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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 ba.sed 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 da.ta analysis, 

including a neural network for timing reconstruction. 

This search was sensitive to particles with charges between ½e and close to the 

charge of an electron. The detector is sensitive to particles with /3 of between a.pprox­

ima.tely 0.25 and 1.0. Unlike previous searches both single track events a.nd 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 <I> :s; 9.2 x 10-1.s crn,- 2 sec-1 sr- 1 . 
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Chapter 1 Introduction 

The sta.ncla.rcl model of particle physics [l , 2] described b.Y the SU (3) x SU (2) x U (I) 

ga.uge symmetry has been very successful in clescri bing the natural world. The stan­

cla.rcl model contains three doublets of leptons a.ncl their associated neutrinos, a.ncl 

t hree generations of qua.rk dou blets. To mediate forces there is the photon for electro­

magnetism a.ncl the hea.vy intermediate vector bosons for the weak force. There a.re 

eight massless gluons which carry the charge of color , and finally there is the yet 

undiscovered Higgs boson. Of these 24 building blocks of matter, only the quarks 

have electri c charges which a.re not integral multiples of t he charge of the electron . 

Ever since Robert Millikan 's histori c experiment determined that t he charge on 

matter comes in di screte units [3], experimenters have spent much time a.ncl 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 obj ects might in fa.ct be present in nature were t he resul ts 

obtained from the deep inelast ic scattering experiments at SLAC during the late 

1960's [4]. T hese experiments first demonstrated that nucleons do in fact have sub­

structure. By exploring the st ructure fun ct ions in these scattering experiments , it 

was di scovered that the protons and neutrons were in fact constructed of smaller 

point-like partons, and that there were three of t hese partons in both the proton a.ncl 

the neutron [5]. 

It was soon reali zed t hat t he partons observed in deep inelast ic scattering experi­

ments could in fact be described by SU(:3) symmetry and the suggestion of the quark 

model by Murray Gell- 1\!Ian [6]. Although in this model the quarks which make up 

the baryons and mesons have fractional charge, they a.re always combined in a way 

that resul ts in a integrally charge baryon or meson. T his is clue to the fact that thE:' 

quarks happeu to have charges of 1/:3 and 2/:3. If (as in some models) there werE:' extra 

quarks whi ch ha.cl a chargE:' of 1/6 [t"], then wlwn 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 wa.s reconciled with the quark model by the conjecture that all observed 

objects must be color singlets. In other words the color portion of t he wave function 

of any collection of quarks must be a fun ction 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 

a.s con.finem.ent. 

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 a.re extremely close to ea.ch other, they a.ct 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 qua.rk-a.ntiquark 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 a.way from its partners , eventually there 

is enough energy density in gluons present to form a quark-antiqua.rk 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 yet observed a quark free of its ever­

present neighbors. Also. the search for electrons or other leptoni c type particles 

with fractional charge has been in vain. These include larger and more sophisticated 

versions of l\ll illikan's oi l drop experiment , searches in bulk matter , experiments at 

accelerators , and searches in the cosmic radiation [8, 9, 10]. Nonetheless , people keep 

searching. vVhy? 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 clown under some circumstances or that entirely nevv classes 

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

1.1 Theoretical Motivation 

Although it is true that the experimental reasons to search for fractional charge a.re 

strong (since a. positive observat ion vvoulcl have such far-reaching consequences ), the 

same cannot be said of the theoretical motivation. 

With the possible exception of very heavy GUT-sea.le particles with fractional 

charge, there seems little theoretical motivation for constructing theories with frac­

tional charge in t hem. On the other hand, it is possible to constrnct such theories . 

In the middle 1980's there wa.s a. report t hat a team a.t Stanford ha.cl observed +1/:3 

charges on niobium spheres which were magnet ically levitated . This cla.im was never 

experimentally confirmed, but there were some theorists who constructed models 

which would be able to accommodate such a.n 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 of½ [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 ½-

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 ½ e 

was proposed which adds a.n extra exact U(l) 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) [B]. 

S0(14) [1 -'1], a.ncl S0(18) [1 5]. Some theories of spontaneously broken QCD have 

also predicted free quarks [16] , a.lthough these quarks would probably be contained 

in super-b ea.,·y quark-nucleus complexes with large non-integral charge. 
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1.2 Lightly Ionizing Particles in MACRO 

Thi s thesis presents a search for particles with fractional charge in the cosmic radia­

tion. Particles with fractiona.l charge deposit less energy in a detector than particles 

with unit charge. This is clue to the fact the energy loss of a particle by ioni zation 

goes like [17]: 

clE Q2 

- .- ex -
cl:.r fJ2 • 

( 1.1) 

Here Q is the charge of the particle and /3 is its velocity. So. for example, a particle 

traveling at relativisti c speed with cha.rge of½ e will ha.ve an energy deposit ion only ½ 

tha.t of the muon . For this rea.son we call such particles lightly ioni:::ing particles ( LIPs). 

The MACRO experiment is a. la.rge underground experiment located in Ita.ly. Due 

to MACRO 's la.rge si ze, fine granularity, high effici ency scintilla.tor , and high reso­

lution tracking system , it is uniquely suited to look for LIPs, a.ncl in order to ta.ke 

a.clvanta.ge of this situation a. special LIP trigger system ha.s been built. 

The LIP trigger a.Hows a sea.rch for obj ects which interact electro-ma.gneti ca.lly but 

deposit only sma.11 a.mounts of energy in the scintilla.tor counters. The LIP energy 

threshold of a.bout 1.2 Me\! should be compared to t he typical muon energy loss of 

a.bout 40 Me V. 

The l\lIA CRO detector is iclea.lly suited to look for LIPs in regions of pha.se space 

that ha.ve never been explored . Although the current theoreti ca.l view is that fra.ct ion­

a.lly cha.rgecl pa.rt. ides probably don ' t exist , experimental answers often yield surprises. 

1.3 Features of this Search 

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

Some of the ma.in features whi ch di stinguish it a.re as fo llows: 

l. Sensiti vity clown to ½ equi valent fractional charge. Previous experiments have 

mily checked for particles with charge<, ½ [S]. 
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2. Good acceptance from fJ = 0.25-1.0 The lowest flux limi ts for LIPs now 

come from the very large water c:erenkov detector in Japan (I~amioka.nclel[18]. 

However, because of the nature of the c:erenkov process, water detectors a.re 

only sensiti ve to particles with fJ <, 0.8. 

3. An extremely large area. detector. The MACRO detector presents ~ 800 m 2 of 

fiducial area. to downward-going particles. The Cerenkov search at h:amioka.nde 

presents a nominal detection area. of 130 m 2 [18]. The best resul ts from scint illa.tor­

ba.secl experiments come from even smaller detectors . The search by h:awagoe 

el al. [19] relied on a. detector of only 6.25 m 2
. 

4. T he 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 deposi t ion to see whether they a.re consistent with 

LIPs. For both smaller experiments and non-granulated experiments ( such as 

single large volume water experiments like l~a.miokande ), 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 signat ure clue to the particles being buried in the 

high-multipli city shower. 

5. Use of high resolution waveform digit izers for energy and t iming reconst ruc­

tions. At a. trigger threshold of ~ 1.2 l\!Ie V ea.ch scintilla.tor 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 system. Previous un­

derground experiments [1 8, 19 , 21] did not have independent t racking systems. 

Since muons t hat clip the corners of sc in t illa.ting \·olumes can be an important 
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source of background , the use of a tracking system is essential for t he perfor­

mance of an extremely low background search. In addition , without a tracking 

system it is ha.rd to recognize the cases where the actual tracks pass between 

volumes and accompanying soft gamma. rays enter into the scint illa.t ing 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 . 



7 

Chapter 2 The MACRO Detector 

The IVIA CRO detector has been described in detail elsewhere [22 , 2:3]. 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 electroni c systems will be discussed in Chapter :3. 

The MACRO detector was originally designed to detect GUT-mass magnetic 

monopoles [24]. Since these particles a.re expected to be very rare, the detector was 

designed with a. large acceptance(~ 10000 m 2 sr) a.nd redundant systems for detec­

tion. There are three ma.in detector systems in MACRO: the scintilla.tor system, the 

streamer t ube system and the track-etch system. Of these three , only the scintillator 

and streamer tubes a.re relevant to this search and onl y they a.re described here. 

MACRO is a. internat ional collaboration of about 150 physicists from six US and 

ten Itali an instit utions. The full li st of MACRO collaborators and their institu t ions 

can be found in Appendix C. 

2.1 MACRO Location 

MACRO is located a.t the Gran Sasso laboratory in central Italy. Located under the 

largest peak in the Apennine mountain cha.in , the experimental halls of the Gran 

Sasso a.re approximately l kilometer underground. Figure 2.1 shows the location of 

the Gran Sasso laborat ory in relat ion to Rome. The lahoratory is located a.bout 

100 kilometers from Rome on the A24 highway. 

Access to the lab is from the 10 kilometer long A2-t highway tunnel which passes 

through the Gran Sa.sso mountain. The la.b is composed of three ma.in halls a.nd 

several connect ing t unnels. T he layout of tbe laboratory is illustrated in figure 2.2 . 

The TV[A CRO experiment is located in Hall B , which is the middle of three large 

halls. The IVIACRO coordinate system is centered on the northern encl 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 a.t 1:3 ° 34' 28" E longitude and 42 ° 27' 09" N latitude. The detector has 

an elevation of 96:3 m above sea level. The minimum thickness of rock over MACRO 

is 1160 111 (:3150 111 of water equiva.lent) and the average thickness is 1400 111 (3700 

meters water equivalent) [25]. 

There a.re external laboratory facilities located on the L'Aquila/Rome side of the 

traffic tunnel. A fiber optic link connects the underground and externa.l laboratories 

for computer communications. 

2.2 MACRO Detector Layout 

The lVIACRO detector is 77 m long by 12 111 wide by 9 m high. A sketch of the 

detector is shown in figure 2.:3. 

The detector ca.n be thought of as a box completely surrounded by liquid scintil­

la.tor , t he lower half of which is filled with a sandwich of crushed rock and streamer 

tube tracking chambers. The detector is rnade of six identical sub-detectors called 
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Figure 2.2: The layou t of the underground Gran Sasso laboratory. There a.re three 
ma.in halls and several connect ing tunnels. MACRO is located in hall Band is drawn 
to scale as a. box in thi s figure. 

Figure 2.3: A sketch of the MACRO detector. The detector is 76 rneters long by 12 
meters wide by 9 meters high. 
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supermodules which are placed side by si de. Ea.ch supermodule is 12 m long by 12 m 

wide by 9 m high. Thi s 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. 

Ea.ch supermodule is surrounded on the top, bottom and sides by 12 m long PVC 

boxes filled with liquid scintilla.tor oil. The two ends of ea.ch of these tanks a.re 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 

ea.ch supermodule which sepa.ra.tes 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 layers of crushed rock and streamer tubes. Once a.gain the reader is referred 

to figure 2.:3 to visualize thi s 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 hori zontal and vertical scintilla.tor tanks, and also the 

positions of the hori zontal and vertical stream er tube planes. The layers of crushed 

rock absorber set a. minimum threshold of a.bout 1 Ge\! for vertical muons to pass 

t hrough the detector without stopping. 

Hortzontal Streamer Tube Planes 

g~~· § 5 S. ;;:;;· §¥·~~· ~ ·%~Honizo~nt~at ~Sc;ii;i~l~illa~tOtiT~aOK~~~~~~~~~~~p 2 PMs 

~~ ?:;':i;::::?:~:::'.~':::?:::??;'.::;:;:':;:'.;:i;::;:::':;:::::::?;:.;.~;:'.::•:··R~;•J:~~-b~~---:::?:?:?:'.:':~:?:::::?: •• e,1,caI 

j j j j 

cintlltator 
ank 

Trc'9.Ck-Elch 

Figure 2.-±: A cross section of the lower half of one supermodule. 
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In addition to the st reamer tubes interspersed within the layers of crushed rock , 

there a.re two layers of streamer tu bes above and below ea.ch horizontal scintillator 

plane. This can be seen in figure 2.4. 

Ea.ch supermodule is triggered separately and ea.ch pair of supermodules has its 

own microvax for acqui sition readout . These three microvaxes communicate with a. 

central acquisition computer for event building and recording of events to di sk. ]\!lore 

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

2.3 The Scintillator System 

The scint illator system is used to measure energy deposition. In ea.ch supermodule 

there a.re 49 horizontal scintillator counters and 2S vertical counters. There a.re some 

additional tanks on the north and south end of the detector but t hey a.re ignored in 

this analysis. In this analysis only the scint illa.tor counters in the horizontal layers 

a.re used. There a.re 16 counters in the bottom and center layer of ea.ch supermodule 

and the top layer has 17 boxes. 

2.3.1 Scintillator 

The scintilla.tor itself is a. mix of: 

• 96.4% mineral oil 

• :3 .6% pseudocumene 

• 1.44 grams/ liter PPO 

• 1.44 milligrams/liter bi s-MSB. 

