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ABSTRACT

A SEARCH FOR WEAKLY
INTERACTING MASSIVE PARTICLES
IN THE FERMILAB TEVATRON
WIDE BAND NEUTRINO BEAM

By

Elizabeth J. Gallas

A time-of-flight technique has been used to search for new weakly interacting massive
neutral particles by exploiting the time structure of the Wide Band Neutrino beam
at the Fermilab Tevatron. Event times were measured relative to the accelerator
RF clock using high timing resolution scintillation counters in the 100 metric ton
fiducial volume of the E733 target/calorimeter during the 1987 fixed target run.
The experimental signature of a new particle candidate is an event with a measured
event time inconsistent with the expected time structure of the neutrino beam. No
such candidates were found. This null result has been used to set limits at the 90%
confidence level on a) heavy neutrino production from the decay of heavy quark
states, b) massive objects directly produced in 800 GeV/c pN interactions that
are noninteracting but unstable with mean lifetimes between 10~® and 10~*s and
c) directly produced massive objects that are stable but weakly interacting with

interaction cross sections between 10=%? and 10~3'c¢m?/nucleon.
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INTRODUCTION

A search for weakly interacting massive particles (WIMPs) has been performed in the
Tevatron Wide Band Neutrino beamline using a time-of-flight technique exploiting
the time structure of the beam. High timing resolution scintillation counters were
used to obtain event times relative to the phase of the accelerator RF clock. Events
with event times outside of the predicted time structure of the beam were consid-
ered as new particle candidates. Zero candidates remained after the analysis. These
results have been used to set limits on the existence of neutral weakly interacting

massive particles. The details of this analysis are described herein.

We begin by summarizing the Minimal Standard Model (MSM) of Elementary
Particle Physics, presenting the theoretical motivation for looking for evidence of
new physics beyond the MSM, and describing the framework of a few particular

extensions of the MSM where new weakly interacting particles might arise.

The geometry and composition of the neutrino beamline and the characteristics
of the neutrino beam are described in Chapter 2, along with a summary of the time-
of-flight technique utilized in this experiment to search for new particles. In addition,
we describe the charged particle beamline (the testbeamn) used to transport charged

hadrons and muons to the detector for calibration purposes.

The E733 detector is described in Chapter 3, focusing specifically on the proper-
ties of the timing apparatus built for this new particle search. Pattern recognition

and preliminary timing analysis are set forth in Chapter 4, followed by the full details
1



of measuring event times relative to the accelerator RF clock described in Chapter
5.

The absence of events outside the measured time structure of the neutrino beam
is used to attempt to extend limits on the existence of new particles in Chapters
6, 7 and 8. Specifically, models for the production of directly produced particles,
heavy neutrinos, and supersymmetric particles are evaluated. Each model proposed
is synthesized by a full computer simulation in order to gauge the sensitivity of the

detector to each particular model.



Chapter 1

Theory

1.1 Motivation for a Massive Neutral Particle
Search

Historically, searches for new particles have experienced continued interest in the
particle physics community. The discovery of such objects can be revealing, leading
to “quantum” leaps in our understanding of nature or to sighs of relief as theoretical
predictions are confirmed. This tradition of interest continues, exemplified by the
recent interest in the possible existence of a 17 keV neutrino [1).

The Standard Model of Elementary Particle Physics is a quantum gauge theory
which successfully describes the known elementary particles and their interactions.

Yet, there are lingering questions, such as:

e the Dark Matter problem — the visible mass density of the universe is only
about 10% of what is necessary to explain the observed expansion rate of the

universe and

e the Solar Neutrino paradox — the observed number of neutrinos from the sun

is inconsistent with solar model predictions.

3
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Such discrepancies remind us that there are mechanisms in nature, either new parti-
cles or other extensions to the theory, that are not included in the Standard Model.
It is generally agreed that the Standard Model as it stawus is 1ncomplete as an

ultimate theory of matter because:

e it contains a large number of arbitrary parameters such as particle masses and

couplings

e it requires additional components that include explanations for inconsistencies

such as those stated above

e the gravitational interaction is thus far missing in the theory.

Arguments have been made in favor of particular extensions of the Standard
Model that include weakly interacting massive particles called WIMPs which have
properties such that they provide solutions to the above paradoxes. The acronym
WIMPs was coined by Turner [2] to refer collectively to a number of hypothetical
states such as axions, light neutrinos, photinos, Higgs fermions, scalar neutrinos,
heavy neutrinos etc. They are grouped together because their weakly interacting
properties make them good dark matter candidates, among other things. In this
document, the use of the acronym "WIMP” is meant to imply the following general

properties:

e Weakly interacting implies a non-strongly interacting particle that is not nec-

essarily weakly interacting in the sense of the weak force (W< or Z° exchange).

e Massive implies a non-zero rest mass. References made herein to the light or
massless neutrinos indicate those mass eigenstates which couple dominantly to

the weak eigenstates v., v, and v..

e Electric charge properties are not implied; however, in the context of this

analysis, a zero electric charge is assumed unless otherwise stated.
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The combined results of solar neutrino experiments and e*e™~ collider experiments
have ruled out a wide class of dark matter candidates such as weak isodoublet neu-
trinos and supersymmetric particle candidates with masses less than =~ 30GeV/c?
[3, 4]. However, all possible states with WIMPy properties have not been ruled
out. Such particles will not be seen unless they are explicitly searched for, as in the

present analysis.
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1.2 The Standard Model

The Standard Model of elementary particle physics is currently uneqnaled in its
ability to describe the observed interactions between elementary particles.

The Minimal Standard Model (referred to henceforth as SM or the Standard
Model) contains the minimum number of necessary particles and interactions for
a self consistent theorv. It includes a set of gauge bosons associated with each

interaction type, namely
e one massless photon () that mediates the eleciromagnetic interaction,
o eight massless gluons (g) exchanged in strong interactions and
e the massive W* and Z° bosons mediating the weak interaction.

Also included is one neutral scalar Higgs boson (H°) and three generations of quarks
and leptons shown in Figure 1.1. For each quark and lepton, there is a corresponding

antiparticle with the same mass but opposite charge.

Y c+2/3 #+2/3 o1 pl 1
) (e ) (S5n) (e )0 () (52) ()

Figure 1.1: The Minimal Standard Model includes three generation of a) quarks and
b) leptons. The superscripts indicate the fractional electric charge.

A quantum number called the lepton number is associated with each lepton gen-
eration of Figure 1.1b), namely L., L,, and L, = +1 (~1) for each of the two leptons

(antileptons) in each generation, respectively. Lepton number has been observed to

be conserved in all types of interactions.
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A similar assignment is made in the quark sector for quarks listed in Figure 1.1a)
and their antiquarks. All quarks are assigned a baryon number! B = +1/3, while
antiquarks have B = —1/3. Experimentally it has been observed that baryon number
is conserved in all interactions. But unlike the lepton number, the number of quarks
of a particular generation are not always conserved (as discussed in a later section).

Quarks and leptons are always created and annihilated in pairs, conserving
baryon number (B) and lepton number (L = L. + L, + L.), L., L., L,) in all inter-
actions.

The SM contains a large number of theoretically unpredictable parameters,
namely the particle masses and the couplings between them. These 18 parameters

include
e 6 masses for each of the quarks listed in Figure 1.1 a),

e 3 masses for each of the charged leptons of Figure 1.1 b),

4 quark mixing angles that specify the Kobayashi Maskawa (KM) matrix dis-

cussed below,

e the masses of the W and Higgs bosons, and

3 coupling constants expressing how each of the vector bosons couple to the

elementary fermions:

1. a is the fine structure constant expressing the coupling between the pho-
ton and charged particles. It is usually expressed as (e?/(47) =~ 1/137,
proportional to the square of the familiar unit of electric charge e.

2. 0w is the Weinberg angle used to relate a to the weak coupling constant

(gweoh ) .

1Fractional baryon number is assigned so that bound quark states have integral baryon number.
Hadrons, consisting of three quarks, have B = 1 and mesons, consisting of a quark antiquark pair,
have B = 0.




8

3. a, is the strong coupling constant (sometimes denoted as).

Many of these parameters have been experimentally measured. Some fundamen-
tal particles have not yet been directly observed; namely, the top quark, the Higgs
boson, and the tau neutrino. Indirect evidence of the tau neutrino has been seen in
a combination of tau decay and neutrino interaction data. The Higgs and the top
quark are expected to be seen as the energy of accelerators increases to a level that
can produce them.

The Standard Model is a quantum gauge theory based on the gauge group
SU(3)c x SU(2)L x U(1)y. It includes the Strong, Weak and Electromagnetic inter-
actions acting between 3 generations of quarks and leptons. The Lagrangian for the

exchange of the vector bosons between fermions is given in Equations 1.1-1.4.

£ = ezf:Qf (f+ f) 4 (1.1)
b S 7)1 (57 - Qo)
+fr* (1+7°) f (—Qysin’ 0w )] 2, (1.2)
d
+ % (ﬁft_)‘Y“(l—vs)chu «;
+ (Ve vy o )Y (1 - 75) © ) } Wt + h.c.:l (1.3)
+ 9—23 ij [ X2 98] G2 (1.4)

The electromagnetic interaction describes interactions between electrically charged
particles mediated by the photon. From the term 1.1, note that the strength of in-
teraction between a photon field A* and a fermion is proportional to the electric

charge of the fermion (Q; €). The sum over f indicates the sum over all fermions.
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Since the photon is electrically neutral, the incoming and outgoing fermion carry the

same electric charge and photons do not couple to each other.

Color charge is the quantum number exchanged in the strong interaction. QCD,
or Quantum Chromodynamics, describes the interaction between color charged ob-
jects. Quarks (antiquarks) carry one of three colors 2 (anticolors), while gluons
are members of a color octet. In the term 1.4, G® represents the eight electrically
neutral but color charged gluons exchanged in the strong interaction. The sum over
q indicates a sum over all quarks (leptons do not have color charge and thus do
not participate in the strong interactions). The implicit sum 3 over indices « and
B indicates the sum over three colors for the incoming and outgoing quarks. Unlike
photons, the gluons exchanged in the strong interaction, carry the type of charge
(color) that they couple to. Therefore, gluons interact with any colored objects,
including themselves. Gluon fusion, a process where two incident gluons couple to
form a quark-antiquark state, is expected to be the dominant production mechanism
for the heavy quarks (like ¢ (charm) and b (bottom) ) in high energy pN interactions

discussed further in a later section.

The coupling g3, sometimes written in terms of the strong coupling constant
az = g3/(4w), is known to vary considerably with the momentum transfer  of the
interaction. But in the limited range from 3 to 40 GeV, the value of a3 is measured
to be ~ 0.15 with an accuracy of about 20 — 25% [5]. This average value is used in
Chapter 8 to approximate the interaction cross section of supersymmetric particles
with quarks.

Other coupling strengths (leading constants in the first three terms of Equations
1.1-1.3) like the constant g; = e/ sin @w, also vary with momentum transfer, but at

a much slower rate.

3The three colors are red, blue and green.
3Using the standard convention, repeated indices are meant to be summed.
‘Momentum transfer is the momentum transmitted by the vector boson.
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The Equations 1.2 and 1.3 describe the emission or absorption of the massive
Z° and Wt bosons in the so-called weak interactions. The sum over f indicates
the sum over all fermions with fractional electric charge Q; and weak isospin T7.
Left and right handed fermions undergo weak interactions in an asymmetric manner,
suggesting an inherent handedness of the weak interaction itself. Left (right) handed
fermions (antifermions) form weak interaction doublets ® while right (left) handed
fermions (antifermions) act as weak isospin singlets.

In Equations 1.2 and 1.3, the terms (1 — 4°) and (1 4 4%) select exclusively the
left and right handed components respectively. Therefore the second line of term
1.2 describes the only interaction of right handed fermions. Since the interaction
coupling is proportional to the fermion electric charge (Q; €) and the neutrino is
neutrally charged, no term in this lagrangian includes an interaction of right (left)
handed neutrinos (antineutrinos). No evidence for right handed neutrinos (left
handed antineutrinos) has been found, thus the Standard Model contains only left
handed neutrinos (right handed antineutrinos).

In general, a weak eigenstate is not necessarily equivalent to a single mass eigen-
state, but rather is a linear combination of mass eigenstates. The unitary matrix
that identifies the coefficients of the transformation from the mass eigenstates to the
weak eigenstates is called a mizing matriz. The term Vogy of Equation 1.3 is a 3

by 3 matrix describing this mixing in the quark sector. Thus

d Vid Vue Vs d
s | =| Va V., Vg, s |, (1.5)
b Vi Vie Vi b

where d', 8’ and ¥ represent the weak eigenstates, and d, s and b are the mass
eigenstates. This matrix is constrained to be unitary. Therefore, each of the 9
coeflicients is not independent. Rather, the matrix can be expressed in terms of 4

independent parameters. Choosing the parameterization of Kobayashi and Maskawa

A doublet is formed by the two particles in each respective generation shown in Figure 1.1.
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(6], with 4 angles 6,, 83, 63 and &:

d' c —38;C3 —3183 d

[] - 1) 7
s = | 8102 C1C2¢3 — 3383€”  €16233 + S203€} s |, (1.6)
b 8183 C183€C3 + C233€% 18283 — cacze’ b

where the shorthand notation ¢; = cos §;, s; = sin4; etc. has been used.
This parameterization was chosen for historical reasons: In the limit where §; = 0
and §; = 0, the angle §, is equivalent to the Cabibbo mizing angle (6¢c), the single

mixing angle describing the corresponding transformation for the 4 quark case [7]:

d\ [ cosbc sinbc \ [ d
(3')—(—sin00 cosoc)(,g)' (1.7)

The magnitude of this mixing angle has phenomenological consequences for decays
considered in Chapter 7. In the 3 body decay of the charmed D* meson, the charm
(c) quark can decay to either a strange (s) quark with strength proportional to cos 8¢
or a down (d) quark with strength sin fc. The cosine of this angle has been measured
to be nearly unity (0.9747), so the charm to strange transition is a Cabibbo favored
decay. On the other hand, the charm to down transition is Cabibbo suppressed. For
leptons, experimental evidence of this type of mixing has not been found.

Missing from the lagrangian of Equations 1.1 - 1.4 are terms describing the inter-
action of the fundamental particles with the scalar Higgs boson field. It is theorized
that particle masses arise by way of a spontaneous symmetry breaking mechanism
through the interaction of these fundamental particles with the vacuum via Higgs bo-
son exchange [8, 9, 10] (thus the need for the Higgs particle in the Standard Model).

The generation of mass by way of this Higgs mechanism is appealing in that

1. The breaking of gauge symmetry leads necessarily to massless photons and

gluons, yet allows for the massiveness of the W and Z bosons and the fermions.
2. Renormalizability of the theory is preserved [11].

Yet unanswered questions remain. For example:
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1. Why does mass increase with each generation for quarks and charged leptons

?

2. Fermion masses are free parameters. Is there some way to predict the particle

masses 7

3. Why do the neutrinos appear to be massless ? Why don’t we observe a right

handed neutrino ?

4. All the charged fermions are Dirac particles. Is the neutrino a Dirac particle

or is it a Majorana particle (where the neutrino is its own antiparticle) ?

The present experiment cannot directly address the questions above as to the
basic nature of the light neutrinos. But if additional heavy neutrinos exist, the
nature of the light neutrinos may determine how these heavy neutrinos manifest
themselves. So conversely, a signal of heavy neutrinos may shed light on the nature
of the light neutrinos. In a later section, the consequences of nonzero neufrino masses
and lepton mixing are described in addition to a consideration of the possibility of

the existence of additional neutrinos (including massive right handed neutrinos).
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1.3 Phenomenology of Particle Production

By observing how Standard Model particles are produced, we may be able to de-
duce how non-SM particles might be generated experimentally and consider possible
reasons why they might be seen in the present experiment and/or why they have
not been seen in other experiments to date. This section describes how different as-
pects of particle production and decay are studied quantitatively. These results are
used to computer model WIMP generation for setting limits on WIMP production
in Chapters 6, 7 and 8.

In the Standard Model, quarks are bound within multiparticle states called
hadrons (which contain three quarks) and mesons (which contain a quark-antiquark
pair). Heavy quark states are those states which contain one or more of the heavier
quarks charm, bottom and top. Examples of heavy quark states include the charged
D% mesons which are bound states of (¢,d) and (,d), respectively. Heavy quark

production is of interest here for two reasons.

1. New neutral massive particles (WIMPs) may be a decay product of a heavy

quark state, as we will consider in Chapter 7.

2. WIMPs may be produced directly in pN interactions as we will consider in
Chapters 6 and 8. For lack of a better phenomenological model, we assume
new massive particles to have production characteristics similar to that of heavy

quark production.

1.3.1 Production of Massive Particles in pN interactions

In the QCD parton model, nucleons (protons and neutrons) are made up of 3 valence
quarks, gluons and quark-antiquark pairs (sea quarks). A parton is any one of these
constituents. The quarks carry, on average, half of the nucleon momentum with

the gluons bearing the other half. The sea quarks typically carry a much smaller
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momentum fraction. In pN interactions, a parton from the incoming proton interacts
with one of the partons in the target nucleon. Additional quark antiquark pairs are
produced that recombine with the initial state quarks to form hadrons in the final
state.
According to this model, heavy quarks are produced via the Drell Yan (quark
antiquark annihilation) or gluon fusion mechanisms. The leading order Feynman

Diagrams for these processes is shown in Figure 1.2.

0l
ol

(a)

9 ‘ (b)

| |

Figure 1.2: Feynman Diagrams for heavy quark production in hadron-nucleon inter-
actions via a) Drell Yan and b) Gluon Fusion processes. '

At high incided beam energy (E > 200GeV), gluon fusion is expected to be the
dominant mechanism for heavy quark production. The cross section for the Drell
Yan process is relatively less significant since the probability of finding an antiquark
in a nucleon is small.

Because bottom hadroproduction data are meager, the majority of heavy quark
production phenomenology has been based almost exclusively on the studies of charm

particle production. Charm meson hadroproduction cross section measurements,
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presented in Chapter 7, are consistent with QCD parton model predictions [12].
Chapters 6, 7, and 8 all use assumptions about the differential production rates.

The following section describes how differential production is parameterized.

1.3.2 Scaling variables for Production

Many hadroproduction experiments have studied how charm particles are produced.
In the center-of-mass coordinate system of the collision, the longitudinal momentum®
is described in terms of the variable Feynman X (zf), the fraction of the maximum
possible longitudinal momentum (pﬁ“x ) carried off by the inclusively produced par-

ticle:

on < Pl
F = piex (1.8)

The maximum momentum (p{f4X) is assumed to be half of the center-of-mass energy
squared (4/s). Therefore,

Tp = %- (1‘9)

The transverse momentum’ (pr) has been measured to be distributed exponen-
tially.

Production in the center-of-mass frame is parameterized using the form

o

—_— - n « e~ Yr%)
dzrdph x (1 —|zp|)™ x e~\PT) (1.10)

where n and b are constants determined empirically for a particular process. We
assume longitudinal and transverse momentum components are independent.

The motivation for using this parameterization is as follows. Using VQCD
fragmentation® arguments in the high zp region, the inclusive cross section for any

final state particle should be of the form (1 — |zp[)™ [13]. This form seems to be

5The longitudinal momentum is the momentum in the direction of the interacting particles.

"The transverse momentum is the momentum in the plane perpendicular to the direction of the
interacting particles.

8Fragmentation is the process whereby dissociated partons always produce quark anti-quark
pairs which then combine to form a collimated ‘jet’ of hadrons.
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universally accepted (over all zr) although occasionally experimentalists chose to
fit for different values of n in the low and high zr regions. If a final state hadron
contains one of the initial valence quarks, it is more likely to be produced at high
zr, since valence quarks are more likely to have a high momentum fraction. This
is called leading production. On the other hand, non-leading production refers to
production of hadrons that do not contain a valence quark, which is more likely to
be produced with low zF.

Forms for the pr dependence vary. Alternative forms include e~t* and e~tPT
depending on the beam type and energy, zr range, target type and experimental
prejudice.

In the simulations described in the last 3 chapters, different values (or ranges) of

the parameters b and n are used, depending on the type of production considered.
1.3.3 Decays

Particles produced via decay of some heavier particle have an energy and angular
dependence that is model dependent. For the models considered in this thesis, we
expect the decay products to have a a flat angular distribution in the center of mass

of the parent particle (isotropic decay). The energy distribution of decay products

is predicted on a case by case basis.

1.3.4  “A dependence” of Production Cross Sections

The term “A dependence” refers to the dependence of the cross section on the atomic
weight of the target nuclei involved in an interaction. In the present experiment,
the primary target is composed of beryllium oxide (A=17) and the beam dump is
made of aluminum (A=27). It is important in this analysis because different types
of particle production are known to have different atomic weight dependénce. In
particular, charm production cross sections have been measured to have a stronger

A dependence than the average inelastic process cross section. In a beam dump
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experiment, this results in an enhancement of the charm production probability in
denser targets.

The basic mechanism for A dependence is not well understood. In the parton
model, interactions occur between relatively free quarks and gluons in the nucleus.
Intrinsic motion of partons in nuclei are affected by collective nuclear effects. So
effective pa.rt;)n distributions ® are known to change with atomic number.

The A dependence is determined by measuring a in the following formula for the

invariant cross section for a particular process:
ESS = go A4~ (1.11)

where a is a constant and oy is the invariant cross section for a hydrogen target for
the same process.

The constant a for the total inelastic cross section has been measured to be
0.7240.01 [14] for protons with energies ranging from 60 to 280 GeV on six different
target types (with a range in A from 7 to 238).

The constant a for charm production in pN interactions has been measured by
over 30 experiments, many of which give seemingly contrary results. A thorough
summary and interpretation of the results of these experiments is given by Tavernier
[12]. Paraphrasing the conclusion of this study: The total charm production cross

section depends more or less linearly on the atomic number A.

9Parton distributions express the momentum distribution of quarks or gluons in nuclei.
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1.4 Extensions of the Standard Model

Though new heavy neutral particles don’t fit into the Minimal Standard Model, they
do fit into modest extensions of the Standard Model as described below. Limits ob-
tained from detailed simulations for the particular models considered in this analysis

are presented in the last 3 chapters.

1.4.1 Neutrino Mixing and Neutrino Oscillations

In the Standard Model, right handed neutrinos do no: exist and left handed neutrinos
are strictly massless. If neutrinos are indeed massless, there is no need to diagonalize
the mass matrix as required in the quark sector to relate the mass eigenstates to the
weak eigenstates. Hence, there is no mixing in the lepton sector as in the quark
sector.

The current upper limits [15] on the mass of the mass eigenstates which couple

dominantly to the weak eigenstates v, v,, and v, are

IA

7.3 eV/?

m(11)
m(v;) < 0.27 MeV/c?

m(vs) < 35. MeV/c?,

respectively. There are no theoretical reasons to believe that these masses really
vanish. Phenomenological consequences of nonzero neutrino masses can include lep-
ton mixing analogous to the mixing observed in the quark sector and/or a quantum
mechanical phenomenon called neutrino oscillations.

Consider a simple model that includes two nondegenerate neutrino mass eigen-
states 1, and v; that are related to the weak interaction eigenstates (v, and v,) by

a unitary transformation characterized by the mixing angle § as follows:

( V. ) = ( St cond ) ( ” ) : (112)
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Neutrinos are produced via the weak interaction. In this case, assuming some non-
trivial mixing (a # 0,7/2,etc.), the weak eigenstates consist of two-component
waves.

As the state propagates through space, the various components evolve differently,
and physical manifestations of this differing evolution may occur. To detect mixing
it is essential to be able to distinguish between interactions of one component of a
wave over the other. In this example, v, interactions usually produce a muon in the
final state, while v, interactions do not, so this distinction is possible.

Assume an initially pure v, beam is produced with momentum p. After a time,
the beam would be composed of some admixture of v, and v, that oscillates with
time (and distance). The probability of finding a v, in the beam after a time t, is
given by

Py, —» v,)=1-sin?20 sin? [(Eg;zEl)—t] . (1.13)

The momentum of each component is the same but the masses differ, so E; and E;,
the energy of each component, respectively, are not the same. The probability of
finding a v, at the same time is 1 — P(v, — v,).

Further, if we assume p >> m; and p >> m;, then
3 _ e L
P(v, = v,) = 1 - 5in?20 sin? [(m,Tml)__] , (1.14)

where E is the average beam energy, L is the distance traveled in time ¢, and m,
and m, are the v; and v; masses, respectively.

For oscillations to occur, the mass eigenstates must have degenerate masses and
the mixing angle must be nontrivial. To detect oscillations, the beam energy and
detector configuration must be optimized so that the oscillation length

4F

" (mi—ml)

! (1.15)

is comparable to the distance L for the mass difference of interest.

Consider the following possibilities:
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1. If L is much shorter than the oscillation length I, then the beam will essentially

be in its original state because oscillations have not yet developed.

2. If L is comparable to [, the composition of the beam will vary with L as in
Equation 1.14. This is experimentally feasible for mass differences squared

between 0.01 and 1000eV?3.

(a) For mass differences smaller than 0.01, the beam energy required is too

small and thus difficult to study.

(b) For mass differences larger than 1000 eV?, even for high beam energy, the

oscillation length becomes small relative to the detector size.

3. If L is much larger than [, then the oscillation pattern will have been washed
out because of the finite energy spread of the beam. Expressed quantitatively,
the fractional deviation of the oscillation length is proportional to that of the

energy. So oscillations become washed out after a distance z = [/(§E/E).

To conclude this oscillation discussion: The detection of neutrino oscillations
is not possible for large mass differences because of experimental limitations listed
above in cases 2b) and 3). But evidence of neutrino mizing may still be present:
As the mass difference becomes large, the oscillation length becomes so short that it
cycles many times over the length of the detector. The oscillating term in Equation
1.14 averages to a constant, so the probability P(v, — v.) no longer varies with

distance. It becomes

1
P(v, > v,) = 53in’20. (1.16)

The masses of the light neutrino eigenstates are known to be small, so the present
experiment is not sensitive to mixing among the known light neutrinos. But if a
light neutrino mixes with a new heavy neutrino eigenstate with mass >500MeV/c?

as described in Chapter 7, the heavy state would manifest itself by arriving at the
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detector later than its light counterpart. Thus, this is not a neutrino oscillation
experiment but it is complementary to the search for neutrino oscillations because
it can detect large mass differences even for small mixing angles as we will see in

Chapter 7.

1.4.2 Supersymmetry

Supersymmetry is a symmetry that associates an integral spin particle with each
half integral spin particle and vice versa. This extension of the Standard Model has
received considerable attention in theoreticil and experimental circles since its pro-
posal nearly 20 years ago. It is appealing in that it provides a framework for unifying
the Standard Model of strong, weak and electromagnetic interactions with the grav-
itational interaction. There are many excellent papers summarizing supersymmetry
and its implications [16, 17, 18|.

The Minimal Supersymmetric Standard Model incorporates the minimum num-
ber of new associated particles and interactions: one superpartner is associated with
each Standard Model particle plus additional Higgs doublets to generate masses for
the “up” and “down” type quarks and leptons.

In general, the naming conventions for the superpartners (supersymmetric part-

ners of Standard Model particles) are

e For the gauge bosons, add the suffix -ino.

¢ For the elementary fermions (quarks and leptons), add the prefix s.

A superpartner has all the same quantum numbers as its SM counterpart, differing
only in its spin. The symbol for a superpartner is a tilde symbol over the symbol
for the Standard Model particle corresponding to it. These naming conventions and
symbols are shown in Table 1.1.

Superpartner masses are the only additional model independent parameters in

the theory. The squarks and sleptons are generally referred to collectively (as in
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Table 1.1: Supersymmetric particle naming conventions, symbols and spin.

Associated with each is a supersymmetric
Standard Model particle partner

1 lepton (s = 1/2) i slepton (s=0)

q quark (s = 1/2) q squark (s=0)

v photon (s =1) 4  photino (s = 1/2)

g gluon (s =1) J gluino (s = 1/2)
W% Whboson (s=1) | W& Wino (s = 1/2)

Z'O

Z° Zboson (s=1) Zino (s = 1/2)

Table 1.1), rather than speaking of them in terms of generation, since their masses
(and mass hierarchy) is not known. The couplings of SUSY particles to each other
and to SM particles are expected to be the same as the familiar Standard Model
couplings, with the following exception: Because cross sections in general depend on
the mass of intermediating particles, the mass of the superpartners exchanged affects

the overall rate of any supersymmetric process.

If this symmetry were not broken, superpartners would have the same masses
(and couplings) as their SM counterparts. Therefore if supersymmetry exists in
nature, it is badly broken, because of the absence of evidence of supersymmetric

partners in searches to date at currently accessible mass scales.

R-invariance

Theories where supersymmetry is respected at low energies usually include a global
U(1) invariance which leads to a conserved quantum number called R-parity. R-

parity is defined as

R= (_1)3(B—L)+25
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where B and L are the Baryon and Lepton number respectively and S is the particle
spin. Conventional SM particles (quarks and leptons) have even R-parity, while their
SUSY counterparts have odd R-parity.
As is conventional, we assume R-parity is conserved. Phenomenological conse-

quences of this assumption are
e each interaction vertex must contain supersymmetric particles in pairs,
o the decay of a superpartner produces another superpartner, and

o the lightest superpartner (LSP) is stable.

It is generally assumed that all superpartners are unstable except for the LSP. Con-
sequently, the LSP is the final decay product in any decay chain of heavier su-
perpartners. Cosmological considerations restrict the LSP to be neutrally charged
and non-strongly interacting [19]. It may be weakly interacting in matter, with an

interaction cross section comparable to that of the neutrino.

