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I. INTRODUCTION

This text explains the structure and operation of the DUMAND Monte Carlo
program. It is divided in sections so that additional material can be added
as the program evolves, or as additional explanations or amplifications are
written.

The DUMAND Monte Carlo program was originally developed by V. Stenger
(1). It started from a program written by the author, called MUMC, which sim—
ulated the energy loss of high-energy muons in the ocean, and had been used to
demonstrate the feasibility in principle of analyzing high-energy neutrino in-
teractions in sea-water (2). That program survives as a subroutine in the
general-purpose Monte Carlo, into which Stenger incorporated specification of
the DUMAND array, calculation of the detected signal in each module, and re-
construction of the muon track or hadronic cascade from the observed module
responses. The routine describing the transmission of Cerenkov light in the
ocean, the calculation of light incident on the PMT and its response has been
replaced by a more detailed and accurate one written by J.G.Learned (3.

The development of the Monte Carlo program has diverged in recent times;
but now a new effort to unite on a single version is in progress. The com-
bined executable program is known as DUMXX.EXE. DUMXX has been rather exten~
sively commented, and the present manual 18 an attempt to make It usable to
other members of the collaboration.

Programs like these are constantly subject to change and improvement; as
is well known, the best way to handle such changes and improvements is to ac-
cumulate them for a period of time, and then to issue a new version. We will,
attempt to do so for DUMXX; if users will be so good as to send proposed
changes to us, we will incorporate them. We will alsoc maintain a list of re-
visions.

II. ACCESS TO PROGRAM FILES; LIST OF REVISIONS

The Fortran source files of the program can be accessed (read only) by
signing in on the Hawaii VAX under the user code DUMAND, and then calling for
the respective files, preceded by the directory [DUMCO.DUMXX]. Thus the com
mand COPY [DUMCO.DUMXX]JDUMXA.FOR XXX,FOR will copy the file DUMEA.FOR to a
file in the DUMAND area called XXX.FOR.
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Revisions can be defined by the version numbers of the component programs
and the combined executable file., In the present version the executable file
is DUMKX.EXE; and the program is compiled from object files of DUMXA, DUMYA,
DUMZAX, DUMCIA, DUMC2A, DUMC3A, and DUMC4A. In addition the common storage
file DUMCA.INC must be present before compilation. The command file DUMXA.COM
does the linking.

LINKING: To link on UH VAX, the file DUMXA.COM calls:

$L INK/OUT=DUMXX.EXE [DUMCO.DUM]DUMXA -
+DUMY A+DUMZAX+DUMCL A+DUMC2 A+DUMC3A+DUMC4A ~
+CERNLIB:HBOOKL/LIB + CERNLIB:CERNLIB/LIB+XSYS:HEPLIB/LIB

Outside of UH you may not have these libraries. After compiling the ob-
ject modules you can then say, using the UCIU example,

$LINK/OUT=DUMXX.EXE [DUMCO.DUM]DUMXA -
+ DUMYA+DUMZAX+DUMCLA+DUMCZA+DUMC3A+DUMCAA -
+SUBCERN.OLB/LIB+HBOOKL.OLB/LIB+GENSECLIB.OLB/LIB

The command file DUMXA.COM will contain the appropriate link command.
I1I. USE OF THIS GUIDE

This guide is intended to provide the user with sufficient information to
use the DUMAND Monte Carlo program and to understand its contents and prin-

tout.

In the first section, the general nature of the program is outlined, and
its capabilities discussed. The second section is concerned with how the pro-
gram 18 constructed and operated; it gives imnstructions for wusing 1it.
Section 3 1is concerned with Interpreting the printouts. The appendices con-
tain detailed explanations of the printouts, for three different sets of data.

This discussion is by no means comprehensive; many more things can be
done with the program. Further amplification will, we hope, be forthcoming in
later revisions of this manual.

SECTION 1.

1A. Overview.

The DUMAND Monte Carlo program has three main parts. The first part is
concerned with the generation of tracks; 1t will on command generate single
or multiple tracks, of specified direction and spacing, with a specified ener-
gy or energy distribution, and originating at specified locations. In this
part the array is not specified in detail, but a coordinate system for it is
set up.
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The tracks are usually simulated mion tracks, though hadron cascades may
be generated instead. Interactions due to pair production, ionization, brem-
strahlung, and nuclear interaction are simulated in accordance with the proba-
bility of such interactions in sea—-water for muons of the appropriate energy.
Cascades produced by fast electrons are simlated, and the Cerenkov light pro-
duced by all these interactions is generated with the proper intensity and di-
rection. Thus the illumination of each module in the array can be found, tak-
ing into account the wavelength-dependent attenuation of the Cerenkov light in
the water. The PMT response is then calculated, taking into account the at-
tenuation of the Benthos sphere and PMT envelope, the PMT cathode
(wavelength-dependent) efficiency, and the Poisson distribution of the photoe-
lectron yield.

The second part specifies water transparency as a function of wavelength.
It then specifies the DUMAND array in detail: number and location of strings
and modules, including random errors in string location; and PMT sensitivity
(ag a function of direction and wavelength). It then calculates the perfor-
mance of the array in detecting the track; i.e. the time of arrival of the
pulse on each module hit, its amplitude, and other possible information (such
as closely spaced hits if the primary signal is not a single muon but a a bun-
dle of muons.) The program takes due account of the Poisson fluctuations in
signals.

In addition, the program generates background noise pulses of two sorts:
tube noise and external illumination noise, which is lumped under the heading
of K40 background, even though it may contain components due to bilolumines-
cence. The program then 1is in a position to simulate the array response
whether a muon is present or not.

