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Abstract

A Quasi-Model-Independent Search for New High p; Physics at DO
by

Bruce Owen Knuteson

Doctor of Philosophy in Physics

University of California at Berkeley

Professor Mark Strovink, Chair

We present a new quasi-model-independent strategy (“Sleuth”) for searching for physics
beyond the standard model. We define final states to be studied, and construct a rule that
identifies a set of relevant variables for any particular final state. A novel algorithm searches
for regions of excess in those variables and quantifies the significance of any detected excess.
This strategy is applied to search for new high py physics in &~ 100 pb~! of pp collisions at
Vs = 1.8 TeV collected by the D@ experiment during 1992-1996 at the Fermilab Tevatron.
We systematically analyze many exclusive final states, and demonstrate sensitivity to a
variety of models predicting new phenomena at the electroweak scale. No evidence of new

high pr physics is observed.
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Chapter 1

Introduction

We begin in Chapter 2 by briefly reviewing the standard model and speculating
what might lie beyond. Testing Nature at the smallest distances and largest energies current-
ly accessible requires extremely sophisticated instrumentation; the D@ detector is described
in Chapter 3. The standard model and I were born within a few years of each other, and
D@ began to form as I was entering fourth grade; the credit for the content of Chapters 2
and 3 goes to an older generation of physicists.

The rest of this thesis, with the exception of the background estimates for the final
states discussed in Secs. 4.4, 5.5, and 5.6, is original work. In Chapter 4 I introduce Sleuth, a
new quasi-model-independent strategy for searching for physics beyond the standard model,
and demonstrate its application to euX data. The analysis of over thirty additional final
states is discussed in Chapter 5, with conclusions drawn in Chapter 6. Appendices include

descriptions of other new and potentially useful analysis tools.



Chapter 2

Physics beyond the standard model

The fundamental interactions of nature are well described by the standard model
of particle physics. The success of this model may perhaps be best appreciated by noting
its outstanding agreement with nearly all experimental results published in the Review of
Particle Properties [1], a telephone book sized tome summarizing the results of most particle
physics experiments over the last half century. Nonetheless, there are reasons to believe that
the standard model is incomplete, a low energy effective theory to a more fundamental theory
at higher energies. The quest to reveal this underlying theory drives the current research in

our field.



2.1 The standard model

The standard model is a field theory described by the Lagrangian

Lomg = —iWuWH — 1B, B — 1G%,GE”
+Ly*(i0, — 397 - W, — 1¢YB,)L
+Ry*(i8, — 29'Y B,)R
(2.1)
—g" (" Tuq) G,
+5 (10 — 397 - Wy — 39'Y Bu)dl> =V (¢)
—(G1LoR + GoLd.R + h.c.).
The reader, though perhaps used to slightly different notation, will recognize the kinetic
terms for the gauge fields in the first line of this expression, the electroweak couplings to
the left- and right-handed components of the matter fields in the second and third lines, the
strong coupling of quarks to gluons in the fourth, the Higgs kinetic and potential term in
the fifth, and the fermion mass terms in the sixth and final line. The first four lines are well
understood; the last two, which intimately involve the as yet unobserved Higgs field, beg the
questions of how the electroweak and flavor symmetries are broken.
The standard model contains 21 free parameters, depending upon how one counts.
Four of these parameters live in the CKM matrix; the masses of the six quarks, three charged
leptons, and three neutrinos require another twelve parameters; four more appear in the
values of the couplings gy, Gr, and ag, and the weak mixing angle sin? fy; and the mass
of the as yet undiscovered Higgs boson rounds out the set. Among the parameters that one

could also include in this list are the so far undetermined elements of the leptonic analogue

of the CKM matrix and a strong CP violating phase that is experimentally determined to
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be so small (< 1079) that it very likely vanishes exactly by some symmetry principle not
currently understood.

Saying that the standard model contains only 21 free parameters is actually a bit
misleading. There are a host of “engineering numbers” that we measure that also help to
define the standard model, such as particle fragmentation functions, parton distributions,
and various hadron properties, that are calculable from the standard model in principle but
not in practice. The gauge coupling of Quantum Chromodynamics, the theory of the strong
interactions that confines quarks within hadrons, is sufficiently large at low energy scales
that our standard perturbative tools are inapplicable. Although attempts are being made
to perform nonperturbative QCD calculations by discretizing space-time on a lattice, this
enormous computational effort has yet to provide the derivation of basic quantities (such as
the proton mass) from the “21 free parameters” of the standard model. QCD is certainly a
difficult theory to calculate within, but few doubt that it is correct.

Particle physics is unique among most scientific fields in being sufficiently mature
that research efforts are directed toward solving a few prominent questions. Currently three
outstanding problems are generally recognized in the field, and three types of experiments

are hoping to shed light on these questions during this decade. The questions are:

e Can neutrino oscillations be understood by introducing a mass and mixing matrix

analogous to the quark sector?
e What is the origin of CP violation?

e What is the cause of electroweak symmetry breaking (EWSB)?

Qur focus will be on the last in this list.



2.2 Electroweak symmetry breaking

In the 1970’s Glashow, Weinberg, and Salam unified the electromagnetic theory
of Maxwell and the weak interaction of Fermi into the electroweak theory of the standard
model, based on the gauge group SU(2),xU(1). This unification predicts the existence of
three new gauge particles, the W+, W, and Z bosons, which were discovered at the SppS
by the UA1 and UA2 experiments in 1983.

The SU(2)1,xU(1) symmetry that Glashow, Weinberg, and Salam postulated must
be broken in order for the W and Z bosons to acquire masses of 82 and 91 GeV, respectively,
while the photon remains massless. The mass of the W and Z bosons, in turn, are responsible
for the apparant weakness (and short range) of the weak interaction. The requirement that
the standard model Lagrangian remain invariant under SU(2); prevents the insertion of
explicit mass terms for the W and Z bosons, so we need some other mechanism for giving
the W and Z particles mass.

The simplest such mechanism involves the introduction of a scalar field ¢, called the
Higgs field. If this Higgs field obtains a vacuum expectation value (vev) v, the Lagrangian
will contain terms of the form v?(W=)2 and v2(Z)2. This situation, in which a field obtains
a vev and hides certain symmetries of the Lagrangian, is known as spontaneous symmetry
breaking. This is to be contrasted with ezplicit symmetry breaking, which involves the intro-
duction of symmetry-breaking terms by hand. The Higgs mechanism preserves the required
SU(2);,xU(1) symmetry, but hides it in the relationships among the coefficients of various
terms.

A desirable feature of the Higgs mechanism is that it naturally accommodates the



observed tree-level relationship

cos by = —— (2.2)

where fyy is the weak mixing angle. The Higgs sector of the Lagrangian can be written
1 2 22 Ay
Lriggs = 5(Dud)? — 1°6% + 7 (2.3)

this is just the fifth line of Eq. 2.1 with the kinetic terms contracted and the potential term
expanded. Two free parameters appear in Eq. 2.3 — a mass term u, and a quartic coupling
coefficient A\. These parameters may in turn be expressed in terms of the Higgs vev v and the
physical mass my. We know from precision electroweak measurements that v = 246 GeV,

but my, is unknown.