The mineral oil itself is very clear with an attenuation length of more than 20 m. 

The primary scint illator is the pseudocurnene and the PPO and bis-MSB a.re wave­

length shifters which shift the wavelength of the light given off by the pseudocurnene 

up to the most sensitive region of the photo-multiplier t ube'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 t ime keeping the attenuation length long. vVith this mixture the atten­

uat ion length of the scintillator oil is over 12 meters. 

2.3.2 Scintillator Counters 

The horizontal scintilla.tor counters used 111 this analysis a.re 12 m long and 75 cm 

wide. They a.re filled with 19 cm of liquid scintillator. The counters are constructed 

with 0.25" thick welded PVC. Each contains three chambers: an 11 meter long cen­

tral chambei· and two encl chambers separated from it with a piece of 0.13'. thick 

transparent PVC. The main chamber is filled with liquid scintillator and the two encl 

chambers are filled with pure mineral oil. In addition to reducing sparking and dis­

charges from the tubes (which a.re held at high voltage) the clear mineral oil matches 

the index of refraction on both sides of the clear PVC window and produces good 

optica.l coupling . 

The inside of the ma.in chamber is lined with FEP Teflon which ca.uses all light to 

be totally internally reflected as long as its angle of incidence is less than 2-5 .6°. The 

light produced inside the ma.in volume of the counter is reflected and transmitted to 

the ends of the counter where it enters into the encl chambers. 

Each horizontal encl chamber contains two 20 cm diameter photo-multiplier tubes. 

In order to increase the light collection efficiency. ea.ch is contained within a. mirror 

to direct a.s much light entering the encl charnber a.s possible onto the surface of its 

photo-cathode. Figure 2.5 shows schemat icall y the positions of the phototubes and 

mirrors in a hori zontal counter 's end chamber. 

2.3.3 Photo-Multiplier Tubes 

The pboto-nrnltiplier tubes (P lVITs) inside the hori zontal counters a.re 20 cm diameter 

El\U-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 a.bout 2.0 V with a. rise time of 

about 15 ns . The phototubes have 1:3 cl ynodes arranged in a Venetian blind structure 
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Figure 2.5: T he end chamber for a hori zontal counter. There are two phototubes ea.ch 
with a minor to increase the light collect ion efficiency. The end chamber is filled with 
clear mineral oil to prevent high-voltage di scharges and match the index of refraction 
with the oil in t he 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-elect ron. The 

photo-cathode is held at negative voltage, which means that the signal cables can be 

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

2.4 The Streamer Tube System 

The MACRO streamer tubes are m a.de of extruded PVC a.nd a.re heat sea.led into 

2.9 x 2.7 cm2 cells. The anode of ea.ch cell is a metal silvered Be-Cu wire, supported 

every meter by plastic spacers. The cathodes are ma.de from three of the plastic sides 

of the cell itself, which are coated with low resistivity graphite. 

The streamer t ubes are constructed in :3.2 x 25 x 1200 cm3 chambers, each of 

which contains eight cells. In the lower half of each supermodule, 48 streamer tube 

chambers a.re placed side by side to form the hori zontal planes. There is a gap in the 

middle of the supermodule for the steel suppor t structure. There is no such ga.p on 

the top of the detector and there a.re 51 chambers used there. 

The a.node wires gi ve readout in the X direct ion. A second view is obtained by 

:3 cm pick-up strips which are placed under the stream er chambers at a. 26.5° angle 

with respect to the wires. This layout is illustrated in figure 2.6. 

The ga.s mixture used in the tubes is 7:3% helium and 27% n-pentane. The high 

proportion of helium in our t ubes is a. somewhat unusual choice. This was clone 

becau se the Drell-Penning effect [26] (,vhich can increase the energy loss of slowly 

moving monopoles in gaseous detec tors) ca.n be calculated for the case of helium. 

The fvfACRO streamer tubes run in limited streamer mode [27] and the typical 

st reamer tube high voltage is +4250 V. At t hi s voltage the t ube is within its plateau 

region. The plateau region is a fully effic ient range which is more than 700 V wide. 

F igure 2.7 shows the singles rate from radioact ive background as a fun ction of high 

voltage applied to the wire. 

At thi s vol tage LIPs can still trigger the streamer tubes. The key to the good 

sensitivity of the streamer t ubes even to ext remely small amounts of ionization , is 
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Figure 2.6: Streamer tube and pi ck up strip layout. There a.re eight cells in ea.ch 
chamber of streamer tubes. 

that when a single ion-electron pair is produced , there is still the chance that a. fu ll 

st reamer will be formed. A single free electron falling tO\•Va.rcl s the wire is enough to 

start the avalanche that results in a. streamer. 

Thi s probabi li ty has been measured fo r different gas mi xtures and cell sizes to be 

:C, 20% [28] a.t our operating voltages. In a.clclit ion. a test wa.s clon e with MA CHO 

st reamer tubes using the i\lIACRO gas mixture. The measured single ion-pair effi ­

ciency for the MACRO tubes and gas mix t ure was over :30% [29]. In t he next section 

the t riggering effi ciency of the streamer t ube trigger will be explored. 

2.4.1 Sensitivity of Strea111er Tubes to LIPs 

In order to calculate the efficiencv of the streamer t ube svstem, we m ust first calculate . ~ 

the average number of electron-ion pairs produced for a. part icle passing t hrough a 

streamer tube cell . F irst ,ve calculate the average energy loss for a muon pa.-sing 

verti call y through a :3 cm cell. It. should be stressed that thi s is a minimum ioni zation 

since there will undoubted ly be extra delta. rays whi ch enter the t hin plastic of t he 

streamer cell and the ionization in t he cham ber it self 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% etlic ient. The in set shows the vo ltage output of a wire pulse in a 
streamer t ube. 
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To perform this calculation we use the parameters for isobutane (C4 H10 ) which 

should be similar and produce slightly less ionization than n-pentane since the density 

is only slightly less than n-pentane and the electron structure is similar. To our 

knowledge these parama.ters have not been measured for n-penta.ne. The following 

parameters a.re used [17 , 30]: 

D ensity H elium 

(
dE) 
clX . 

H e/mm 

Energy _Pair H elium 

Density I sobutane 

(
clE) 
cl\" - 1 sobu.tane 

Energy _Pair I sobutan e 

0.178 X 10-3 g 
cm 3 

1.94 JVIeV 
cm.2 

g 

eV 
41 

JJCl1T 

2.67 X 10-:3 g 
crn 3 

) crn-
2.22 J\!Ie\i --

g 

23 
e1• 

J)Cl?T 

(2.1) 

(2.2) 

vvhere Energy _Pa.ir is the a.mount 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, vve use: 

dE D ··t . -1,, x ens1 , N = C . ·\ • 

Energy _Pair 

For the two specific gases in our mixture we use equation 2.:3 to determine: 

8. -1 pair/cm 

J\i; sobuta.ne 257.7 pair/cm. 

(2.:3) 

(2.1) 
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So the number of pairs created in our :3 cm tube with 73% He + 27% n-pentane 

should be roughly: 

N = 3 C'ln x (0.7:3 x 8.4 + 0.27 x 257.7) pairs/cm = 227. (2.5) 

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

should be: 

!\ T 7\T Q2 
J v LIP = - ' mu.on - • (2.6) 

So for example , a. ½e charged particle should leave 2}; = 2::'S ion-electron pairs. 

If we know that the probability of a single ion-electron pair ca.using a streamer to 

occur is :: , then we can calculate the probability that N pairs will create at lea.st one 

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

and the probability that at lea.st one of them started the st reamer production process 

JS : 

Pfir ecl = l - P,wtfir ecl · (2.8) 

As will be di sc ussed in Chapter :3 the LIP trigger requires a. streamer tube trigger 

in the lower half of the detector. There a.re several conditions ,vhi ch can ca.use the 

streamer tube trigger to be activated [22]. One of these conditions is that six out 

of ten of the hori zontal 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 

hori zontal scintilla.tor planes, the track must also cross all of t he lower streamer tube 

planes. 

To calculate the probabili ty 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 probabi li ty that N planes fired, multiplied by the probability that 10 - N 
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planes did not fire , multiplied by the number of vvays that N out of ten planes might 

fire. V-./e call the probability that N planes out of ten fired PJV. 

(2.9) 

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>N =LP; (2.10) 
-i= J\T 

For the case we are interested in , Q=¼ c, t = :30%, and a minimum of six out of 

ten planes must fire . The probability of a streamer tube trigger being formed in thi s 

circumstance is well over 99%. F igure 2.8 shows the probability of a trigger being 

formed for the case of a }c charged particle as a function of f and the number of 
:) 

ion -electron pairs formed by a. muon . 
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Figure 2.S: Streamer tube trigger efficiency for a ½ e charged particle as a function 
of the number of ion-elect ron pairs produced in a st reamer tube cell by a muon (axi s 
labeled pairs) and the probability that a single ion-electron pair will cause a streamer 
(axis labeled eff ). 
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Chapter 3 Electronics 

The LIP search makes use of many of the sub-systems of MACRO. lVlost of these 

systems a.re described elsewhere. However.. the LIP trigger itself, the stop master , 

and the ,va.veform digitizers a.re described more fully in this section. The reader 

should refer to other references for descriptions of the PHRASE [:3 1] and Streamer 

Tube [22] systems . 

3.1 The LIP Trigger 

The LIP trigger uses the lowest level energy-based scintillator trigger available in 

:MACRO. The inpu ts a.re the indi vidual box low energy triggers produced in the 

PHRASE (one of the gravitational collapse t riggers) which have a trigger threshold 

of a.bout 1. 2 lVIe V. T he LIP trigger uses XILINX-based field programmable gate 

array circuits to form coincidences between counters in the three scintilla.tor faces 

of MACRO. 

The singles rates in ea.ch counter a.re approximately 2 1':Hz. Because of timing 

delays in both the detector and the electronics , the coincidence time between counters 

can be no shorter than a.bout 100 nano-seconds. The resulting accidental co incidence 

rate is approximately 10 Hz and must be reduced by further logi c. This rate reduct ion 

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 a.re met, then the system produces a trigger which is used to stop the 200 MHz 

,,vave form digitizer system. Since a well reconstructed streamer tube track will be 

requi red in the analysis , requiring the streamer tube trigger to be present only reduces 

accidental coincidences and does not reduce the effi ciency of the search . 

In addition to triggering an event, the LIP t rigger 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 t he event are read out of the \ i\!FD 

system . More details about the LIP trigger can be fo und in Appendix B. 

The LIP trigger is sensitive to particles with /3 of between 0.25 and 1.0 . Figure :3 .1 

shows the triggering efficiency as a fu nction of /3. The efficiency was calculated with 

a Monte Carlo. 
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Figure :3.1: The t riggering efficiency of t he LIP trigger as a function of /3. 

As is described more fu ll y in Appendix B the LIP tr igger is designed to wait for 

6.4 Jlsecs after the scintillator coincidence for a t rigger from the streamer tube system. 

The LIP trigger was designed with the understand ing that the streamer tube signal 

wo uld 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 arnve 

during the time that the scinti llator coincidence is being formed in the LIP trigger. 

These events are characterized by very large numbers of hits in the streamer t ube 

system. If the streamer tube signal arrives at the LIP t rigger 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 ever_y supermodule involved in the event fired. For 

the highest multiplicity examined in this thesis the triggering efficiency is 60%. 
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F igure :3.2: The effici ency that the LIP trigger in every supermodule involved in the 
event fired a.s a function of the t rack multiplicity of the event . The st reamer tube 
trigger for large multiplicity events sometimes a.rri ve at the LIP trigger before the 
scintillator coincidence has been formed. 
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3.2 The Waveform Digitizer 

The waveform digiti zers (WFDs) and their read-out scheme a.re a.lso described in 

other references [32 , :33]. For the purposes of understanding thi s search , it is enough 

to have a. basic unclersta.ncling of the operation. 

The \i\iFD s a.re a custom-built 200 MHz VlVIE-ba.secl system. Ea.ch WFD ca.rel ha.s 

four channels a.ncl ea.ch channel has four inpu ts . The four inpu ts of ea.ch channel a.re 

fanned in to one single flash ADC. It is possible to determine which inpu t is firing , 

however , since a. di scriminator records which inputs have passed a ±2.5 rn V threshold 

on any given sample. Ea.ch encl of a sc intilla.tor tank needs it s own WFD input, and 

one WFD card can handle eight MACRO tanks. Figure :3.3 shows the fan-in scheme 

used in IvIACRO . 

Every fi ve ns , ea.ch channel which has at least one inpu t over t hreshold is digit ized 

by a.n eight-bit flash ADC. Every 20 n s these ADCs a.re written into a memory buffer 

a.long with a. time stamp. The data a.re recorded and readou t zero-suppressed. The 

time sta.rnp a llows the full time informat ion to be reconst ructed . By only digiti zing 

the analog signal when it is over voltage threshold , the effective depth of t he WFD 

card 's memory in time is increased. 

