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Abstract

A search for lightly ionizing particles has been performed with the MACRO detector.
A specially designed field programmable gate array based system was used for trigger-
ing, and the data analysis was performed on data recorded with a custom 200 MHz
waveform digitizer system. Many novel techniques were used in the data analysis,
including a neural network for timing reconstruction.

This search was sensitive to particles with charges between te and close to the
charge of an electron. The detector is sensitive to particles with 3 of between approx-
imately 0.25 and 1.0. Unlike previous searches both single track events and tracks
buried within high multiplicity muon showers were examined.

In a period of approximately one year no candidates were observed. Assuming an
isotropic flux, for the single track sample this corresponds to a 90% C.L. upper flux

limit in the region of 100% efficiency of ® < 9.2 x 1071° em™?sec™tsr™! .
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Chapter 1 Introduction

The standard model of particle physics [1. 2] described by the SU(3) x SU(2) x U(1)
gauge symmetry has been very successful in describing the natural world. The stan-
dard model contains three doublets of leptons and their associated neutrinos, and
three generations of quark doublets. To mediate forces there is the photon for electro-
magnetism and the heavy intermediate vector bosons for the weak force. There are
cight massless gluons which carry the charge of color, and finally there is the vet
undiscovered Higgs boson. Of these 24 building blocks of matter, only the quarks
have electric charges which are not integral multiples of the charge of the electron.

Ever since Robert Millikan’s historic experiment determined that the charge on
matter comes in discrete units [3], experimenters have spent much time and effort first
determining the precise value of that charge, and later trying to observe instances in
nature where anything other than integer multiple version of that charge existed.

The first hint that such objects might in fact be present in nature were the results
obtained from the deep inelastic scattering experiments at SLAC during the late
1960°s [4]. These experiments first demonstrated that nucleons do in fact have sub-
structure. By exploring the structure functions in these scattering experiments, it
was discovered that the protons and neutrons were in fact constructed of smaller
point-like partons. and that there were three of these partons in both the proton and
the neutron [5].

[t was soon realized that the partons observed in deep inelastic scattering experi-
ments could in fact be described by SU(3) symmetry and the suggestion of the quark
model by Murray Gell-Man [6]. Although in this model the quarks which make up
the barvons and mesons have fractional charge, they are always combined in a way
that results in a integrally charge barvon or meson. This is due to the fact that the
quarks happen to have charges of 1/3 and 2/3. If (as in some models) there were extra

T

quarks which had a charge of 1/6 [7], then when combining them with the normal
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quarks, the resulting hadrons would have charges of 1/2.

It does not seem possible to observe a quark outside of a hadron or meson. This
observation was reconciled with the quark model by the conjecture that all observed
objects must be color singlets. In other words the color portion of the wave function
of any collection of quarks must be a function which transforms into itself under
the transformations of SU(3). It is not possible for a single quark to satisfy this
requirement, and the resultant permanent binding of quarks inside hadrons is known
as confinement.

The behavior of a quark which has been struck with another particle, with large
momentum transfer, is described by the theory of asymptotic freedom. In this model,
when a set of quarks are extremely close to each other, they act essentially as free
particles. As they are separated, however, the energy density of gluons exchanged
between them increases linearly with their distance. Eventually, there is enough
energy to create a new quark-antiquark pair from the vacuum.

Because of asymptotic freedom., it is not possible to remove a quark from a hadron.
As one quark is moved farther and farther away from its partners, eventually there
is enough energy density in gluons present to form a quark-antiquark pair from the
vacuum. One of these new quarks takes the place of the quark that was being removed
from the original hadron and the other quark binds with the quark that was being
removed to form a new meson.

Despite decades of searching no one has vet observed a quark free of its ever-
present neighbors. Also. the search for electrons or other leptonic type particles
with fractional charge has been in vain. These include larger and more sophisticated
versions of Millikan’s oil drop experiment, searches in bulk matter. experiments at
accelerators. and searches in the cosmic radiation [3, 9, 10]. Nonetheless, people keep
searching. Why? As of today there is no solid theoretical explanation for confinement
or the lack of fractional charge in matter. A clear observation of fractional charge
would be extremely important. Depending on the type of particle seen. it might mean
that confinement breaks down under some circumstances or that entirely new classes

of particles existed. If this were the case, then we would have an important clue as
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to how to build the models we needed to describe the world as we know it.

1.1 Theoretical Motivation

Although it is true that the experimental reasons to search for fractional charge are
strong (since a positive observation would have such far-reaching consequences), the
same cannot be said of the theoretical motivation.

With the possible exception of very heavy GUT-scale particles with fractional
charge. there seems little theoretical motivation for constructing theories with frac-
tional charge in them. On the other hand, it is possible to construct such theories.
In the middle 1980°s there was a report that a team at Stanford had observed +1/3
charges on niobium spheres which were magnetically levitated. This claim was never
experimentally confirmed, but there were some theorists who constructed models
which would be able to accommodate such an observation.

In GUT theories it is relatively easy to accommodate fractional charge in color
singlets by extending the unification group from SU(5) to a larger group. For ex-
ample, an extension to SU(7) allows for charges of £ [11]. The extension to SU(7),
however, loses some attractive features of SU(5). For example, in SU(5) there is
a relationship between the three colors of the quarks and the fact that the electric
charges of the quarks are in the units of 3.

It is still possible to construct a theory with fractional charge and keep this re-
lationship. One such model which allows for leptonic-type particles with charge 13 e
was proposed which adds an extra exact U(1) symmetry to nature [12]. Like other
models. it extends the gauge group, this time to SU(5) x SU(5)’. Other GUT
groups have been considered which allow for fractional charge, including SU(8) [13].
SO(14) [14], and SO(18) [15]. Some theories of spontaneously broken QCD have
also predicted free quarks [16], although these quarks would probably be contained

in super-heavy quark-nucleus complexes with large non-integral charge.
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1.2 Lightly Ionizing Particles in MACRO

This thesis presents a search for particles with fractional charge in the cosmic radia-
tion. Particles with fractional charge deposit less energy in a detector than particles
with unit charge. This is due to the fact the energy loss of a particle by ionization

goes like [17]:

, 2
% x % £l:1]

Here Q is the charge of the particle and 3 is its velocity. So. for example, a particle
traveling at relativistic speed with charge of 3 e will have an energy deposition only §
that of the muon. For this reason we call such particles lightly tonizing particles(LIPs).

The MACRO experiment is a large underground experiment located in Italy. Due
to MACRO's large size, fine granularity. high efficiency scintillator, and high reso-
lution tracking system, it is uniquely suited to look for LIPs, and in order to take
advantage of this situation a special LIP trigger system has been built.

The LIP trigger allows a search for objects which interact electro-magnetically but
deposit only small amounts of energy in the scintillator counters. The LIP energy
threshold of about 1.2 MeV should be compared to the typical muon energy loss of
about 40 MeV.

The MACRO detector is ideally suited to look for LIPs in regions of phase space

that have never been explored. Although the current theoretical view is that fraction-

ally charged particles probably don’t exist, experimental answers often yield surprises.

1.3 Features of this Search

The use of this trigger allows a physics search for LIPs which is unique in many ways.

Some of the main features which distinguish it are as follows:

l. Sensitivity down to L equivalent fractional charge. Previous experiments have

ounly checked for particles with charge 2 3 [8].
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2. Good acceptance from 3 = 0.25-1.0 . The lowest flux limits for LIPs now
come from the very large water Cerenkov detector in Japan (Kamiokande)[18].
However, because of the nature of the Clerenkov process. water detectors are

only sensitive to particles with 7 2 0.8.

3. An extremely large area detector. The MACRO detector presents &~ 800 m? of
fiducial area to downward-going particles. The Ceerenkov search at Kamiokande
presents a nominal detection area of 130 m?[13]. The best results from scintillator-
based experiments come from even smaller detectors. The search by Kawagoe

et al. [19] relied on a detector of only 6.25 m?.

4. The possibility of searching within extremely large multiple muon bundles for
fractional charge. Because of the size and granularity of the MACRO experi-
ment, it is possible to isolate tracks located in large multiplicity muon bundles,
and to check their energy deposition to see whether they are consistent with
LIPs. For both smaller experiments and non-granulated experiments (such as
single large volume water experiments like Kamiokande), multiple muon events
are thrown out of the data sample. If fractional charge were being produced
in extremely high energy collisions in the upper atmosphere. previous experi-
ments may have missed the signature due to the particles being buried in the

high-multiplicity shower.

5. Use of high resolution waveform digitizers for energy and timing reconstruc-
tions. At a trigger threshold of &~ 1.2 MeV each scintillator counter fires at
approximately 2 kHz. The use of a traditional ADC/TDC system has the prob-
lem of false starts due to this high rate (see for example [20]). A false start
from a pulse just above threshold can partially gate a larger pulse happening

just after the small pulse, producing a fake low ionization event.

6. Use of a high precision limited streamer tube tracking svstem. Previous un-
derground experiments [13. 19, 21] did not have independent tracking systems.

Since muons that clip the corners of scintillating volumes can be an important
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source of background, the use of a tracking system is essential for the perfor-
mance of an extremely low background search. In addition, without a tracking
system it is hard to recognize the cases where the actual tracks pass between
volumes and accompanying soft gamma rays enter into the scintillating vol-
umes. This can be a source of background [21]. The use of a tracking system
is also one of the reasons that MACRO can look for fractional charge in high

multiplicity muon bundles.
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Chapter 2 The MACRO Detector

The MACRO detector has been described in detail elsewhere [22. 23]. This chapter
is designed to give the reader an overview and enough knowledge to understand the
analysis that follows. This chapter emphasizes the detector elements themselves. The
relevant electronic systems will be discussed in Chapter 3.

The MACRO detector was originally designed to detect GUT-mass magnetic
monopoles [24]. Since these particles are expected to be very rare, the detector was
designed with a large acceptance (= 10000 m? sr) and redundant systems for detec-
tion. There are three main detector systems in MACRO: the scintillator system, the
streamer tube system and the track-etch system. Of these three. only the scintillator
and streamer tubes are relevant to this search and only they are described here.

MACRO is a international collaboration of about 150 physicists from six US and
ten Italian institutions. The full list of MACRO collaborators and their institutions

can be found in Appendix C.

2.1 MACRO Location

MACRO is located at the Gran Sasso laboratory in central Italy. Located under the
largest peak in the Apennine mountain chain, the experimental halls of the Gran
Sasso are approximately 1 kilometer underground. Figure 2.1 shows the location of
the Gran Sasso laboratory in relation to Rome. The laboratory is located about
100 kilometers from Rome on the A24 highway.

Access to the lab is from the 10 kilometer long A24 highway tunnel which passes
through the Gran Sasso mountain. The lab is composed of three main halls and
several connecting tunnels. The layout of the laboratory is illustrated in figure 2.2.
The MACRO experiment is located in Hall B ., which is the middle of three large

halls. The MACRO coordinate system is centered on the northern end of hall B and
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Figure 2.1: The location of the Gran Sasso laboratory. The Gran Sasso is located
approximately 100 kilometers from Rome on the A24 highway.

is located at 13 © 34" 28" E longitude and 42 ° 27" 09" N latitude. The detector has
an elevation of 963 m above sea level. The minimum thickness of rock over MACRO
is 1160 m (3150 m of water equivalent) and the average thickness is 1400 m (3700
meters water equivalent) [25].

There are external laboratory facilities located on the L’Aquila/Rome side of the
traffic tunnel. A fiber optic link connects the underground and external laboratories

for computer communications.

2.2 MACRO Detector Layout

The MACRO detector 1s 77 m long by 12 m wide by 9 m high. A sketch of the
detector is shown in figure 2.3.

The detector can be thought of as a box completely surrounded by liquid scintil-
lator, the lower half of which is filled with a sandwich of crushed rock and streamer

tube tracking chambers. The detector is made of six identical sub-detectors called
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Figure 2.2: The layvout of the underground Gran Sasso laboratory. There are three
main halls and several connecting tunnels. MACRO is located in hall B and is drawn

to scale as a box in this figure.
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Figure 2.3: A sketch of the MACRO detector. The detector is 76 meters long by 12

meters wide by 9 meters high.
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supermodules which are placed side by side. Each supermodule is 12 m long by 12 m
wide by 9 m high. This substructure in the detector is visible in figure 2.3. The
supermodules on the ends of the detector have walls of scintillator on their outside
faces.

Each supermodule is surrounded on the top, bottom and sides by 12 m long PVC
boxes filled with liquid scintillator oil. The two ends of each of these tanks are viewed
with photo-multiplier tubes which measure the energy deposition of any particle that
passes through them. In addition, there is a further layer of scintillator boxes inside
each supermodule which separates the detector into a top and bottom half. The
upper half of the detector is known as the attico and it holds the racks used for the
detector electronics and acquisition readout. The lower half of the detector alternates
between lavers of crushed rock and streamer tubes. Once again the reader is referred
to figure 2.3 to visualize this description.

Figure 2.4 is a closer detail picture of the lower half of one supermodule. In it
one can see the position of the horizontal and vertical scintillator tanks, and also the
positions of the horizontal and vertical streamer tube planes. The lavers of crushed
rock absorber set a minimum threshold of about 1 GeV for vertical muons to pass

through the detector without stopping.