2.3 New physics

Theoretical inconsistencies have historically pointed the way to new discoveries.
The scattering of muon neutrinos on electrons, described in the Fermi theory of the weak
interactions by the diagram shown in Fig. 2.1(a), diverges at high energies. This problem
of unitarity is solved in the standard model by introducing the charged weak gauge bosons
to mediate this interaction, as shown in Fig. 2.1(b). Similarly, the annihilation of ete™
into WTW~= grows without bound at high energies if the process is mediated solely by ¢-
channel v, exchange, as shown in Fig. 2.2(a). This high energy behavior is quenched with the
introduction of the neutral weak gauge boson, which contributes the diagram in Fig. 2.2(b).
The scattering of W boson pairs, to which the diagrams in Fig. 2.3(a)—(c) contribute at

tree level, violates unitarity at the TeV scale unless the Higgs boson (or other new physics)
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exists to contribute diagrams such as those shown in Fig. 2.3(d)—(e). Since at these energies
the standard model sans Higgs boson makes manifestly non-physical predictions, we are
guaranteed to find either a standard-model-like Higgs boson or evidence of physics beyond
the standard model at energies of =~ 1 TeV.
U/‘l‘ yv U/‘l‘ yv:
> w
e Ve e Ve
(a) (b)

Figure 2.1: (a) The effective four-lepton vertex in the original Fermi theory of the weak
interactions, which is sufficient to describe scattering at low energies. (b) The standard
model diagram, involving the exchange of a W boson, which accurately describes the process
at higher energies.

e W+ e W —
(a) (b)

Figure 2.2: (a) eTe™ annihilation into W W~ via v, exchange. The amplitude of this dia-
gram grows as the square of the collision energy. (b) An additional diagram that contributes
to this process once the Z boson is postulated. Together these diagrams respect unitarity.

In fact, we are likely to find evidence of physics beyond the standard model at these
energies even if a Higgs boson is observed. The Higgs in the standard model suffers from what
is commonly known as the hierarchy problem, referring to the hierarchy between the Planck
scale (at 10'° GeV) and the weak scale (at 1 TeV). The problem can be understood most
simply by considering the 1-loop correction to the Higgs mass squared shown in Fig. 2.4. The
amplitude for this diagram involves a momentum integral over a scalar loop, which diverges

quadratically — or, if we impose a cutoff scale A, we find that the integral is proportional to
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Figure 2.3: Diagrams contributing to WW scattering in the standard model. If the Higgs
boson in (d) and (e) does not exist, the WW scattering cross section predicted by considering
diagrams (a)—(c) grows without bound at large energies.

A2, Incredible fine-tuning (at the level of one part in 10'®) is necessary to bring the integral
down to 1 TeV if it obtains corrections at the order of Mpjanck. Avoiding this “unnatural”

state of affairs requires the introduction of new physics at the electroweak scale.

Figure 2.4: The simplest Feynman diagram giving a quadratically divergent correction to
the Higgs mass squared.

There are currently three known solutions to this problem: we can invent a symme-
try that allows the quadratic divergences to cancel, leaving only renormalizable, logarithmic

divergences; we can assert that the problem does not exist because the Higgs is a composite



particle, so that there is no scalar in the theory to worry about; or we can argue that the
upper limit of the integral should be ~ 1 TeV, rather than 10'® GeV. These three solutions
to the hierarchy problem are obtained by positing the existence of supersymmetry [2], a new

strong dynamics [3], and the existence of large extra dimensions [4], respectively.

Supersymmetry The “super” symmetry of supersymmetry is a broken symmetry be-
tween fermions and bosons that cancels the quadratic divergence in the quantum corrections
to the Higgs mass. This symmetry requires that each standard model particle has an as
yet undiscovered supersymmetric partner with identical gauge quantum numbers, but with
intrinsic spin differing by 1/2. The spin-1 standard model gauge bosons (g, v, W*, Z)
and the spin-0 Higgs boson thus have spin—% counterparts, the gauginos (g, )ﬁcﬂ, )2(1’,2,3,4),
and the spin—% standard model quarks and leptons are mirrored by spin-0 squarks (§) and
sleptons (Z) The existence of these particles is mandatory if supersymmetry is a correct
theory. Any theory that does not extend this particle content is said to be a special case
of the Minimal Supersymmetric Model (MSSM). In its full generality, the MSSM contains
~ 100 free parameters, most of which appear in the sector responsible for the breaking of

the symmetry.

Strong dynamics Formation of a condensate of fermion pairs under the influence of a
new strong force is the second candidate mechanism for electroweak symmetry breaking.
The earliest models introduced new fermions (technifermions) that are charged under a
scaled-up version of QCD (technicolor). Just as the breaking of the global chiral symmetry

in QCD to isospin by the formation of a g7 condensate leads to the existence of pseudo-
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Goldstone bosons, the pions, this breaking in technicolor leads to the existence of technipions
and a spectrum of technicolor states analogous to those observed in QCD. Three of these
technicolor-charged Goldstone bosons are eaten by the Higgs mechanism, and become the
longitudinal components of the W and Z. With composite (rather than fundamental) scalars
playing the role of the Higgs boson, the hierarchy problem disappears. Attempts have
also been made to explain the origin of fermion masses with strong dynamics — extended
technicolor, an embedding of technicolor, color, and flavor into a single gauge group, is one

such example.

Large extra dimensions The third candidate cure for the hierarchy problem is to assert
that the highest energy scale in the theory is &~ 1 TeV, rather than Mpjanck. This might be
the case if gravity deviates from its well-known 1/r? behavior at small distances due to the

presence of additional curled-up dimensions.

The “predictions” of models incorporating a supersymmetry or a new strong dy-
namics are many and varied, depending upon the particular values obtained for the many
free parameters in the theories; theories incorporating large extra dimensions tend to be
somewhat more predictive. Previous searches generally (and somewhat arbitrarily) fix many
of the parameters, and results of the search are then expressed in terms of limits on the
(few) parameters that are allowed to float. An obvious problem with this approach lies in
the arbitrary fixing of many of the model’s parameters. In addition, there are other predic-
tions for new physics at the TeV scale that we would like to investigate at the same time:

leptoquarks, contact interactions, excited leptons, a fourth generation of quarks, and addi-
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tional heavy gauge bosons are just a few of the many possibilities. Theoretical reviews are
available in Ref. [1]. We elaborate on the phenomenology of a few such potential signals in
Sec. 5.3.

Regardless of which of these alternatives turns out to be correct (if any), we are
confident that evidence of new physics must appear at the scale of 1 TeV. It was this energy
scale and the typical electroweak cross sections at this scale that determined the design pa-
rameters (energy and luminosity) for the now-defunct Superconducting Super Collider (SSC)
and the Large Hadron Collider (LHC) currently under construction at CERN. Whether we

can find evidence of this new physics at the Tevatron remains to be seen.



