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ABSTRACT

Searching for Dark Matter in Particle
Physics Experiments (April 2008)
Paul B. Geffert
Department of Physics
Texas A&M University

Fellows Advisor: Dr. David Toback
Department of Physics

Astronomical observations have shown that the amount of visible matter in the
universe comprises only a fraction of the total mass of the universe. This extra mass
is described as “dark matter”. In this thesis we search for evidence of a new type
of particle that would be the dark matter in the universe and decay from heavy,
long-lived supersymmetric particles produced in high energy pp collisions. Since our
particles have a long lifetime and decay into a photon and a é, our dark matter
candidate and the supersymmetric partner of the graviton, we search for evidence
of photons that arrive delayed in time. This thesis explores a new search technique
and uses data from run IT of the Fermilab Tevatron. We observe 24 events which is

roughly consistent with our background expectation of 18.1 + 4.2 events.
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CHAPTER I

INTRODUCTION*

Recent astronomical observations from experiments such as the Wilkinson Microwave
Anisotropy Probe (WMAP) [1] have indicated that the visible matter in the universe
comprises only a fraction of the universe’s total energy. From these observations we
also know there there must exist additional unseen matter, called dark matter, that
accounts for about 23% of the energy of the universe. Predating WMAP, the first
astronomical indications of the presence of undetected matter in the universe were
the highly anomalous orbital velocities of stars about the centers of galaxies [2].
Dark matter is so named because it does not interact electromagnetically, i.e. does
not interact with the light we see, and has yet to be directly detected. The known
particles of the standard model (SM) [3] of particle physics only account for 4% of
the total energy of the universe and therefore are not the dark matter [1].

While there are multiple physical theories that could account for this dark mat-
ter, the leading such theory is Supersymmetry (SUSY) [4], an extension to the ac-
cepted standard model of particle physics [3]. Supersymmetry was originally created
in response to the problems that exist with the theoretical underpinnings of the
standard model. SUSY postulates that each SM particle has a corresponding super-
symmetric partner. If SUSY is correct, one of the particles predicted in the model
could be the dark matter.

In this thesis we assume a model of a gauge mediated supersymmetry breaking
(GMSB) [5]. These models are experimentally motivated because they explain the

observation of an anomalous eeyyFr [6, 7] candidate event in the Collider Detector

*This thesis follows the style of Physical Review D.



at Fermilab (CDF) during Run I of the Fermilab Tevatron. From a theoretical per-
spective, we use GMSB because it provides a good warm dark matter candidate [8].
Warm dark matter is so named because it is much lighter and hence faster moving
than other theorized of dark matter particles. Warm dark matter has the ability to
much better account for the small scale structure of galaxies than other heavier dark
matter candidates. In our GMSB model, the gravitino (é), the supersymmetric part-
ner of the yet undiscovered graviton, is the lightest supersymmetric particle (LSP).
We assume R-parity, a quantum mechanical number that describes supersymmetric
particles, to be conserved in this analysis, in which case gravitinos will not decay
and will be stable forever.

In this thesis, we attempt to discover evidence for GMSB SUSY in high energy
pp collisions at the Fermilab Tevatron, from pair production of SUSY particles that
promptly decay into a pair of neutralinos X°, the next-to-lightest supersymmetric
particle (NLSP). In our model these NLSPs can have a nanosecond lifetime and then
decay into a photon () and a G. We search for evidence of photons from heavy long-
lived neutralinos in the Collider Detector at Fermilab (CDF) using photon timing
to find delayed photons. We attempt to improve upon a previous search [9], from
which many of the details of the analysis presented here are modeled.

Our photon time variable is

T —
teorr = (tf — 1) — ‘fic| (1.1)

where t; —1; is the time between the collision ¢; and the arrival time ¢y of the photon
at the calorimeter, and |Z;—2;| is the distance between the position where the photon
hits the detector and the collision point. As t... is corrected for the collision time
and the time-of-flight, we expect promptly produced photons to have an average .o,

of 0 and photons from long-lived particles to have t.,, > 0, on average.



