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Abstraet _
Detection of multi-muons with the DUMAND H array has been studied by a
Monte Carlo simulation. Nere mainly profiles of multi-muon events viewed
throu:h-ths'nvlixn detector are shown, and a preliminary aproseh to the
question whether we can separate the sulti-suon eveats from very high energy
Single mion svents is doscribed. My tentative answer to the question is
'Yeos, hapefully . The PMT pulse width seems a good paraletor to select
sulti-uuon events, particularly those with high nultiplicity.

Introdyction |

The study of sult{-muon detection is related to the design of circuit in
our optical sodule. In the collaboration meetings both at Bern snd at Sen-
dai, the circuit destgn vas discussedl), but the Momte Carlo study to back
up the desiga work wss not adequate. '

Bxebpt'for the leading edge of the PMT output pulse which is the most
important information, three candidates of quantitieu have been being dis-
cuﬁsed as information we should obtain through the cirenit Those ate pulse
vidths (tina—over—thraahold). total charge (integrated pulse height) and
" notches wkich indicate rising points in overlapping multiple pulses. At Sen-
dai, | plsced s stress on the fact that not only a sulti-muon but also a
high energy eingle myor gives rise to multi-pulees in PMTs, which is
ascribed to sccowpanying cacade showers produced through electromagnetic in-
teractions. [In this report, | will re-examine the probles.

T.Hayashino has argued about the lateral conticuration of each lulti-
U0 avsntz}. It seems very difficult to determine each configuration ex-
perimentally from data even using all the above quantities. Can we got at
least any evidence that am event has a finite lateral spread ? Thix is our
great concern.



Nulti-muon evemts at the DUMAND depth, simulated by T_.dlty'uh.iub”. vere
supplied to ulﬂiu ﬁlr_lo--prolrn’) of the DUNAND array. A program to get
the pulse width axd the motches st each OM (Optical Module) was added to my
old. progrss. In Fig. 1, ‘a rough flov chart of the presemt calculation is
sho¥n. The old pert of the program was not changed except for the overall
detection nﬁieiaﬂ:: of PMT, which was reduced from 20 to 15 ¥ taking into
account the recest M. [to's weasurement of the quantum efticioncyd),

‘Yhe PHT pulse fors corresponding to just one p.e. (photo-electrons) is
assuned to be given by ;

P) = 0.752(t-5.25) exp(~t/T) + 3.948 exp(-t/3)

vhers the unit of t {s nsnosecond. The function peaks at t=10. 83 and
thea has £(10.88)= 1.0. This fenction fora is merely & tentstive one. ¥e
vill precisely seasurs the form for comming new PNT soon.

ﬁetullx. the PMT output pulse charge is widely distributed when oniy
ons p.e. comes in the first dynode. We assumwe 2 kind of Gasma function after
}.Lexrned’) a5 the distribution of the charge 0 :

e{@) p.o. = 4Q exp(-20),
Then, for n p.e. S
8(Qp p.o. = 470371 exp(-20)/(2n-1)1

So, { is sampled randomly out of g(Q) and the PMT pulse is given ;

Pulse = Q(n)1(t)

An example i=.l.' shown in Pig. 2(a).
~ Nore gemerally, photons do not reach the PNT simultaneously. Delayed

pulses are prodiced from multi-muons and also from cascade showers as-
sociated with & muon, becauss in general such photons take longer paths
before reaching the PMT. Then ;

Pulse = EQ{nj)f{t-t;)

Such multi~pulses have a2 varisty of forms as shown in Fig.2. The pulse width



is defined as the time-over-threshold of a discrimiastor output with a fixed
threskold of 0.38.

Dotted curves im Pig. 2 are simulated pulses after the clipping with a 8
ns delay line (i.e. & as both ways). The pulses are assumed to suffer a
small iktpﬁritioﬂ vith a time constant of 2 ns. Notches are produced by
another discrimimator with a fixed threshold of 0.1 for mow.

Since there is no idesl differential circuit, we have to have some un-
comfortable problems. For instance, as seen in Fig. 2(d) and (f), it is dif-
ficult to get a notch for a relatively saall pulse behind 2 big pulse.

M. Javorski, J.Learned and D.0" Connor once discussed the posaibility of
using double differeatisl pulsed) instead of single differential ome (i.e.
clipping) to produce notches. in their case, the above difficulty is
diilnis&nd, but | am afraid that sometimes over-shoot pulses could go up
over the threshold and give rise to additionil useless output pulses.