Horizontal Streamer Tube Planes —
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o
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Figure 2.4: A cross section of the lower half of one supermodule.
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In addition to the streamer tubes interspersed within the layers of crushed rock,
there are two layers of streamer tubes above and below each horizontal scintillator
plane. This can be seen in figure 2.4.
Each supermodule is triggered separately and each pair of supermodules has its
own microvax for acquisition readout. These three microvaxes communicate with a
central acquisition computer for event building and recording of events to disk. More

details on the acquisition system can be found in [22].

2.3 The Scintillator System

The scintillator system is used to measure energy deposition. In each supermodule
there are 49 horizontal scintillator counters and 28 vertical counters. There are some
additional tanks on the north and south end of the detector but they are ignored in
this analysis. In this analysis only the scintillator counters in the horizontal layers
are used. There are 16 counters in the bottom and center layer of each supermodule

and the top laver has 17 boxes.

2.3.1 Scintillator

The scintillator itself is a mix of:

96.4% mineral oil

3.6% pseudocumene

1.44 grams/liter PPO

1.44 milligrams/liter bis-MSB.

The mineral oil itself is very clear with an attenuation length of more than 20 m.
The primary scintillator is the pseudocumene and the PPO and bis-MSB are wave-
length shifters which shift the wavelength of the light given off by the pseudocumene

up to the most sensitive region of the photo-multiplier tube’s cathode at about 420 nm.
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This mixture was chosen to maximize the light output for energy deposition while
at the same time keeping the attenuation length long. With this mixture the atten-

uation length of the scintillator oil is over 12 meters.

2.3.2 Scintillator Counters

The horizontal scintillator counters used in this analysis are 12 m long and 75 cm

wide. They are filled with 19 cm of liquid scintillator. The counters are constructed
with 0.257 thick welded PVC. Each contains three chambers: an 11 meter long cen-
tral chamber and two end chambers separated from it with a piece of 0.13" thick
transparent PVC. The main chamber is filled with liquid scintillator and the two end
chambers are filled with pure mineral oil. In addition to reducing sparking and dis-
charges from the tubes (which are held at high voltage) the clear mineral oil matches
the index of refraction on both sides of the clear PV(' window and produces good
optical coupling.

The inside of the main chamber is lined with FEP Teflon which causes all light to
be totally internally reflected as long as its angle of incidence is less than 25.6°. The
light produced inside the main volume of the counter is reflected and transmitted to
the ends of the counter where it enters into the end chambers.

Each horizontal end chamber contains two 20 em diameter photo-multiplier tubes.
In order to increase the light collection efficiency, each is contained within a mirror
to direct as much light entering the end chamber as possible onto the surface of its
photo-cathode. Figure 2.5 shows schematically the positions of the phototubes and

mirrors in a horizontal counter’s end chamber.

2.3.3 Photo-Multiplier Tubes

The photo-multiplier tubes (PMTs) inside the horizontal counters are 20 cm diameter
EMI-642s. The typical pulse from these tubes from a muon passing through 19 cen-
timeters of scintillator oil at the center of the tanks is about 2.0 V with a rise time of

about 15 ns. The phototubes have 13 dynodes arranged in a Venetian blind structure
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Figure 2.5: The end chamber for a horizontal counter. There are two phototubes each
with a mirror to increase the light collection efficiency. The end chamber is filled with
clear mineral oil to prevent high-voltage discharges and match the index of refraction
with the oil in the main chamber.
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and the base used in MACRO is designed to operate with typical applied voltages of
—1600 V. This results in a gain which gives about -4 mV per photo-electron. The
photo-cathode is held at negative voltage, which means that the signal cables can be

attached without a blocking capacitor to the anode which is at ground.

2.4 The Streamer Tube System

The MACRO streamer tubes are made of extruded PV(C and are heat sealed into
2.9 x 2.7 em? cells. The anode of each cell is a metal silvered Be-C'u wire, supported
every meter by plastic spacers. The cathodes are made from three of the plastic sides
of the cell itself, which are coated with low resistivity graphite.

The streamer tubes are constructed in 3.2 x 25 x 1200 ¢cm?® chambers, each of
which contains eight cells. In the lower half of each supermodule, 48 streamer tube
chambers are placed side by side to form the horizontal planes. There is a gap in the
middle of the supermodule for the steel support structure. There is no such gap on
the top of the detector and there are 51 chambers used there.

The anode wires give readout in the X direction. A second view is obtained by
3 cm pick-up strips which are placed under the streamer chambers at a 26.5° angle
with respect to the wires. This layout is illustrated in figure 2.6.

The gas mixture used in the tubes is 73% helium and 27% n-pentane. The high
proportion of helium in our tubes is a somewhat unusual choice. This was done
because the Drell-Penning effect [26] (which can increase the energy loss of slowly
moving monopoles in gaseous detectors) can be calculated for the case of helium.

The MACRO streamer tubes run in limited streamer mode [27] and the typical
streamer tube high voltage is +4250 V. At this voltage the tube is within its plateau
region. The plateau region is a fully efficient range which is more than 700 V wide.
Figure 2.7 shows the singles rate from radioactive background as a function of high
voltage applied to the wire.

At this voltage LIPs can still trigger the streamer tubes. The key to the good

sensitivity of the streamer tubes even to extremely small amounts of ionization, 1s
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Figure 2.6: Streamer tube and pick up strip layout. There are eight cells in each
chamber of streamer tubes.

that when a single ion-electron pair is produced, there is still the chance that a full
streamer will be formed. A single free electron falling towards the wire is enough to
start the avalanche that results in a streamer.

This probability has been measured for different gas mixtures and cell sizes to be
2 20% [28] at our operating voltages. In addition. a test was done with MACRO
streamer tubes using the MACRO gas mixture. The measured single ion-pair effi-
ciency for the MACRO tubes and gas mixture was over 30% [29]. In the next section

the triggering efficiency of the streamer tube trigger will be explored.

2.4.1 Sensitivity of Streamer Tubes to LIPs

[n order to calculate the efficiency of the streamer tube system, we must first calculate
the average number of electron-ion pairs produced for a particle passing through a
streamer tube cell. First we calculate the average energy loss for a muon passing
vertically through a 3 cm cell. It should be stressed that this is a minimum ionization
since there will undoubtedly be extra delta rays which enter the thin plastic of the
streamer cell and the ionization in the chamber itself has a Landau tail from the delta

rays that are produced.
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Figure 2.7: Singles rate as a function of high voltage. Above 4200 volts the tubes
become 100% efficient. The inset shows the voltage output of a wire pulse in a

streamer tube.
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To perform this calculation we use the parameters for isobutane (C4Hyy) which
should be similar and produce slightly less ionization than n-pentane since the density
1s only slightly less than n-pentane and the electron structure is similar. To our
knowledge these paramaters have not been measured for n-pentane. The following

parameters are used [17, 30]:

; e -3 9
Densitygeiwm = 0.178 x 1073 —=—
: cm?
dE , Cem?
v = 1.94 MeV —
e Helium g
. eV
Enerqgy Pairgeivm = 41 , (2.1)
' par
. & ps -3 9
Densityrsoputane = 2.67x 1077 —
' cme
dI em?
o = 2.22 MeV —
d ‘\ Isobutane g
. . ny EV ;
}L”(7‘7'.(/.,11—]3(['1‘,)I.Sobllt(l'llf = .2; : (2‘2)
par

where Energyv_Pair is the amount of energy deposition necessary to produce one ion-
electron pair in the gas. In general, to determine the number of pairs (N) which are

produced. we use:

. L[{—}( x Density

Energy_Pair

For the two specific gases in our mixture we use equation 2.3 to determine:

Nictiwm = 8.4 pair/em

Nisbuzne = 2017 pair/om. (2:4)
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5o the number of pairs created in our 3 em tube with 73% He + 27% n-pentane

should be roughly:

N =3 cem x (0.73 x 8.4 4 0.27 x 257.7) pairs/cm = 227.

—
Do
Ot

et

The number of pairs produced by a minimum ionizing particle with charge Q

should be:

ATL]P = iwm won QZ (26)

1
3

. 99 B W .
¢ charged particle should leave 2 = 25 ion-electron pairs.

So for example, a o3

If we know that the probability of a single ion-electron pair causing a streamer to
occur is £, then we can calculate the probability that N pairs will create at least one

streamer. The probability that none of the pairs cause a streamer is:

Pn,()?fire([ = (_[ _ 5)(1\“’@‘2)‘

o
=1

and the probability that at least one of them started the streamer production process

1s:

—_
o
(00

i

Pfiréd =1- P7z.otfi7‘6d~

As will be discussed in Chapter 3 the LIP trigger requires a streamer tube trigger
in the lower half of the detector. There are several conditions which can cause the
streamer tube trigger to be activated [22]. One of these conditions is that six out
of ten of the horizontal streamer tube planes have fired. This trigger condition is
the one most likely to be satisfied in the LIP analysis. Because we require all three
horizontal scintillator planes. the track must also cross all of the lower streamer tube
planes.

To calculate the probability that this condition is satisfied we first calculate the
probability that /N planes out of the ten have streamers formed in them. This proba-

bility is the probability that N planes fired, multiplied by the probability that 10—\
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planes did not fire, multiplied by the number of ways that N out of ten planes might

fire. We call the probability that N planes out of ten fired Px.

10 N
PN == v (Pnoffi‘red)lu—A\ (Pfired)‘\ . (29)

Now we can calculate the probability that at least N out ten planes fired. This

probability is the sum of the probabilities that N fired, N+1 fired, etc.

10
P = 3 B (2.10)

i=N
For the case we are interested in, Q:%G. ¢=30%, and a minimum of six out of

ten planes must fire. The probability of a streamer tube trigger being formed in this
circumstance is well over 99%. Figure 2.8 shows the probability of a trigger being
formed for the case of a te charged particle as a function of ¢ and the number of

ion-electron pairs formed by a muon.



Figure 2.8: Streamer tube trigger efficiency for a + e charged particle as a function

of the number of ion-electron pairs produced in a streamer tube cell by a muon (axis
labeled pairs) and the probability that a single ion-electron pair will cause a streamer
(axis labeled eff).



Chapter 3 Electronics

The LIP search makes use of many of the sub-systems of MACRO. Most of these
systems are described elsewhere. However. the LIP trigger itself, the stop master.
and the waveform digitizers are described more fully in this section. The reader
should refer to other references for descriptions of the PHRASE [31] and Streamer

Tube [22] systems.

3.1 The LIP Trigger

The LIP trigger uses the lowest level energyv-based scintillator trigger available in
MACRO. The mputs are the individual box low energy triggers produced in the
PHRASE (one of the gravitational collapse triggers) which have a trigger threshold
of about 1.2 MeV. The LIP trigger uses XILINX-based field programmable gate
array circuits to form coincidences between counters in the three scintillator faces
of MACRO.

The singles rates in each counter are approximately 2 KHz. Because of timing
delays in both the detector and the electronics. the coincidence time between counters
can be no shorter than about 100 nano-seconds. The resulting accidental coincidence
rate is approximately 10 Hz and must be reduced by further logic. This rate reduction
is provided by a coincidence with the limited streamer tube system.

The LIP trigger requires that the streamer tube trigger in the lower half of
MACRO has fired. If both the streamer tube and scintillator coincidence require-
ments are met, then the system produces a trigger which is used to stop the 200 MHz
wave form digitizer system. Since a well reconstructed streamer tube track will be
required in the analysis, requiring the streamer tube trigger to be present only reduces
accidental coincidences and does not reduce the efficiency of the search.

In addition to triggering an event, the LIP trigger records which tanks were in-
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volved in the event and presents this information to the acquisition system. Then,
during the event readout, those tanks involved in the event are read out of the WFD
system. More details about the LIP trigger can be found in Appendix B.
The LIP trigger is sensitive to particles with 7 of between 0.25 and 1.0 . Figure 3.1
shows the triggering efficiency as a function of 3. The efficiency was calculated with

a Monte Carlo.

LIP Trigger Efficiency as a Function of Beta for Isotropic Flux
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Figure 3.1: The triggering efficiency of the LIP trigger as a function of /3.

As is described more fully in Appendix B the LIP trigger is designed to wait for
6.4 psecs after the scintillator coincidence for a trigger from the streamer tube system.
The LIP trigger was designed with the understanding that the streamer tube signal

would always arrive long enough after the passage of the particle through the detector
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that the LIP trigger would have already created the scintillator coincidence.

In fact, in high-multiplicity muon events, the streamer tube trigger can arrive
during the time that the scintillator coincidence is being formed in the LIP trigger.
These events are characterized by very large numbers of hits in the streamer tube
system. If the streamer tube signal arrives at the LIP trigger too early then the
efficiency for triggering is no longer 100%. Figure 3.2 shows the measured efficiency
for the LIP trigger as a function of event multiplicity. The measured efficiency is the
efficiency that the LIP trigger in every supermodule involved in the event fired. For

the highest multiplicity examined in this thesis the triggering efficiency is 60%.