Low Energy Supersymmetric Theories

Theories which include superpartners with masses around 100 GeV/c? are generally
referred to as low energy supersymmetric theories [18]. Many such possibilities have
been ruled out, however, there remains some controversy about the possibility of
light gluinos with masses in the range 1GeV/c? < Mess uino < 5 GeV/c? [15].
This mass range is within that kinematically accessible in the present experiment:
In Chapter 8, we estimate the sensitivity of the E733 detector to a specific model of
supersymmetric particle production that includes gluinos with masses in this light

gluino window.







Chapter 2

The Beamlines

2.1 The Time-of-Flight (TOF) Search Technique

The technique utilized in this experiment to search for neutral heavy particles in a
beam dump was first suggested by Shrock [20].

800 GeV /c protons strike the primary production target in bunches synchronous
with the accelerator RF clock. The bunches are separated by about 19 ns. The
neutrino beam is primarily composed of neutrinos from conventional sources, in other
words, neutrinos from the decay of pions or kaons produced by protons at the target.
The beam may also contain a small fraction of neutrinos from prompt sources (from
the decay of short lived heavy quark states, for example from charmed D mesons).
The charged secondaries and their light decay neutrinos are highly relativistic, so
they maintain the time structure of the protons on target as they traverse the over
1000 meter distance to the E733 detector. Therefore, the neutrino beam enters the
E733 detector in bunches separated in time by about 19 ns. The shape of each bunch
in time is expected to be approximately gaussian with an RMS deviation of less than
1 ns.

Event times relative to the phase of the RF clock are measured using high timing
resolution scintillator counters operating parasitically within the detector of neutrino

experiment E733 during the 1987 Tevatron fixed target run. The pattern recognition
24
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capabilities of the calorimeter and spectrometer are used in combination with the
scintillator output to reconstruct event times.

We assume the mean arrival time of ~ll neutrino bunches reiative to the RF clock
is centered at £ = 0.0 ns. Measured event times are folded into a single period of the
RF clock from ~ —9.5 to = +9.5 ns (total width = 18.83 ns). The root mean square
deviation of the measured event time distribution is less than 1 ns (see Chapter 5).

Except for cosmic ray interactions, there is no known mechanism that is expected
to produce an event in the E733 detector with an event time outside of the window
corresponding to the arrival time of a neutrino bunch. This experiment exploits this
property of the neutrino beam to search for new physics. An event time outside of
the expected neutrino event time window is a distinct signature of a massive particle.

Any unknown massive neutral particle produced in the beamline that travels
collinearly with the neutrino beam will arrive at the detector later than it’s respective
neutrino bunch because it is not traveling at the speed of light. This delay in
time is called the ‘time of flight’ (¢ror). More precisely, the ¢troF is the time for a
massive particle to traverse a given distance minus the time a massless (speed-of-
light) particle would require to travel that same distance. It is well approximated
by (see Appendix B)

D (M?
ttof = -é—c- (F) ) (2.1)

where D is the distance from the point of production to the point of interaction or
decay, M is the particle mass, cis the speed of light, and P is the particle momentum.

Some degree of ambiguity is associated with the tror that is measured for a
particular event because time measurements are folded into a single period of the
RF clock. If the actual troF of the massive particle is greater than the period of the

accelerator clock (18.93 ns), the time that is measured is
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where m is an integer that shifts t7oF into the time window from —9.5 to 9.5 ns. The
effects of this ambiguity will be seen in Chapters 6, 7 and 8, the simulation chapters
of this thesis.

In the absence of events in the signal region of the event time distribution, models
of new particle production that include such events can be excluded. Such is the
case in this analysis. No events were found with properties inconsistent with that of
a neutrino event. This null result was used to set limits on the existence of directly
produced massive particles in the last three chapters.

A high resolution time-of-flight technique has been used previously in a Fermi-
lab neutral beam experiment to search for new massive objects [21] produced in
300 GeV/c pN collisions. The present experiment is the first implementation of this
technique in a Tevatron neutrino beam line experiment utilizing a higher beam en-
ergy (800 GeV/c).

In summary, the minimum bias nature of the detector triggering system (as de-
scribed in Chapter 3) and the addition of the time-of-flight apparatus to the detector
makes the E733 detector uniquely sensitive to new physics. Any weakly interact-
ing massive neutral particle that either decays or interacts in the detector leaves a

distinctive signature, a ¢roF, which is characteristic of the mass of that particle.
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2.2 The Wide Band Neutrino Beamline

2.2.1 Overview

A wide band neutrino beam is produced as a result of the following processes:

800 GeV/c protons on a target produce an intense spray of charged and neutral

secondary particles, predominantly pions, kaons and protons

e a series of collimators and magnets immediately downstream of the target serve

to focus charged secondaries into an evacuated decay pipe

e Approximately 5 % of the charged pions and 28 % of charged kaons entering

the pipe decay, usually via decay modes with neutrinos in the final state

e A beam dump located downstream of the decay region serves to absorb all
undecayed hadronic matter and charged leptons leaving only the weakly inter-

acting uncharged neutrinos to enter the detector.

2.2.2 Constituents and Spectra

The neutrino beam utilized in the 1987 fixed target run in the N-Center Neutrino
Beamline at Fermila.b has been modeled in detail. A schematic of the beamline is
shown in Figure 2.1.

Protons with momentum 800 GeV /c strike a 1 interaction length beryllium target.
The differential and total cross sections for charged and neutral secondaries are
predicted using a scaled production model [22] which incorporates measurements
of the characteristics of charged secondaries produced by 400 GeV/c protons on
beryllium targets [23]. A configuration of beam focusing elements called the The
Quad Triplet Train [24] is located immediately downstream of the target. This train
consists of a series of collimators and quadrupole magnets configured to optimally

focus charged secondaries of momentum 300 GeV/c into the decay region. No sign
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Figure 2.1: Schematic of the Wide Band Neutrino Beamline.

selection is performed by the train so the resulting flux at the detector contains both

neutrinos and antineutrinos.

The traversal of particles through the train is simulated using Decay Turtle [25],
a computer program designed to model charged particle transport systems. Shown
in Figures 2.2 a-f are the predicted energy spectra for charged secondary pions, kaons

and protons as they enter the decay region.

The proton and antiproton spectra are included here because they are of interest
in the production of massive neutral particles at the beam dump demonstrated in
Chapters 7, 6, and 8. The rise in the proton energy spectrum above 400 GeV/c
models the expected diffractive component of the secondary proton beam. Very
little data exists that measures particle production in this regime. This spectrum
reflects what we believe to be reasonable based on what experimental and theoretical

information is available.
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Because secondaries are transported along a straight path from the target into
the decay region, neutral secondaries that have neutrino decay modes such as K}
[26] must also be considered as a source of neutrinos in the beam line simulation.
The expected energy spectrum of K§ is shown in Figure 2.2 g.

The energy spectrum for each of the charged secondaries rises sharply from about
100 to 200 GeV/c . Low energy charged secondaries (E, < 100 GeV/c ) are swept
out of the beam as a feature of the Triplet Train. This feature has no effect on the
neutral particles, thus the K? energy spectrum demonstrates no such low energy
cutoff.

Shown in Table 2.1 are the factors involved in estimating the number of secondary

particles entering the decay region per proton on target.

Table 2.1: Secondary Production Efficiencies and Focusing Efficiencies

| Term | »* | K* | p* | = | K- | p~ | K? |
Xodet | 1-109 | 0.143 | 0.686 | 0.723 | 0.082 | 0.036 | 0.097
train | 0.073 | 0.075 | 0.252 | 0.053 | 0.038 | 0.027 | 0.033

The index i is used to indicate beam particle dependence. X

model T€DPTESENts

the number of secondaries of type i produced at the target per proton on target
according to the scaled particle production model [22] mentioned previously. Ef, ;.
(train efficiency) is the number of secondary particles of type i that exit the Quad
Triplet Train per number produced at the target as predicted by the train simulation
[25].

The decay modes considered to be significant sources of neutrinos at the detector
are from the two body decay of pions and the two and three body decay of kaons. A
computer simulation of the neutrino decay modes of these secondary particles is used

to obtain a representation of the neutrino flux at the E733 detector. This simulation

predicts the neutrino energy spectrum and the correlated radial distribution at the
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detector for each neutrino type from each secondary source. This program also
calculates the fraction of neutrinos entering the detector fiducial volume of those
produced from each decay mode times the probability for that parent to decay. The
values of this fraction, labeled F;, is shown in Table 2.2 along with the decay modes

and relative branching ratios Brj-.

Table 2.2: Neutrino Decay Modes and Associated Efficiencies

Term at s pv, | Kt - pv, (7~ > pp, | K- > po, | K2 — py,n
(— pyum) (= uo,x) (— evem)
(— ever) (- ep.m)
Br; 1.000 0.6350 1.000 0.6350 0.270
0.0320 0.0320 0.386
0.0482 0.0482
F; 0.0231 0.0632 0.0225 0.0544 0.0117
0.0636 0.0552 0.0119
0.0633 0.0541
V;-/POT 18.670 4.270 8.613 1.096 0.111
(x10“) 0.217 0.056 0.160
0.324 0.083
Zj V;-/POT 18.670 4.811 8.613 1.235 0.271
(x107%)

The index j is used to indicate decay mode dependence. Using the values for

F} and Br} in Table 2.2 and X, ., and Ej

train 10 Table 2.1, one can calculate the
expected number of neutrinos from each secondary parent type (index i) and decay
mode (index j) per proton on target (POT) using the formula

v

POJT = X,"Mdd * E':,m.n * BR; * FJ'

The values of v/ POT are also shown in Table 2.2. Also shown in this table

(2.3)

is 3°; v}/ POT representing the relative contribution to the neutrino flux from each
respective source i.

Shown in Figure 2.3 is the measured energy spectrum of interacting neutrinos
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within the TOF fiducial volume compared with the predicted spectrum. The pre-
dicted distribution shown is weighted by neutrino energy in order account for the
known linear energy dependence of the interaction cross section. This spectrum is not
corrected for energy resolution effects [27] or second order corrections to the K /7y

flux ratio [28]. These spectra agree adequately for the purpose of this analysis.

Neutrino Energy Distribution — compare theory to data
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Figure 2.3: The predicted neutrino energy distribution (dashed line) compared to
that seen (solid line) in the E733 detector. The predicted spectrum is weighted by
energy to account for the known linear dependence of the neutrino interaction cross
section. The data sample consists of all charged current neutrino interactions with
a reconstructed primary vertex in the TOF fiducial volume.

2.2.3 Beamline Elements

Because of the large flux intensity and mean energy of the primary and secondary
hadron beams, their absorption can produce unknown neutral massive particles in
large quantities if these particles exist. Beamline elements of particular interest
in searching for new particles are those elements which absorb a large fraction of
the primary proton flux or the predicted secondary particle flux. Specifically, the
geometry and composition of the neutrino target, the beam dump and the berm are

relevant.
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The primary neutrino target is located 1599 meters upstream of the detector.
It is beryllium oxide (A=17) and is one nuclear interaction length long. Its cross
section is many times that of the proton beam spot size. Therefore, it is expected
that approximately 2/3 of all protons on target interact in the target producing
secondaries, leaving approximately 1/3 (1/e) remaining 800 GeV/c primary protons
undeflected through the target, the Quad Triplet Train, and the decay pipe.

Uninteracted primary protons and undecayed secondaries are eventually absorbed
in the effectively infinite hadron beam dump located 1057 meters upstream of the
E733 detector at the end of the decay pipe . The beam dump consists of four 5 foot
long modules. The first two modules consist of a water cooled aluminum absorber
181" wide x261" high set in steel extending to a width of 37" and height of 35".
The following two modules are solid steel. Monte Carlo calculations requiring dump
characteristics assume the dump composition is a uniform aluminum block (A=27)
since over 99.9 % of the primary and secondary beams have a primary interaction
within the first two modules.

The space (about 1050 meters) between the end of the beam dump and the face
of the detector (called the “berm”) contains various amounts of steel and lead inserts
within dirt fill to make it more radiation hard. In addition, this space contains ion
chambers, scintillation counters and muon counters for beamline monitoring and
2 other experimental halls housing neutrino detectors. In other words, the exact
composition and precise amount of material in the berm is not known [29]. The
beam dump and berm are collectively referred to as the shielding. For the purpose
of anticipating event rates in the detector from weakly interacting particles, we have
assumed the shielding is filled uniformly with material with a mean density equal
to that of iron (density p = 7.87g/cm?). Using this density, the effective number of

targets per unit area in the shielding (with length L = 1057m) is

Niump = pX Ny x1L (2.4)
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= 5.03 x 10*?nucleons/cm? (2.5)

Similarly, the mean density of the detector is 1.35g/cm® [30], so the effective

number of targets per unit area in the fiducial volume is
Nyt = 8.1 x 10*%nucleons/cm?. (2.8)

2.2.4 Monitoring and Logic Gates

We begin with the assumption that new massive particle production is initiated by
known particles in the beamline. Then the total integrated “live” protons on target
(live POT’s) during the 1987 fixed target run is a factor in estimating the number of
new massive particles expected to be seen during the run. This estimation is carried
out for a number of particle production models in Chapter 6. All of these models
use the measured number of POTs as described below.

The number of POTs is obtained using a combination of beam monitoring infor-
mation and logic gate pulses that indicate when particular beamline and detector
conditions are satisfied.

Protons are extracted from the Tevatron into the fixed target beam lines for 20
seconds of the minute long accelerator cycle. During this 20 second spill, protons
are fast extracted onto our primary neutrino target in three bursts or “pings”, each
lasting about 2 ms.

A toroid pulse monitor located just upstream of the primary production target
monitors the flux of protons on target during each ping. The monitor output, a pulse
train, is counted by scalars, each pulse corresponding to 10!° protons on target.

A schematic of the toroid pulse monitor output representing the proton intensity
during a single ping as a function of time is shown in Figure 2.4 a. Figures 2.4b-e
show the corresponding activity of the spill gate, beam gate, dynamic beam gate, and
live beam gate logic pulses during each ping. These logic gates turn “on” and “off”

when particular conditions are satisfied for the purpose of monitoring live POTs.
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Figure 2.4: Schematic: Beam monitor signal and various logic gates.

The spill gate logic pulse is a fairly wide pulse (about 10 ms wide) meant to
inclose each 2 ms ping. It turns on at some predetermined time before a 2 ms proton

burst is expected as dictated by accelerator operations.

The beam gate and dynamic beam gate logic pulses both turn on when the
toroid pulse monitor registers a signal above a discriminated threshold indicating a
significant flux of protons on target. The beam gate pulse turns off with the spill
gate, while the LAB C dynamic beam gate turns off with spill gate or when the

detector is triggered whichever comes first.

The LAB C live beam gate is on when the LAB C dynamic beam gate is on and

the detector is ready to take a trigger (detector is “live”).
Additionally, to calculate “live POTS”, a few trigger considerations need to be

taken into account because they introduce detector “dead time” (time in which

events could satisfy the trigger but the detector is unable to trigger because of some
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coexisting condition) which translates into a “dead fraction” (a fractional reduction
in the live POTs).

The first of these trigger considerations is the rejection of events induced by
beam muons punching through the front face of the detector. A veto wall (acrylic
scintillator plane 4’ x 8’ ) located at the front face of the detector detects these
stray muons caused primarily by neutrino interactions upstream of the detector. If
a neutrino event occurs within approximately 1 us of a detected beam muon, the
detector will not trigger.

Another trigger consideration is the dead time caused by the delay between the
pre-trigger being satisfied and a complete trigger decision being made. The detector
triggering system is described in Chapter 3. Briefly, the detector employs a two step
triggering system. The first level is called the pre-trigger or M-condition which looks
for a coincidence signal from any 2 proportional tube planes above a minimum ion-
izing particle threshold. The full proportional tube response to an ionizing particle
is delayed by the time for electrons to drift to the anode, the time for the signal to
arrive at the trigger electronics and the time to evaluate whether trigger conditions
are actually satisfied or not. The sum of these delays is a few hundred nanosec-
onds. After a pre-trigger was satisfied, another pre-trigger could not be generated
for a fixed 1us. This condition usually occurred in coincidence with the muon punch
through condition, since the energy deposited by a high energy muon traversing the
calorimeter generally satisfies the trigger minimum energy criteria.

Muon punch through and/or pre-trigger delay conditions occurred less than 300
times per ping (2ms wide) introducing a dead fraction of = 10 — 15%.

Cosmic ray muon interactions are expected at a rate of ~ 800 Hz (2 — 3 events
per 2 ms ping). There is no mechanism in the detector to veto cosmic rays but they

typically do not satisfy the trigger requirements because:

1. The angular distribution of cosmic rays entering the detector goes roughly
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like cos® @ where 8 is the angle of the cosmic ray relative to a vertical line
perpendicular to the earth’s surface. Hence, a large fraction of cosmic rays enter
the detector along a nearly vertical path that is not likely to pass through two
or more proportional tube (PT) planes (with a horizontal separation of about
half a meter). The pre-trigger condition requires a minimum amount of energy

be seen in at least 2 PT planes.

2. The mean energy of cosmic ray muons (about 2 GeV) is less than the trigger
minimum energy threshold (5 GeV). Their differential energy spectrum falls
like E-?. A cosmic ray muon that has more than 5 GeV of energy must
pass through at least 2 PT planes and must also have a long enough path
length in the detector such that it deposits enough energy to satisfy the trigger
minimum energy threshold. Muons with sufficient energy lose energy in the
E733 calorimeter at a rate dE/dl = 0.25 GeV/m so the average required path

length is comparable to the length of the detector (not the height).

As described in Chapter 5, cosmic ray interactions are occasionally recorded. They
are expected to be distributed flatly in time, so they are easily identified, eliminated
and accounted for.

The most substantial loss of “live POTS” is caused by the dead time of the flash
chambers. Once the detector has triggered and the flash chambers have fired, 4 — 5
seconds is required before the refire probability of the gas in the chambers is reduced
to an acceptable level. Therefore only one neutrino event can be recorded per 2 ms
ping.

The total integrated protons on target was &~ 5 x 10!7. The total integrated “live”

protons on target (POT) during the 1987 fixed target run is
POT = 1.15 x 107, (2.7)

It is calculated by summing all scaled integrated counts from the toroid pulse monitor
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corrected for the dead fraction introduced by the trigger conditions while the LAB

C live beam gate is “on”.

2.2.5 Time sub-structure of the beam

During Tevatron operation, the accelerator RF signal is continuously transmitted
from the main ring control room to the E733 computer room via RG58 cable for the
purpose of comparing the recorded event times to the phase of the RF clock.

The process of extracting protons from the Tevatron does not disrupt their basic
time structure; protons within a ping hit the target in bunches separated in time
by about 18.83 ns synchronous with the accelerator RF clock. The bunch shape is
expected to be approximately gaussian with a width of less than 1 ns RMS.

Massless neutrinos from secondaries are expected to maintain this time structure
in traversing the 1600 meter distance to the detector. Therefore, neutrino induced
events should have measured event times within a narrow window of time at a fixed
phase relative to the RF clock signal transmitted from the accelerator. The width of
this window depends on the proton bunch width (about 0.6 ns RMS), the resolution
of the event time apparatus (about 0.7 ns as demonstrated in Chapter 5) and the
time of flight of decaying pions and kaons. The time-of-flight (TOF) Equation 2.1 is
reiterated here for convenience.

L M?

x — (2.8)

TOF=2*C pa

This time of flight for secondaries is the time for a secondary particle of mass M
and momentum P to traverse the distance L from where it was produced to where
it decays minus the time it would have taken a speed of light particle to travel the
same distance.

A computer simulation was performed to study the TOF of decaying secondaries

in order to determine whether this factor makes a significant contribution to the
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width of the event time distribution. This simulation used the energy distributions
for decaying secondaries shown in Figure 2.2 and the known lifetime of these particles.

The results showed that for charged decaying secondaries, the i0Ur aoes not
exceed 0.3 ns and the typical TOF values are less than 0.01 ns. Time differences
of this order are negligible in comparison to the inherent proton bunch width and
detector event time resolution. This term is therefore negligible for neutrinos from
charged secondaries, which compose the majority of the neutrino beam. The shape
of the neutrino event time distribution is unaffected by such time differences. This
result is not surprizing since the TOF is inversely proportional to momentum and
low energy charged secondaries are swept out of the beam by the magnet train.

Neutral secondaries, however do have a low energy component. The time-of-flight

distribution for decaying K} is shown in Figure 2.5.

Ny
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K° Time of Flight (ns)

Figure 2.5: K? Time-of-Flight Distribution

The mean TOF value for decaying K is about 0.1 ns, with a tail extending as far
as 14 na. Therefore, there exists a finite probability that a low energy K2 decays into
a neutrino that is seen in the detector outside of the expected event time window.

In order to quantify this probability, a more detailed TOF simulation was performed
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similar to, but independent of, the simulation described in Section 2.2.2. The purpose
for this simulation is to estimate the fraction of neutrinos from K expected outside
of the event time window taking into account geometrical acceptance of the detector

as a function of secondary energy.

Results of this simulation are shown in Table 2.3, which shows the expected
neutrinos per POT from K] that enter the detector inside and outside of a 1 ns
TOF window. Also shown are the corresponding numbers from charged pions and

kaons. These results are consistent with 3°; 4/ POT for K shown in Table 2.2. The

Table 2.3: Expected number of neutrinos per proton on target entering the detector
from the decay of 7*, K+, and K

|

v/POT xt Kkt x~ K- K9
(x1074)

with TOF< 1.0 ns | 26.382 | 5.720 | 13.068 | 1.589 | 0.2818

with TOF> 1.0 ns | 0.000 | 0.000 | 0.000 | 0.000 | 0.0001

numbers in this table tend to be higher than those in Table 2.2 because the angular

dispersion of the beam is not taken into account in this simplified simulation.

We can now estimate the number of neutrino interactions expected to be seen in
the detector over the course of the run from each source, and see if the number of
neutrino interactions from KJ outside of a 1 ns TOF is significant. The probability
that a neutrino with interaction cross section o interacts within the detector fidu-

cial volume is o Ny where Ny, is given in Equation 2.6. The number of expected
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neutrino events N, is

r*,Kt,Kg
N,=PoT| %

i= j=all

decaymodes Vt'

i
2. FoT

4

(2.9)

Pl
)

where POT is the number of live protons on *irget given in Equation 2.7 and 545 is

given in Table 2.2. P;, represents the average probability that the neutrino will inter-

act in the detector. It depends on the neutrino-nucleon interaction cross section [15]:

oun = 0.55 x 107*® x E,(GeV) cm?

(2.10)

which is proportional to neutrino energy. The number of expected interactions in

Equation 2.9 was calculated by a computer simulation using the expected neutrino

energy and spacial distribution described in Section 2.2.2, the measured beam off-

set [31], and the TOF fiducial volume described in Chapter 3. The probability of

interaction is weighted by the neutrino energy as in Equation 2.10.

Table 2.4 lists the number of expected interactions from each neutrino source.

Table 2.4: Expected neutrino interactions from each source.

v source LA K+ = K- K}
expected v | 20025.5 | 47653.3 | 7193.5 | 34532.1 | 825.7
interactions

Adding all contributions, the total number of expected interactions is about

110000. The actual number of interactions seen in the TOF fiducial volume is 126000,

about 9% more than predicted here. Error estimates on the prediction of the abso-

lute number of events are difficult to quantify but are unimportant for this analysis.

Only the relative rates from each source are relevant. From Table 2.4, the fraction of
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events from K is 0.75% relative to the other sources. From Table 2.3, the fraction
of K? neutrinos with a TOF outside of a 1 ns is 0.04% . Then the total number of
interactions expected from any source with a TOF greater than 1 ns is less than 0.5
events. ?

In conclusion, the time structure of the neutrino beam entering the E733 detector
mimics that of the 800 GeV /c protons on target. The TOF of decaying secondaries
does not introduce a tail in the event time distribution nor does it significantly

change the shape of the neutrino event time distribution.

1This fraction is not energy weighted. The fraction of interacting neutrinos with a TOF outside of
1 ns is expected to be even smaller: These high TOF particles have energies an order of magnitude
less than the average, thus a smaller probability of interacting. Also, such low energy neutrino
interactions (E, < 15GeV) are less likely to satisfy the trigger energy requirements.

2196000 x 0.0075 x 0.0004 = 0.38 events during entire run. Additional corrections are expected
to decrease this estimate.
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2.3.3 Purpose

The primary purpose for testbeam hadrons is for detector energy calibration. The
energy scale used in this analysis is described in Chapter 3 and elsewhere (27, 32].
Testbeam muons are used to gauge the momentum resolution of the muon spectrom-
eter [30].

The interactions of testbeam muons and ‘deep’ hadrons have an auxiliary pur-

pose in this analysis:

e The calibration beamline is fed protons from the same (Tevatron) accelerator
as the neutrino beamline and therefore has the same basic time structure.
Therefore, identical phase shifts of the RF clock are observed in testbeam and
neutrino events. Testbeam muon and deep hadron event timing is used to

monitor any RF phase shifts throughout the run as described in Chapter 4.

o The systematics of the testbeam event time measurement are compared to that

of neutrino event timing in Chapter 5.

3A deep hadron is a hadron that travels at least 1 interaction length beyond the first TOF



Chapter 3

The E733 Detector

3.1 Introduction

The E733 Detector was designed for studying high energy neutrino interactions in
the NCenter Wide Band Neutrino Beamline [24] at Fermilab. The detector con-
sists of a 300 metric ton target/calorimeter followed by a muon spectrometer. The
large target mass is required to induce neutrinos to interact and to contain the large
hadronic showers of high energy neutrino interactions. The muon spectrometer mea-
sures the momentum and charge of any high energy muons that escape through the
downstream end of the calorimeter.

The E733 detector was used previously during neutrino exposures in 1982 and
1985. Many alternate descriptions of the detector are available [28, 27, 34, 32, 30, 35,
36]. The time-of-flight apparatus was introduced for the 1987 run for the purpose
of making this search for new phenomena possible. It is used exclusively for this
analysis.

This chapter describes the E733 detector with special emphasis on the apparatus

used to measure event times relative to the RF clock.
46
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3.2 The Apparatus

3.2.1 Overview

A schematic of the E733 detector is shown in Figure 3.1 (thanks to W.G.Cobau for
help with this figure). The calorimeter consists of 38 modules, each with alternating
layers of target material, flash chamber (FC) panels and proportional tube (_I_’_’_l‘_)_
planes as shown. The target material is alternating layers of sand and steel shot
contained within Lucite¥ plastic extrusions. Each layer is 3.7 meters square with
a thickness of about 16 mm.

Triggering decisions are based on the energy deposition in the calorimeter as
sampled by the proportional tubes. The flash chambers are passive in the triggering
decision, but constitute the primary device for the measurement of neutrino inter-
action energy. Other elements, like the front veto wall and the scintillator timing
walls aid in trigger decisions and provide timing information for the drift system in
the muon spectrometer.

Also shown in the figure are the four planes of scintillator (the time-of-flight or
TOF planes) for the purpose of measuring event times relative to the RF clock.
They are positioned just downstream of bay 2, 3, 4 and 5, respectively. The active
region of the calorimeter extends out to an area 3.7 meters square, but the area
of time-of-flight plane sensitivity is somewhat smaller (covering an area about 2.8
meters square).

Additional proportional tube planes are read out in a drift readout mode in

the spectrometer (denoted Drift Stations in the figure), measuring the charge and

momentum of outgoing muons.

1A bay is a set of two to five modules designated according to breaks in the support structure
between sets of modules. There were a total of 8 bays in the calorimeter. Bay 1 consisted of the
first 2 modules, and bays 2, 3, 4, and 5 each contained 5 modules in succession.
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Figure 3.1: A Schematic of the Lab C (E733) neutrino detector.
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The detector coordinate system, with cartesian components (w,v, z), has its ori-
gin at the center of the front face of the E733 detector. The positive z axis points
downstream along the beam line, northerly in earth based coordinates. In the plane
perpendicular to the z axis, the v axis points vertically upward, while the w axis
points horizontally westward in earth based coordinates.
Table 3.1 summarizes some gross properties of the calorimeter. Each detector

component is described more fully in the following sections.

Table 3.1: Table of calorimeter parumeters.

Calorimeter parameters
Length 183 m
Density 1.35 g/cm?
Radiation Length 14 cm
Interaction Length 85 cm
proton/neutron ratio 0.964
Average A 20.2
TOF* Fiducial Depth 10. m
TOF Cross Sectional Area 7.6 m?
TOF Fiducial Mass 98 metric tons

2the fiducial volume appropriate for this analysis
is explained later

3.2.2 Front Veto Walls

The purpose of the front veto wall (shown in Figure 3.1) is to reject events caused

by, or simultaneous with, the passage of charged particles through the front end of

the detector. These particles include

e beam muons produced by neutrino interactions in the shielding,

e beam muons produced from the decay of secondary particles in the beamline

decay region that manage to punch through the shielding and
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® cosmic rays.

The front veto walls are made of sixteen acrylic scintillator panels, arranged in 2
planes to cover an effective area greater than that of the calorimeter face. No neu-
trino event trigger is generated when both planes simultaneously detect an incoming

charged particle.

3.2.3 Liquid Scintillator Tanks

The bay boundries that did not contain time-of-flight scintillator counters were occu-
pied by tanks of liquid scintillator (13 cm thick and 3.7 meters square) instrumented
with photomultiplier tubes. These tanks were a remnant from earlier runs of the
experiment. They served one purpose in the 1987 run, namely to provide the trig-
ger logic with a coincidence signal (between two or more tanks in different bays)
indicating that a cosmic ray had traversed the detector lengthwise. Such cosmic ray
events are useful for alignment and for studying time dependent variations in the

other detector systems.

3.2.4 Proportional Wire Tubes and the Event Trigger

The proportional tubes (PT) comprise a cardinal component of the triggering system.
Their fast pattern recognition abilities enable trigger decisions to be made in 600 to
700 nanoseconds from the time the particle traverses the PT cells. This is important
because the flash chamber efficiency for detecting charged particles decreases by
> 30% per microsecond delay [35] after particle traversal.