Wh en a. '·STOP" signa.l arrives at t he WFDs, they immediately cease digiti zing. 

Then , they write into a regis ter on the \tVFD boa.rel the address in memory that the 

la.st digiti zed data was written. Every \tVFD boa.rel is stopped simultaneously. Later. 

when t he acq ui sit ion system is ready to read ou t the \1VFD system . t he memory 

address from the register is read out and the data starting at thi s point in memory is 

transferred over the VME bus to MACRO 's Vl\!IE based mi cro-Vax . At present l '1?1 8 

of data is tran sferred for each channel for which a trigger ba.s been requested. 

At the encl of an event a "START" signal is sent t.o the 'vVFDs and they res urne 

digiti zing and recording data.. 
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Figure 3.3: The fan-in scheme for the WFD system. The above diagram represents 
one crate of WFDs, which is responsible for digit izing the signals from one ent ire 
supermodule. Each card can handle four tanks . The B,C,T,E,vV ,N in t he diagram 
stand for bottom, center, top, east.. west, and north faces respectively. The tan k 
numbers are sbo\vn 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 
tauk, each has two inputs. Also shown in this figure is the cabling for the global 
STOP. START, and CLOCh signals. 
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3.3 The Stop Master 

The stop master is also described in deta.il 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 t he stop master is to manage the t rigger signa.ls 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 encl of this time, a "STOP" signal is generated and sent to the 

WFDs. The stop master also records the relative t irnes of later triggers that arrive 

at the stop master. During the cla.ta acquisition these times a.re read out and later 

can be used to determine exactly where in t he 1 milli-second of data the feature that 

caused the t rigger to occur is located . 



Chapter 4 Calibration 

In order to use the VlFDs effectively to both reconstruct the a.mount of energy de­

posited in the scintillator volumes, and the position in the tank where the energy was 

deposited , each channel of the \,VFDs and its associated counter must be calibrated. 

The calibration procedure yields the relationship between the amount of charge 

measured ineach 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 thi s analysis are quite different than those 

used for other analysis in MACRO. For the energy calibration, most iVIACR0 analyses 

use a relationship between the signal sizes observed and the amount of energ_y lost 

by muons which pass though the l\lIACRO counters. This calibrates the tanks using 

energies on the order of 40 Me V. 

However , in this analysis we are concerned with typical energy losses of around 

l to 5 Me\!. Because of this, instead of using muons, naturally occurring low energy 

1 lines in this energy range are used. In practice, the muons are used to make a 

provisional energy calibration and then the lovv 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 l 

and 40 Me\! there is a linear relationship between the energy lost by a LIP which 

passes through scintilla.tor and the amount of charge measured by the vVFDs. Effects 

which could cause this assumption to be invalid include scintillator saturation , and 

non-lineariti es in the WFD 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. 

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

1s 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 \~' FD 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 

Figure 4.1 : T he technique used to determine the charge left by a pulse. The area 
undern eath the waveform is integrated. Tbe result is proport ional to the charge. 

In order to abso lu tely calibrate the energy sea.le. both low energy and high energy 

calibrat ion points are used. On the high energy side( ;:::: 40 l\!leV) t he di stribu t ion 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) ; ' lines from natural 

radioact ivity coming from the walls of the ball and the st ructure 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 a.re required. 

For the case of a relativistic particle whi ch passes through a scintillator volume, 

t he anwunt of charge deposited is proportional to the pa.th lengt h of scintillato r 

transversed. In order to account for the effect of partic les t raversing 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 vert ical 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 t he liquid 

scintilla.tor mixture in the tank, with an attenuat ion length of a.bout 12 m. This is 

illustrated in figure 4.2 which shows an es timate of the number of photo-electrons 

( which is proportional to the charge collected) collected at one of the phototubes as a. 

function of the di stance away from the phototube. This function of posit ion is known 

as the response function and is measured indi vidually for each tank. T he 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 reconstrnction, on the other hand, requires fitting the relative times 

of occurrence of the lea.cling edges of the pulses reaching ea.ch .' icle of the tank, and 

determining the posit ion by subtracting the t imes a.t which ea.ch pulse arrives at the 

two ends of a. scintilla.tor tank. 

In this analysis a. simple linear fit of the lea.cl ing edges of the pulses is used to 

simulate a. constant fraction trigger [17 1 see chapter 17]. This rough guess is then 

refined by use of a. neural network which is trained by using the streamer t ube po­

sit ions, and learns to do the tasks normally assigned to ti me walk correct ions . The 

neural network produces better a.g re ment with the streamer tube data. than does 

our t raditional TDC system. Once again , in this system no special calibrat ion runs 

a.re required. All of the information needed for calibrat ion is contained in normal 

runnmg. 

It should be noted that the strearner t ubes alone can be used to determine the 

position of a particle which passes through a tank . However. the agreement between 

t he position a.s reconstrncted by the streamer t ubes and scintilla.tor system 1s an 

important check in the analysis procedure . 

T he fo llow ing section s examine both the energy and t im ing calibrat ions in more 

cl eta.i i. 
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Photo-Electrons as a Function of Distance from Phototube 
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Figm e Ll.2: The number of photoe lect rons in a scintillator box measured as a fun ct ion 
of di stance from the phototu be in centimeters . The number of photoelectrons has 
been normalized to a. 19 crn path length . The curve is fit by two exponentials: A long 
component of the attenuation length which is about 12 m ; and a shor ter component 
,vhich is 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 sea.le for the LIP 

search. vVhile previous searches have restricted themselves to ½ equivalent charge, 

this search attempts to reach ½ the charge of a.n electron. For muons with average 

pa.th lengths through our detector , this is equivalent to a.n energy deposition of about 

1 2 

40 MeV x Cs) ~ 1.6 MeV (4.1) 

in ea.ch scintillator box. In order to be able to reconstruct LIPs vvhich pass through 

lVIACRO , it is necessary to reconstruct energies between 1.5 and 40 Me\/. Most of 

the relevant signal region of this search ( ½e to ½e ) fall between 1.5 and ,5 l\lle V. 

Figure 4.:3 shows the energy loss of muons as measured by one scintillator counter 

111 MACRO. This di stribution (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 l\lle V the Gran Sasso laboratory is bathed by low energy ~1-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 40 h: at 1.46 Me V and the decay chains 

of the naturally occurring 232Th and 2380. In the 232Th decay cha.in one of the most 

intense (and most relevant) lines comes from 2~fT1. It produces a 2.6 Me\/ 1-line from 

the radioactive decay process: 

208TI 
81 

L 208pj * 
82 ) 

L 2~~Pb + 1 (2.61\lleV). (4.2) 
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Measured Energy Loss of Muons in a Single Counter 
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Figure cL:3: The measured energy loss for muons 111 one tank 111 l'vIACRO. 
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Figure 4.4 [35] is a.n energy spectrum of the na.tura.lly occurring ra.dioa.ctive back­

ground in the Gran Sasso tunnel. This spectrum wa.s t a.ken wi t h a. sma.11 (7. 5 cm 

radius , 10.0 cm length) Na.I detector. It should be stre:sed that thi s spectrum was 

taken in a.n open ha.11 and not inside the MACRO detector itself. Because of thi s 

fact , the relative proportions of the various radioacti ve elements will not necessarily 

be the sa.me inside a. MACRO scint illa.tor volume. In particular , the a.mount of 40 h 

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

E 10 s 
::, 
0 
0 

0 

Nal Measured Gran Sasso Low Energy Spectrum 

/ Potassium 
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Energy(MeV) 

Figme -'lA: The naturally occurring radioactive background energy spE'ctrum of thE' 
Gran Sasso hall as measured by a. Na.I ddec tor. The la.rgE' pea.ks from pota.ssi um at 
1.-l:6 MeV and thallium at 2.6 l\lleV a.re clearl y visible . 

In figure 4.4 the large peak from 40 h. at 1.46 J\!IeV is clearl y visible and the la.st 
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large peak before the sudden drop off at about :3.0 Me Vis due to the smearing together 

of the dominant 2~fTl line at 2.6 Me V 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: 

• The detector size and geometry. The energy· loss mechanism is Compton scat­

tering, and the larger the detector, the less likely the , , is to escape the detector 

before losing all of it s energy. 

• The number of photons produced by the scint illa.ting material in the detector. 

If the detector only produces a. small a.mount 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 a.t the Pl\lIT. This will 

determine how clearly pea.ks in the spect rurn can be separated from each other . 

• Any saturat ion effects that take place either in the scintilla.tor itself or in the 

PMT. If the scintilla.tor becomes locally sat urated (because the local rate of 

energy loss is so high that there are no longer any free scintillation molecules 

available [17 , see chapter 7]) , then the amount of light produced will not be 

proportional to t he amount of energy deposited. 

To determine the absolute energy sea.le for MACRO scintillator counters a full 

GEANT [:36] simulat ion has been performed both for the small Na.I detector which 

took the background spect rum and for a full-si ze 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 

cha.ins of 40E, 232 Th, and 238U. 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 rat ios will be the same 

inside of a scinti llator volume itself. However, using the same relat ive proportions of 

4°K , 232 T h, and 238 U in both the Nal and scintillator Monte Carlos produces spectra. 

which are consistent with both experimenta.lly measured spectra.. 

The lVlA CRO tank spectrum looks quali tat ively different from the Na.I spectrum 

because the a.mount of light produced is much less, which causes several lines to 

smear together and appear a.s only two broad lines . Also the scint illa.tor saturates 

differently from Na.I whi ch causes the amount of light produced and detected to not 

be proportional to the amount of energy deposited . 

Table 4.1 contains a li st of the energies of the 1 -ray li nes used in the :Monte Carlo, 

organized by the decay family. The relat ive intensiti es within ea.ch decay famil y a.re 

set assuming a.11 of the daughter states are in equilibrium. 

Energy in lVIe V of I Lines 
for Each Family 

Uranium Thorium Potassium 
0.609 0. ,58:3 1.461 
0.769 0.911 
0. 9:35 0.960 
1.120 2.61 4 
1.2:18 
1.378 
1.400 
1.509 
1.728 
1.764 
1.848 
2.117 
2.204 
2.44::S 

Table 4. 1: Energies of lines used in the low energy Monte Carlo. 

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

based on commonly used NaJ detectors and then was adjusted unt il the resolution of 
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the lines a.greed with t he measured spectrum in figure 4.4. The resulting resolu tion 

is consistent with typical Na.I detectors. Also, the relat ive proportions of the three 

fami lies of radioactive decay chains were adjusted until the relative heights of the 

peaks in t he spectrum matched those in figure 4.4. 

Figure 4.5 is the resul t of the Na.I :Monte Carlo superimposed on the measured NaI 

spectrum that was already presented in figure 4.4. T he compari son of the ca.lcula.ted 

vvith the observed spectrum indi cates that t he ca.lculated precision is sufficient fo r 

our purposes . Although the absolute normali zation is not exactly correct, it is the 

positions of the peaks , and the shape of the spectrum whi ch is most important . Also, 

as was already pointed out, there is no reason to believe that t he relative proportions 

of the famili es of radioacti ve decay chains will be exactly the same in the detector 

and in the hall. Since the purpose of the Na.I Monte Carlo is to determine t he ratios 

to use in the NIACRO detector Monte Carlo, general agreement is good enough . 

One important thing to note is that there is a host of very low energy I lines and 

o -rays whi ch a re not sim ulated here. Because of the small amount of light , they are 

all smeared together in the measured spect ru m. T hi s has been phenomenologically 

approx imated by adding a falling exponential to t he produ ced spectrum . 

MACRO Scintillator Counter Monte Carlo: Using the same ratios of radioac­

t ive families and using the materials and geomet ry of a MACRO coun ter , t he sinrnla­

tion was then run again. The number of photo-elect rons per Me V was adjusted until 

the wid ths of t he peaks were consistent with what is observed in the data. 

In the case of hori zontal counters . th is number was about :30 photo-elect rons per 

MeV and is consistent with previous calculations [37]. T his cor responds to a resolu tion 

of 

J 

6 E _ . , ( r, ( 1 Me V) 2 
E - l<'.i 1c, E 

Once again . a phenomenologi caJ exponential was added to the generated spect rum in 

order to simulate the many low energy lines whi ch are not indi vidually included. 
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F igure '-US : Result of t he Na.I Monte Carlo superimposed on t he measured Na.I spec­
t rum. T he meas ured spect ru m was presented earlier in figurP 4A . 
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Figure 4.6 shows the result of the scinti llator Monte Carlo. This spectrum has 

been fit to a falling exponentia.l and two gaussians . The same fit is clone to the real 

data, and the normali zation for ea.ch tank is determined by looking at t he ratios of 

the values of the fits to the gaussians between the real data. and the f\fonte Carlo. 
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Figure 4.6: Result of the MACRO scint illa.tor box Monte Carl o. The fit to the two 
pea.ks (1.15 MeV and :2.:2 MeV) gives the absolute energy normali zat ion vvl1 ich will 
be used to normal ize the real data. 