LIP Trigger Efficiency

as a Function of Multiplicity
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Figure 3.2: The efficiency that the LIP trigger in every supermodule involved in the
event fired as a function of the track multiplicity of the event. The streamer tube
trigger for large multiplicity events sometimes arrive at the LIP trigger before the

scintillator coincidence has been formed.
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3.2 The Waveform Digitizer

The waveform digitizers (WEFDs) and their read-out scheme are also described in
other references [32, 33]. For the purposes of understanding this search. it is enough
to have a basic understanding of the operation.

The WEDs are a custom-built 200 MHz VME-based system. Each WED card has
four channels and each channel has four inputs. The four inputs of each channel are
fanned in to one single flash ADC. It is possible to determine which input is firing,
however, since a discriminator records which inputs have passed a 2.5 mV threshold
on any given sample. Each end of a scintillator tank needs its own WEFD input. and
one WED card can handle eight MACRO tanks. Figure 3.3 shows the fan-in scheme
used in MACRO.

Every five ns . each channel which has at least one input over threshold is digitized
by an eight-bit flash ADC. Every 20 ns these ADCs are written into a memory buffer
along with a time stamp. The data are recorded and readout zero-suppressed. The
time stamp allows the full time information to be reconstructed. By only digitizing
the analog signal when it is over voltage threshold, the effective depth of the WD
card’s memory in time is increased.

When a “STOP” signal arrives at the WEFDs, they immediately cease digitizing.
Then. they write into a register on the WED board the address in memory that the
last digitized data was written. Every WEFD board is stopped simultaneously. Later.
when the acquisition system is ready to read out the WED system. the memory
address from the register is read out and the data starting at this point in memory is
transferred over the VME bus to MACRO’s VME based micro-Vax. At present | ms
of data is transferred for each channel for which a trigger has been requested.

At the end of an event a “START” signal is sent to the WIDs and they resume

digitizing and recording data.
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Figure 3.3: The fan-in scheme for the WED system. The above diagram represents
one crate of WEDs. which is responsible for digitizing the signals from one entire
supermodule. Each card can handle four tanks. The B.C, T.E.W.N in the diagram
stand for bottom. center, top, east. west. and north faces respectively. The tank
numbers are shown for each input of each card. For example. the first card accepts
inputs from tanks 1, 3, 5, and 7 of the east face. Since there are two sides to each
tank, each has two inputs. Also shown in this figure is the cabling for the global

STOP. START. and C'LOCK signals.



3.3 The Stop Master

The stop master is also described in detail elsewhere [34]. In order to understand this
search. it is only necessary to understand the basic theory of operation of the stop
master.

The job of the stop master is to manage the trigger signals from all of the subsys-
tems which want to readout the waveform digitizer system (e.g., the LIP, and Slow
Monopole Trigger).

When the first trigger arrives at the stop master, it starts a counter and counts
for 1 ms. At the end of this time, a “STOP” signal is generated and sent to the
WEDs. The stop master also records the relative times of later triggers that arrive
at the stop master. During the data acquisition these times are read out and later
can be used to determine exactly where in the 1 milli-second of data the feature that

caused the trigger to occur is located.
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Chapter 4 Calibration

In order to use the WEFDs effectively to both reconstruct the amount of energy de-
posited in the scintillator volumes, and the position in the tank where the energy was
deposited, each channel of the WFDs and its associated counter must be calibrated.

The calibration procedure yields the relationship between the amount of charge
measured in each scintillator counter, and the amount of energy lost by a particle. It
also produces the timing offsets needed to calculate the position of passage through
a counter of a particle.

The techniques used for calibration in this analysis are quite different than those
used for other analysis in MACRO. For the energy calibration. most MACRO analvses
use a relationship between the signal sizes observed and the amount of energy lost
by muons which pass though the MACRO counters. This calibrates the tanks using
energies on the order of 40 MeV.

However, in this analysis we are concerned with typical energy losses of around
1 to 5 MeV. Because of this, instead of using muons, naturally occurring low energy
7 lines in this energy range are used. In practice, the muons are used to make a
provisional energy calibration and then the low energy ~ lines are used to refine this
calibration. This technique is described in detail in section 4.1.

Throughout this discussion we assume that in the range of energies between |
and 40 MeV there i1s a linear relationship between the energyv lost by a LIP which
passes through scintillator and the amount of charge measured by the WEDs. Effects
which could cause this assumption to be invalid include scintillator saturation, and
non-linearities in the WED system. Such effects cause the calibration constants to
differ in accuracy as a function of energy. Chapter 6 will show that no more than
10% of extra smearing of the accuracy of the calibration constants are introduced.

The first step to calculate the amount of energy deposited in a scintillator volume

is to reconstruct the amount of charge measured by the photo-multiplier tubes in
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the event. To calculate the amount of charge deposited in an event, the area below
the voltage waveform as recorded by the WFD is integrated. The area under the
waveform is proportional to the charge collected by the phototube. This technique is

illustrated in figure 4.1.

Time

Voltage

Figure 4.1: The technique used to determine the charge left by a pulse. The area
underneath the waveform is integrated. The result is proportional to the charge.

In order to absolutely calibrate the energy scale. both low energy and high energy
calibration points are used. On the high energy side (=~ 40 MeV) the distribution of
the energy deposition caused by muons which transverse the detector is used, while on
the low energy side, the energies of several low energy (1-3 MeV) 5 lines from natural
radioactivity coming from the walls of the hall and the structure of the detector are
used. It is important to note that both of these sources are present in the normal
data so no special calibration runs are required.

For the case of a relativistic particle which passes through a scintillator volume.
the amount of charge deposited is proportional to the path length of scintillator
transversed. In order to account for the effect of particles traversing the counter at
different angles. the energy in each tank is normalized to the energy loss of a particle

passing through 19 cm of scintillator. the vertical thickness of the liquid scintillator.
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The amount of charge measured at each phototube is also a function of where the
energy is deposited. This is due to the fact that the light is attenuated by the liquid
scintillator mixture in the tank, with an attenuation length of about 12 m. This is
illustrated in figure 4.2 which shows an estimate of the number of photo-electrons
(which is proportional to the charge collected) collected at one of the phototubes as a
function of the distance away from the phototube. This function of position is known
as the response function and is measured individually for each tank. The function is
used to normalize the energy loss of a particle to that of one which passes through
the center of the tank.

The position reconstruction, on the other hand. requires fitting the relative times
of occurrence of the leading edges of the pulses reaching each side of the tank, and
determining the position by subtracting the times at which each pulse arrives at the
two ends of a scintillator tank.

In this analysis a simple linear fit of the leading edges of the pulses is used to
simulate a constant fraction trigger [17, see chapter 17]. This rough guess is then
refined by use of a neural network which is trained by using the streamer tube po-
sitions, and learns to do the tasks normally assigned to time walk corrections. The
neural network produces better agreement with the streamer tube data than does
our traditional TDC' system. Once again, in this system no special calibration runs
are required. All of the information needed for calibration is contained in normal
running.

[t should be noted that the streamer tubes alone can be used to determine the
position of a particle which passes through a tank. However, the agreement between
the position as reconstructed by the streamer tubes and scintillator system is an
important check in the analysis procedure.

The following sections examine both the energy and timing calibrations in more

detail.
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Photo-Electrons as a Function of Distance from Phototube
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Figure 4.2: The number of photoelectrons in a scintillator box measured as a function
of distance from the phototube in centimeters. The number of photoelectrons has
been normalized to a 19 cm path length. The curve is fit by two exponentials: A long
component of the attenuation length which is about 12 m ; and a shorter component
which 1s about 1 m.
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4.1 Energy Reconstruction

First of all, it is important to have an idea of the relevant energy scale for the LIP

search. While previous searches have restricted themselves to % equivalent charge,

this search attempts to reach % the charge of an electron. For muons with average

path lengths through our detector. this is equivalent to an energy deposition of about

1\2

40 MeV x (;)) ~ 1.6 MeV (4.1)

in each scintillator box. In order to be able to reconstruct LIPs which pass through

MACRO. it is necessary to reconstruct energies between 1.5 and 40 MeV. Most of
the relevant signal region of this search (fe to e ) fall between 1.5 and 5 MeV.

Figure 4.3 shows the energy loss of muons as measured by one scintillator counter

in MACRO. This distribution (especially its peak) gives a convenient high energy

point for calibration. There also exist several low energy ~ lines in the natural ra-

dioactivity of the Gran Sasso.

4.1.1 Natural Radioactivity Sources

Below 5 MeV the Gran Sasso laboratory is bathed by low energy ~-rays which orig-
inate from the walls and floor of the tunnel, and the materials of the detector itself.
They are dominated by the strong line from X at 1.46 MeV and the decay chains
of the naturally occurring **?Th and **®U. In the ?**Th decay chain one of the most
intense (and most relevant) lines comes from 235 1. It produces a 2.6 MeV ~-line from

the radioactive decay process:

STl
L 2P+ 4T+ 7

L 28pp 4 5 (2.6MeV). (4.

o
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Figure 4.3: The measured energy loss for muons in one tank in MACRO.
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Figure 4.4 [35] is an energy spectrum of the naturally occurring radioactive back-
ground in the Gran Sasso tunnel. This spectrum was taken with a small (7.5 cm
radius, 10.0 cm length) Nal detector. It should be stressed that this spectrum was
taken in an open hall and not inside the MACRO detector itself. Because of this
fact, the relative proportions of the various radioactive elements will not necessarily

be the same inside a MACRO scintillator volume. In particular, the amount of “°KX

present may be different since it occurs in the PMT glass among other places.

Nal Measured Gran Sasso Low Energy Spectrum
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Figure 4.4: The naturally occurring radioactive background energy spectrum of the
(iran Sasso hall as measured by a Nal detector. The large peaks from potassium at
1.46 MeV and thallium at 2.6 MeV are clearly visible.

In figure 4.4 the large peak from °K at 1.46 MeV is clearly visible and the last
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large peak before the sudden drop off at about 3.0 MeV is due to the smearing together

of the dominant #3{T1 line at 2.6 MeV and a few other less intense lines.

4.1.2 Monte Carlo of Radioactive Background and Detector

Response

In order to have an absolute low energy calibration, it is imperative to accurately

simulate the apparatus and incorporate several important physical effects. These are:

e The detector size and geometry. The energy loss mechanism is Compton scat-
tering. and the larger the detector, the less likely the 4 is to escape the detector

before losing all of its energy.

e The number of photons produced by the scintillating material in the detector.
If the detector only produces a small amount of light, the resolution will be
dominated by photo-electron statistics. In this case the resolution goes like
the square root of the number of electrons produced at the PMT. This will

determine how clearly peaks in the spectrum can be separated from each other.

e Any saturation effects that take place either in the scintillator itself or in the
PMT. If the scintillator becomes locally saturated (because the local rate of
energy loss is so high that there are no longer any free scintillation molecules
available [17, see chapter T]), then the amount of light produced will not be

proportional to the amount of energy deposited.

To determine the absolute energy scale for MACRO scintillator counters a full
GEANT [36] simulation has been performed both for the small Nal detector which
took the background spectrum and for a full-size horizontal MACRO tank. The
purpose of first simulating the smaller Nal detector was to verify that the simulation
was working correctly and to set the relative numeric proportions of the three decay
chains of "X, #*?Th. and ?**U. Once these values were set, the same proportions

were used with the geometry and materials of a MACRO tank. As was pointed out
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before. there is in fact no a priori reason to assume that these ratios will be the same
inside of a scintillator volume itself. However. using the same relative proportions of
10K, ?*Th, and #**U in both the Nal and scintillator Monte Carlos produces spectra
which are consistent with both experimentally measured spectra.

The MACRO tank spectrum looks qualitatively different from the Nal spectrum
because the amount of light produced is much less, which causes several lines to
smear together and appear as only two broad lines. Also the scintillator saturates
differently from Nal which causes the amount of light produced and detected to not
be proportional to the amount of energy deposited.

Table 4.1 contains a list of the energies of the y-ray lines used in the Monte Carlo,
organized by the decay family. The relative intensities within each decay family are

set assuming all of the daughter states are in equilibrium.

Energy in MeV of ~ Lines
for Each Family

Uranium | Thorium | Potassium
0.609 0.583 1.461
0.769 0.911
0.935 0.960
1.120 2.614
1.238
1.378
1.400
1.509
1.728
1.764
1.848

17

204

445

SR SR A

Table 4.1: Energies of lines used in the low energy Monte Carlo.

Nal Monte Carlo: In the Nal simulation an estimate for the light output was used

based on commonly used Nal detectors and then was adjusted until the resolution of
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the lines agreed with the measured spectrum in figure 4.4. The resulting resolution
is consistent with typical Nal detectors. Also, the relative proportions of the three
families of radioactive decay chains were adjusted until the relative heights of the
peaks in the spectrum matched those in figure 4.4.

Figure 4.5 is the result of the Nal Monte Carlo superimposed on the measured Nal
spectrum that was already presented in figure 4.4. The comparison of the calculated
with the observed spectrum indicates that the calculated precision is sufficient for
our purposes. Although the absolute normalization is not exactly correct, it is the
positions of the peaks, and the shape of the spectrum which is most important. Also,
as was already pointed out, there is no reason to believe that the relative proportions
of the families of radioactive decay chains will be exactly the same in the detector
and in the hall. Since the purpose of the Nal Monte Carlo is to determine the ratios
to use in the MACRO detector Monte Carlo, general agreement is good enough.