Each proportional tube plane is constructed of extruded aluminum forming 144
parallel 2.54cm x 2.54cm x 3.4m cells. The cells are filled with a mixture of 90% argon
and 10% methane gas. Down the axis of each cell is a 50um diameter gold-plated
tungsten wire held at high voltage. The planes are operated in proportional mode,

at a voltage of about 1575 volts, providing a charge amplification (gain) of about
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is about 10 cm.
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neutrino interactions, and to measure the angle of high energy muons as they emerge

from hadronic showers.

The 592 flash chamber planes were oriented in 3 different directions to provide a
stereo view of a neutrino interaction as it develops. In a plane perpendicular to the
beam axis, the U, Y, and X views had cells oriented +10, —10, and 90 degrees from

the vertical, respectively. There are twice as many X chambers as U or Y.

Flash chamber planes are made of corrugated polypropylene panels 4.2 mm thick.
With over 600 parallel cells per plane, they provide a {ransverse segmentation of 5.77
mm. The planes are filled with a spark chamber gas (90% neon, 10% helium, .1%
Argon). In response to an event trigger, a high voitage pulse (5 kV in .5pus) is
applied to one of the two heavy aluminum foil electrodes glued to each side of the
flash chamber panel. Any residual ionization in a cell due to the passage of a charged
particle is accelerated in the high electric field, inducing a plasma wave through the
length of the cell.

Each cell is capacitively coupled to an AC bridged circuit at the end of the cell.
A plasma wave in the flash chamber cell causes a change in the current in the cir-
cuit, inducing a sound pulse along a magnetized niobium wire (“wand”) running
perpendicular to all the flash chamber cells in that plane (in both directions). The
acoustic pulses are converted to electronic pulses through a coil magnetically cou-

pled to the end of the wand. The pulses are then amplified and their arrival times
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cell may fire due to the passage of one particle or many particles: So the flash chamber
cell is a binary object, able to distinguish between no particles and > 1 particles,
but unable to distinguish between 1 particle and > 1 particle. The density of hit
cells in the vicinity of that cell is a better indication of the energy density, but in
the center of a dense shower of energy, the flash chambers are known to saturate.

The proportional tubes, on the other hand, do not experience this saturation
effect, since their pulse height output is proportional to the amount of energy de-
posited. Proportional tube energy measurements, combined with density of hit in-
formation and calibration beam (testbeam) and cosmic ray muon studies are used to
calibrate the energy scale. The final energy resolution of the flash chambers, nomi-
nally o/E, = 12—15% at high energies (E > 100 GeV) is known to be slightly worse
at lower energies. Full details of this calibration are described elsewhere [27, 32]. The
energy resolution is not of major importance in this analysis.

After a cell has ‘fired’, a 4 or 5 second delay is required before the residual
ionization is reduced to a level where ‘refire’ probability of that cell is small. This
dead time limited the recording of neutrino events to one event per ping (or 3
events per accelerator cycle)®.

The number of events recorded during a typical accelerator cycle was limited
by the flash chamber dead time (4 or 5 ns). Events recorded with and without

flash chamber information are called flashing and noflashing events respectively.

During a typical accelerator cycle (lasting about a minute) there is time to record

the following number of events:

o A flashing neutrino event is recorded during each of the 3 neutrino pings (each

lasting about 2 ms in duration).

e Two flashing testbeam events are recorded during the testbeam spill (lasting

about 10 seconds).

5See Chapter 2 for details of the accelerator cycle.
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Figure 3.5: Cross section of a TOF counter mounted into a UniStrut rail.

cushioned at the bottom with felt pads. Lucite light guides were supported by

triangular wooden supports to relieve stress at the glue joints.

The counters were bench tested at MSU using a 4” wide cosmic ray telescope [37].
The efficiency of the counters was measured to be greater than 97 % for cosmic ray
muons. Higher efficiencies can be expected for the higher energy muons expected in
high energy neutrino interactions. The difference between times measured on either
side of the counter was found to have an RMS deviation of 1.0 to 1.3 ns independent
of counter position and pulse height. The timing resolution of a tube, therefore, is
between 0.7 and 0.9 ns. From the linear response, the speed of light in the scintillator

was measured to be 15.3 cm/ns. This calculation is demonstrated in Appendix C.1.
After testing, all counters were shipped to Fermilab to be installed in the E733
detector. Sixteen of the seventeen counters made were actually used. Sets of four

counters are configured as shown in Figure 3.6. Four such TOF planes planes are

located at the downstream end of bays 2, 3, 4, and 5 separated by approximately 80

chambers
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flash chamber planes or 5 proportional tube planes (about 2.5 meters).

The z positions of the four TOF counter planes were measured by surveyors
to be z=383.7, 631.6, 884.7 and 1135.5 cm relative to the detector face at z=0.
They remained stationary throughout the run. All planes (as shown in Figure 3.6)
are oriented in the same direction, with the length of the scintillator running in
the horizontal direction perpendicular to the beam axis (Z). They were staggered
vertically to minimize gaps in coverage.

For reference, the counters are numbered from one to sixteen, starting from the
upstream end, bottom to top. In the detector, each counter has two phototubes
pointing in the east and west directions, respectively. Therefore, there are 16 east
and 16 west phototubes. The importance of this distinction will become apparent

when we begin talking about time measurements from these phototubes.

Trigger and Electronics

Signals from each of the photomultiplier tubes (PMT) were connected to the TOF
electronics via varying length of RG-38 coaxial cables. The cable lengths were chosen
such that simultaneous timing signals would be produced from all TOF counters
struck by a particle traversing the detector in the beam direction at the speed of
light. A schematic of the TOF electronics is shown in Figure D.1. and the RF clock
circuitry is shown in Figure D.2 [38].

Anode signals from each of the (32) PMT’s are fanned out and routed to 3 places:
Two are sent to discriminators, one set at a low (L) threshold of 30 mV, the other
set at a higher (H) threshold of 75 mV. The low and high threshold crossing times
relative to the common START signal are digitized and stored. The third signal was
pulse height analyzed (the output pulse was integrated over 200 ns and digitized).
These pulse heights are the only available direct measure of the total energy deposited

in the scintillator.
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Figure 3.6: Schematic of the time-of-flight counter plane configuration.
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A TOF trigger was generated when signals from 2 PMT’s from either the east
or west side of the detector crossed the low threshold in coincidence (within 50 ns).
The common START signal occurred when the second tube went above threshold.
When the common START is generated, TFC® units were used to digitize the times
when the discriminated PMT anode signals crossed their L and H thresholds relative
to the common START signal.

For each counter, these times are referred to as the east low (EL), east high (EH),
west low (WL), and west high (WH) times, designated

tzr, tgm twr, ond tyg. (3.1)

A 4-HIT counter is a counter which has all 4 discriminator levels satisfied. In this
analysis, the only time measurements used are those from 4-HIT counters.

The RF clock signal (sent along a buried cable with electronic repeaters along the
way) arrives at the E733 RF circuitry as a 53.102 MHz sine wave. This signal is sent
to a discriminator operating (normally) in zero-crossing mode. The discriminated
output is prescaled to generate a single output pulse every 4th RF cycle in two
independent circuits, whose relative phase was 180°, to two separate TFC channels.
An RF STOP signal was formed by the first of these channel inputs occurring after
a fixed time delay after the START. The two TFC channels are necessary because a
STOP can occur relative to the START such that the TFC channel was insensitive or
nonlinear; This arrangement guarantees that one or the other channels will be linear.

The time difference between the common START and the RF STOP is designated
trF. (3.2)

Problems with the RF clock early in the run indicated that an additional redun-
dancy in the RF clock circuitry would be useful. An identical RF circuit was run in

parallel with the first, using the same zero-crossing discriminator output. For most

8TFCis a Time to FERA Converter. A FERA is a Fast Encoding Readout ADC.
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of the run, the output of each individual circuit produced the same results. But on
some occasions, as will be seen in Chapter 4, discrepancies existed between the RF
clock circuits, due to accelerator RF problems, power glitches, or simpiy one unit
missing a pulse. The redundancy in the RF circuitry proved to be a useful tool in
finding and eliminating runs with RF clock problems.

Information from the time-of-flight counters was available much earlier than :hat
of the proportional tubes. Therefore, the TOF sysiem was designed to trigger itself,
digitize and store all TOF signals, and then wait for a trigger signal from the detector.
If an event trigger is generated, the digitized times and pulse heights are read out. If
an event trigger does not occur within about 700 ns, the TOF trigger cleared itself,

then waited for the next event.



Chapter 4

Event Classification and
Reconstruction

4.1 Introduction
The last chapter described the E733 apparatus. This chapter
o explains the steps in the data reduction that lead to the final event sample and

o describes some off-line corrections made to the timing signals preliminary to

their use in Chapter 5, where the event timing measurement is described.

4.2 Neutrino Event Classification

Neutrinos interact with nuclear matter through the exchange of charged (W¥) or
neutral (Z°) gauge bosons, commonly referred to as charged current (CC) or neutral
current (NC) interactions, respectively. The corresponding Feynman diagrams are
shown in Figure 4.1.

Both types of events have a hadron shower with a widely varying amount of
energy. Additionally, charged current events have a high energy muon in the fi-
nal state, while neutral current events have a neutrino which escapes the detector
unseen. There are many subtle difficulties in distinguishing between charged and

neutral current events [32]. But in this analysis, we are not necessarily concerned

66
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Figure 4.1: The charged and neutral current interactions in neutrino-nucleon deep
inelastic scattering.
with whether an event is really a CC or an NC event. What is useful in the distinc-
tion between these two event types for a WIMP search is that they have a distinct
difference in their topology. Namely, one type of event contains a high energy muon'
, and the other does not.

As we will see in Chapter 5, the timing resolution for events with a high energy
muon is better than the resolution for events without a muon. Therefore, we dis-
tinguish between these different WIMP final states throughout this analysis in all

results obtained. Events with a high energy muon are called CC-like, and events

without a muon are called NC-like.

4.3 Pattern Recognition and Tracking

Before analysis of time measurements can begin on any particular event, a decom-
position of the event’s topology must be performed. Accurate time measurements

require that the approximate location of energy deposition in the scintillator be

Implicit in this definition is that the muon is required to come from the event vertex. The
muon is not a decay product that emerges from the hadronic shower.
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known. Table 4.1 shows the longitudinal and transverse segmentation of the flash

chambers, proportional tubes and TOF counters, respectively, for comparison. The

Table 4.1: Calorimeter segmentation parameters.

Flash chamber | Prop tube TOF plane
total number of planes 592 37 4
transverse segmentation 5.77 mm 10 cm 50 cm (vertical)
longitudinal segmentation 3.2 cm 46 cm 25m
radiation length
per unit segmentation 0.22 3.6 17.85
absorption length
per unit segmentation 0.036 0.59 2.94

TOF counters cover a large proportion of the active calorimeter volume. They have
a simple geometry and course segmentation.

Light requires about 13 ns to traverse the length of a counter. Since the required
event timing resolution is about 1 ns, corrections to the measured times for the
light transit time are essential. The finer segmentation of the flash chambers and
proportional tubes can be used to locate the position of energy deposition within
the counter, enabling us to make these corrections to the time as described in the
Chapter 5.

The position of an event vertex is found using proportional tube and flash cham-
ber information. A vertex position is first localized in the z-dimension by finding
the first two sequential PT planes with HITBITs on. Then in the flash chambers,
the lateral position and a refined z-position are found in a 3-dimensional fit utilizing
each of the three FC views. The vertex finding efficiency was > 99% for events with

energy > 10 GeV [27].




69

The MTF (Muon Track Finding) algorithm was used to find muon tracks in the
calorimeter. Specifically, we are interested in finding muons that emerge directly
from the primary interaction vertex. MTF begins by searching for sequenuai FC
hits in narrow angular regions projected from the event vertex in each of the 3
views. Track segments are identified where the density of hits in these projections
indicates possible tracks. Muon tracks are found by combining track segments in a
3 dimensional match. Final candidate muons are required to have a track length of
at least 500 cm within the calorimeter if they exit the side of the calorimeter, and

at least 1000 cm if they do not. A CC-like event is defined as an event with such

a muon track. A NC-like event does not contain an identified muon track.

Another feature of interest in this analysié is the z location of the end of the
hadron shower. To find the shower end: First, any FC hits thought to be associated
with the muon track are eliminated in a CC-like event. Then, starting at the event
vertex, FC planes are stepped through in groups of 16 chambers. The shower end,
called JEND, is the FC plane 16 flash chambers downstream of the last set of 16
chambers with a number of hits above a low threshold (4 FC hit cells).

4.4 The E733 Detector Event Display

The E733 event display is used extensively to perform visual scans of various events in
many stages of this analysis. To demonstrate how one interprets the E733 detector
event display, Figures 4.2 and 4.3 show how typical charged and neutral current

events appear in the detector. At the top of the page, one can find:

e the run and event number of the event displayed,
e the total number of raw flash chamber hits (FC HITS=),
o the maximum proportional tube pulse height (PHT, MAX=),

e the pulse height sum for the proportional tubes (SUM=),
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Figure 4.2: A typical charged current event in the E733 detector.
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Figure 4.3: A typical neutral current event in the E733 detector.
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e the pulse height sum for all HITBIT channels (HBT=), and

e the maximum TOF counter pulse height.

In this display format, the neutrino beam enters from the left. On the left side of
the page, the 3 large boxes represent the 3 views of the flash chambers (labeled U,
Y and X on the left side). Each dot in these boxes represents a hit flash chamber
cell. Note that the density of hits in the X view is roughly twice that in the U or Y
views, since there are twice as many X view planes.

The position of the reconstructed event vertex is indicated by the ‘X’ in each of
the flash chamber views. The measured shower end is indicated by the solid vertical
line in each view.

The smaller boxes above and below the larger boxes are the proportional tube
vertical (V) and horizontal (W) views, respectively. A short single line at the position
of the PT cell indicates the pulse height is just above a low threshold. An arrow
head indicates the pulse height is over the HITBIT threshold. The bin at the head of
the arrow indicates the magnitude of the pulse height. The standard LATCHes, as
described earlier, are displayed for each plane, indicated by S and/or A (for SINGLE
or ANALOG MULTIPLICITY) on the line just above/below the vertical/horizontal
PT views.

The TOF counters are superimposed on the U and X views of the flash chambers.
Each TOF plane appears as a line in the U view, a view from the top of the detector.
The bar graphs just above/below each line are the east/west pulse heights for the 4
TOF counters in that TOF plane.

Each of the 16 TOF counters is a short line in the X view, the view through the
side of the detector. A ‘L’ or ‘H’ appears on each counter in this view for each tube
with a pulse height above the low and high threshold. 4-HIT counters have two L’s
and two H’s. The CC-like event (Figure 4.2) has five 4-HIT counters, two of which
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are hit by the muon track. The NC-like event (Figure 4.3) has two 4-HIT counters.
The muon spectrometer is displayed on the right side of the figure. The CC-
like event displayed in Figure 4.2 has a high energy muon which is trackea in the
spectrometer. The hits in the horizontal and vertical views of the drift system appear

as ‘+’ in the display.

4.5 The TOF Fiducial Volume

Events occurring near the calorimeter edge are problematic because
o energy loss outside the active region leads to inaccurate energy measurements,
e events may be classified incorrectly because muons may escape detection and

e pattern recognition algorithms may have unanticipated difficulties, that lead

to incorrect event timing.

The depth of the TOF fiducial volume extends from the front face of the calorime-
ter to the z position of the last TOF plane. The cross sectional area deemed appro-
priate for the TOF analysis is shown in Figure 4.4. It has roughly a stop sign shape,
with opposite sides parallel to the direction of the cells in each FC view. In terms
of flash chamber coordinates, the fiducial volume includes the area within 100 clock
counts from the edge of the detector in all flash chamber views. This TOF fiducial
volume has cross sectional area larger than that subtended by the TOF scintillator,
taking maximum possible advantage of the areal extent of the TOF planes, but is
far from the detector edge to ensure reasonable pattern recognition abilities.

All acceptances, timing efficiencies, and event time analysis are based on this

fiducial volume. An event is classified as inside the fiducial volume if the event

vertex is within that volume.
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Figure 4.4: The cross section of the TOF fiducial volume extends to include the area
within 100 clock counts from the edge of the calorimeter in all flash chamber views.

4.6 RF Clock Trouble Periods

There were some trouble periods during the run where the incidence of inconsistent
timing measurements was frequent. Thanks to the redundancy in the RF circuitry,
problem runs were more easily identified and eliminated. The number of events
eliminated in the runs listed below is documented in the next section.

Early in the run, it was noticed that the zero-crossing discriminator was not
generating pulses every cycle. The problem was solved by placing the discriminator
in leading edge mode which fixed the problem until the unit was replaced. Runs
8700-8730 were eliminated from the data sample.

Runs 8962-8970 were eliminated during a period when the TOF TDC’s were
being calibrated. Calibrations were also performed during runs 9156-9182 (problems
with the RF discriminator were also noticed during this time).

There were a number of periods where particular RF clock problems occurred
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frequently or continuously throughout a particular run. Because these problems did
not occur in isolation, all events in the following runs were eliminated from the data
sample: 9646-9653, 9679-9681, 9692, 9696, 9703, 9706, 9719-9721, J8U0-981v, 9843,

9879-9889, 9917-9949. These runs had multiple occurrences of problems like:

e The time tgF was in the overflow range, indicating that neither of the RF TDC
channels had received an RF STOP.

o The phase between the two independent circuits were continuously checked
throughout the run. In a few runs, the relative phases measured by each of
the redundant circuits were inconsistent, phase shifts occurred frequently, or

no phase could be determined at all.

¢ Time measurements made during a run were distributed flatly in time, indi-

cating no correlation with the RF phase whatsoever.

During many of the runs found to have RF clock problems, hardware failures could
not be identified. Frequently these problems were coincident with RF problems

logged by FNAL accelerator operations.



76
4.7 The Final Event Sample

The total data sample was initially split into separate subparts, one that includes all
testbeam data, and another that includes all neutrino data. There are almost half
a million events in the neutrino data set recorded over the course of the run. Table

4.2 shows how these events are categorized before further analysis begins.

Table 4.2: The E733 TOF Data Set.

Events | Classification

| 485,347 | Total Events

125,640 | Neutrino Events within the TOF fiducial volume

64,839 | recorded during bad RF clock runs
1,260 | inconsistent trigger and/or gate information

112,662 | toroid pulse monitor output indicates less than 10!°
protons on target for current spill
43,198 | not recorded during the beam gate
16,954 | no vertex found
85,988 | vertex downstream of last TOF plane
34,806 | lateral position of vertex outside of TOF fiducial volume

The E733 TOF event sample should consist of all neutrino events within the TOF
fiducial volume. This number may exceed the 125,640 listed in the table because
some fraction of the “no vertex found” events might be true neutrino events that
eluded the pattern recognition programs. An event scan was performed on a fraction
of these events, so that proper accounting could be made.

A total of 200 events were scanned by eye, looking at event pictures like those
shown in Figures 4.2 and 4.3. The detailed information available on the event display
enables relatively easy event evaluation. All events were classified as shown in Table
4.3. Only 3 of the 200 events (1.5%) were neutrino events that should have been

included in the TOF event sample, indicating over the entire run an increase in the
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Table 4.3: Scan classification of “no vertex found” events.

Events

Classification

80
20
27
23
45

2

| 3

no flashing events

cosmic ray events

beam muon or noise events

beam muons (veto wall failure)

neutrino interactions outside of detector

neutrino interactions downstream of last TOF plane

neutrino interactions

TOF event sample of only 253 events which is less than 0.20% of the total event

sample. All events in Table 4.2 appearing above the Subtotal are eliminated from

the TOF data set. A total of 125,640 events comprise the TOF Final Event Sample.

Chapter 5 describes how event times relative to the RF clock are obtained for these

events.
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4.8 Preliminary TOF Analysis

4.8.1 TOF Counter Alignment

The z position of each TOF plane was measured, as described earlier. Alignment of
the TOF counters in the vertical (V) and horizontal (W) views was accomplished
utilizing about 80,000 flashing cosmic ray muon events recorded throughout the run.
These cosmic ray muons are distributed uniformly throughout the fiducial volume.

Muons deposit energy in the calorimeter along fairly straight trajectories that
can be fit as tracks using flash chamber information. These tracks were used to
reconstruct the transverse coordinates (W,V) of all cosmic ray muons as they pass
through each TOF plane. These coordinates are called space points.

For each of the 16 counters, four 2-dimensional scatterplots, like those shown

in Figure 4.5, were produced. Each of the four plots is a narrow window with an
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Figure 4.5: Four scatterplots, like these, were used to obtain alignment constants for
each TOF counter.

area that includes one of the 4 edges of that counter. An entry was made in the
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scatterplot at the (W,V) position of the space point if the nearest counter to that
space point was a 4-hit counter.

We made the following assumptions to get the alignment constants:

e Each TOF plane is assumed to be vertical, holding each counter in the plane

at the same z position measured by the surveyors.

e The counter edges are flat and and the corners are square. These assumptions
follow from the nature of the apparatus used to cut the scintillator: The cutting

tool ran parallel to a stationary edge along a straight track.

o The length and width of the scintillator is known: Each piece was measured
to the tenth of a centimeter using a standard tape measure. These lengths
and widths were datafied and used as constants in the alignment procedure for

each individual counter.

The alignment algorithm defined a rectangular template with the known size and
shape of each counter. This template was then rotated and translated simultaneously
over the 4 scatterplots. Alignment constants were established when the template
position maximized the number of hits within it.

The straight lines in Figure 4.5 show the final position of the template sides for
this particular counter. The hit density remains relatively constant near the counter
edges, indicating that the counter efficiency does not diminish as tracks strike close
to the counter edge. The lack of a significant number of hits outside the east and

west counter edge indicate that tracks through the light guide are not likely to affect

our time measurements.

4.8.2 Times Relative to the RF Clock Phase

The times tgr, tgg, twr, and twg, of Equation 3.1 are the times that the east and

west PMT pulses crossed the L and H thresholds relative to the common START
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time of the event. The first step in calculating event times relative to the RF clock

phase is to redefine these times relative to the RF STOP rather than the common
START:

tip = tZr—trr (4.1)
tir = tim—tre

thi, = ty,—trr and

twe = twm—tar.

In performing this shift, note that the time scale has been inverted (smaller times
are later than larger times). We will see this again when we plot some event time
distributions.

Also note that these times are relative to the RF clock prescaled by a factor of
four (as described in Chapter 3. To get times relative to the phase of the RF clock
within a single period of the RF clock, we will need to shift time measurements by
an integral (1-4) number of RF clock periods. This number of shifts is random from
event to event, but must be constant amongst all counters measuring times for a
single event. So this is not an undesirable ambiguity: it actually proves to be a

useful constraint in combining individual measurements to obtain event times.

4.8.3 The RF Clock Phase Drift

Ultimately, we wish to measure the time an event occurs relative to the phase of the
accelerator RF clock. We call this time the event time. We found that the true
phase of the accelerator clock and the phase of the accelerator clock signal received at
the E733 detector electronics were subject to relative variations. But these variations
can be monitored and corrected for, as described in this section.

As shown in Appendix C.2, the time measured by a single counter struck by an

isolated track is independent of the position of energy deposition within the counter.
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Tracks strike counters in isolation in CC-like neutrino events beyond the measured
shower end, and in muon testbeam events.
Studies of event times relative to the RF clock based on these isolated track hit
counter measurements show both discrete jumps and slow drifts of the phase of the
RF clock over the course of the run. The same changes in phase are observed in

both the testbeam and neutrino data as shown in Figure 4.6 [39]. The direction of
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Figure 4.6: Average of event time distribution of each split tape, plotted versus the
original data tape number, for both neutrino CC events and testbeam muon events
(figure courtesy of M. Tartaglia).

slow drift of the RF clock is consistent with changes in the outside temperature. The
discrete jumps undoubtedly reflect changes in the accelerator operation.

In order to combine neutrino event time measurements over the entire run, these
shifts must be corrected for on a run by run basis. Corrections to the phase are ob-
tained using the large sample of testbeam data available (both flashing and noflashing
testbeam data are utilized). For each run with more than 9 testbeam events, the

shift is the average test beam events time, otherwise the shift was assumed to be
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zero [39]. The final shifts utilized as a function of run number is shown in Figure

4.7.
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Figure 4.7: RF phase correction as a function of run number.

These phase shifts, called tpg4sE, were applied to all counter time measurements.

ter, = t5, — tRF + tPHASE (4.2)
teg = t%g — trF + tPHASE

twr = 3, —trr+tpgase and
tweg = tfm — tRF + tpHASE.-

These corrected times are the times averaged to get event times in Chapter 5.

4.8.4 Pulse Height Corrections

As shown in Figure 3.4, each processed PMT output pulse yields 2 time measure-
ments indicating when the pulse crosses a low (L) and high (H) threshold. In addi-
tion, a digitized pulse height is recorded, equal to the PMT output pulse integrated
over 200 ns. This pulse height (PHT) has proven to be the best measure of the
total energy deposited in the scintillator. Since the energy deposited can affect the
time measurements, the pulse height information needs to be well understood. Pulse

height measurements are used for timing corrections in Chapter 5.
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For reference, Figure 4.8 shows a distribution of raw pulse heights for a counter

struck by isolated muon tracks in CC neutrino events. The unit of energy measure-
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Figure 4.8: Typical raw pulse height distribution for a counter hit by isolated tracks
in CC neutrino interactions.

ment by the charge integrating ADC? is the ADC count. The energy deposited by
minimum ionizing particles in the scintillator varies widely, peaking between 500 and
600 ADC counts, and averaging at over 700 ADC counts for this particular counter.
The range of the ADC unit digitizing the pulse height had a maximum of just over
2000 ADC counts. Pulse heights recorded with the maximum possible value are
called ‘overflow pulse heights’. In this particular counter, a minimum ionizing
particle had an overflow pulse height less than 5% of the time.

The gain of each of the 32 PMTs was different. In addition, the gain of each tube
varied with time. The remainder of this section describes corrections made to the
raw pulse heights to compensate for these variations.

On two occasions during the run while data were being taken, attempts were
made to improve the grounding configuration of the photomultiplier tubes. During
these periods, pulse height information was not recorded. After these changes were

made, the overall gain of all of the tubes was modified because the ground was

3An ADC is an Analog to Digital Converter.
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shifted. Shown in Figure 4.9 is the average raw pulse height from isolated track hit

counters as a function of run number in CC neutrino events. There are 3 distinct run
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Figure 4.9: The average raw pulse height as a function of run number.

periods, separated by the ground modification work periods, where the average pulse
height remains relatively constant, as shown in the figure. Table 4.4 lists the run
periods when the system was worked on and when the pulse heights were believed

to be stable in time. The run periods when PHT information is not available are

Table 4.4: Good and Bad Pulse Height Runs.

PHT Run Average Fraction
Run Range | Numbers Pulse Height of Data Set
8604 - 8711 Bad PHT runs 4%
1. 8712 - 8817 496 ACD counts 6%
8818 - 8835 Bad PHT runs 6%
2. 8839 - 9244 565 ADC counts 38%
9245 - 9298, 9300 - 9346 | Bad PHT runs 5%
3. 9299, 9347 - 9951 696 ADC counts 50%

called ‘Bad PHT runs’, the three run ranges where PHT information is available are

designated ‘PHT run range 1, 2 and 3’.
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In addition to this run dependence, the gain of each of the photomultiplier tubes
varies. Figure 4.10 shows the average pulse height for each of the 32 tubes (2 PMT’s

per TOF counter) from counters struck by isolated tracks in CC neutrino events. The
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Figure 4.10: The average raw pulse height as a function of PMT number.

tubes are numbered from 1 to 32 starting in the furthest upstream bay, numbered
bottom to top, east to west. The east tube of counter 1 is tube 1, the west tube is

number 2, etc.

Testbeam muon data cannot be used to assess these corrections because the in-
coming testbeam particles always illuminate the same section of the calorimeter,
generally through TOF counters 2 and/or 10. Therefore, gain corrections are ob-
tained using track hit counters in CC-like neutrino events.

Given identical photocathode illumination, two PMT’s with different relative
gains will have different characteristic pulse height spectra. The gain of a PMT
refers to the total amount of dynode amplification of the input signal: the higher
the gain, the more the input signal is amplified.

We wish to normalize the 32 PMT pulse height spectra. We want the corrected
pulse height output to be the same for all tubes given a fixed total energy deposited

in that TOF counter. As the gain increases, the shape of the distribution changes
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as well as the overall increase in average pulse height. Therefore, we cannot merely
shift the pulse height spectrum of a tube with a lower gain by a constant.
The normalization process must involve a correction that mimics the nature of a
voltage gain, by multiplying each pulse height by a constant factor. Given two pulse

height distributions, the normalization proceeds as follows:
1. Choose the distribution with the highest statistics as the reference distribution.

2. Multiply the value of each entry in the other pulse height distribution by a con-

stant and fill a new pulse height distribution with this corrected pulse height.

3. Iterate over the value of the multiplicative constant. The optimal gain correc-
tion constant is obtained when the value of x? is minimized, where x? is given

by:

xX=Y

i

(4.3)

(N§ ~ Nj)'
(2(es + k)
The sum over i is the sum over all histograms bins. Nj and Ny are the

number of entries in bin i of the shifted and reference pulse height distributions,

respectively. The uncertainty in N and N} are ¢} and ek, respectively.

4. The fitting program uses a MINUIT [40] function minimization routine called
SIMPLEX.

We assume that the run dependent gain is independent of tube number and that
it is constant within each of the three run periods. A pulse height distribution, like
the one in Figure 4.8, was produced for each tube in each of the 3 run ranges.