12

Chapter 3

The DO detector

3.1 DO detector overview

D@ is a multipurpose detector designed to study QCD, electroweak physics, the
top quark, and to search for physics beyond the standard model. In order to achieve such a
comprehensive physics program, it is necessary to measure many properties of the collisions
occurring within the detector.

The DO detector [5] is a large (5,500 ton and four story tall) box, shown in Fig. 3.1;
with the muon system removed, it assumes the form of a large cylinder. The beam pipe, an
evacuated beryllium tube and the raceway for the colliding protons and anti-protons, runs
horizontally along the axis of this cylinder. Going out in radius from this axis, one first
encounters the tracking detectors that measure the tracks of charged particles produced in
collisions. Outside the tracking detectors is the uranium and liquid argon calorimeter, which
is used to measure the energies of electrons, photons, and hadrons. At a radius of ~ 3.5 m is

a toroidal muon spectrometer that identifies and measures the momenta of muons, the only
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particles able to penetrate the dense layers of the calorimeter.

Muon Toroids

Central Tracking and PDTs

System

S
>z
X

g

Calorimeters

Figure 3.1: The D@ detector.

The geometry of the detector is dictated by the properties of the events that occur
within it. Although ideally all collisions would occur at the same point in space, in reality the
protons and anti-protons in the Tevatron collide over a “luminous region” that is generally
taken to be a Gaussian centered at the center of the detector (z = 0) with a standard
deviation of 25 cm. The center of momentum frame is the same as the laboratory reference
frame in most eTe~ colliders, but in pp collisions one typically has interactions between two
valence quarks that carry only a fraction of the total (anti-)proton’s 0.9 TeV momentum.

The event seen in the detector is therefore boosted in the laboratory frame, and the polar
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angle, 6, is not the most convenient angle to consider. A more appropriate measure of the

polar angle is the pseudorapidity, 1, defined as
0
n:—lntanﬁ, (3.1)

which is additive under Lorentz boosts. The geometry of the tracking detectors and calorime-
ters is roughly cylindrical, with approximate azimuthal symmetry, but projecting back to
the center of the detector. Since the longitudinal momentum of the interacting system is
not known, the transverse momentum (pr), defined as the magnitude of the momentum
perpendicular to the beam direction, is usually considered. This unknown degree of freedom
along the z direction can be problematic when attempting to reconstruct the kinematics of
events with missing transverse energy (/7). Energy and momentum are conserved in these
fundamental interactions, so the presence of neutrinos (or other particles without strong or
electromagnetic interactions) can be inferred by the presence of substantial f7. The DO

coordinate system is pictured in Fig. 3.2.

3.2 Tracking

The two beams circulating around the Tevatron spend most of their time confined
in a stainless steel beam pipe of radius 3 cm. The beam pipe inside the D@ detector, however,
is made of beryllium, a low-mass material, to reduce the probability that particles will scatter
on the beam pipe. The detectors closest to the beam are tracking detectors, which are used
to determine the trajectories of charged particles emerging from the collision. A secondary
function of this system is to distinguish electrons from photons and neutral pions, and to

identify photon conversions; another is to determine the location of the hard scattering.
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Proton

/ North

Anti-proton /
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Figure 3.2: The DO coordinate system.

As shown in Fig. 3.3, DQ’s tracking detectors consist of four sub-detectors: a vertex
drift chamber, a transition radiation detector, and central and forward drift chambers. D@

had no central magnetic field in Run I, and is therefore unable to measure track momenta.
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Figure 3.3: The D@ tracking system.
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3.2.1 Vertex Drift Chamber

Immediately outside the beam pipe is the vertex drift chamber (VTX), designed
for determining the location of the primary interaction in z and the beam spot position
in zy. The VTX extends from 3.7 ¢cm to 16.2 cm in radius, and to £116 c¢cm in z. The
chamber consists of three radial layers of drift cells supported by four carbon fiber tubes.
The innermost layer has 16 sectors in azimuth; the outer second and third layers each have
32 sectors. Each sector contains 8 sense wires staggered by +100 pm, helping us to avoid
the left-right ambiguity that typically occurs in drift chambers. The sense wires are kept at
a potential of +2.5 kV. A gas of 95% carbon dioxide (CO2) and 5% ethane (CoHg) is used
because of its low drift velocity (7 pm/ns) and low dispersion, which is needed in order to
resolve tracks very close to the interaction region. Traces of HoO are added to the gas to
reduce damage from radiation. The xy position of the ionization is determined using the time
it takes the electrons to drift toward the sense wires, and the position in rz is determined
using charge division. Unfortunately, due to the inherently coarse resolution obtained from
charge division, the VTX is not particularly useful for determining the position in rz. The

resolution of this detector is roughly 60 pym in r¢ and 1.5 cm in 2.

3.2.2 Transition Radiation Detector

A charged particle passing through different media must satisfy Maxwell’s equa-
tions at the boundary of those media. A relativistic particle moving through a boundary
emits transition radiation with energy proportional to the Lorentz factor «v and concentrated

primarily in a cone of angle 1/ about the direction of motion. The transition radiation only
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becomes appreciable (detectable) for particles that are sufficiently relativistic that v 2 103,
and electrons and positions are the only particles produced in Tevatron collisions that attain
such high values of 7. The transition radiation detector (TRD) is useful for discriminating
electrons and positrons from photons and 7%’s, which do not emit transition radiation, and
which are difficult to distinguish from electrons in the calorimeter. The spectrum emitted
by multi-GeV electrons peaks at roughly 8 keV, so most of the radiation is in the form of
X-rays.

The TRD is built in three layers. Each layer consists of a stack of radiators — 393
layers of 18 pm thick polypropylene foils at a mean separation of 150 ym within dry nitrogen
gas — followed by a proportional wire chamber. Xenon gas is used as the active medium in
the wire chambers because of its large cross section for converting X-rays. The large number
of foils is necessary since the probability for emitting radiation at any particular boundary
much less than unity. All charged particles passing through the proportional chamber ionize
some of the xenon atoms in their path, but the magnitude of the ionization signal for electrons
is larger than that for other particles due to the transition radiation. (It will also be slightly
larger for electrons since they are on the relativistic rise of the Bethe-Bloch energy loss curve,
but this is a comparatively small effect.) The information from the TRD is combined with
information on the track and the shower shape of the cluster of energy deposited in the
calorimeter to construct a likelihood variable that enables us to distinguish electrons from
photons and pions. This information is only available to us in the central region (|nget|< 1.1),

due to the physical extent of the TRD.
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3.2.3 Central Drift Chamber

The central drift chamber (CDC) lies between the TRD and the electromagnetic
calorimeter. The tracks that are found in the CDC are used to obtain the z position of
the primary vertex. Knowing the z position well is crucial for determining the transverse
energies of the objects in the event, and consequently also the Fp in the event. The amount
of ionization along a CDC track also provides a hint as to whether the track was formed by

an electron or a heavier particle, and this is used in electron identification.