One important thing to note is that there is a host of very low energy v lines and
a-rays which are not simulated here. Because of the small amount of light, they are
all smeared together in the measured spectrum. This has been phenomenologically

approximated by adding a falling exponential to the produced spectrum.

MACRO Scintillator Counter Monte Carlo: Using the same ratios of radioac-
tive families and using the materials and geometry of a MACRO counter, the simula-
tion was then run again. The number of photo-electrons per MeV was adjusted until
the widths of the peaks were consistent with what is observed in the data.

In the case of horizontal counters, this number was about 30 photo-electrons per
MeV and is consistent with previous calculations [37]. This corresponds to a resolution

of

AE
E

(4.3)

4

_18% <M)

Once again. a phenomenological exponential was added to the generated spectrum in

order to simulate the many low energy lines which are not individually included.
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Figure 4.5: Result of the Nal Monte Carlo superimposed on the measured Nal spec-
trum. The measured spectrum was presented earlier in figure 4.4.
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Figure 4.6 shows the result of the scintillator Monte Carlo. This spectrum has
been fit to a falling exponential and two gaussians. The same fit is done to the real
data, and the normalization for each tank is determined by looking at the ratios of

the values of the fits to the gaussians between the real data and the Monte Carlo.

Monte Carlo Low Energy Spectrum for MACRO Box
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Figure 4.6: Result of the MACRO scintillator box Monte Carlo. The fit to the two
peaks (1.15 MeV and 2.2 MeV) gives the absolute energy normalization which will
be used to normalize the real data.

The spectrum produced by the Monte Carlo for the MACRO scintillator counter
has fewer features than the spectrum for the Nal detector. This is because the smaller
number of photons which reach the phototubes results in worse resolution and causes

lines to smear together.
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For this method of calibration, another important effect must be taken into ac-
count: scintillator saturation. If the effect were neglected. the calibration constant
(which converts between estimated photo-electrons and energy) would be underesti-
mated by 10-15%.

The ~-rays which enter the tank lose energy mostly by Compton scattering (i.e.
the scattering off atomic electrons). The typical energy of the electrons that are
produced is between 50 and 200 KeV. Figure 4.7 is a distribution of the initial kinetic
energies of the Compton electrons made in this process. Electrons of this energy lose
energy at a higher rate than minimum ionizing particles and stop very quickly (see
figure 1.8).

The actual details of light production and scintillator saturation are quite complicated
and the reader is referred to [17, 36, 38] for more information.

The scintillation characteristics of the MACRO scintillator have been measured [39].
One parameterization of scintillator linearity is Birk’s formula [17, 36, 38]. it can be

expressed as follows:

£ dE
ab _ _Agy (4.4)
dX I B

In equation 4.4 A and x are characteristic constants of the scintillator: x param-
eterizes non-linear response, and p is the density of the mineral oil. The measured
value of x for MACRO scintillator is 11.6 4 0.6 mg ecm™ MeV ~! [39]. These con-
stants are used in the GEANT simulation to properly simulate the measured energy
spectrum.

The effect of this nonlinearity is to move the 2.6 MeV peak in the spectrum down
to 2.2 MeV. There are also higher-order versions of Birk’s formula which contain more
than one non-linearity parameter. We have not used them here but have instead relied

on equation 4.4.
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Kinectic Energy of Compton Electrons
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Figure 4.7: The distribution of the initial kinetic energy of the electrons produced by
Compton scattering. This distribution was generated by the same Monte Carlo that
produced the scintillator counter measured energy distribution. There are several
energies of gamma rays and the Compton edge for each energy is clearly visible in
this figure.
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Figure 4.8: The energy loss of electrons in scintillator. The horizontal energy scale is
in GeV. Most of the electrons have initial kinetic energies of a few hundreds of keV
(about 107" on the horizontal scale). It is clear in this graph that this energy is below
the point of minimum ionization and can result in saturation. This calculation was

performed by GEANT.
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4.1.3 Calibration of Scintillator Counters Using Radioactiv-
ity
Once the Monte Carlo results are known, they can be used to calibrate the detector.
If we can reconstruct the expected energy spectrum in a scintillator counter then we
can normalize it to the Monte Carlo to have an absolute calibration.

Since one to five MeV is the important signal region for the LIP search, recon-
structing the low energy spectrum in this region is proof that we can also reconstruct
LIPs in this region. For this reason, we require a counter to have a good calibration
in order to use it for the LIP analysis.

The analysis has been restricted to horizontal counters where the low energy
spectrum can be well fit. There are a few reasons why calibrating the vertical counters
at low energy is more difficult then calibrating horizontal counters. First of all, the
resolution is worse because with only one phototube and one mirror per side of the
tank, fewer photons are collected so the photo-electron statistics are worse. Also, for
the same period of data collecting, it is harder to collect enough statistics necessary
for a good fit. This is due both to acceptance and the fact that there are three and not
four tanks plugged into each waveform digitizer card as is the case for the horizontal
scintillator counters. The importance of this latter condition will be made clearer in
the following description.

Because of the requirements of monopole physics. one millisecond worth of data is
collected for every counter after every event which causes a readout of the WFDs. The
radioactivity pulses collected in this period make it possible to reconstruct the low
energy spectrum. Figure 1.9 is an example of this for one of the horizontal counters.
A provisional energy scale based upon the expected muon energy deposition was used
for this histogram.

The solid line is an exponential fit to a falling radioactivity spectrum plus two
gaussians. The result of the calibration procedure is the ratio of the provisional
energy assignment to the energy loss determined by the Monte ('arlo calculation.

In the example given the second gaussian has a peak at the provisional energy of
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Figure 4.9: A fit to low energy WFD data with a falling radioactive spectrum, and a
Gaussian associated with both the 2.6 MeV v(T1) and 1.4 MeV ~(KX) line. Fach energy
bin is 16.7 keV wide. The eight parameters of the fit are the normalization and slope
for an exponential and the normalization. mean, and width for the two Gaussians.
This figure should be compared with figure 4.6 (the Monte Carlo calculation for a
MACRO scintillator counter).
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2.5 MeV. Based on the results of the Monte Carlo. the true location of the gaussian
(after taking into account saturation and smearing) is 2.2 MeV. Thus all provisional
energies for the tank are corrected to true values by multiplying by the calibration
constant 2.2/2.5 .

The details of how the energy spectrum is constructed are as follows:

e As was described earlier in section 3.2, each WFD channel has four inputs. For
each WIFD channel that has only one input with a corresponding high energy
muon (ERP) trigger. the one millisecond of radioactivity data in the other three

imputs are examined.

By only looking at data from tanks that have no muons passing through them.
there is no danger that the after-pulsing and late light that can happen for
some time after a large PMT pulse will distort the energy spectrum. The ERP
trigger is used instead of the LIP trigger because the acceptance of this trigger

is higher so more calibration data is collected for each run.

In each of these channels the data from each side of the tanks are examined
mdividually.  Any 1solated pulses in a window of £ 150 ns are retained for
analysis. The purpose of this is to avoid ambiguities when the peaks on the two

ends of the tanks are matched together and reconstructed.

e Next, the data from the two sides of the tank are scanned for pulses which may
have come from the same physical source of light. If the two sides of a tank
have a pulse within 140 ns of each other, then those two pulses are integrated
and corrected for their tank position as reconstructed by the neural network

technique described in section 4.2.

e The average of the two sides weighted by photo-electron statistics is entered
into a histogram for that scintillator counter. This histogram is fit to a falling
radioactive spectrum plus two gaussians in order to determine the calibration

constant for that counter.
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4.2 Time Reconstruction

As was previously mentioned. a unique aspect of this LIP search is the use of a
fast custom WED system rather than the more traditional technique of using ADCs
and TDCs. The WFEFD data in an event can be used to reconstruct the position of
a particle’s passage through a counter. This is important for two reasons. First
of all, it is necessary, when doing energy reconstructions, to correct for the light
attenuation in the tank due to the mineral oil in the counter when there is no streamer
tube information available. This is the case for the reconstruction of the low energy
radioactivity data described in section 4.1.3.

Second, during the LIP analysis itself, an important requirement is that the posi-
tion as reconstructed by the scintillator system agrees with the position inferred by
the streamer tube reconstruction. This cut assures that a small radioactivity pulse
which happens elsewhere in the counter. followed by a track passing through a crack in
the detector cannot fool the analysis. The width of the position resolution determines
how tightly this cut can be made.

Figure 4.10 is a pictorial representation of the light traveling inside a scintillator

counter after a muon passes through and the resulting waveforms.

4.2.1 A Simple Software Constant Fraction Trigger

The actual position of a particle’s passage through a tank can be calculated using the
WFED information by:
At X v

PoOs = —)— (1‘3)

where At is the difference in arrival times between the pulses on the two sides of the
tank (as estimated from the waveforms), and v is the effective speed of light in the
tank. In this analysis v is the same for every tank. It is taken from the empirical
measurement of light travel time in one tank (18.50 ¢m/ns). If the value of v i1s

systematically too high or too low. the value reconstructed for position should be
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Figure 4.10: When a muon passes through a counter, the produced light has to travel
a different distance to the two sides of the counter. Because of this the waveform on
one side of the counter will see the pulse first. The position of the light production
inside the counter can be estimated from the difference in time between these two
pulses if the speed of light in the counter is known.
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compensated for this fact by the neural network technique described in section 4.2.
In order to calculate this time difference, a software emulation of a constant frac-
tion trigger [17] is used. This circuit triggers at the point on the leading edge of a
pulse which is a fixed fraction of the maximum height of the pulse. However, because

5 ns instead of continuously, the actual maximum isn’t

the pulse is sampled every
known. Instead, the maximum digitized sample (lowest voltage since the pulses are
negative) is used as an estimate.

In order to estimate at what time the pulse crosses the fixed fraction of the maxi-
mum peak voltage (20% is used for this analysis) a simple linear fit is used between the
two samples closest to the point of crossing. Figure 1.11 is a pictorial representation

of this.

20% of Minimum Voltage

Minimum Voltage

Estimate for time of 20% crossing

20% of Minimum Voltage

Figure 4.11: A simple software simulation of a constant fraction trigger. First the
lowest digitized point is used as an estimate of the peak voltage of the pulse. Then,
to estimate where the pulse crosses 20% of this value. a straight line fit is performed
between the two samples straddling the point. The intersection of this line with the
20% point determines the guess for the crossing point.

This simple linear fit and application of equation 4.5 gives a result comparable to
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0.8]

our traditional TDC system (at least for muon size pulses). In order to get better
resolution and. even more importantly. handle the differences due to the fact that the
pulse shape changes as a function of pulse height, a neural network technique was

used.

4.2.2 The Neural Network Correction

The linear fit already described was used to make an initial estimate for the position
in the tank. Then, a neural network was used to make a correction to this estimate.
The final position used is the estimate plus the neural network’s generated correction.

In order make a better estimate of the position in the tank than that produced
by the simple fit described above requires fitting the leading edge of the pulses more
carefully. Unfortunately, the shape of the pulse which comes from the phototube is a
function of its magnitude. Finding a general shape function which can fit all pulses as
a function of magnitude and position in the tank is a very difficult task. In addition.
it is quite computationally intensive. For every event there are at least three tanks.
each with two sides. each of which has a photo-tube pulse to be fit.

An alternative approach is to use a neural network. By training a neural network
to improve the estimate obtained with the simple constant fraction trigger fit. the
difficult task of fitting the shape of every pulse can be avoided. Appendix A gives an
introduction to neural networks works and how they are trained for the reader not
familiar with the subject.

Figure 1.12 is a representation of the network used in this analysis. The net-
work is trained by using the positions in the tanks as reconstructed by the streamer
tube system. There is one hidden layer made of sigmoid neurons and one linear out-
put neuron. This relatively simple configuration works well and more complicated
architectures did not perform better.

The first important thing to note is that there are a fixed number of inputs in
the network. The question then becomes: what should the inputs to the network be

for this problem? One simple solution is to present all waveform samples recorded in
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Figure 4.12: The network architecture used. There are 27 inputs, 27 sigmoid neurons
in a hidden layer, and one linear output which gives the correction to the initial simple
constant fraction trigger guess for the position. Note: All neurons are fully connected:
for clarity of the figure however. only two of the neurons have their connections shown.

an event to the network. This is clearly not a good idea for several reasons. First of
all, the number of waveform samples differs from event to event and from channel to
channel. Secondly. most of the waveform data are not useful for doing the calculation
we want.

Instead, what is done is to present only the first 12 samples from each pulse on
either side of the tank to the network. The initial estimate from the linear fit is used
to determine where the pulse starts and to select the 12 samples to present to the
network.

In general, any work that the user can do for the network is something it need not
be trained to do later. By reducing the number of tasks that the network must perform
in order to reach the desired answer, the complexity of the network architecture and
the training time can be reduced. For this reason, it is common to pre-process the
data in some way before passing it to the network.

In our case, the digitized waveform samples are normalized to the maximum pulse

height so that the network always sees the same size of pulse (i.e.. the pulses are
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normalized so that the peak sample has a height of one). This is done independently
for each side of the tank so that the network does not need to scale the pulses to
compare them to each other.