To get the run dependent gain corrections, run range 3 was chosen as the reference
distribution for each of the tubes since it has the best statistics. For each tube
number, the procedure above was used to find the run dependent gain for PHT run
range 1 and 2 relative to run range 3 for that tube. The final run dependent gains

(for run ranges 1 and 2) is the statistical average of the gains calculated for each
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tube number. The average pulse heights as a function of run number after the run

dependent gain corrections are made is shown in Figure 4.11.
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Figure 4.11: The average corrected pulse height as a function of run number.

These run dependent gains are applied to the data sample before the tube depen-
dent gain corrections are calculated. A pulse height distribution like that in Figure
4.8 that include all 3 PHT run ranges is made for each of the 32 PMT’s. To get
the tube dependent gain corrections, tube number 28 (west tube of counter 14) was
chosen as the reference distribution since it has the best statistics. A tube dependent
gain was calculated for each tube as described in the procedure above. The average
pulse heights as a function of tube number after the run and tube dependent gain
corrections are shown in Figure 4.12. In the process of gain normalization, the scale
of the pulse height is expanded, extending to over 3000 corrected ADC counts. This
occurred because the reference distributions chosen had higher average pulse heights
than the other distributions.

Overflow pulse heights are reassigned to have a value beyond the corrected PHT
scale, at 3501 corrected ADC counts. The pulse heights referred to henceforth are

the run and tube dependent gain corrected pulse heights.
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Chapter 5

Event Time Measurement

5.1 Overview

The Time of Flight (TOF) counter configuration described in Chapter 3 was de-
signed to maximize coverage within the active fiducial volume while minimizing the
cost and maximizing the ease of integration of the TOF apparatus into the already
existing E733 detector. Because of the relatively large size of the scintillator and the
finite speed of light, each time measurement must include a correction for the time
required for the scintillation light to travel from the region of energy deposition to
the photomultiplier tube. Therefore, the ability to accurately measure event times
depends on the ability to predict where energy is deposited in the scintillator.

The pattern recognition program identifies the final state topology, finds tracks,
and locates the end of the hadronic shower (JEND). The energy deposited by a single
track is much more localized than the energy deposited by multiple tracks (as in a
hadron shower). We therefore separate the data sample into two parts, a CC-like

part and an NC-like part!, since each subset will have distinct timing characteristics:

1. Event timing of CC-like events is obtained using the timing information from

counters struck by tracks.

2. For events with only a hadronic shower (NC-like), accurate measurement of

1CC-like events have a muon of sufficient length, NC-like events do not, as described in Chapter
4.

89
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event times will rely on ability to reconstruct a map of the energy deposition
in each TOF counter plane using the other detector elements, namely from the

flash chambers and the proportional tubes.

5.2 The TOF Event Sample

As described in Chapter 4, the E733 TOF event sample consists of 125,640 events
with event vertices within the TOF fiducial volume. Of these events, 94,675 are
classified as CC-like and ‘the remaining 30,954 events were NC-like. Although these
events were all within the TOF fiducial volume, some events did not satisfy the TOF
trigger so they had no TOF record, or they had a TOF record of incorrect length

so they were not utilized. The number of such events in each class is summarized in

Table 5.1.

Table 5.1: Classification of events in the TOF event sample.

Classification CC-like Events | NC-like Events
No TOF record 14004 7060
Short TOF record 105 38

Long TOF record 193 61

Good TOF record 80371 23795
Total 94675 30954

The timing efficiency, €timing, is the ratio of the number of events with fim.ing
information to the total number of events. Based on the information in Table 5.1,

we conclude that the maximum possible event timing efficiency is about 85% and

77% for CC-like and NC-like events, respectively.
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5.3 The Speed of Light in Scintillator.

We start with the measured tube times of Equation 4.3 (¢gz, tem, twi, and twg) :
the times, relative to the phase of the RF clock that the east and west PMT output
pulses crossed a low (L) and high (H) threshold. These times are corrected for cable
lengths and the RF clock drift as documented in Chapter 4.

To turn these measurements into a measurement of the event time, they must
be corrected for the time required for the light to travel from the point of energy

deposition to the photocathode, which depends on the speed of light in scintillator.

This speed of light was measured using data from counters hit by isolated tracks
in CC-like events. We assume that the scintillator response is linear with the distance
from the position of energy deposition to the photocathode. From Appendix C.1,

the speed of light in the scintillator is

d
V= ——,
te +tw

(5.1)

where, in this case, the time measurement sum tg+tw (the sum of the east and west
tube times) is averaged over the event sample of isolated track hit counters. This
speed was calculated independently for the low and high thresholds in an attempt
to take into account the longer time required for the tube to collect enough light to
cross the high threshold. The measured velocities are vy = 0.541¢c and vg = 0.513c

for the low and high threshold levels, respectively.

The average event time in this analysis is assumed to be zero. The zero of the
event time distribution was determined to be the average time that the low level
discriminators crossed threshold for counters hit by isolated tracks. This time is

independent of the hit position, as shown in Appendix C.2.
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5.4 Random Event Scan

In order to get an idea of the level of sophistication needed in an event timing
program to realize a optimum event timing efficiency, an event scan was performed
on a subset of the data.

A total of 519 identified charged current events with a vertex in the TOF fiducial
volume where chosen from 20 data tapes picked randomly from the entire data taking
period.

All event pictures were scanned by eye, noting the location of 4-HIT counters hit
by tracks and/or showers upstream and downstream of the measured shower end.

The events fell into one of the following categories:

22% of the events have at least one 4-HIT counter that appears to be hit cleanly
by a single muon track downstream of JEND. This subset represents the

sample of events with isolated track hit counters in CC-like events.

% of the events have at least one 4-HIT counter that appears to be hit cleanly

by a single muon track upstream of JEND.

12% of the events have at least one MTF track traversing a 4-HIT counter up-
stream of JEND. But, in the vicinity of the track hit counter, additional
energy (shower debris) is present in the flash chambers in addition to what
normally might be associated with “minimal ionizing particles”. To ob-
tain event times for these events, time measurements have to be corrected
somehow for the wider spacial distribution of the energy in the counter due

to this additional energy.
44% of these events do not have any 4-HIT counters traversed by muon tracks.

15% of the events will never have a measured event time because no 4-HIT

counters were hit by anything in the neutrino interaction or the TOF trigger
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was not satisfied (no TOF record exists). This category is representative

of the number of events in Table 5.1 with no TOF record or an incomplete

TOF record.
Based on this event scan, we conclude that in CC-like events:

e An event time efficiency of 22% can be expected if counters utilized to obtain

event times are required to be downstream of the measured shower end (JEND).

e An additional 7% efficiency may be obtained by utilizing isolated track hit

counters upstream of JEND.

e Another additional 12% in efficiency may be gained if measured times from

track hit counters can be corrected for additional hadronic shower debns.

The detector’s sensitivity to new particle production depends on the event timing
efficiency as well as the timing resolution. Obviously, in sensitive devices such as the
TOF counters, spurious measurements are encountered. But there are a number of
tube and counter time consistency requirements that can be imposed to eliminate
such measurements from the data.

Section 5.5 describes the method used to obtain the event time distribution for
CC-like events. Every attempt has been made to maximize the timing efficiency
while maintaining good timing resolution. The timing resolution obtained in NC-
like events is somewhat poorer, as we will see in Section 5.6, but a comparable timing

efficiency is maintained.

5.5 CC-like Event Times

A CC-like final state, by definition, contains a long muon track. In CC-like events,
only those 4-HIT counters which are traversed by a flash chamber tracked muon are

considered for use in obtaining the measurement of the event time. This section
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describes how a CC-like event time is determined, and presents the distribution of

event times for all timed CC-like events in the event sample.

5.5.1 Time Measurement Criteria

Of the 94,675 CC-like events, 80,371 events have at least one 4-HIT counter. 55,82
events have at least one track hit 4-HIT counter. In these 55,831 events, there
93,292 track hit 4-HIT counters (an average of 1.7 counters per event). These are
the time measurements utilized to obtain event times in CC-like events.

A schematic of a TOF counter struck by a high energy muon is shown in Figure

5.1. To use the time measurements tgz, tgm, twr, and twg of Equation 4.3 to obtain

d_E d_W L
- —— — -
East ' West
PMT Pyps PMT
TN
T_EL T_WL
T_EH T_WH

Figure 5.1: A schematic of a time-of-flight counter struck by a single minimum
ionizing particle.

an event time from track hit counters, a couple of corrections to these times need to

be made, as shown in Equation 5.2. These corrections are described below.

dg z, — 2z, cos8
tl‘ = ¢ _& [ad [ad [ad
EL BL v + ccosf, '’
dg 2z, — z,cos
teg = tem + — + %

vE ccosf,
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dw 2, —z,co080,

twr = t and
wiL weo vL + ccosf,

wo + dw L P #ucos 0, (5.2)
we & CWH vE ccosf, )

The second term in Equation 5.2 reflects the necessary correction to the measured
time for the time required for the scintillation light to travel from the point of energy
deposition to the PMT. The spacial position of charged particle traversal in a TOF
counter is determined using flash chamber tracks, so the distances dg and dyw, the
distance from the point of energy deposition to the east and west PMT’s (shown in
Figure 5.1), are known. As described in the last section, v is the measured speed of
light in scintillator.

As described previously, counter timing measurements from each counter are
shifted such that they measure on average the same time when struck by a particle
traveling at the speed of light in the beam direction (+2). If a muon is at an angle
greater than a few degrees with the beam direction, an additional correction to the
measured time is needed for the additional time required for the muon to travel in
the transverse direction. The third term in Equation 5.2 expresses the magnitude of
this necessary correction. The muon angle, 8, is measured by the flash chambers.
The z, in Equation 5.2 is the distance in the beam direction from the event vertex
to the z position of the TOF counter plane.

The four times in Equation 5.2 are averaged to obtain a counter time. The
distribution of all track hit 4-HIT counter times is shown in Figure 5.2 a). The
same distribution of times is shown in Figure 5.2 b) with counter times shifted?
into a single period of the RF clock extending from about —9.5 to 9.5ns (a single
period of the RF clock spans 18.83ns). This shift (equal to an integral number of
RF clock periods) is relatively unambiguous for truly isolated track hit counters, but

the long high tails in this distribution indicate that many of the measurements in

2Recall that this shifting is necessary because the RF clock signal is prescaled by a factor of 4
as described in Chapter 3.
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this distribution are not consistent with a single minimum ionizing particle traversal.
Ideally, we expect this distribution of counter times to be more gaussian-like (though
not necessarily gaussian), with a mean near ¢ = 0 and an RMS deviauon of about 1
ns.
In order to eliminate time measurements known to be inconsistent with a signal
produced from the traversal of single tracks, a set of requirements, listed in Table 5.2,

were imposed on the time measurements utilized. The first three cuts require that

Table 5.2: The clean track counter requirements.

1 Requirement Elucidation
1. rise times < 1.5ns The east and west rise times, the time differences between
the low and high threshold times in the east and west tubes,

are required to be less than 1.5 ns. ‘

2. [tg — tw| < 3.0ns The average east tube event time must be consistent with the
average west tube time within 3.0 ns.
3. [tg * —tw = | < 3.0ns | East low and west high or east high and west low threshold |

times must agree within 3.0 ns.

4. | vertex —12fc < z(TOF)

The TOF plane utilized must be more than 12 flash chamber
planes downstream of the event vertex.

5. not PHT overflow

During good pulse height runs, if the pulse height of either
PMT is in the overflow range, neither tube time measurement
in that counter is utilized.

6. JEND< z(TOF)

During bad pulse height runs, the TOF counters utilized must
be downstream of JEND.

tube times be consistent with each other to within a factor of 1 — 2 of their expected
time resolution. The pulse height requirement is imposed to eliminate measurements
from counters struck by more energy than is expected from a single track. In the
absence of pulse height data (during bad pulse height runs) we require that counter
times utilized be downstream of the measured end of the shower (JEND).

Counters that pass all of these criteria are called “clean track counters” or coun-

ters passing the “clean track criteria”. The distribution of counter times passing
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these requirements is shown in Figure 5.2 c).

These time distributions are inverted as described in Chapter 4: Smaller time
measurements are the latest chronologically, while larger times are early. This in-
version occurred when times were shifted relative to the time of the RF clock STOP
signal, which always occurred later than the timing signals from the counters (see
Equation 42) In other words, the measured times less than 0. ns are events which

occur later than the mean time of arrival of the neutrino bunch.

5.5.2 Pulse Height Corrections to the Time

The distribution of clean track counter times of Figure 5.2 c) looks considerably
cleaner than the one shown in Figure 5.2 b). In particular, the number of time
measurements in the tails has decreased dramatically, however, the distribution is
still wider than anticipated.

Thus far, we have assumed that the TOF counter timing signals from a muon
track is ideal. In reality, we know that additional factors may affect the outcome of
the timing measurement.

High energy muons transfer energy to any medium through various electromag-

netic processes:

1. Ionization is the principal form of energy loss for muons traversing a medium.
The amount of energy deposited depends on the electron density of the medium,

and the charge and velocity of the incoming particle.

For relativistic muons, such as those typical in high energy charged current
neutrino interactions, the electrons emitted occasionally have enough energy
to produce secondary ionization in the atoms along their path. These high

energy electrons are called 6 rays.

2. The electromagnetic radiation emitted by charged particles decelerated in

the field of atomic nuclei is called bremsstrahlung. Such radiation produces
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electron-positron pairs that deposit energy in a shower denser than a typical

hadronic shower of the same energy.

§ ray emission and bremsstrahlung occur at a lower rate than basic ioniza-
tion. But if either of these higher energy transfer processes occur near a TOF
counter, the energy deposited in the scintillator will be greater and the energy

will be distributed over a wider area.

3. Atomicexcitationis another mechanism by which charged particles can transfer
energy to a medium. High energy muons are not expected to produce signifi-
cant atomic excitation directly, but do so secondarily via ionization processes.
This is the source of the light emitted in the scintillator, which is induced by

ionization.

The total energy loss of the muon in a thin absorber like a TOF scintillator
counter varies according to a Landau distribution3. A fraction of the energy loss
in the scintillator is converted to produce scintillation light. This light is emitted
isotropically, and is collected by the PMTs at the ends of each TOF counter after
multiple internal reflections in the scintillator and light guides. Time measurements
are generated when the PMT output crosses low and high thresholds.

If more energy is deposited in the scintillator, more light will be emitted in the
direction of the PMT, resulting in earlier threshold crossings, and thus earlier time
measurements. Conversely, lower energy pulses result in delayed time signals.

If energy is deposited over a wider area in the scintillator, the scintillation light
will not have to travel as far in the scintillator to reach the PMT. Again, earlier time

measurements are a result.
The only direct measurement of the amount of energy deposited in the scintillator

is the measured pulse height (described in Chapters 3 and 4). The PMT pulse height

3A Landau distribution has a narrow peak at low values and a long asymmetric tail at high
values.
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is strongly correlated with the PMT time measurement* as shown in Figure 5.3 a)
for counters passing the clean track criteria.

Figure 5.3 b) demonstrates the correlation more clearly. Here, points on the
graph indicate the .verage of all PMT time measurements as a function of PMT
pulse height. The pulse height is a measure of the amount of energy deposited in the
scintillator. As the pulse height increases, the measured time, on average, is earlier
(earlier times have a higher measured time).

This correlation is used to correct the measured PMT times. In the three pulse
height regions: 1) 300 < PHT < 800, 2) 800 < PHT < 2000, and 3) 2000 <
PHT < 3500, a linear fit for the average PMT time as a function of pulse height is
obtained as shown (by 3 solid lines) in Figure 5.3. The corrected PMT time is the
raw PMT time (as in Equation 5.2) shifted by an amount dictated by the linear fit
of the average time found at the PMT pulse height.

A very similar correlation is found in testbeam muon event time measurements
passing the same criteria as shown in Figure 5.4 a) and b). Overlaid on b) is the linear
fit to the average time as a function of pulse height found in neutrino data shifted by
—2.5n5%. The fit found in neutrino data deviates from the average testbeam times no
more than a few nanoseconds in each pulse height range. An identical correlation is
not expected because the muon energy spectrum is different in neutrino and testbeam
data and testbeam muons almost always traverse the same TOF counters (numbers
2 and 10). Therefore measurement systematics of clean track timed neutrino events

and muon timed testbeam events are expected to be different.

4The PMT time is obtained by averaging the low and high threshold time measurements.

5Since testbeam muons arrive at the detector from a different beamline (of longer length) the
average testbeam time is different from that of neutrino events. The measured difference between
average event times in testbeam and neutrino events is —2.5ns.
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5.5.3 Event Timing Anomalies

The pulse height corrected time distribution for all counters passing the clean track

criteria is shown in Figure 5.5. The CC-like event time distribution, shown in Figure
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Figure 5.5: The distribution of pulse height corrected counter times in track hit
4-HIT counters passing the clean track criteria in CC-like events.

5.6, is obtained by averaging all clean track hit counter time measurements available

in each event.
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Figure 5.6: The CC-like event time distribution obtained by using all counters pass-

ing the clean track criteria in CC-like events.

A number of ‘outliers’ (events with measured times in the

‘early’ and ‘late’ tails
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of the event time distribution) are clearly seen in Figure 5.6. There are a number of

possible explanations for such event time measurements:
1. Such events may be a signature of WIMP induced interactions in the detector.

2. Cosmic ray induced events may contaminate the CC-like neutrino event sample

at a small level.

3. Bicron-408 scintillator is sensitive to neutral particles as well as to charged
particles. Other byproducts of generic neutrino interactions, such as slow neu-
trons emerging from hadronic showers, may strike TOF counters, producing

late timing signals.

4. The event pattern recognition algorithm may incorrectly identify tracks or

vertex positions. Such inefficiencies can affect timing results.

In order to study any unanticipated systematics of the timing analysis and iden-
tify any true WIMP candidates, all events with any clean track counter time mea-
surement outside of 3 ns were scanned by eye. A total of 160 were scanned. A
number of anomalous events were identified and eliminated from the analysis. Table
5.3 lists the justification for event or counter elimination, and the number of events
in each category.

Cosmic ray events are expected to have a flat event time distribution. Based on
the 6 cosmic ray events found outside of a time window from —3 < ¢t < 3 ns with an
average timing efficiency of 34%, we conclude that the total CC-like event sample is
contaminated with cosmic rays at a less than 0.03% level®. Contamination at such

a small level has a negligible effect on the timing efficiency.

8If 8 cosmic rays are found in a 13 ns time interval with an average timing efficiency of 34%,
then over a time interval of 18.83 ns (one RF clock period), about 26 total cosmic rays events
are expected. The total CC-like event sample contains about 95,000 events. Twenty six events in
95, 000 is less than 0.03% of the sample.
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Table 5.3: Time measurements eliminated from the CC-like event sample.

Number of Events

General classification

Cosmic ray events misidentified as CC-like neutrino events
such as that shown in Figure 5.7.

Occasionally, a neutrino event is recorded that contains ad-
ditional flash chamber hits due to residual ionization from a
previous interaction. Figure 5.8 shows one such ‘out of time’
event. This event contained a timing irregularity because the
pattern recognition program used flash chamber hit informa-
tion from both events to find muon tracks. Therefore, the
event was eliminated from the event sample.

13

Thirteen events were found which utilized time measurements
from TOF counters that were not traversed by a high energy
muon. The detail of the E733 event display makes this de-
termination unambiguous. An example of such an event is
shown in Figure 5.9, where the pattern recognition algorithm
finds a muon track striking counter number 16 (the topmost
counter in the last TOF plane). The event picture shows
clearly that no muon traverses this region. In each of these
thirteen events, either no muon is visible traversing the 4-HIT
counter with the anomalous time or the muon track ranges
out before hitting the counter utilized. These events were not
eliminated from the event sample, just the counter measure-
ment which was deemed incorrect.
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5.5.4 The CC-like Event Time Distribution

After the events or counters discussed in the last section are eliminated from the
TOF CC-like event sample, a final event time distribution is obtained as shown in

Figure 5.10. Zero events are observed in the time window outside of —4.5 < t < 4.5

T Entries = | " 3726183

3 Mean 0.5181E-01 7

10 RMS 0.9274 3
102

10
! J | ) | 1 J L] | L | 4
-8 -6 4 6 8
Event time (ns)

Figure 5.10: The final CC-like event time distribution.

ns.

A total of 32,618 events were timed in the CC-like event sample consisting of
94,675 events, yielding an average timing efficiency of 34.5%. This efficiency is
not independent of final state characteristics: The efficiency depends the angle of
the muon relative to the beam axis (4,) as shown in Figure 5.11. Timing efficiency
exceeds 40% at small muon angles. It decreases linearly to about 16% at 0.2 radians,
remaining relatively constant at 16% for higher muon angles.

The time window outside which no events are seen (called the search window),

and the timing efficiency as a function of 4, are used in Chapters 6 and 7 to set
limits on new particle production. If any particle production model predicts that
more than 2.3 events” with this final state topology should be recorded with a time-

of-flight in the search window (outside —4.5 < t < 4.5 ns), then that model can be

TAccording to poisson statistics, if more than 2.3 events are expected, it is more than 90%
probable that more than 0 event will be seen in the detector.
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Figure 5.11: The event timing efficiency as a function of the angle of the muon with
the beam axis.

excluded at the 90% confidence level.

But before using these results the CC-like timed event sample is broken up into
two parts: the first part consists of all events timed using a single counter time
measurement, the second part contains events timed using two or more counters.
The advantage in separating the sample in this way is that the timing resolution
is better in the latter sample, thus enabling us to use a wider search window for a

fraction of the timing efficiency.

The CC-like event time distribution for the single and multiple counter timed
events are shown in Figure 5.12 a) and b) respectively. As shown in the figure, the
search windows corresponding to the single and multiple counter timed samples are
—4.5 <t < 4.5 ns and —3.25 < t < 3.75 ns, respectively.

The corresponding timing efficiency for single and multiple counter timed CC-like
events is shown in Figure 5.13 a) and b), respectively.

In Chapters 6 and 7, all limit results obtained for CC-like final states use these
two search windows and efficiency distributions. The different CC-like event timing
efficiency distributions (above) are folded in with the expected distribution of muon

angles for each model, in order to properly account for the dependence of the timing
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Figure 5.12: The final CC-like event time distribution for a) single counter timed
events and b) multiple counter timed events.
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efficiency on the muon angle.

5.6 NC-like Event Times

NC-like final states consist of a hadronic shower of varying energy, but no high energy
muon tracks. The energy deposition of showers in TOF counters is inherently less
localized than that of single tracks, therefore, we expect time measurements to be

less precise, while corrections become more elaborate.

5.6.1 Corrections to the Time Measurements

CC-like events contain a shower as well as at least one muon track. The data set
used to test shower timing algorithms described in the next few sections was the
clean track timed CC-like event sample. These events are known to have event times
between —4.5 and 4.5 ns. All corrections to measured times in NC-like events are
based on studies of shower timing in timed CC-like events.

A schematic of an idealized distribution of hadronic energy in a TOF counter is

shown in Figure 5.14. In principle, if the location of the ‘shower edge’ in each TOF
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Figure 5.14: A schematic of the energy deposition of a hadronic shower in a TOF
counter.

counter can be identified, then the distances dg and dw (the distance from the east
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and west shower edges to the east and west tubes) can be determined. Then the
times can be corrected, just as in Equation 5.2, to get measured event times.
Flash chamber hit information has been used to measure the iocation of the

shower edges, and thus the shower width, according to the following procedure:

1. The pattern of hit flash chamber cells was studied in the 24 flash chamber
planes upstream of each TOF plane. These 24 planes were split into 3 groups,
each containing 8 flash chamber planes. A group of 8 FC planes, called a
modulw, is 25 — 30 cm in depth. Each modulw contains four X view, two Y

view and two U view flash chamber planes.

2. In each flash chamber plane, FC hits were summed in groups of 10 cell bins
(64 bins per plane). Each 10 cell bin is about 6 cm wide. In each modulw,
these 10 cell binned hits were summed by view. Adjacent 10 cell summed hits

in each view with nonzero FC hits were grouped together to form clusters.

3. Associated with each cluster is a sum of FC hits and a spacial location in the
calorimeter. These clusters are projected from the vertex onto each TOF plane

in each view in each modulw.

4. These cluster projections are 2-D matched in the U and Y views at the vertical
location of each TOF counter for each modulw. Shower edges are defined as
the location of the outermost edge of cluster projections that coincide in all 3

modulw’s upstream of that TOF plane.

5. Cluster projections in the X view are used later when consistency constraints
are imposed on the timing measurements utilized. The density of hits in X

view clusters is also used to correct counter times as described later.

The distribution of counter times with no corrections is shown in Figure 5.15

a). The location of the edges of the shower (obtained as described above) are used
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to find dg and dw in Figure 5.14. Then width corrected times are obtained using
Equation 5.2, where the angle § becomes the angle of the shower edge relative to the
vertex with the beam direction. Figure 5.15 b) shows the width corrected counter
time distribution. Only a moderate improvement in resolution is achieved in making
the width correction, so other corrections were sought. A particularly promising
correction used a philosophy similar to the pulse height correction described in the
last section for clean track counters: The centroid of the shower was assumed to
be located (in the TOF counter) at the horizontal position of the vertex. The tube
times were then corrected for a ‘width’ proportional to the tube pulse heights. The

resulting time distribution is shown in Figure 5.15 c).

This distribution is clearly narrower than the previous measured width corrected
distribution, indicating that time measurements depend more on the total energy
deposited in the scintillator than the actual measured width of the shower as seen

by the flash chambers.

The measured width of the shower (described above) becomes a useful observable
when the pulse height is in the overflow range. Figure 5.16 shows the average uncor-
rected time as a function of measured shower width for counters with pulse heights
in the overflow range. As the shower width widens, earlier times are recorded, as
expected. This indicates that for counters with overflow pulse heights, a correction

correlated with the measured width should be applied.

Another event observable, called V, is also correlated with the measured time in
overflow pulse height counters. The variable V is defined as the vertical distance
from the vertex to the center of the TOF counter. Figure 5.17 shows the average
counter time as a function of V, where the average time is corrected for the angle
of the shower with the beam axis (as in the third term of Equation 5.2 for muon
tracks). Despite the correction for the angle of the shower, a correlation is clearly

observed. This indicates that the TOF counters ‘see’ more energy in the forward
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Figure 5.16: The average uncorrected time as a function of the measured shower
width in counters with overflow pulse heights in CC-like events.
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Figure 5.17: The average width corrected time (also corrected for shower angle) as
a function of the variable V, the vertical distance from the vertex to the center of
the TOF counter.

direction than the flash chambers indicate. Such energy could be in the form of
neutral particles, like neutrons, which the TOF scintillator is sensitive to, but the
flash chambers are not.

The dependence of the measured counter times with shower width and V was
correlated, so corrections to the time as a function of these variables were combined.

Figure 5.18 shows the average counter time as a function of shower width® on one

8Since the width dependence was constant above 100 cm, if the measured shower width was
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axis, and V on the other axis for 4-HIT counters with overflow pulse heights. As
expected, the earliest measured times occur for low V and high measured shower
width.

If overflow pulse height counter times are shifted according to the average time
shown in Figure 5.18, the shifted time is still moderately correlated with the number
of X cluster hits, another measure of the energy deposition in the TOF counter.
Recall that X view flash chamber cells run east to west, parallel to the long edge
of TOF counters. The number of X cluster hits (mentioned above) is the sum of
all hits in all X view flash chamber cells between the event vertex and the TOF
counter in the modulw directly upstream of the TOF counter. The average width
and V corrected counter time as a function of X cluster hits is shown in Figure 5.19.

A linear fit to this correlation is shown in the figure. This fit is used as the final
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Figure 5.19: The average width and V corrected counter time as a function of the
number of X cluster hits in the flash chambers just upstream of the TOF counter in

CC-like events.
correction to measured times for counters with pulse heights in the overflow range.

In summary, for all counters with pulse heights in the overflow range where a

measured shower width is available,

greater than 100 cm (half the length of the counter), then the measurement was included in the
last bin of this plot (at width = 99 cm).




120

e counter times are shifted according to the average time as a function of mea-

sured width and V as in Figure 5.18 then
e times are shifted according to the linear fit shown in Figure 5.19.

When counter pulse heights are in the normal (minimum ionizing particle) range,
counter times can be corrected using the pulse height, just as in the clean track hit
timing analysis. The average uncorrected time as a function of pulse height in non-

clean track hit counters in CC-like events is shown in Figure 5.20. The average time
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Figure 5.20: The average uncorrected time as a function of the pulse height in non-
clean track hit counters in CC-like events.

as a function of pulse height was fit in three pulse height ranges: 0 < Pht < 300,
300 < Pht < 800, and 800 < Pht < 3500. The linear fits are shown by the solid
lines in Figure 5.20. When one PMT pulse height of a counter is in the overflow
range, or both are in the overflow range and a measured width is not available, tube
times are shifted by 2.01 or 3.40 ns, respectively (these constant time shifts are the
average time from all counters with these characteristics). After this correction is
applied, strong correlations between counter times and other measurables, like the

shower width, are not observed.
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5.6.2 Time Measurement Criteria

After all the corrections to the TOF counter times have been applied, the consistency
requirements listed in Table 5.4 are imposed on all measurements. Time measure-

ments passing these criteria are used to obtain event times.

Table 5.4: The shower timing consistency requirements.

Requirement Elucidation

1. good PHT run Pulse height information must be available (pulse height in-
formation is missing during some runs — about 13% of the
data).

2. | vertex < 2(TOF) | The TOF plane utilized must be downstream of the vertex
(occasionally, backscattered particles can produce timing sig-
nals upstream of the vertex).

3. | X cluster hits > 0 | The density of hits in X view clusters in the modulw just
upstream of the TOF counter utilized must be nonzero.

4. | rise times < 1.5n8 | The east and west rise times, the time differences between
the low and high threshold times in the east and west tubes,
are required to be less than 1.5 ns.