Figure 3.4: Central drift chambers.

The central drift chamber (a piece of which is shown in Fig. 3.4) is divided into four
concentric cylinders, each of which lies between +90 c¢m in z, corresponding to a reach in
detector pseudorapidity of 1.2. The four cylinders lie between 49.5 cm and 74.5 cm in radius
from the beam pipe. Each layer consists of 32 independent azimuthal sectors. The construc-
tion of the CDC is somewhat nonstandard in that each of these sectors is free-standing, so
that each one can be replaced individually if needed. The cells of neighboring layers are

offset by 1/2 cell (as shown in Fig. 3.4) in order to improve pattern recognition. Each cell
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contains 7 anode sense wires staggered by +200 um in ¢ so that left-right ambiguities can
be resolved. The cathode is on the boundary of the cell. The gas inside the cell consists of
argon (92.5%), methane (4%), carbon dioxide (3%), and water (0.5%). There are two field-
shaping wires for each sense wire in the cell, providing a uniform electric field of 620 V/cm
and producing an electron drift velocity of 34 pum/ns. The measurement in r¢ is obtained
from the drift time of the electrons to the sense wires. The resolution from this method is
between 150 and 200 pm, increasing slightly with radius. The rz measurement is performed
using two inductive delay lines in each cell. Each delay line consists of wire wrapped around
a core of carbon fiber and epoxy, along which signals propagate at a speed of 2.4 pm/ns.
An avalanche occurring near a sense wire induces a signal on the delay line; by reading out
the delay line from both ends and measuring the time between signals, the z position of the

avalanche can be determined. The resolution in z obtained in this manner is roughly 4 mm.

3.2.4 Forward Drift Chambers

The forward drift chambers (FDC’s) extend our tracking coverage out to |1jget|~ 3.0.
The FDC’s are quite similar to the CDC’s described above, using the same gas mixture and
similar construction to shape the electric field inside the detector. Two identical forward
drift chambers are used, one on either side of the interaction region and just beyond the ends
of the cylinder formed by the VIX and CDC.

Figure 3.5 shows an exploded view of a forward drift chamber. Each FDC consists of
three modules: one ¢ module sandwiched between two ® modules. The & module has sense
wires directed radially from the beam, so as to measure ¢, while the © module has sense wires

directed roughly in the ¢ direction, so as to measure . The ® module consists of 36 sectors
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Figure 3.5: Forward drift chambers.

of 10 degrees each. Each sector contains sixteen 50 cm-long sense wires, arranged in a plane
parallel to the beam axis. Each © module consists of four quadrants, each of which contains
six rectangular cells, as shown in Fig. 3.5. Each cell contains 8 sense wires and one delay
line. The delay line enables another ¢ measurement, which is helpful in pattern recognition.
Since the construction is similar to the CDC, it is not surprising that the resolution is also
similar to that of the CDC, being roughly 200 pm in the direction determined by the electron

drift time, and 4 mm in the direction determined by measurements along the delay line.

3.3 Calorimeter

Since DO lacked a central magnetic field in Run I, we rely heavily on the calorime-

ters (shown in Fig. 3.6) to measure the energies of electrons, photons, and hadrons. Assuming
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that we know the interaction vertex from CDC tracks, we can also use the positions of the
clusters in the calorimeter to determine the directions of the emerging energy flows (jets) in

an event.

Outer Hadronic
(Coarse)

Middle Hadronic
(Coarse & Fine)

Inner Hadronic

(Coarse & Fine) Electromagnetic

Figure 3.6: The DO calorimeter.

Electromagnetic objects and hadronic objects lose their energies through different
mechanisms, and D@ therefore has two different types of calorimeters. Both are uranium-—
liquid argon (U-LAr) sampling calorimeters, which use depleted uranium as the absorbing
material and liquid argon as the active material. Sampling calorimeters infer total energy
loss by sampling the energy loss in the active layers, which introduces a stochastic term in
the resolution. Using a heterogeneous combination of active medium and heavy absorber has
the advantage of allowing a more compact detector than if a homogeneous (non-sampling)

calorimeter is used, however, and the cost of a sufficiently large homogeneous calorimeter is
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generally not worth the gain in resolution. Due to the nuclear chemistry of uranium, the
electromagnetic and hadronic parts of a shower produce similar signals. This is known as
compensation; the relative response of the calorimeter of electrons to hadrons, known as e/h,
is unity for a completely compensating calorimeter. Liquid argon is chosen as a sampling
material because it is both stable and radiation hard. It has the disadvantage that it requires
a cryogenic system, which places limitations on the geometry of the calorimeter.

The calorimeter comes in three sections: the central calorimeter (CC) covers the
region |7get |< 1, and two end cap calorimeters (ECs) cover the regions 1.4 <|nget |< 4.
The CC and EC, which are similar in construction, are in turn divided radially into an
electromagnetic (EM) calorimeter located just outside the central tracking detectors, a fine
hadronic (FH) calorimeter located just beyond the EM calorimeter, and a coarse hadronic
(CH) calorimeter, lying just outside the FH calorimeter. The calorimeters are divided into
modules in ¢, each consisting of a series of depleted uranium absorber plates, followed by
a 2.3 mm gap of liquid argon, followed by a multi-layer printed circuit board, followed by
another 2.3 mm liquid argon gap, followed by another uranium absorber plate, and so on. An
incident particle will interact with the absorber, producing a shower of particles that ionize
the active liquid argon. The readout boards are covered with a resistive epoxy, and are held
at high voltage with respect to the absorber plates, which are held at ground. The ionized
electrons in the argon liquid then drift to the printed circuit board, where the charge is
collected and read out. The absorber plates are not segmented in 7, but the signal readout
boards are segmented by cuts in the copper pads on the boards. Several readout boards

at the same 1 and ¢ are ganged together to produce a readout cell that combines signals
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from several readout boards. The segmentation in An x A¢ for most of the calorimeter is
0.1 x 0.1. The pads are cut such that the geometry of the calorimeter may be described as
pseudo-projective. The term “pseudo-projective” indicates that while the absorber readout
plates are parallel to the beam axis, the towers formed by the plates project back to the
center of the detector, as shown in Fig. 3.7. The size of the towers vary with polar angle

such that each cell spans An = 0.1. This is convenient for triggering and reconstruction.

Figure 3.7: Side view of the DO calorimeter.

The physics of electromagnetic showers is fairly well known, and is governed by
basic QED processes. An energetic electron traversing a medium will lose most of its energy
through bremsstrahlung. An energetic photon in turn loses most of its energy by pair pro-
duction of an electron and a positron. Therefore an energetic electron traversing a material
will radiate a photon, which will pair produce a positron and an electron, each of which
will in turn radiate additional photons, and so on, building up an electromagnetic shower.