In the absence of a muon signal, one can study background effects, such
as similation of muon tracks by random background, a potentially serious prob-
lem.

In the third part of the program, a track detection and analysis routine
is 1ntroduced. Its purpose is to use the data on module hits to find tracks,
whose direction can be determined.

The program also contains routines intended to find the energy of the
muon or cascade, and to give an indication of the multiplicity in the case of
muon bundles.

The track-finding part of the program 1s adapted, in part, from
bubble—chamber routines, and its first pass (the space fit) resembles standard
routines in structure. However, a second pass (the time fit) takes into ac-
count the time of each hit, a feature not available in bubble-chamber
track-finding routines.

Finally, routines for histogramming, printing, or otherwise examining the
data and results of the program are liberally provided.
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1B, Structure of Program.

Since the Monte Carlo 1s a very long program, it is incoanvenient to com
pile 1t as a single unit; it takes too long. It is therefore divided, some-
what arbitrarily, into seven sections of roughly equal length, so that changes
are more limited in their effect on compilation time. These sections are
called DUMXA, DUMYA, DUMZAX, DUMClA, DUMC2A, DUMC3A and DUMC4A. These are
linked together for execution. The entire program is in Fortran.

Following is a listing of all the subroutines in the different portions
of the program.

DUMEA DUMYA DUMZAX DUMClA DUMC2A DUMC3A  DUMC4A

MAIN ELINE PHIDL  SMOOTH MUMC STATS  HADES
PASS]  POLYA  ROOSTST WAVSHAPE TRACK  DETECT  GSTRING
SIQMA  CONTENTS TLINE  HADMC  KPOI STRING
ROOSPR TRACKLOOP DELETE PHOCAS  RAGU RECT
FILTER DETLOOP CHISQ  PHOMIZ ROTATE HEXAG
ENMU  SORTLOOP NSORT  DNDT RFMU SLIAQ
INITL BKGDDATA (MINER) ECAS STAR SLIME
TRACKTEST SORTMULT MULTT  DEPROC  ORDER
WAVPRT LUMIN  POLAR
GENT TANQUE

FLINE ARRAY

These will be considered in detail in Section 2. In addition to the
above, the program requires the presence of DUMCA.INC, an array of common
statements included in many subroutines, DUMXA.COM is a command file that
links together the object code generated by the FORTRAN compiler for the six
program sections as well as the required HBOOK and other Ilibrary routines.
Its important content is the LINK command:

$LINK [DUMCO.DUM]DUMXA +DUMYA+DUMCA+DUMC2 A+DUMC3A+DUMCAA —
+CERNLIB:HBOOKL/LIB + CERNLIB:CERNLIB/LIB+XSYS:HEPLIB/LIB

This LINK format is for the VAX computer; it will take other forms onm
other machines.

MINER is an external library function that does least squares fitting.
It 1is included in the library package XSYS:HEPLIB/LIB. We expect to package
together all routines needed for DUMXA, for the convenience of users.
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SECTION 2: OPERATING THE PROGRAM.

2.1 Command Files

The program is normally operated by means of a command file which 1n-
cludes both inatructions to the computer concerning input and output, as well
as the data for the Monte Carlo run. These are best explained by starting
with a particular example and following it all the way through.

Following is a command file called AREA.COM;113.

FILE AREA.COM;113

100 $ASSIGN ‘P1‘ FORSprint
200 $SET DEFAULT [DUMCO]
300 $SET WORKINGSET /LIMIT=300
400 $DIR/OUTPUT=[DUMCO] TEST.13B
(DUMCO.DUM ] DUMXX . EXE; * ,DUM*A . LIS;* ,DUM*A .OBJ 3 #
500 $RUN [DUMCO .DUM]DUMXX
600 MUON GENR HMTS ROOS ION PLOT DUMB PAIR NPEF
650 11 12 14 15 46 56
700 100 1 2 0 0 0 5258963 3567864 0 10 2

800 2. 0 4,5 333 10 .6 .2 4 3 2
900 33256.340152202 168 0 0 O

1000 -20 -20 0 D0 45 95 0 ,2 .15 .25 350 3 -3 3 -31
1100 MUON GENR HMTS ROOS ION PLOT DUMB NPEF
1200 11 12 14 15 46 56

1300 100 1 2 0 0 2 5258963 3567864 0 10 2

1400 2. 0 4.5 33310 .6 ,2 432

1500 33256, 340150202 168 ¢ 0 O

1600 =20 =20 0 0 45 95 0 .2 .15 .25 350 3 -3 3 -3 1
1700 MUON GENR HMTS R0O0S ION PLOT BKGD DUMB NPEF
1800 11 12 14 15 46 56

1900 500 1 0 0 0 1 5258963 3567864 -2 10 2

2000 20, 0 4,5 333 4 .6 .2 221

2100 332.56.3 40150, 201 168 1.5 0 O
2200 0000 ~-20-20 .75 .9 .1 .4 350 3-33-31
2300 STOP

2400 SPRINT ARFA.COM;113, TEST.13B

2500 SAPPEND TEST.13B ‘P1°

2600 $PRINT ‘P11’

2700 $SET WORKINGSET /LIMIT=200

Let us now go over this command file in detail. Line 100 tells the com
puter that the output print file will be identified as parameter 'P1’ in the
call to execute this command file, which will look like this on the VAX:

FASTBATCH/PAR=AREA1 13.PRT AREA.COM;113
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The identifier /PAR in the c¢alling sequence 1identifies the name
AREAI13,PRT as parameter Pl in the FASTBATCH instruction, and therefore the
output file will bear the name AREA]13.PRT.