The spectrum prod uced by the Monte Carlo for the MACRO scint illa.tor counter 

has fewer features than the spect ru m for the Na.I detector. This is because the smaller 

number of photons which reach the phototubes results in worse resolution a.ncl causes 

li nes to smear together. 
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For this method of calibration , another important effect must be taken in to ac­

count : scintilla.tor saturation. If t he effect were neglected , the calibration constant 

(whi ch converts between estimated photo-electrons a.ncl energy) would be underes ti­

mated by 10-15%. 

The ; '-rays whi ch 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 h:eV. Figure 4.7 is a. di stribution of the initial kinetic 

energies of the Compton electron s ma.de in thi s process . Electrons of thi s energy lose 

energy at a higher rate than minimum ioni zing particles and stop very quickly ( see 

figure 4.8 ). 

The actual details of light production a.ncl scintilla.tor sat uration a.re quite compli cated 

a.ncl the reader is referred to [17 , 36, 38] for more information. 

The scintillation characteri sti cs of the MA CRO scintillator have been measured [:39]. 

One parameteri zation of scintillator linearity is Birk 's formula. [17 , :36 , 38], it can be 

expressed a.s follmvs: 

dL 

clX 

A dE 
• cl X 

l+!i cl E' 
P c/ X 

( 4.-!) 

In equation 4.4 A. a.ncl 1, a.re characteri sti c constants of the scintillator: h' param­

eterizes non-linear response, and p is the density of th e mineral oil. The meas ured 

value of ri for l\!IACRO scintillator is 11.6 ± 0.6 mg cm- 2 Me\! -I [:39]. These con­

stants are used in the GEA NT simulation to properl y simulate the measured energy 

spectrum. 

The effect of thi s nonlinearity is to move the 2.6 1\/IeV peak in the spectrum clown 

to 2.2 l\!Ie V. There are al so higher-order versions of Birk 's formula. whi ch contain more 

than one non-linearity parameter. \1Ve have not used them here but havP instead reli ed 

on equation 4A. 
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Figure 4:. 7: The distribution of t he ini tial kinetic energy of the elect rons produced by 
Compton scattering. This distribution was generated by the sam e Monte Carlo that 
produced the scinti lla.tor coun ter measured energy dist ribu tion. T here a.re several 
energies of gamma. rays and the Compton edge for each energy is clearly visible in 
this figure. 
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Ta ble s fo r ELECTRON in LI QU ID SC IN TILLATOR 
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Figure 4.S: The energy loss of electrons in scint illator. The horizontal energy scale is 
in Ge V. Most of the electrons have initial kinetic energies of a few hundreds of ke V 
(about 10-4 on the horizontal scale) . It is clear in this graph that this energy is below 
the point of minimum ioni zation and can result in sat uration. This calculat ion was 
performed by GEANT. 
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4.1.3 Calibration of Scintillator Counters Using Radioactiv-

ity 

Once the l\!Ionte Carlo results are known, they can be used to calibrate the detector. 

If we can reconstruct the expected energy spectrum in a scintilla.tor counter then we 

can normali ze it to the lVIonte Carlo to have a.n absolu te calibration. 

Since one to five Me V is the important signal region for the LIP search , recon­

structing the low energy spect rum in this region is proof that vve 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 a.na.l ysis ha.s been restricted to horizontal counters where the low energy 

spectrum ca.n be well fit. There a.re a. few reasons why calibrating the vertical counters 

at low energy is more difficult then calibrating hori zontal 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 stati stics a.re worse. Also, for 

the same period of data collect ing, it is harder to collect enough statistics necessary 

for a good fit. Thi s is clue both to acceptance and the fact t hat t here a.re three and not 

four tanks plugged into ea.ch waveform digit izer card as is the case for the hori zontal 

scin tillator counters. The importance of thi s latter condition will be ma.de clearer in 

the following descrip tion. 

Because of the requirements of monopole physics, one m illi second worth of data is 

collected for every counter after every event whi ch causes a readout of the vVFDs. The 

radioactivity pulses collected in this period make it possible to reconstruct the low 

energy spectrum. Figure 4.9 is a.n example of thi s for one of the hori zontal counters. 

A pro,·isional energy scale based upon the ex pected muon energy deposition was used 

for th is hi stogram. 

The so lid line is a.n exponent ial fit to a. falling ra.clioa.ct ivity spectrum plu .· two 

gauss1a.ns. The result of the calibration procedure is the ratio of the pro,· isional 

energy assignment to the energy loss determined by the Monte Carlo calc ulat ion . 

In the example given t he second ga.uss ian bas a peak at the pro,·isiona.l energy of 



1/) 

'E 
::, 
0 

(.J 

,·. 
,._ 

103 "'~ .. 

10 2 

10 

0 

4:3 

Energy Spectrum for Box 307 

Entries 

x' /nd f 
P1 
P2 
P3 

P4 
P5 

P6 
P7 

PS 

2 3 4 

112902 
189.4 I 191 

8.124 
-2.212 

234.8 

1.330 
.3169 
31 .59 
2.482 

.3766 

5 

Energy(MeV) 

Figure Ll.9: A fit to low energy \IVFD data. with a. falling radioactive spect rum, and a. 
Gaussian associated with both the 2.6 MeV , '(Tl) and 1.4 MeV , ,(J\) line. Ea.ch energy 
bin is 16.7 keV wide. The eight parameters of the fit a re the normalization and slope 
for a.n exponential and the normali zation , mean , and width for t he two Ga.ussia.n s. 
This figure should be compared with figure -1.6 (the Monte Ca.d o calculation for a. 
MACRO scintilla.tor counter). 
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2.5 l\!Ie V. Ba.sed on the results of the Monte Ca.do, the true location of the ga.ussia.n 

(a.fter ta.king into account saturation and smearing) is 2.2 Me\!. Thus all provisional 

energies for the tank a.re corrected to true values by multiplying by the calibration 

t t •) ·)j•) h cons an -·- -.o . 

The details of how the energy spectrum is constructed a.re as follows: 

• As was described earlier in section 3.2, ea.ch vVFD channel has four inputs. For 

ea.ch vVFD channel tha.t ha.s only one input with a. corresponding high energy 

muon (ERP) trigger , the one millisecond of radioacti vity data. in the other three 

inputs a.re examined . 

By only looking a.t data from tanks tha.t have no muons passing through them, 

there is no danger tha.t the after-pul sing a.nd late light that can happen for 

some time after a large PMT pulse will di stort 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 chann els the data. from each side of the tanks a.re examined 

indi vidually. Any isolated pu lses in a window of ± 150 ns a.re retain ed for 

analysis. The purpose of this is to avoid ambiguities when the pea.ks on the two 

ends of the tanks are matched together and recons t ructed. 

• Next, the data from the two sides of the tank a.re scanned for pulses vvhich may 

have come from the same physical source of light. If the two sides of a. tank 

ha.ve a. pulse within 140 ns of ea.ch other , then those two pulses a.re integrated 

and corrected for their ta.nk position a.s reconst ructed bv the neural network 

technique described in section Ll.2 . 

• The average of the two sides weighted by photo-electron statistics is entered 

into a. hi stogram for that scintillator counter. This histogram is fit to a. falling 

radioactive spectrum plus two ga.ussia.ns in order to determine the calibration 

constant for that counter. 
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4.2 Time Reconstruction 

As was previously mentioned, a urnque aspect of this LIP search is t he use of a 

fast custom WFD system rather than the more traditional technique of using ADCs 

and TDCs . The \;\!FD da.ta in an event can be used to reconstruct the position of 

a part icle's passage through a counter. This is important for two reasons. First 

of a.11, it is necessary, when doi ng 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 reconstru ction of the low energy 

radioactivity data described in sect ion 4.1.3. 

Second, during the LIP analysis itself, an important requirement is t hat the posi­

tion as reconstructed by the scintilla.tor system agrees with the position inferred by 

the streamer tube reconstru ction. This cut assures that a small ra.dioa.cti vity pulse 

which happens elsewhere in the counter.. followed by a t rack passing t hrough a era.ck 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 pi cto rial representation of the light traveling inside a scint illa.tor 

counter aft er a muon passes t hrough and the resulting waveforms. 

4.2.1 A Shnple Software Constant Fraction Trigger 

The actual posi t ion of a particle's passage through a tank can be ca.lculated using the 

\iVFD information by: 

pos = 
!:::,.f X 'l' 

2 
(-1.5) 

where ~ t is the difference in arrival t imes between the pul ses on the two sides of the 

tank (as est imated from the waveforms) , an d u is the effec tive speed of light in the 

tank. In thi s analysis 11 is the samP for every tank. It is taken from t he empiri cal 

measm ern ent of light travel time in one tank (18. 50 cm/ns) . If the value of l ' is 

systematicall y too high or too low, the value reconstrncted for position should be 
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Figure Ll.10: 'vVhen a muon passes through a counter , the produced light has to travel 
a different di stance to the two sides of the counter. Becau se of this the waveform on 
one side of the counter will see the pulse first. The position of the light producti on 
inside the counter can be estimated from t he difference in time between these two 
pulses if t he speed of light in the counter is known. 



47 

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 

the pulse is sampled every 5 ns instead of continuously, the actual maximum isn't 

known. Instead, the maximum digitized sample (lowest voltage since the pulses a.re 

negati ve) 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 4.11 is a pictorial representation 

of this. 

Minimum Voltage 

/ Estima<e fo, timo of 20% crnssfag 

20% of Minimum Volta e 

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

This simple linear fit an d application of equation 4.5 gives a result comparable to 
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our traclitiona.l TDC system (a.t lea.s t for muon size pulses ). In order to get bet ter 

resolution and. even more importantly. handle the differences clue to the fact t hat the 

pulse shape changes a.s a fun ction of pulse height, a neural network technique was 

used. 

4.2.2 The Neural Network Correction 

The linear fit a.lrea.cl y described was used to make an initial estimate for the position 

in the t ank. Then, a neura.l network was used to make a correction to t his estimate. 

The final position used is the es timate plus the neural network 's generated correction. 

In order make a. better est imate of the position in the tank than that produ ced 

by the simple fit described above requires fitting the lea.cling edge of the pulses more 

carefully. Unfortunately, the sha.pe of the pulse whi ch comes from the phototube is a 

function of its magni tude. Finding a. general shape fun ct ion whi ch ca.n fit all pulses as 

a function of magnitude and position in the t ank is a very difficult task. In addition , 

it is quite computationall y intensive . For every event there a.re at lea.st three tanks, 

ea.ch with two sides . each of whi ch has a photo-tube pulse to be fi t . 

An al ternati ve a.pp roach is to use a neural network. By training a. neura.l network 

to improve the estimate obtained with t he simpl e constant fraction trigger fit. t he 

diffi cul t ta.sk of fit t ing the shape of every pu lse can be avoided. Appendix A gives an 

introduction to neural networks works and how they a.re trained for the reader not 

famili ar with the subject . 

Figure -!.12 is a. representat ion of the network used in thi s analysis. The net­

work is trained by using the positions in the tanks a.s reconstructed by the streamer 

tube system. There is one hidden la.yer made of sigmoid neurons a.nd one linear out­

put neuron. Thi s relatively simple configuration works well a.nd more compli cated 

architectures did not perform better . 

The first important thing to note is that there a.re a. fix ed nurnber of inputs in 

the network . The ques tion then becomes : what should the inputs to the network be 

for thi s problem? One simple solution is to present a.11 waveform samples recorded in 
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;'/'• 
',., Linear Output Neuron 

<.l) Hidden Layer Non-Linear Neuron 

9 Side O Normalized Pulse Leading 12 Samples 

• Side 1 Normalized Pulse Leading 12 Samples 

9 Normalized Pulse Height and Ratio Information 

Figure -t.12: The network architecture used. There are 27 inputs, 27 sigmoid neurons 
in a. hidden layer , and one linear output whi ch gives the correction to the initial simple 
constant fraction trigger guess for the position. Note: All neurons a.re fully connected : 
for clarity of the figure however, only two of the neurons have their connections shown. 

a.n 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. a.re not useful for doing the calculation 

we want. 

Instead, what is clone is to present only the first 12 samples from ea.ch 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 'Nork 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 digiti zed waveform samples a.re normali zed to the maximum pulse 

height so t hat the network alwa.vs sees the same size of pulse (i .e., the pulses a.re 
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normali zed so that the peak sample has a. height of one). This is done independently 

for ea.ch side of the tank so that the network does not need to sea.le the pulses to 

compare them to ea.ch other. 

There is , however , informat ion in the relative pulse heights between the two sides 

of ea.ch tank. The attenuat ion of the light in the scintilla.tor counters maps the ratio 

of the heights between the two sides of the tanks to a. position a.long t he ta.nk. In 

order to tell the network a.bout thi s information, three additional inputs a.re used. 