The longitudinal extent of a shower is determined by a characteristic distance called the
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radiation length (Xj), defined such that the average energy loss to bremsstrahlung is equal

to the incident energy of the particle over the radiation length — i.e.,

E E
<d_> _£ (3.2)
dx brem XO

The characteristic scale for the width of the shower is the Moliére radius, which is typically
about 2 cm. Expressions for the position of the shower maximum and the number of radiation
lengths necessary to contain 99% of the energy deposited in the shower are well known. The
Particle Data Group’s Review of Particle Properties [1] contains an excellent review of the
basic properties of electromagnetic showers.

The EM calorimeter is formed with 3 mm thick depleted uranium plates, segmented
in 32 modules in phi and into four layers in radius. The four layers are known as EM1, EM2,
EM3, and EM4, and contain 2, 2, 7, and 10 radiation lengths of material, respectively.
Because some of the energy may be deposited in the first hadronic layer (FH1), the energy
in this layer is added to the energy in the electromagnetic calorimeter when reconstructing
the energies of electrons and photons. The maximum of the electromagnetic shower typically
occurs in the third electromagnetic layer. In order to better see the shape of the cluster at
shower max, the third electromagnetic layer is segmented more finely than the other three
electromagnetic layers, with areas of 0.05 x 0.05 in n¢. The use of shower shape information

allows us to better reject backgrounds from 7%

’s, whose two photons leave slightly broader
clusters.
The physics governing hadronic showers is less well understood, due to the com-

plication of nuclear processes. The characteristic depth of a hadronic shower in a medium

is given by the nuclear interaction length (A), which is inversely proportional to the nucle-
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ar scattering cross section and to the atomic density of the absorbing material. Hadronic
showers involve both electromagnetic and nuclear processes, and the signal that is obtained
is different for the electromagnetic and hadronic components of the shower. This difference,
known as the e/7 ratio, is close to unity in uranium.

The fine hadronic calorimeter is segmented into three layers radially. Each hadronic
module contains 6 mm thick depleted uranium absorber plates (this time with an admixture
of 1.7% niobium), and is segmented into 16 modules in ¢. The coarse hadronic calorimeter
contains thicker 46.5 mm absorber plates made of copper, and is used for coarse energy
measurement. The number of nuclear interaction lengths in the entire hadronic calorimeter
range from 7.2\ at 7 = 0 to 10.3\ at the inside edge of the EC.

Because the entire calorimeter is encased in a cryostat, there are gaps in instrumen-
tation between the CC and the EC. We instrument these regions with two different detectors
in order to coarsely measure the energies of particles that pass in these directions. The first
of these detectors are the “massless gaps,” which contain readout boards in liquid argon,
using the cryostat walls rather than uranium plates as the absorber. The second are the two
inter-cryostat detectors (ICD’s), one just inside the north EC and one just inside the south
EC, each of which contains 384 scintillator tiles read out by photomultiplier tubes (PMT’s).
The tiles, like the calorimeters, are 0.1 x 0.1 in n¢.

From test beam data we can determine the energy resolution of our calorimeter to

electrons and to single pions. These were measured to be

o(E)| _ 15%
E |,” VE
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and
o(E) 40%

~
~

respectively. A more correct expression for the electron energy resolution also contains a

(3.4)

constant term arising from nonuniformities in response at different positions in the detector.

A more complete parameterization is given by
SE/E =15%/VE & 0.3%. (3.5)

The Z boson resonance in the dielectron invariant mass distribution as measured in the DO
detector is shown in Fig. 3.8 [6]; the 2.5 GeV intrinsic width of the Z boson is comparable
to the uncertainty in the invariant mass measurement. (The events in the shaded region of
the histogram form the Z final state, which we will meet again in Sec. 5.4.1.)

The energy resolution for jets is somewhat worse than the energy resolution for
single pions, due to out of cone showering and noise from the underlying event. The jet
energy resolution is determined by measuring the imbalance in transverse energy in events
with exactly two jets, or in events with one photon and one jet. Figure 3.9 shows the
distribution of (p}! — p?2)/(p* + p¥2) for a sample of dijet events [7]. Similar studies with
jets of different energy and in various regions of the detector lead to a jet energy resolution

parameterized by

SE/E = 80%/VE. (3.6)

3.4 Muon system

The hadronic calorimeter is sufficiently thick that no strongly interacting particle

is likely to penetrate its seven to ten nuclear interaction lengths. Neutrinos only interact
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Figure 3.8: Z boson resonance in the dielectron invariant mass distribution.

through the weak force, and are therefore invisible to our detector. Among the charged
leptons, electrons deposit their energy by bremsstrahlung in the electromagnetic calorime-
ter, and taus typically decay within 1 mm of the interaction. Therefore the only (known,
detectable) particle that makes it all the way through the calorimeter is the muon, as long
as its energy is greater than some threshold (= 3.5 GeV at |n|= 0, rising up to ~ 5 GeV
at larger |n|). Because the muon loses little energy in material, its momentum must be
measured by the bending of the track in a magnetic field. This is accomplished with large
toroidal magnets that surround the central detector and calorimeters.

The muon system, shown from the side in Fig. 3.10, is in two parts: WAMUS (Wide

Angle MUon System), which covers the region |p|< 1.7, and SAMUS (Small Angle MUon
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Figure 3.9: Dijet asymmetry distribution.
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Figure 3.10: The D@ muon system.

System), which covers the region 2.5 <|n|< 3.6. (The region 1.7 <|n|< 2.5 is in principle

covered by a combination of WAMUS and SAMUS, but the software required to reconstruct
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tracks in this overlap region was never finalized in view of the high accidental background
rates in this region.) WAMUS consists of three toroidal magnets: one CF (central Fe) toroid,
which covers the region —1.0 < 1 < 1.0, and two EF (end Fe) toroids, which cover the regions
—1.7<n < —1.0and 1.0 < n < 1.7. The coverage of the CF is nearly 360 degrees, apart
from two gaps underneath the detector required for support structures for the calorimeter.

The CF and EF toroids are roughly 1.1 m and 1.5 m thick, respectively. The wire
coils around this iron carry a current of roughly 2500 A, producing an azimuthally-directed
magnetic field that varies somewhat with position, reaching a peak magnitude of 2 T. A
precise magnetic field map is used in the reconstruction of the muon momentum to account
for the nonuniformity of the field.

The wide angle muon system contains three layers, labeled A, B, and C. Layer A
is just inside the toroid, layer B is just outside the toroid, and layer C is roughly 1.4 m
beyond layer B. Layer A consists of four sub-layers of proportional drift tubes (PDTs). The
PDTs have a resolution of 1.6 mm along the wires, which are oriented in the direction of the
magnetic field lines, and a resolution of 530 um in the drift plane. The four sub-layers of
PDTs in layer A measure the incident direction of the muon to 0.6 mrad, and its position to
100 pm. Layers B and C each contain 3 sub-layers of PDTs, and determine the direction and
position of the outgoing muon to within 0.2 mrad and 170 pum, respectively. This accuracy

results in a determination of the muon momentum p that has a resolution parameterized by

5(1/p) = 0.18(p — 2)/p? ® 0.003, (3.7)

where p is in units of GeV, and the @& means addition in quadrature.
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3.5 DAQ and Trigger

The peak luminosity at D@ in Run I reached 3 x 1032 cm—2s~!. Since the total pp
cross section is roughly 70 mb at /s = 1.8 TeV, the rate of interactions in the D@ detector is
~ 1 MHz. Collecting information about these interactions and deciding which are sufficiently
interesting to record is the job of the data acquisition (DAQ) and trigger systerms.