Eraiplei of svents are shown in Fig. 8, sulti-suon events in Pig. 3(a),
(b), {c) snd wx single muon event in (d). Area of esch circle indicates the
PMT pulse charge at the correspondent OM. The mark '+ wmeans the ON has
notches. The tvo PHTs having notches in Fig.3(a) correspond to pulse forms
shown in Fig, 2(b) and {(¢), respectively. Fig.2(d) and {e) are also picked up
from the same event shown in Pig.3(a). The events in Fig.$(a) and(c) sug-
gosts that multi-muon does not aliiys produce notches.

Contrary to that eveat, another event shown in Fig.3(b) has produced
many notch#d pulses. It happens that there is a large spatisl gap betveen
two muons, and many OMs oceupy good positions to observe the gap. This is a
lucky case. An enartific single muon also produces & lot of notches as
shown ir Pig.$(d).

The ratio of the number of Olis with notches to that of all the hit Ois
in an event has a wide distribution. Fig.4(a) is for aglti-seon events, and
Fig. 4(b) and (c) are for single muons of energy 20 TeV and 10 Tev respec-
tively. It looks impossible to select multi-muon events by the number of
notehes, '

For a PMT single pulse, the pulse width is roughly linear to log(Q).
But, for an overlapping multi-pulse, the vidth deviates from the linear



relation. Ia Fig. 5. values Ry » v/1n(Q/0.08) of sll the hit PMTs in many
events ars plotted against §, vwhere v is the width (rs) of the first pulse
over the threshald 0.3% and Q is the totsl charge including the first,
second, thfrd pulses aid so on if they exist. The dark curve in the figure
corresponds to the single pulses. (The form of the curve depends on the as-
suwed pulse fors namtioned sbove.) FPig.5(a), (b) and {c) are for amlti-muons,
single suons of 20 Te¥ and single muons of 10 TeV, respectively. The number
of points is equal to each other. In case of the multi-muons, there are many
deviated points above the dark curve compared to the cases of the single
REORS.

Ir Pig.§, the distribution of the rate of OMs having the valee R,
greater than 10,8 in each event is shown. Fig. 6{a), (b} and (¢) correspond
again to sulti-muons, single 20 TeV muons and 10 TeV ones.'lpﬁiront dif-
ference of the distribution between thea can be seen. The difference is much
more distinet for evenmts with high sultiplicity aa_aeeﬁ it Fig.7, vhere the
sane rate as in Fig. 8 vs. number of muons in esch lnlti-iucn'evgnt is
plotted. But to get 2 definite answer, ve need to take into account the
single nuon energy spectrum and relative fluxr of multi-muon events inclsding
their detection efficiencies. | think [ have to collaborsts for the problem
vith T.Hayashino who supplied multi-amuon events.

It is easy to sut tho lverased moun track (i.e. 'core axis') of a multi~-
muon event by passing dats through =y fitting prograx for singie wuon. Here,
the loading edge of the first pulse is used as the time data of each OM. The
- resultant diatribation of the angle error is shown in Fi; $(a) and thlt of
the location srror in Fig.8(b). We can divide space around the obtained core
axis Into two, three or four regions, and perform individual fittings in
eich region msing only the OMs bdslonging there. [f the shape of muon dis-
tribution on the perpendicular plane to the muons is long snd very narrow
like the left case below (vhich is most simply realized by a two-muon
event), the fitted track location differs from region to region and we may
be able to ‘estimate the rough shape of distribustion. Then the procedure
turns out to verify that the event has z finite spread and is not a single
RUON. .

But this scenario does not hold when the shape of distributionm is rouad



Iike the right case below. In principle, we get 2 similar answer to each
other in all the regionss, that is, the core axis (demoted by "+'). This hap-
pons hnctaib=j§ do not know the absolute time when the mions cose in and
then we think the Chereakov light has come from the position '+ . Pros this
analysis, we csn not aay anytking about how wide the distribution is.