There is, however. information in the relative pulse heights between the two sides
of each tank. The attenuation of the light in the scintillator counters maps the ratio
of the heights between the two sides of the tanks to a position along the tank. In
order to tell the network about this information, three additional inputs are used.
Two inputs contain a scaled version of the original heights of each pulse and the third
contains their ratio.

To train the network we use positions reconstructed with the streamer tube sys-
tem. This requires no Monte Carlo and the data are continuously available. Since
this data is always available, it is also possible to continuously determine whether
the values which have been chosen for the weights of the network are still valid by
comparing the positions reconstructed in the tank by the waveforms and the streamer
tubes as a function of time.

If the constant time offsets (due to cable length delays or photo-electron prop-
agation time. efc) are removed for each channel, then one single network works for
every tank in MACRO. There are two advantages of having only one network. First,
it eliminates the need to keep a database with many constants for each tank. Second.
if every tank can be used, it only takes a short amount of time to amass enough data
for training the network. One standard MACRO run produces enough data. The
cost of having only one network is that the resolution is not as good as it might be if
one had a network trained for each tank. However. for our purposes the advantages
outweigh this cost.

Figure 1.13 shows the difference in position of a muon which passed through a
scintillator tank, as calculated from the streamer tube and the WED after correction
by the neural network. Since the position resolution of the streamer tube system is
a centimeter or less, the error here is mostly due to reconstructing the scintillator
information. The sigma of the fit is about 8.5 cm. when data for all tanks used in the

analysis are combined. Individual tanks typically have a smaller sigma. Figure 4.14
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is the same distribution for a randomly chosen tank in MACRO, with a sigma of 6.5

CI1l.
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Figure 4.13: Neural network corrected WEFD time position - ST position. The sigma
is 8.5 ecm. This histogram is for all good tanks in MACRO used in the analysis.
Individual tanks have smaller sigmas.

Figure 4.13 contains entries over the entire range of energy deposition. It is
dominated by muons with path-lengths of 19 ¢m or more. Because of this, most of the
entries come from energy depositions on the order of 410 MeV. It is also important to
investigate how well the procedure works for lower energies, specifically in the signal
region of 1-5 MeV. We can investigate this by choosing particles which leave small

amounts of energy in the tanks. This happens often because sometimes the path
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Figure 4.14: Neural network corrected WEFD time position - ST position for one tank
in MACRO. The sigma is about 6.5 cm. This width is 25% less than the width for
the distribution made with all tanks.



53

length though a scintillator box can be very small.
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Figure 4.15: Neural network corrected WED time position - ST position for cases
where the energy deposited is between 1 and 5 MeV. The sigma is about 15 em. This
histogram is for all good tanks in MACRO used in the analysis.

Figure 4.15 is the same as figure 1.13 except that only boxes with energies from
1-5 MeV have been used. In this histogram. the sigma is slightly less than twice that
of the previous histogram. This determines the value of the cut which can be used
in the data analysis for comparing the streamer tube and scintillator reconstructed
positions. In this analysis the value of the cut is &15 em. The resolution of the low
energy events is lower because photo-electron statistics cause fluctuations in pulse

height at low energy and there is more training data at higher energies.
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One can also take the root mean square (RMS) of the resolution distribution.
Although especially sensitive to non-gaussian tails, the RMS is nonetheless useful
to look at it as a function of energy. Figure 4.16 shows the RMS of the resolution
distribution as a function of energy for both the waveforms and the ERP. This figure
shows that the neural net correction performs better than the traditional TDC method

across all energies and is particularly better at very low energies.

RMS of Resolution Distribution

T T T . [

—— WFD RM$

20 B \ B “ - N

Centimeters

O | n 1 L 1
B 18 25 35

Energy(MeV)

Figure 4.16: The RMS for the resolution distribution as a function of energy. The
data is shown both for the neural network corrected WFD and for the TDC system
of the ERP. The RMS is not as good a measure as a fit to the gaussian since the RMS
is affected by tails of the distribution. Nonetheless, it is clear that the neural network
correction performs better than the traditional TDC' procedure across all energies.
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Chapter 5 The LIP Search

Once the energy and time calibrations are complete it is a relatively simple procedure

to look for LIPs in the data.

5.1 Data Sets

The data for this search come from two periods. The first ran from July 24 to October
12 of 1995. The second period ran from December 17 1995. to November 16 1996.
These were both periods of uninterrupted waveform and LIP operation with the entire
MACRO detector.

The first two month period was the initial commissioning for the waveform system.
The time between the first and second period was used to install new hardware. fix
broken waveform channels. and reset the photo-multiplier tube gains. The live-times
for the complete data set are presented in section 5.3.

Also. for most of the first period of running. the inter-SM LIP trigger was not vet
working properly and so the cables between the LIP modules in each supermodule

were unplugged.

5.2 Data Reconstruction

Before searching through the data for LIP candidates. the raw data was reduced
into a form more acceptable for data analysis. In order to reduce the data set size
down from an initial size of approximately 500 Gigabytes, only information relevant
to the LIP analysis was retained. Only events with LIP or fast streamer tube triggers
were kept and the energy and timing information for a scintillator counter was only
reconstructed and saved if a streamer tube track intersected with it. The events with

only a streamer tube trigger are kept for efficiency studies.
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In order to reduce backgrounds, we require that a streamer tube track pass though
each counter that we examine, and that the positions as reconstructed by the WFD
algorithms and the streamer tubes agree. This reduces the chances that the energy
we are examining is actually from a pulse of coincident but random radioactivity.
Because of this. the data set can be broken into two exclusive pieces: a single track and

a multiple track set. The next section discusses how these data sets are constructed.

5.2.1 Tracking Requirements

In any given event where the LIP trigger is present, there can be zero or more tracks in
the wire, strip, and lateral views. The lateral view is constructed from streamer tube
hits in the vertical streamer chambers and also uses the hits in the wires and strips.
For single tracks which pass through the vertical walls of MACRO the combination
of this view with the wire view often does a better job of track reconstruction than
the combination of wire and strip views since the addition of the vertical streamer
planes adds more information.

In some cases one single unambiguous three-dimensional track in space can be

reconstructed, and in other cases there are ambiguities which must be resolved.

Single Track Events

Approximately 90% of the events that have streamer tube tracks associated with the
trigger are single track events. In this case there is one and only one track in the wire
view and a track in either or both of the strip or lateral views. If only a wire track
and a strip track exist, they are combined together to make a three-dimensional space
track. If a lateral track also exists, it (not the strip track) is combined with the wire

track to make the space track.

Multiple Track Events

[t may be the case that there is more than one track in either the wire or strip views.

For multiple track events the lateral view is ignored in this analysis. This situation
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is more complicated than the case presented before, because there is more than one

way to combine the tracks from the wire and strip views into three-dimensional space

tracks. Although it is true that not all combinations of wire and strip tracks result

in physically possible tracks (i.e., tracks that fall inside the detector), there are many

possibilities which are ambiguous. In order to determine which wire tracks should

be combined with which strip tracks, information from the scintillator is used to

check the consistency of all the possible streamer tube tracks with the scintillator

information.

The procedure used to resolve the ambiguities is as follows:

N

Combine all possible wire and strip tracks into three-dimensional space tracks.

IKeep those possibilities where space tracks pass through three scintillator faces.
By requiring only tracks that pass through three faces, we reduce the chances
that a non-physical space track agrees with the scintillator positions in all of

the volumes that we check.

o ['or each of these tracks, reconstruct the position in scintillator volumes

that the tracks pass through.

e [Keep only those cases where the scintillator and streamer tube positions

agree. This should retain only physical space tracks.

Reject multiple tracks passing through the same scintillator counter. In order
to recognize a LIP, it must pass without any other particles through each scin-
tillator volume. because it is difficult to distinguish a single muon from a muon

and LIP summed together.

Resulting tracks are analyzed to determine whether their energy loss is consis-

tent with that of being a LIP. These are referred to as analyzable tracks.

Unfortunately. the efficiency of this algorithm for isolating tracks in high mul-

tiplicity bundles is not high. This is due mostly to the fact the the WFDs have a

four-to-one fan-in. In a muon shower with many tracks, there is a significant chance
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that more than one particle will pass through counters attached to the same WFD
channel. In this case. since the particles arrive at approximately the same time, the
resulting wave form is a superposition of more then one PMT pulse and the WFD
reconstruction algorithms do not work properly. This is less of a problem on the
outside edges of a shower where the particle density is not as high. Therefore, the
algorithm works best outside the core.

Figure 5.1 shows the wire multiplicity distribution for this data set, and figure 5.2
shows the multiplicity distribution of the number of analyzable tracks found in the
events in the data sample. To see the correlations in these two distributions, figure 5.3
shows for this data set the number of analvzable tracks that were found in the event
as a function of the multiplicity as measured by looking in the wire view. In this
data set the highest wire multiplicity observed was 19 while the largest number of
analyzable tracks found in an event was 7. In that event, 7 of the 11 tracks were able
to be unambiguously reconstructed.

In order to understand how well the algorithm performs as a function of distance to
the core of the shower, an estimate of the shower’s core position 1s made by averaging
the X position at the half-height of MACRO for all of the wire tracks, and averaging
the D position at the half-height of MACRO of all of the strip tracks. The D position
in the detector can be converted into a Y position by the following simple geometric

transformation [40]:

_ —sin(f-a)X +D

¥ 5.1
cos(} — a) 151
where
8 = 101.912 x
130°
T
= 38412 : B2
Q 38.412 x 150° (5.2)

Once the position of the core of the shower is estimated, the shortest distance

to the core can be calculated for each analyzable track. This distance is the line
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Figure 5.1: Track multiplicity measured in the wire view.
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Figure 5.2: The distribution of the number of analyzable tracks in each event.
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Number of Analyzable Tracks as a Funtion of Wire Multiplicity
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Figure 5.3: The number of analyzable tracks as a function of multiplicity measured
in the wire view.
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perpendicular to the track which intersects the three-dimensional point at the core.
Figure 5.4 shows the number of events as a function of distance from the core and
multiplicity. A double muon event with one muon that passes through one end of
MACRO and another muon which passed though the other end of MACRO would
have two entries in this histogram (one for each track) and the distance for each from

the core would be about 35 m (half the length of MACRO).

Tracks Reconstructed as a Funtion of Multiplicity and Meters from Core

Counts

Figure 5.4: The number of analyzable tracks as a function of multiplicity and distance
from the shower core.

If one once again takes the wire multiplicity as an estimate for the multiplicity of
the event. it is possible to estimate the efficiency for the track matching algorithm

as a function of multiplicity. Figure 5.5 shows the fraction of tracks which were
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successfully analyzed as a function of the multiplicity of the event.

Fraction of Tracks Analyzable as a Function of Multiplicity
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Figure 5.5: The fraction of tracks which are analyzable as a function of multiplicity.
For any given multiplicity the fraction is the total number of tracks analyzed for events
with that wire multiplicity divided by the number of tracks at that wire multiplicity.

5.3 Event Selection

The following conditions must be met for an event to be considered in the LIP analysis:

1. The event must contain at least one analyzable space track. The requirements

to construct an analyzable space track are described in section 5.2.1.

2. The LIP trigger must have fired.



64
3. There have been no CAMAC errors. Such an error indicates that some piece of

hardware was not working properly.

4. The stop master must have been working properly. If the stop master does not
work properly during an event. the waveform data will not correspond to the
time the trigger happened. This could result in accidently integrating small

radioactive pulses.

5. All three faces (top, center, and bottom) must have been hit by the track. The
requirement that the track does not pass through the vertical walls (necessary
for calibration reasons described in section 4.1.3) reduces the acceptance by
about a factor of two for an isotropic flux. The track also must have gone
through counters which have had their energies reconstructed without any er-

rors. There are a few reasons a counter might not have a good reconstruction:

e The counter might not have good calibration constants for some time pe-
riod.
e The box may have been dead for some period of time (either because its

supermodule was not operational or because of maintenance).

Data from the time period described in section 5.1 were examined. Table 5.1

shows how many events met each of the above requirements.

Requirement Number of events which satisfied requirement
Good Track 5.356.651
LIP trigger present 3.259.886
No CAMAC error 3,259,183
STOP Master functioning properly 3.041.755
Three good horizontal tanks hit 1,276,590

Table 5.1: The number of events which met the event selection requirements.
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5.4 Live Times

For each track there are two ways the LIP trigger can fire. If the track is completely
contained inside one supermodule, then the LIP trigger for that supermodule will fire
independently. For most of the first period of running this was the only way a LIP
trigger could be formed.

In the second period of running the inter-supermodule LIP trigger was fully en-
abled. This enhancement allows particles passing from one supermodule to another
to also cause a LIP trigger to be formed. In this case the LIP module in each of the
two supermodules that the particle passes through forms a trigger. The details of
how the inter-supermodule LIP trigger works are explained in Appendix B.

The acceptances (see chapter 7) and live times are calculated for the single super-
module and inter-supermodule case independently, to account for times when only a
subset of the supermodules are active. In order to determine exactly when different
parts of the detector are operational for this search, the live time for each supermod-
ule and inter-supermodule pair is calculated by subtracting the times of the first and
last track which meet all the requirements of Table 5.1 for that particular piece of
apparatus. Table 5.2 shows the calculated live times for each supermodule and inter-
supermodule pair. Since the average time between events is less than one percent of

the average run time, this is a good approximation of the actual live time.

