake

electrons is selected (using JET 50 and JET 70 as well). The distribution is
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shown in Figure D.5. A total of 67 clusters that are SVX �ducial are found, 9

of which have a good stub with j��j > 0:03 rad.
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Figure D.1: The central photon fake rate as a function of ET. The average
fake rate is 1:3 � 10�3 per jet and is 
at as a function of ET for ET > 25 GeV.
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Figure D.2: The central electron fake rates as a function of ET. No events
pass the isolated central electron selection criteria for an upper limit of
7:4� 10�5/jet at 95% C.L.



187

Figure D.3: The plug electron candidate fake rates as a function of ET. The
average rate is 2:2� 10�3/jet and is essentially 
at as a function of ET for
ET > 25 GeV.
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Figure D.4: The plug photon fake rates as a function of ET. The average rate
is 4:0� 10�3/jet and is essentially 
at as a function of ET.
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Figure D.5: The �� distribution between the cluster centroid and an associ-
ated SVX stub for fake plug electron candidates.



Appendix E

Comments on the Plug

Electromagnetic Shower

This Appendix discusses an indication that the cluster in the plug

calorimeter of the ee

 6ET candidate event has a shower which would be un-

usual for an electron. A coarse measurement of the full shower pro�le using

proportional chambers, shown in Figure E.1, is consistent with the electron

hypothesis. However, a detailed measurement of the pro�le using strip cham-

bers at approximately shower maximum give results which would be unusual

for an electron. A comparison shows that the results from the strip chamber

are not consistent with the full pro�le measurement and may be due to noise

in the detector. The cluster appears to be consistent with the shower expected

from an electron or photon.

The plug electromagnetic calorimeter (PEM) consists of two mod-

ules (one forward, one backward) each of which consists of four quadrants of

�� = 900. Each quadrant consists of 34 layers of proportional tube arrays

interleaved with 2.7 mm-thick lead absorber panels. Strip chambers (PES)
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 Run 68739 Evt 257646   toback$ee:R68739_257646.DST    28APR95 22:41:20 15-JUL-97

PHI:

ETA:

   21.

 -1.44

PLUG LEGO Z:0 SECTOR: 0                     

E display  Maximum  =   136.0182 GeV

(Using hard-coded PEA = 1.990 MeV, PHW = 3.470 MeV)      

Wires.  EM

 10.02 GeV                                                    

Had. -15:+15

  1.47 GeV                                  

 15:45

  0.07 GeV                       

 45:75

  0.61 GeV            

 75:105

  0.14 GeV 

PHI:

ETA:

   21.

 -1.44

Figure E.1: The event display for the cluster in the PEM in the ee

 6ET
candidate event. Note that this is energy, not ET. All towers with less than
0.5 GeV have been suppressed
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are embedded near shower maximum, in layers 6-15. The �ve odd-numbered

layers have 32 arc-shaped strips of ��=0.02 which span 30� in � (� strips).

The remaining �ve even-numbered layers have thirty radial strips of �� = 1:0�

(� strips). The coverage of these strips in polar angle is limited to the region

1:2 < j�j < 1:84. For more details on the plug electromagnetic calorimeter see

Ref. [32].

Figure E.2 shows the energy deposited in the electromagnetic calor-

imeter as a function of the individual layers. Note that layers 2, 3, 9 and 27

were disconnected, and that there appears to be some type of noise in layer 10

(an �-strip layer). A quantitative comparison of the shower with expectations

from test beam data [44] (see the �23x3 and �2Depth values in Table 4.5 and

Figure 4.5) shows that the shower is consistent with the electron hypothesis.

The shower shape, as measured in the strip chambers, can be com-

pared to expectations from electrons using a �2 test [138]. An electron typically

deposits energy in 11 strips in both the � and � directions in the strip chamber.

Separate comparisons are made in each direction and are denoted by �2� and

�2� respectively. The distributions for electrons from the Z0 ! e+e� control

sample of Chapter 4 are shown in Figure E.3 along with the results for the

cluster in the ee

 6ET candidate event. While the �2� measurement is in the

middle of the distribution (�2� = 2:2), the �2� measurement is on the tail of the

distribution (�2� = 11:7) indicating that it would be unusual for an electron. A

detailed, strip-by-strip, comparison of the pulse heights in the strip chamber

with the expected shower shape is shown in Figures E.4 and E.5. There is

some indication of an excess in the second and third bins in �, and in the

ninth bin in �. The � deviations are not statistically signi�cant. Given that

�2�= 2.2, the results are consistent with the single electron hypothesis.

In the � direction, the one strip at � = �1:69 measures an energy
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Figure E.2: The energy deposited in each layer of the calorimeter for the
electromagnetic cluster in the ee

 6ET candidate event. Note that layers 2, 3,
9 and 27 were disconnected and that there appears to be some type of noise
in layer 10 (an �-strip layer).
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that signi�cantly pulls the �t and gives most of the contribution to the �2.

Note that in Figure E.2, layer 10 (which is an �-strip layer) is about 4 GeV

higher than expected with the excess possibly due to noise or a low energy

particle interacting in the gas of that one layer [137]. Since sampling calor-

imeters integrate the pulse height measured in each layer to make an energy

measurement, each shower has three estimates of the total shower energy: one

from the full 34 layers (the best estimate), one from the strip chambers in the

� direction, and one from the strip chambers in the � direction. In the � direc-

tion, the measurement is made using the integrated pulse height from layers

6, 8, 10, 12 and 14; the total shower energy is estimated to be 154.5 GeV.

The full calorimeter, which uses all 34 layers for a more accurate energy mea-

surement, uses the same integrated pulse height measurement to estimate that

33.6 GeV was deposited in those 5 layers. Normalizing the 4 GeV excess seen

in Figure E.2 to the scale in the � strips corresponds to about 18 GeV of extra

energy in the strips, which is about equal to the excess in bin 9 in Figure E.5.

Removing that one strip from consideration yields �2�=3.1 which is very much

in the middle of the distribution in Figure E.3.

Another indication that the excesses seen in the strip chambers are

due to noise is seen in Figure E.6 which shows the full shower energy measure-

ment in the � and � directions. After normalizing the energies measured in

the strips to be equal to the energy as measured using the full calorimeter, it

is evident that the excesses are only seen in the strip chambers. The conclu-

sion appears to be that the measurement of the shower pro�le of the cluster is

unusual, but is consistent with being from an electron or photon.
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Figure E.3: The distribution of a �2 test between measured and expected
pulse heights in the strip chambers in the plug calorimeter for electrons in
the Z0 ! e+e� control sample. The results for the cluster in the ee

 6ET
candidate event are illustrated on the plot by arrows.
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Figure E.4: The energies, as measured by individual strips in the strip cham-
bers, in the � direction for the cluster in the plug calorimeter in the ee

 6ET
candidate event.
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Figure E.5: The energies, as measured by individual strips in the strip cham-
bers, in the � direction for the cluster in the plug calorimeter in the ee

 6ET
candidate event.
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Figure E.6: A comparison of the energy deposition of the cluster in the plug
using all 34 layers in the calorimeter and using just the strip chambers. The
apparent excesses in the strips in the � and � directions are only seen using the
strip chambers. Note that the energies measured by the strip chambers have
been summed in a given direction and normalized to be equal to the energy
measured in all 34 layers.



Appendix F

Comments on the Calculation of

the �2 variables in the Plug

Strip Chambers

This Appendix describes the shower shape comparison for electron

candidates in the plug strip chamber. The strip chambers are described in

Appendix E and in more detail in Ref. [32], and a typical electron deposits

energy in 11 strips in the � and � directions in the strip chamber. In order to

do a quantitative comparison to electron shower shapes we set up a `frozen'

shower which is parameterized by its energy and �.

The shower widths (in � and �) for a sample of electrons, from the

Z0 ! e+e� control of Chapter 4, are shown in Figure F.1, and as a func-

tion of the shower energy in Figure F.2. A parameterization is given by

�� = 0:02 + 0:0000275 � E� and �� = 0:02 + 0:0000219 �E�. After subtract-

ing o� these variations the width is still � dependent. This is shown in Fig-
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ure F.3. The full parameterization is given by

�� = (0:02 + 0:0000275 � E�) + (�0:018 + 0:0122 � j�j) (F.1)

�� = (0:02 + 0:0000219 � E�) + (�0:023 + 0:0151 � j�j) (F.2)

The residual width, �Measured� �Parameterization, is shown in Figure F.4.