Figure 1 illustrates the decay of a X? into a photon and a G. The Y? emanates a
gravitationally interacting G , which therefore leaves undetected, and a photon after
traveling a macroscopic distance inside the detector. The photon’s arrival time at
the calorimeter is “delayed” compared to a prompt photon that would propagate
directly from the collision to the same position at the calorimeter.

Along with a delayed photon, Ref. [9] searched for missing transverse energy (F#r)
in the final state, the majority of which arises from weakly interacting X%’s and/or
gravitationally interacting G’s which therefore leave the detector. It also searched for
a jet, which is a grouping of energy in the calorimeter, and a reconstructed vertex,
which comes from matching multiple tracks together in both position and time. (We
shall refer to this analysis as the v+ fr+jet analysis from here forward.) We simplify
these final state requirements and search for events with at least one delayed photon,
Fr, and at least one isolated track, where we define the isolation of a track as the
Ypr of all tracks that are “close” in both time and position. We use the ¢3 and zg, the
initial time and position respectively, of the highest p, isolated track to determine
the collision time and position and therefore the fully corrected photon time, Z.qy;.
Other searches for heavy, long-lived neutralinos have been performed at LEP [10].
This analysis follows the prescription in Ref. [11] for neutralinos with long lifetimes.

This search is performed at the Collider Detector at Fermilab, a general pur-
pose particle detector at the Fermilab Tevatron. A description of this detector can
be found in [12]. One key aspect of CDF that makes photon timing possible is the
electromagnetic (EM) calorimeter (“EMTiming”) [13] system that was built in re-
sponse to the eeyyfr event, in particular to verify that all the EM objects were
from the primary collision. The timing information can provide evidence to distin-
guish between whether an event is from some non-collision background source or

perhaps actually the decay product of a long-lived particle that decayed to a photon
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FIG. 1: The schematics of the GMSB process of a long-lived X" decaying into a G and a photon
inside the CDF detector. While the G leaves the detector the photon travels to the detector
wall and deposits energy in the EM calorimeter. A prompt photon would travel directly to
the detector walls. Relative to the collision vertex time, the photon from the ¥ would appear
“delayed” in time. Note that the lifetime of the X may be long enough for it to leave the
detector, giving rise to additional Fr.

or electron.

Theoretically, mainly GMSB models predict long-lived, heavy, neutral particles
in the form of X¥’s with a mass of ~100 GeV and a lifetime on the order of nanosec-
onds that decay to photons. At the Tevatron, gaugino pair-production dominates
the sparticle production and each produces pairs of X?’s. Each X? decays into a é,
that gives rise to Fr if the decay occurs inside the calorimeter, and a photon. The
likelihood of a X decaying inside the detector is dependent upon its lifetime. With
differing lifetime, the probabilities of observing zero, one or two photons from the X9

decays vary.

The main difference between this analysis and [9] is that we require an isolated
track while the v + Fr + jet analysis requires both a jet and a reconstructed ver-
tex. By removing these two requirements, we eliminate the systematic uncertainties
associated with reconstructing jets and collisions. To motivate our isolated track

requirement, we consider the dominant production processes shown in Fig. 2. In



& 5
7 Y 7 Y

: T, T T, Tt
W Z > B
q e q Mz Ve

l
- o
“?
<qa
_I.d -
=
“/g
< A,

FIG. 2: Feynman diagrams of the dominant tree production processes at the Tevatron for the
GMSB model line we consider: X X3 (45%) (a) and Xi pair (b) production (25%). The 7’s,
if available, can be identified in the calorimeter as isolated tracks. Note that we only show one
choice for the charge. The remaining processes are slepton (71, er, gr) pair production.

both diagrams, we see that one or more taus are produced as a result of the de-
cay chains. Ignoring contamination from other collisions, these taus can decay via
T — evv, T — pvv, or T — wrv and therefore have the signature of a single iso-
lated track which would pass an isolation requirement. This isolated track indicates
the position and time of the collision in the event and therefore effectively replaces
the reconstructed vertex requirement. Additionally, we retain sensitivity to other
models that produce leptons in decay chains that result in long lived X%s. In this
manner, our search exhibits a degree of model independence and complementarity

to the v + Fr + jet search.