5.5 Analysis Cuts

Each of the events that meet the event selection criteria must then be checked to de-
termine whether they are consistent with being a LIP. For each box the reconstructed
energy is scaled to a 19 cm path length, the signature of a LIP being that all of the
boxes on a track exhibit energy deposition per unit length significantly less than that
of of muon.

The expected signals from LIPs will be discussed more fully in Chapter 6. Roughly.,

the trigger becomes efficient at about 1.2 MeV and quickly rises to 100% efficiency.
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SM | Live Time
1 | 229.3 days
2 | 235.8 days
3 | 221.9 days
4 | 183.7 days
5 | 249.7 days
6 | 240.6 days

1/2 | 177.6 days

2/3 | 175.1 days

3/4 | 58.4 days

4/5 | 127.2 days

5/6 | 185.2 days

Table 5.2: The calculated live time for each supermodule and inter-supermodule pair.
The live time is the subtracted time of the first and last track in each supermodule or
pair which meets the event selection criteria. The average time between events that
pass the cuts in a supermodule is about 1 minute and runs are tyvpically 6 hours long.

Then, at about 20 MeV, the efficiency quickly drops to zero because a cut must be
made to reject muons.

At least three boxes are hit by each track. and there are several wayvs to ask
whether the energy deposition in these boxes is consistent with a LIP. The technique
used here is to pick one number which characterizes the energy loss for all the tanks
on that track. Perhaps the most obvious choice is the average of the reconstructed
energies of these boxes. The problem with this approach is that the average energy
loss can be low if only one box has a low energy, which can result from tracking errors.

Another measure, the one used here. is the maximum energy in any box on the
track. Thus only in the case where all of the boxes are anomalously low will a low
event energy be returned. Figure 5.6 is a histogram of this distribution for all of the
tracks that pass the selection criteria.

Before any cuts. there are events in the region where LIPs would be expected to
appear (< 20 MeV). These result from two classes of reconstruction errors. [irst,
there are cases where tracks passed close to the edge of a scintillator counter or very
close to a phototube and the energy was incorrectly reconstructed. Fiducial cuts

reduce the number of these events.
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Maximum Box Energy in Event
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Figure 5.6: The maximum energy reconstructed for any box on the track. Only an
event in which every box has a low energy will show up as having low energy in this
histogram.
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There are also events in which for some reason the position reconstructed by the
WEDs is inconsistent with that of the tracking system. There are a few things which
can cause this to happen. One is the tracking algorithm might not have worked
properly for some event. It is important that the tracking algorithm work properly
since we rely on the calculated path length in the box to determine the energy loss
per unit centimeter.

Other possibilities include additional energy deposition in the form of electron and
photon showers spread over a large area, causing the WFD reconstructions to fail;
rare hardware failures in the acquisition system; and random coincident radioactivity.
The last is relatively unlikely because the WEFD timing algorithm chooses the largest
pulse in the buffer and a muon track is required to hit the counter. So long as the
passing particle deposits more energy than the radioactivity the algorithm should
work properly. A cut on the agreement between the reconstructed streamer tube and
WED positions will be made to reduce the numbers of these events.

We require that the position of particle passage as reconstructed in the streamer
tubes agrees with the position as reconstructed by the neural network timing proce-
dure to within 4 15 cm. This resolution is approximately 3 o if one uses the resolution
measured in figure 4.15. This cut removes about 1.8% of the data.

Because the multiple track sample is more likely to have tracking errors, and the
efficiency of the reconstruction varies as a function of the multiplicity, the single track
sample is presented first. The distribution of maximum box energy for the single track
sample after the position agreement cut only is shown in figure 5.7.

As was discussed earlier, it is also important to make some fiducial cuts. Because
the correction for light attenuation is large at the very end of the tank (Figure 4.2)
very small errors in position can lead to large errors in the energy. We therefore also
exclude tracks which at their center in the scintillator volume are located in the final
10 em of a scintillator counter.

This geometrical effect is taken into account in the acceptance Monte C'arlo. By
requiring that all tanks hit by the track have this fiducial requirement. the number

of events in the single track sample is reduced by ~ 1%.
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Maximum Box Energy in Event - Single Track - Position Difference Cut
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Figure 5.7: The maximum energy reconstructed in any box on the track in the event
for the single track sample. In addition. the streamer tube and scintillator position
reconstruction must agree to within £ 45 cm.
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Tracks close to the edges of the scintillator are also sensitive to small position errors
because a small mismeasurement produces a large fractional error in path length. If
this situation happens in all of the boxes that the track passed through, then it is
possible that an error might be made in all three faces. Also it must be stressed that
a real LIP passing through this configuration would not be a believable candidate
because of the above worries.

It is therefore best to remove these events from the sample and account for this
in the geometrical acceptance. For this reason. any event for which all of the boxes
on the track are hit within 2 cm of the walls of the volume (as measured from the
center of the path through the counter) are rejected. This removes less than 0.4%
of the data and is accounted for in the acceptance Monte Carlo. In practice this cut
only removes events which are close to large gaps in the detector. because in most
cases the scintillator volumes are close together, and a track passing through a small
part of one counter close to its wall, will also pass through the counter next to it
with a larger path length. Figure 5.8 shows the maximum energy distribution after
the position difference and fiducial cuts for the single track events. The fiducial cuts
remove all remaining events from the signal region.

Now the same cuts are applied to the multiple track sample. The resulting distri-
bution is shown in figure 5.9.

There are four events in the multiple tracks sample with maximum energies be-
tween 20 and 23 MeV. The minimum entry in the distribution for the single track
sample was at 23 MeV. These four events were examined by hand. All four of these
events were reconstructed as double muons by the tracking algorithm. In three of the
four cases. the tracking algorithm failed and assigned a track where one really did
not exist. This nonexistent track intersected boxes that were actually hit, but the
calculated path lengths with the fake track were incorrect. The fourth event had a
maximum energy loss of 23 MeV. This event is fine and is consistent with the lowest
energy seen in the single track sample.

There are no events in the data sample which have a maximum box energy less

than 23 MeV. It will be shown in Chapter 6 that this is consistent with the background
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Figure 5.8: The maximum energy reconstructed in any box on the track in the event
for the single track sample. The streamer tube and scintillator position reconstruction
have been required to within & 45 c¢m, and fiducial cuts in the scintillator volume
have been been applied.
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Figure 5.9: The maximum energy reconstructed in any box on the track in the event
for the multiple track sample. The streamer tube and scintillator position recon-
struction have been required to agree to within £+ 45 c¢m. and fiducial cuts in the
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we expect from muons. Therefore, there are no candidates consistent with being a LIP
in the data that was examined. When calculating the efficiency of this analysis for
detecting LIPs in Chapter 6 we will consider 20 MeV the cut below which maximum

box energies will be considered consistent with a LIP.



Chapter 6 Trigger and Analysis Efficiency

In this chapter we examine how efficient this search is to LIPs with different fractional

charge.

6.1 PHRASE Trigger Efficiency

As was described in chapter 3, the inputs to the LIP trigger are the low energy triggers
of the PHRASE circuit. Each scintillator counter of the detector has its own PHRASE
circuit and they all trigger independently. Figure 6.1 is a single box spectrum taken
from a free running PHRASE circuit [41].

The reason that this spectrum looks qualitatively different from the WFD coun-
terpart in figure 4.9 is that there is no trigger threshold in the WED spectrum. That
data was taken from radioactivity in the WEFD buffers and is cut off not by an energy
threshold. but by the requirement that the pulses be at least a 2.5 mv high and that
theyv be visible on both ends of the tank. In the PHRASE spectrum the *°K peak is
not visible because the energy threshold occurs close to the same energy as the peak.

The PHRASE spectrum is fit with a falling exponential. a gaussian centered
around the 2T1 line, and a threshold function. This threshold function is a function
of energy and is constructed by integrating a gaussian centered at the energy thresh-
old, with sigma as given by the electronic resolution at that threshold, from - oo to

the energy. This can be expressed as follows:

1 & y?
e(z) = ’= ./_N exp (—%)(/y. (6.1)

where

- E— Ythreshold
O resolution
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Equation 6.1 can be re-expressed as follows:

| =

NG]

In figure 6.1 the threshold has been fit to 1.3 MeV. More information on the

8

e(x) ==+ éerf (L) . (6.3)

procedure for determining the thresholds of the individual PHRASE circuits can be
found in [42]. Since the LIP trigger relies on the PHRASE triggers for its inputs. it is
imperative to know what the trigger thresholds were during the period of the search.
These thresholds will ultimately set the sensitivity of the search for particles with i)(
charge and below.

By using muons which pass through very small amounts of scintillator (< lem),
the WFD data itself can be used to measure the threshold function of the PHRASE
counters. Since there is a linear relationship between the path length of the particle
through the counters and the energy deposited. by asking what the efficiency is for
triggering the LIP trigger as a function of path length, we can measure the threshold
function.

The strategy for doing this calculation is to first count how many times boxes in
the LIP trigger fired as a function of energy deposited in them. Figure 6.2 shows this
distribution for all boxes where a single track hit three horizontal faces and met all of
the cuts described in Chapter 5.5. There is one entry in the histogram for each box
hit by the track.

In order to turn the previous distribution into a trigger efficiency as a function of
energy. it must be normalized by the number of events which could have caused the
box in the LIP trigger to fire. To do this we first make a Monte C'arlo of the path
lengths of particles passing through the scintillator counters. In order to assure that
the proper angular and spatial distributions are chosen. track parameters are taken
from actual events. and those tracks are required to pass through boxes which were
working properly at the time.

If one knows the positions of all of the scintillator boxes perfectly and there are

never any tracking errors. then the distribution of the number of boxes hit as a
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function of path length (for path lengths less than 19 centimeters) is expected to be
flat. However, errors in tracking and uncertainties in the box positions cause this
distribution to become sloped. This is because if sometimes a mistake is made in the
tracking parameters, the track that is reconstructed will miss the box (even though
the particle actually did pass through the box). This becomes more likely for smaller
path lengths because the only way to get a very small path length is for the track to
hit the box very close to the edge of the counter. This is where an error is most likely
to make the track miss the box.

A 2 em gaussian smearing was added to the X and Y intercepts of the Monte
Carlo track and the path length was converted to energy by multiplying by 5(11—? =
1.84 MeV/em. This normalization was chosen because it is the energy of a minimum
tonizing muon as calculated by the same GEANT simulation used for the calibration.
The smearing parameters were an ad hoc choice which seemed reasonable.

Figure 6.3 shows the output of the Monte Carlo superimposed with the actual
measured distribution of path lengths x 1.84 MeV /cm.

The Monte Carlo and the actual data are in reasonable agreement. Since we do
not know exactly what measurement errors are present, and thus do not know how to
simulate them, we will actually use the path length distribution taken from the data
to calculate the efficiency.

Unlike the Monte C'arlo, in the data there are actually two effects which cause the
distribution of path lengths to not be flat for small energies. As before there is the
problem of tracking errors and the knowledge of the position of the box. However,
there is also another effect which must be considered. For very small path lengths,
the box should never have triggered and so the path length distribution taken from
the data is biased.

[t turns out for us, however, that this is a small effect compared to the number
of times the box is missed due to tracking errors and thus can be ignored. The proof
of this is that the Monte Carlo, which includes only tracking errors. reproduces the
distribution as seen in the data.

Before we can divide the contents of figure 6.2 by the contents of figure 6.3 to get
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the triggering efficiency as a function of energy. the two histograms must be properly
normalized to each other. Multiplying the path length of the track through the box
by 1.84 MeV/cm was only an approximation to the true energy loss. Because of the
Landau distribution and photo-electron statistics a set of particles passing through a
scintillator counter with the same path lengths will have a range of possible energies.

In order to estimate the fraction of the events contained in figure 6.3 that would
actually have the energy obtained by simply multiplying by 1.84 MeV /cm, two more
distributions were made. First, figure 6.4 shows the number of events as a function of
energy for all events with a path length x 1.84 MeV /em less than 15 MeV. As can be
seen in this figure some fraction of the events (40% ) actually have energy greater than
15 MeV. This is due to the fact that the energy loss follows the Landau distribution.

It is also possible for particles with path lengths x 1.84 MeV/cm greater than
15 em to have energies less than 15 MeV. This is due to both the intrinsic width of
the Landau distribution and photo-electron statistics. Figure 6.5 shows the number
of events as a function of energy for all events with a path length x 1.84 MeV/cm
greater than 15 MeV. As can be seen there are indeed some boxes which have less
than 15 MeV of energy deposition.

The fraction of counters with less than 15 MeV of energy is 79.5% of the number
of counters which have a path length x 1.84 MeV/cm less than 15 MeV. Applying
this normalization factor we divide the distribution of the number of counters with
a given energy deposition by the distribution of the number of counters we expected
to trigger, based on the path length distribution multiplied by the normalization
factor. The resulting efficiency distribution is shown in figure 6.6. The fact that some
efficiencies appear greater than 100% is due to the normalization factor only being
an estimate of the true normalization as a function of energy.