Line 200 says that if not otherwise specified, files called by the com-
mand program will come from the directory [DUMCO]. Line 300 is an instruction
to the VAX concerning memory allocation.

Line 400 asks for a printout of the directory, giving files with JEXE,
.0BJ] or .LIS extensions. The listings are assigned to a new file TEST.13A
which is to be printed out. The purpose of this imstruction is to record the
actual versions of the program files used, an lmportant record when the pro-
gram is frequently modified.

Line 500 finally requests that the program be run; the executable file
called 1s DUMXX.EXE. All following lines up to STOP are data for the program.
We now look at these in detail. They represent three different passes or in-

dependent tests.

Codes. == The first line {(600) lists the codes used in the first pass.
MUON tells us we are dealing with muon tracks. GENR says we generate the
tracks, rather than reading them off a tape. HMIS invokes a function that
describes PMT sensitivity as a function of angle; without it isotropic sensi-
tivity would be assumed. It uses the experimental sensitivity function

S = 0-6 + 0.4COBA
where A is the angle with the symmetry axis of the PMT.

ROOS tells us the ROOS algorithm for selecting pairs of adjacent hits 1is
to be Included. ION specifies that only minimum-ionizing tracks will be con-
sidered; it turns off the MUMC routine that generates muon interactions, and
ignores the muon energy specified. Conservative estimates for detection effi-
clency for muons will generally include ION, PLOT restricts the histograms to
those whose numbers are given in the line 0650, in this case 10,11,30,31.
Only these will be printed; omitting PLOT would print all histograms automat-
ically, unless all histograms are cancelled by the code NOOK. DUMB refers to
the PMT, and allows the definition of the response of the PMT to single elec-
trons to be specified by the parameters of a Polya distribution, specified in
line 800, The program will print out the PMT response expliclitly.

PAIR says that the unit detector module is a doublet, or pair of 16"
PMT’s, whose spacing 1s specified later. The output of the PAIR PMI‘s 1is in
coincidence, for the purpose of reducing background. PAIR will give good data
with wider detector unit separations along the string, and will tolerate at
least an order of magnitude more background. The first two passes explicitly
compare operation with and without PAIR.

NPEF is a parameter that determines least-square—fit procedure; its
presence gives somewhat higher efficiency and higher angular accuracy.
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The order in which these codes appear has no significance; any order {is
permisgible. The format for each code is A5.

Data. =— The next line (700) starts actual data. The wvariables are
those requested in statement no. 710 of MAIN: MCMAX, MIK, MPR, NPR1, IPRT,
MPIX, ISEED, JSEED, NKEY, CHIMAX, NSTRMN. They are as follows:

MCMAX No. of events to be generated

MTK No. of tracks per event (1 unless multiple muons wanted.)

MPR No. of events to recelve full printout e i

NERI Set = 1 to print out full details of muon track i
generation. WARNING: VERY EXTENSIVE PRINTOUT!

IPRT Provides printout in MINER error minimization routine.

MP IX NMumber of events for which tracks will be plotted

ISEED Random number seed

JSEED Random number seed for auxiliary routines

NKEY number of events to receive full printout in track-
forming and filter routines. If negative, number of
data=-controlled events to be printed.

CHIMAX Maximum chisquare for an acceptable event (usually 8-10)

NSTRMN Minimum number of strings allowed for acceptable trigger.

Line 800 is in a format that depends on the cede used. There are four
possible formats, depending on whether the codes DUMB and ROOS are present or
not. They are described in lines 11300-13400 of MAIN. In our case ROOS is
true, DUMB true. The format then calls for EMIN, GAMMA, AVX, SPER, SPERI1,
AVPOL, BPOL, NROOS, NTMIN, MINTHR, which are interpreted as follows:

EMLN Minimum incident muon energy, TeV. Unused if ION is true.
GAMMA Muon energy spectrum exponent (neg. sign omitted). If zero,
all muons have energy EMIN.

The next three parameters refer to nolse and K40 signal parameters.

AVX Mean no of photoelectrons in a noise count. Must have the
decimal fraction .5 added in order to activate ROOS.
SPER Mean lnterval between noise counts in microseconds. E.g. if

noise rate is 5 kHz, SPER = 200.

SPER1 Mean interval between K40 counts, in microseconds. If the
K40 rate is 50 kHz, SPER]l = 20.

AVPOL Mean value of a Polya distribution.

BPOL B-parameter of a Polya distribution (describes deviation
from exponential or Poisson distribution.)

NROOS Number of RQOS pairs required for a trigger.

NTMIN Minimum number of photoelectrons required for at least one
member of a ROOS pair to trigger.

MINTHR Minimum number of triggers required, in which & single module
satisfiles the threshold requirement THRES. Needed only
when ROOS pairs are used.

The next line, 900 (called in MAIN statement no. 740) requests the fol-
lowing:
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MINDET Minimum number of modules triggered for valid event.

THRES Minimum no. of photoelectrons for trigger, for triggers not
belonging to a ROOS pair.

ADET Sensor sensitivity, in units of photoelectrons produced in a
photon flux of 100 quanta/sq. m. For the 16" Hamamatsu
PMT, on axis, the conventional value is 2.5.

TRES Resolving time of PMT —-- separation required to see two
distinct pulses, in nsec. For the 16" Hamamatsu PMT, we
have been using, on the basis of information received
from the manufacturers, 6 nsec., as the assumed S.D.
of the distribution.

TAT Code to describe water attenuation length; 1 means 20m,

2 25m, and 3 30m. The latter value is now "standard".

DELTA Three entries: DELTA(l) = x,y array spacing for rectangular
array; DELTA(2) is z-spacing; and DELTA(3) is the doublet
spacing, all in meters. The latter is unused unless
the code PAIR is in use, but it must always be present.