The isolated track requirement is effective at reducing the main background
in the v + Fr + jet search, which is SM collisions. Standard model collisions are
much more likely to produce jets with many closely correlated tracks due to quark
hadronization than lone isolated tracks. Therefore, our simple isolated track require-

ment will have a powerful effect in reducing SM backgrounds.



In this analysis we will focus on the v+ Fr case which is more sensitive to higher
lifetimes [11]. We perform a blind analysis in the sense that we blind the signal
region and select the final event requirements based on the signal and background
expectations alone. The backgrounds are estimated from the photon timing shape
using control regions from the same y+isolated track+#r dataset. We use GMSB
models to estimate the signal expectations. Before unblinding the signal region we
find our final event requirements by optimizing our sensitivity for the lowest expected
95% C.L. expected cross section limits in the X9 mass and lifetime region that we
are sensitive to. We present cross section limits so that exclusion regions in the
GMSB parameter space can be determined when the signal region is unblinded. The
exclusion limits in the X9 mass-lifetime space from the v + Fr + jet analysis we are
attempting to improve are shown in Fig. 3 (also shown are the LEP limits [10]).

The structure of this thesis is outlined here and follows that of Ref. [14]. We
acknowledge some of the text, as well, is taken with permission from this source. We
will indicate wherever we have done so. Chapter II explains the GMSB models in
more detail. Chapter III describes the search strategy, the dataset and the baseline
event selection. Chapter IV outlines the different backgrounds and how we estimate
them for use in the optimization procedure. Chapter V describes the Monte Carlo
(MC) that we use to model the signal acceptance. The optimization procedure, and
its result, are shown in Ch. VI. We unblind the signal region in Ch. VII and compare

our data to expectations. We conclude in Ch. VIII.
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FIG. 3: The exclusion region from the v + Fr + jet delayed photons analysis as a function of
X} mass and lifetime for the Snowmass Slope-choice of parameters [15]. Also shown are the
limits from GMSB searches at ALEPH/LEP [10]. This figure is taken from Fig. 25 in Ref. [9].



CHAPTER II

THEORY

GMSB is a major theory that predicts heavy, neutral, long-lived particles that decay
to photons. It has 6 free parameters that are well described in the literature [5]: the
supersymmetry breaking scale, A, the messenger mass scale, My, the ratio of the
Higgs vacuum expectation values, tan(3), sgn(u), the number of messenger fields,
Ny, and the G mass factor, cgray. In these models the NLSP is either the stau (7) or
the X?. For concreteness we use the Snowmass Slope constraint (SPS 8) [15] that is
commonly used [10, 16] to reduce the number of free parameters from 6 to 2: the X9
mass and lifetime. We will focus on the X?-NLSP case here, for which the branching
ratio is ~100% to decay to a photon and a G. At the Tevatron XV’s are mostly pair
produced as end products of cascade decays from a chargino, Xi, pair (~45%) or
a xi and a X3 (~25%) [17]. The major production channels are shown in Fig. 2.
For much of the parameter space the X% can be long-lived, with a decay time on
the order of nanoseconds which corresponds to decay lengths of meters. The X? can
decay inside the detector or, in a fraction of cases, leave the detector volume before
it decays.