Using the width parameterization, the normalized shower shape is

estimated using the following algorithm:

1. Take a plug electron from the Z0 ! e+e� sample.

2. Normalize the energy of the strips (� and � separately) by dividing each

strip energy by the total energy measured in the 11 strips.

3. Calculate the distance (�� or ��) from the energy weighted mean for

each of the 11 strips.

4. Normalize the distance by dividing it by the expected width from Equa-

tions F.1 or F.2.

5. Fill a histogram with the normalized energy in the strip at the normalized

distance from the mean.

6. Repeat for all strips and events.

7. Determine the mean energy and variation (�) as a function of distance

from the mean. The result is shown in Figure F.5.

Using the shape and uncertainties from Figure F.5, the mean position

in the strips, using a �2 test, can be found for each electron in the plug.

To do this, the generic shower is converted to a speci�c shower by scaling

to the measured energy of the strips. The width is set to be equal to the
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expectation as calculated from the Equations F.1 and F.2. The mean is found

by minimizing the �2.

The �2 distributions in the � and � directions, labeled �2� and �
2
�, for

the Z0 ! e+e� control sample are shown in Figure E.3. A detailed study of

the individual events with large �2 show that most have a few strips at the

ends of the cluster which are indicative of a small second cluster. Each could

be due to a number of e�ects. 1) the cluster is due to a fake electron, 2) the

electron emitted a photon via Bremstrahlung while traversing the detector,

3) the shower simply 
uctuated and 4) there could be additional, unrelated

energy from the underlying event or a second collision in the event.
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Figure F.1: Electron shower widths as measured in the plug strip chamber
from the Z0 ! e+e� sample.
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Figure F.2: The width of electron showers, as measured in the strip chambers,
as a function of energy of the electron.
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Figure F.3: The width of electron showers, as measured in the strip chambers,
as a function of � of the electron. Note that energy dependence of the width
has already been subtracted o�.
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Figure F.4: The residual width of electron showers after energy and � depen-
dences have been subtracted o�
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Figure F.5: The normalized electron shower shape in the � and � directions
as measured in the plug strip chambers



Appendix G

Comments on the SVX Stub

Finding Algorithms

This Appendix describes the SVX tracking algorithm used to �nd

the stubs in the SVX that are associated with electrons. The standard SVX

algorithms search for SVX clusters along the trajectory de�ned by tracks in

the central tracking chamber. While the e�ciency for �nding stubs is high,

the e�ciency for �nding tracks in the central tracking chamber for electrons

in the plug calorimeter can go to zero for large �. To deal with this problem a

technique was developed to use the standard stub-�nding algorithms but using

fake track information (�; �;D0;PT and Z0) based only on the calorimeter

cluster and beam spot position information [86, 139].

The �� between the measured � position in the strip chambers

(CES and PES respectively) and from the SVX stub for electrons from the

Z0 ! e+e� control sample of Chapter 4 is shown in Figure G.1. Two peaks,

corresponding to the bending of positively and negatively charged electrons

in the magnetic �eld, are clearly visible. The events with large �� are from
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mismeasured or fake stubs. To remove obviously fake stubs, the hypothetical

trajectory from the z position of the vertex to the measured position in the

calorimeter is required to have passed through the �ducial part of at least 3

layers of the SVX [87]. A further requirement is that any stub found must

have at least 3 or more clusters in the SVX. Figure G.2 shows the resulting

�� distribution.

Two additional requirements are made to select only good SVX stubs

and ensure they are consistent with central or plug electrons respectively. Well-

measured SVX stubs are selected by requiring �2SVX < 2:0 (see Figure G.3).

Using dE
dX

techniques, the � for the stub can be inferred; the amount of charge

(which is proportional to the energy deposited in the silicon) collected by

the SVX strips, Q, helps determine the path length of the particle through

the strip. For a given stub, the cluster with the smallest amount of charge

deposited, normalized by the trajectory angle QUncorr
Min � Sin(�) = QMin, is

a good measure of the direction of the charged particle. Figure G.4 shows

QMin for central and plug electrons respectively. Each stub is required to

have 80 < QCentral
Min < 200 or 100 < QPlug

Min < 200 for central or plug electrons

respectively. The �nal �� distribution, after all requirements, is shown in

Figure G.5.

G.1 SVX Only Information for the ee

 6ET Can-

didate Event

The SVX tracker �nds a best-�t trajectory using the SVX clusters

as well as the calorimeter cluster and beam position information. However

three SVX clusters and the beam position uniquely determine a set of �t
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Figure G.1: The �� between the measured electron position from the strip
chambers (CES and PES respectively) and the � from the SVX tracker. The
two peaks corresponding to the bending of positive and negatively charged
electrons in the magnetic �eld are clearly visible. The events on the tails are
from mismeasured or fake tracks.
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Figure G.2: The �� between the measured electron position from the strips
and the � from the SVX tracker. Here it is required that the electron tra-
jectory traverse 3 or more layers of the SVX and that 3 or more clusters are
observed [87].
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Figure G.3: The �2 distribution of SVX stubs found by the SVX tracker for
electrons. All stubs are required to have �2 < 2:0.
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Figure G.4: The minimum charge deposited by electrons in any of the four
SVX silicon layers. Note that the value has been corrected for the path length
through the silicon. Each stub is required to have 80 < QCentral

Min < 200 and
100 < QPlug

Min < 200.
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Figure G.5: The �� between the measured electron position and the � from
the SVX tracker after all requirements. Here it is required that the electron
trajectory traverse 3 or more layers of the SVX and that 3 or more clusters
are observed [87]. In addition the SVX stub is required to pass the �2SVX and
QMin requirements discussed in the text.
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parameters (�0;D0 and curvature (PT)). This is not usually done because the

SVX stand-alone momentum measurement is not very precise (due to such a

small lever arm). To illustrate this point, and show why the D0 measurement

in the ee

 6ET event is sensitive to the cluster energy and � information, we

determine the parameters and the resolutions on them for the stub in the

ee

 6ET candidate event, using the stand-alone SVX information. To do this

the track parameters are found for a set of 10,000 pseudo-experiments in which

the the position of the beam and the SVX clusters are independently varied

according to their uncertainties. The results are shown in Figures G.6 and

G.7. The best-�t curvature indicates that the stub is due to a positively

charged particle with curvature C = 9 � 11�m�1 (PT = 2:44 GeV/c and

consistent, within errors, with in�nite momentum), �0 = 0:258�0:009 rad and
D0 = 233 � 180 �m. Figure G.7 shows that the three parameters are highly

correlated and why the large ET used to seed the tracking algorithm pulls the

�t to larger � and smaller impact parameter. These results clearly show that

if the cluster and the stub are not from the same particle then the impact

measurement is not constrained and is completely consistent with being zero.
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Figure G.6: The resolution of the SVX track parameters for the ee

 6ET can-
didate event when no calorimeter information is used. Note that while the
best-�t indicates that the track is due to a positively charged particle with
PT = 2:44 GeV, the PT is consistent, within errors, with in�nite momentum.
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Figure G.7: The correlation between SVX track parameters in the ee

 6ET
candidate event when no calorimeter information is used. The three parame-
ters are highly correlated.



Appendix H

Comments on the Electron

Interpretation of the Cluster

This Appendix considers the possibility that the plug cluster in the

ee

 6ET might be due to an electron in spite of the measurement of the proba-

bility for an electron to have j��j > 0:03 rad to be less than 0.3% at 95% C.L.

For example, the electron could have emitted an energetic photon via Brem-

strahlung while traversing the detector. Similarly, the electron could have had

a high angle elastic scattering with a nucleus. Three cases are considered in

detail:

� Case 1) The photon emission or collision occurs after the electron leaves

the SVX. In this case there should be at least two �nal state particles and

the SVX stub should, by conservation of momentum, point to the energy-

weighted mean of the energy deposition in the calorimeter (within the

expected resolution and bending due to the magnetic �eld). A back-of-

the-envelope calculation shows that a high energy electron scattering o�

a stationary proton could (kinematically) be de
ected by �� = 29 mrad.
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The recoil proton could have a transverse energy as small as ET=2.7 GeV,

and as large a scattering angle as ��ep = 1:2 rad.