IMAX Two entries: XMA¥(l) is the overall array x- or y— dimension,
XMAX(2) the overall array z-dimension. Taken together with
the module spacings DELTA, these determine the mumber of
modules in the array. In this case, XMAX(1l) = 201 and
DELTA{1) is 40; so there will be six rows and strings in
each (the first is located at zero.) XMAX(2) is 221, and
DELTA(2) is 20.; therefore there are 12 modules per string.

POSER Two entries: POSER(1) is random error of locatien in x,y;

POSER (2) random error in z. Both are std deviations
for gaussian error distributions.

ELCUT Rarely used parameter to define electron threshold for
acceptable events in cascade energy determination. Set to
zero.

Line 1000, the last data line, is called in MAIN statement 750. It asks
for:

XrID Three pairs of numbers: minimum and maximum values of x,
y, and z, at entry point of track. In the example given,
the x points are both -20, so that all entering tracks
have the same x value, -20; similarly, they all enter at
y = 0. They enter between z = 45 and z = 95. Values of x,
vy, z at entry are random between limits given.

(N.B. When KODE OUT is used, the significance of the XFID
parameters is changed; see subroutine RECT for their values.)

CTHMIN Minimum value of cos of polar angle of track at entry.

CTHMAX Maximum value of same cos. Value random between limits.

PHMIN Min value of azimuthal angle of track

PHMAX Max value of azimuthal angle. Angles in radlans.

TIMAX Maximum length of track to be followed. This ig rounded
off in the program to the next highest multiple of
100m. This number is set not to exceed the longest
track expected, to avold wasting computer time.
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KPOL(4) Polarization axes for 4 adjacent modules. By polarization

axis is meant the symmetry axis of the PMT, which is
nominally axially symmetric. The polarization axis specifies

which way it 1s oriented. 1, 2, and 3 represent
the x,y, and z-axes respectively; at present the
program can handle only z-axis polarizations, so 3 is the
only permissible value. +3 means the axis points upward, =3
means downward. The four values are repeated along each
string. The sequence 3 =3 3 -3 has been found to be the most
uniform in sensitivity. When PAIR is used, the values refer
to two adjacent doublets.

KPLSET Index for setting polarization choice in subroutine POLAR
Possible values 0 to 3; see POLAR for details. Values 0, 1}
are the best. 1 is the de facto standard.

This completes the data for the first pass. A similar set of data cards
is needed for each additional pass. In our example, we have removed PAIR for
the second pass, and decreased the z-spacing; the first two passes thus com
pare results with single modules and pairs. The third pass is a background
run; we have added BKGD. This means that no true tracks are present, and we
are searching for spurious tracks concocted from random triggers. It is
therefore useful to set NKEY negative, so that printout will cccur only if a
spurious track has been found. In addition, we have lowered the trigger re-
quirements and increased the noise rate to 250K/sec (SPERl = 4), to generate
spurlous tracks at a higher rate.

Following the three passes requested, the code STOP is encountered. This
ends the computation and causes the final data collection and printout file to
be prepared. The subsequent computer instructions do the following:

Line 2400 prints out the command file and the list of files used im the
program embodied in TEST,110. Line 2500 adds the TEST module to the standard
printout. Line 2600 requests the final data printout, with the title given in
the FASTBATCH parameter, AREA113.PRT, replacing ‘P1°. The last line, 2700,
releases the additional memory requested.

SECTION 3: THE PRINTOUT

3.1. Array Fits.

On running the above pregram, an extended printcut is obtained. At this
point we will discuss only that printout which is always present, and leave
for an appendix a discussion of the extended printout called for in this de-
monstration program.

The first page, of which we give an example (Fig. AO0-1) taken from pass
1, reprints many parameters, including those that pertain to background ( SPER,
SPERL) and "dumb" PMT parameters (AVPOL, BPOL.) TX and TXl are the respective
probabilities of a tube noise count and a K40 count in a module in a time in-
terval (TMEV) determined by the size of the array; 1in this case it is about 1

microsec.
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Since the code DUMB is present, we are dealing with dumb PMT’s, in which
single-photoelectron counts are not uniquely recognized, but only with the
probabilities defined by the Polya distribution. These are shown in Fig.
AD-1, in a table just above the error messages indicated by IER. That table
shows, for the Polya distribution parameters used, the probability p{1) that a
single electron pulse will be recognized as an i-electron pulse instead; in
our case, p(l) is .7027, p(2) = .2259, etc.; thus there 1s a 70% chance that
a single—electron count will be so recognized. The Polya distribution parame-
ters that give this result, which duplicates the behavior of contemporary dumb
tubes, are AVPOL=0.6, BPOL=0.2. Had we used smart tubes (no code DUMB), all
single—~electron counts would have been recognized as such.

BND(I) gives the cumulative probability that a single electron yield an

amplitude I or less; e.g., for I=2, it 18 .9286. Error messages and the
codes for the hit parameter KZ are listed.

3.1.1. Pass 1

if individual event printouts and track plots are requested, they follow
at this point. Figs. Al-l to Al-4 show a printout of the first event. Then
an abbreviated printout of the first 30 events is always printed. If the ex-
tended printout is data-controlled, it may occur after the first 30 events;
but those are always shown. An example of the printout of the last of the 30
avents and of the summary of the first pass is shown in Fig. Al-5.

The summary that ends the pass states the number of background events -
i.e. the total number of modules with background or noise hits in all events,
then gives a statistical summary of the pass. The table 1lists many
parameters; the most significant ones are the number of space fits and time
fits, and their mean angular error {in radians). The total average value of
the total number of photoelectrons per fitted track is given; this is signi-
ficant with respect to possible measurement of muon energy.