Table 1 shows the GMSB model parameters, the resulting X9 mass and lifetime,
and the next-to-leading-order (NLO) production cross section for example points.
The production cross sections are calculated to leading-order using PYTHIA [18] with
the NLO corrections using the K-factors shown in Figure 4 as a function of X% masses
for Xi pair and X7 X3 production [19]. The values range around 1.1-1.3 for the mass
range considered. The production cross section is independent of the XV lifetime, as
this only scales with the G mass for a fixed X} mass [5]. We use the total production

cross section to estimate our sensitivity as it produces the best limits [20].
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FIG. 4: The K-factors for use in modifying the LO production cross sections of Zli pair and
ﬁc X production from PYTHIA as a function of the average mass of the %fﬁ and X3 which are
almost identical in the scenario chosen in Ref. [19]. The figure is taken from Fig. 3a therein.
For convenience we plotted the ¥ mass as a second x-axis, taken from Fig. 3b therein.

my (GeV/c?) | 75 (ns) | mg (eV/c?) | A (GeV) | K-factor | NLO oprod (pb)
67 10 121 51500 1.23 1.26
80 10 199 60500 1.21 0.518
80 20 280 60500 1.21 0.518
100 5 248 74000 1.19 0.162

TABLE 1: Examples for X masses and lifetimes relevant for this analysis and their translation
to the SUSY parameters in accordance with the GMSB Snowmass Slope SPS 8 [15], and the
NLO production cross sections. Note the different unit for the G mass.
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CHAPTER III

OUTLINE OF THE SEARCH AND DATA SETS

A. Overview

This analysis is begun by gathering a dataset of events with central high-E,, EM-
object and Fr as these are candidates for photons and Fr from X9 decays (this is
the same procedure as in Ref. [9]). This set of events is then searched for a good
photon, large Fir and at least one high-p,. track, presumably from a 7 that is part of
the cascade decays of S{Ii and/or X5. Then we apply a baseline set, of requirements to
remove the dominant background sources as described in Sec. III.C. The final signal
region is defined by further kinematic requirements (cuts), described in Ch. VI, and
finally a cut on the fully corrected photon arrival time. The cuts that differ between
the search in Ref. [9] and this thesis are summarized in Table ??. The number of
background events inside this timing window is estimated using a fit of the known
shapes of the backgrounds in control regions outside the window of the same dataset
as described in Ch. IV.

In Ch. VI we optimize our predicted sensitivity using a simulation of the event
distribution in the signal region from the GMSB model (see Ch. V) and calculate,
for a GMSB parameter point, the lowest expected 95% C.L. cross section limit as
a function of the following event variables: Photon E_., Fr, isolated track p,., track
isolation and f.. After the optimization we are left with an optimal set of require-
ments that we apply to the unblinded signal region. We next describe the dataset

that is used for the baseline selection.
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Cuts Only in Ref. [9] Cuts Only in This Thesis
At least one jet Isolated track

Reconstructed vertex
Difference in ¢ between the Fr and jet

TABLE 2: A summary of the different cuts used in Ref. [9] and this thesis.

B. Initial Data Set

During data taking at CDF, events are selected in real time that have an EM-object in
the central calorimeter and Fr above a certain threshold. Only events that occur after
the EMTiming system became fully functional are considered, which corresponds to

a total luminosity of (570+34) pb™' in this analysis.

C. Baseline Event Selection

From the initial dataset, we create a baseline sample of y+track+fr events. We
require one central photon with a corrected E,>30 GeV which is where the require-
ments for our initial data set become fully efficient. We select the highest-E,, photon
in the event using the photon cuts developed in the v + Fr + jet analysis [9]. Addi-
tionally we require a raw i of fr > 30 GeV, where the requirements for our initial
data set are fully efficient, and at least one good track that passes the requirements
in Table 3 with p, > 5 GeV/c, |to| < 5 ns, and |zy] < 60 cm. We additionally use
a requirement to reject events where the photon may have come from a cosmic ray
muon hitting the calorimeter. This requirement rejects events with muon chamber
hits within 30° in ¢ of the photon candidate that have no corresponding tracks. The
full photon, track, and global event requirements that define our baseline sample

are listed in Table 4. The good track selection criteria are listed in Table 3 and are
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the standard cuts on COT tracks but an additional ‘fi—f cut to reject slow protons.
Table 5 lists the cumulative number of events which pass each of the successive cuts
to create our baseline sample.