Figures E.4 and E.5 show that while there is an excess within the shower

which could be the second cluster, it is not statistically signi�cant (see

Appendix E). There are no extra clusters in a cone �R = 1:0. The

closest possible candidate is a low ET cluster (ET = 4:9 GeV, E=54 GeV)

at large � (� = �3:1, � = 0:17 rad). This is unlikely to be related to the

cluster in the plug: the signal-to-noise ratio for the energy measurement

of this is cluster is so low that it may simply due to noise. Furthermore,

the two particle kinematics require the `target' particle to have at least

6 GeV of mass.

While there is no evidence for a photon emission or scattering scenario,

this type of scenario cannot be ruled out as being anything other than

highly improbable.

� Case 2) Before the electron reaches the SVX, it emits a photon via Brem-

strahlung that carries o� most of the energy. Since the initial direction of

the electron is directly toward the center of the electromagnetic cluster

(again by conservation of momentum), the SVX stub is due to the elec-

tron going o� with low momentum and the electromagnetic cluster is due

to the photon. In this case, there should be a measurable impact param-

eter. The smallest possible impact parameter is estimated by assuming

that the earliest point the electron could emit the photon is at the beam

pipe (radius = 1.95 cm), and that the smallest opening angle between the

electron and the photon is 29 mrad (a fairer estimate is closer to 50 mrad

since the beam pipe is almost half way to the SVX). This implies an im-

pact parameter of D0 > R���min = 1:95 cm�29 mrad = 565�m. The
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impact parameter is measured to be 90�45 �m which is inconsistent

with this hypothesis.

� Case 3) The photon emission or collision occurs in the SVX. If this

were the case, there should be a deviation, or kink, along the trajectory

de�ned by the SVX hits and the primary vertex. No such occurance is

seen. If it occurs early enough in the SVX then the same arguments as

in Case 2 hold.

There is no indication that this cluster-stub combination is a partic-

ularly unusual example of an electron interacting with the detector.



Appendix I

The Datasets Used in Chapter 5

This Appendix describes the four datasets used for the rate esti-

mates in Chapter 5. The datasets are: W -type events (central electron + 6ET,

and plug electromagnetic cluster + 6ET), photon-type events, cosmic ray-type

events (central photon + 6ET, and plug electromagnetic cluster + 6ET), and

Z0=
�-type events (central electron + central or plug electromagnetic cluster).

I.1 Z0=
� and W -Type Processes

Samples of Z0=
� ! e+e� and W ! e� events are preselected from

the inclusive central electron sample [52] by requiring a high-ET, isolated elec-

tron in the central calorimeter that passes the selection requirements in Ta-

ble 2.2. The Z0=
� ! e+e� events are selected by having a second electron

(central or plug) with ET > 25 GeV; Z0 ! e+e� events additionally require

81 GeV < Me+e� < 101 GeV. Note that the number of Z0 ! e+e� + 6ET
events is a slight overestimate because there are other small backgrounds, such

as WW;WZ0; t�t and Z0 ! �� , which produce e+e� events which have intrin-

sic missing ET. In addition, there is signi�cant jet activity in some of these
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events which tends to smear out the 6ET. The W -type events are selected by

requiring a central electron and 6ET > 25 GeV. Note that this includes Z0=
�

events in which the second electron is lost or grossly mismeasured.

I.2 Plug Electron Dataset

The plug electron dataset is created from events passing two sepa-

rate triggers. In CDF Jargon, the triggers are from Stream A and are called

ELEA PEM ALL CUT, which requires an electromagnetic cluster which

passes tight plug electron selection criteria, and ELEA PEM 20 MET 20,

which has only loose plug electron selection criteria but requires 6ET> 20 GeV.

In a sample of 32 pb�1 data, there are 77,633 events, 19,114 of which have

a plug electron candidate which passes all the requirements; 8975 pass the

additional 6ET > 25 GeV selection criteria.

A technical point is that dataset covers only the region

1:2 < j�j < 1:8, although the electrons described in Chapter 5 are accepted in

the region with 1:2 < j�j < 2:2. For simplicity [140] the event count is scaled

by the total luminosity (85 pb�1) as well as by the ratio of the coverages

(2:2�1:21:8�1:2 =
5
3). Plugging in yields a prediction of

8975 � 5

3
� 85

32
= 39; 733 � 40000 Events: (I.1)

There are 5 e
 events and 1 e
 6ET event in the sample of 32 pb�1.

Thus, a total of approximately 22 e
 and 4 e
 6ET events, respectively, are

estimated to be in the full sample.
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I.3 Diphoton Dataset

This is the original diphoton dataset which has two central isolated

photons passing the high-threshold selection criteria in Table 2.1. There are

218 events in the sample with ET > 25 GeV.

I.4 Photon + 6ET Dataset

The number of photons from cosmic ray sources is estimated to be

equal to the number of photon + 6ET events in the data. The rate is deter-

mined by using, in CDF jargon, the Stream B `W-No track' trigger dataset (a

central electromagnetic cluster with loose identi�cation selection criteria and

ET > 22 GeV, and 6ET> 22 GeV). Events are selected by requiring a tight cen-

tral photon with ET > 25 GeV and 6ET > 25 GeV. To remove sources other

than cosmic rays, events which have a jet within �� < 0:4 of the 6ET are

removed. The results are shown in Table I.1.

Selection Events Events
after �� removal


 + 6ET + Good Run 20,971 10,477
ETOUT = 0 11,035 3181

Table I.1: The number of events in the 
 + 6ET sample as additional selection
criteria are added. The �nal column gives the number of events after events
which have a jet within �� < 0:4 of the 6ET are removed.



Appendix J

Theory Results of the Minimal

Gauge-Mediated Model

In Chapter 6, a total of 50 points in parameter space for the Minimal

Gauge-Mediated Model are modeled using the SPYTHIA Monte Carlo [115,

116]: M2 = 75, 100, 125, 150 and 200 GeV, tan � = 1.1, 2, 5, 10 and 25

and Sgn(�)= �1. Tables J.1, J.2, J.3 and J.4 list the masses and dominant

production cross sections for combinations of the various parameters. The

values in the Tables are shown in Chapter 6, in Figures 6.1 and Figure 6.2.
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M2 tan� Sgn(�) MN1
MN2

MC1 MC2

(GeV) (GeV) (GeV) (GeV) (GeV)
75 1.1 1 40.685 85.923 85.313 546.169
75 1.1 -1 32.721 63.403 61.478 549.363
75 2 1 42.087 90.380 90.074 211.453
75 2 -1 17.652 52.868 38.584 226.577
75 5 1 39.464 67.355 70.278 175.867
75 5 -1 21.473 52.216 40.006 185.115
75 10 1 36.407 60.001 60.993 174.063
75 10 -1 26.230 53.159 45.102 178.841
75 25 1 33.692 56.863 55.565 174.229
75 25 -1 29.443 54.256 49.117 176.155
100 1.1 1 53.124 108.201 107.929 707.917
100 1.1 -1 47.354 90.338 89.493 710.483
100 2 1 54.599 111.970 111.738 265.514
100 2 -1 37.989 76.689 69.250 279.620
100 5 1 52.076 93.235 94.895 212.568
100 5 -1 39.724 75.292 68.390 222.515
100 10 1 49.728 85.828 86.515 208.684
100 10 -1 42.845 76.908 72.457 213.971
100 25 1 47.850 82.159 81.597 208.300
100 25 -1 44.994 78.618 75.875 210.452
125 1.1 1 65.728 131.580 131.447 868.651
125 1.1 -1 61.137 116.861 116.399 870.795
125 2 1 67.160 134.723 134.590 319.842
125 2 -1 54.731 102.640 98.399 332.762
125 5 1 64.830 118.817 119.854 249.910
125 5 -1 55.641 100.407 96.170 259.945
125 10 1 62.901 111.738 112.202 243.858
125 10 -1 57.806 102.262 99.521 249.302
125 25 1 61.452 107.976 107.664 242.736
125 25 -1 59.340 104.164 102.483 244.968