D@ employs a multilayer triggering system to select events of interest:

e The Level 0 trigger requires that two scintillator hodoscopes, mounted on the end
calorimeters, detect the proton breakup that accompanies a hard interaction. The

hodoscopes are also used to monitor instantaneous luminosity.

e Level 1 is implemented in hardware. Information from Level 0, summed energies in
calorimeter towers, and hits in muon chambers are combined in a large and-or network

to form 32 Level 1 triggers. The rate out of Level 1 is roughly 800 Hz.

e Level 1.5, also implemented in hardware, performs a crude clustering of electromagnetic
calorimeter tower energies and basic track-finding with hits in the muon chambers,

reducing the rate to 200 Hz.

e Further processing of the event is performed in software at Level 2, where the event

rate is reduced to roughly 4 Hz.

Events passing Level 2 are then passed to the host computer, which copies the data to tape.
The data are stored in a format based on Zebra [8], an extension of FORTRAN that allows
dynamic memory allocation. This process is summarized in Fig. 3.11, which shows a block

diagram for the D@ trigger and data acquisition system.
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Figure 3.11: The D@ data acquisition system.

The primary triggers used to select the events analyzed in this thesis are provided

in Table 3.1.

3.6 Event reconstruction

D@RECO, the D@ reconstruction program, takes the hits recorded in the detector —
ionizations in drift chambers and drift tubes, and energy deposits in the calorimeters — and
clusters them to form tracks and jets of energy flow. Tracks and jets passing carefully chosen

criteria are interpreted as resulting from electrons, photons, muons, and quarks or gluons in
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Final states Trigger name Trigger requirements J Ldt
euX MU_ELE EXM > 7 pb > 8 108 pb—!
ELE_JET_HIGH EEM > 15, B > 14, 108 pb~!
B} >10
MU_JET_HIGH, Pl > 10, B} > 15 108 pb~1
MU_JET_CENT
eBr2j(nj) ELE HI EEM > 20 11.2 pb !
EM1.EISTRKCCMS  EEM > 20, B >15  93.7 pb~!
ELE_JET HIGHA EEM > 17, Pr>14, 105pb !
B} > 10
ee 2j(nj) ELE_2_HI By 510 14.7 pb—1
EM2_EIS_ESC(A) Ep™ > 20, EXM >16 108 pb!
pulr 25(nj) MU_JET * Pl > 10, E5. > 15 94 pb!
pp 25 (ng) MU_JET * P > 10, E5. > 15 94 pb—!
DIMU_JET_CENT P >3, FL > 15 94 pb~!
(¢/v)(¢/7)(¢/y)X ELE2HI B2 > 10 14.7 pb~!
EM2_EIS_* EFMt > 00, EFM2 > 16 123 pb !
all epX triggers 108 pb~!
all pu(nj) triggers 94 pb~!

Table 3.1: The primary triggers used to select events in each of the final states considered
in this analysis. All energies are in units of GeV.

the final state, and any imbalance in detected transverse energy, suggesting the production
of a particle that interacts only weakly, is noted. To first order, each 250 kilobyte event is
thus summarized in the four-momenta of the few “physical” objects emerging from the hard
scattering. The output of DGRECO is saved in two different formats: STA files, which store
the raw data in addition to DORECO output; and DST files, which store summaries of tracks
from central detector and muon chambers, calorimeter clusters, and parameters for loosely-
defined electron, photon, muon, and jet candidates, and Fp. Smaller versions of the DST
files (uDSTs [9]) are then written with a subset of the information on the DSTs. Finally,
#DSTs, which are still unwieldly for the purposes of most analyses, are used to construct an

ntuple, which is easily manipulated with the Physics Analysis Workstation (PAW) [10].
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3.6.1 Track-finding

Algorithms for clustering energy deposits in the calorimeter make use of transverse
energies; computing transverse energies requires knowledge of the z position of the primary
vertex; knowledge of the primary vertex relies upon knowing the trajectories of tracks in the

event. Track-finding is therefore the first task undertaken by DORECO.

Central detector

Raw ADC information in the central detector is used first in r¢, and then in rz.
Considering for the moment only r¢, the outermost hits in each of the four cylindrical layers
that form the CDC are paired with the innermost hits in that layer within a section of ¢.
Hits between each pair are added to form a track segment if they lie on the line defined by
that pair. In order to allow for inefficiencies of the CDC, up to two sense wires without a
hit are allowed along a track segment.

The track segments are combined into tracks traversing all four layers of the CDC
by beginning with each segment in the outermost (fourth) layer, adding the best-fitting
segment in the next-outermost (third) layer, then the best-fitting segment in the second
layer, and finally the best-fitting segment in the innermost layer. Up to one layer may be
skipped if collinear segments are found in the remaining three layers. After fitting tracks in
the r¢ view in this manner, delay line measurements are used to determine the rz positions
of the tracks. Tracks obtained in this way are determined to within roughly 2.5 mrad in ¢
and 28 mrad in . Tracks in the FDC are found using a similar algorithm. Track-finding

efficiencies are determined with Z — ee events to be 80 + 1% in the CDC and 73.5+ 1% in
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the FDC.

Tracks from the CDC passing within 2.5 cm of the z axis (the beam line) are used to
determine the location of the hard scattering in z. A histogram is filled with the z component
of the point along each track closest to the z axis. The primary vertex is estimated to lie at
the global maximum of this histogram. Beam position measurements constrain the vertex

to lie within 50 pym of the z axis in zy.

Muon chambers

Track-finding in the muon chambers is complicated by the geometry of the detectors
and by the bending of the muon in the field of the toroid magnet. Recall from Sec. 3.4 that
the muon system consists of three layers of PDTs: one inside the magnet (layer A), and
two outside (layers B and C). A muon passing through layer A will leave hits in up to four
PDTs; a muon passing through layers B and C will leave hits in up to three PDTs in each
layer. Track segments inside the magnet, requiring at least two hits, are defined in layer A;
segments outside the magnet, requiring at least four hits, are defined using layers B and C
together. All segments are required to point to less than 5 m from the center of the detector
in order to reduce backgrounds from cosmic rays. Segments from layer A are combined with
nearby segments from layers B and C to form muon candidates.

Although to first order the muon momentum is determined by the angle between the
segments inside and outside of the magnet, a more accurate measurement of the momentum
can be made by applying a global fit with 16 parameters: the x and y components of the
event vertex, two parameters describing the quality of the match between the muon’s track

in the CDC and the trail of ionization left in the calorimeter, and twelve parameters defining
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the CDC track and the track segments in layer A and in layers B and C.

