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Abstract

A simulation of the DUMAND I array as a
auon detector is described in detail. The angular
resolution for a traversing muon with its incident
zenith angle 6 larger than 80° is 0. 6° ~12.8°
expressed in terms of the median of the error dis-
tribution, dependening on € and the energy. The
corresponding effective detection area is ~ 20000
al at 8= 120° vhere it is nearly maximized.

1. Introduction
The design of the optical sensor array for DUMAND H 1) (Deep Underwater Muon
ind Neutrino Detector) being proposed has been confirmed by Monte Carlo
studies mainly done by V.J.StengerZ). Under the requirement that the muon
track can be reconstructed with am angular resolution of ~ 1° , parameters

such as the distance between optical modules are determined so as to maximize
the effective detection area. Here the optical wodule means an unit of the op-
tical sensor containing 2 photonultiplier to detect Cherenkov light emitted
from charged particles. '
¥hy ve have begun Monte Carlo silulatioﬁs also in Japan is as follows ;
. Independent studies are useful to increase the reliability of the design.
. There are several subjects which have not been investigated at all or
completely.
. The characteristics of the optical module for which our Japanese group
is responsible are related directly to the array design and its capability.
We need to quickly know any effect produced, for instance, by changing a
part of design of the photomultiplier during the development of the optical
mrodule.
Here, as a prellllnary step. ve present our way of siamulation of 2 muon pass-—
ng through the array, a uethod of muon track reconstruction and the restitant
angular resolution of the reconstructed track fros the simulated event. The



oy

track. On the other hand, we treat an interaction energy loss equal to or
Iarger than 0.1 GeV as a catastrophic one. The integral rate of such
catastrophic event per meter along muon path is shown in Fig.l as a function
of the energy loss {i.e. shower energy) vith a parameter of muon energy. The
Cerenkov light from a catastrophic energy loss is obtained from an analytipal
solution of Cerenkov light from cascade shovert). 1t has an angular depen-
dence, and the shape of the curve varys also witk the distance from the
shover. For now we fix the curve simply like that in Pig.2 ¥).

The absorption length (1)} of light in the deep ocean is assumed to be 40 m.
in a strict sense, however, the whole light in the wavelength band where the
bi-alkali photocathode of PMT is sensitive does not decrease just simply like
exp{(-r/A) . because the absorption length depends much on the wavelength.
Here we follow Ref. 6 with respect to this probles.

The number of photons reaching the PMT in the OM is assumed to fluctuate
with a Poissonian distribution.

Even if a muon track is given, the arrival time of Cerenkov light at an OM .
is not determined uniquely, but depends on where the light has been ewitted
from on the muon track. Supposing we can neglect the lateral spread of cascade
showers, the earliest light is fror the muon itself which is emitted in the
direction of 42° off the muon track. Light from showers is generally delayed
if the angle from the muon track is different from 42° , the larger the dif-
ference of the angle, the more the delay time. It sometimes happens that the
OM detects only light from showers and no light from muon itself. This delayed
time data causes a somevhat complicated situation in reconstructing the muon
track. We viil wention this problem again in Section 6.

The background light is maialy due to Cerenkov light from the beta-decay
electrons of Potassium (K‘U) and bioluminescense. Here without distinguishing
between them, we assume complete random noise in the PMT output (100 KHz)
ascribed to the background light. (Recently, very interesting results about
bioiuminescence were obtained by the DUMAND collaboration?) 8). We will have
to take into account those result in the next refined version of the simula-
tion. But according to Ref.8, the bioluminescence takes place mainly in the
neighborhood of OM and the correlation between OMs is weak. So the present as-
sumption is useful enough as the first approximation.}

Finally we get a set of data about pulse height and detection time in each
OM in an event. In the following Sections, the threshold of pulse height is
set at 1/3 of the most probable single photoelectron pulse height. In Fig.6(a)

and Fig. 7{a), typical simulated muon events are draw¥n.



‘effective detection area is discussed at the same time. Those muons which we
are wost interested in have incident zenith angles larger than 80° and are ex-
pected to have been produced in neutrino interactions. The overwhelming
majority are the atmospheric muons coming down with small zenith angles. Then,
the reconstructed zenith angle of an atmospheric muon could happen'to have a
very large error and becose a background of neutrino events. That problesm is

also mentioned below.

2. Simulation of traversing muon
The DUMAND T array is composed of 9 'strings’ of optical modules tethered

from the bottom of the deep ocean. Eight of the strings are set so as to form
an octagon with equal sides of 40 m and one is at the center of the octagon.