Table J.1: The gaugino masses for various points in parameter space in the
Minimal Gauge-Mediated Model with M2 < 150 GeV
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M2 tan � Sgn(�) MN1
MN2

MC1 MC2

(GeV) (GeV) (GeV) (GeV) (GeV)
150 1.1 1 78.442 155.507 155.439 1027.856
150 1.1 -1 74.605 142.997 142.708 1029.700
150 2 1 79.793 158.171 158.101 373.931
150 2 -1 69.792 129.213 126.543 385.755
150 5 1 77.682 144.247 144.941 287.340
150 5 -1 70.352 126.302 123.463 297.202
150 10 1 76.025 137.549 137.866 279.012
150 10 -1 71.966 128.125 126.264 284.450
150 25 1 74.835 133.850 133.640 277.126
150 25 -1 73.154 130.031 128.884 279.369
200 1.1 1 104.336 204.170 204.153 1342.528
200 1.1 -1 101.427 194.539 194.393 1343.976
200 2 1 105.546 206.190 206.178 480.873
200 2 -1 98.220 182.284 180.970 490.915
200 5 1 103.796 194.868 195.223 361.718
200 5 -1 98.491 178.539 176.996 370.977
200 10 1 102.504 188.884 189.037 348.912
200 10 -1 99.571 180.086 179.042 354.145
200 25 1 101.614 185.423 185.285 345.407
200 25 -1 100.399 181.821 181.163 347.587

Table J.2: The gaugino masses for various points in parameter space in the
Minimal Gauge-Mediated Model for M2 > 150 GeV.
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M2 tan � Sgn(�) �Tot �N1C1 �N2C1 �C1C1
(GeV) (pb) (pb) (pb) (pb)

75 1.1 1 5.843 0.143 1.897 2.178
75 1.1 -1 25.640 2.976 9.436 8.781
75 2 1 4.442 0.194 1.403 1.572
75 2 -1 2466.000 1585.000 38.690 838.700
75 5 1 9.839 0.043 4.498 3.432
75 5 -1 2046.000 1333.000 30.640 665.700
75 10 1 19.120 1.478 8.061 6.232
75 10 -1 1033.000 776.900 20.350 220.500
75 25 1 38.020 7.279 10.830 9.985
75 25 -1 327.800 269.900 15.820 26.500
100 1.1 1 1.941 0.020 0.737 0.867
100 1.1 -1 4.155 0.098 1.836 1.785
100 2 1 1.566 0.032 0.581 0.694
100 2 -1 11.470 3.276 3.549 4.209
100 5 1 2.663 0.006 1.228 1.089
100 5 -1 11.280 2.937 3.511 3.862
100 10 1 3.729 0.095 1.763 1.483
100 10 -1 8.079 1.426 3.009 2.994
100 25 1 4.675 0.283 2.073 1.836
100 25 -1 6.401 0.806 2.592 2.438
125 1.1 1 0.772 0.005 0.299 0.366
125 1.1 -1 1.305 0.013 0.566 0.609
125 2 1 0.673 0.007 0.254 0.321
125 2 -1 2.397 0.265 0.987 1.046
125 5 1 0.992 0.001 0.429 0.451
125 5 -1 2.417 0.281 0.986 1.021
125 10 1 1.269 0.016 0.573 0.557
125 10 -1 2.040 0.176 0.881 0.842
125 25 1 1.509 0.042 0.678 0.633
125 25 -1 1.829 0.107 0.805 0.760

Table J.3: The dominant production cross sections for various points in pa-
rameter space in the Minimal Gauge-Mediated Model for M2 < 150 GeV.
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M2 tan� Sgn(�) �Tot �N1C1 �N2C1 �C1C1
(GeV) (pb) (pb) (pb) (pb)

150 1.1 1 0.345 0.001 0.129 0.172
150 1.1 -1 0.513 0.003 0.215 0.250
150 2 1 0.309 0.002 0.115 0.154
150 2 -1 0.796 0.045 0.341 0.371
150 5 1 0.422 0.000 0.179 0.200
150 5 -1 0.822 0.053 0.345 0.379
150 10 1 0.509 0.004 0.219 0.236
150 10 -1 0.740 0.034 0.315 0.339
150 25 1 0.588 0.010 0.253 0.264
150 25 -1 0.681 0.021 0.291 0.306
200 1.1 1 0.079 0.000 0.028 0.040
200 1.1 -1 0.104 0.000 0.040 0.053
200 2 1 0.074 0.000 0.026 0.038
200 2 -1 0.141 0.002 0.058 0.072
200 5 1 0.093 0.000 0.036 0.048
200 5 -1 0.148 0.003 0.061 0.073
200 10 1 0.106 0.000 0.043 0.052
200 10 -1 0.138 0.003 0.057 0.068
200 25 1 0.119 0.001 0.048 0.058
200 25 -1 0.132 0.002 0.052 0.064

Table J.4: The dominant production cross sections for various points in pa-
rameter space in the Minimal Gauge-Mediated Model for M2 > 150 GeV.



Appendix K

Optimization of the Selection

Thresholds for E



T and 6ET

This Appendix discusses the selection of the 6ET and photon ET

thresholds used to set limits in Chapter 6. The optimal thresholds exclude

the maximal amount of parameter space without being too sensitive to 
uc-

tuations in the data. For each point in parameter space the acceptance and

background are estimated for E

T thresholds of 12, 18 and 25 GeV, and 6ET

thresholds of 25, 30, 35 and 40 GeV. The acceptances are estimated using

the methods of Subsection 6.3 and are typically between 1% and 10%. Back-

grounds are estimated using the measured 6ET resolution from Chapter 3.1

and shown in Figure K.1 for thresholds of E

T > 12 GeV, E


T > 18 GeV and

E

T > 25 GeV respectively. The number of events expected above each thresh-

old combination is summarized in Table K.1.

For each set of thresholds the expected 95% C.L. cross section upper

limit is calculated using the Monte Carlo acceptance and the background esti-

mate for the number of `observed events' [141]. A comparison to the theoretical
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cross section determines whether, on average, a given point in parameter space

is excluded.

E

T Threshold

6ETThreshold E

T >12 GeV E


T >18 GeV E

T >25 GeV

6ET > 25 GeV 7.144 1.144 0.499
6ET > 30 GeV 1.826 0.290 0.144
6ET > 35 GeV 0.474 0.075 0.041
6ET > 40 GeV 0.123 0.019 0.012

Table K.1: The number of events expected from backgrounds for various com-
binations of the E


T and 6ET thresholds.

The optimization results are shown in Tables K.2 and K.3 with a 1

representing the expectation of excluding the model at the 95% C.L. From the

Table a single set of requirements, E

T > 12 GeV and 6ET > 35 GeV, appears

to exclude the maximal amount of parameter space. This appears consistent

with Figure 6.3 and Table K.1; in the signal the second photon is often soft

and the 6ET is fairly large, and pushing up the 6ET requirement quickly removes

most of the background.
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Figure K.1: The expected 6ET distribution for Standard Model diphoton events
with E


T > 12 GeV, E

T > 18 GeV and E


T > 25 GeV. The boxes represent the
1� uncertainty in the expectation. The estimate is made using the measured
6ET resolution from Z ! e+e� events.
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E