5. |tg —tw]| < 13.0ns | The average east and west tube times must be consistent with
energy deposition within the length of the counter (scintilla-
tor light requires about 13. ns to traverse the length of the
counter).

6. | RF shift consistency | The number of integral RF period shifts required to bring
the time signal into a single period of the RF clock (from
—9.5 < t < 9.5) must be the same as that of the earliest
counter in that event.

The distribution of corrected 4-HIT counter times in NC-like events before and

after the imposition of these cuts is shown in Figure 5.21 a) and b), respectively.

5.6.3 Event Timing Anomalies

The event time for NC-like events is obtained by averaging all corrected time mea-
surements passing the shower timing criteria in each event. The distribution of
NC-like event times is shown in Figure 5.22 a). The sample of clean track timed CC-

like events were analyzed using the same shower timing technique. The resulting
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Figure 5.21: The distribution of corrected counter time measurements in 4-HIT
counters a) before and b) after shower time consistency requirements are imposed in

NC-like events.
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CC-like event time distribution is shown in Figure 5.22 b).

A significant number of ‘outliers’ (events with measured times in the ‘early’ and
‘late’ tails of the event time distribution) are clearly seen in Figure 5.22. Just as
in the clean track event time analysis, an event scan was performed to seek out
problems with the shower timing analysis.

All events with an event time outside a time window of —5 < t < 5 ns were
scanned by eye. A total of 154 events were scanned, 82 of which were classified
as NC-like, the remaining 72 were CC-like. Twenty two cosmic ray events were
found, like the one shown in Figure 5.23. All were classified as NC-like. They were
distributed uniformly in time. No other obvious problems with the event timing
procedure were found.

The 22 cosmic ray events were eliminated from the sample. Based on a average
shower timing efficiency of 53%, the expected contamination of the NC-like event
sample due to cosmic rays (identified as NC-like events by the pattern recognition
program) is less than 0.3%. Contamination at this level will not affect the timing

efficiency significantly.

5.6.4 The NC-like Event Time Distribution

The event time for NC-like events after the elimination of all identified cosmic ray
events is shown in Figure 5.24. This time distribution is asymmetric about the mean,
with a significant ‘shoulder’ on the late falling edge (around —4 ns). Also a number
of outliers are observed in the early and late tails of the distribution. These features
could be evidence of WIMPs or event timing systematics.

Though the event timing resolution is not ideal, additional information is avail-

able. Because

e the timing of showers in CC-like and NC-like events are expected to have the

same timing systematics and
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Figure 5.24: The event time distribution for NC-like events.

e since timed CC-like events are known to have event times in the time window

—4.5 <t < 4.5 ns,

then the clean track timed CC-like event sample timed with the shower timing tech-
nique yields a time distribution that is an estimate of the background of the NC-like

event time distribution. In other words, the distribution of Figure 5.22 b) is assumed

to be the (yet unnormalized) background to the distribution of Figure 5.24.

Inevitably, we want to calculate the number of events in excess of the estimated

background outside of a given event time window. To calculate this number of events:

1. Choose an event time window. For example, choose an event time window

extending from —5.0 to 5.0 ns.

2. Find the constant necessary to normalize the number of events in the CC-like

distribution to the number of events in the NC-like distribution inside that

chosen event time window.

3. Normalize the entire CC-like distribution by that normalization constant.

4. Subtract the normalized CC-like distribution from the NC-like distribution.
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5. Add the number of events in excess of the background outside of the chosen

time window.

Figure 5.25 is the time distribution obtained after the normalization and sub-
traction of the background distribution (of Figure 5.22 b)) from the NC-like time

distribution (Figure 5.24) using a time window extending from —5.0 to 5.0 ns. The
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Figure 5.25: Number of NC-like events above background as a function of time.

number of events above background outside the time window after the subtraction
is —0.12 1 10.98 events.

Just as in the clean track timing case, the timing resolution is better for events
that utilize more than one counter to obtain the event time. So again, the sample
is broken up into two parts, the first containing events timed with a single counter
time measurement and the other containing events with two or more counter times
utilized. The resulting NC-like event time distributions are shown in Figure 5.26 a)
and b) for the single and multiple counter timed events, respectively. The average
multiple counter timing efficiency is 37%, while the single counter timing efficiency
is 16% (total shower timing efficiency is 53%).

The time distributions for single and multiple counter timed CC-like events are

shown in Figure 5.26 c) and d). Evidence of an asymmetry in the timing resolution is
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most clearly apparent in the multiple counter timed event time distribution, where a
shoulder is evident in the late time tail between —3 and —5 ns. This asymmetry may
be caused by slow particles (like neutrons) striking counters after faster particles.
This is not expected to affect the raw timing measurements, but it would affect
the pulse height measurement. Consequentially, overcorrections to the time for the
pulse height would be made, resulting in a slightly late time measurement for a small
fraction of the events.

Using the method described above, the number of events above background out-

side a number of different time windows was calculated for
1. the entire shower timed data set,
2. the singie counter timed data set, and
3. the multiple counter timed data set.

The results are shown in Table 5.5.

The number of events outside each time window is consistent with zero, but the
uncertainties in the number of events become larger as the search window gets wider
or where the time resolution is poorer (in this case, events timed with a single counter
have poorer resolution).

To obtain limits for particle production in Chapters 6 and 8, we have used the
results for the the multiple counter timed data set with a TOF search window outside
—5.0 <t < 5.0 ns. The number of events found in the search window is —3.32+4.16,
so if a model predicts that more than 3.5 events should be seen in this search window?,
then that model can be excluded at the 90% confidence level.

The motivation for breaking up the timed event sample into single and multiple

counter timed events in the shower timing case is different than that in the clean track

9For Gaussian errors, the confidence interval corresponding to a 90% confidence level is +£1.64c
from the central value. Assuming the uncertainty in the number of events is gaussian, —3.32 events
seen while more than 3.5 events are expected is excluded at a 90% CL.



Table 5.5: Number of events above background calculated using 9 dimerent TOF

search windows for 3 data subsets.
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All Shower Timed Events

Time Window

Number of Events

9.50 <t < —-9.50
7.00< t < —7.00
6.00 <t < —6.00
5.50 < t < —5.50
5.00 <t < —5.00
4.50 <t < —4.50
4.00 <t < —4.00
3.50<t < -3.50
3.00< ¢t < -3.00
2.50 <t < —-2.50

0.00 £+ 0.00
5.14 + 6.07
3.61 £ 8.40
2.42 4+ 9.37
—0.12 £ 10.98
9.71 + 13.75
—0.46 + 17.05
~10.33 £ 22.40
—7.79 + 30.35
20.14 + 43.77

Single Counter Timed Events

Time Window

Number of Events

9.50 <t < —9.50
7.00<t < —-7.00
6.00 <t < —6.00
5.50 < t < —5.50
5.00 <t < -5.00
4.50 <t < —4.50
4.00 <t < —4.00
350 <t < -3.50
3.00<t < —-3.00
250 <t < —2.50

0.00 £ 0.00
7.97 + 5.66
9.62 £ 7.78
9.94 + 8.63
12.28 £9.71
23.38 £ 11.91
18.99 + 14.06
15.90 + 17.76
10.58 + 22.62
47.02 + 30.96

Multiple Counter Timed Events

Time Window

Number of Events

9.50 < t < —9.50
7.00 <t < —7.00
6.00 <t < —6.00
550 <t < ~5.50
5.00< t < —-5.00
4.50 <t < —4.50
4.00 <t < —4.00
350 <t < —-3.50
3.00<t < —-3.00
2.50 <t < —-2.50

0.00 £ 0.00
0.06 + 1.39
0.13 £1.97
0.19 + 2.41
-3.32 £ 4.16
—0.81 + 5.90
—1.44 1+ 8.70
2.20 + 12.60
23.74 = 19.22
37.95 + 29.87
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counter case. In the clean track case, the motivation was to enable utilization of a
wider search window for a fraction of the time. In the shower timing case, the number
of events in the search window is always consistent with zero, but by improving the
timing resolution of the measurement, the uncertainty in the background decreases

and enables a more sensitive search.

5.6.5 Shower Timing Efficiency

For NC-like final states, the timing efficiency depends on the measured final state

energy as shown in Figure 5.27. This timing e!ficiency is used for obtaining limits
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Figure 5.27: The multiple counter event timing efficiency as a function of shower
energy in NC-like events.

for directly produced long lived particles and supersymmetric particle production
(in Chapters 6 and 8). The “shower timing TOF search window” refers to a time

outside of —5 < t < 5 ns.







Chapter 6

Model Independent Predictions

6.1 General Considerations in Models of New
Particle Production |

The absence of events outside the predicted time structure of the neutrino beam can
be used to extend limits on the existence of new particles. To obtain such limits,
it is necessary to make assumptions about how and where new particles might be
produced and how they might interact or decay in the detector.

Model calculations using generalized theoretical assumptions and a cursory de-
tector simulation (ie a back of the envelope calculation) can indicate which of the
models are more viable than others. However, ultimately the only true indication of
how sensitive the detector is to a particular model is a result of Monte Carlo simula-
tions that use detailed information about the model, the beamline, and the detector.
The validity of any such prediction relies on the reasonableness of the assumptions
made and a consideration of the stability of the results under the perturbation of
those assumptions.

Before beginning a detailed discussion elaborating on any particular model, it
is useful to consider what general features models might have that make the E733
detector sensitive to them.

The addition of the TOF apparatus to the E733 detector transformed the exper-

iment into a beam dump-like search experiment which is free of background from
132
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conventional and prompt sources of neutrino interactions in the time-of-flight search
window. In order to detect WIMPs, they must be weakly interacting enough to sur-
vive traversal of the over 1000 meters of shielding (the beam dump and the berm).
Thereafter they must either decay or interact within the 10 meter long fiducial vol-
ume of the detector in the time-of-flight search window. The final state must contain
particles that deposit at least 5 GeV of visible energy in the detector in order to sat-

isfy the trigger minimum energy requirement.

New particles may be produced directly by incident primary protons on the target
or by the secondaries on the beam dump. Or, just as the conventional neutrinos are
produced, new particles could be the decay products of secondary or tertiary particles

produced at the target or the dump.

This experiment is expected to be sensitive to WIMPs in the mass range from
about 0.5 to about 38.8/2 GeV/c? . The upper bound is half the energy available
in the center of mass in 800 GeV/c protons-nucleon interactions. The lower mass
bound is constrained by the time-of-flight acceptance: Recall the formula for the
tror in Equation 2.1. For WIMP energies well above the minimum energy required
~ by the trigger, a mass of > 0.5 GeV/c? is required in order for massive particles to lag
behind speed of light particles far enough to enter the detector in the time-of-flight
search window. This lower limit depends on the model being considered because
it is inherently dependent on the distribution of energies at which the particles are
produced.

Ultimately, the measure of sensitivity of the detector to a new particle production
mechanism is an accurate prediction of the number of events expected to be seen in
the E733 detector during the 1987 run. This prediction is based on detector geometry,
detector efficiency, and the production, decay and interaction characteristics of the

new particles for the model at hand.

The number of expected events (Ngg) expected to be seen due to new particles
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in the E733 detector outside of a given time-of-flight window is the product of the

following terms:

NEE = NWIMP- x e x P. (61)

Each of the terms in this expression is itself a product of a number of terms. To

elaborate,

NwimMPps is the total number of new particles expected to be produced
anywhere in the neutrino beamline during the 1987 run (based on

the beam flux, production cross section and beamline geometry),

€ is a product of acceptance .nd efficiency terms. It is the fraction
of particles produced which actually pass through the detector
fiducial volume in the time-of-flight search window with a total
energy that could satisfy the minimum energy trigger require-
ments times an efficiency for obtaining an event time for this

type of event.

P is the probability that the new particle survives the traversal of
the beam dump and berm and then decays or interacts in the

detector.

Beyond these general statements, details of the calculation are model dependent
and must be treated on a case by case basis.

The Minimal Standard Model (SM) does not predict the existence of additional
unseen particles other than v,, the top quark, and the Higgs Boson as described in
Chapter 1. However, modest extensions of the SM accommodate additional particles
such as heavy neutrinos or supersymmetric (SUSY) particles. The two chapters fol-
lowing this one describe the sensitivity of the E733 detector to these two possibilities.

The remainder of this chapter is dedicated to the presentation of a limit on di-

rectly produced massive particles based on fundamental production, interaction and
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decay assumptions without reference to any particular mechanism for production.

6.2 Direct Production of WIMPs

We assume that WIMPs are directly produced by some unspecified mechanism in
800 GeV/c proton nucleon collisions at the target or the dump.

The maximum possible WIMP mass that could be produced in such interacfions is
half of the available center-of-mass energy. I have chosen to evaluate the acceptances
for WIMPs in the mass range from 1 to 20GeV/c? Production of the higher mass
particles may be less likely ! , but this can be taker into account in the production
cross section.

In Equation 6.1, the number of WIMPs produced, Nwap,, with production

cross section owrmp (in 800 GeV/c pN interactions), is

Niyiap. = POT x Xi . x ";‘:Z”. (6.2)

In this expression, POT is the number of integrated live protons on target as given
in Equation 2.7. The index i indicates production of WIMPs at the target (: = 1)
and the beam dump (¢ = 2). Note that only primary interactions are considered in
this chapter. X} .., is the fraction of particles per proton on target which have a
primary interaction in the target (i=1) and beam dump (i=2). The primary target
has a depth of 1 interaction length. Therefore X} .., = (1 — e~1) = 0.6321. All
primary protons that do not interact in the target are absorbed in the beam dump
downstream of the decay pipe so X3 ,.; = (1 — X} 4) = 0.3679. In other words,
63% of all primary protons interact in the primary target, leaving 37% of the primary

protons to interact in the beam dump.

!In the parton model, partons (quarks or gluons in the nucleus) have, on average, one sixth of
the total momentum of the nucleon, and hence approximately one sixti. .. cnergy. A production
mechanism involving two of these constituents therefore, on average, has one sixth of the total
center-of-mass cnergy available to create new massive particles. The average 2 parton center-of-
mass energy is then (38.8 GeV) x } ~ 6.5GeV. But the momentum fraction carried by any parton
can be higher (though with smaller probability), so the center-of-mass energy available to produce
new particles may be higher than 6.5GeV.
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The fraction of primary interactions that produce WIMPs is %‘:ﬁ:‘f where ocal
is the total interaction cross section for 800 GeV /c protons on a nuclear target. The
atomic weight (A) dependence of the total inelastic cross section is (oc A%72) [14].
We assume that the A dependence of the production cross section for WIMPs owap
is the same. If a linear A dependence is assumed, this fraction increases by a factor
of (A% =)2.2 at the target (where A = 17) and a factor of 2.5 at the beam dump

(where A = 27).

6.3 Acceptance and Detection Efficiency

The term € in Equation 6.1 is the product of a number of acceptances and efficiencies.

Specifically

€ = Egeo€TOFECtrig€timing (63)

where ¢4, is a geometric acceptance, eror is a time-of-flight acceptance, &4, is a
detector trigger efficiency, and &4ming is a timing efficiency.

Estimating these terms requires that we make some assumptions about the energy
and angular spread of the produced WIMPs. In analogy to heavy quark production
in proton-nucleon collisions, production in the center-of-mass frame can be parame-

terized by

LI o (1~ [erl)" x e VEET, (6.4

derdpy
where M is the mass of the particle produced (in this case the WIMP), and n and
b are constants normally determined empirically for a particular process.

The motivation for using this parameterization is described in Chapter 1. I have
chosen an alternate mass dependent parameterization in the transverse momentum
term so that the < pr > scales with the mass of the particle produced as expected in
the QCD parton model for heavy quark production. In this way, a single parameter-

ization applies to a wider range of particle masses. A more theoretically motivated
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parameterization [41] may be

cpl—tp}(1 - eln( L)), (6.)

but heavy quark production data have not been fit to this form, so the values of the
constants b and ¢ are unavailable.

We have assumed that n = 5.0 and b = 3.45 as in a similar simulation [42]
of a production of supersymmetric particles in a similar mass range. These values
are in the midrange of what might be expected in the direct production of massive
particles. Effects of variation of these constants will be discussed later.

Using these production assumptions, the various acceptances can be estimated
as described below. For easy reference, all geometric, time-of-flight and trigger ac-
ceptances for this model are listed in Tables E.1 and E.2 in Appendix E.

We find that the geometric acceptance, €g, (the number of particles that pass
through the E733 detector fiducial volume per number produced), for particles pro-
duced by 800 GeV /c protons at the target and the beam dump according to Equation
6.4 varies as a function of mass as shown in Figure 6.1. Because the beam dump is
about 500 meters closer to the detector than the target, e, is notably higher for
dump production.

Although the fiducial volume is not exactly circular in cross section, it is roughly

true that the geometrically accepted particles are those that are projected directly
forward from the production point into a cone with an opening angle of 1. — 2. mrad.

The angle of the WIMP in the lab with the z-direction (beam direction),

010 = a.rcta.n(i—'L), (6.6)
Il

must be less than ~ 0.5—1.0 mrad. The p, term is dominated by the p3. dependence,
while the p)| term is dominated by the zr dependence of the differential cross section.
As a result of the mass dependence in the p} term, lower mass particles are more

likely to have lower p, and thus a lower production angle. On the other hand,
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Figure 6.1: Geometric Acceptance as a function of WIMP mass for production at
the a) target and b) beam dump.

due to the mass independent (1 — zF)™ term, higher mass particles tend to have a
higher longitudinal momentum after the boost to the lab frame. As a result of these
competing factors, a dip in the acceptance occurs at intermediate masses with higher
acceptance at the low and high masses.

The time-of-flight acceptance, eror, is evaluated by requiring geometrically ac-
cepted particles to enter the detector in the time-of-flight search window. The width

of this time window depends on the expected final state:

o If the final state contains a high energy muon (CC-like), the clean track TOF
search window applies: if t17oF of a particle is in the range from 3.25 to 15.08

ns, it is time-of-flight accepted.

e If no high energy muon is expected in the final state (NC-like), then the shower
timing TOF window applies: if troF of a particle is in the range from 5.00 to

13.93 ns, it is time-of-flight accepted.

The eror is the fraction of time-of-flight accepted particles of the geometrically

accepted particles.
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Figure 6.2: Time-of-flight acceptance as a function of 'NIMP mass for geometrically
accepted particles produced at the a) target and b) beam dump. The solid line is
eror using the clean track time search window and the dotted line is e7oF using the
narrower shower time search window.

Figure 6.2 a) and b) shows the time-of-flight acceptance as a function of the
WIMP mass for geometrically accepted particles produced at the target and dump
respectively. Because the beam dump is closer to the detector than the target, eror
is notably lower for dump production. eroy is smaller for the narrower shower time

window (in comparison to the track time window) by almost a factor of two.

The effects of the geometric and time-of-flight cuts on the produced energy spec-
trum are shown in Figure 6.3 a), b) and c¢) for WIMP masses 1 GeV/c?, 6 GeV/c?
and 11 GeV/c? respectively. The unhatched histogram represents the produced en-
ergy spectrum, the hatched histogram is the spectrum of geometrically accepted
particles and the cross hatched histogram represents the spectrum of geometrically

and time-of-flight accepted particles.

The discontinuities in the time-of-flight accepted energy spectrum are a result
of the tror being some integral multiple of the RF clock period plus or minus the

measured width of the neutrino bucket for that WIMP mass in that energy range
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Figure 6.3: Energy Spectra for a WIMP mass of a) 1, b) 6, and c) 11 GeV/c?
, produced by 800 GeV/c protons on the target. The unhatched area is the pro-
duced spectrum, the hatched area is the energy distribution of geometrically accepted
particles and the cross hatched area shows the spectrum of time-of-flight accepted

particles.
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. This discontinuity does not result in a blind spot, or insensitivity of the detector,
to a particular production mechanism because in general particle production occurs
over a wide range of energies, rather than in a narrow range ot energies that happen
to satisfy this criteria. Also, production would occur at both the target and the
beam dump which have characteristically different such discontinuities associated

with them that do not tend to overlap.
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Figure 6.4: The maximum possible energy a WIMP can have such that it falls within
the track timing search window as a function of WIMP mass. The solid line is for
production at the target (D = 1599m) and the dotted line for production at the
beam dump (D = 1057m).

The geometrically accepted particles, those with 8i, < 1mrad, tend to be those
with the higher energies, while the time-of-flight acceptance is essentially a maximum
energy cutoff. If a particle is too energetic, it does not fall out of time sufficiently to
appear different from a neutrino event. This cutoff is proportional to the mass. By
rearranging Equation 2.1, one can votain an expression for the maximum momentum
that a particle of a given mass M can have such that it still falls within the TOF
search window. The maximum energy (¢ .vesponding to this maximum momentum)
as a function of mass is plotted in Figure 6.4 for the track timing search window. The
solid line is for particles produced at the target and the dotted line for production at

the beam dump. This maximum energy for the shower timing search window is even
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more restrictive: it is about 80 % of that for the track timing search window. This
cutoff energy is a peculiarity of this time-of-flight search experiment. Its effect on the
acceptance can be quite severe, reducing the sensitivity of the apparatus particularly
to the production of WIMP masses below 1 or 2 GeV/c? .

The trigger efficiency, &¢pig, is the efficiency with which the detector is able to
trigger on an event. It is assumed that WIMPs interacting or decayingin the detector
will deposit 100 % of their energy therein, and that the trigger efficiency is the same
for these events as for garden variety neutrino events of the same visible energy. This
efficiency is described more fully in Chapter 3. For this analysis, it is parameterized
as a step function as follows.

e =1 1 for E > 5GeV
9 =\ 0. for E <5GeV.

This efficiency does not effect WIMPs with mass greater than 5GeV; for lower
mass WIMPs, this efficiency on average is greater than 90 % for geometrically and
time-of-flight accepted particles.

It is practical to ask how these acceptances change as a function of changes in
the constants n and b in Equation 6.4. Figures 6.5 a) and 6.5 b) demonstrate the
variation in the geometric and time-of-flight acceptance respectively as a function
of n and b for a WIMP mass of 13 GeV/c?. The ranges of n and b evaluated are
justified as follows.

A survey of the literature measuring n in heavy quark production shows that
values of n have been measured to vary in the range 1 < n < 10 depending on the
particle studied, the beam energy, etc. [43, 44]. The results suggest higher values of
n for higher beam energies, which should be more appropriate in this case.

Values of b in heavy quark production experiments range from approximately 0.8
to 3.4 [45] for the e~*T parameterization. We have chosen a different parameteriza-

tion (Equation 6.4) that applies over a larger mass range. In the mass range of the
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Figure 6.5: The variation in the a) geometric, b) time-of-flight and c) total (geometric
x time-of-flight x trigger) acceptance as a function of n and b for a WIMP mass of
13 GeV/c2 .
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heavy quark states studied in the literature, the variation in the pr spectrum is rep-
resented in our parameterization somewhere over the range in b from 0.5 < b < 5.0.

Figure 6.5 c) demonstrates the variation in the total acceptance (the product of
the geometric, time-of-flight, and detector trigger acceptance) as a function of n and
b for a WIMP mass of 13 GeV/c?.

In Figure 6.5 a) we see that higher geometric acceptance is seen for higher values
of b (a more strongly peaked pr distribution means more particles prbduced at near
zero pr). Figure 6.5 b) shows higher time-of-flight acceptance for higher values of
n. In the higher n regime, a more strongly peaked zr distribution results in less
longitudinal momentum imparted on average to the produced particle.

In Figure 6.5 c) we see that the combination of these two effects results in a
variation in the combined acceptance of less than a factor of 10 for a wide range in
the production parameterization constants n and b. This is true for all WIMP masses
in the range 1 < M < 20 GeV/c?. The central bin in these plots is representative of
the n and b values chosen (5.0 and 3.45 respectively) to obtain the acceptances used
for this analysis.

These last three plots are intended to demonstrate what happens to the overall
acceptance over a wide range of values of the parameters n and b. Low values of both
n and b are not anticipated based on heavy quark production data at high energies.
So in summary, the overall acceptance changes with n and b, but not such that the
acceptance is appreciably different from the acceptance for n = 5. and b = 3.45 used
in this analysis.

The final term in € is the timing efficiency, €timing, the fraction of events expected
to have a reliable event time measurement. We assume that interacting or decaying
WIMPs deposit all available energy in the detector. This efficiency, as described in

Chapter 5, depends on the final state topology:

e If the final state contains a high energy muon (CC-like), then €y;mingy depends
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on the angle of the muon relative to the beam direction. Since this angular
distribution cannot be anticipated, we assume that such final states have the
same timing characteristics as a charged current neutrino inieraction of the

same energy.

¢ If no high energy muon is present in the final state (NC-like), then eiiming
depends on the final state visible energy. We assume that such final states
have the same timing characteristics as neutral current neutrino interactions

with the same visible energy.

In other words, the €iming is assumed to be the same as the €4;ming of neutrino events

(as reported in Chapter 5).

6.4 Detection

If a neutral particle enters the detector and deposits at least 5 GeV of visible en-
ergy within it, the E733 detector trigger requirements are satisfied and the event is
recorded. Particles can deposit energy via decay or interaction. These two cases are

treated separately in the sections following.

6.4.1 Noninteracting Unstable Particles

If we assume the WIMP is noninteracting but unstable with lifetime 7, the probability

P in Equation 6.1 that it will decay in the detector is

P = P,xPy (6.7)

ezp (7783 ) X [1 — ezp (776—2)] (6.8)

where P, is the probability that the particle survives from the point of production to

the detector (a distance D) times P;, the probability that the WIMP decays within

the detector fiducial volume (with a depth A = 10 meters).
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Shown in Figure 6.6 is this probability P as a function of lifetime 7 for a WIMP

produced at the target with a fixed mass and energy. A particle with a lifetime
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Figure 6.6: The probability that a WIMP will decay in the detector fiducial vol-
ume as a function of lifetime r. This probability was evaluated for a WIMP mass
=10 GeV/c? , WIMP energy = 100 GeV . The target to detector distance D = 1599
meters and the fiducial volume depth A = 10 meters.

shorter than = 10®sec (the lifetime of a charged pion) typically decays before reach-
ing the detector, while a particle with lifetime longer than 10~*sec have a very small
probability of decaying at all.

We have identified all of the factors in Equation 6.1 (Nwimp,, €, and P) for
unstable noninteracting directly produced particles. So we can calculate the number
of events expected to be seen in the detector over the course of the run. If a statis-
tically significant number are expected (as described in Chapter 5), such particles
can be excluded. A computer simulation based on the assumptions stated above is
used to predict the acceptances and efficiencies, get the energy spectrum of accepted
particles, and calculate the probability that they will decay in the detector.

For this noninteracting unstable particle model, the independent parameters are
the production cross section o, the mass M, the branching ratio B producing the
indicated final state and the mean lifetime 7.

Contours of equal 90% confidence level upper limits on production cross section
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Figure 6.7: For noninteracting unstable particles, the solid contours indicate equal
90% CL upper limits on production cross section times branching ratio (pb/nucleon)
as indicated as a function of mass and lifetime for inclusive CC-like final states. Solid
curves represent the E733 results in which the A dependence is assumed to be the
same as the total inelastic cross section (A%7?). If a linear dependence is assumed,
the o B sensitivity increases by a factor of > 2.2. Dashed curved represent the NA3
results for identical o B and specific final state g+ or p+ u. The NA3 curves assume
a linear dependence of the cross section. If A% dependence is assumed, their cross
section sensitivity decreases by a factor of 4.3.
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Figure 6.8: For noninteracting unstable particles, the solid contours indicate equal
90% CL upper limits on production cross section times branching ratio (pb/nucleon)
as indicated as a function of mass and lifetime for inclusive NC-like final states. Solid
curves represent the E733 results in which the A dependence is assumed to be the
same as the total inelastic cross section (A%7?). If a linear dependence is assumed,
the o B sensitivity increases by a factor of > 2.2. Dashed curved represent the NA3
results for identical B and specific final state a) v*e¥ or b) #*xF + X (inclusive).
The NA3 curves assume a linear dependence of the cross section. If A% dependence
is assumed, their cross section sensitivity decreases by a factor of 4.3.
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times branching ratio (pb/nucleon) as a function of mass and lifetime are shown
in Figure 6.7 for CC-like final states. Figure 6.8 a) and b) show similar contours
for NC-like final states. Note that plots a) and b) show the same £733 reswts for
slightly different values of o B so that direct comparison can be made to two distinct
NA3 final state topologies (NA3 experimental details below).

We have assumed that the atomic weight dependence of the production cross
section is the same as that of the total inelastic cross section (x A%7%) [14]. If a
linear dependence is assumed, the sensitivity in B increases by at least a factor of
2.2. For example, assuming a linear A dependence, the 100 pb/nucleon upper limit
curve becomes a 41 pb/nucleon upper limit, calculated as follows:

17100 100
5(‘2'3+27) =41, (6.9)

assuming an equal contribution from the target (A4 = 2.2) and the dump (4 = 2.7).
3

In Figures 6.7 and 6.8 a) and b), the dashed curves indicate results from the
NA3 [46] experiment for identical o B and specific final state p + 7 or p + pu, Tte¥,
and 7¥x¥ + X (inclusive) respectively. The NA3 collaboration assumes a linear
dependence of the cross section to obtain these contours. If an A%72 depvendence is
assumed, their cross section sensitivity decreases by a factor of 4.3.

The NA3 experiment [46] is a short beam dump experiment performed at CERN
designed to look for charged or neutral massive (> 1GeV /c?) particles with lifetime
in the range 10~ < 7 < 107% 5. We will focus specifically on their neutral particle
search results. Summarizing the NA3 setup: A 300 GeV /cr~ beam is incident on
a 2 meter long iron beam dump with a conical tungsten plug (A=184). A 2 meter

long decay region followed by a large acceptance spectrometer is located immediately

2For an exact calculation of the contribution from the target and the dump, each term in the
sum of Equation 6.9 should be weighted by the overall acceptance in Tables E.1 and E.2 for the
WIMP mass of interest.
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downstream of the dump. The spectrometer records events consistent with a neutral
particle decaying in the decay region to two or more charged particles.