A string has 24 optical modules attached every 10 m. The photomultipiier (PMT)

in the optical module has a nearly sphericat shape with a diameter of 15
inches and is fixed to look downward. We assume that the time resolution is 3
ns as standard deviation and the detection efficiency » of a photon ineluding.
the quantum efficiency is 20 X when the photon comes right in front, that is,

in parallel with the central axis of the PMI., and it decreases as the angle 8

between the photon and the central axis increases ;

n ~ 0.52 + 0.48 cos@
This assumption comes from an experimental result about the prototype optical

nodules which actually were used in the deep ocean for testsS).

The number of photoelectrons detected each time is assumed to fluctuate fol-
lowing a Poisson distribution. Further the data is smeared by the finite
resclving power of PMT. We assume that the pulse height distribution for a
single photoelectron is approximated by a Gaussian with 100 X resclution. This
assumption and that of the time resolution above are moderate and reasonable
ones ve will be able to achieve without much difficulty.

While traversing the array, muon loses its energy through continuous ioniza-
tion and electromagnetic and hadronie interactions. A part of the lost energy
is emitted in the fora of Cerenkov light from the muon itself (~ 200 photons
per cm) and from electrons produced in the interactions and the consequent
developments of cascade showers. The OM detects such Cerenkov light. Here, for
the convenience of calculation, vhen the muon energy loss (i.e. transferred
energy) in an interaction is smaller than 0.1 GeV, we treat it as a continuous
energy loss and add the equivalent energy to the ionization loss. The resul-
tant continuous Cerenkov light from muon is increased a little, which is as-
sumed to be emitted in the directfon of Cerenkov angle ~42° from the muon



3. Trigger conditions and the effective trigger area

Here, we follow the trigger condition Stenger makes in his sinulationl).

though another way of triggering has been proposedg).

First, Stenger's condition deals with merely those kit ONs which have at
least one adjacent hit OM in the string, where a hit OM means a OM from which
a signal comes out in a reasonable time after a muon passes through the array.

(Actvally, since the time when the muon passes is unknown, a little more com—
plicated definition is needed.)'The above condition is taken into account, be-
cause an isolated hit OM which has no adjacent hit OM must have a higher prob-
ability that the signal is due to the background.
Next, a set of two or three strings
must have one of combinations shown
in the right table about the minimum patterns
numbers of such adjacent OMs in each |
string. That is the event trigger
condition,

In Fig.8, the effective trigger
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areas as a function of muon zenith
angle (Fig.3(a)) and as that of wmuon
energy (Fig.3(b}) are shown for muon Table 1
events satisfying the above trigger

requirements.
But, even for such muon events, all the muon tracks are not necessarily

reconstructed uniquely. It is easily seen that the third and fourth patterns
(i.e. the case that only two strings have hit OMs) have at least two solutions
for the track, being symmetric to each other with respect to the plane includ-
ing the two strings. The first and second patterns can also have two solutions
if the three strings lie in a straight line. Of course, that sort of event is
rot useless, but we will eliminate events of the sort beforehand in the fol-
loving Sections. The effective trigger areas without such events are shown by
dot curves in Fig.3. Further, some of the remaining events fail in the track
reconstruction. That is mentioned in Section 5.

Along with the background light, the effective trigger area looks to in-
crease somevhat. In Fig.$ no background is considered.

In Fig. 4 and Fig. 5 the averaged number of ONs and the averaged number of
Strings per triggered event are shown respectively also as a function of =uon
zenith angle (Fig.4(a), Fig.5(a)) and as that of muon energy (Fig. 4(b),

Fig. 5(b)).



4. Reconstruction of muon track
¥e try to reconstruct muon tracks by using simulated data. Parameters to

express a straight suon trajectory are determined so that the trajectory best
reproduces both the data of detection time and number of photoelectrons at the
OMs by assuming that a relativistic muon emits Cerenkov light constantly while
traveling along the trajectory.

In order to define a straight line, four parameters are needed. Another one
is required for the time, and moreover it is useful to introduce a parameter
to stand for the muon energy because the average yield of Cerenkov light
depends on the muon energy. Here, the above £ parameters are determined by the
least square method. Namely., the parameters, %, y. 1. m, T and a, are deter-
pined so as to minimize the following function ;

N _ | !
E(Ti(x v 1,m) +7 -t;)? C(a -Hi{x,y.1.,m) -hj)?

; _ b= . i)

Utz a’hz

lere,
X, ¥ : Spatial position on a plane where muon track intersects,

1. & ; The corresponding direcetional cosines of the muon track,

Ti{x,y.1,m), Hi(x,y,1,m) ; Time and pulse height (in units of photoelectrons)
given as a function of the parameters expressing the muon track (x.y,1.w)
and the coordinstes expressing the location of each QM.

ti . hj : Data of time and pulse height {(in photoelectrons) at each OM.

ot .0p Although more examination might be required, here assumed are

gy =3ns
op =V 0.158h;2 +1.58h; +1.58

We have tried a few methods to find a set of values of the parameters which
gives the smallest value to the fanction F. So far, the most satisfactory
method from both the viewpoints of reliability and computing time is one going

through the following procedure.