T Cut: 12 12 12 12 18 18 18 18 25 25 25 25

6ET Cut: 25 30 35 40 25 30 35 40 25 30 35 40

M2 tan� j�j
�

75 1.1 1 1 1 1 1 1 1 1 1 1 1 1 1
75 1.1 -1 1 1 1 1 1 1 1 1 1 1 1 1
75 2 1 1 1 1 1 1 1 1 1 1 1 1 1
75 2 -1 1 1 1 0 1 1 0 0 0 0 0 0
75 5 1 1 1 1 1 1 1 1 1 1 0 0 0
75 5 -1 1 1 1 1 1 1 0 0 0 0 0 0
75 10 1 1 1 1 0 1 1 1 0 1 0 0 0
75 10 -1 1 1 1 0 1 1 0 0 0 0 0 0
75 25 1 1 1 1 1 1 1 1 0 1 1 0 0
75 25 -1 1 1 1 1 1 1 1 0 1 1 0 0
100 1.1 1 0 1 1 1 1 1 1 1 1 1 1 0
100 1.1 -1 1 1 1 1 1 1 1 1 1 1 1 1
100 2 1 0 1 1 1 1 1 1 0 1 0 0 0
100 2 -1 1 1 1 1 1 1 1 0 1 1 0 0
100 5 1 1 1 1 1 1 1 1 1 1 1 1 0
100 5 -1 1 1 1 1 1 1 1 0 1 1 0 0
100 10 1 1 1 1 1 1 1 1 1 1 1 1 0
100 10 -1 1 1 1 1 1 1 1 0 1 1 0 0
100 25 1 1 1 1 1 1 1 1 1 1 1 1 0
100 25 -1 1 1 1 1 1 1 1 1 1 1 1 1
125 1.1 1 0 0 1 0 0 1 0 0 0 0 0 0
125 1.1 -1 0 1 1 1 1 1 1 1 1 1 0 0
125 2 1 0 0 0 0 0 0 0 0 0 0 0 0
125 2 -1 0 1 1 1 1 1 1 1 1 1 0 0
125 5 1 0 0 1 0 0 1 0 0 0 0 0 0
125 5 -1 0 1 1 1 1 1 1 1 1 1 0 0
125 10 1 0 1 1 1 1 1 1 1 1 1 0 0
125 10 -1 0 1 1 1 1 1 1 1 1 1 1 0
125 25 1 0 1 1 1 1 1 1 1 1 1 1 0
125 25 -1 0 1 1 1 1 1 1 1 1 1 1 1

Table K.2: Results from the procedure used to select the optimal E

T and 6ET

selection criteria for the Minimal Gauge-Mediated Model withM2 < 150 GeV.
Every entry is either a 1 or 0; a 1 represents the expectation of excluding the
model. A single set of requirements, E


T > 12 GeV and 6ET > 35 GeV, appears
to exclude the maximal amount of parameter space on average.
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E

T Cut: 12 12 12 12 18 18 18 18 25 25 25 25

6ET Cut: 25 30 35 40 25 30 35 40 25 30 35 40

M2 tan� j�j
�

150 1.1 1 0 0 0 0 0 0 0 0 0 0 0 0
150 1.1 -1 0 0 0 0 0 0 0 0 0 0 0 0
150 2 1 0 0 0 0 0 0 0 0 0 0 0 0
150 2 -1 0 0 0 0 0 0 0 0 0 0 0 0
150 5 1 0 0 0 0 0 0 0 0 0 0 0 0
150 5 -1 0 0 0 0 0 0 0 0 0 0 0 0
150 10 1 0 0 0 0 0 0 0 0 0 0 0 0
150 10 -1 0 0 0 0 0 0 0 0 0 0 0 0
150 25 1 0 0 0 0 0 0 0 0 0 0 0 0
150 25 -1 0 0 0 0 0 0 0 0 0 0 0 0
200 1.1 1 0 0 0 0 0 0 0 0 0 0 0 0
200 1.1 -1 0 0 0 0 0 0 0 0 0 0 0 0
200 2 1 0 0 0 0 0 0 0 0 0 0 0 0
200 2 -1 0 0 0 0 0 0 0 0 0 0 0 0
200 5 1 0 0 0 0 0 0 0 0 0 0 0 0
200 5 -1 0 0 0 0 0 0 0 0 0 0 0 0
200 10 1 0 0 0 0 0 0 0 0 0 0 0 0
200 10 -1 0 0 0 0 0 0 0 0 0 0 0 0
200 25 1 0 0 0 0 0 0 0 0 0 0 0 0
200 25 -1 0 0 0 0 0 0 0 0 0 0 0 0

Table K.3: Results from the procedure used to select the optimal E

T and 6ET

selection criteria for the Minimal Gauge-Mediated Model withM2 > 150 GeV.
Every entry is either a 1 or 0; a 1 represents the expectation of excluding the
model. There is no expectation of being able to exclude any of this part of
parameter space.



Appendix L

A Check on the Limits Using

Di�erent ET Thresholds

This Appendix presents a check on the limits when the analysis is

redone for the case where the E

T requirement is raised to 25 GeV and the 6ET

requirement is lowered to 25 GeV. In the data two events pass the selection

criteria (the ee

 6ET candidate event and another event which is described in

Table 3.1 and Figure C.3). Figures L.1, L.2, and L.3 show the acceptance and

number of events expected for the new requirements. From the optimization

section (see Tables K.2 and K.3) while there is the expectation of being able

to exclude some of the parameter space, the exclusion region shrinks for both

large and small values of M2, especially for tan � � 2. These results are

con�rmed and are illustrated in Tables L.1 and L.2 and Figure L.4.

The results using these thresholds for the N2 ! 
N1 model are given

in Table L.3. A total of 1:1 events are expected to pass the selection criteria

with E

T > 25 GeV and 6ET > 25 GeV. For N2N2 production the acceptance
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M2 tan � j�j
�

MN1
MC1 �95%C:L: �Theory Acc Events

GeV GeV GeV (pb) (pb) (%) (85 pb�1)
75 1.1 1 40.7 85.3 3.96 5.84 2.0(2) 10(1)
75 1.1 -1 32.7 61.5 9.10 25.64 0.9(2) 19(3)
75 2 1 42.1 90.1 3.50 4.44 2.2(3) 8(1)
75 2 -1 17.7 38.6 4583 2466 0.002(1) 4(1)
75 5 1 39.5 70.3 11.05 9.84 0.7(1) 6(1)
75 5 -1 21.5 40.0 3358 2046 0.003(1) 6(2)
75 10 1 36.4 61.0 18.49 19.12 0.5(1) 8(2)
75 10 -1 26.2 45.1 2356 1033 0.005(2) 4(2)
75 25 1 33.7 55.6 20.01 38.02 0.4(1) 14(3)
75 25 -1 29.4 49.1 246.9 327.8 0.034(7) 9(2)
100 1.1 1 53.1 107.9 1.94 1.94 3.9(4) 6.5(6)
100 1.1 -1 47.4 89.5 3.38 4.16 2.3(3) 8.1(9)
100 2 1 54.6 111.7 1.89 1.57 4.0(4) 5.4(5)
100 2 -1 38.0 69.3 10.36 11.47 0.8(1) 8(1)
100 5 1 52.1 94.9 2.13 2.66 3.6(3) 8.2(8)
100 5 -1 39.7 68.4 9.95 11.28 0.8(1) 8(1)
100 10 1 49.7 86.5 3.11 3.73 2.5(3) 7.8(9)
100 10 -1 42.8 72.5 7.30 8.08 1.1(2) 8(1)
100 25 1 47.8 81.6 3.15 4.68 2.4(3) 10(1)
100 25 -1 45.0 75.9 3.57 6.40 2.2(3) 12(1)
125 1.1 1 65.7 131.4 1.17 0.77 6.5(5) 4.3(3)
125 1.1 -1 61.1 116.4 1.46 1.30 5.3(4) 5.8(5)
125 2 1 67.2 134.6 1.22 0.67 6.2(5) 3.6(3)
125 2 -1 54.7 98.4 2.45 2.40 3.1(3) 6.4(7)
125 5 1 64.8 119.9 1.42 0.99 5.4(5) 4.5(4)
125 5 -1 55.6 96.2 2.72 2.42 2.8(3) 5.8(6)
125 10 1 62.9 112.2 1.38 1.27 5.5(5) 5.9(5)
125 10 -1 57.8 99.5 1.78 2.04 4.3(4) 7.5(7)
125 25 1 61.5 107.7 1.50 1.51 5.1(4) 6.5(6)
125 25 -1 59.3 102.5 1.60 1.83 4.8(4) 7.4(6)

Table L.1: The number of expected events, acceptances and the 95% C.L.
cross section upper limits from the Minimal Gauge-Mediated Model for
M2 < 150 GeV, but using E


T > 25 GeV and 6ET > 35 GeV. The parenthe-
sis represent the uncertainty in the last digit. The uncertainty on the number
of expected events includes only the uncertainty in the acceptance.
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M2 tan � j�j
�

MN1
MC1 �95%C:L: �Theory Acc Events

GeV GeV GeV (pb) (pb) (%) (85 pb�1)
150 1.1 1 78.4 155.4 0.86 0.34 8.8(6) 2.6(2)
150 1.1 -1 74.6 142.7 1.01 0.51 7.6(6) 3.3(2)
150 2 1 79.8 158.1 0.96 0.31 7.9(6) 2.1(2)
150 2 -1 69.8 126.5 1.23 0.80 6.2(5) 4.2(3)
150 5 1 77.7 144.9 1.01 0.42 7.6(6) 2.7(2)
150 5 -1 70.4 123.5 1.18 0.82 6.5(5) 4.5(4)
150 10 1 76.0 137.9 0.96 0.51 7.9(6) 3.4(3)
150 10 -1 72.0 126.3 1.07 0.74 7.1(5) 4.5(3)
150 25 1 74.8 133.6 1.01 0.59 7.6(6) 3.8(3)
150 25 -1 73.2 128.9 1.06 0.68 7.2(5) 4.2(3)
200 1.1 1 104.3 204.2 0.95 0.08 8.0(6) 0.54(4)
200 1.1 -1 101.4 194.4 0.92 0.10 8.3(6) 0.73(5)
200 2 1 105.5 206.2 0.91 0.07 8.4(6) 0.53(4)
200 2 -1 98.2 181.0 1.06 0.14 7.2(5) 0.87(7)
200 5 1 103.8 195.2 0.81 0.09 9.4(7) 0.74(5)
200 5 -1 98.5 177.0 0.76 0.15 10.1(7) 1.27(9)
200 10 1 102.5 189.0 0.73 0.11 10.4(7) 0.93(6)
200 10 -1 99.6 179.0 0.76 0.14 10.0(7) 1.17(8)
200 25 1 101.6 185.3 0.71 0.12 10.8(7) 1.09(7)
200 25 -1 100.4 181.2 0.75 0.13 10.1(7) 1.13(8)

Table L.2: The number of expected events, acceptances and the 95% C.L.
cross section upper limits from the Minimal Gauge-Mediated Model for
M2 > 150 GeV, but using E


T > 25 GeV and 6ET > 35 GeV. The parenthe-
sis represent the uncertainty in the last digit. The uncertainty on the number
of expected events includes only the uncertainty in the acceptance.
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Figure L.1: The acceptances for various points in the tan � vs. M2 plane
using the E


T > 25 GeV and 6ET > 25 GeV thresholds for the Minimal Gauge-
Mediated Model. The left hand plot shows the acceptance for Sgn(�)> 0, the
right hand for Sgn(�)< 0.
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Figure L.2: The number of expected events for various points in the tan �
vs. M2 plane using the E


T > 25 GeV and 6ET > 25 GeV thresholds for the
Minimal Gauge-Mediated Model. The left hand plot shows the acceptance for
Sgn(�)> 0, the right hand for Sgn(�)< 0.
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N1→ γG
~

Figure L.3: The number of expected events and acceptances for various points
plotted vs. the N1 mass using the E



T > 25 GeV and 6ET > 25 GeV thresholds

in the Minimal Gauge-Mediated Model.
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N1 = LSP, N1→ γG
~

τ
~
 = LSP, N1→ ττ

~τ
~
 = Unphysical

τ
~
 = LSP, N1→ ττ

~τ
~
 = Unphysical

Figure L.4: A contour plot of the excluded region of the Minimal Gauge-
Mediated Model in the tan � vs. M2 plane using the E


T > 25 GeV and
6ET > 25 GeV thresholds.
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is 6:2% with a 95% C.L. cross section upper limit of 1:2 pb. These results are

tabulated and compared to the standard thresholds in Tables L.3 and L.4.

Results for E

T > 12 GeV, 6ET > 35 GeV

MN1
MN2

�95%C:L: �Theory Acc Events
(GeV) (GeV) (pb) (pb) (%) (85 pb�1)
36.6 64.6 31.58 11.50 0.24� 0.08 2.355� 0.810

Results for E

T > 25 GeV, 6ET > 25 GeV

MN1
MN2

�95%C:L: �Theory Acc Events
(GeV) (GeV) (pb) (pb) (%) (85 pb�1)
36.6 64.6 131.25 11.50 0.11� 0.05 1.077� 0.520

Table L.3: Results from the N2 ! 
N1 model for the two di�erent thresholds
E

T > 12 GeV, 6ET > 35 GeV and E


T > 25 GeV, 6ET > 25 GeV. All SUSY
processes have been turned on and are allowed to contribute.

Results for E

T > 12 GeV, 6ET > 35 GeV

MN1
MN2

�95%C:L: �Theory Acc Events
(GeV) (GeV) (fb) (fb) (%) (85 pb�1)
36.6 64.6 1054.00 2.21 5.43� 0.44 0.010� 0.001

Results for E

T > 25 GeV, 6ET > 25 GeV

MN1
MN2

�95%C:L: �Theory Acc Events
(GeV) (GeV) (fb) (fb) (%) (85 pb�1)
36.6 64.6 1230.00 2.21 6.20� 0.50 0.012� 0.001

Table L.4: The results from the N2 ! 
N1 model for the two di�erent thresh-
olds: E


T > 12 GeV, 6ET > 35 GeV and E

T > 25 GeV, 6ET > 25 GeV. Note

only N2N2 production has been simulated and that cross section results are in
fb.



Appendix M

Comments on Other Models

and Limits from Other

Experiments

In this Appendix we discuss some other Supersymmetric models and

compare our results to LEP and D�

M.1 Other Models

As pointed out in Ref. [143], in most light gravitino scenarios the to-

tal cross section for high-ET diphoton events is dominated by gaugino-gaugino

production. Thus, to a good approximation the models can be described in a

fairly parameter-independent manner by just specifying the gaugino-higgsino

sector, i.e, M1, M2, � and tan�. In many models, such as supergravity or

models which are gauge-mediated, one �nds the relation in Equation 6.5. This

allows the model to be described by three parameters: M2, � and tan �. In
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gauge-mediated models the gaugino and scalar masses are determined using

the relations in Equations 6.5, 6.6 and 6.8. In models such as no-scale su-

pergravity [112] where there are additional constraints from string theory, the

models can be completely speci�ed by one parameter: m1=2.

To help determine some of the parameters in these models some

theorists use the kinematics of the ee

 6ET candidate event as well as pro-

duction cross sections to reduce the possibilities. For example in [112], the

authors use the kinematics of the event and two production hypotheses: ~e+ ~e�

and ����. In the selectron pair-production scenario they �nd a `preferred'

region in the ~e � N1 mass plane which spans 75 GeV < M~e < 150 GeV and

40 GeV < MN1
< 100 GeV. Note that the upper bound on the ~e mass is com-

pletely determined by requiring that the total number of ee

 6ET produced in

the data be above about 1/2 an event. In addition, because the theory predicts

the mass relation between the ~eR (~eL) and the N1, the model appears to be

inconsistent with an ~eL, but completely consistent with an ~eR. Similarly, they

prefer the region 100 GeV < m�� < 150 GeV.

M.2 D� and LEP Results

The LEP and D� collaborations work in both the N2 ! 
N1 and

the light gravitino scenarios [123, 124]. While each tests a slightly di�erent

model, the results are fairly comparable to those presented in Chapter 6. To

compare limits from the Tevatron, we note that the D� collaboration works

sets in the N2 ! 
N1 scenario for selectron, sneutrino and N2 pair production.

Limits on light gravitino scenarios are set using a gauge-mediated model where

the gravitino is light, the decay N1 ! 
 ~G dominates, and the relation in

Equation 6.5 allows the model to be completely described by the parameters



243

�;M2 and tan�. However, the relation in Equation 6.8 is ignored, so limits are

set in a scenario closer to that of described in [143]. Since the � dependence

on these models is small, except around the � = 0, the limits are very similar

to those presented in Chapter 6. For reference Table M.1 gives the magnitude

of �, as a function of tan � and M2 for the model of Babu et al. [29].

tan�
1.01 2 5 10 25

75 GeV 536 185 132 125 122
100 GeV 700 245 177 168 165

M2 125 GeV 862 303 220 209 205
150 GeV 1022 360 248 261 243
200 GeV 1338 470 341 323 317

Table M.1: The magnitude of � for various points in M2 vs. tan� parameter
space for the Minimal Gauge-Mediated Model.