The next entry is a debugging aid; 1t shows the number of times the pro-
gram has traversed certain locations indicated by the variable INQ; to date
values up to INQ(7) are in use.

There follows a table showing the fraction of events in which ND detec—
tors have at least NT counts, with ND and NT going from 1 te 10. The distri-
bution of the number of ROOS pairs per event follows, and the distribution of
the fallure index IER; this gives an idea of why events fail. Both these
tables are useful in monitoring the operation of the program.

If histograms have been requested, they follow here. Fig. Al-6 shows a
plot of the distribution of angular error in the time fit; the unite are mil-
liradianms.

3.1.2. Pass 2

In Pass 2 the pairs are replaced by single modules. The printout of one
event (Figs. A2-1 to A2-5) is longer, since without the coincidence feature
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of the pairs, there are far more single hits. The printout first 1ists all
the hits —-- 94 in this case. After the initial trigger requirements are sa-
tisfied, only 27 remain. Then FILTER begins; 1t applies the Roberts (causal-
1ty) test, throwing out points that fail. At the end (bottom of A2-3), 22
hits remain, to which ELINE makes the initial space fit. TLINE then makes a
time fit, calculating the CHISQ for each point; the hits are all listed.
After all deletions of bad points (there are none in this case) TLINE prints
its final fit, which in this case is the same as the original fit. Then a
summary of the space and time fits 1is given.

3.1.3. Pass 3.

Pass 3 is a background run, as shown by the code BRGD. This means that
although dummy input tracks are used, resulting in fictitious error values in
the fits, no signals from them are recorded. Background runs are used to eva-
luate triggers, so that a trigger stringent enough to reduce the background to
a satisfactorily low level, yet still capable of allowing adequate track effi-
ciency, can be identified. Usually background rates are sufficiently low that
high noise rates must be assumed to give a significant number to evaluate.

Since only a very small fraction of events will give fits - 1i.e,
spurious events -- 1t 1is desirable to have a printout that will select such
fits. The quantity NKEY does this; when it has a negative sign, as e.g. =3,
it 1instructs three events that yield fitted tracks to repeat and print out
their data. In pass 3, two such events are printed out; one is shown in Figs
A3~1 to A3-3, and discussed in more detail in Appendix 1l.

3.2 String Fits.

We now examine the set-up for investigating a single string. The sim—
plest procedure 1is to follow an example. Following is a sample program for
investigating string response.

STRING. COM; 5

0100 S$ASSIGN ‘P1’ FOR$print

0200 $SET WORKINGSET /LIMIT=300

0300 $DIR/OUTPUT=TEST.05A [DUMCO.DUM]DUMXX,EXE;*,DUM#A,OBJ;*,DUM*A.LIS;*
0400 $RUN [DUMCO.dum]DUMXX

0500 MUON GENR HMTS ROOS ION PLOT DUMB PRAR OUT ATMU STRI NPEF
0600 55 56 14 15

0700 100 1 3 0 0 1 1644856 67003958 0 10 0

0800 2. 0 4.5 333 10 .6 .2 52 2

0900 6 3 2.5 6. 350 5050300 000

1000 4.5 0

1100 10 25 2525150 0. 1. -1 18033330

1200 STOP

1300 $PRINT STRING.COM;5, TEST.05A

1400 SAPPEND TEST.05A ’P1°

1500 SPRINT ‘P1’

1600 $SET WORKINGSET /LIMIT=200
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This program investigates a string 30m long with a vertical spacing of 5
meters; thus there are 7 detectors. These parameters are determined in line
900. There the string lemgth (fifth from end) is given as 30m, while the
vertical string spacing is the 5 three places earlier.

The code parameters in line 500 are different from those discussed ear-
lier. OUT and ATMJ signal a different method of specifying the incoming
tracks than that hitherto used. OUT implies that incoming tracks are incident
on the upper surface of a cylinder whose dimensions are specified by XFID(6),
the first 6 entries in line 1100. The first entry (10) is the radius of the
cylinder; the second (25) is its length; the origin of the coordinate system
is at the center of the array. Since the array is presently a string, the
coordinates of the center, as described by the entries in line 900, are
25,25,15. These are entered as XFID(3-5). XFID(6) 1s zero.

Code ATMI describes the Incident cosmic ray atmospheric muon spectrum at
an ocean depth in km given by the first entry in line 1000; in this case 4,5
km. The second entry, RDIR, 1s zero. The codes OUT and ATMU may be ued inde-
pendently.

The printout 1s basically simllar to that discussed above; however, the
filter routine is omitted, and the printout 1s consequently shorter. The code
PRAR (PRint ARray) prints out the x,y,z coordinates of all detector modules.
A printout of an event from the above program is shown in Figs. $.1 - 8.2,

The plot of the trajectories is different; a string fit gives no azimu-
thal information, and so the incident and fitted tracks are projected onto the
same (XZ) plane. The string itself is the vertical line of +’s at 25m.

The summary of the pass is similar to that of a conventional array, al-
though the items are somewhat different. The angular error of the string fit
is given in degrees.