Note that we add the additional kinematic requirement of track isolation when
optimizing the final event requirements. We can see in Fig. 5(a), which shows the
predicted background and signal distributions with no isolation requirement, that
we need the isolation requirement to better reject SM backgrounds. While the SM
backgrounds have many high p,. tracks which will pass the p, cut, isolated high p,_,
tracks are much less likely to occur. As we can see in Fig. 5(b), the addition of the
isolation requirement improves our standard model rejection power when combined
with the track p, cut. Also, because signal events should produce 1 or more taus,
which should appear as isolated tracks, our loss of acceptance is not severe.

Because the standard CDF track isolation variable may include tracks from other
collisions, we have created are own isolation variable. We define a track’s isolation
as the Xp, of all other tracks within 2 ns in time, 5 cm in 2z, and a AR = 0.4 cone
of the track that pass the cuts in Table 3. Figure 6 shows the difference in ¢ and
z between tracks from the same event. In both subfigures, the data is distributed
as two different Gaussians. In each case, the Gaussian with the smaller root mean
square (RMS) corresponds to tracks that originate from the same collision while the
larger RMS Gaussian comes from tracks that are from a seperate collison. As we
are only concerned with including tracks from the same collision we ignore the larger
RMS Gaussians when estimating our effeciencies. Therefore we can see in Fig. 6
that our requirements on the difference in ¢ and z maintian a very high effeciency

for including tracks from the same collision.
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‘ Requirement

pr > 0.3 GeV/c

pr > 1.4 GeV/c || € < 20, only if charge> 0
Err(zp) <1 cm

|n| < 1.6

NCotStSeg(5)>2

NCotAxSeg(5)>2

|t()| < 40 ns

0.05 < Err(¢y) < 0.8 ns

|z0| < 120 cm

TABLE 3: Track requirements for tracks to be considered in the isolated track selection.

Requirement

Photon

Er > 30 GeV

Fiducial: | Xcgs| < 21 cm and 9 cm < |Zcgs| < 230 cm
Ettaq/Erm < 0.125

ER°,, <20 GeV +0.02 - (Er — 20)

Nirks = 0 or Nys = 1 and pr < 1.0 GeV/c 4+ 0.005 - Ep

Ypr of tracks in the AR = 0.4 cone < 2.0 GeV /c + 0.005 - Ex
[Egcluster < 2.4 GeV +0.01- Ep

2nd strip or wire

PMT asymmetry: Benni—Feurz| ) 6

Epyrit+EpvTe
Track
Passes cuts in Table 3
pr>b GeV/c
|Z()| < 60 cm
|t0| < 5 ns

Global Event Cuts

raw Fir > 30 GeV

Passes cosmic ray rejection requirement

TABLE 4: The photon, track, and global event cuts used to select the baseline sample of
v-+isolated track+Jr events. Note that we use the photon ID requirements described in [9].
We use the track requirements shown in Table 3. The cosmic ray rejection is explained in [21].
The number of events in the data that pass each cut are shown in Table 5, the estimated signal
acceptance in Table 7.
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FIG. 5: The predicted shapes of the background and signal when (a) no track isolation re-
quirement is used and (b) when a track isolation requirement is implemented. It is clear that
a simple p,, cut does not effectively discriminate between the signal and background.
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Selection No. of Observed Events
E, > 30 GeV, Fir > 30 GeV, photon ID cuts 120263
Good track with pr > 5 GeV/e, |zp| < 60 cm, and |¢p| < 5 ns 14204
Cosmics rejection 13877

TABLE 5: Event reduction for the baseline y-+isolated track+Fr dataset. For the individual
requirements see Table 4.
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FIG. 6: The difference int ¢ (a) and z (b) between the leading track in events in our pre-
selection sample and all of the other good tracks in the same event that pass the cuts in
Table 3. These show our effeciency for including tracks from the same collision into the track
isolation calculation. We denote with dotted lines that we take ¢ within 2 ns and z within 5 ns
in our track isolation calculations. In both subfigures, the secondary higher RMS Gaussian
corresponds to tracks from a different collision.
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CHAPTER IV

BACKGROUND METHODS

This section describes the various background sources and the methods used to es-
timate them and follows the method of Ref. [14]. This analysis has two major back-
ground sources: photon candidates produced by non-collision sources of two seperate
types and photon candidates from standard model collisions. We seperate each type
and create timing control templates that we utilize in the background estimation fit.