Note that D� has slightly better cross section upper limits (a

chargino mass limit of 150 GeV and a neutralino mass limit of 75 GeV, vs.

the 120 GeV and 65 GeV limits presented here) because of three reasons:

� They use 106.3 pb�1 of data vs. 85 pb�1 used here.

� They use j�
j < 1:2 or 1:5 < j�
j < 2:0 vs. the j�
j < 1:0 requirement

used here

� They do a background subtraction while none is performed here.
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QCD jets and not other potential sources of background. The assumption

here is that the jets in the processes we are looking at are the same as

generic jets. We ignore any contributions from real physics processes.

[72] For example, the event could be due to two �pp collisions occurring at the

same time, each producing part of the event. Similarly, the event could

be the overlap of a �pp collision and a cosmic ray interaction. Perhaps

parts of the event are due to jets which faked the electron and/or photon

identi�cation criteria.

[73] In the CDF jargon this is a Class 12 vertex. See Ref. [42].

[74] The e�ciency for �nding a track in the CTC falls rapidly for j�j > 1:4.

The � for the cluster is � = -1.63. In addition the inner layers of the CTC

have high occupancy in the event making �nding any evidence of a track

impossible.

[75] The average �pp collision, or min-bias collision in CDF jargon, typically

produces between 5 GeV and 10 GeV of �PT in association with a vertex.

Figure A.5 shows the �PT for a set of min-bias collisions which occur in

Z0 ! �+�� events.

[76] Note that if the clusters in the event were to come from any of the other

vertices in the event their ET would signi�cantly change. For example the
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ET of the cluster in the plug calorimeter is, using the vertex at 20.4 cm,

63 GeV. The ET becomes 72, 83, and 85 GeV for the vertices at -8.9,

-33.7 and -38.9 cm, respectively, making each far less likely.

[77] S. Kuhlmann, Timing Information For Central Photons and the ee

 6ET
Event, CDF Note 4256, July 1997. Since most electrons and photons do

not deposit energy in the hadronic calorimeters this method is not very

e�cient for �nding timing information. It is thus not unusual that one of

the three central clusters in the event does not have timing information.

[78] The sample of photons from cosmic rays is the same as used in Ref. [77].

Events are selected from a sample of single photon events in which the

ratio of 6ET/E


T> 1:0.

[79] In CDF jargon, 
1 is located at Zstrip= -158.3 cm and Xwire = 16.5 cm,

and 
2 is located at Zstrip= -107.7 cm and Xwire = 3.1 cm.

[80] The energy resolution of the central and plug electromagnetic calor-

imeters are ( �E
E
)2 = ( (13:5�0:7)% GeV1=2p

ET
)2 + ((1:0 � 1:0)%)2 and

( �E
E
)2 = ( (28)% GeV1=2

p
E

)2 + ((2:0� 2:0)%)2, respectively.

[81] This is not strictly true. The identi�cation of electrons in the plug calor-

imeter in the top-quark dilepton analysis require the presence of a track

in the CTC. However, since the cluster in the event is in a region of

the detector where the track �nding e�ciency is approximately zero, this

requirement is removed.

[82] We note that the measurement of the shower in the electromagnetic calor-

imeter would also be unusual for an electron. However, a detailed study
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indicates that the problem is not signi�cant and may be due to noise in

the calorimeter. For more details see Appendix E.

[83] For technical completeness we note that the trajectory passes through the

�ducial part of module 7 of the VTX (more than � 0:06 radians from the

module boundary); 7 hits are expected and 7 are observed. In addition,

the trajectory passes through the non-�ducial region of module 0 (the

boundary is at � = 0:294). In that region 8 hits are observed where 10

hits are expected.

[84] Q. Fan, A. Bodek and H. Budd, New Information About the Plug e

Candidate in the \ee

 6ET" Event, CDF Note 3935, October 1996.

[85] Q.Fan and A.Bodek, Page 553, Proceedings of VIth International Con-

ference on Calorimetry in High Energy Physics, June 8-14, 1996, Frascati

(Rome), Italy.

[86] Typically, the SVX is used to �nd stubs associated with CTC tracks. The

method used here works by using fake CTC information based only on the

calorimeter and the vertex position information (�; �;D0;PT and Z0) as

an input to the SVX stub �nding algorithms. This method was developed

with the help of David Stuart and is described in detail in Appendix G.

[87] The SVX is only instrumented in the re-

gion approximately 1 cm < jZj < 28 cm. The �ducial part of the SVX

is de�ned to be 2 cm < jZj < 26 cm. Using the z position of the vertex,

the measured � of a given electron candidate from the calorimeter, and

the radii of the SVX layers, the number of layers the trajectory of the

electron should traverse is determined. The trajectory is required to pass

through 3 or more layers, and 3 or more clusters are required for any stub.
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[88] Using dE
dX

techniques, the � for the stub can be inferred. The amount

of charge (which is proportional to the energy deposited in the silicon)

collected by the SVX strips, Q, helps determine the path length of the

particle through the strip. For a given stub, the cluster with the smallest

amount of charge deposited, normalized by the trajectory angle QUncorr
Min �

Sin(�) = QMin, is a good measure of the direction of the charged particle.

For more details see Appendix G and Refs. [84, 85].

[89] For more details about mismeasured or fake stubs see Appendix G.

[90] The SVX stub-�nding algorithm, as shown in Appendix G, is designed

to be very e�cient for �nding stubs, so that they may be compared to

the selection criteria in Table 4.6. The algorithm often �nds stubs which

are completely unrelated to the electron/photon candidate. Thus, the

fact that each photon in the event has a stub which does not pass the

requirements is not unusual and does not indicate that these are not

photons.

[91] The hypothetical trajectory between the vertex at 20.4 cm and the loca-

tion of the cluster, as measured in the strip chambers, passes through the

inner three layers of the SVX, and passes between the two SVX barrels

at radius of the fourth layer, as shown in Figure 4.6.

[92] Note that there is only one other electron in the sample which has

j��j > 0:03, as shown in the central electron plot in Figure 4.8. The stub

picked up by the algorithm is a good 4-cluster stub which is attached to

a soft, nearby track. The stub associated with the high PT electron CTC

track is a perfectly good 3-cluster stub with the appropriate ��. It is not
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selected because the algorithm selects 4-cluster stubs over 3-cluster stubs.

There are no other such stubs found for the plug electromagnetic cluster.

[93] D. Stuart, Private communication. The amount of energy deposited in

each layer of the SVX is given by a Landau distribution. The probability

of the amount of energy deposited to be below the requirement to create

a cluster is less than 1

[94] As a check, the charge deposition in the SVX clusters can be studied (see

Appendix G for more details on the variables used here). The stub for the

plug cluster has QUncorr
Min = 422. Using the vertex at 20.4 cm and � = �1:72

gives QMin = 145 is as expected from a charged particle at this appropriate

�. Turning the information around, a best guess � region for the stub can

be inferred. From Figure G.4 a best guess is that the QMin should be 100

< QMin < 200. Using 100 < QUncorr
Min Sin� < 200 and QUncorr

Min = 422 yields

the prediction that 1:42 < j�j <2.11. Similarly, assuming the vertex at

20.4 cm, the cluster pattern (i.e, only the inner three layers were hit in a

single barrel) implies the range �1:9 < � < �1:61 or 0:7 < � < 0:8.

[95] The SVX tracking

region only extends in the region 2.8 cm < Radius < 7.8. Consequently,

any measurement of the impact parameter, D0, azimuthal angle � and

PT are highly correlated. If the stub is not due to the cluster in the PEM,

then the PT is not constrained by the energy measurement. Removing all

calorimeter information changes the impact parameter measurement to

be D0 = 233 � 180�m. For more details see Appendix G.