Table 6.1 lists some general characteristics of both the E733 and NA3 experiment
for comparison 3. These two experiments are complimentary: Their range in lifetime
sensitivity is very different. The long beamline makes E733 insensitive to shorter
lifetimes, but when combined with the higher integrated luminosity, E733 is more

sensitive to longer lifetimes despite lower acceptances.

Table 6.1: Comparison of NA3 and E733 Experiment Characteristics

| Characteristic I NA3 ! E733 |
beam type = p- \
beam energy (/) 300 GeV/c (=~ 24 GeV) | 800 GeV/c (= 39 GeV)
integrated luminosity 69pb~1 2.88 x 10°pb—!
target type (A) W (184) BeO (17) target
Al (28) beam dump
production to decay < 4m 1599m (target)
distance 1057m (beam dump)
decay volume 2m 10m
length
decay volume 1.5m diameter 3.12m diameter
cross section
geometric acceptance > 85% 0.006 — 0.014 (target)
0.015 — 0.030 (beam dump)
time-of-flight acceptance not 0.01 — 0.90 (target)
applicable 0.001 — 0.066 (beam dump)
final state requires at least any combination of
2 charged particles charged or neutral
in final state hadrons, charged
leptons, photons
depositing a total
energy > 5GeV

In summary, the present experiment excludes noninteracting unstable particles

directly produced in 800 GeV/c pN interactions with

3NA3 acceptances estimated using production and decay assumptions and beamline geometry.
These results have not been verified by the NA3 collaboration.
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e mass less than 20 GeV/c? and
e lifetime in the range from 1075 to 10~°® seconds and

e production cross sections greater than a few picobarns.
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6.4.2 Stable Weakly Interacting Particles

Constant Interaction Cross Section

If we assume the WIMP is stable but weakly interacting with interaction cross section

o9, the probability P in Equation 6.1 that it will interact in the detector is

P = P, X Pips (6'10)

= ezp(—0oNdump) X [1 — exp(—00Nyet)) (6.11)

where P, is the probability that the particle survives from the point of produc-
tion to the detector (traverses the shielding within which there are Nyym,

5.0 X 10**nucleons/cm? * target nucleons with which to interact per unit area) times
Py, the probability that the WIMP interacts within the fiducial volume (where
Nyt = 8.1 x 10%8nucleons/cm? ® is the number of target nucleons within the detec-

tor fiducial volume).
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Figure 6.9: The probability that a WIMP will interact in the detector fiducial volume
as a function of interaction cross section ay.

Shown in Figure 6.9 is this probability P plotted as a function of interaction cross

section og. A particle with a cross section larger than ~ 10-28cm~? interacts before

4see Equation 2.5
8see Equation 2.6
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reaching the detector, while a particle with o smaller than ~ 10~33cm 2 have a very
small probability of interacting at all.

We have identified all of the factors in Equation 6.1 (Nwrap,, €, and P), for stable
weakly interacting directly produced particles. We can calculate the number of events
expected to be seen in the detector over the course of the run. A computer simulation
utilizing the stated assumptions is used to predict the acceptances and efficiencies, get
the energy spectrum of accepted particles, and calculate the probability of interaction
in the detector.

For this model, the independent parameters are the production cross section
o, the mass M, the branching ratio B producing the indicated final state and the
interaction cross section oyg.

Shown in Figure 6.10 are contours of equal 90% CL upper limits on production
cross section times branching ratio (pb/nucleon) as a function of mass and interaction

cross section for final states a) including a muon and b) not including a muon.
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Figure 6.10: For stable particles with a constant interaction cross section: the solid
contours indicate equal 90% CL upper limits on production cross section times
branching ratio (pb/nucleon) as indicated as a function of mass and interaction
cross section o for final states a) with a muon b) without a muon. A dependence
is assumed to be the same as the total inelastic cross section (A%7?). If a linear
dependence is assumed, the o B sensitivity increases by a factor of > 2.2.
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Interaction Cross Section Proportional to Energy

We have also considered the case where the interaction cross section i, 1s propor-

tional to the energy of the WIMP, ie
Oine = 0o X E (6.12)

where E is the WIMP energy and o is a constant. Such is the case in neutrino
interactions for scattering from pointlike objects in the nucleus. For this general
WIMP model, W* or Z; bosons or some unknown carticle may be exchanged. We
leave the mechanism unspecified.

The first three independent parameters are the same as in the last case: the
production cross section o, the mass M, and the branching ratio B producing the
indicated final state. The last parameter is the constant of proportionality og in
Equation 6.12.

Shown in Figure 6.11 are contours of equal 90% CL upper limits on production
cross section times branching ratio (pb/nucleon) as a function of mass and interaction
constant oo = Oine/E for final states a) including a muon and b) not including a
muon. The difference between the two models producing the results in Figures 6.10
and 6.11 is that in the latter figure the probability of interaction varies over the
energy spectrum. The region of highest interaction cross section sensitivity is the
same in both models.

In summary, the present experiment excludes stable weakly interacting particles

produced directly in 800 GeV/c pN interactions with
¢ mass between 2 and 20 GeV/c? and
e interaction cross section in the range from 103! to 10~?°cm? and

e production cross sections greater than a few picobarns.
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Figure 6.11: For stable particles with interaction cross section proportional to the
WIMP energy: the solid contours indicate equal 90% CL upper limits on production
cross section times branching ratio (pb/nucleon) as indicated as a function of mass
and interaction constant o = ine/E for final states a) with a muon b) without a
muon. A dependence is assumed to be the same as the total inelastic cross section
(A%") in pN interactions. If a linear dependence is assumed, the oB sensitivity
increases by a factor of > 2.2.







Chapter 7

Limits on Heavy Neutrino
Production

In the last chapter, we considered the possibility that a WIMP could be produced
directly in 800 GeV/c pN interactions. In these next two chapters, we consider the
possibility that a WIMP is produced as the product of a decay of some other particle
produced in the beamline.

In this chapter, we presuppose that a massive neutrino is produced in the decay
of a heavy quark state. In summary, the following sequence of processes results in a

signal in the E733 detector:

o Heavy quarks are produced at the target or the beam dump from primary or

secondary beam particles.

o These states decay promptly with a massive neutral lepton as one of the decay

products.

e The massive neutrino is relatively long lived and weakly interacting, so it sur-

vives the traversal of the beam dump.

e The particle decays in the E733 detector with a muon in the final state.
157
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Ultimately, we will predict the number of events expected to be seen in the
detector over the course of the run, which, as in the-last chapter, is the sum over the
product of a number of terms. The total number of expected events is given by

heavyquarks
Ngg= Y, N;xBx¢' x P xBg. (7.1)

i=sourcesof
Again, each of the terms is the product of a number of terms. The sum over i
indicates a sum over all beam particle types that produce the heavy quark states.
For each source, production parameterization constants, cross sections, acceptances
and efficiencies are different, so each source contribution is calculated separately, and
then summed to get the final result. The term N} represents the number of heavy
quarks produced from source i and B} is the branching ratio for the heavy quark

state to decay to a massive neutrino. Just as in the last chapter, ¢’ is a product of

acceptances and efficiencies:

€ = Egeo€TOFEtrigtiming) (7.2)

each term of which is dependent on the spectrum of particles produced. P is the
probability that an accepted massive neutrino decays in the detector fiducial volume,
and the term By represents the branching ratio for the massive neutrino to decay to
a final state that satisfies the detector trigger requirements. This chapter describes
a model for heavy neutrino production, quantifies each of the terms in Equation 7.1

within the context of the model and presents the resulting limits.

7.1 A Massive Neutrino Model

It has long been recognized that it is possible to extend the Minimal Standard Model
to include additional neutrino mass eigenstates [47]. Such particles may arise in new
generation weak eigenstates (in a 4th, 5th ... generation isodoublets) or as additional

mass eigenstates which mix with the conventionally known light neutrinos.

]
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Combined studies in LEP experiments measuring Z° parameters in ete™ colli-

sions have shown that the number of light neutrino generations is N, = 3.00 £ 0.05 & 0.02
- based on measurements in 650,000 Z° decays [48]. Further studies [49, 50] exclude

the existence of a more general class of massive neutral lepton that mixes with the

light neutrinos (as is presented in this chapter). These results apply to any such neu-

tral lepton with masses below 45 GeV/c? assuming that these new particles couple

to the Z° in the same way as the light neutrinos.

In this experiment, the mass sensitivity to neutral leptons is limited to the range
0.5 < M < 1.8GeV/c?, a range much lower and narrower in mass than in these recent
LEP experiments. However, we are sensitive to the coupling of neutral leptons to
the W* boson rather than to the Z° boson, in other words, we look for the same
particles produced in a different way.

Consider an extension of the Standard Model in which each weak neutrino flavor
eigenstate ! x; is a superposition of a conventional light neutrino mass eigenstate v;

and @ = 1,2,...n new heavy neutrino mass eigenstates vZ. Then

n 1/2 n
Xi = Vi [1—Z|U¢¢I’] +vg 3 |Uial- (7.3)

a=1 a=1

where 1 is either e, 4, or 7 and the sum over a indicates a sum over the number of
heavy lepton species.

In this notation, the neutral and charged currents in the lepton sector are of the

form
JNC = i_;zrwu —7*)xi (7.4)
and -
JC = 3 (1 -0 (7.5)
i=ep,T

The mixing matrix (|Usa|), a set of experimentally determined coefficients, express

the strength of the mixing between the different mass eigenstates. It must be unitary

1The weak cigenstates are defined as those states which couple with unit strength to their
respective charged lepton of the same flavor.
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to conserve probability, and the values within it are constrained by weak universality
[51]. The present limits on mixing between flavors indicate that each weak eigenstate
is dominated by a single light (or massless) mass eigenstate. Other non-zero matrix
terms may result in mixing between flavors and/or mixing between heavy and light
states of the same flavor.

We do not consider mixing between two of the conventional mass eigenstates that
couple dominantly to v., v,, or v,; We are considering mixing between one of these
light states and a mass eigenstate yet unknown with a mass greater than 0.5 GeV/c?.

This study is complimentary to the more traditional searches for neutrino oscil-
lations [52] between the light eigenstates (for mixing angles > 0.01 at smaller mass
differences). We are searching for states with large mass differences at very small
mixing angles (< 10~2). In the case of a large mass difference between the species
(over 0.5 GeV/c? ), mixing leads to neutrino oscillations of undetectably short wave-
length. Mixing occurs instantaneously at the point of production. The massive state
manifests itself by arriving at the detector delayed in time relative to the neutrinos
in the same bunch.

We assume that mixing occurs between the light and heavy neutrinos of the
same flavor as suggested in References [53] and [54]. In this experiment, we are
most sensitive to decays into muons, thus the remainder of this chapter will focus on

the possibility of a single heavy neutrino mixing with the conventional light muon

neutrino.

7.2 Heavy Neutrino Production from the Decay
of Heavy Quarks

If a single heavy neutrino eigenstate Ny exists, it couples with strength |U,g|? to

£

u* . As a consequence, these heavy eigenstates would appear in the semileptonic

and leptonic decays of quark states provided the kinematic threshold is satisfied. For
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example, a heavy neutrino with mass less than 0.140 GeV/c? or 0.5 GeV/c? would
be produced in the decay of pions or kaons, respectively. A variety of experiments
have looked for massive neutrinos from decays such as # — wvpu [55], K — wvpu [56],
K — wvwop [57]. Results of these studies, along with others, will be compared to
our results later in the chapter.

The higher energy of the Tevatron makes it possible to extend the region of mass
sensitivity beyond the K* mass. Heavy quark states such as the D mesons D*(c, d),
D-(%,d), D{(c,3) and D3(c,s) are expected to be copiously produced via gluon
fusion in both the target and the beam dump. These states have muonic decay
modes. The decays of these states to heavy neutrinos will occur in proportion to the
mixing parameter squared (|U;,|?).

The Feynman diagram for the two-body deca.y of a D* producing a heavy neu-

trino is shown in Figure 7.1 a). These heavier states can decay to heavy leptons

c ,u'{" d J
¢ s
w+ /i+
wt
- v
d VH H

Figure 7.1: Feynman Diagrams demonstrating the a) 2 body and b) 3 body decay
of a charged D meson into a final state with a massive neutrino.

up to masses of about 1.7GeV/c?. A three body decay is also possible as shown in
Figure 7.1b), again assuming that the kinematic threshold is satisfied. The hadron
in the 3 body decay is most likely a kaon (Cabibbo favored) rather than a pion
(Cabibbo suppressed). We will see later that the acceptance for this 3 body decay

mode makes this decay channel unimportant for this analysis.
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The branching ratios for the 2 body decay modes are predicted theoretically [51)

_ M m*\?
Bq(l):t - Vgﬂi) = (1.57 x 10 2) |l]“H|2 (m) (1 - M_é) (7.6)

and

By(D% — vgut) = (1. X 10'1) |Upm|? (%V/c’) (1 ~ —%) (7.7)

where M, Mp, and Mp, are the masses of the heavy neutrino, D* meson and D%
meson (sometimes called the F'* meson), respectively. These branching ratios are
the B} in Equation 7.1. Note that they are dependent on the mixing parameter
|Uumr|? and the heavy neutrino mass M, which are the free parameters of this model.
The branching ratio of Equation 7.6 is plotted as a function of |U,g|? in Figure 7.2

for 3 vg masses. The curve drops steeply with decreasing |U,g|? for all vg masses.
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Figure 7.2: The branching ratio for a D* meson to decay to a massive neutrino as
a function of |U,g|? for vg masses of a) 0.5, b) 1.1 and ¢) 1.7 GeV/c? .

It is about 3 times greater for the lowest mass vy compared to the highest mass
regardless of |U,g|?.
The lifetimes [15] of the D* and the DY mesons have been measured to be

(10.66 + 0.23) x 1073 5 and (4.457038) X 10~13 s respectively. As a result of these
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relatively short lifetimes, decay occurs virtually at the point of production so that

secondary interactions in the target or dump are negligible.

7.2.1 Charmed Particle Production and Decay

There are a number of sources of charmed mesons in the neutrino beamline. They
include 800 GeV/c protons on the primary target and the beam dump, and secondary
beam particles on the beam dump such as #*, K* and p*.

The hadroproduction of D mesons has been measured by experiments at both
FNAL and CERN for a number of beam particle types and a range in beam energies.
These experiments measure total cross sections and/or constants that express the
production in the center of mass such as n and b in the parameterization

d’o

dp% dz F

(1~ zr)" ezp (~bp})) (7.8)

Measurements of the constant b in Equation 7.8 (indicating the p} dependence of
the production) indicate that b is relatively independent of beam type, beam energy
and target type as pointed out in Reference [43]. Therefore, an average value of
b = 1.0 was used in the simulation of all D* and D¥ production for all beam types
and energies in this analysis. Measurements of the zr dependence (the constant n
in Equation 7.8) vary with beam energy. Higher n values are typically measured at
higher beam energies.

Experimentally measured cross sections typically agree within stated uncertain-
ties, though the variation in the central values vary widely [12]. Of the plethora of ex-
perimental results available, a few were chosen as representative of charm hadropro-
duction on the basis of beam energy, statistical weight of the data sample, final
state particle identification ability, and sensitivity range in zr over which produc-
tion was measured. The effects of the variation in these production parameters will

be discussed later.
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The D~ and D* mesons are leading and non-leading particles, respectively (as
described in Chapter 1). Therefore global fits for both charge states covering low
and high zy were used, rather than using separate production parameterizations for
the D~ and D*.

It should also be noted that some fraction ? of the charged D mesons produced
in pN interactions are not produced directly, but are decay products of higher mass
states. Since we expect similar effects in the neutrino beamline, this point is incon-
sequential.

To parameterize charm production in the neutrino beamline, we have used the

results of the following experiments:

FNAL E7483 This experiment [58] utilizes a precision vertex detector LEBC
(LExan Bubble Chamber) followed by a multiparticle spectrometer
(MPS) to study charm production in 800 GeV/c pp interactions.
They have measured a total charged D meson production cross sec-
tion of oyoe(D*/D~) = 26 £ 4ub, and constants n and b in Equation
7.8 of 8.6 £ 2.0 and 0.8 + 0.2(GeV/c)~? respectively. These results
are used to parameterize D* production from 800 GeV/c protons

on the target and the beam dump.

CERN NA16[59], NA27[60] These experiments utilize the same precision ver-
tex detector LEBC (LExan Bubble Chamber) followed by a mul-

tiparticle spectrometer (EHS - European Hybrid Spectrometer) to

study charm production in 360 GeV /c v~ p interactions.

e The NA16 experiment measures o(D%) = 4.5 £3-2 ub(zF > 0),
n=2.82+0.38,and a = 1.1 £ 0.3(GeV/c)3.

2Estimates of this fraction run as high as 50%.

il
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e The NA27 experiment measures o( D*) = 5.7+ 1.5ub(zF > 0),
n=3.840.6, and a = 1.18 £313 (GeV/c)>.

Averaging these results, the cross section for D*¥ production in
360 GeV/cr~p interactions is o(D¥) = 5.1 &+ 2ub(zr > 0). The
scaling of this cross section over the spectrum of secondary energies

will be described later.

The average value of the constant n in Equation 7.8 from these
experiments is 3.3. Since the average secondary pion energy in the
beamline is less than 250 GeV, a slightly more conservative value

of n = 3.0 was used in the simulation.

A very limited amount of data are available for D* production
in K*N interactions [45]. In this analysis, we assume that this
production is the same as that measured in #*N interactions at the

same energy.

FNAL E769 Using the TPS detector (a silicon microstrip vertex detector fol-
lowed by an open-geometry spectrometer) in a Fermilab beamline,
the D% production cross section in 250 GeV/c pN interactions was

measured to be 1.5ub (preliminary) [61].

Shown in Figure 7.3 is a theoretical prediction from Quigg and Ellis [62] of the
energy dependence of the charm production cross section in pN and wN interactions.
Note that the shape of the energy dependence is relatively independent of the charm
quark mass. This energy dependence combined with the measurements listed above,
are used to predict the D¥ production cross section for the beam particle energies
at which measurements are not available. These predicted cross sections are shown

in Figure 7.4.
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Figure 7.3: Integrated cross sections for the production of charmed quarks in #N
(solid lines) and pN (dashed lines) collisions extracted from a paper by Ellis and

Quigg.

For example, a measurement of the DI production cross section in 800 GeV/c
pN collisions is not available, so extrapolating the measured cross section of 1.5ub at
250 GeV/c pN according to the solid curve in Figure 7.3, we obtain o(D%) ~ 5.5ub
at 800 GeV/c.

The energy spectra of secondary 7%, K* and p* on the beam dump are shown
in Figure 2.2. For secondary protons and antiprotons, the E743 cross section mea-
surement at 800 GeV /cis used to predict o(D*) at lower proton energies. Similarly,

the NA16 and NA27 results are scaled to obtain o(D*) for the spectrum of energies

of secondary pions and kaons.

As we will see later, the secondary flux production of D* at the beam dump is
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Figure 7.4: Expected D* cross section as a function of beam energy in 7N (solid
lines) and pN (dashed lines) interactions.
not a significant source of vy at the detector. We therefore did not simulate D%
production by secondary particles, as we expect this source to contribute equally
insignificantly.

In Equation 7.1, the sum over i indicates a sum over all beam particle types. The
sources considered are listed explicitly in Table 7.1 by index 1.

The production assumptions above can be combined to estimate the term N;' in

Equation 7.1:

oD
_— 7.9
Ototal ’ ( )

N; = POT x X, 4. x E},

ain X

where the product of the first 3 terms (POT x X}, . X E}, ;) is the total number
of integrated interacting particles of type i, and o%)/0otar is the fraction of those

interacting particles that are expected to produce D*. To elaborate on each term:

POT  is the number of integrated live protons on target as given in Equation 2.7,
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Table 7.1: Sources of D* and D% in the neutrino beamline.

[ indexi | Source of D= |

1 800 GeV/c p on target

2 800 GeV/c p on beam dump
3 secondary 7~ at beam dump
4 secondary x+ at beam dump
5 secondary K~ at beam dump
6 secondary K+ at beam dump
7 secondary p~ at beam dump
8 secondary p* at beam dump

index i Source of Dy
1 800 GeV/c p on target
2 800 GeV/c p on beam dump

is the number of interacting particles per proton on target. For primary
protons on the target and the beam dump, X} .., = 0.6321 and X2 __, =

m

0.3679 respectively as in Chapter 6. For secondary particles, it is given in

Table 2.1.

is the train acceptance, the fraction of particles that make it through the
aperatures of the magnet train. The primary proton beam is highly colli-
mated 80 Ei.4in, = 1 for 800 GeV /c protons on the primary target and the

beam dump. For secondary particles, Ei,,;, is given in Table 2.1.

is the measured production cross section for D mesons for each beam par-
ticle type . For primary sources, it is constant. For secondaries, it varies

with energy as described earlier in this section.

is the total inelastic interaction cross section for each beam pa !le type.
It is about 40mb for protons, 23mb for pions, 23mb for kaons, 1 42mb

for antiprotons [15].

Shown in Figure 7.5 is the number of D* and Df mesons expected to be produced
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in the beamline as a function of beam type. The beam types i considered are as

listed in Table 7.1. The principle sources of D* mesons are the primary protons on

T l T I T I T r rlll'llrllll’l'rl’lllf

103
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192 L[] K ]
1d? X i
0%, 1 T T T P
2 4 6 8 0.8 1.2 1.6 2 2.4
beam type ' beam type

Figure 7.5: The number of a) D* and b) D} particles produced in the beamline as
a function of beam type 1.

the target and the beam dump, followed by secondary protons and secondary n*
on the beam dump. The Df mesons are not as copiously produced (as the D¥),
but higher branching ratios to heavy neutrinos (in Equation 7.7 relative to Equation
7.6) provide the compensating factor that makes the Dg contribution to the vy

production significant.

Cross section uncertainty and A dependence

The major source of uncertainty in calculating the number of D mesons produced
is the production cross section. A variation in cross section effects the number of
produced particles proportionally. If the true production cross section is 20% higher,
then 20% more D particles are produced, and 20% more vg would be expected in
the detector over the course of the run.

The atomic weight dependence (A dependence) of the charm production cross
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section has been studied extensively as described in Chapter 1. The total inelastic
cross section has been measured to have an A%™ dependence [14] for protons on a
nuclear target. Results from experiments studying the hadroproduction of charm
indicate charm cross sections with a linear A dependence. See Reference [12] for a
good summary of such results. Assuming this is the case, then NN, the number of
heavy quarks produced in the beamline, is enhanced by a factor of (f;% =)2.2 at
the target (where A = 17) and a factor of 2.5 at the beam dump (where A = 27).

7.2.2 Acceptance and Efficiency

Using the production assumptions described, acceptances and efficiencies can be ob-
tained. We have used a computer simulation to accomplish this, taking the following

steps:

o D meson production is simulated in the center of mass for each beam source
type according to Equation 7.8 with production constants n and b as described

in the last section.

o These mesons are allowed to decay as in the Feynman diagrams of Figure 7.1,
assuming that the massive neutrino is produced isotropically in the center of

mass for both the 2 and 3-body decay modes.

e The trajectories of the heavy neutrinos produced in such decays are projected

into space. The fraction of those particles that pass through the detector

fiducial volume is the geometric acceptance, £,,, in Equation 7.2.

e The fraction of those geometrically accepted particles that enter the detector
in the time-of-flight search window is the time-of-flight acceptance, eror, in

Equation 7.2.

e The trigger acceptance, eror, in Equation 7.2 is the fraction of those geo-

metrically and time-of-flight accepted particles that have a total energy above

4]
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5 GeV

¢ In addition to obtaining the acceptances described above, this simulation pro-
duces the expected energy spectrum of accepted particles which will be used
in a later section to generate the timing efficiency and the probability of decay

in the detector.

Acceptances are described graphically in the following sections. For completeness,
geometric, time-of-flight, and trigger acceptances for a number of heavy neutrino

masses can be found in the tables of Appendix E as follows:

Table 7.2: Guide to location of acceptance tables for vg production.

Table contains acceptances for this source of vg

E.3 | vg production from 2-body decay of D?

produced by 800 GeV/c protons at the target and beam dump
E.4 || vg production from 2-body decay of D*

produced by 800 GeV/c protons at the target and beam dump
E.5 | vg production from 2-body decay of D*

produced by the secondary x* flux at the beam dump

E.6 | vg production from 2-body decay of D*

produced by the secondary K* flux at the beam dump

E.7 || vg production from 2-body decay of D*

produced by the secondary p* flux at the beam dump

The geometric acceptance as a function of beam type 1 and heavy neutrino mass
M is shown in Figure 7.6 for heavy neutrinos produced in the 2-body decay of the
a) D* and b) D%. The acceptance is higher for beam sources closer to the detector
with a harder energy spectrum. Thus, the monoenergetic 800 GeV /c protons on the
beam dump (i = 2) and the secondary protons on the beam dump (i = 8) have the
best geometric acceptance. Acceptance for protons on the target (i = 1) is slightly

lower because the target is about 500 meters upstream of the dump.
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Figure 7.6: The geometric acceptance for heavy neutrinos produced in the 2 body
decay of a) D* and b) D% as a function of heavy neutrino mass and beam particle

type.
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The nature of the decay kinematics results in higher geometric acceptances for
higher vg mass. The decay introduces more angular dispersion in the beam. This
dispersion is less severe as the mass of the heavy neutrino approaches the mass of
the parent D meson.

The time-of-flight acceptance as a function of beam type ¢ and heavy neutrino
mass M is shown in Figure 7.7 for geometrically accepted heavy neutrinos produced
in the 2-body decay of the a) D* and b) D%. Recall that this acceptance requirement
is roughly equivalent to a high energy cutoff as described in the last chapter (see
Figure 6.4). Therefore, higher TOF acceptance occurs for particles with a softer
energy spectrum, for example for vg produced from the softer secondary particles.
In this case, the requirement is much more severe because heavy neutrino masses
considered are constrained to be below the D mass (1.8 GeV/c?). At these low
masses, the cutoff energy is low, resulting in low TOF acceptance.

The total acceptance as a function of beam type ¢ and vg mass is plotted in
Figure 7.8 for vg produced from the 2 body decay of a) D* and b) D mesons. This
overall acceptance is the combined geometric, time-of-flight and trigger acceptance. 3
In comparison to direct production acceptances of the last chapter (for the following

itemized list, compare Tables E.1 and E.2 to Table E.5):

e The geometric acceptances are up to a factor of 4 smaller than for the direct
production of particles of comparable masses. This is because a decay will
always tend to increase the angular dispersion of the beam relative to the

beam axis.

e For comparable masses, the time-of-flight acceptances are better for the 2 body
decay production case (compared to the direct production case) because the

energy spectrum is softer. However, in the decay case, the daughter mass is

3The trigger acceptance is greater than 88% for the lowest vz masses, and quickly rises to over
99% for vg > 1.0 GeV/c2.
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constrained to be less than the parent mass (in this case Mp = 1.8 GeV/c?).
Considerably higher TOF acceptances (over an order of magnitude higher) are

obtained in the direct production case for higher masses.

o The total acceptance for particles with mass < 1.8 GeV/c? is similar for WIMPs
produced directly or via decay. Acceptances over an order of magnitude greater
are expected for more massive directly produced particles because more massive

(> 2 GeV/c?) particles have higher geometric and time-of-flight acceptances.

The geometric and TOF acceptances were also evaluated for the vg produced in
the 3 body decay of D mesons of Figure 7.1 b). The resulting efficiencies are shown

in Table 7.3. These geometric acceptances are typically an order of magnitude lower

Table 7.3: Geometric and time-of-flight acceptances for vg produced in the 3 body
decay of the D* meson produced at the target

| v Mass (GeV/c*) || £ge0 ETOF || €9eofTOFEtrig |
0.5 0.0000227 | 0.0043616 0.0000001
0.6 0.0000289 | 0.0028077 0.0000001
0.7 0.0000372 | 0.0024210 0.0000001
0.8 0.0000510 | 0.0031873 0.0000002
0.9 0.0000722 | 0.0035772 0.0000003
1.0 0.0001148 | 0.0028007 0.0000003
1.1 0.0002070 | 0.0045434 0.0000009
1.2 0.0005314 | 0.0068752 0.0000037

than their two body counterparts because it is even less likely that the product of a 3
body decay is projected into the very forward direction. Time-of-flight acceptances
are another factor of 2 — 10 lower because the geometrically accepted vg from the
3 body decay have a harder energy spectrum than their two body counterparts.
In conclusion, vg produced from the 2 body decay of D mesons do not contribute

significantly to the vg flux at the detector.

R
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It is prudent to ask how much these acceptances change as the production con-
stants n and b vary (in Equation 7.8). The following figures demonstrate the changes
in these efficiencies as a function of changing n and b for vg from the decay of D*
produced by 800 GeV/c protons on the primary target. The values n = 8.6 and
b = 1.0 were used to get the acceptances already shown. The uncertainty in the val-

ues of n and b measured in experiment E743 was 2.0 and 0.2(GeV/c)~? respectively.

Figure 7.9 a) shows the geometric acceptance as a function of mass assuming a
fixed n = 8.6 for three values of b: 0.8, 1.0 and 1.2, the first and third values being the
value of b at +1c of its central value, respectively. The p3. distribution has a higher
mean pr for lower values of b. Therefore, as expected, the geometric acceptance
decreases for lower values of b. As b varies by 10, the geometric acceptance varies

by at most 20% for the highest mass, and by less than 13% for low masses.