Two inputs contain a sea.led version of the original heights of ea.ch pulse and the third 

contains their ratio. 

To train the network 'Ne use positions reconstructed vvith the streamer tube sys­

tem. This requires no Monte Carlo and the data. are continuously a.va.ila.ble. Since 

th is 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 sti ll valid by 

comparing the positions reconstructed in the tank by the waveforms and the streamer 

tubes as a. function of t ime. 

If the constant t ime offsets ( clue to cable length delays or photo-electron prop­

agation t ime .. etc) are removed for ea.ch channel , then on e single network works for 

every tank in MA CRO. 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 l\!IACRO run produces enough data.. The 

cost of having only one network is that the resolution is not a.s good a.s it might be if 

one ha.cl a. network trained for ea.ch tan k. However , for our purposes the advantages 

outweigh thi s cost. 

Figure 4.1:3 shows the difference in position of a. muon whi ch passed through a 

scintilla.tor tank, a.s calculated from the streamer tube and the WFD after correction 

by the neural network. Since the position resolution of the st reamer tube sys tem is 

a centimeter or less, the error here is mostly clue to reconstructing the scintilla.tor 

information . The sigma. of the fit is a.bout 8)5 cm, when data for all tanks used in t he 

a.na.lysis are combined. Incli viclua.l tanks typ ica.lly 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 

cm. 
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Figure 4.1:3 : Neural network corrected VlFD time position - ST position . The sigma. 
is 8.,5 cm. This histogram is for all good tanks in NIA CRO used in the analysis. 
Individual tanks have smaller sigmas. 

Figure -1.1 :3 contains entries over t he entire ra.nge of energy deposition. It is 

dominated by muons with pa.th- lengths of 19 cm or more. Because of this , most of the 

entries come from energy deposit ion s on the order of 40 Me\!. It is also important to 

investigate how we ll the procedure works for lower energies , specifica.l ly in the signal 

region of l- !j l\!Ie\/. Vl/e can investigate this by choosing particles which leave small 

amounts of energy in t he tanks. T hi s happens often because sometimes the path 
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Figure 4.14: Neural network corrected \1VFD time position - ST position for one tank 
in MACRO. Th e sigma. is a.bout 6.5 cm . This width is 25% less than the vv id th for 
the di stribution ma.de with all tanks . 



length t hough a scinti llator box can be very small. 
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F igure 4.15: Neural ne twork corrected WFD time position - ST pos1t10n for cases 
where the energy deposited is be tween 1 and 5 Ivi e V. The sigma is a.bout 1,5 cm. T hi s 
hi stogram is for all good tanks in MACRO used in t he analysis. 

Figure --1.15 is the same as figure 4.1:3 except that only boxes with energies from 

l-!3 lVIeV have been used . In t hi s hi stogram , the sigma. is slight ly less t han twice that 

of the p revious histogram . Thi s determines the value of the cut which ca.n be used 

in t he data analysis for comparing t he stream er t ube and sc int ill a.tor reconstructed 

positions . In t h is analysis the value of the cut is ± --15 cm . The resolution of the low 

energy events is lower because photo-electron statistics cause flu ctuations in pu lse 

height at low energy a.n d there is more train ing 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 Rl\lIS is nonetheless useful 

to look at it as a function of energy. Figure 4.16 shows the RMS of the resolution 

distribut ion as a fun ction 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. 
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Figure 4.16: The Rl\lIS 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 Rl\lIS is not as good a measure as a fit to the gaussian since the RMS 
is affected by tails of the di stri bution. 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 a.ncl t ime ca.li brations a.re complete it is a. relatively simple procedure 

to look for LIPs in the cla.ta.. 

5 .1 Data Sets 

The dat a. for thi s sea.rch 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 wa.s the ini t ial commissioning for the waveform system. 

The time between the first a.ncl second period ,va.s used to install new hardware. fix 

broken waveform channels, a.ncl reset the photo-multipli er t ube gains. The live-t imes 

for the complete data. set a.re presented in sect ion -5 .:3. 

Also. for most of t he first per iod of running. the inter-Sl\lI LIP trigger was not yet 

working properly a.ncl so the cabl es between the LIP modules in ea.ch supermoclule 

were unplugged . 

5.2 Data Reconstruction 

Before searching through the cl a.ta. fo r LIP ca.nclicla.tes. the ra.w dat a. was reel ucecl 

into a. form more a.ccepta.ble for dat a. a.na.lys is. In order to redu ce t he data. set size 

clown from an initi al size of approximately 500 Gigabytes , only informat ion relernnt 

to the LIP analysis was retained. Only events wi th LIP or fast streamer tube triggers 

were kept a.ncl the energy a.ncl t iming information for a. scint illa.tor counter was on ly 

reconstructed and saved if a. streamer tube track intersected with it. The events with 

only a. stream er t ube t ri gger a.re kept for effi ciency studies . 



56 

In order to reduce backgrounds, we require t hat a. streamer tube track pass though 

each counter that we examine, and that the positions as reconstructed by the vVFD 

algorithms and the streamer tubes agree. This reduces the chances that the energy 

we a.re examining is a.ctua.lly 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 di scusses how these data. sets a.re constructed. 

5.2.1 Tracking Require111ents 

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 st reamer tube 

hi ts in the vertica.l 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 addi t ion of the verti cal streamer 

planes acids more information. 

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

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

Single Track Events 

Approximately 90% of the events that have streamer tube tracks associated with the 

trigger a.re 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 st rip track exist, they a.re combined together to make a. three-dimensional space 

track. If a lateral track also exists, it (not the st rip track) is combined with the wire 

t rack to make the space track. 

Multiple Track Events 

It 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 thi s 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 vvire 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, informat ion from the scintillator is used to 

check the consistency of all the possible streamer tube t racks with the scintilla.tor 

information . 

The procedure used to resolve the ambiguities is as follows: 

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

2. Keep those possibilities where space t racks 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. 

• For each of these tracks , reconstruct the position m scint illator volumes 

that the tracks pass through . 

• Keep only those cases where the scintillator and st reamer tube positions 

agree. This should retain only physical space tracks. 

:3. Reject multiple tracks passing through the same scintillator counter. In order 

to recognize a LIP, it must pass without any other particles through ea.ch scin­

tillator volume, because it is difficult to disti ngui sh a single muon from a muon 

and LIP summed together. 

4. Resulting tracks are ana.lyzed to determine whether their energy loss is consis­

tent with that of being a LIP. These are referred to as analy::able tracks. 

Unfortunately, the effi ciency of this algorithm for isolating tracks in high mul­

tiplicity bundles is not high. This is clue 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 vVFD 

channel. In this case, since the particles arri ve a.t approximately the same time, t he 

resulting wave form is a superposition of more then one Pl\1T pulse and the WFD 

reconstruction a.lgorithms do not work properly. Thi s is less of a problem on the 

outside edges of a shower where the particle density is not as high. T herefore, t he 

algorithm works best outside the core. 

Figure 5. 1 shows the wire mul tipli city di stribution fo r this data set, and figure 5.2 

shows the multipli city di stribution of the number of analyzable tracks found in the 

events in the data sample. To see the correlat ions in these two distributions , figure 5.:3 

shows for thi s data. set t he number of analyzable tracks that were found in the event 

as a fun ction of the multipli city as measured by looking in the wire view . In this 

data set the highes t wire multipli city observed was 19 while the largest number of 

analyzable tracks fo und 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 di stance to 

the core of the shower , an estimate of th e shower 's core position is made by averaging 

t he X position at the half-height of MACRO for all of the wire tracks, and averaging 

the D position at the half-height of ]VJACRO of all of t he st rip tracks. T he D posit ion 

in the detector can be converted into a '{ posit ion by the following simple geometric 

transformation [40]: 

vvh ere 

y = _-_s_in_(_/3_-_a_ ).\_.-_+_D_ 
cos (/3 - a) ' 

/3 

O' 

T[ 

101.912 X --
180° 

T[ 

:38.41:2 X --. 
180° 

(5.2) 

Once the posit ion of the core of the shower is estimated, the shortest di stance 

to the core can be calculated for ea.ch analyzable track. This di stance is the line 
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Figure 5.1: Track multip li city measured in the wire view. 
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Figure :3.2: The distri bution of the number of analyzab le 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 in tersects 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 encl of 

MACRO and another muon which passed though the other encl of MACRO would 

have two entries in thi s histogram ( one for each track) and the di stance for ea.ch from 

the core would be a.bout :35 m (half the length of MACRO). 
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Figure -5. -J: The number of analyzable tracks as a. function of multiplicity and distance 
from the shO\ver core. 

If one once a.gain takes the wire mu ltiplic ity as an est imate for the multipli city of 

the event. it is possible to estimate t he effi ciency for the track matching algori thm 

as a function of mult ipli city. Figure 5.5 shows the fracti on of tracks which were 



successfully analyzed as a fu nction of t he mult iplicity of the event . 
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Figure 5.5: T he fr act ion of t racks whi ch a.re analyzable as a fun ction of mult ipli city. 
For any given mult ipli city the fraction is the total number of tracks analyzed for events 
wit h t hat wire multipli city di vided by the num ber of tracks at t ha.t wire mult iplicity. 

5 .3 Event Sele ction 

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

1. T he event m ust contain at least one analyzable space track. T he requiren1ents 

to construct an anal yzabl e space t rack are described in section 5.2. 1. 

2. T he LIP t rigger rnust have fired. 
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:3. There have been no CAlVIAC errors. Such a.n error indicates t hat some piece of 

hardware wa.s not working properly·. 

4. The stop ma.st.er must have been working properly. If the stop master does not 

work properly during a.n event .. the waveform data. will not correspond to the 

time the trigger happened. This could result in a.cciclent ly integrating small 

radioactive pulses . 

5. All three faces (top , center , a.nd bot tom) must have been hit by the t rack. The 

requirement that the track does not pass through the vert ical walls (necessary 

for calibrat ion reasons described in section 4.1.3) reduces the accept ance by 

a.bout a. factor of two for an isot ropi c flux . T he track also must have gone 

through counters w·hich have ha.cl their energies reconstructed without a.ny er­

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

• The counter might not have good ca.libration constants for some time pe­

riod. 

• The box may have been dead for some period of time (either because its 

supermodule ,va.s not operational or because of m aintenance ). 

Dat a. from the time period described in sect ion 5.1 were examined. Table 5.1 

sho,vs how many events met each of the above requirements. 

Requirement Number of events whi ch satisfied requirement 
Good Track -5,:3-56,651 
LIP trigger present :3,259.886 
No CAM AC error 3,259,183 
STOP lVlaster functioning properl y 3,0,H .755 
Three good hor izontal tanks hit 1,276.590 

Table 5.1: The nurnber of events which met the event selection requirements . 
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5 .4 Live Times 

For ea.ch track there a.re two ways the LIP trigger can fire. If the track is completely 

contained inside one supermodule, then the LIP trigger for tha.t 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 a.lso ca.use a. LIP trigger to be formed . In this case the LIP module in ea.ch of the 

two super modules that the particle passes through forms a trigger. The details of 

how the inter-supermodule LIP trigger works a.re explained in Appendix B. 

The acceptances (see chapter 7) and live times a.re calculated for the single super­

module and inter-supermodule case independently, to account for times when only a 

subset of the supermodules a.re active. In order to determine exact ly when different 

parts of the detector a.re operational for this search, the live time for ea.ch supermod­

ule and inter- supermodule pair is calculated by subtracting the times of the first and 

la.st track which meet all the requirements of Table 5.1 for that parti cular piece of 

apparatus. Table -5 .2 shows the calc ulated liYe times for ea.ch supermodule and inter­

supermodul e 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 li ve time. 

5.5 Analysis Cuts 

Ea.ch of the events that meet t he event selection criteria. must t hen be checked to de­

termine whether they a.re consistent with being a LIP. For ea.ch box the reconstructed 

energy is scaled to a. 19 cm pa.th 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 di scussed more fully in Chapter 6. Roughl y, 

the t rigger becomes efficient at a.bout 1.2 MeV and qui ckl y rises to 100% efficiency. 



66 

srv1 Live Time 
1 229.:3 clays 
2 2:35.8 clays 
3 221.9 clays 
4 183.7 clays 
.s 249.7 clays 
6 240.6 clays 

1/2 177.6 clays 
2/:3 175.1 clays 
:3/4 -58.4 clays 
4/5 127.2 clays 
5/6 185.2 clays 

Table G.2 : The ca.k ula.tecl live time for each supermoclule and inter-supermoclule pair. 
The li ve time is the subtracted time of the first and la.st track in ea.ch supermoclule or 
pair which meets the event select ion criteria.. The average time betvveen events that 
pass the cuts in a supermoclule is a.bout 1 minute and runs a.re typi cally 6 hours long. 

Then, a.t a.bout 20 Me V, the efficiency quickly drops to zero because a cut must be 

rna.cle to reject muons . 