If a fov OMs sre smong mgons by chance, ve may be able to get sore in-
forsation. But, so ftr'l have no particular good idea to amalyze such

events.
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The pulee width seems to be 2 good paramster to select multi-muon
events..ﬁartieularly effoctive for those with high meltiplicity. On the
other hand, it Is expected that the notch and the timing dats (used in the
track fitting) are effective rather for low multiplicity events, i.e. two or
three wuons tith.eoniicnrlble mutual distances. My job to prove it quantits-
tively is not finished yet. The track fitting using a part of the detector
array as mentioned sdove is not so easy, because the fitting error is much
lazger then that usinmg all hit OMs in the vhole array. (This large fitting
error Is partiilly due to the PMT performance of being rather insensitive to
vertical suons.) '

Yhich type of multi-suon will bring us more iateresting physics, low
suitiplicity or higk multiplicity ? Both ? Or neither ? |
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"Fig. 2 :

Fig.3
Fig. 4

Fig.§

Flow Chart of the present Monts Carlo ealculation.
Bxsaples of PHT output pulses. Dotted curves sre those after
elipping with & delay line of § ns. Fig. 2(x) shovs s single pulse _
and the others are overlspping pulses. |
: Bramples of event in DUMAND array (see Ref.3).
: Distribution of the ratio of the number of OMs 'ith notehoa
to that.of all the kit OMs in each event.
Fig.4{a): for multi-muons.
Fig. 4(b): for single 20 TeV muons
Fig. 4{e): for single 10 TeV muons
:”l._- v/1n(8/9. 08) against Q, where Q is total pulses ch:rsn and v
is width of the leading pulse.

Pig. 5{a): for muiti-suvons (2500 pcints);

Fig.$ :

Fig. 7

Fig. 8 :

Pig. §(b): for single 20 TeV muons (2500 points).

Pis. §{c): for sirgle 10 TeV wuons (3580 points).
Distribstion of the percentage of OMs having the value Ry
{sae Fig.§) grester than 10.5 among all the hit OMe in sach event.

Pig 4(s);: for sulti-muons.

Fig. 4(b): for single 20 TeV auons.

Fig. (Ge) for single 10 Te¥ auons.

: The parceatage dotined in Pig.$ ve. muon multiplieity.

For the msrk "1, the primary cosmic rsy is iroa.

Por the mark * °. the primary cossic ray is protoa.

The error distribution of reconstructed angles (Fig. $(a)) and

reconstructed locations (Pig. 8(b)) of multi-mwon core axes.
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meidﬁ-t position and ¢ are
saapled

1ight is emitted from
suons and associated showvers
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Pulees come out from hit PNTs
(PNT noise channel is off)

tise, charge, width & notches

trigger conditions :
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string ]

analysis & statistics

Big. 1 flov chart




0-75 '

0.50°

0.25

llll"‘l'll'[l'!l_""?ll'l‘

lll.llllli'lllll'lll

0.00°

»‘Illll

“0125_

-
b
=
-
al
s

il'lll

1100 1150
TIME (NS)

A- 56 M- B EO/N~ 4.48E-02

#1204 (1, 9

1.5 .:_—- —

10 -
- 1

0.5 |- ~

0.0

.0-5 - A l i A 1 1 l i i 1 L I i

700 750 800
TIME (NS)
A~ 56 M= 7 EOQ/N= 2.01E+02



# 1294 ( 1,10)

1.5 | __
0 ]
-0.8 o ;——

800 -

TIME (NS)
A= 56 M- 7 EO/N- 2.01E+02 Fig.2(c)

# 1204 ( 3,16)

] T T l T T L {
3t
r i
e iy
- -
.~ -l
2 .
e -+
ual -y
- -
*y
- . o
M L]
- L} g
1 D
four : M -l
.
.
- . -y
.
- : -
.
r !.' -
o -
e -
- -
- -
h ke E i i L L l i 1 L L ! k. L i

50 500
TIME (NS) |
A+ 58 M~ 7 EO/N- 2.01€-02 - = Eix.2(d)

8



#1294 ( 8, 3)

L} L] ] T 1
[ i 1 l . L i ' A I L i '} 4 ]_ i.. .l ]
950 1000 1050
- TIME (NS) | g
A- 56 M- 7 EQ/N- 2.01E-02 Fix.2(e)
#1138 (7, 4)
. 1 1 ¥ I L] B
[ L . ks I A L L L I | L L Il I_ A J
900 950 1000
TIME (NS) T

A= 1 M- 8 EO/N- 3.77€-02 Fig.2(f)



A58 EQ/N= 2,01E+02 TEV

# 1204 PE DISTR.

A: 1 EO/N= 1.01E+03 TEV

#28790 PE DISTR.

EMU~ 0,30E-04 6 MUONS 177.9 P.E.S 37 OMS 168 NOTCH



A: 1 EO/N= 1,.30E+05 TEV

#15458 PE DISTR.

20 PE DISTR. A: O EQ/N= 2,00£+01 TEV

EMU- 0.20E-05 1 MUONS 328.9 P.E.S 58 OMS 23 NOTCH
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