3.3 Multiple Muon Events.

Multiple muon events are likely to be of considerable interest in the
full DUMAND array. They constitute several percent of the total mon rate,
which is expected to be of the order 10-20 counts/sec. Thus the ability to
distinguish them from single muon events is important. A conslderable amount
of work on the capability of the array to distinguish such events was carried
out 1in 1981-2(refs). It showed that the array is capable of distinguish
between one muon, two, and many (i.e more than 2). The software for this 1is
incorporated into the Monte Carlo program, and we discuss its use in the sec-
tion on printout.
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APPENDIX 1. DETAILS OF PRINTOUT: AREA.COM;113

We now examine in detail printouts of the events for which it was re~
quested; in pass 1 two event printouts are called for (MPR=2).,

Al.l First Pass. The printout of the first event is shown in Table Pl-1
to Pl=3. In general, the subroutine responsible for each section of the prim-
tout is named, to faclilitate reference to the program. After a few parame-
ters, a 1ist of all detector hits is printed. Since in this run PAIR is acti-
vated, only coincidences are shown, both true and random; this event has no
random coincldences, and 7 true ones. Then several printout tables from PASSI
show the status of all detectors hit, and finally those selected as satisfying
trigger conditions. Note that the mmber of electrons in each PMT (5IG) is

added for the pair to give EL for the first module; thls is taken as the PAIR
signal. These numbers are listed under WXYZ(5,K). Note that the 3 ROOS pairs
declared are the last 6 hits; No. 1 is not a R0OOS pair member, and therefore
mist satisfy the THRES requirement of 3 photoelectroms. Since it does not, it
is assigned the value KZ=0 in ROOSPR, and dropped.

The remaining six hits are now subject to the Roberts criterion in
FILTER. An extensive printout from subroutine FILTER shows the detailed ap-
plications of the Roberts criterion, in which hits not satisfying the causali-
ty condition are progressively eliminated. In this case nome are; the 6 hits
survive unchanged. The results of a space fit of these points (not including
time data) follows, and a table showing all the parameters of the six hits.
It is instructive here to compare the estimated and observed times of the
hits.

Next, tests on the plausibility of the intensities indicate no anomalies;
thus we are told that no points have been deleted because RHO, the PMT dis-
tance from the track, is too large (for the observed intensity).

The next entries, from TLINE, show the time fit. The largest
chi-squared, CHIMAX, 21.65, is outside the bound given by the input parameter
CHIMAX, which was 10. Accordingly, point 6 is deleted, and a new fit made to
the remaining 5 points. The next table reveals that the largest chisq (listed
under UNWID) 18 15.44, still above the cutoff; so point 2 is deleted. The
remaining 4 points now make a good fit; but alag, - there now remains only 1
ROOS palr. The event fails for insufficient number of ROOS pairs; so the fa-
ilure index IER=2 1is assigned.

Had the event been fitted, a plot of the x-z and y-z projections of the
track would have been printed; this was requested when MPIX was set equal to

2.
A similar printout for event No. 2 is obtalned; we will not examine it.
Short summaries of the remaining events in the first thirty follow; page

Pl-4 shows a sampling of these summaries. Finally, on page Pl-5, a summary of
the results of the entire first pass is given. We note that of 100 events, 73
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gave successful space fits, and 72 successful time fits. The mean angular
error of the space fits was .0615 radians, of the time fits 0.0397. The aver-
age number of photoelectrons detected in the 72 successful timefits was 69.2.

The distribution of the number of events with IRO0S pairs is printed out,
as also the distribution of the failure index IER. The histograms requested
follow at this point, bringing us to the end of Pass 1.

Al.2 Second pass. The second pass is similar to the first, except that
the detector modules are now single modules rather than pairs. The vertical
spacing between modules is still 15m. Agaln we print out the first event; it
is shown in Table P2-1 to P2-5. We note that all hits in which the PMT has
one or more photoelectrons are printed out. Most of them show the track sig-
nal SIG = 0, and BG, the background, not equal to zero; this is a consequence
of the 100-kHz K40 rate. When SIG is not zero, the incident 1light intensity
in quanta on the PMT is printed out in PHOT. There are a total of 116 hits,
and the track-fitting program mst extract the true hits from the background.

The first step 1s to examine adjacent hits to see whether they are ROOS
pairs. If they do not meet the time criterion, they are printed out: see the
printouts for Ii=15, I=16, for Il=33, I=136, and I1=82, 1I=83; all rejected.
PASS] prints out the hit parameter KZ for all 116 hits; this is obtained by
applying the trigger parameters to them. Most are assigned KZ=0, which rsults
in their being dropped, The remaining hits, with KZ not zero, are then listed;
there are 14, including 9 ROOS pairs. FILTER accordingly starts work on the
remaining 14. The first printout of NTOT shows many negative numbers. This
indicates a point whose timing 1s inconsistent with a majoity of the other po—
ints. FILTER deletes points, starting with a criterion NCRIT strongly nega-
tive, and increasing until a final value for NCRIT is achieved. In this way
the number of points 1s reduced to nine, with 6 ROOS pairs.

Let us look at the first few deleted points in the original 1list. They
are detectors 2, 27, 40,43, 49. We see that they are all noise signals of
less than 3 photoelectrons; they have been eliminated by the application of
the threshold requirement THRES = 3. Detector 229, on the other hand, with 7
noise photoelectrons, survives the first winnowing. The final result of
FILTER is 9 points, including 6 ROOS pairs.

The program now makes a fit to the track, in ELINE. Next, LUMIN looks at
the track and decides that there are no points which are too far from the fit-
ted track to show the number of photoelectons they do {the criterion is a pro-
bability of less than .001). It therefore tells us that no polnts are deleted
because RHO, the distance from the track, is too large to allow the observed
number of photoelectrons.

A satisfactory space fit having been achieved, a time fit is tried. This
is expected to be better, since it takes into account not only the locations
of hits and their intensities, but the times at which they occur. TLINE tries
a fit, and calculates the chisq for each point on the track. None are exces-
give, and a good time fit 1s obtained. Final results of errors: space fit
62, time fit 34 mrad. The original and fitted parameters are printed out. A
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printout of the event trajectory, in X-2 and Y-Z projections, 1s shown in Fig.
A2-6. The numbers indicate summed photoelectron numbers normal to the plane.
The true trajectory is marked by dots, the fitted one by X's; 1in a good f£it
like this one, few dots remain, since superposed X’'s erase them.