{1) A very rough muon trajectory is estimated directly from data by a sismple
calculation. For the purpose, we have used the weighted mean position of hit
OMs in each string and the averaged difference of time between adjacent OMs.
‘Our estimated error is within about 45° for the direction and within 30 & for

the spatial position.



(2} Around the roughly estimated trajectory, a four—-dimesional grid of ~20°

interval regarding the direction and ~ |5m interval regarding the spatial
position is conceived, and the least square method is applied every time
- starting withk the parameters at every crossing on the grid.

(8) The derivative of the function F differentiated by one of the parameters
is equal to zero at the minimum of F. Here the derivative is approximated with
the first order Taylor's expansion at the above starting point with respect to
the & parameters. So the best displacements of the paraweters from the start-
ing point to minimize F are given as the solutions of 6 one-dimensional simul-
taneous equations. Then again starting from the obtained values of the
parameters, the same procedure is repeated twice.

(4) Among the values of the function F obtained starting from the different
crossings on the grid, the smallest value js adopted as the chi-square value,
and the aco-panying'vaiués of parameters are the final ones to express the

reconstructed muon track.

The reason why we have to go through such a complicated procedure as the
above one is that the function F has many local minima. If there are several
minima between adjacent crossings of the grid, we need a much finer grid mesh
to reach the true answer. But for a finer grid, for example. with 2 half in-
terval, the computing time will increase by 16 times. The Facom M7B0 needs
about 1 sec of the CPU time per event to perform the above procedure, whereas
the expected muon rate coming in DUMAND is one per 20 sec. We will have enough
time to deal further more carefully with neutrino candidates (i.e. events with

computed zenith angles greater than 80° ).

5. Angular resolution of muon track
As mentioned in Section 3, we exclude isolated hit OMs also in the cal-
culation of reconstruction, because they have higher probability to have
received background noise. Here, we call the OM "isolated OM' when neither its

next nor its next but one OMs have no signals in 2 string.

On the other hand, OMs themselves having no signals can supply us some in-
formation. Since it is implausible that an OM close to a muon track has no
signal, reconstructed tracks having such non-hit OMs nearby must have been
vrongly fitted in the least square method. In the present calculation, the
second (pulse height) terw in the function F includes the non-hit OMs being
within 15 m from the track. Then when hj =0, the tere tends to be large, and F

scarcely can be a minimum there.



Extremely large signals from shovers or large time deviations, due to back-
grounds etc., decrease the quality of reconstruction. We try to eliminate such
data from the function F in the procedure of the reconstruction mentioned
above.

In Fig.6 and Fig.7, samples of events are shown. A detailed explanation
about these Figures is in the Figure Captions. In Fig.6(a) and Fig. 7(a).
circles indicate pulse heights at corresponding OMs. In Fig.8(b) and Fig. 7(b),
circles indicate positive or negative deviations of time data from the fitted
time. In Fig.7. there is a pair of background hits, which is successfully
elizsinated in the least square calculation. However. all backgrounds are not
alvays eliminated.

In Fig.8 is an example of the reduced chi-square distribution. The events
vith the reduced chi-square smaller than 4 are selected and their errors of
reconstructed angles are plotted in Fig. 9. This angular resolution depends on
both the muon zenith angie and the muon energy. In Table 2, medians of the an-
gular errors at different zenith angles and energies. together with the cor- -
responding effective detection areas (mZ), are listed. These effective areas
are about 80 X of the selected trigger events in Section § (i.e. dotted curves
in Fig.3). On the other hand, without the background light, about 9¢ % turns

out to be reconstructed.

Zenith angle 90° 120° 150° 180°
W
100 GeV 2.25° (13000) 1.53° (14700) 0.90° (11900) 0.92° (4300)
500 GeY 1.81° (16200} 1.32° (18300) 0.84° (13300) 0.68° (5%00)
2500 Ge¥ 1.50° (19700) 1.26° (22400) 0.86° (15600) 0.83° (7100)
Table 2

The statistical errors of values in Table 2 are typically 0.08° and 500 nl.
The averaged effective detection area in the zenith angle region larger than
80° is ~ 16300 n for the 500 GeV muon events.

6. False neutrino events caused by atmospheric muons
[T the zenith angle of a muon is larger than 80° , the muon is thought to be
produced through a meutrino interaction. In the region of zenith angles much

smaller thanI80° . atmospheric muons are dominant. In the case that the error

of reconstruction for an atmospheric muon is very large and its reconstructed



zenith angle happens to exceed 80° ., the muon is misjudged to originate from a
neutrino.