[96] For a more detailed description of the arguments see Appendix H.
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[97] It is important to note that while the photon sample was selected as

having no nearby tracks (see Table 2.1), the e�ciency of these criteria

is estimated in Section 2.6.3 as 95.3%. Assuming all of the photons re-

jected from the sample have a VTX occupancy of greater than 50% and

j��j >0.03 rad, the estimates could be as large as 15% and 7% respec-

tively.

[98] S. Jadach et al., TAUOLA version 2.5 (June 1994); Also see Com-

put.Phys.Commun. 76 361, (1993) and references therein.

[99] Note that if the cluster were due to the hadronic decay of a � , the mea-

sured energy of the cluster, as seen in Figure 4.13b, should be between

20% and 100% of the original � energy. Thus, the true energy of the orig-

inal � is only loosely constrained. It is also important to point out that

the 6ET could signi�cantly be a�ected. For example, a � with 275 GeV of

energy (95 GeV of transverse energy) could deposit 63 GeV of transverse

energy in the electromagnetic calorimeter with the neutrino carrying away

32 GeV of ET pointing at the cluster. Adding this to the 6ET in the event

indicates that the 6ET of the true system would have to be increased to

87 GeV to accommodate the �� cancellation.

[100] For a plot of the ��SV X�PES distribution for a sample of fake electrons

see Appendix D.

[101] If the cluster in the plug were due to an electron then the plug and

central calorimeters should be treated similarly as it shouldn't matter in

which area the electron landed. However, if the cluster is due to a fake,

then the fake rates for the plug and central calorimeters are taken into

account naturally using the methods of Appendix D.
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[102] Note that the list of electron requirements does not include the SVX

�� cut or the �2� and �
2
� variables since they are not part of the standard

selection criteria. One further complication is that the CTC track require-

ment is removed since it restricts the � range in which electrons can be

found to be so small that the ee

 6ET candidate event would not pass the

topology requirements. Removing these requirements is conservative as it

only increases the rate at which Standard Model processes could produce

the event.

[103] S. Mrenna, Private communication. This calculation was performed us-

ing MADGRAPH [104] and PYTHIA [53]. Also See Ref. [23]. Based on

experience with Diboson production there is about a 30% uncertainty on

theWW

 cross section because of higher order corrections and structure

function uncertainties.

[104] T. Stelzer and W.F. Long, Comput.Phys.Commun. 81, 357, (1994).

[105] For completeness, we note that in the WW

 Monte Carlo sample a

total of 468 events in the sample have both electrons in the central

calorimeter (CC) and 270 have one in the central calorimeter and one

in the plug calorimeter (CP). Requiring one of the electrons to be in the

plug calorimeter would reduce the prediction to 2:8� 10�7 events.

[106] Both electrons are selected using the standard electron requirements and

a pair invariant mass with 81 < Me+e� < 101 GeV.

[107] Both methods used here for �nding an additional central photon are

probably an overestimate by a factor of two because they include contri-

butions from real photons and fakes.
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[108] Note that the number of events has been overestimated because all the

numbers used include the ee

 6ET candidate event. A less conservative

estimate of the number of ee 6ET events would not include the event. Simi-

larly, the calculation of the rate for additional photons should not include

the event.

[109] F. Abe et al., Phys. Rev. Lett. 78, 4537 (1997).

[110] Note that this assumes a high triggering e�ciency for each process. The

trigger rate for every process listed here is very close to 100%.

[111] Note that SUSY scenarios could produce such a situation. For example

C+C� ! WN1WN1 !W (
 ~G)W (
 ~G).

[112] J. Lopez and D. Nanopoulos, Mod. Phys. Lett. A10, 2473 (1996).

[113] This section was written with the help of C. Kolda.

[114] The `observable sector' includes all known Standard Model particles as

well as their SUSY partners.

[115] S. Mrenna, Comput.Phys.Commun. 101, 232, (1997).

[116] C. Kolda, Private communication.

[117] For more details on the Minimal Gauge-Mediated Model see Ref. [29]

and Appendix J.

[118] It should be pointed out that the amount of `parameter' space in

which the decay N2 ! 
N1 dominates is considered `small' and therefore

unattractive by some theorists. The M1 � M2 assumption is di�erent

from the SUGRA hypothesis where M1 � M2=2, and does not assume
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common scalar or gaugino masses at the uni�cation scale. While this ef-

fectively removes the SUGRA SU(5) relation between the U(1) coupling

and the other couplings the model remains consistent with Supergravity

and the squarks (except possibly Stop) and sleptons are often found to

be mass degenerate.

[119] We have used the model in Appendix B (Table 12) of Ref. [27] which

assumes that the ee

 6ET candidate event is real and due to ~eL~eL pro-

duction, and the ~t is not light.

[120] The mean number of expected signal events for a given cross section is

determined using the acceptances, e�ciencies and luminosity. This num-

ber is smeared by the systematic uncertainties (ignoring cases where the

number of `smeared' events is less than zero) and then smeared again

using Gaussian/Poisson statistics to determine the number of `observed'

signal events.

[121] For a description of the optimization procedure see Appendix K.

[122] For a more detailed comparison see Appendix M.

[123] ALEPH Collaboration, submitted to Phys. Lett. B, CERN-PPE-97-122,

DELPHI Collaboration, submitted to Zeit. f. Physik C, CERN-PPE-97-

107, L3 Collaboration, submitted to Phys. Lett. B, CERN-PPE-97-076,

OPAL Collaboration, Phys. Lett. B 391, 210 (1997).

[124] D� Collaboration papers. S. Abachi et al., Phys. Rev. Lett. 78, 2070

(1997) and B. Abbott et al., hep-ph/9708005

[125] Note that this is not the same event found in Chapter 3.



262

[126] The �+��

jj candidate event was originally found in the diboson (W


and Z0
) by H. Sato.

[127] Note that the PT of the �+��

 system is similar to that of the ee



system in the ee

 6ET candidate event.

[128] In CDF jargon, both muons pass through the CMU/CMP compart-

ments.

[129] Muon 4-vectors are typically measured using, in CDF jargon, the beam-

constrained track measurements. The W mass measurement uses CTC

alignment corrections. These values were provided by A. Hardman via

private communication.

[130] D. Benjamin et al., Plug Photons in W
 Production, CDF Note 3205,

Measurement of QCD Backgrounds for Plug Photons in W
 Events,

CDF Note 3206.

[131] T. Kamon, Private communication. This is known as a `Texas' tower.

[132] As a check, the real event rate is estimated using the PYTHIA Monte

Carlo and a detector simulation [53, 54] to simulate Z0
 events and allow

�nal state radiation to contribute the extra photon. In 4,545 pb�1 of

simulated data no events are found. The 95% C.L. upper limit is thus 0.07

events. Note that this does not include requiring two extra jets. Adding

in the probability of �nding two jets yields an expectation of less than

2:8 � 10�3 events.

[133] Remember that the �+��

jj event is not in this sample because the

�+ does not pass the HAD requirement.
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[134] Many of the aspects are still valid in a non-SUSY interpretation. The

similarity between �nal state SUSY and E(6) or other models is often

striking. For example see Ref. [25, 26, 27].

[135] For E

T< 35 GeV the CES �2CES is studied. For candidates with

E

T >35 GeV, the pulse height in the CPR to is compared to an equivalent

pulse height of greater than 1 minimum ionizing particle. For more details

see Ref. [36].

[136] Thanks go to Ping Yeh for collecting the relevant dataset. Events were

selected from the inclusive jet triggers which were, in CDF Jargon, Stream

B JET 20, JET 50 and JET 70 triggers.

[137] A look at events in the same run indicate that anode layer is not always

systematically higher than expected.

[138] For a more detailed description of the method used to determine the

shower shape see Appendix F.

[139] Note that this method is similar to, but not the same as, that used in

Refs.[84, 85].

[140] The acceptance is not 
at as a function of �, rather it is falling o� rather

steeply. This method is thus an overestimate.

[141] To avoid being too sensitive to 
uctuations in the data the the number

of `observed' events is set to be the mean number of expected events from

the background rounded up to the nearest integer.

[142] NExpected = �theory � L �Acc

[143] J. Ellis, J. Lopez and D. Nanopoulos, Phys. Lett. B 394, 354 (1997).