At lea.st three boxes a.re hi t by ea.ch track, a.ncl there a.re several ways to ask 

whether the energy deposition in these boxes is consistent with a. LIP. The technique 

used here is to pick one number which characteri zes the energy loss for all the tanks 

on that track. Perhaps the most obvious choice is the average of the reconst ru cted 

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 onlv in the case where all of the boxes are anomalouslv low will a. low 
, , ... 

event energy be returned. Figur<" 5.6 is a hi stogram of this di stribution for all of the 

tracks that pass the select ion criteria. 

Befo re any cuts, there a.re events in the region where LIPs would be expected to 

appear (;S 20 l\!IeV). These result from two classes of reconstruction errors. First, 

there are cases where tracks passed close to the edge of a scintillator counter or ve ry 

close to a phototube and the energy was incorrect ly reconstructed. Fid ucia.I cuts 

reduce the number of these events . 
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Figure S.6: The maxim um energy reconstructed for any box on the track. Only an 
event in which every box has a low energy wi ll show up as having low energy in th is 
histogram . 
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There a.re also events in whi ch for some reason the posit ion reconstructed by the 

\iVFDs is inconsistent with that of the tracking system. There a.re a few things whi ch 

can ca.use this to happen . One is the tracking algorithm m ight not have worked 

properly for some event. It is important that the tracking algorithm work properly 

since we rely on the calculated pa.th length in the box to determine t he energy loss 

per uni t centimeter. 

Other possibili t ies include addit ional energy deposition in the form of elect ron a.nd 

photon shovvers spread over a large area, ca.using the \1\iFD reconstructions to fail ; 

rare ha.rdwar.e failures in the acq ui sit ion system; a.nd random coincident radioacti vity. 

The la.st is relat ive ly unlikely because the \,V FD t iming aJgorithm chooses the largest 

pulse in the buffer and a muon track is required to hit the coun ter. So long as the 

pass ing part icle deposits more energy than the radioactivity the aJgori thm should 

work properly. A cut on the agreement between the reconstructed streamer tube and 

WFD posit ions will be made to red uce the numbers of these events. 

We require t hat the position of particle passage as reconstructed in the streamer 

t ubes agrees with the posit ion as reconstru cted by the neural network timing proce­

dure to wit hin± -15 cm. Thi s resolu t ion is approximately :3 er if one uses the resolution 

measured in figure 4.1 5. Thi s cut removes a.bou t 1.8% of the data .. 

Because t he multiple track sample is more likely to have tracking errors, and the 

effici ency of the reconstruction vari es as a fun ction of the mult ipli city, the single track 

sample is presented first. The cli stri bution of maximum box energy for the single track 

sample after the position agreement cut only is shown in fi gure 5.7. 

As was di sc ussed earli er.. it is also important to make some fid ucial cuts. Because 

the correction for light attenuation is large at the very encl of the tank (Figure -1.2) 

very small errors in position can lead to large errors in the energy. \/1/e therefore also 

exclude tracks whi ch at their center in the sc intillator volun1e are located in the final 

10 cm of a scin t illator counter. 

This geometrical effect is taken into account in the acceptance 1\ilon te Carlo. By 

requiring t hat a ll tanks hi t by the track have this ficlu ciaJ requirement , the number 

of events in t he sing le track sample is redu ced by ~ 4%. 
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Maximum Box Energy in Event - Single Track - Position Difference Cut 
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Figure 5.7: T he max imum energy reconstru cted in any box on the track in t he event 
for the single t rack sample. In addi t ion , the streamer t ube and scin tillator posit ion 
reconst ru ct ion m ust agree to within ± -!5 cm. 
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Tracks close to t he edges of the scintilla.tor a.re also sensit ive to small position errors 

because a. sma.11 mismea.surement produces a large fra.ctiona.l error in pa.th length. If 

this sit uat ion happens in all of the boxes that the track passed through. then it 1s 

possible that a.n error m ight be ma.de in a.ll three faces . Also it must be stressed that 

a. rea.l LIP passing through thi s configuration would not be a believable candidate 

because of the above worri es. 

It is t herefore best to remove t hese 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) a.re rejected. This removes less than OA % 

of the data. and is accounted for in the acceptance l\llonte Carlo. In practice thi s cut 

only removes events whi ch a.re close to large gaps in t he detector , because in most 

cases the scinti ll ator volumes are close together, and a. track passing through a small 

part of one counter close to its wa.11, wi ll also pass through the counter next to it 

with a. larger pa.th length . Figme 5.8 shows the maximum energy distribution after 

the position difference and fidu cial cuts for the single track events . T he fiducial cuts 

remove a.II remaining events from the signal region. 

Now the sam e cuts a.re applied to t he mul t iple track sample. The resulting di st ri ­

bution is shown in fig ure 5.9. 

There are fou r events in the multiple t racks sample with maximum energi es be­

tween 20 and 2:3 l\!Ie V. Th e minimum entry in t he cli stri bution for the single track 

sample was at. 2:3 MeV. These four events were examined by hand. All four of these 

events were reconstructed as double muons by t he tracking algori thm. In t hree of the 

four ca.ses .. the tracking algorithm fai led and assigned a track where one really did 

not ex ist. This nonexistent track in tersected boxes that were act uall y hit, but the 

calculated path lengths with the fake track were incorrect. T he fourt h event ha.cl a 

maximum energy loss of 2:3 MeV. This event is fine and is consistent with the lowest 

energy seen in the single track samp le. 

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

t han 2:3 Me V. It will be shown in Chapter 6 that thi s is consistent with the background 
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Maximum Box Energy - Single Track - Position Difference Cut - Fiducial Cut 
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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 requ ired to within ± -:1.5 cm, and fiducial cut s in the scintilla.tor ,·olurne 
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 nrn lt iple track sample. The streamer tube a.nd scinti lla.tor posit ion recon­
st ruction ha\'e been required to agree to within ± 45 cm .. a.nd fidu cial cuts in t he 
scintilla.tor volume ha.ve been applied. 
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we expect from muons. Therefore, there are no candidates consistent with being a. LIP 

in t he data that was examined. \1\ihen calculat ing the efficiency of thi s ana.lysis for 

detecting LIPs in Chapter 6 we will consider 20 l\!IeV the cut below which maximum 

box energies will be considered consistent with a LIP. 
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Chapter 6 '!rigger and Analysis Efficiency 

In thi s chapter ·we examine how efficient this search is to LIPs with different fra.ctiona.l 

charge. 

6.1 PHRASE '!rigger Efficiency 

As was clescri bed in chapter :3 , the inputs to the LIP trigger a.re the low energy triggers 

of the PHRASE circui t. Ea.ch scintill a.tor counter of the detector ha.s its own PHRASE 

circui t a.nd they a.ll trigger independently. F igure 6.1 is a. single box spectrum ta.ken 

from a. free running PHRASE circuit [41] . 

The reason t ha.t this spectru m looks qualitati vely different from the WFD coun­

terpar t in figure 4.9 is tha.t there is no trigger threshold in the WFD spectrum. T ha.t 

da.ta. wa.s ta.ken from radioacti vity in the WFD buffers a.nd is cu t off not by a.n energy 

threshold. but by the requirement that the pulses be a.I" lea.st a. 2. 5 mv high a.nd t hat 

t hey be visible on both ends of the ta.nk. In the PHRASE spectrum the 40 E peak is 

not Yi si ble because the energy threshold occ urs close to the same energy as the peak . 

T he PHRASE spect rum is fit with a. falling exponential a. ga.uss ia.n centered 

a.round the 2~fTl lin e, a.nd a. threshold fun ction. This threshold fun ction is a. function 

of energy a.nd is constructed by in tegrating a. ga.ussia.n centered a.t the energy thresh­

old . with sigma. a.s given by the electroni c resolution a.t that threshold , from - oo to 

the ene rgy. T hi s ca.n be expressed a.s follows : 

(6 .1) 

where 

E - EthHs lw ld 
(6 .2) 

O"rtso /11tio11 
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Figure 6.1: The spectrum from the PHRAS E circuit of a. single box. Thi s spectrum 
wa.s measured by the PHRASE circuit itself. The three lines a.re the result of a. fit. 
The st raight line is a. falling ex ponential spectrum, the ga.ussia.n is centered a.round 
the thallium peak , and a. threshold function is also drawn. 
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Equation 6.1 can be re-expressed as follows: 

E(;T) = - + - erf - . 1 1 ( .r ) 
2 2 J2 (6.3) 

In figure 6.1 the threshold has been fit to 1.3 Me V. J..fore information on the 

procedure for determining the thresholds of the individual PHRASE circuits can be 

found in [42]. Since the LIP trigger reli es on the PHRASE triggers for its inpu ts. it is 

imperative to know what t he t ri gge r t hresholds were during the period of the search. 

These thresholds will ul t imately set the sensit ivity of the search for particles with ½c 

charge and below. 

By using muons which pass thro ugh very small amounts of scintillator (~ 1cm), 

the vVFD data itself can be used to measure the th reshold fu nction of the PHRASE 

counters. Since there is a. linear relat ionshi p between the pa.th length of t he particle 

t hrough the counters and the energy depos ited, by asking what the efficiency is fo r 

triggering the LIP t ri gger as a function of path length , we can measure the thres hold 

function. 

T he strategy for doing thi s calculat ion is to first count how many times boxes in 

the LIP tr igger fired as a fun ct ion of energy deposited in them. Figure 6.2 shows th is 

distribution fo r all boxes where a. single track hit th ree hori zontal faces and met all of 

the cuts desc ri bed in Chapter 5.5. There is one entry in the hi stogram for each box 

hi t by the track. 

In order to turn the previous di stribu t ion into a. t ri gger efficiency as a function of 

energy. it m ust be normali zed by the number of events which cou ld have caused the 

box in the LIP trigger to fire. To do t hi s we first make a Monte Carlo of the path 

lengths of part icles passing through the sci ntillator counters. In order to assure t hat 

the proper ang ular and spatial di st ributions are chosen . track parameters are taken 

from actual events . and those tracks are required to pass through boxes whi ch were 

\rnrking properl y at the t ime. 

If one knows the positions of all of the scinti lla.tor boxes perfect ly and there a.re 

never any tracking errors, then the distribution of the number of boxes hit as a 
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Figm e 6.2: Number of counters with a given energy loss . Ea.ch box hi t by a track 
is entered once into this hi stogram . In order for a.n event to be entered into thi s 
histogram , a single track must have hi t three hori zontal faces. 
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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 a.ct ua.ll y did pass through the box). This becomes more likely for smaller 

pa.th lengths because the only way to get a very small pa.th length is for the track to 

hit the box very close to the edge of the counter. This is v,here an error is most likely 

to make the track miss the box. 

A 2 cm ga.ussian smearing was added to the X and ):' intercepts of the Monte 

Carlo track and the pa.th length was converted to energy by multiplying by ~,! = 

1.84 MeV /cm. This normalization was chosen because it is the energy of a minimum 

ionizing muon as calculated by the same GEANT simulat ion used for the calibration. 

The smearing para.meters were an a.cl hoc choice which seemed reasonable. 

Figure 6.:3 shows the output of the l\!Ionte Carlo superimposed with the actua.l 

measured distribution of pa.th lengths x 1.84 Me\! /cm. 

The lVlonte Carlo and the actual data are in reasonabl e agreement. Since we do 

not know exactly ,vhat 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 cakula.te the efficiency. 

Unlike the Monte Carlo, in the data there a.re actually two effects which ca.use the 

clistri but ion of path lengths to not be flat for small energi es . 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 fron1 

the data is biased. 

It turns out for us, however, that this is a small effect compared to the number 

of times the box is missed clue to tracking errors and thus can be ignored. The proof 

of this is that the Monte Carlo, which includes only tracking errors, reproduces the 

di stribution as seen in the data. 

Before we can cli\'icle the contents of figure 6.2 by the contents of figure 6.:3 to get 
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Energy Deposition as Calculated by Path Length - Data and Monte Carlo 
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Figure 6.3: The distribu tion of path lengths converted to energy fo r both the data 
and Monte Carlo. T he Monte Carlo angular dist ri but ions were chosen from real data 
and the intercepts of the space t racks have been smeared with a 2 cm gaussian . 
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the triggering efficiency as a func t ion of energy, the two histograms must be properly 

normalized to each other. Multiplying the pa.th length of the track through the box 

by 1.84 Me V / cm was only an approximation to t he true energy loss. Because of t he 

Landau di stribution and photo-electron statistics a set of part icles passing through a 

scinti lla.tor counter with the same path lengths wi ll have a range of possible energi es . 

In order to estimate the fraction of the events contained in figure 6.:3 that would 

a.d ually have the energy obtained by simply multiplying by 1.84 MeV/cm, two more 

distributions were ma.de. First, figure 6.'± shows the number of events as a function of 

energy for a.U events with a path length x 1.84 MeV)cm 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 clue to the fa.ct that the energy loss fo llows the Landau distribution. 