The probability that light froa a downgoing muon hit OMs is small compared
to those from an upgoing muon, because the PMT faces downvard. So the fraction
of light froam showers and backgrounds is larger for the downgoing atmospheric
muon events, which makes the reconstruction more difficult. For instance, as
zentioned in Section 2, when an OM detects light only from showers and no
light from muon itself, the corresponding time data is often somewhat delayed.
The dashed curve in Pig. 10 shows the integral number of such OMs per event as
2 function of the delayed time.

Among 7003 triggered events of atmospheric muons, there are six events which
have a reconstructed zenith angle larger than 80° . We have enough time to
check those particular events more carefully. Actually, two events are left
still over 80° after fe—fitting the six events with three times finer grids.
The two corresponds to roughly 10 % of those expected muon events triggered
above 80° which originate from atsospheric neutrinos.

The muons in the two events pass near the edge of the array, and at a glance
the reconstructed muon track does not look to be the best fitted one. So we
can still iwprove our method of the reconstruction. At the same time, final

hand scanning may be useful.

7. Conclusion
The present simulation of muon events and the method of track reconstruction

are not the fina] version, and we will have to continue their improvement.
Thus the conclusions here are tentative ones.

1) The angular resolution is dependent on the zenith angle and the energy,
and is about 0.6° ~2.3° median error for fitted events {~80 % of the trig-
gered events). Typically, the resolution is 1.3° at 120° zenith angle and 500
Ge¥ of the energy.

2} The effective detection area averaged over the zenith angle larger than
80° is ~16300 w? for the fitted 500 GeV muon events. If the events ambiguous
about the muon direction are included, the effective detection area would in-
crease by ~20 %.

3) 1t rarely happens that the reconstructed zenith angle of a downgoing at-
mwospheric muon exceeds 80° . However, the rate is about 10 %X of neutrino-

induced muon events.
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Figure Captions
Fig.1 ; Integral rate of cascade shovers per meter along muon path vs. the

shover energy. The three curves have different wuon energies indicated in the
figure.

Fig.2 ;: Relative Cerenkov light intensity from a cascade shower as a func-
tion of the polar angle.

Fig. 3 : The effective trigger area satisfying the trigger requirements
shown in Table 1 (solid curve), and the effective area left after discarding
apparently ambiguous events in which the muon track can never be uniquely

detersined (dot curve). _
In Fig.$(a), the horizontal axis indicates the muon zenith angle with a

9



fixed muon energy of 500 Ge¥. In Fig. 3(b), the horizontal axis indicates the
muon energy wvith a fixed zenith angle of 120° .

Fig.4 ; The averaged number of Optical Modules per triggered event as a
function of muon zenith angle with a fixed muon energy of 506 GeV (Fig.d4(a)),
and as that of muon energy with a fixed zenith angle of 120° (Fig.4(b)).

Eig;§ : The averaged number of Strings per triggered event as a function
of muon zenith amgle with a fixed muon energy of 500 GeV (Fig.S5{a)), and as
that of muon energy with a fixed zenith angle of 120° (Fig. 5(b)).

Fig.6 : An illustrated example of a muon event (E, =500 GeV. 6 =120° ).
The DUMAND array is viewed frow a position 250 m far from and 250 m above the
center of the array. The signs '+ in the Fig.b(a) indicate positions of opti-
cal modules. The two arrovs indicate incoming and outgoing locations of muon.
The head of the incoming arrovw and the tail of the cutgoing arrow correspond
to the incoming and outgoing locations on the imaginary vall of ¢ylinder drawn
by dashed curves, respectively. Arrows with solid shaft mean that they are on
the top or the front side wall and those with dotted shaft do on the bottom or
the rear side wall.

In Fig.6(a), circles on optical modules indicate numbers of photoelectrons
detected. The smallest circle corresponds to a single p.e., and the area of
each circle is in proportion to the nuaber of p.e.’s.

In Fig.6{(b), the arrov indicates the reconstructed muon track. The area of
cirele is in proportion to the time deviation from the reconstructed track.
¥hen the mark "+ is in the circle, the deviation is positive. Without the
vrark in the cirele, the deviation is negative. When a signal data is
eliminated during the fitting procedure, the wark "x' is put down in the
circle.

Fig. 7 :  An illustrated example of muon event (B, =500 Ge¥, 6 =120°) vith
two background hits. The mark "% in the Fig. 7{(a) means hit of background
light during the muon traverses the array. When a background data is
eliminated successfully in the fitting process, the mark '%° is put down in
the Fig. 7(b).

Fig. 8 : An example of the reduced chi-square distribution.

Fig. 9 ; The error distribution of reconstructed angles for the events with
chi-squares smaller than 4 in Fig.8.

Fig.10 : Integral number of hit Optical Modules per atmospheric muon event
vs. the delay time of light originated from shovers. Thq solid curve is for
all the OMs having signals from shovers and the dashed one is only for those

OMs which have no signal directly from muons but from showers.
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