Falsely identified muons arise from cosmic rays and electronic noise. Due to the
thickness of the D@ calorimeter, the occurrence of hits in the muon chamber from the tail of
a hadronic shower (“punch-through”) is negligible. Variables used to reduce the backgrounds

from cosmic rays and noise include:
e the quality of the track fit (IFW4);

e the fraction of hadronic calorimeter layers containing energy deposits along the path

of the muon track;
e the fraction of energy deposited in the outermost layer of the hadronic calorimeter;

o [ B-dl along the muon trajectory, in order to reject tracks passing through the gap

between the central and end toroids;

e the track impact parameter; and

the difference between the time of muon detection and the beam crossing time.

In the first half of Run Ib, some muon chambers (particularly those in the EF and those near
the Main Ring) were inefficient due to the buildup of polymers on the anode wires of the
chambers. In the latter half of Run Ib, these polymers were removed with large electrical
discharges. Slightly different selection criteria are therefore used in the two eras. Because
accidentals contribute a large background in the forward regions, we require all muons to

satisfy |n|< 1.7.
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3.6.2 Clustering

Calorimeter ADC counts are converted to units of energy using calibration infor-
mation from test beam runs with electron and pion beams of known energies, and extensive
subsequent in situ calibration of both the electromagnetic and hadronic energy scales [11].
Uncertainties in the energy measurements of electrons, photons, and jets come not only from
the intrinsic resolution of the D@ calorimeter, but also from the algorithms used to define
these objects. In each case, a clustering algorithm is used to identify an object “candidate,”
and then properties of that object are queried in order to determine whether it passes more

stringent identification cuts.

Electrons and photons

Electron and photon candidates are obtained using a nearest neighbor clustering
algorithm. Starting with the most energetic tower in the EM calorimeter, neighboring towers
with transverse energy greater than 50 MeV are added until all surrounding towers have
transverse energy less than 50 MeV. This process is repeated with the most energetic tower
in the electromagnetic calorimeter not already clustered, and so on until all electromagnetic
towers are associated with a cluster. In order for a cluster to be identified as an electron or
photon candidate, it must have at least 90% of its energy in the electromagnetic calorimeter,
and at least 40% of its energy in a single tower. (Hadronic jets are typically much broader and
deposit only = 10% of their energy in the electromagnetic calorimeter.) A shower centroid

Teog is defined by

. > Wil

xcog: sz , (38)
3
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where the average is taken with weights of

w; = max(0,wy + In(E;/E)), (3.9)

and wy is a parameter chosen empirically to provide optimal resolution. Electron and photon
candidates are then distinguished by whether the cluster has a CDC or an FDC track within
a road of size 0.1 x 0.1 in n¢ pointing from the primary vertex to the cluster.

Mistakenly identified electrons are due either to a jet containing an energetic 7°
decaying into two photons, combined with the overlap of a soft track from a charged hadron;

+

or to a photon that converts into an e™e™ pair near the beam pipe. Five variables useful for

rejecting these backgrounds have been identified:

e Jets that fragment into a leading 7° often deposit energy around the candidate electron;
a variable measuring the isolation of the electromagnetic energy is therefore useful for

rejecting this background. “Isolation” is defined by

E(0.4) — EM(0.2)
EM(02)

Iso = (3.10)

where EM (R) and E(R) are the electromagnetic and total energies in a cone of radius
R around the shower centroid. In the euX final states, Iso < 0.1 is required for both
electrons and photons. In the W+jets-like final states, Iso < 0.15 is required. In the
Z+jets-like and (£/~)(€/v)(¢/v)X final states, Iso < 0.15 is required for electrons, and

Iso < 0.1 is required for photons.

e The shapes of electromagnetic showers originating from two photons (from the decay

of a neutral pion) or an electron-positron pair (from a photon conversion) are expected
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to differ from showers originating from a single electromagnetic object. The fine seg-
mentation of the D@ EM calorimeter is used to distinguish between these cases. The
likeness of the shower profile to that of a single electromagnetic object is measured by
a x2-like quantity constructed from 41 variables: the fraction of energy deposited in
the first, second, and fourth layers of the EM calorimeter; the fraction of energy in
each cell in a 6 x 6 array around the center of the shower in the third EM layer; the
logarithm of the total energy of the cluster; and the z component of the position of
the primary vertex. The means and covariances used in the construction of this y? are
determined as a function of the pseudorapidity of the electron. Photons are required

to have x? < 100 in all final states considered here.

The quality of the match between an EM cluster produced by two photons and an
accidental track should be worse than the quality of the match between an EM cluster

produced by an electron and its associated track. A track match significance is therefore

defined as
1) 0z
Otrk = _¢ P — (3.11)
O6¢ 06z
in the CC, and
) 0
o= 22 o O (3.12)
O§¢ Oér

in the EC, where d¢ and dz (or dr) are the distance from the track to the cluster,

measured with errors 054 and o5, (or og,).

The energy loss in the CDC can also be used to discriminate backgrounds. After

removing the Landau tail by ignoring the third of the CDC wires with largest signals,
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the mean of signals on the remaining wires along the track is computed to find the

average energy loss per unit distance (dE/dz).

e More transition radiation is expected from an electron-positron pair traversing the
TRD than is expected from a single electron. The amount of transition radiation e
along a candidate electron track is used to distinguish photon conversions from true

electrons.

These variables can be used independently, or combined into an “electron likelihood” L.,

defined by

- p(Iso, X2, ok, (AE/dx), € | background)
. =

3.13
p(Iso, X2, o4k, (dE /dz), € | electron) (3:13)

where the densities are constructed from data samples and the correlations among variables
are assumed to vanish. Electrons in the W+jets-like, Z+jets-like, and (¢/7)(£/v)(£/v)X

final states are required to have £, < 1.0; those in the euX final states have £, < 0.5.

Jets

The identification of hadronic jets begins by “pre-clustering” the calorimeter, using
the highest energy towers in the calorimeter as seeds. All towers within a cone of radius 0.5
in n¢ are then added to each seed tower, and the energy-weighted center of the new jet is
computed. A cone of radius 0.5 is then drawn about the new center, the jet is redefined, and
a new center is computed. This process is repeated until an equilibrium state is reached.
Overlapping jets are merged or split according to the following rule: if the transverse energy
in the shared region is larger than half of the transverse energy of the softer jet, then the

jets are merged into a single jet; otherwise, the jets are split, with each tower in the shared
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region assigned to the jet with the nearest center. Only jets with Fp > 8 GeV are retained.

The kinematic criteria imposed upon electrons, photons, muons, jets, and missing
transverse energy vary among the final states considered, and are described in the context
of the analyses in Chapters 4 and 5. Additional details for the selection of events in the
epX final states, the electron channel W+jets-like and Z+jets-like final states, and the
muon channel W+jets-like and Z+jets-like final states are given in Refs. [12], [13], and
[14], respectively. In all final states, events with activity in the Main Ring are rejected by

demanding CAL_RECOVERY = 0 and GOOD_BEAM = 0.