The threshold function as described in equation 6.3 is superimposed on the effi-
ciency distribution. The energy threshold used in equation 6.3 is 1.2 MeV and the
electronic resolution is 0.4 MeV. The data are well described by such a function and

reach a flat efficiency of 100%.
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Figure 6.4: The number of counters hit as a function of energy for counters with a
path length times 1.84 MeV/cm less than 15 MeV. Only about 60% of the events
actually have an energy less than 15 MeV. The rest have fluctuated high due to the
Landau distribution.
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Figure 6.5: The number of counters hit as a function of energy for counters with a
path length times 1.84 MeV/cm more than 15 MeV. Some of the boxes fluctuate to
less than this value.
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Figure 6.6: The estimated efficiency of triggering the low energy PHRASE trigger
and the LIP trigger as a function of energy. The function drawn is the threshold
function described in equation 6.3 with a threshold of 1.2 MeV and a resolution of

0.1 MeV.
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6.2 Monte Carlo Generated LIPs

With the threshold function at low energy and an explicit cut at higher energy to
remove muons from the sample it is possible to calculate the efficiency of this search
to particles of different fractional charge. The technique to do this will be to use the
same GEANT Monte Carlo that was used to generate the low energy spectrum in
Chapter 4 and to propagate LIPs through the scintillator volume with it. In order to
simulate LIPs in the GEANT Monte Carlo, muons are propagated through MACRO

counters and the following two operations are performed on their energy loss:

1. The energy loss (before the saturation and photo-electron smearing is taken into

account) 1s scaled by the square of the charge of the LIP. For example. if a %6
charged particle is being generated, then the energy lost is multiplied by % n

order to obtain the the simulated energy loss of the LIP. There are also loga-
rithmic dependences on the charge in the Bethe-Bloch energy loss formula [17].
but over the whole range considered here this effect produces less than a 10%
discrepancy, which is to be compared to the 20% smearing due to photo-electron

statistics at low energy.

2. In chapter 4 the resolution is given as 18% over the square root of energy. There
is also a constant term at higher energies that is due to several effects. Some of

these are:

e The variation in calibration constants from counter to counter

e The differences in linearity from 1 to 40 MeV from WFD channel-to-

channel

e The quality of the calibration constants over the entire counter when short
path lengths and the response function of the counter are taken into ac-

count.

In order to calculate what the constant term should be we use the Monte Carlo

to generate muons with several different such terms and then compare the resulting
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maximum box energy distributions with those obtained from data in Section 5.5.
Figure 6.7 is the maximum box energy distribution for single tracks presented earlier
in Section 5.5. Superimposed on top of this distribution is the output from three
different runs of the Monte Carlo with 1%, 10%, and 20% additional energy smearing.

Figure 6.8 is the same for the multiple track sample.
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Figure 6.7: The single track maximum box energy distribution. There are three runs
of the Monte Carlo superimposed. They have a 1%. 10%. and 20% constant energy
term added to the resolution. Each distribution has the same number of events.

The data are consistent with a 10% extra constant term in the energy resolution.

Therefore, the energy resolution will now be taken as:
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Figure 6.8: The multiple track maximum box energy distribution. There are three
runs of the Monte Carlo superimposed. They have a 1%. 10%. and 20% constant
energy term added to the resolution. Each distribution has the same number of

events.
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Although the low energy tail of the muon distribution fits the data well, the same
cannot be said of the high energy tail. Compared to the Monte Carlo distribution.
there are more events in the tail than there are in the peak. This means that there are
more events at high energy than we predict with the Monte Carlo. This is actually
as we expect. The Monte Carlo is a single box Monte Carlo and does not take into
account the extra energy that comes from showers and delta rays from other parts
of the detector. For our purposes we are only really interested in the low energy
part of the distribution. This is because it is the background to the LIP search. By
determining where we no longer expect to see events due to muons, we define the
range in which we are sensitive to LIPS.

Figure 6.9 shows the result of the Monte Carlo for fe. e, St é( and —‘§6 charged
particles. For each charge the maximum box energy distribution is produced.

[t is clear from figure 6.9 that. depending on where we define the region to be free
of muon events to be, the efficiency for detecting =;( charged particles will be greatly

affected. Likewise, the PHRASE threshold function will determine the efficiency for

detecting %c charged particles and lower.

6.3 Efficiency of Analysis

In order to calculate the efficiency of this search to different fractional charges. LIPs
are produced with the Monte Carlo as in figure 6.9: then we check whether or not the
energy deposited by that particle is greater than the energy required by the PHRASE
to fire and whether the energy deposited is less than the cut applied to exclude muons
from the search.

Based on the expected background as calculated and plotted in figure 6.8, we
consider any event that has a maximum box energy below 20 MeV to be a LIP

candidate. In the efficiency calculation we use 20 MeV as the value of the cut.
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As was noted earlier the data has more events at higher energy than the Monte
Carlo. If an actual LIP particle had the same high energy tail as a muon then the
efficiency for detecting it would be lower than the Monte Carlo suggests because
a larger fraction of the data would be indistinguishable from muons, because the
maximum box energy for those events would be larger than 20 MeV.

In order to be conservative, we have calculated the efficiency assuming that LIPs
have the same high energy tail as muons. This was accomplished by rescaling the
muon maximum box distribution by the square of the desired charge. Since delta
ray production (which is the reason the Landau distribution has a high energy tail)
depends only on the charge of the incident particle, the shape of the energy loss
distribution. and not only the mean, should scale with the square of the charge of
the incoming particle. Figure 6.10 shows the calculated efficiency for both the Monte
('arlo and the rescaled data.

When calculating the limit the more conservative rescaled data will be used for

the efficiency.
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Figure 6.10: Efficiency of the search for different fractional charges. The efficiency 1s
limited at low energies by the PHRASE threshold and the requirement that all three
faces of the detector must trigger, and at high energies by the cut at 20 MeV. Both
the data from the Monte Carlo and the rescaled muon data are shown.
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Chapter 7 Geometrical Acceptance of the Search

Before this result can be converted into a limit, a calculation of the geometrical

acceptance must be done, where:

Acceptance = / ((X.Y.0,0) dA - dD. (7.1)

We calculate the above integral for the case of an open box (i.e.. two rectangular
planes of area A separated by distance d). Because of our geometry and the fact that
no tracks are allowed to pass through the vertical walls. this is an adequate description.
[t should be noted that, based on the calculation presented in Section 2.4.1, it is
assumed if a track passes through all three scintillator planes. it will also pass though
ten planes of streamer tubes and at least six of them will fire. The efficiency factor ¢
is the probability that all three planes in the detector have been hit in active boxes

inside their fiducial area. Equation 7.1 can be rewritten as follows:

-1
o

Acceptance = / e(X.Y.0,0)dXdY cosfsinfdido. (7.

The cos @ factor comes from the dot product in equation 7.1 and the sin @ is part
of the solid angle. dX and dY are the coordinates of the top plane, and the integrals
over angle are performed such that all tracks pass between the two planes.

In order to make the task computationally easier., we make a transformation so
that instead of integrating over angle, we only have to integrate over the two areas of
the upper and lower planes. If we make this variable transformation. then we must

introduce the proper Jacobian:

cos>

1= d?sin 0

Rewriting equation 7.3 we now have:
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cos?f

d?

Acceptance = /(-’(‘X']\Yl.‘X'g.YZ) dX,1dY1dX5dY5, (7.4)

where the integration is over the areas of the top and bottom plane. Now, if we use

the fact that:

—
=
ot

N

o bh—aad b
\111117 v Zy((z‘;):./a y(x)de,

e =1
where the x; are uniform random numbers between 0 and 1, we can rewrite equa-

tion 7.4 in the form of the following sum:

e(X1,, Y1, Xy, ¥5.) cos 6;. (7.6)

1

Acceptance =

AyAs 1 F
- x =
d? N <

l

As was previously mentioned ¢(X7,.Y7,. X5, Y5 ) is an efficiency factor in the sum
which is 1 if all three faces are hit in good boxes and 0 if not. This is how both cracks
and boxes without good calibration constants are taken into account. In practice an
open box larger than MACRO is placed around the MACRO geometry and points
are chosen randomly on the two planes. ¢ is determined for every event and the sum
1s carried out for a calculation of the acceptance. Table 7.1 contains the results of
the acceptance calculation.

The geometrical acceptance has been calculated separately for each supermodule
and inter-supermodule pair. In calculating the limit presented in Chapter 8 these
acceptances are multiplied by the live time for that particular supermodule or inter-
supermodule pair. The acceptances are calculated for seven sub-periods of running.
The calibration constants were calculated separately for each of these periods and

there are different operational scintillator counters in each.
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SM 1 2 3 4 5 6 7
1 2159+ 4.5 | 215.8 £ 4.5 | 191.7 £ 4.2 | 2159+ 4.5 | 167.1 &£ 4.0 | 2159+ 4.5 | 2159+ 4.5
2 162.8 £ 3.8 | 191.3 £ 4.2 | 2046 £ 4.4 | 181.6 £ 4.2 | 181.6 £ 4.1 | 181.6 £ 4.1 181.6 £ 4.1
3 153.9 £ 3.8 | 1904+ 4.2 [ 133.8 £3.5 | 17T4.2 £ 4.0 | 1741 £ 4.0 | 1741 £ 4.0 | 174.1 + 4.0
1 202.2 + 4.4 | 2142+ 45 | 2142 £ 4.5 | 2142 £ 4.5 | 214.2 £ 4.5 | 214.2 + 4.5 | 214.2 + 4.5
5 162.3 £ 3.9 | 102.1 & 3.1 | 225.0& 4.6 | 225.0 £ 4.6 | 225.0 £ 4.6 | 225.0 & 4.6 | 225.0 & 4.6
6 107.9 £ 3.2 11.8 £ 1.0 168.5 £ 4.0 | 181.5 & 4.1 181.5 £ 4.1 181.5 £ 4.1 153.3 £ 3.8
1/2 T1.2 & 2,2 6r.8 £ 2.1 7124 2.2 1.2 & 2.2 T2 2.2 71.24:2.2 T1.2:E& 2.2
2/3 33.1 £ 1.4 63.0 £ 2.0 61:5 2 2.0 55.3 £ 1.9 55.3 £ 1.9 55.3 % 1.9 55.3 & 1.9
3/4 526 £ 1.8 708 £ 2.2 56.4 £ 2.0 70.8 % 2.2 70.8 % 2.2 708 % 2.2 708+ 2.2
4/5 56.2 £ 1.9 56.9 £ 1.9 78.8 £ 2.3 788 £ 2.3 78:8 & 2.3 78.8 + 2.3 78.8 £ 2.3
5/6 64.1 &£ 2.1 25.3 £ 1.3 708 £ 2.2 75:2 £ 2.2 To.2 & 22 752 2.2 Ta:2:E 2:2

Table 7.1: The calculated acceptance for each supermodule and inter-supermodule
pair. The results of the calculation are presented for each of seven sub-periods of the
run. These periods were calibrated separately and each have different operational
scintillator counters.
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Chapter 8 Conclusions

In the approximately one year of running that this search covers. no candidates for

LIPs were observed. This search was sensitive to particles with charges greater than

1=

e. The detector is sensitive to particles with 3 of between approximately 0.25 and

U

1.0. Unlike previous experiments. this search attempted to find LIPs in both single
track events and buried among the tracks of multiple muon showers.

For the single track sample. assuming an isotropic flux, in the region of 100% effi-
ciency this corresponds to a 90% C.L. upper flux limitof ® < 9.2x1071 em™2sectsr™!.

The two best experiments to compare to are the LSD experiment [21] and the
Kamiokande experiment [18]. While LSD claims to have the best scintillator-based
limit in the world. Kamiokande has the lowest limit. Both of these experiments only
claim sensitivity to 1 ¢ and %( charged particles.

Table 8.1 summarizes the limits of this search in comparison to other searches:

(‘harge
Search L i % | L :; |
LSD - - 2.3 x 1071 | Not Quoted | 2.7 x 10713
This Search | 2.8 x 107 | 1.0 x 107 | 9.5 x 107" | 1.1 x 10~" | 2.0 x 10~
INamiokande - - 2.1 x 107" | Not Quoted | 2.3 x 1071

Table 8.1: A summary of limits in LIP searches. This limit is compared with limits

from the water (,‘(T‘I‘(i‘lll\'o\' Kamiokande experiment and the scintillator based LSD
1
1

experiment. The MACRO experiment is alone in setting a limit on +¢ and {e charged

particles.

For the entries marked “Not Quoted.” the experiments do not report a limit
for that charge although the experiment should have been sensitive to that energy
deposition. At least in the case of LSD. there were two candidates in the 1e region
which were ignored because they were not considering e charged particles. In the

hicl g [ they t | » Le charged ticles. In tl

+ . . 9 S
IKNamiokande experiment only %( and e were searched for.
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Unlike the other two searches this search is sensitive to a continuous range of

charges from 1e to close to the charge of an electron. This limit is shown in figure 8.1.

Flux Limit at 90% C.L.

for Lightly lonizing Particles

10 3 : T

e This Search

-1 -1

Limit (cm_asr s )

1
—_
o

=
o
T
|

-16

1 L 1L L 1 | L

60 5.0 4.0 3.0 2.0 1.0
1/Charge

10

Figure 8.1: The upper limit on LIP fluxes at 90% confidence level established by this
search. Also shown are the limits from the searches done at the Kamiokande and
LSD experiment. Unlike those experiments we report a limit for a continuous range
of charges.