It is also possible for particles with pa.th lengths x 1.84 Me V / cm greater than 

15 cm to have energies less than 15 ~1IeV. This is clue to both the intrinsic wid th of 

the Landau di stribution and photo-electron statisti cs . Figure 6.5 shows the number 

of events as a. function of energy fo r all events with a pa.th length x 1.84 Me V / cm 

greater than 15 Me V. As can be seen there a.re indeed some boxes which have less 

than 15 MeV of energy deposit ion. 

The fraction of counters with less than 15 MeV of energy is 79.5% of the number 

of counters whi ch have a path length x 1.8~1- MeV /cm less than 15 MeV. Apply ing 

this normali zation factor we d ivide the di st ribution of the number of coun ters with 

a given energy deposition by the di stribution of the number of counters we expected 

to trigger , based on the pa.th length distribution multiplied by t he normali zation 

factor. The resul t ing effic iency distribution is shown in figure 6.6 . The fa.ct that some 

efficienc ies appear greater than 100% is clue to the normalization factor only being 

an estimate of the trne normali zat ion as a fun ct ion of energy. 

The th reshold function as desc ribed in equation 6.:1 is superimposed on the effi­

ciency distribution. The energy threshold used in equation 6.:3 is 1.2 MeV and the 

electroni c resolu tion is 0. -1 MeV. The data a.re well desc ribed 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 funct ion 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 IVIeV. The rest have fluctuat ed high clue to the 
Landau distribution. 
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Figure 6.-5: T he number of counters hi t as a. fun ction of energy fo r counters with a 
path length times 1.8-1 Me V / cm more than 1-5 Me V . Some of the boxes fluctuate to 
less t han thi s value. 
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PHRASE Efficiency as a Function of Energy 
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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 resolu t ion of 
0.4 MeV. 
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6.2 Monte Carlo Generated LIPs 

vVith the threshold function at low energy a.nd 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 scintilla.tor volume with it. In order to 

simulate LIPs in the GEANT Monte Carlo, muons a.re propagated through MACRO 

counters and the following two operations a.re performed on their energy loss : 

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

account) is scaled by the square of the charge of the LIP. For example, if a ½e 

charged particle is being generated , then the energy lost is multiplied by ! in 

order to obtain the the simulated energy loss of the LIP. There a.re also loga­

rithmic dependences on the charge in the Bethe-Bloch energy loss formula. [17], 

but over the whole range considered here thi s effect produces less than a 10% 

discrepancy, which is to be compared to the 20% smearing clue to photo-elect ron 

statistics at low energy. 

2. In chapter 4 the resolution is gi ven 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 a.re: 

• The variation in calibration constants from counter to counter 

• The differences m linearity from 1 to 40 MeV from vVFD channel-to­

channel 

• The quality of the calibration constants over the entire counter when short 

pat h lengths and the response function of t he counter a.re ta.ken into ac­

count . 

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

to generate rnuons with several different such terms a.ncl 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 earli er 

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 l\!Ionte Carlo super imposed. They have a 1 %, 10%, and 20% constant energy 
term added to the resolu tion. Ea.ch distribut ion has the same number of events . 

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

Therefore, the energy resolu t ion will now be taken as: 
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Figure 6.8: The multiple t rack 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 di stribu t ion has the same number of 
events . 
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I 

6.E . ,ci1 ( 1 l\!Ie V) 2 c,i 
E = l◊10 E + l0 1c,. (6.4) 

Although the low energy tail of the muon di stribution 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 act ually 

as we expect . The Monte Carlo is a single box Monte Carlo and does not take into 

account the ex tra energy that comes from showers and delta rays from other parts 

of the detector. For our purposes we a.re only really interested in the low energy 

part of the distribution. Thi s is because it is the background to the LIP search. By 

determining where we no longer expect to see events clue to muons, we define the 

range in which we are sensiti ve to LIPS. 

Figure 6.9 shows the result of the Monte Carlo for ¼e , ¼e, ½c, ½e, and 1e charged 

particles . For each charge the maximum box energy distribution is produced. 

It 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 part icles will be greatly 

affected. Likewise, the PHRASE threshold function wi ll determine the efficiency for 

detecting ¼e charged particles and lower. 

6.3 Efficiency of Analysis 

In order to calculate the efficiency of this search to different frac t iona.l charges . LIPs 

are produced ,vith 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 t he 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 

candid ate. In the efficiency calculation we use 20 lVI eV as the value of the cut. 
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Figure 6.9: The maximum box energy distribu t ion for ½ e, ¾c ½e, ½c, and ~E charged 
par t icles . 
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As was noted earli er the data has more events at higher energy than the r-.fonte 

Carlo. If an act ual 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 ,vould be indi stinguishable from muons, because the 

maximum box energy for those events would be larger than 20 Me V. 

In order to be conservat ive, we have calculated the efficiency assuming that LIPs 

have the sam e high energy tail as muons. This was accomplished by rescaling the 

muon maximum box di stribution by t he square of the desired charge. Since delta 

ray production (whi ch 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 

di stribu tion . and not only the mean , should sea.le wi th the square of t he charge of 

the incoming part icle. Figure 6.10 shows the calculated effi ciency for both the Monte 

Carlo and the rescaled data. 

When calculating the limit t he rnore conservat ive rescaled data will be used for 

the effi ciency. 
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Figure 6.10: Efficiency of the search for different fractional charges . The efficiency is 
limited at lavv energies by t he PHRASE threshold and the requirement that all three 
faces of the detector must trigger , and at high energies by the cut at 20 Me V. Both 
the data. from the ]\!Jonte Carlo and the rescaled muon data. a.re shown. 
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Chapter 7 Geometrical Acceptance of the Search 

Before this result can be converted into a. limi t, a. calculation of the geometrical 

acceptance must be clone, where: 

j 
_, _, 

Acceptance=. E(X, Y , 0, </>) clA · clD. (7.1) 

'vVe calculate the above integral for the case of a.n open box (i.e., two rectangular 

planes of area A separated by distance cl). Because of our geometry and the fact that 

no tracks are allowed to pass through the vert ical walls , this is an adequate description. 

It should be noted that, based on the calculation presented in Section 2.4.1 , it is 

assumed if a track passes through all three scintilla.tor planes, it vvill also pass though 

ten planes of streamer tubes and at least six of them will fire. The efficiency factor E 

is the probability that all three planes in the detector have been hi t in active boxes 

inside their fidu cial area.. Equation 7.1 can be rewrit ten a.s follows: 

Acceptance =./ e(X. Y , 0, </> )clX c11· cos 0 sin 0d0cl<f> . (7.2) 

The cos 0 factor comes from the dot product in equation 7.1 and the sin 0 is part 

of the solid angle. dX and dY are the coordinates of the top plane, and the integrals 

over angle a.re 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 .Jaco bian: 

cos3 0 
Ill=--. 

cl2 sin 0 

Rewriting equation 7.:3 we n0vv have: 
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(7.4) 

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

the fact that: 

b- Cl N 1·b 
li m - .-L y(;r;) = y( :r)cLr , 

N - o::.- N . a 
,.=1 

vvhere the .1'; a.re uniform random numbers between O a.nd 1, we can rewrite equa­

tion 7.4 in the form of the following sum: 

A A. 1 N 
Acceptance = • ;

12 

2 
x NL t(X1; , 1i; , X2;, Y2;) cos4 0;. 

1.=l 

(7.6) 

As wa.s previously mentioned t(X1, , }i; , X 2,, 12;) is a.n efficiency factor in the sum 

which is 1 if all three faces are hi t in good boxes and O if not. This is how both cracks 

a.nd boxes without good calibration constants a.re ta.ken into account. In practice an 

open box larger than MACRO is p laced around the MACRO geometry a.nd points 

a.re chosen randomly on the two planes. E is determined for every event a.nd the sum 

is carried out for a calculat ion 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 calculat ing the limi t presented in Chapter 8 these 

acceptances a.re multiplied by the live time for that particular supermodule or inter­

supermoclule pair. The acceptances a.re cak ula.ted for seven sub-periods of running. 

The calibration constants were calculated separately for ea.ch of these periods and 

there are different operational sc intillator counters in ea.ch. 
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SM 1 2 3 4 ,5 6 7 
1 21,5.9 ± 4.5 215.8 ± 4. -5 191.7 ± 4.2 215.9 ± 4 . .S 167.l ± 4.0 215 .9 ± 4. 5 21.5 .~1 ± 4.5 
2 162.8 ± 3.8 191.3 ± 4.2 204.6 ± 4.4 181.6 ± 4.2 181.6 ± 4 .1 181.6 ± 4.1 181.6 ± 4.1 
3 153 .9 ± 3 .8 190.4 ± 4.2 133 .8 ± 3 . .S 174 .2 ± 4.0 174.l ± 4.0 174.1 ± 4 .0 174.1 ± 4.0 
4 202.2 ± 4.4 214. 2 ± 4 .. 5 214.2 ± 4. 5 214 .2 ± 4.5 214.2 ± 4.5 214.2 ± 4 .5 214.2 ± 4. ,5 
,5 162 .3 ± 3 .~I 102.1 ± 3 .1 225 .0 ± 4.6 22 .5 .0 ± 4.6 22.5.0 ± 4.6 22 5 .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 .] 181 .5 ± 4.1 153 .3 ± 3 .8 

1/2 71.2 ± 2.2 67 .8 ± 2 .1 71.2 ± 2.2 71 .2 ± 2.2 71.2 ± 2.2 71.2 ± 2.2 71.2 ± 2.2 
2/3 33 .1 ± 1.4 63 .0 ± 2.0 61.5 ± 2.0 5,5 ,3 ± 1.9 .S .S.3 ± 1.9 55 .3 ± 1.9 .5.s .3 ± 1.9 
3/4 52.6 ± 1.8 70.8 ± 2 .2 ,56 .4 ± 2.0 70. 8 ± 2.2 70.8 ± 2 .2 70.8 ± 2 .2 70.8 ± 2.2 
4 /-5 .56 .2 ± 1.9 ,56 .9 ± 1 .9 78 .8 ± 2.3 78 .8 ± 2.:3 78 .8 ± 2 .3 78 .8 ± 2 .3 78.8 ± 2.3 

5/6 64.1 ± 2 .1 25 .3 ± 1.3 70 .8 ± 2.2 , .5 .2 ± 2.2 75 .2 ± 2.2 , .S .2 ± 2 .2 , .5 .2 ± 2 .2 

Table 7.1: The calculated acceptance for each supermodule and inter-supermodule 
pa.ir. The results of the calculat ion a.re presented for ea.ch of seven sub-periods of the 
run . These periods were cali brated separately a.nd each have different operat ional 
scint ill a.tor 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 

½c:. The detector is sensit ive to part icles with /3 of between approximately 0.25 and 

1.0. Unlike pre,· ious experiments. this search attempted to find LIPs in both single 

track events and buri ed 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 flu x limit of <I> :S:: 9.2 x 10-15 cm - 2 sec1 sr - 1 . 

The two best experiments to compare to a.re the LSD experiment [21] and the 

I..;:a.mioka.nde experiment [1 8] . \i\!hile LSD claims to have t he best scintilla.tor-based 

limi t in the world, hamioka.nde has the lowest limit. Bot h of these experiments only 

claim sensitivity to ½ c and ~e charged parti cles . 

Table 8. 1 summarizes the limi ts of this search in compari son to other searches: 

Charge 
Search .!. .!. 1 .!. !. 

-~ d ::; ' ) 1 
LSD - - 2.:3 X 10-13 Not Quoted ·) --·' X 10-13 

This Search 2.8 X 10-14 1.0 X 10-14 9.5 X 10-1.5 1.1 X 10-14 2.0 X 10- 14 

L u11iokancle - - 2.1 X 10-15 Not Quoted 2.:3 X 10-15 

Table 8.1: A summ ary of limi ts in LIP searches. This limit is compared with limi ts 
from the water ( :erenkov E a.miokande experi ment and the scint ill a.tor based LSD 
experimen t. The MACRO experiment is alon e in setting a limit on ½e and ¼e charged 
parti cles. 

For the entries marked "Not Quoted ," the experiments do not report a limit 

for that charge although the ex periment. should have been sensitive to that energy 

deposition. At lea.st in the ca.se of LSD, there were two candidates in the ½e region 

which were ignored because they were not considering ½e charged particles . In the 

Ka.mioka.nde experiment only ½c and 1c were searched for. 
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Unlike the other two searches this search is sensitive to a continuous range of 

charges from ¼e to close to the charge of an electron. This limit is shown in fig ure 8.1. 

' .... Cl) 
(\J 

I 

E 
(.) 
;; 10- 14 

E 
~ 

6.0 

Flux Limit at 90% C.L. 

- This Search 
ll]Kamiokande 
4),LSD 

5.0 

for Lightly Ionizing Particles 

4.0 3.0 
1/Charge 

2.0 1.0 

F igure 8.1: T he upper limit on LIP fluxes at 90% confidence level established by this 
search. Also shown are the limits from the searches done at the hamiokande and 
LSD experim ent. Unlike those experiments we report a limit for a cont inuous range 
of charges. 