Figure 7.9 b) shows the geometric acceptance as a function of mass for a fixed
b = 1.0 and three values of n: 6.6, 8.6 and 10.6, the first and third values being
the value of n at +10 of its central value, respectively. The zr distribution peaks
more sharply (at zp = 0) for higher values of n. Geometrically accepted particles
are those that are projected into a forward cone with a very small opening angle.
Those with a higher zr are more likely to satisfy this criteria, therefore, particles
produced with lower n have a higher geometric acceptance. As n varies by +10, the
geometric acceptance varies by about 20 to 30% over the mass range.

Figure 7.10 a) shows the combined geometric and time-of-flight acceptance as a
function of mass for n and b as in Figure 7.9 a). The behavior of this combined
acceptance mimics that the the geometric acceptance, with higher acceptances for
higher values of b.

Figure 7.10 b) shows the combined geometric and time-of-flight acceptance as a

function of mass for n and b as in 7.9 b). The behavior of this combined acceptance
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is contrary to that which is seen for the geometric acceptance. This is a result of
the maximum energy cutoff of the time-of-flight acceptance requirement. Those high
zr particles that more easily satisfy the geometric acceptance requirement have too
high an energy to satisfy the time-of-flight criteria. Thus, particles produced with a
higher n are more likely to be geometrically and time-of-flight accepted. As n varies
by +10, the combined acceptance varies by at most 20% for the highest mass, to

less than 5% for the lowest mass.

These variations scale proportionally into the final calculation of expected number
of events seen in the detector. If the acceptance is believed to be 20% less, then the

number of expected events scales similarly.

7.2.3 vz Detection

The last term in Equation 7.2 is the timing efficiency (€iiming), the fraction of vy
decay events expected to have a reliable event time measurement. This depends on
how the heavy neutrino is expected to deposit energy in the detector when it decays.
To continue the discussion of this efficiency determination, we first need to consider

the expected decay topology.

The expected final state branching ratios have been predicted theoretically [51].
These ratios are summarized in Table 7.4 for 3 heavy lepton masses mixing primarily
with v,. The E733 event timing resolution is best for final states that include a muon.
Summing appropriate channels in the table (rows 1, 3, and 5), we expect ~ 60% of
all vg decays to include a muon. Note that this sum is relatively independent of the
vy mass in this mass range (.5 — 2 GeV/c?). We assume that all final states that
include a muon in the table satisfy the trigger energy requirement.

About 20% of the additional decays may also satisfy the trigger energy require-
ment (final state of row 2 and 6), having a NC-like final state topology. The corre-

sponding timing resolution is not good enough to improve the final limit result, so
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Table 7.4: Branching ratios into specific final states for low-mass neutral heavy
leptons, in percent for vg mixing primarily with v,.

Mass(vg) (GeV/c* ) || 0.5 | 1.0 | 2.0
final state

1) p-ety 13.6 | 13.8 | 13.8
2) e"ety 24 | 1.9 | 1.8
3) pputy 55 | 7.3 | 1.7
4) vv 19.0 | 15.0 | 14.1
5) I~ + hadrons 40.5 | 41.2 | 41.3
6) v + hadrons 18.9 | 20.8 | 21.3

it 1s not discussed further.
To summarize this discussion, we set By = 0.60 in Equation 7.1.

As stated in the beginning of this section, the timing efficiency (€timing of Equation
7.2) depends on the final state topology of the vy decay in the detector. For charged
current-like final states, the timing efficiency decreases slightly with muon angle for
single counter timed charged current events (Figure 5.13 a)). It decreases more

rapidly with muon angle in multiple counter timed CC-like events (Figure 5.13 b)).

To calculate the timing efficiency for vy decays, the measured timing efficiency
as a function of muon angle must be folded into the distribution that describes the
decay rate per unit muon angle (dI'/dd,) in vg decays. To simplify the simulation,
we assume the heavy neutrino undergoes a 2 body isotropic decay producing a muon
and a pion * in the final state. Note that the final states (that include a muon) used
in Table 7.4 are all 3 body decay modes. We make this 2 body decay assumption to
simplify the decay simulation and note that this assumption provides a conservative

estimate of the timing efficiency for the 3 body decay. 5 The results indicate an

*a pion is the lightest possible hadron
5The decay products in a 3 body decay mode have on average smaller angles relative to the
parent direction than the 2 body decay products. The timing efficiency is higher for smaller angles.
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average timing efficiency, €iiming, of between 20 and 25%. The actual results are
folded into the final calculation of the number of expected events used to get the
limit result for this model.

P (the final term in Equation 7.1), is a probability of vg decay in the detector.
Just as in the last chapter, for a single particle P is the product of P,, the probability
that the particle survives from the point of production to the detector (a distance D),
and Py, the probability that the WIMP decays within the detector fiducial volume
(with a depth A = 10 meters). If the heavy neutrino has energy E, momentum P,

mass M, and lifetime 7, the probability of decay in the detector is given by

P = P,xPy (7.10)

- ezp(;ﬂ—’;) x [1- e:cp(:y—%%)], (7.11)

where a and 3 are the standard relativistic boost parameters (= E/M and P/E
respectively). This probability is plotted in Figure 6.6 as a function of lifetime 7 for
a particle with a fixed energy and momentum.

The lifetime has been predicted by Gronau, Leung and Rosner [51] to be

M -5.17
T = (4.49 x 10™1?) (1 GV /c) |Uprr| 2. (7.12)

The lifetime depends on M (the heavy lepton mass) and |U,g|? (the mixing pa-
rameter squared). Figure 7.11 shows the lifetime as a function of mixing parameter
squared for 3 vg masses. Recall a general result of Chapter 6: the region of life-
time sensitivity for the E733 beamline and detector configuration is i1 the range
from about 1078 to 10~® seconds. ® Figure 7.11 shows that this life ne range
corresponds to a region in |U,g|? that depends on the vy mass: The sion of
|Uum|? sensitivity for vg masses 0.5, 1.1 and 1.7 GeV/c?is 10-78 < |U,g|? 10745,

10798 < |U,g|? < 10738, and 10*® < |U,g|* < 10~13, respectively.

SFigure 6.6 shows that the probability P is maximised in this lifetime range.
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Figure 7.11: The vy lifetime as a function of |U,g|? for heavy lepton masses 0.5, 1.1
and 1.7 GeV/c? .

The term P depends to a smaller extent on the energy spectrum of the WIMPs.
Figure 7.12 shows the probability P as a function of |U,g|® for a vg mass =

1.1 GeV/c? for two different energies, 10 and 30 GeV/c2.
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Figure 7.12: Two curves show the probability of decay in the detector as a function
of mixing parameter |U,g|? for a heavy lepton with energy 10 and 30 GeV/c? ,
respectively. The hypothetical vg was produced from a heavy quark decay at the
target (D = 1599 m) with a mass of 1.1 GeV/c? .

The shape of the curve in Figure 7.12 combined with the shape of the curve in

Figure 7.2 are what dominates the shape of the expected number of events as a
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function of |U,g|? for a particular vg mass.

Figure 7.13 shows the number of vg events expected from each beam source as a
function of the mixing parameter |U,g|* for a vy mass of 0.9 GeV/c? produced via
decay of the D* meson. These estimates are obtained by calculating the product
of all terms in Equation 7.1 for a particular vg mass and |U,g|? using the accepted
vy energy distribution predicted by the simulation described in Section 7.2.2. The
uppermost curve indicates the sum of expected events from all beam sources of D*
assuming an A%"? dependence of the production cross section. The most significant
sources of heavy neutrinos are the primary protons on the beam dump and primary
target, followed by secondary protons on the beam dump. If a linear A? dependence
is desired, multiply the contents of each bin by 2.2 or 2.7 for production at the target
or dump respectively.

Figure 7.14 is a plot showing the total expected vg events from the decay of D*
mesons from all sources as a function of vy mass and mixing parameter squared. The
expected linear A dependence of the D* production cross section has been factored
into this result. Figure 7.13 is one slice of the entire phase space shown in this figure

without the A dependence factored in.

Similarly, Figure 7.15 shows the total expected vg events from the decay of D%
mesons as a function of vg mass and mixing parameter squared. Again, the expected
linear A dependence of the production cross section has been factored into this result.

To summarize, the total number of vy events expected in the detector over the
course of the run is the sum of the product of terms in Equation 7.1 over all beam

sources i listed in Table 7.1.

The results of Figures 7.14 (total events from D*) and 7.15 (total events from
D%) can be added to obtain the total number of expected vg events as a function of
heavy neutrino mass and mixing parameter squared. The regions of vy mass versus

|Uumr|* space with a statistically significant number of events as described in Chapter
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Figure 7.13: For massive neutrinos produced from the decay of the D¥ meson with
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5 can be ruled out: The region excluded at the 90% confidence level (any region with

> 2.3 expected events) is shown in Figure 7.16. The current experiment can rule

out the existence of massive neutrinos in a region where the mass ranges from 0.5

to 1.4 GeV/c? and the coupling strength |U,g|? to u* is in the range from 103 to

105,

Figure 7.17 shows the results of the current experiment superimposed on a plot

showing the results of other experiments (in Reference [63)) searching for massive

neutrinos produced via similar mechanisms.

b)

7

Summarizing the results of the other experiments:

The CHARM collaboration [63] searched for heavy neutrinos in a prompt neu-
trino beam at CERN. This experiment assumed heavy neutrinos were produced
via decay of D mesons produced in a beam dump. They looked specifically for
the decays vg — ete v, va — p~e*v,., vg — pte v,, and vg — putu vy,
(and the corresponding antiparticle processes) in an empty decay region par-
allel to the CDHS [64] and CHARM [65] neutrino detectors. No events were

found that were compatible with any of these specific decay topologies.

The CHARM collaboration also searched for massive neutrinos in their wide-
band neutrino beam using the CHARM neutrino detector. In this analysis,
massive neutrinos were presumed to be produced via the neutrino-nucleon

neutral-current interaction ¥N — ;X where the vy then decays promptly

to a muon plus hadrons.

At SIN 8 [55], limits on massive neutrino production were obtained by studying

the energy spectrum of the pt* in # — vu decay using a plastic scintillation

counter.

"The MARK II experiment searches for massive neutrinos in et e~ interactions rather than from

the decay of hadronic states.

8SIN - Schweiserisches Institut fir Nuklearforschung
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Figure 7.16: The region excluded at the 90% confidence level by the present experi-
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An experiment at the KEK ° Laboratory in Japan [56] was able to set limits on
heavy neutrinos by studying the momentum spectrum of muons in the decay

K —vpu.

A counter experiment in the LBL !° Bevatron [57] found no evidence for the

decay K+ — ptviv* and was able to set limits on vg as a result.

The BEBC [66] beam dump experiment makes the same production assump-
tions as the CHARM beam dump experiment (described above). They looked
specifically for the final states u~e*v,, p~utv,, or p~r* consistent kinemati-
cally with the decay of a heavy neutrino in a bubble chamber downstream of

a proton beam dump Their limit is obtained after a background subtraction.

The MARK II [67] experiment found no evidence for heavy neutrinos in looking
for secondary vertices consistent with the production of massive neutrinos via

the interaction ete™ — v;7;.

The BEBC and CHARM beam dump results (curves g) and a) respectively of

Figure 7.17) represent their upper limits on the coupling strength |U,g|? as a function

of vg mass. Therefore, these experiments have ruled out the present experiment’s

excluded phase space previously. However, it should be emphasized that the method

used in the present experiment is completely different from those of the beam dump

experiments cited. The integrity of the BEBC results and CHARM beam dump

results rely entirely on the pattern recognition and kinematic reconstruction of very

specific expected vy decay topologies, while the current experiment requires only

that a muon be present in the final state without regard for other final state par-

ticles. Therefore, the present experiment is sensitive to other unanticipated decay

°KEK - National Laboratory for High Energy Physics in Oho, Tsukuba-shi, Ibaraki-ken, Japan

OLBL - Lawrence Berkeley Laboratory



192
topologies. Also, since there are no muon class events with an event time outside of
the time-of-flight window, no background subtraction is involved in this analysis.
Recent results from LEP have also ruled out such states, unless some mechanism

is invoked that suppresses their coupling to the Z° boson.



Chapter 8

Supersymmetry

Supersymmetric theories exist which include supersymmetric particles with masses
within the kinematic accessibility of the current experiment. Specifically, some re-
gions of the “light gluino window” [68] (1 < Maess(g) < 5 GeV/c? ) have not
been unambiguously excluded by any experiment to date [15]. In this chapter, we
evaluate the sensitivity of the E733 detector to a supersymmetric model that in-
cludes low energy gluinos, squarks and photinos. We do not consider the interaction
of supersymmetric W, Z and Higgs bosons or supersymmetric leptons.

The processes that lead to a signal in the detector of supersymmetric particle

production are as follows:
¢ Gluinos (§) are produced in 800 GeV/c p-N interactions.

e §’s decay promptly (7 < 10~1? sec) producing massive photinos () amongst

its decay products.

e We assume that the 4 is the LSP (lightest superpartner) and that R-parity is
conserved (the 4 does not decay). It interacts weakly with matter. It survives
traversal of the shielding but interacts in the detector. Because it is massive,

it arrives at the detector later than it’s respective neutrino bunch.
193
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The number of events expected to be seen in the detector during the course of

the run due to supersymmetric particle production is given by

E.= 3 (N;) (BRg) () (Pine)- (8.1)

beamtypes

The beamtypes considered for SUSY particle production are the primary protons on
the primary target and the beam dump. Secondary particles in the beamline are
not considered to be significant sources of SUSY particles. Summarizing the terms

in the above expression:

e N; represents the total number of g’s produced in the beamline from each

beamtype.

e BR; (§ — 7 + X) is the branching ratio for a § to decay to a 4 inclusively (X

indicates any other decay products).

e ¢ is a product of acceptances and efficiencies as in the last two chapters:
€ = EgeoftofCitrigftiming (8'2)

e P, is the probability that the 4 survives traversal of the shielding and then

interacts in the detector.

The independent parameters of the model are the § mass and the ¢ mass. Other
necessary parameters can be inferred from these quantities within the framework of

the supersymmetric model.

8.1 Gluino Production and Decay

Gluinos are produced by primary (800 GeV/c ) protons on the target or beam dump.
Leading order Feynman diagrams for gluino production in pp interactions are shown

in Figure 8.1. The dominant production mechanism is expected to be gluon fusion
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Figure 8.1: The leading order Feynman diagrams for gluino production in pp inter-
actions via a) gluon fusion and b) ¢§ annihilations.

(Figure 8.1a)). Drell-Yan (quark-antiquark annihilation) processes (Figure 8.1b))
may also contribute, but at a less significant rate.
In Equation 8.1, the number of gluinos produced, Nj, with production cross

section o3 in 800 GeV/c pp interactions, is

N} = POT x X}, gy x L. (8.3)

Otot

Just as in Equation 6.2, POT is the number of integrated live protons on target as
given in Equation 2.7 and X} ., = 0.6321 and 0.3679 at the primary target (i = 1)
and the beam dump (i = 2) respectively. Again, o, is the total cross section for
800 GeV/c protons (40mb). We assume the atomic weight dependence of the gluino
production cross section is the same as that of the total cross section. Then the ratio
f}; is the fraction of interacting protons that are expected to produce gluinos.

The g production cross section as a function of § mass for a number of different
center-of-mass energies has been estimated [69] as shown in Figure 8.2. For this
analysis, the curve indicating /s = 25 GeV was utilized !. At lower gluino masses,

the production cross section is comparable to that of charm production. o; decreases

1The analogous curve for /s = 39 GeV is not expected to be significantly different based on
the position of the curve for /s = 540 GeV.
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drastically as gluino mass increases, falling below o3 = 10~® barns for masses greater
than 5 GeV/c3.
The squark mass is expected to be greater than 13.7 GeV/c? based on direct
squark searches in ete~ interactions [70].? We assume the squark mass is greater
than the gluino mass. As a result, decaying gluinos produce photinos 100% of the

time (BR; = 1.00 in Equation 8.1) via the decay mode

g—-7+q
In the absence of this assumption, additional decay channels open up that are not
considered in this analysis.

The g lifetime, estimated by Dawson, Eichten and Quigg [17], is given by
48w M3

T= —
IpM5?
aa,ein

(8.4)

where M; and M; are the gluino and squark masses, respectively, and e, is the quark
electric charge. The lifetime is proportional to the squark mass, reflecting the fact
that a gluino decay proceeds via squark exchange. The higher the squark mass, the
longer the gluino lifetime.

Long lived gluinos (7 > 10~*) may be unconfined or may be bound within charged
or neutral hadrons. The current experiment is insensitive to such states because their
interaction cross section is expected to be similar to that of Standard Model strongly
interacting particles and therefore they would be absorbed in the shielding upstream
of the detector. If such neutral states are not strongly interacting, limits for long
lived gluinos can be obtained using the results of Chapter 6.

In this chapter, we consider only gluinos with lifetimes shorter than 10~!3 seconds.
So gluinos decay essentially at the point of production before a secondary interaction
in the target or dump is probable. Contours indicating lines of constant = are drawn

for reference on the (Mj, M;) phase space plot at the end of this chapter.

2This is their most conservative estimate.
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A computer simulation was used to study § production and decay characteristics
(described in the remainder of this section) as well as determine acceptances for
4 detection (described in the next section). Gluino masses up to 11 GeV/c? were
simulated. Negligible sensitivity to higher mass gluinos is expected due to production
cross sections less than 10~ barns.
The differential production cross section for gluinos is parameterized as in a

similar analysis [42]:

d?
ﬁ x (1 — zr)® x ezp(—3.45\/ph + M3). (8.5)

g’s are expected to produce 4’s isotropically in the center-of-mass frame. The dis-

tribution of 4 energies in the § rest frame is predicted [71] to be

Ve T —am -0 -G-or+r|,  69)

where ¢ = E5/Mj; and n = M;/M; (M5 and E; are the 4 mass and energy). It is
generally assumed that the photino mass is =~ 1/6 of the gluino mass based on an
argument using the ratio of strong and electromagnetic coupling constants [18].
The photino energy distribution (in the gluino center of mass) produced using
Equation 8.6 is shown in Figure 8.3 for a gluino mass of 6 GeV /c?(M; = 1 GeV/c?).
After the boost to the lab frame, 4’s have, on average, a harder energy spectrum than
the conventional » beam as shown in Figure 8.4. Figure 8.4 a) shows the expected
geometrically accepted 4 energy distribution in the lab frame for three § masses.
Figure 8.4 b) shows the expected neutrino energy distribution entering the fiducial

volume.

8.2 Acceptance and Efficiency

A computer simulation, using the production and decay assumptions stated in the

last section, is used to obtain the photino acceptances and efficiencies and determine
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Figure 8.3: The predicted photino energy distribution in the center of mass of the
decaying gluino for a gluino mass of 6 GeV/c? (M5 =1 GeV/c?).

the energy spectrum of accepted photinos (the spectrum of geometrically accepted
photinos is shown in Figure 8.4 a)). The values of all acceptances (geometric, time-
of-flight and trigger acceptances) described in this section are listed in Tables E.8 in
Appendix E.

The geometric acceptance as a function of gluino mass is shown in Figure 8.5a).
The solid and dashed curves indicate the acceptance for gluino production at the
target and dump respectively. Geometric acceptance is highest at low mass because
lower masses have a smaller average pr as a result of the mass dependence in the
exponent of Equation 8.5. This acceptance does not rise with mass, as it rises with
increasing heavy neutrino mass in Chapter 7 because the photino mass is a fixed
fraction of the gluino mass. The heavy neutrino mass is allowed to approach the
parent mass; as it does so, the neutrino tends to be more aligned with the direction
of the parent.

The time-of-flight acceptance as a function of gluino mass is shown in Figure
8.5b). As discussed below, the interaction of photinos in the detector is not ex-
pected to produce muons in the final state. Therefore, the final state is classified as

neutral current-like and the shower timing TOF search window applies. Note that
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Figure 8.4: Expected energy distributions for geometrically accepted a) photinos
and b) neutrinos. Each of the three curves in a) represent the photino spectrum
corresponding to gluino masses of 1, 6, and 11 GeV/c? (M; = Mj).
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photinos produced from gluinos (with 1 < Mj; < 11 GeV/c?) all have masses less
than 2 GeV/c?, and as a result, time-of-flight acceptances for these photinos is low
overall. This is due to the low maximum energy cutoff for low masses described in
Chapter 6.

The trigger acceptance, plotted as a function of gluino mass in Figure 8.5c), is
the fraction of geometrically and time-of-flight accepted particles that have at least
5 GeV/c? of energy to deposit in the detector. Due to the time-of-flight acceptance,
very low mass photinos have a low maximum energy cutoff that may be close to or
below the trigger threshold. Therefore, the trigger acceptance is zero for a gluino
mass of 1 GeV/c?, but it rises rapidly to nearly 1.0 for masses above 4 GeV/c?.

The overall acceptance (product of £g06T0FEig in Equation 8.2) as a function

of gluino mass is shown in Figure 8.6. The acceptance is relatively flat for gluino
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Figure 8.6: The overall acceptance (the combined geometric, time-of-flight and trig-
ger acceptance) as a function of gluino mass for production at the primary target
(solid line) and beam dump (dashed line).

masses from 2 to 11 GeV/c? (around 0.000010 and 0.000015 for production at the

target and beam dump, respectively as listed in Table E.8).
Figure 8.7 shows the leading order Feynman diagrams for a photino interacting

with quarks and gluons in normal matter. Figure 8.7 a) demonstrates photino inter-
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Figure 8.7: Feynman diagrams for photino interaction in normal matter.

action proceeding via inverse gluino decay, expected to be the dominant interaction
process. The electromagnetic scattering process of Figure 8.7 b) y+q — 4 + q is
also possible, but the cross section is two orders of magnitude smaller (amplitude
of this process is proportional to a® rather than aas as in Figures 8.7 a) and c)).
The process in Figure 8.7 c) is restricted by phase space because the on-shell squark
mass is expected to be higher than 15 GeV/c?.

Assuming the gluino decay diagram of Figure 8.7 a) dominates, the final state

develops in the detector as follows :

¥+ q9 — +4q

— ¥ + q3

(Y]

From assumptions made previously, the gluino produced in the photino interaction
decays promptly to a photino and two additional quarks. Therefore the final state
photino interaction contains three quark jets and one photino which escapes the
detector. This photino is not expected to carry with it a large fraction of the initial

photino energy. Therefore, when a 4 interacts in the detector, we assume it deposits
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all of its energy therein.

The timing efficiency, the last term in Equation 8.2, is the fraction of events seen
that are expected to have a reliable event time measurement. For neutral current-like
events, the timing efficiency depends on the final state energy as shown in Figure
5.27. Time-of-flight accepted particles are those with low energy (10 — 50 GeV)
where the timing efficiency varies from about 13 to 43%. The energy dependence (of
Figure 5.27) is folded into the final limit result.

8.3 Photino Interactions in the Detector

The last term in Equation 8.1 is Pin, the probability that an accepted photino will

interact in the detector. As seen previously, it is the product of two terms:

Pme = P, xP; (8.7)

= ezp(—0Ndump) X [1 — ezp(—0Nge)] . (8.8)

P, is the probability that the photino survives from the point of production to the
detector (traverses the shielding) 3. P; is the probability that the WIMP interacts
within the fiducial volume *. Both terms depend on the interaction cross section o.

The 4 interaction cross section, corresponding to the diagram of Figure 8.7 a), is
parameterized as in a similar analysis [72]:

o= (ma') _/ @ (1 - —-Aﬁ)z (1 + ;1{2) zqi(z)dz, (8.9)

i=quarks
where s is the 4p center-of-mass energy squared. The sum is over all quarks and
antiquarks found in the target nuclei with fractional electric charge Q; and quark
distribution function ¢;(z).

The variable of integration, z, is the the scaling variable Bjorken z, the fractional

momentum carried away by the inclusively observed particle. It varies from 0 to

3The shielding contains Nyymp = 5.0 x 1039 target nucleons /cm?
“There are Ny, = 8.1 x 10?® target nuclcons /cm? within the detector fiducial volume.
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1. Standard (HMRS) quark distribution functions 73] were used to calculate the
integral numerically ®.
Equation 8.9 includes a gluino mass threshold term (1 — %{3’-), reflecting the re-
quirement that an interacting photino must have enough energy to produce an on-
shell gluino in the final state. Plotted in Figure 8.8 is effectively ® the minimum

photino energy required to produce a gluino as a function of gluino mass. This mini-

< 80 ' | L ' T ' | ' T
é - % Eq... required to produce gluinos
>~ 60 |-
o C
o r-
S [
o 40 E—
:‘é C
g 20
0 F 1
0 2 4 6 8 10
Gluino Mass (GeVv/c?)

Figure 8.8: The minimum photino energy required to produce a gluino as a function
of the gluino mass (solid curve). Also shown is the maximum energy for time-of-flight
acceptance for production at the primary target (dotted line).

mum energy required is higher than the minimum energy required by the trigger for
gluino masses larger than 2 GeV/c2?. Overlaid on this plot is the maximum energy
that a photino can have such that it is time-of-flight accepted within the shower
timing search window for production at the primary target.

These curves cross at M; =~ 7 GeV/c?. Therefore events in the detector due
to gluinos with masses higher than 7 GeV/c? would not occur in the TOF search
window. For gluino masses less than 7 GeV/c?, photino interactions occurring in the
detector in the TOF search window have an energy in the narrow region between

the two curves.

SAn average Q? (momentum transfer squared) of 15(GeV /c)? was assumed.
®The minimum energy plotted is the energy at which oM rises above 10-*2cm?.
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After the integration and summation are carried through, the cross section of
Equation 8.9 is found to be dependent on the ¥ energy in addition to the squark
and gluino masses. Figure 8.9a) shows how the cross section varies with photino
energy for a squark mass of 1 GeV/c? and 3 different photino (gluino) masses: The
solid, dotted and dashed curves correspond to Mz = 1,6 and 11 GeV/c? respectively
(M5 = M;/6). Figures 8.9 b) and 8.9 c) are the same curves for M; = 10 and

100 GeV/c? respectively. We see that the interaction cross section:

e can vary by orders of magnitude in the low energy region where time-of-flight

acceptance is nonzero,

s but asymptotically approaches a constant at high energies.

The expected geometrically accepted photino energy spectrum ranges from a few
GeV to hundreds of GeV as shown in Figure 8.4 a). Although the time-of-flight
acceptance is zero in the high energy region, high energy photinos with cross sections
in the appropriate range would be recorded with event times consistent with that of
a normal neutrino event, contaminating the neutrino neutral current event sample.

The regions of phase space where this is probable at a measurable level are shown

in the next section.

In summary, there are a number of factors that limit the sensitivity of the present
experiment to this particular model of supersymmetric particle production. The
various minimum and maximum energy thresholds as well as the energy dependence
of the timing efficiency and the cross section are folded into the final limit result. The
following section reviews the results of other experiments sensitive to supersymmetric

particles in the light gluino window and summarizes the final results of this analysis.
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Results

Figure 8.10, adapted from reference [74], shows the regions of the light gluino window

excluded at the 90% confidence level by a number of experiments. The two curves

extending roughly from the lower left to the upper right corner of the plot indicate

lines of constant gluino lifetime of 10~® and 10-1° s for reference. They separate

experiments searching for gluinos in the stable and unstable gluino regions. The

methods used by the various experiments vary widely. They are summarized below.

SPS

HELIOS

" Long lived gluinos may be unconfined or may be bound within charged
or neutral hadrons. If gluinos are combined with quark antiquark pairs
to form hadrons, the MIT-bag model suggests [75] that the hadron
mass should approach that of the gluino mass if the gluino is massive.
A number of different experiments, referred to collectively as Stable
Particle Searches (SPS), have excluded charged [76, 77] and neutral
[21] states with lifetimes longer than 10~% seconds using time-of-flight

techniques.

8 The HELIOS experiment searched for evidence of SUSY production
in 450 GeV proton nucleus interactions [78]. The 47 calorimeter uti-
lized makes it possible to measure the missing energy in events. Such
missing energy is used as a signature of long lived gluinos escaping the
detector. This method does not rely on either the photino interaction
cross section, or the gluino decay characteristics, but it does assume
that gluino is only weakly interacting. Antoniadis et al. [74] have in-
terpreted the HELIOS result to exclude the entire region indicated by
Iin Figure 8.10.

7Stable Particle Searches
8High Energy Lepton and Ion Spectrometer
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Figure 8.10: Regions of the light gluino window excluded by other experiments at
the 90% confidence level adapted from Antoniadis et al.
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® Bound §j states are expected to have properties similar to T and
J/¥ mesons, and therefore might appear in radiative decays of the
excited states of these vector mesons. Using the CUSB electromagnetic
calorimeter in a run of CESR ° operating at the T(9460) peak, 400,000
radiative decays of the T(9460) were studied. No evidence of gluino

production was found [79).

Using the ARGUS detector at the DORIS II e*e™ storage ring,
xs(13P,) mesons are expected to decay to gluinos if the gluino mass
is less than 5 GeV/c2. In the absence of secondary vertices consistent
with the decay of gluinos to a photino and quarks, the ARGUS col-
laboration [80] sets limits on gluino production for intermediate gluino

lifetimes (107! < 7; < 10~? seconds).

This experiment [42] looked for an excess of neutral current-type neu-
trino events in a large bubble chamber sitting downstream of a pro-
ton beam dump. Candidate photino induced events (events having no
identified final state charged lepton) are distinguishable from neutrino

neutral current events because:

e photinos are expected to have, on average, a harder energy spec-

trum than neutrinos and

e photino induced events are expected to have less missing trans-

verse energy (and pr) than a neutrino neutral current event.

Other beam dump experiments, such as E613 [81] at Fermilab and
CHARM [72] at CERN, use a similar method to exclude a similar region

of the light gluino phase space.