Another thing to note is the qualitative difference in the type of search being done
compared with the other searches. While this search had no candidates and required
hand scanning of only 3 in 1.2 million events, LSD had 4 candidates out of 5674
events and Namiokande needed to hand scan over 4800 events.

There are differences between MACRO and the other experiments that should be

considered before comparing the limits presented in this search and those of the other

experiments. First of all. the limit is calculated for an isotropic flux over all 47 of
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solid angle. In this search, MACRO has almost no sensitivity to the portions of that
flux which are horizontal. All of the acceptance comes from particles which are going
vertically through the detector. The acceptance of the Kamiokande experiment is
quite different. Unlike MACRO, much of its acceptance comes from particles coming
horizontally.

If LIPs are produced in the rock of the tunnel around MACRO, then an isotropic
flux would be a reasonable assumption about the direction they would arrive from. If
on the other hand, LIPs are either produced in the upper atmosphere or are impinging
on the earth from outer space, it is not a valid assumption at all. Although it is true
that LIPs will travel farther through material than muons. they would not be able
to travel through the entire earth. A %6 charged particle would travel 25 times as far
as a muon by virtue of its reduced energy loss, but that distance would be nowhere
near what was needed to travel all the way from the far side of the earth.

For LIPs coming from somewhere above the surface of the earth. the angular
distribution should be similar to the downward going muon flux. For the MACRO
experiment, only considering particles which could survive passing through the rock
to reach the detector would reduce the calculated acceptance by about a factor of
two (since downward but not upward going particles would be accepted). For the
INamiokande experiment the acceptance would be reduced by a larger factor since
only that part of the flux with a vertical downward component would be relevant.

Finally. when comparing limits for LIP searches in the cosmic radiation the depth
of the experiment should be considered. An experiment on the surface of the earth
will be exposed to more muons but subjected to worse backgrounds from sources
such as soft photons from showers. Also, the proportion of the flux which contains
LIPs increases the deeper the experiment is located. Since particles with fractional
charge lose less of their energy when theyv pass through material than muons. they also
range out less quickly. Therefore. the deeper the experiment is located. the higher
the fraction of muons which have stopped in the earth relative to the LIPs contained
in the flux. The average thickness of rock over the MACRO detector 1s 3700 meters

of water equivalent. The Kamiokande experiment has an overburden of 2700 meters
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of water equivalent, and the LSD experiment is covered with 5000 meters of water

equivalent.



Appendix A Introduction to Neural Networks

For a more general introduction to neural networks, see reference [43]. In general. a
neural network is no more then a non-linear fitting procedure with many adjustable
parameters. Neural networks are based on ideas and observations from biology. A
biological neuron has many inputs, and if enough of them pass some threshold, then
the output of the neuron fires. The same thing can be implemented mathematically.

Figure A.l shows a neuron of a neural network.

Output

3 o= OR

o~

Inputs: N

Figure A.1: A neuron for use in a neural network. The neuron has several inputs
and only one output. The output is a function of the sum of all of its inputs each
multiplied by some weight. The function can either be a non-linear sigmoid function
where the output is either forced to be “on™ or “off.” or a continuous function such
as the sum of all of the inputs.

The inputs are all summed with each input assigned its own weight. Then. the sum

is passed through a function. In general, this function is non-linear and in practice

.

it is usually in the form of a “sigmoid function.” This is a function that is forced to

either one or zero. A common form of a sigmoid function is:

1

SRR T Al
= (A1)

g()

It is also possible to have the output of the neuron be linear. In this case. instead
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of the neuron either “firing” or being “off,” the output of the neuron is simply the
sum of all of the inputs multiplied by their respective weights.

To solve a problem using a neural network. many of these neurons are attached
together into a network. In a feed forward network the neurons are arranged in layers
and typically the inputs to each neuron are the outputs of all of the neurons in the
previous layer. Such arrangements are referred to as fully connected networks.

Each layer in the network has fewer neurons in it than the one before it, until
finally in the last layer there are only one or two output neurons. The inputs to the
network (some set of variables which have been chosen to represent the problem) are
fed into the inputs of the first layer of neurons. Layers of neurons between inputs
and outputs are known as hidden layers. The number of lavers and the number of
neurons in each layer are selected depending on computing resources, the amount of
data, and the problem being solved.

In classification problems, where the network is asked to identify whether an item
belongs to one set or another, all of the neurons including the output neuron are
sigmoid functions. This forces the output into a discrete choice (e.g., whether a
particle is 7 or ). In a problem where the required answer is a continuous variable
(such as the mass of a peak or a position in a piece of apparatus), then the output is
usually a linear neuron. The neurons of the hidden lavers however, are still usually
sigmoids. For some examples where networks with continuous outputs have been used
in physics, see references [14, 45].

If all of the weights for each neuron are set properly, then for a given set of
inputs, the output neuron(s) will give the answer which is desired. The process of
setting these weights is known as training. A set of training data is prepared for
which the desired answer is already known. These data are then presented repeatedly
to the network and the weights are adjusted until the output neuron(s) reproduce
the desired answers with some accuracy. For more details on training networks,
see references [13, 44, 15]. This process is. in fact, a minimization procedure and
many different schemes can be used depending on the problem being approached.

The popular HEP program JETNET [43] has many of these procedures available in
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functions which can be called from C+4 or FORTRAN programs.
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Appendix B LIP Trigger Technical Specifications

The LIP trigger is a CAMAC module which manages input signals from several
different parts of the detector. Each LIP trigger module covers one supermodule’s
worth of the MACRO detector. It organizes all of the scintillator counters in each
supermodule into three logical faces. The counters of the attico (including the upper
vertical tanks) are the “top™ laver. The center tanks are the “center” layer, and the
bottom tanks (along with the lower vertical tanks) are grouped into the “bottom™
layer. In addition the OR of half of each layer is passed to the LIP modules in the
adjacent supermodules. These are referred to as the “adjacent”™ inputs and outputs.
These inputs allow the LIP to trigger on particles which pass from supermodule to

supermodule. This layout is shown in figure B.1.

TOP LAYER
g Top Tanks g
£ £
Center Tanks
s ! é
5 CENTER LAYER :
5 s
E Bottom Tanks g
BOTTOM LAYER

Figure B.1: The organization of the LIP boxes in one supermodule.

In order for a trigger to be formed. the first condition which must be met is a
scintillator coincidence either between all three logical lavers or between two layers in
one supermodule and one layer in another. This condition is called the “scintillator

pre-trigger.” The occurrence of a scintillator pre-trigger causes a LED to flash and a
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signal to be generated at a LEMO connector on the front panel.

After the scintillator pre-trigger. the information about which scintillator tanks
have fired is latched for possible later readout. Then, the system waits for a trigger
from the streamer tube system. The amount of time the system waits is a fixed
number of clock cycles. In actual running it is 6.4 psecs. If both of these conditions
are met, the circuit issues a trigger output and a stop signal to the 200 MHz waveform
digitizer system. In the case that the LIP circuit triggers on a particle passing between
two supermodules, the LIP in both supermodules trigger independently.

Although it is possible to operate the LIP trigger without the requirement of
the streamer tube inputs (in this case the pre-trigger causes both the trigger and
wave form digitizer stop), it is nonetheless necessary in practice. Each individual
scintillator counter fires at ~ 2-3 kHz. This rate is set by ambient radioactivity in
the experimental hall and in the detector itself. There are over 70 tanks in each
super-module. With only the scintillator coincidence required, the trigger rate would
be several Hz. In addition to taxing the abilities of the acquisition system. almost all
triggers would be from random radioactivity.

After a trigger has been produced. six 16 bit CAMAC registers are read out from
the LIP. These contain the information about which of the 76 tanks in the SM caused
the scintillator trigger. This information is used both in event reconstruction and
in deciding which channels of the waveform digitizer should be read out. The use of
WFDs (as opposed to a traditional ADC'/TDC system) helps to suppress backgrounds
that can result from small radioactivity pulses starting an ADC/TDC gate too early.
This can result in the partial integration of a pulse which then is reconstructed with
a much smaller energy than was actually deposited in the tank.

The LIP trigger itself is completely digital. Because of this, another system must
be used to discriminate on energy. The LIP trigger uses the lowest energy-based
scintillator triggers available in MAC'RO. Its inputs are the individual box triggers
produced in the PHRASE (one of the gravitational collapse triggers) which have a
trigger threshold of ~ 1.2 MeV. More information on the PHRASE can be found

in [31].
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Specially built cables bring the signals from the PHRASE to the LIP trigger. Since
the front panel of the PHRASE required a LEMO connector. blocks of 8 RG174 cables
were prepared which had 8 LEMO connectors on one side and a single AMP block
connector on the other. The AMP connector allows a high density front panel for the
LIP with 84 tank inputs along with the streamer tube inputs, trigger outputs and
informational LEDs all in one triple-width CAMAC module.

Once the digital NIM level signals are brought from the PHRASE to the front
panel of the LIP, they are transfered from the block AMP connectors of the cables
into the AMP headers for the cables on the front panel and then onto a printed
circuit board (PCB) which forms the backing of the front panel. The signals then
pass through board-to-board interconnects and onto the main LIP PCB which is set
at 90° to the front panel board.

PHRASE and streamer tube signals are converted into TTL signals by ECL 100325
ECL to TTL converter chips. Each channel of the 100325 has two inputs. One input
is for the incoming NIM signal and one is for a reference voltage that will be used
for the triggering comparison. Each of the reference voltage inputs are attached to a
voltage plane in the PCB and stabilized with a .lpgFarad capacitor. The voltage of
the reference plane is controlled by an adjustable voltage regulator and a turn pot.
The reference voltage is adjusted so that TTL pulses are are formed whenever the
NIM inputs are lower than -0.6 Vs.

All of the logic and readout decisions are handled with XILINX field programmable
gate array chips. There are two XILINX chips on each board: a 175 pin X('3090 and
a smaller 68 pin X(3020. The main advantages of using XILINX chips instead of
discrete logic chips are their density. reusability, and the flexibility thev afford if
design changes are needed. The chips themselves are completely generic. In order
to program their functionality, one uses a computer CAD system to program a 16l
PROM (the XILINX XC1765).

The XILINX chips are each wired to a PROM. When power is applied to the chips,
they load the information from the PROMs and configure themselves to perform the

logic as requested in the design. Although the large XILINX chips cost on the order
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of 5100. the PROMS cost on the order of $5, and the entire design can be modified
simply by changing only the socketed PROM chips.

Logically, the functionality of the trigger is divided between the two chips as
follows: the scintillator pre-trigger and the CAMAC readout are contained on the
larger 175 pin chip. The combination of the scintillator pre-trigger and the later
arriving streamer tube information happens on the second smaller chip. If a streamer
tube trigger arrives within 6.4 psecs after the pre-trigger, then the second chip issues
a trigger and stop signal. Otherwise, it issues a clear to the first chip.

The XILINX chips must be operated with a clock. The LIP trigger system now
operates with a 5 MHz oscillator. When the discriminated energy inputs arrive at
the LIP trigger. they are synchronized to the clock. Once the incoming signals have
been synchronized, everything else in the design is completely synchronous. Each
synchronizer produces a three clock cycle pulse for possible later readout in a register,
and a two clock cycle pulse for use in the logic section of the circuit.

The two clock cycle pulses from all of the scintillator signals are ORed into their
respective faces and then ANDed to make the three face scintillator coincidence. If
there is a three fold coincidence. a latch signal is sent back to all of the latching
counters and a scintillator pre-trigger signal is sent to the second XILINX chip.

Since the logic coincidence is done with the two clock cycle pulses and the co-
incidence is gated on the clock, a scintillator coincidence is guaranteed to happen if
all three faces fire within one clock cycle of each other. The probability of having a
coincidence falls from 100% down to zero as the coincidence window goes from one
to two clock cvcles.

The reason that a signal three clock cycles long is latched instead of the two clock
cvcle logic signal is to allow for the time it takes for the two clock cycle pulses to
propagate to the AND gate. and for the latch signal to make its way back to the
latches. The result of the AND gate occurs at the beginning of the second or third
clock cvcle (relative to the first clock cycle after the first pulse which arrived). The
clock must be slow enough both to allow the ORed signals to make it to the AND

before the next clock cycle arrives and for the latch signal to travel back to the latches



within that clock cycle.

When the scintillator pre-trigger arrives at the second chip. a gate of 6.4 psecs 1s
started. If during that gate one of the streamer tube inputs fires then a trigger and
stop signal are generated. On the other hand, if by the end of the gate no streamer
tube signals have arrived, then a clear signal is generated and sent back to unlatch
the frozen latches. The system is then free to look for another scintillator coincidence.

In the case that a trigger has happened the latches stay locked for later readout.
All of the latch outputs are attached to tri-state buffers which are in turn attached
to a common set of bus lines which can be read out with CAMAC commands. The
tri-state buffers are arranged into six groups. The top, center, bottom. east, west,
and adjacent tanks can be placed as a group onto the 16 bus lines by asserting the
enable on that group of tri-state buffers.

The circuit recognizes two CAMAC commands F9 (clear) and FO (read). In the

case of F0. the A lines are used to address which groups of tanks should be read out.
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