Al.3 Third Pass. The parameters of this pass describe a BKGD run - i.e.,
no signals, only background; the purpose 1s to seek events simulated by the
background.

The print code sets NKEY=~2; thus the printout is data~controlled, and
calls for two events to be printed out when a successful fit 1s made. The
printout shows that the first track fit occurs for event no. 16 (Figs. Ad-1
to A3"‘2) N

In event 16, 127 modules are triggered; this is because we have raised
the background rate to 250K/sec. {(When printed by a call from NKEY, the indi-
vidual hits are not printed out.)

The initial application of the trigger parameters by PASSl1 gets rid of
most of the hits. The FILTER routines must wimmow the remaining data to find
any grains of wheat among the chaff. The subroutine NSORT does thus when the
number of points is very large, systematically eliminating those points whose
NTOT is most negative, then making a new fit and repeating the process. In
this case, 18 iterations bring the number of points left down to 10, Further
application of FILTER eventually leaves 7 points. ROOSDEL now takes over, el-
iminating the orphans in ROOS pairs left by deletion of the partner; there
are then &4 points left, making up 2 ROOS pairs. The space fit, ELINE, lists
them and finds the fit satisfactory. TLINE applies the time fit, and finds it
poor but passable. Thus we have finally an acceptable event.

In order to demonstrate how BKGD operates, we have intentionally set the
threshold requirements low: 3-3-2-1-1-2. In the operating program they must
be set high enough so that the rate of generation of spurious background
events is much lower: one in 10% is a reasonable goal.

In background runs the stated angular errors are meaningless; there 1s
no true track from which to measure angles.

At the very end of the printout are appended two useful summaries; one
is a listing of the subroutines of each segment of the program. The other is
a directory giving the version numbers of each segment used in the current
compilation of DUMXX.
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APPENDIX 2. MULTIPLE MUONS

DUMXX treats multiple muons as follows. The number of tracks, MIK, is
set at the desired value. The program requires the code ENV (for envelope).
1f ENV is used, an additional line of input data is required after the 1line
specifying XFID, etc. This line reads 1in four quantitites, defined as
follows:

DISL Parameter describing distance between tracks; it is the S.D.
of a Gaussian, in meters.

DISTH Parameter describing distribution of tracks in polar angle;
a constant to be added to the initial angle THIN.

DISPH Parameter describing distribution of tracks in azimuth, phi;

a constant to be added to phi.

DEADTIME The minimum time iInterval at which two different signals on
the same PMT can be tesolved, in nsec.

The code ENV first becomes effective in SORTLOOP, which calls subroutine
MULTT. SORTLOOP determines whether there are multiple hits on each detector,
and sorts them in time order. MILTT generates and stores a waveform of the
individual detectors from the multiple hits, sends it to WAVPRT for storage
and optional printout, and returns the data to SORTLOOP, which compares the
waveform with the standard one for a single hit, COLSTD. TIf the waveforms are
significantly different from the standard, further action can be taken.

The printout is significantly different when ENV is true. To illustrate
we run the following test program:

FILE MULTI.COM;1

00100 $ASSIGN ‘P1’ FORSprint

00200 $SET DEFAULT [DUMCO]

00300 $SET WORKINGSET /LIMIT=300

00400  $DIR/OUTPUT=TEST.01A [DUMCO.DUM]DUMKX.EXE;*,DUM*A.OBJ;* ,DUM*A.LIS;*
00500 $RUN [DUMCO.dum]DUMXX

00600 MUON GENR HMTS DUMB ION ROOS PLOT ENV

00700 55 56 14 15 12 11 46

00800 10 51 0 0 O 1644856 67003958 0 10 2

00900 2. 0 4.5 333 10 .6 .2 2 2 2

01000 3 3 2.5 6. 3 40 150122 3030 00

01100 0 0 0 0 -20 =20 .75 .9 .1 .4 600 3 -3 3 =3 1
01200 50 0 50

01300 $PRINT MULTI.COM;1, TEST.0lA

01400 $APPEND TEST.0lA ‘P1’

01500  $PRINT ‘Pl°

01600  $SET WORKINGSET /LIMIT=200

We now examine the printout from this program.

A partial printout of onme event is shown in Figs. M-1 to M~9, and the
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summary of the other events and of the entire pass in M-9 and M-10. Multiple
track events are inherently much more complicated; and in the present case we
have specified five parallel tracks, displaced from each other randomly, with
a Gaussian separation of S.D. 5.0m The beginning of the printout lists these
five tracks. The hits produced by each of the five tracks are then listed.
Background counts are added only to the first track; the others are simil-
taneous. We show part of the hits on track one, and the hits on tracks 4 and
5: the total number is 203. These hits are all sorted by detector number,
and then 1listed so that all hits on the same detector appear together: thus
detector No. 1 has six hits, no. 23 four. Multiple hits on some detectors
are printed out, and histograms in which individual waveforms are plotted are

listed.

Now the trigger requirements are applied, and FILTER does its job. When
we get to ELINE, only 63 hits remain, as we see in the tall end of the ELINE
printout (Fig. M-6). Two points are now rejected, in succesion, by LUMIN, on
the ground that they are too far from the track for the number of photoelec-
trons reported to be plausible. We thus reach TLINE with 61 hits, printed out
by TLINE (M-6, M-7).