9CUSB - Columbia University and SUNY at Stony Brook
10CESR - Cornell Electron Storage Ring
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Similar limits were also set by an experiment looking for gluino decays
in nuclear emulsion [82], a technique independent of the photino cross

section.

The UA1 limit [83] was obtained by searching for events with four
quark jets with large missing transverse energy (but no high energy
charged lepton) in proton-antiproton collisions. Sensitivity decreases
for M; < 4 GeV/c? because as photino masses become lighter, miss-
ing E; becomes smaller such that events appear indistinguishable from
Standard Model quark jets. Long lived gluinos (r > 1070 s) es-
cape the apparatus undetected. The UA1 group also sets a limit of
Mj; > 45 GeV/c? independent of the gluino mass.

Shown in Figure 8.11 is the previous figure expanded to show the region of phase

space in which the E733 detector is sensitive. At the outset, it should be emphasized

that by expanding this phase space to include squark masses less than 10 GeV/c?,

we have violated our initial assumptions, namely that the squark mass is greater

than the gluino mass. In this region of low squark mass, other decay modes open up

which we have not considered.

In other words, we have taken the model into a region of phase space in which it

was not intended. The purpose of this exercise is merely to make a point about how

the various production and acceptance energy requirements, along with an extreme

variation in interaction cross section with energy have conspired to cause insensitivity

to this particular type of production in the time-of-flight search window.

Recall three previous results:

1. From Figure 8.8, no events are expected in the detector in the TOF search

window if the gluino has a mass higher than 7 GeV/c?.
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Figure 8.11: The previous figure, adapted from Antoniadis et al., is expanded here
to show the region of sensitivity of the present experiment.
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2. For gluino masses lower than 7 GeV/c?, the time-of-flight acceptance requires

photinos in a low energy range (5 — 30 GeV/c?)

3. A general result of Chapter 6: the E733 detector is most sensitive to particles

with an interaction cross section in the range from 10-3! to 10-%cm3.

Looking at Figure 8.9, we see that for low energy photinos, the interaction cross
section is in the 10~3%cm? range only when the squark mass is very low. Therefore,
the region of sensitivity is for gluino masses between 2 and 7 GeV/c? and very low
squark mass: The solid curve, labeled ‘ ‘E733 TOF’’, indicates the region of phase
space in which a statistically significant number of events (> 3.5) is expected in the
shower timing TOF search window.

Geometrically accepted photinos are predicted to have energies up to a few hun-
dred GeV. Though only low energy photinos are time-of-flight accepted, high energy
photino interactions may also occur in the detector, contaminating the neutrino neu-
tral current event sample. At high energy, photinos have an interaction cross section
within a few orders of magnitude of 1073°cm? over a wide range in energy for squark
masses between 1.0 and 20 GeV/c?. The frequency of expected high energy photino
interactions as a function of squark and gluino mass has been calculated via com-
puter simulation. The dashed curve, denoted f‘E733 NC EXCESS’’ indicates the
region of phase space where the total number of expected events (inside and outside
of the TOF search window) is expected to exceed 3% of the total neutrino neutral
current event sample !!. The beam dump experiments mentioned above use such an
excess combined with an additional analysis of event topology, to exclude the region

denoted by BEBC in Figure 8.10.

11 Three percent of 31,000 NC events is 930 events. A 3% increase in the NC event sample would
result in roughly a 3% change in R,, where R, = 0NC(vN)/o®C(vN). The measured value of R, in
the present experiment [32] is 0.3075+.0041 (statistical) +0.0043 (systematic) above 10 GeV, which
is within 1% of the value measured in comparable deep inelastic scattering experiments [84, 85].
The uncertainties added in quadrature are less than 2% of the measured value.
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The E733 NC EXCESS contour is by no means an attempt to set a limit using
this method. Rather it is simply to emphasize that when all factors are considered,
unexpected manifestations of the model being considered can arise that turn out to

be more significant than originally anticipated.

8.5 Conclusions

We have attempted to set limits on low energy supersymmetric particle produc-
tion. No statistically significant improvement in comparison to existing results was

obtained using the time-of-flight method.



CONCLUSION

The combination of the high luminosity typical in high energy neutrino produc-
tion beamlines, the minimum bias trigger configuration and the event timing ability
of the FMMF detector make the present experiment uniquely sensitive to neutral
massive particles with lifetimes longer than 10~8 s and interaction cross sections less
than 10-%° cm?/nucleon.

The present experiment excludes (at the 90% confidence level)
o heavy neutrinos vg (produced from the decay of heavy quark states) which
decay to a final state that includes a muon with
~ mixing strength |U,z|? between 102 and 10~® and
— vg mass between 0.5 and 1.2 GeV/c3,

e noninteracting unstable objects produced directly in 800 GeV/c pN interac-

tions with

— mass between 1 and 20 GeV/c?,
— mean lifetime between 10~8 to 10~* seconds and

— production cross section greater than a few picobarns/nucleon,

e stable weakly interacting objects produced directly in 800 GeV /c pN interac-

tions with

— mass between 1 and 20 GeV/c?,
— interaction cross section between 10~?? and 103! ¢m?/nucleon and
— production cross section greater than a few picobarns/nucleon.
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Appendix B

Time of Flight Calculation

The time-of-flight ¢t7oF is not the time required for an object to traverse a given
distance. Rather, it is defined as the time required for a massive particle to travel a
given distance minus the time that a massless particle would require to travel that
same distance.

Let D be the distance (in meters) from the point of production to the point
of interaction or decay in the laboratory frame, and let ¢ be the speed of light
(¢ = 0.3m/ns). A particle with rest mass M, lab energy F and momentum P, will

have a velocity v = B¢ in the laboratory frame (where 8 = P/E). Then

ttoj = t—to

-]
Lg'l]
',/M_l]
L P

- —
\/1+F_1

oo o|lO el

RIS

Using the binomial expansion (1+2)* = 1+nz+ ﬂn_;l)ﬁ + ... for the quantity under

D 1 M?
tgof = :- [(1+-2-'F+...) —1]
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the square root
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which reduces to

tof = %(%ﬂ) -~ (B.a)

in all kinematic regions in which we are concerned.



Appendix C

Calculations from Time-of-Flight
Counters

The following sections describe how time measurements are made using time-of-flight
counter output when the counter is struck by a single minimum ionizing particle (a
muon, for example). A schematic of a TOF counter traversed by a single isolated

track is shown in Figure C.1. For all of the following calculations, we assume that

p=
dg dw -
- —
Fast ' - west
oMT .‘,.’./ PMT
193] tw

Figure C.1: A Schematic of a time-of-flight counter struck by a single minimum
ionizing particle.

a charged particle strikes the counter at time ¢, = 0 at a point that is distance d,

from the east counter edge and d,, from the west counter edge. The total length of
219
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the counter is
D =d. +d,. (C.1)
The east and west photomultiplier tubes (PMTs) at each end of the counter detect
scintillation light produced by the charged particle traversal. Their discriminated
output measures the times ¢, and ¢, the time of arrival of the light at the east and
west photocathodes, respectively, relative to time ¢o = 0.
The following calculations are meant to illustrate how the event times are ob-
tained from the PMT measurements. They use simplified assumptions for clarity of

presentation. In the true calculation of event times:

e Two times are measured per PMT corresponding to the time the output PMT
pulse cross a low (L) and high (H) threshold.

e The measured times are relative to the phase of the RF clock (rather than to
the idealized to = 0).

e Measured times are corrected for cable delays, RF clock shifts, etc.

Also, the time measutements described below have ideal timing resolution. In reality,

the timing resolution of a counter is known to be about 0.8 ns.

C.1 The Speed of Light in Scintillator

The total length of a TOF counter is known and the times tg and tw are measured.

Let v be the speed of light in the scintillator. Then
dg = vig and dw = vtw. (C.2)

Using the length of the counter as a constraint (Equation C.1), the velocity of light
in the scintillator is |

D
v = 3
lg +tw

which is independent of the hit position in the scintillator.

(C.3)
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C.2 Timing Events with Isolated Tracks

If we want to calculate the time that a track hit the counter based on measurements
tg and tw, we must correct these times for the time that the scintillator light requires
to travel from the point of energy deposition to the photocathode. We assume v, the

velocity of light in the scintillator, is known. The east and west corrected times are:

d d
th =tg — —f and  ty = tw — —. (C.4)

The average of these corrected times is the best measured event time:

tg +tw
2

1 D
= -2- [tE +tw — ;] ’ (05)

T =

which also is independent of the hit position in the scintillator.






Appendix D

Trigger, Timing, and RF
Electronics
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Appendix E

Acceptance Tables

Table E.1: Geometric, time-of-flight and trigger acceptances for particles directly
produced by 800 GeV/c protons at the primary target. The muon track timing
TOF window is used to obtain these time-of-flight acceptances.

Acceptances for WIMPs directly produced by
800 GeV/c protons on the primary target
WIMP Mass (GeV/c?) €geo ETOF | Etrig €9eoETOFEtrig
1. 0.14E-01 | 0.50E-02 | 0.97E+00 0.67E-04
2. 0.90E-02 | 0.32E-01 | 0.10E+01 0.28E-03
3. 0.74E-02 | 0.86E-01 | 0.10E+01 0.63E-03
4. 0.67E-02 | 0.16E+00 | 0.10E+01 0.11E-02
5. 0.66E-02 | 0.24E+00 | 0.10E+4-01 0.16E-02
6. 0.68E-02 | 0.32E+400 | 0.10E4-01 0.22E-02
7. 0.71E-02 | 0.40E+00 | 0.10E+401 0.28E-02
8. 0.75E-02 | 0.47TE+400 | 0.10E+01 0.35E-02
9. 0.79E-02 | 0.53E+00 | 0.10E+01 0.42E-02
10. 0.84E-02 | 0.59E+00 | 0.10E+01 0.50E-02
11. 0.90E-02 | 0.65E+00 | 0.10E+01 0.58E-02
12, 0.95E-02 | 0.69E+4-00 | 0.10E+-01 0.66E-02
13. 0.10E-01 | 0.73E400 | 0.10E4-01 0.74E-02
14. 0.11E-01 | 0.77E+00 | 0.10E+4-01 0.82E-02
15. 0.11E-01 | 0.80E+00 | 0.10E+401 0.90E-02
16. 0.12E-01 | 0.83E+00 | 0.10E+01 0.99E-02
17. 0.13E-01 | 0.85E+00 | 0.10E+401 0.11E-01
18. 0.13E-01 | 0.88E+00 | 0.10E+01 0.11E-01
19. 0.14E-01 | 0.90E+00 | 0.10E+01 0.12E-01
20. 0.14E-01 | 0.91E+00 | 0.10E+401 0.13E-01
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Table E.2: Geometric, time-of-flight and trigger acceptances for particles directly
produced by 800 GeV/c protons at the beam dump. The muon track timing TOF
window is used to obtain these time-of-flight acceptances.

Acceptances for WIMPs directly produced by
800 GeV /c protons on the beam dump
WIMP Mass (GeV/c?) €geo ETOF ||  Etrig £geoETOFEtrig
1. 0.30E-01 | 0.39E-02 | 0.98E+00 0.11E-03
2. 0.20E-01 | 0.22E-01 | 0.10E+01 0.44E-03
3. 0.16E-01 | 0.56E-01 | 0.10E+01 0.92E-03
4. 0.15E-01 | 0.10E+00 | 0.10E-+01 0.18E.02
5. 0.15E-01 | 0.16E+00 | 0.10E+01 0.24E-02
6. 0.16E-01 | 0.21E4-00 | 0.10E+01 0.32E-02
7. 0.16E-01 | 0.26E+00 | 0.10E401 0.42E-02
8. 0.17E-01 | 0.31E+00 | 0.10E+01 0.52E-02
9. 0.18E-01 | 0.35E+00 | 0.10E+01 0.64E-02
10. 0.19E-01 | 0.39E4-00 | 0.10E+01 0.75E-02
11. 0.20E-01 | 0.43E+00 | 0.10E+401 0.86E-02
12. 0.22E-01 | 0.46E+00 | 0.10E+01 0.10E-01
13. 0.23E-01 | 0.49E+400 | 0.10E+01 0.11E-01
14. 0.24E-01 | 0.53E400 | 0.10E4-01 0.13E-01
15. 0.26E-01 | 0.55E400 | 0.10E+01 0.14E-01
16. 0.27E-01 | 0.57TE400 | 0.10E+401 0.16E-01
17. 0.28E-01 | 0.60E+00 | 0.10E+401 0.17E-01
18. 0.30E-01 | 0.62E+00 | 0.10E+01 0.18E-01
19. 0.31E-01 | 0.64E+00 | 0.10E+01 0.20E-01
20. 0.33E-01 | 0.66E+00 | 0.10E+01 0.22E-01
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Table E.3: Geometric, time-of-flight and trigger acceptances for heavy neutrinos
produced from the decay of D¥ produced by 800 GeV/c protons at the primary
target and the beam dump. The muon track timing TOF window is used to obtain
these time-of-flight acceptances.

Acceptances for v¥ from D% produced by
800 GeV/c protons on the primary target

v Mass (GeV/c’) €geo ETOF Etrig EgeoETOFEtrig
0.50 0.14E-02 | 0.74E-02 | 0.92E+00 0.93E-05
0.60 0.15E-02 | 0.14E-01 | 0.95E+00 0.19E-04
0.70 0.16E-02 | 0.22E-01 | 0.98E+4-00 0.35E-04
0.80 0.19E-02 | 0.33E-01 | 0.98E+400 0.62E-04
0.90 0.22E-02 | 0.46E-01 | 0.10E+401 0.10E-03
1.00 0.26E-02 | 0.58E-01 | 0.10E4-01 0.15E-03
1.10 0.31E-02 | 0.70E-01 | 0.99E-+00 0.22E-03
1.20 0.39E-02 | 0.71E-01 | 0.10E4-01 0.27E-03
1.30 0.43E-02 | 0.79E-01 | 0.10E+01 0.34E-03
1.40 0.48E-02 | 0.82E-01 | 0.10E+01 0.39E-03
1.50 0.54E-02 | 0.79E-01 | 0.10E+01 0.43E-03
1.60 0.56E-02 | 0.78E-01 | 0.10E+01 0.44E-03
1.70 0.60E-02 | 0.84E-01 | 0.10E+01 0.50E-03
1.80 0.63E-02 | 0.83E-01 | 0.10E+401 0.53E-03

Acceptances for 2 from Dg‘ produced by
800 GeV/c protons on the beam dump

v Mass (GeV/cz) Egeo ETOF Etrig EgecfTOFEtrig
0.50 0.31E-02 | 0.51E-02 | 0.89E-+400 0.14E-04
0.60 0.34E-02 | 0.83E-02 | 0.92E4-00 0.26E-04
0.70 0.38E-02 | 0.15E-01 | 0.96E--00 0.54E-04
0.80 0.43E-02 | 0.23E-01 | 0.98E+00 0.95E-04
0.90 0.50E-02 | 0.31E-01 | 0.99E+4-00 0.15E-03
1.00 0.61E-02 | 0.39E-01 | 0.99E+00 0.24E-03
1.10 0.71E-02 | 0.46E-01 | 0.10E4-01 0.33E-03
1.20 0.84E-02 | 0.51E-01 | 0.99E+400 0.42E-03
1.30 0.98E-02 | 0.52E-01 | 0.10E+401 0.50E-03
1.40 0.11E-01 | 0.52E-01 | 0.10E401 0.57E-03
1.50 0.12E-01 | 0.52E-01 | 0.10E+4-01 0.62E-03
1.60 0.13E-01 | 0.52E-01 | 0.10E+01 0.66E-03
1.70 0.14E-01 | 0.52E-01 | 0.10E+-01 0.71E-03
1.80 0.14E-01 | 0.51E-01 | 0.10E+01 0.71E-03
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Table E.4: Geometric, time-of-flight and trigger acceptances for heavy neutrinos
produced from the decay of D* produced by 800 GeV/c protons at the primary
target and the beam dump. The muon track timing TOF window is used to obtain
these time-of-flight acceptances.

Acceptances for v from D* produced by
800 GeV/c protons on the primary target
vZ Mass (GeV/c?) £geo eToF | Etrig EgeoETOFEtrig

0.50 0.15E-02 | 0.91E-02 | 0.94E+00 0.13E-04
0.60 0.16E-02 | 0.15E-01 | 0.93E+00 0.23E-04
0.70 0.18E-02 | 0.24E-01 | 0.98E4-00 0.43E-04
0.80 0.21E-02 | 0.36E-01 | 0.99E+400 0.75E-04
0.90 0.25E-02 | 0.45E-01 | 0.10E+401 0.11E-03
1.00. 0.31E-02 | 0.59E-01 | 0.99E4-00 0.18E-03
1.10 0.37E-02 | 0.65E-01 | 0.10E+401 0.24E-03
1.20 0.42E-02 | 0.72E-01 | 0.10E+401 0.30E-03
1.30 0.47E-02 | 0.74E-01 | 0.10E+01 0.34E-03
1.40 0.53E-0Z | 0.73E-01 | 0.10E+01 0.38E-03
1.50 0.56E-02 | 0.74E-01 | 0.10E+401 0.41E-03
1.60 0.59E-02 | 0.68E-01 | 0.10E4-01 0.40E-03
1.70 0.62E-02 | 0.74E-01 | 0.10E+4-01 0.46E-03

Acceptances for v¥ from D* produced by

800 GeV/c protons on the beam dump
v Mass (GeV/c?) Egeo ETOF ||  Etrig €9ecfTOFEitrig

0.50 0.34E-02 | 0.54E-02 | 0.88E+00 0.16E-04
0.60 0.37E-02 | 0.10E-01 | 0.92E+400 0.35E-04
0.70 0.41E-02 | 0.17E-01 | 0.97E4-00 0.70E-04
0.80 0.48E-02 | 0.24E-01 | 0.99E+00 0.11E-03
0.90 0.57E-02 | 0.31E-01 | 0.99E+00 0.18E-03
1.00 0.70E-02 | 0.39E-01 | 0.10E+01 0.27E-03
1.10 0.82E-02 | 0.43E-01 | 0.99E+00 0.35E-03
1.20 0.96E-02 | 0.43E-01 | 0.10E4-01 0.41E-03
1.30 0.11E-01 | 0.50E-01 | 0.10E+401 0.54E-03
1.40 0.12E-01 | 0.47E-01 | 0.10E+4-01 0.56E-03
1.50 0.13E-01 | 0.46E-01 | 0.10E+401 0.58E-03
1.60 0.13E-01 | 0.48E-01 | 0.10E+01 0.63E-03
1.70 0.14E-01 | 0.51E-01 | 0.10E4-01 0.71E-03
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Table E.5: Geometric, time-of-flight and trigger acceptances for heavy neutrinos
produced from the decay of D* produced by the secondary 7~ and =+ flux on the
beam dump. The muon track timing TOF window is used to obtain these time-of-

flight acceptances.

Acceptances for v¥ from D* produced by
secondary #~ on the beam dump
v Mass (GeV/Cz) €geo ETOF Etrig €gea€TOFEtrig
0.50 0.53E-03 | 0.31E-01 | 0.91E4-00 0.15E-04
0.60 0.59E-03 | 0.60E-01 | 0.92E+4-00 0.33E-04
0.70 0.68E-03 | 0.12E4-00 | 0.95E+00 0.81E-04
0.80 0.81E-03 | 0.18E400 | 0.95E+00 0.14E-03
0.90 0.95E-03 | 0.24E+00 | 0.98E+00 0.23E-03
1.00 0.11E-02 | 0.27E+00 | 0.99E+400 0.30E-03
1.10 0.13E-02 | 0.31E+00 | 0.10E+01 0.41E-03
1.20 0.16E-02 | 0.34E+400 | 0.10E4-01 0.54E-03
1.30 0.17E-02 | 0.36E+00 | 0.10E+01 0.61E-03
1.40 0.17E-02 | 0.36E+00 { 0.10E4-01 0.62E-03
1.50 0.19E-02 | 0.36E+00 | 0.10E401 0.68E-03
1.60 0.21E-02 | 0.37E+00 | 0.10E+01 0.77E-03
1.70 0.22E-02 | 0.36E+00 | 0.10E+01 0.77E-03
Acceptances for 2 from D* produced by
secondary ** on the beam dump
v? Mass (GeV/c?) Egeo ETOF || Etrig EgeotTOFEtrig
0.50 0.63E-03 | 0.26E-01 | 0.91E+400 0.15E-04
0.60 0.68E-03 | 0.54E-01 | 0.94E+400 0.35E-04
0.70 0.75E-03 | 0.96E-01 | 0.98E+400 0.70E-04
0.80 0.90E-03 | 0.15E400 | 0.97E4-00 0.13E-03
0.90 0.10E-02 | 0.21E+00 | 0.98E+00 0.22E-03
1.00 0.13E-02 | 0.24E4-00 | 0.99E4-00 0.31E-03
1.10 0.15E-02 | 0.27E+00 | 0.99E+00 0.40E-03
1.20 0.17E-02 | 0.29E+00 | 0.10E+01 0.49E-03
1.30 0.20E-02 | 0.31E+00 | 0.10E401 0.61E-03
1.40 0.21E-02 | 0.31E+4+00 ( 0.10E401 0.65E-03
1.50 0.22E-02 | 0.32E+00 | 0.10E+01 0.70E-03
1.60 0.24E-02 | 0.30E+00 | 0.10E+01 0.72E-03
1.70 0.26E-02 | 0.33E+400 | 0.10E4-01 0.84E-03
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Table E.6: Geometric, time-of-flight and trigger acceptances for heavy neutrinos
produced from the decay of D* produced by the secondary K~ and K* flux on the
beam dump. The muon track timing TOF window is used to obtain these time-of-
flight acceptances.

Acceptances for vZ from D* produced by

secondary K~ on the beam dump

ve Mass (GeV/ c?) £geo ETOF | Etrig €geofTOFEtrig
0.50 0.50E-03 | 0.33E-01 | 0.91E+400 0.15E-04
0.60 0.54E-03 | 0.72E-01 | 0.92E+00 0.35E-04
0.70 0.62E-03 | 0.12E+400 | 0.95E4-00 0.73E-04
0.80 0.71E-03 | 0.19E400 | 0.95E+400 0.13E-03
0.90 0.88E-03 | 0.25E400 | 0.98E+4-00 0.22E-03
1.00 0.10E-02 | 0.32E4-00 | 0.99E+400 0.32E-03
1.10 0.12E-02 | 0.35E4-00 | 0.99E+00 0.42E-03
1.20 0.14E-02 | 0.37E+4+00 | 0.99E+4-00 0.51E-03
1.30 0.15E-02 | 0.37TE+00 | 0.10E+401 0.56E-03
1.40 0.17E-02 | 0.39E+00 | 0.10E+01 0.68E-03
1.50 0.17E-02 | 0.39E+00 | 0.10E+01 0.66E-03
1.60 0.19E-02 | 0.37E+00 | 0.10E+401 0.71E-03
1.70 0.20E-02 | 0.39E+4-00 | 0.10E+-01 0.80E-03

Acceptances for vH from D* produced by
secondary Kt on the beam dump

vH Mass (GeV/c?) €geo ETOF Cerig €9eoETOF Etrig
0.50 0.73E-03 | 0.20E-01 | 0.88E+00 0.13E-04
0.60 0.77E-03 | 0.51E-01 | 0.93E+00 0.37E-04
0.70 0.90E-03 | 0.95E-01 | 0.96E4-00 0.82E-04
0.80 0.10E-02 | 0.13E4-00 | 0.97E+00 0.13E-03
0.90 0.13E-02 | 0.17E400 | 0.98E+400 0.22E-03
1.00 0.14E-02 | 0.21E+00 | 0.99E-+00 0.29E-03
1.10 0.18E-02 | 0.23E+00 | 0.99E+00 0.41E-03
1.20 0.22E-02 | 0.27E400 | 0.10E+401 0.57E-03
1.30 0.23E-02 | 0.26E+00 | 0.10E+401 0.60E-03
1.40 0.26E-02 | 0.27E+00 | 0.10E}01 0.69E-03
1.50 0.27E-02 | 0.26E+-00 | 0.10E+401 0.72E-03
1.60 0.27E-02 | 0.27E+400 | 0.10E+-01 0.73E-03
1.70 0.29E-02 | 0.30E+4-00 | 0.10E+01 0.85E-03
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Table E.7: Geometric, time-of-flight and trigger acceptances for heavy neutrinos
produced from the decay of D* produced by the secondary p~ and p* flux on the
beam dump. The muon track timing TOF window is used to obtain these time-of-
flight acceptances.

i

Acceptances for v2 from D* produced by
secondary p~ on the beam dump
vH Mass (GeV/cz) Egeo ETOF Etrig EgeoETOFEtrig
0.50 0.43E-03 | 0.43E-01 | 0.90E+400 0.17E-04
0.60 0.48E-03 | 0.83E-01 | 0.93E+00 0.37E-04
0.70 0.53E-03 | 0.15E+00 | 0.95E+00 0.77E-04
0.80 0.60E-03 | 0.21E400 | 0.95E+00 0.12E-03
0.90 0.73E-03 | 0.28E+00 | 0.98E+00 0.20E-03
1.00 0.86E-03 | 0.34E+4-00 | 0.99E+00 0.29E-03
1.10 0.11E-02 | 0.37TE+00 | 0.10E+401 0.39E-03
1.20 0.11E-02 | 0.41E4+00 | 0.10E4-01 0.47E-03
1.30 0.14E-02 | 0.43E+00 | 0.10E+01 0.58E-03
1.40 0.14E-02 | 0.43E+00 | 0.10E+01 0.63E-03
1.50 0.16E-02 | 0.43E4-00 | 0.10E+01 0.68E-03
1.60 0.15E-02 | 0.42E+00 | 0.10E+01 0.63E-03
1.70 0.16E-02 | 0.42E+00 | 0.10E+401 0.69E-03
Acceptances for vZ from D* produced by
secondary p* on the beam dump
v Mass (GeV/c’) €geo €TOF I Etrig €geofTOFEtrig
0.50 0.20E-02 | 0.82E-02 | 0.89E+00 0.14E-04
0.60 0.21E-02 | 0.17E-01 | 0.90E+00 0.32E-04
0.70 0.24E-02 | 0.28E-01 | 0.97E+00 0.66E-04
0.80 0.29E-02 | 0.44E-01 | 0.97TE+00 0.12E-03
0.90 0.34E-02 | 0.68E-01 | 0.98E+400 0.22E-03
1.00 0.40E-02 | 0.69E-01 | 0.99E+00 0.28E-03
1.10 0.47E-02 | 0.86E-01 | 0.10E4-01 0.40E-03
1.20 0.56E-02 | 0.85E-01 | 0.99E+00 0.47E-03
1.30 0.62E-02 | 0.93E-01 | 0.10E+01 0.58E-03
1.40 0.69E-02 | 0.95E-01 | 0.10E4-01 0.66E-03
1.50 0.72E-02 | 0.95E-01 | 0.10E+01 0.68E-03
1.60 0.78E-02 | 0.99E-01 | 0.10E+401 0.77E-03
1.70 0.78E-02 | 0.10E+00 | 0.10E+401 0.81E-03
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Table E.8: Geometric, time-of-flight and trigger acceptances for photinos produced
from the decay of gluinos produced by 800 GeV/c protons on the primary target and
the beam dump. The shower timing TOF window is used to obtain the time-of-flight

acceptances.

Acceptances for ¥ from § decay produced by
800 GeV /c protons on the primary target

§ Mass (GeV/c?)

4 Mass (GeV/c?)

€geo ETOF | Etrig €g9eofTOFEtrig
1.00 0.17 0.58E-02 | 0.13E-02 | 0.00E+00 0.00E+00
2.00 0.33 0.24E-02 | 0.41E-02 | 0.78E+400 0.76E-05
3.00 0.50 0.14E-02 | 0.70E-02 | 0.89E+00 0.89E-05
4.00 0.67 0.10E-02 | 0.95E-02 | 0.95E+00 0.93E-05
5.00 0.83 0.85E-03 | 0.12E-01 | 0.98E+00 0.10E-04
6.00 1.00 0.75E-03 | 0.14E-01 | 0.10E+01 0.10E-04
7.00 1.17 0.67E-03 | 0.16E-01 | 0.99E+00 0.10E-04
8.00 1.33 0.62E-03 | 0.17E-U1 | 0.10E+01 0.10k-04
9.00 1.50 0.60E-03 | 0.18E-01 | 0.10E+01 0.11E-04
10.00 1.67 0.57E-03 | 0.18E-01 | 0.10E+01 0.11E-04
11.00 1.83 0.55E-03 | 0.18E-01 | 0.10E+01 0.10E-04
Acceptances for ¥ from § decay produced by
800 GeV/c protons on the beam dump
g Mass (GeV/c?) | ¥ Mass (GeV/c?) Egeo ETOF Etrig €geo€TOFEtrig
1.00 0.17 0.13E-01 | 0.74E-03 | 0.00E+400 0.00E+400
2.00 0.33 0.53E-02 | 0.25E-02 | 0.52E+400 0.70E-05
3.00 0.50 0.32E-02 | 0.41E-02 | 0.89E+00 0.12E-04
4.00 0.67 0.24E-02 | 0.73E-02 | 0.96E--00 0.17E-04
5.00 0.83 0.19E-02 | 0.80E-02 | 0.97E--00 0.15E-04
6.00 1.00 0.17E-02 | 0.94E-02 | 0.97E4-00 0.15E-04
7.00 1.17 0.15E-02 | 0.10E-01 | 0.98E+4-00 0.15E-04
8.00 1.33 0.14E-02 | 0.11E-01 | 0.99E+00 0.16E-04
9.00 1.50 0.14E-02 | 0.12E-01 | 0.10E+4-01 0.16E-04
10.00 1.67 0.13E-02 | 0.13E-01 | 0.10E+01 0.17E-04
11.00 1.83 0.13E-02 | 0.12E-01 | 0.99E+00 0.15E-04
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