3.6.3 Simulation

The effects of the reconstruction and selection just described on particular physics
processes are simulated using a number of tools. The effects of the trigger requirements are
studied using the package TRIGSIM, which consists of a simulation of the Level 1 (L1SIM)
and Level 2 (L2sIM) triggers. L1SIM duplicates the Level 1 and-or network in software;
L2SIM uses the same code as used in the Level 2 trigger. TRIGSIM provides a reasonable
estimate of trigger efficiencies when combined with measurements using data sets collected
with complementary triggers.

The reconstruction of Monte Carlo events uses DOGEANT, a package developed by
D@ based upon GEANT [15], which simulates the interactions of particles as they traverse
the D@ detector. D@GEANT can be run at varying levels of detail. At “plate level,” all

uranium plates and argon gaps in the D@ calorimeter are included in the specification of the
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detector geometry, enabling a detailed simulation at the cost of intensive computation. An
alternative model specifies the supports and individual modules of the detector, but treats
the calorimeter as homogeneous blocks of a mixture of uranium, G10, and argon. A third
approach uses a library of real showers, and chooses one of these showers at random rather
than simulating each shower anew. The showers in all Monte Carlos that are indicated as

“run through full DGGEANT” in Chapters 4 and 5 are taken from a shower library.
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Chapter 4

Sleuth

In this chapter we introduce a new quasi-model-independent search strategy (“Sleuth”)
for the physics responsible for electroweak symmetry breaking. We define final states to be
studied, and construct a rule that identifies a set of relevant variables for any particular final
state. An algorithm searches for regions of excess in those variables and quantifies the signif-
icance of any detected excess. After demonstrating the sensitivity of the method, we apply it
to the semi-inclusive channel epX collected in 108 pb~! of pp collisions at /s = 1.8 TeV at
the DO experiment during 1992-1996 at the Fermilab Tevatron. This chapter also appears

as Ref. [16].

4.1 Introduction

It is generally recognized that the standard model, an extremely successful descrip-
tion of the fundamental particles and their interactions, must be incomplete. Although there

is likely to be new physics beyond the current picture, the possibilities are sufficiently broad
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that the first hint could appear in any of many different guises. This suggests the importance
of performing searches that are as model-independent as possible.

The word “model” can connote varying degrees of generality. It can mean a partic-
ular model together with definite choices of parameters [e.g., mSUGRA [17] with specified
my/2, Mg, Ao, tan B, and sign(u)]; it can mean a particular model with unspecified param-
eters (e.g., mSUGRA); it can mean a more general model (e.g., SUGRA); it can mean an
even more general model (e.g., gravity-mediated supersymmetry); it can mean a class of
general models (e.g., supersymmetry); or it can be a set of classes of general models (e.g.,
theories of electroweak symmetry breaking). As one ascends this hierarchy of generality,
predictions of the “model” become less precise. While there have been many searches for
phenomena predicted by models in the narrow sense, there have been relatively few searches
for predictions of the more general kind.

In this chapter we describe an explicit prescription for searching for the physics
responsible for stabilizing electroweak symmetry breaking, in a manner that relies only upon
what we are sure we know about electroweak symmetry breaking: that its natural scale
is on the order of the Higgs mass [18]. When we wish to emphasize the generality of the
approach, we say that it is quasi-model-independent, where the “quasi” refers to the fact
that the correct model of electroweak symmetry breaking should become manifest at the
scale of several hundred GeV.

New sources of physics will in general lead to an excess over the expected back-
ground in some final state. A general signature for new physics is therefore a region of

variable space in which the probability for the background to fluctuate up to or above the
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number of observed events is small. Because the mass scale of electroweak symmetry break-
ing is larger than the mass scale of most standard model backgrounds, we expect this excess
to populate regions of high transverse momentum (pr). The method we will describe involves
a systematic search for such excesses (although with a small modification it is equally appli-
cable to searches for deficits). Although motivated by the problem of electroweak symmetry
breaking, this method is generally sensitive to any new high pr physics.

An important benefit of a precise a priori algorithm of the type we construct is
that it allows an a posterior: evaluation of the significance of a small excess, in addition
to providing a recipe for searching for such an effect. The potential benefit of this feature
can be seen by considering the two curious events seen by the CDF collaboration in their
semi-inclusive ey sample [19] and one event in the data sample we analyze in this chapter,
which have prompted efforts to determine the probability that the standard model alone
could produce such a result [20]. This is quite difficult to do a posteriori, as one is forced
to somewhat arbitrarily decide what is meant by “such a result.” The method we describe
provides an unbiased and quantitative answer to such questions.

“Sleuth,” a quasi-model-independent prescription for searching for high pr physics

beyond the standard model, has two components:

e the definitions of physical objects and final states, and the variables relevant for each

final state; and

e an algorithm that systematically hunts for an excess in the space of those variables,

and quantifies the likelihood of any excess found.

We describe the prescription in Secs. 4.2 and 4.3. In Sec. 4.2 we define the physical objects
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and final states, and we construct a rule for choosing variables relevant for any final state. In
Sec. 4.3 we describe an algorithm that searches for a region of excess in a multidimensional
space, and determines how unlikely it is that this excess arose simply from a statistical
fluctuation, taking account of the fact that the search encompasses many regions of this
space. This algorithm is especially useful when applied to a large number of final states. For a
first application of Sleuth, we choose the semi-inclusive ey data set (epX') because it contains
“known” signals (pair production of W bosons and top quarks) that can be used to quantify
the sensitivity of the algorithm to new physics, and because this final state is prominent in
several models of physics beyond the standard model [21, 22]. In Sec. 4.4 we describe the
data set and the expected backgrounds from the standard model and instrumental effects. In
Sec. 4.5 we demonstrate the sensitivity of the method by ignoring the existence of top quark
and W boson pair production, and showing that the method can find these signals in the
data. In Sec. 4.6 we apply the Sleuth algorithm to the ey X data set assuming the known
backgrounds, including WW and #t, and present the results of a search for new physics

beyond the standard model.

4.2 Search strategy

Most recent searches for new physics have followed a well-defined set of steps:
first selecting a model to be tested against the standard model, then finding a measurable
prediction of this model that differs as much as possible from the prediction of the standard
model, and finally comparing the predictions to data. This is clearly the procedure to follow

for a small number of compelling candidate theories. Unfortunately, the resources required
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to implement this procedure grow almost linearly with the number of theories. Although
broadly speaking there are currently only three models with internally consistent methods
of electroweak symmetry breaking — supersymmetry [2], strong dynamics [3], and theories
incorporating large extra dimensions [4] — the number of specific models (and corresponding
experimental signatures) is in the hundreds. Of these many specific models, at most one is
a correct description of nature.

Another issue is that the results of searches for new physics can be unintentionally
biased because the number of events under consideration is small, and the details of the
analysis are often not specified before the data are examined. An a priori technique would