We produce backgound estimates (as well as signal acceptance estimates, see
Ch. V) for a wide variety of sets of kinematic and timing requirements. These
estimates are used in the optimization procedure described in Ch. VI. The final

kinematic requirements found by this optimization are also described in Ch. VI.

A. Non-Collision Backgrounds

There are two types of non-collision backgrounds for our analysis. They are arise from
(1) cosmic ray muons producing a photon candidate in the calorimeter (cosmics) and
(2) beam related issues that create muons that travel parallel to the beam, producing
a photon candidate in the EM calorimeter (beam halo).

To estimate the background contribution of each non-collision type, we seperate
the two in exactly the same manner as in Ref. [14] to create their time shape templates
shown in Fig. 7(b) and (c). As explained in [9], [-20,-6] ns is dominated by beam
halo while [25,90] ns is dominated by cosmics. We therefore use these two regions
for our beam halo and cosmics time controll regions, respectively, in our background

estimation.
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Electron Requirements
E, > 30 GeV and |n| < 1.0
Fiducial: |Xcgs| < 21 cm and 9 cm < |Zcgg| < 230 cm
09< E/p<1llorp, >50GeV/c
Track traverses >3 stereo and >3 axial COT
superlayers with 5 hits each
Additional requirements to reject electrons from v — ee
Global Event Requirements
Fr >30 GeV
At least one good isolated track with p,, > 5 GeV/c,
|to] < 5 ns ,and |zp| < 60 cm
Transverse mass of the electron and Fr:
50 < mp < 120 GeV

TABLE 6: The requirements used to select electrons from W — ev events to determine
the right and wrong vertex .o+ background distributions. The isolated track must pass the
requirements listed in Table 3. These variables are described in more detail in [12].

B. Collision Backgrounds

Collision background events can be thought of as two seperate types. The first type
occurs when the photon is matched to the correct collision that produced it (right
vertex). The second type arises when the photon is matched to a different collision
than the one that produced it (wrong vertex).

The shape of the collision background for right and wrong vertices is estimated
from W — ev data in order to closely mimic events with photons. The events
are selected that pass the requirements summarized in Table 6. To avoid bias, the
electron track is not allowed to be the leading isolated track. The resulting shapes
are shown in Fig. 7(a). The distribution is fit to a double Gaussian where the smaller
RMS Gaussian corresponds to a right-vertex selection and the larger RMS Gaussian

corresponds to a wrong-vertex selection.
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FIG. 7: The background shapes as a function of time, separated into collision (a) and non-
collision (b) and(c) backgrounds. Figure (a) shows the t.oy distribution of collision data right
and wrong vertex selections, as estimated using a sample of electrons from W — ev events
passing the requirements listed in Table 6. To avoid bias, the electron track is not allowed to
be the leading isolated track used to indicate the collision time and position. Figures (b) and
(c) show the beam halo and cosmics background shapes, respectively.
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CHAPTER V

ACCEPTANCE AND EFFICIENCIES FOR GMSB MODELS

This section describes how we estimate our signal acceptance and follows closely
from [14], where a description of the MC simulation of the GMSB model can also
be found. For this thesis we calculate our acceptance for a GMSB model point at
mgz = 100 GeV/c* and 7y = 5 ns. We choose this point because it is near the
sensitivity limit shown in Fig. 3.

The total event efficiency is used when calculating the cross section limits, and
is given by:

A-e= (A . G)Signal MC X CMC (51)

where A is the acceptance, € the efficiency and Cyc a correction factor to the
MC simulation for small effects that are not simulated in the MC. The major effects
that the MC does not simulate are (1) multiple collision effects and (2) cosmic ray
backgrounds.