Another t hi ng to note is the qua.litative difference in the type of search being done 

cornpa.recl with the other searches. Wh ile this search had no candidates and requ ired 

hand scanning of only :3 in 1.2 mi llion events, LSD ha.cl -1 candidates out of 56/cl 

events and E amiokancle needed to hand scan over '4:800 events. 

There are differences between MACR O and the other experiments that should be 

considered before comparing the li mits presented in thi s search and those of the other 

experiments. First of alL the limit is calculated for an isotropic fl ux over all ~lir of 
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solid angle . In this search , MACRO has almost no sensitivity to the portions of that 

flux which a.re horizontal All of the acceptance comes from particles which a.re going 

verti cally through the detector. The acceptance of the Eamioka.nde experiment is 

quite different. Unlike MACRO , much of its acceptance comes from particles coming 

hori zontally. 

If LIPs a.re produced in the rock of the tunnel around lVIACRO , then an isotropic 

flux would be a reasonable assumption a.bout the direction they would arrive from. If 

on the other hand , LIPs a.re either produced in the upper atmosphere or a.re impinging 

on the earth from outer space, it is not a valid assumption a.t a.11. Although it is trne 

tha.t LIPs will travel fart her through material t.ha.n muons, they would not be a.b le 

to travel through the entire earth. A ! e charged particle would travel 25 times a.s far 
,) 

as a. muon by virtue of its reduced energy loss , but that distance would be nowh ere 

near wha.t was needed to travel a.11 the way from the fa.r side of the ea.rth. 

For LIPs coming from somewhere above the surface of the earth, the a.ng ula.r 

distribution should be similar to the downward going muon flux. For the MACRO 

experiment , only considering particles whi ch could sun·ive passing through the rock 

to reach the detector ,vould reduce the calculated acceptance by a.bout a facto r of 

two (since downward but not upward go ing particles would be accepted). For the 

hamiokancle experiment t he acceptance wou ld be redu ced by a larger factor since 

only that pa.r t of the flux with a vert ical downward component would be relevant . 

Finally, when comparing limits for LIP searches in the cosmic ra.cli a.t ion the depth 

of the ex periment should be considered . An experiment on the surfa ce of the ea.r th 

will be exposed to more muons but subj ected to worse backgrounds frorn sources 

such as soft photons from showers. Also , the proportion of the flux which contains 

LIPs in creases the deeper t he ex periment is located . Since part icles with frac t ional 

charge lose less of their energy when they pas.· through ma.teria.l than muons, they a.lso 

range out less quickly. Therefore , the deeper the experiment is located, the higher 

the fract ion of muons wh ich ha.ve stopped in the earth relati ve to the LIPs conta.ined 

in the flux. The average thickness of rock over the IVIACRO detector is :3700 meters 

of water equivalent. The h:amiokande experim ent has an overburden of 2700 meters 
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of water equi valent , and the LSD experiment is covered with 5000 meters of water 

equivalent. 
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Appendix A Introduction to Neural Networks 

For a more general introduction to neural netvvorks, see reference [43] . In general, a. 

neura.l network is no more then a. non-linear fitting procedure with many adjustable 

para.meters. Neural networks a.re based on ideas and observations from biology. A 

biologi cal 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 mathematica.lly. 

Figure A .1 shows a neuron of a neural network. 

Output 

f 
OR 

/ -- X 

Inputs: N-1 N 

Figure A.l: A neuron for use in a neural network . The neuron has several inputs 
and onl y one output. The outpu t is a function of the sum of all of its inputs each 
multipli ed by som e weight. The function can either be a non-linear sigmoid fun ction 
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 wi th each input assigned its own weight. Then. the sum 

is passed through a fun ction . In genera.I , thi s function is non-lin ear and in prac t ice 

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: 

(A.l) 

It is also possible to have the output of the neuron be linear. In thi s 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 inpu ts multiplied by their respective weights. 

To solve a problem using a neura.l network , many of these neurons are attached 

together into a network. In a f eed forward network the neurons are arranged in layers 

and typi call y the inputs to each neuron a.re the outputs of a.11 of the neurons in the 

previous layer. Such arrangements a.re referred to a.s fzdly connected networks. 

Ea.ch layer in the netvvork has fewer neurons in it than the one before it, until 

finally in the la.st layer there a.re onl y one or two output neurons. The inputs to the 

network (some set of variables which have been chosen to represent the problem) a.re 

feel into the inpu ts of the first layer of neurons. Layers of neurons between inputs 

a.ncl outputs a.re known as hidden layers. The number of layers and the number of 

neurons in ea.ch layer a.re 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 iT or fl). 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 bidden layers however, a.re still usually 

sigmoids. For some examples where netvvorks with continuous outputs have been used 

in phys ics, see references [-1--! , 45]. 

If all of t he weights for ea.ch neuron are set properly, then for a. given set of 

inputs, the output neuron(s) will give the answer whi ch is desired. The process of 

setting these weights is known a.s training. A set of t raining data. is prepared for 

which the desired answer is already known. These data. a.re then presented repeatedly 

to the network and the weights a.re adjusted until the output neuron(s) reproduce 

the desired answers with some accuracy. For more detail s on training networks, 

see references [--B , --l•L -Vi]. Th is process is. in fact. a. minimi zation procedure and 

many different schemes can be used depending on the problem being approached. 

The popular HEP program .JETNET [-1:3] has many of these procedures availabl e in 
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functions which can be called from C++ or FORTRAN programs. 
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Appendix B LIP Trigger Technical Specifications 

T he LIP t rigger is a. CA.MAC module whi ch m a.na.ges input signals from several 

different parts of the detector. Ea.ch LIP t rigger module covers one supermodule's 

wort h of the MACRO detector. It organizes a.ll of the scint illa.tor counters in ea.ch 

supermodule into three logical faces . T he counters of the a.tt ico (including the upper 

vert ical tan ks ) a.re the ''top" layer. T he center tanks a.re the "center" layer , and the 

bottom tanks (a.long with the lower vert ical tanks) a.re grouped in to the "bottom" 

layer. In addi t ion the OR of ha.If of ea.ch layer is passed to the LIP modules in t he 

adj acent supermodules . T hese a.re referred to as the "adj acent" inpu ts and outputs . 

T hese inp uts allow the LIP to t rigger on part icles whi ch pass from supermod ule to 

su permocl ule. T his la.you t is shown in figure B .1. 

TOP LAYER 

~ 

ti 
Top Tanks 

Center Tanks 

CENTER LA YER 

~ 

~ 
r-' 
~ 
~ 

.3 
~ Bottom Tanks ~ ~--------------

/ 
BOTTOM LA YER 

Figun" B.l: T he organ izat ion of t he LIP boxes in one supermodule. 

In order for a. t ri gger to be for med. t he fi rst con di t ion whi ch m ust be met is a. 

scint illa.tor coincidence either between all three logical layers or between two layers in 

one supermodule and one laye r in another. T hi s condi t ion is called the "scint illa.tor 

pre-trigger.·· T he occ urrence of a. sc int illa.tor pre-trigger ca.uses a. LED to fl ash and a. 
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signal to be generated a.t a. LEMO connector on the front panel. 

After the scintilla.tor pre-trigger , the information a.bout which scintilla.tor tanks 

have fired is latched for possible later readout. Then, t he system waits for a. trigger 

from the st reamer tube system. The a.mount of time the system waits is a fixed 

number of clock cycles. In actual running it is 6.4 psecs . If bot h of these conditions 

are met , the circuit issues a. trigger output a.nd a. stop signal to the 200 MHz waveform 

digiti zer system. In the ca.se tha.t the LIP circuit triggers on a. part icle passing between 

two supermodules , the LIP in both supermodules trigger independent ly. 

Although it is possible to operate the LIP trigger without the requirement of 

the streamer t ube inputs (in t hi s case the pre-trigger ca.uses both the trigger and 

wa.v<:> form digitizer stop ), it is nonetheless necessary in practice. Each indi vi dual 

scintilla.tor counter fires at ;:::::: 2-3 kHz. This rate is set by ambient radioactivity in 

the experimental hall and in the detector itself. There a.re over 70 tanks in ea.ch 

super-module. \,\/ ith only the scintill ator 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 CA.MAC registers a.re read out from 

the LIP. These contain the information a.bout which of t he 76 tanks in the SM caused 

the scintilla.tor t rigger. This informat ion is used both in event reconstruction and 

in deciding which channels of the waveform digitizer should be rea.cl out. The use of 

\VFDs ( as opposed to a traditional ADC/TDC system) helps to suppress backgrounds 

tha.t can result from sma.11 radioactivity pulses starting an ADC /TDC gate too early. 

This can result in the partial integrat ion of a. pulse which then is reconstructed with 

a. much smaller energy than was a.ctu a.lly deposited in the tank. 

T he LIP trigger itself is completely digital. Because of this. another system must 

be us<:>d to di scriminate on energy. The LIP trigger uses the lowest energy- based 

scintilla.tor triggers ava.ila.bl<:> in NIA CRO. Its inpu ts are the individual box triggers 

produ ced in the PHRASE ( one of the gravitational collapse triggers) which ha.ve a. 

trigger t hreshold of ;:::::: 1.2 MeV. More information on tlw 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 ha.cl 8 LEIVIO 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 a.long with the streamer tube inputs, trigger outputs and 

informational LEDs all in one triple-width CAMAC module. 

Once the digital NIM level signals a.re brought from the PHRASE to the front 

panel of the LIP, they a.re transfered from the block AMP connectors of the cables 

into the AMP headers for the cables on the front panel a.ncl then onto a. printed 

circuit boa.rd (PCB) which forms the backing of the front panel. The signals then 

pass through boa.rd- to-boa.rel interconnects and onto the ma.in LIP PCB which is set 

a.t 90° to the front panel boa.rd. 

PHRASE and streamer t ube signals a.re converted into TTL signals by ECL 100325 

ECL to TTL converter chips. Ea.ch channel of the 100:3:25 has two inputs. One inpu t 

is for the incoming NIM signal and one is for a reference voltage that will be used 

for the triggering comparison. Ea.ch of the reference voltage inputs are attached to a. 

voltage plan e in the PCB and stabilized with a .1/lFa.ra.cl capacitor. T he voltage of 

t he reference plane is controlled by a.n adjustable voltage regulator and a. turn pot. 

The reference voltage is adjusted so that TTL pulses are a.re formed whenever the 

NIM inputs a.re lower than -0.6 Vs. 

All of the logic and readout decisions a.re handled with XILINX field programmable 

gate a.rra.y chips. There a.re two XILINX chips on ea.ch boa.rd: a. 175 pin XC:3090 and 

a. smaller 68 pin XC:30:20 . The ma.in advantages of using XILINX chips instead of 

di screte logic chips a.re their density, reusabi li ty, and the flex ibility they afford if 

design changes a.re needed. The chips themselves a.re comp letely generi c. In order 

to program their fun ctionality. one uses a. computer CAD system to program a. 16E 

PROlVI (the XILINX XC1765). 

The XILINX chips a.re ea.ch wired to a. PROIVI. \,\"hen power is applied to t he chips , 

they load the info rmation from the PRO lVI s 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 $100. the PROlVIS cost on the order of $5 , a.nd the entire design ca.n be modified 

simply by changing only the socketed PROM chips . 

Logically. the functionality of the trigger is divided between the two chips a.s 

follows: the scintilla.tor pre-trigger and the CAlVIAC readout are contained on the 

larger 175 pin chip. The combination of the scintilla.tor pre-trigger and the later 

arriving streamer tube information happens on the second smaller chip. If a. streamer 

tube trigger arrives within 6.4 ftSecs 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 a.t 

the LIP trigger , they a.re synchronized to the clock. Once the incoming signals have 

been synchronized, everything else in the design is completely synchronous. Ea.ch 

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 OR ed into their 

respective faces and then ANDed to make the three face scintilla.tor coincidence. If 

there is a three fold coincidence. a latch signa.l is sent back to a.II of the latching 

counters and a scin ti llator 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 scintilla.tor 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 cycles. 

The reason that a signal three clock cycles long is latched instead of the two clock 

cycle logi c 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 cycle (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 
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within tha.t clock cycle. 

\,\lhen the scintillator pre-trigger arrives a.t t he second chip , a gate of 6.4 f.l Secs is 

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 encl of the gate no streamer 

tube signa.ls 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 scintilla.tor coincidence. 

In the case that a. trigger ha.s happened the latches stay locked for later readout. 

All of the latch outputs a.re attached to tri-sta.te buffers which a.re in turn attached 

to a. common set of bus lines which can be read out with CAl\/IAC commands. The 

tri-sta.te buffers a.re 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 tha.t group of tri- sta.te buffers. 

The circuit recognizes two CAMAC commands F9 (clear) and F0 (read). In the 

case of F0, the A lines a.re used to address which groups of tanks should be read ou t. 
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