DELETE now deletes points whose fit to the track gives a CHISQ value
larger than the value specified in CHIMAX. The worst point is deleted, and
the track refitted. This process continues until all points are satisfactory,
too few points remain, or a maximum number of deletions exceeded. In this
case a satisfactory fit is attaiped, and TLINE prints out the final wvalues,
with 51 points (M-8, M-9). The final fit is then summarized and printed out.

Brief summaries of remaining events (up to 30, but there are only 10 in
this run) now appear, and then the final summary at the end of pass 1. Ve
note a persistent bug in multiple-track events which gives wrong numbers of
events in lines & and 5 (32 listed, when the total mmber is 10). The corres-~
ponding averages are also wrong; the correct number of good events 1s the
number for which IER = 0, which is 10. The angular distribution of time fits,
the average value and the RMS deviation are given correctly in the histogram,
No. 12. From this we see that the mean angular error is 19.2 mrad.

APPENDIX 3. SINGLE STRING FITS.

A printout of a single string event is given in Figs. S=1 and S-2. It
is much shorter than a full array printout, since the FILTER routine is not
called, and the amount of data is down by an order of magnitude. Three events
are printed out; but the first two do not result in fits, and so we examine
the third.

It is a straightforward, simple case. All the hits are good; none are
eliminated, and the resulting fit is a good one. The distribution of angular
fitting errors is found in histogram no. 55 (not shown), indicating an RMS
error of 9.9 degrees for 47 fits. The mean error, from entry no. 8 in the
end of pass summary, 1s 6.84 degrees.
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EVENT N0,

PASS1

0
n
a0

IER
TER
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IER

371,
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54,

231.

=
=

FIT
FIT =
FIT

ZE

180.TIME
8%, TIME FIT

6.1840G15
278, TIME

1.34657%

MR
2.

290,71
445

=
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MRQ
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S SPACE FIY,
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7 SPACE FIT,
8 CHMaX

n

3e, TIEP

164,TIME FIT =
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SPACE FIT, MR
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9 CHMAX
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e e

fl
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All points

1EP
Some additional fits of the first

IER
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1.
15,
42l

FIT
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833,TIKE

i84,TIME FIT =
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MR, ©

1,89

MR -
392556
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SLIME is the time fit for string events.

11 CHMEAX =
SPACE FIT
13 CHMAX = '

!

10 SPACE FIT,

e,

Conclusion.
the summary gives the final fit.

S-2.
30 events are shown.

Fig.
survive;
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Fig.

the parameters of the five tracks apecified are printed out.

The hit list shows hits in

Background hits are all printed in track 1.

deviation was specified, all tracks are parallel.

alil five tracks serially.
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Continuation.

M-2.

Fig.

37



38

L L

—“ror-o

nonoaido
of OO e T
bt SO ]

"o wE
oooooan
el UF
—

— R OMNOT

o C

[ Lol T g T S
-
L J =l

OC - L

ThOW OO D

P ] o 2=

DD o INC T ) LY A e PP O NOMOMOOM
T D € €0 e = WO WA T W1 P IO vl O et CNE R (0 ot YD AN NG O = D - MO AL oD O N v
...l-nﬂ.l...I.Ul..lI‘..lc....l.ll.ll.ll......'...l!.

e OO0 R WO vt O (D ADEHONAE I D=1 1 6 W= I W GEHD D o= Sttt O L V4 -
oot et O Oy " VU T HM YA PO Ot ) S O 0 S O QDD vt D P DN v
T Ottt OGO OO A AN A e W DD W OO DD O DD O O DR Lt Lt
[« V| -y -l

ooc OOQQQOOOOOOOQOOOOOOOQOOOOOOOQQOOOOGOOOOOOOOOOOOO
CC OO CCROCCCOONCOrNeoOCDATQroaC COODOCCODOTCoOCCODOCLC

..tlll....II..!I..GO.II.-!-‘lll.l..'l...l'l'.ll..“l

Fﬂlﬂﬂﬂ‘ﬂﬂ-ﬂﬂﬂ-ﬂﬂﬂw\v\w“‘ o Lol Lo Ny e oNe-T Lag b i o)
[ ™ o~ -t
)
x
e .
m--Nm-fun‘or-oo-c—oﬂm-fmmr-aa\o-Murm\aﬁmoo—oﬂn#mwhwoommwm\cr-wmo-om
c -t OO NN PO IO O M T Y o o o W o P AN O
L]

M.

e laltal o] —-.-o-nunmnﬂrwmmomtgwo —_-- AR O NP DR REE QOO OO

L2 DO CNOHO O OO A o OO SO DOHIDIDO O rtvrtvtvt et et vl
o -
o
.
=
g L] -rm\or-mo\o-mun-rnn-.m-woo-wnvmr-moo—onmvmohwooﬂm#n-onwmom
et e it e e S CE NN CHEN A CU T (U7 7 UM Dl o o oF o oF o < o SO
[
-
b

there are 203 hits altogether.

collecting together all hits on the same

Continuation. End of hit list;
SORTLOOP now sorts all hits,

M-3.

Fig.

23 has four.

1 has six hits,

thugs detector No.

detector;
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Continuation.
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Fig.

sensor waveforms {for ENV, which identifies multiple-track events}.
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TLINE thus

.
+

deletes points too far from track to have the observed signal

receives 61 hits.
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Continuation.

TLINE prints out final fit.
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FRACTION OF EVENTS WITH AT LEAST ND DETECTORS HAVING AT LEAST NT COUNTS
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The event summary shows all 10 events successfully
ves an incorrect printout (32) of the number of s

and of the corresponding errors.

Conclusion.
A program bug gi

M-10

Fig.

pace

These can be found correctly

fitted.

and time fits,

from a printout of histograms 11 and 12.
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