The leading isolated track may be associated to a collision other than the one
that actually produced the photon if multiple collisions occur. This would indicate
incorrectly that the extra collision is the event’s main collision. To take this effect
into account we simulate a fraction of the events as having fake collisions by the
method in Ref. [9].

The fraction of GMSB events lost due to a cosmic ray overlapping our event
and not being rejected by our cosmics rejection requirement is not simulated in the
MC. This is estimated by multiplying A-e with the efficiency of the cosmics rejection
requirement that we measure directly from our data sample. We estimate this by
applying the baseline requirements on our data sample and require the photons

to be within |t.oy| < 10 ns to select collision events with high purity. There are
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Requirement Events passed (A - €)signal Mmc (%)
(my = 100 GeV and 73 = 5 ns)

Sample events 120000 100.00
Central photon with E, > 30, fir > 30 68732 57.3
Photon fiducial and ID cuts 43430 36.2
Good track with pr > 5 GeV/c,

|zo| < 60 cm, and |tg| < 5 ns 36217 30.2
Cosmic ray rejection N/A 29.5

TABLE 7: Summary of the event reduction for a GMSB example point in the y+isolated
track+Fr final state as we place the baseline cuts of Table 4. Note that the cosmic ray
rejection requirement is implemented as an MC correction factor, Cyic.

14061 events in this sample. We find that 13786 events remain after the cosmics
rejection cut, giving an efficiency of Cyic = 13786,/14061 = (98 +£1)%, with the error
conservatively overestimated.

The breakdown of events after passing each of the event and object baseline
selection requirements in Table 4 for our example GMSB point at my = 100 GeV
and 7y = 5 ns is shown in Table 7.

In order to estimate the sensitivity of the search we calculate the expected
95% C.L. cross section limits, which involves the uncertainties in the luminosity,
background, acceptance and GMSB production cross section. For simplicity we take
our systematic uncertainties to be equal to those found in Ref. [9]. To summarize,
for the optimization we use a combined uncertainty of 10% on the acceptance and

production cross section [22].
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CHAPTER VI

OPTIMIZATION AND EXPECTED LIMITS

Using the background estimate and the signal acceptance for a given set of cuts,
along with their uncertainties, the optimization procedure from Ref. [9] can be readily
employed to find the optimal cuts before unblinding the signal region. We optimize
for the following cuts: photon E_, Fr, isolated track p.., track isolation, and the lower
limit on %o, while fixing the upper limit at 10 ns. We optimize for all requirements
simultaneously at our particular GMSB parameter point, mg = 100 GeV/c? and
7z = 5 ns. We choose this parameter point as we expect our highest mass exclusion
limit to be close to 100 GeV/c?.

We optimize the cross section upper limit, og;”, using the standard cross section
limit calculator [22]. We take into account the predicted number of background

events, the acceptance, the luminosity and their systematic uncertainties. We take

ogs’ (cuts) =YX _j 0ge®(cuts) P(Nobs, Noack(cuts)) (6.1)

RMS?(cuts) = > N—o(088° (cuts) — ogz” (cuts))® P (Nos, Noack (cuts)).  (6.2)

Here N, is the number of observed events in the pseudoexperiment assuming
no GMSB signal exists and o§®(cuts) denotes the cross section limit if Nyps were
observed. Also, Npae(cuts) is the number of expected background events for a
set of cuts and P(Nops, Npack(cuts)) is the Poisson distribution of Ny with mean
Npack (cuts).

The expected cross section limit is then a function of the cuts that we choose to
optimize for (photon E_, Fr, isolated track p,., track isolation, and ), and has at
our GMSB point a minimum for the set of optimal cuts. Figure 8 shows the expected

cross section limit as a function of each of the timing and kinematic requirements



GMSB model mg,75; (GeV/c?, ns)

100,5
Photon E, 30 GeV
Fr 60 GeV
Track p,, 5 GeV/c
Track Isolation 1.5 GeV/c
Lower limit on #eop; 1.25 ns
Acceptance (%) 7.1+0.7
Backgrounds:
Prompt SM 16.0+4.1
Cosmics 1.57+0.56
Beam Halo 0.50+0.18
ogs” (pb) 0.324
NLO OSignal MC (pb) 0.162

22

TABLE 8: The optimized cut values for our GMSB parameter point used in the optimization.

while keeping all others fixed at their already optimized values. Note that, in reality,
we optimize for all cuts simultaneously. Table 8 lists our optimization results. Our
optimized cut values are: Photon E,>30 GeV, isolated track p,>5 GeV/c, track
isolation <1.5 GeV/¢, fr>60 GeV and teo,;>1.25 ns. We predict 18.1+4.1 back-
ground events with 16.02+4.10 from SM, 0.50+£0.18 from beam halo and 1.5740.56
from cosmics. For our example GMSB point at mg = 100 GeV and 75 = 5 ns, we

expect 6.6+0.8 signal events.
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FIG. 8: The expected 95% C.L. cross section limit as a function of the t¢orr, the Fir, the photon
E,., track p,, and track isolation requirements for our GMSB example point, my = 100 GeV
and 7y = 5 ns. The arrows show the choices of the final cuts, and the expected cross section
limit values.
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CHAPTER VII

DATA, CROSS SECTION LIMITS, RESULTS AND CHECKS
In this section we unblind the signal region and compare our result to predictions.
We observe 24 events in the final signal region, defined by the optimized cuts found
in Ch. VI, and predict 18.14+4.1 background events and 6.640.8 signal events. As
our observation is just above the error on background prediction, we do not have
evidence for new physics.

Figure 9 shows the time distribution of the observed events, background pre-
diction, and signal for our final kinematic cuts. Sub-figure (a) shows a view of the
entire timing region including the background control regions and sub-figure (b) is
an enlarged view of the timing signal region. Figure 10 shows the various kinematic
distributions of the observed events, background prediction, and signal while holding
all of the other cuts at their optimized values. In both of these figures, there is no

observed event excess that points to new physics.
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FIG. 9: The observed data and the predicted time distribution in the full time window and
around the signal region, after passing the baseline and optimized kinematic cuts. We compare
the observed data to the background prediction for the signal region and the GMSB signal, for
an example point at my = 100 GeV and 75 = 5 ns. We predict 18.1+4.1 background events
after all cuts in the signal region 1.25ns < t¢orr < 10 ns. The MC is normalized to the number
of expected signal events, 6.6+0.6. We observe 24 events in the signal region and therefore find
to evidence of new physics.
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FIG. 10: The observed data and predicted kinematic distributions in the signal region after the
baseline and optimized requirements. We compare the observed data to the background predic-
tion for the signal region and the GMSB signal for our GMSB example point at mg = 100 GeV
and 7y = 5 ns. We predict 18.1+4.1 background events after all cuts. The MC is normalized
to the number of expected signal events, 6.6+0.8. There is no evidence of new physics.
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CHAPTER VIII

CONCLUSION
We have presented a search for heavy, long-lived neutralinos that decay to a photon
and gravitino, a dark matter candidate, in a sample of y+isolated track+Fr events.
To find a fully robust set of selection criteria, one would need to optimize the final
event requirements for a variety of model points to study the variation in the final
set, of cuts.

To improve this analysis we will attempt to eliminate more SM events, by far our
dominant background, and then re-optimize. To do this we will add an additional
kinematic variable that represents the difference in ¢ between the Fr and some other
event object such as a jet or the highest p,. isolated track. Placing a requirement
on the difference in ¢ between a jet and the Jr will help to reject events where the
Fr arises due to a bad measurement of the jet energy in a standard model event.
Another way to improve this search will be to use a larger dataset. Currently CDF
has taken, but we have yet to utilize, over 2 pb~! of data, which is nearly four times
the data in this analysis. Hopefully, with these additions, we can set limits on the

X} mass and lifetime.
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