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Monte Carlo simulation for multiple-muon distributions of cosmic rays
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A high-multiplicity event detected by the Kolar Gold Field {KGF)detector is examined to determine
whether or not it is an abnormal phenomenon, taking into account the cosmic-ray primary composition
and ordinary interaction models. Our calculation shows that a proton-dominated primary composition
around the "knee" is not consistent with measurements of the multiple-muon distributions. On the oth-
er hand, taking 15W0% for the proton fraction and 25—50% for iron nuclei, there is satisfactory agree-
ment. We have estimated the frequency of multiple-muon events with muons in excess of 20 taking the
above primary composition. From this result, one would expect such an event per 60—100 years of
operation time, and therefore the probability of observing such an event becomes a few percent for the
duration of KGF experiment. Thus, we would suppose that the KGF event is a natural phenomenon in
spite of their argument that it is diKcult to explain it in terms of a conventional muon production mech-
anism even if an extreme case of heavy chemical composition of primaries is assumed.

I. INTRODUCTION

A detector, intended for the study of cosmic rays and
searching for nucleon decays, has been constructed un-
derground at a depth of 6045 m of water equivalent
(mwe) at Kolar Gold Field (KGF) in India [1]. The
ground above the site is nearly Oat. The KGF detector,
which has an area of 6 m X6 m and height 6.5 m, consists
of 60 layers of proportional counters. Iron plates with a
thickness of 6 mm were put between the layers. During
the operating period of about 3.2 yr, they have detected
12050 single-muon, 132 two-muon, 14 three-muon, and 3
four-muon events, and one event of 20 particles (KGF
event) [2,3].

The mean energy of muons going from the surface to
the detector is calculated by taking into account the at-
mospheric muon spectrum. At the surface, it corre-
sponds to —6.3 TeV (+1.3 TeV) for the vertical zenith
angle, —8. 5 TeV for 30, and —16 TeV for 45, respec-
tively. Underground, the mean muon energy and full
width at half maximum (FWHM) of the distribution of
the muon energy are —100 and -270 GeV, respectively.

It is expected that the contribution of protons in the
primary cosmic rays is not important for the production
of high-energy multiple-muon events () 10 muons in the
KGF detector) compared with heavy nuclei. For in-
stance, taking primary iron nuclei, the mean primary en-
ergy corresponds to —10' eV nucleus for 20 muons in
the KCxF detector. On the other hand, for primary pro-
tons it increases by a factor of about 2. High-energy
muons as measured in KGF are found in the vicinity of
the air-shower axis, and a large fraction of them ( —90% )

is confined to a circle with a diameter of -2 m at the sur-

face.
The NUSEx [4], Frejus [5], and Homestake [6] experi-

ments also reported multiple-muon distributions. The
NUSEx experiment measured multiple-muon events with
up to 7 muons at a depth of 5000 mwe and their results
indicate a proton-poor composition. Their measured
muons correspond to primary energies of 10' —10' eV.
The Frejus experiment used a detector with dimension 6
m X 12.3 m X 6 m at a depth of 4850 mwe and measured
multiple-muon events with up to 25 muons in a period of
about 2.8 yr. For muons going through the Frejus detec-
tor, the mean muon energy at the surface is —3.3 TeV,
taking into account the muon energy spectrum. On the
other hand, the Homestake experiment measured
multiple-muon events with up to 7 muons at a depth of
4200 mwe. From the measurements, they reported
multiple-muon rates consistent with a proton-dominated
(83%) primary composition in the energy range from
3X10' to 3X10' eV.

There is an interesting suggestion that the sphaleron
will decay into 8'—and Z bosons, accompanied by many
quarks and leptons at high energies ( —10' eV) [7]. In
that case, multiple-muon events observed deep under-
ground might be interpreted as the decay products.
However, because bosons have high transverse momen-
tum, multiple muons should distribute over larger extent
compared with the KGF event (+—1 m). Still the cross
section for sphaleron production in hadron-nucleus (and
also nucleus-nucleus) collisions in the atmosphere is not
clear, and so we confine ourselves to interpretating the
events by the mass composition of primary cosmic rays
and ordinary interaction models.

In this paper we calculate multiple-muon distributions
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by Monte Carlo simulation and investigate what limita-
tion is imposed on the primary composition. The pri-
mary composition around the "knee" is very important
for understanding the primary cosmic-ray acceleration
and origin. However, direct measurement is impossible,
because of the small intensity of the primary cosmic rays.
Therefore, the estimate using the muon component in air
showers becomes important as one of the indirect
methods.

After determining the best-fit primary composition
from the multiple-muon distributions, we examine wheth-
er or not the KGF event is an abnormal phenomenon.
Since there is a fair chance that the observed particles are
not muons but hadrons, we also examine atmospheric
muon and neutrino interactions with a rock surrounding
the detector. The primary energy able to produce 20
muons in the Frejus detector, assuming primary iron nu-
clei, corresponds to —5X 10' eV nucleus. Although it is
lower by a factor of -2 compared with KGF, we exam-
ine whether or not the Frejus measurements contradict
the KGF.

In the following section, the Monte Carlo simulation
procedures are presented, and the estimates are com-
pared with the measurements in Sec. III. We give also
the discussion and conclusion in Sec. IV.

the total energy 10' eV is assumed to be proton 42%,
helium 23%, medium 10%, heavy 8%, middle heavy 4%,
and iron 13%%uo. And we calculate the expected multiple-
muon distributions under the following two types of spec-
tra.

(a) First type: proton,

E ~ 2X 10 GeV, y =2.7,
2X10 &E ~2X10 GeV, y=2 5,
2X10 GeV(E, @=3.02 [15],

helium —middle heavy,

E +Ek, y=2. 7,
E, &E, y=3.23,

iron,

E &E, , y=2. 55,

Ek &E, y=3.23,

where E is the total energy. The fractions of protons and
iron nuclei amount to 50—70% and 15—20% for total
energies between 10' and 10' eV, respectively.

(b) Second type: proton —middle heavy,

II. CALCULATION PROCEDURES

A. Primary-cosmic-ray spectrum and mass composition

In the present paper, the primary composition is divid-
ed into six groups as follows: proton, helium, medium
(12( A (16), heavy (20( A (30), middle heavy
(31( A (50), and iron. Primary particles collide with
air nuclei and mesons are produced. The muons mainly
originate from meson decays. The mechanism of
multiple-meson production is formulated according to
the wounded-nucleon model [8] for a nucleus-nucleus in-
teraction and the scaling model for a nucleon-nucleon in-
teraction. In a nucleus-nucleus collision, the projectile
nucleus is fragmented into other nuclei with lower mass
number. The mechanism of nuclear fragmentation is for-
mulated according to the experimental values of fragmen-
tation parameters at low energies [9]. Measurements by a
balloon [10—12] and a satellite [13] are available for pri-
mary composition and energy spectrum up to the total
energy —100 TeV. Above this, air-shower measurements
are available [14].

We suppose the energy spectrum presents the well-
known "knee" at an energy Ek, the location of the bend
in the total-energy spectrum. The spectrum falls some-
what more steeply above the knee, which may reAect that
the more energetic particles above the knee are able to
leak out of our galaxy more rapidly (assuming their
sources to be within it). Ek (Z) is taken as 5 X 10 Z GeV,
where Z is the atomic number of the projectile nucleus.

The differential primary-cosmic-ray intensity varies as
E over many decades with the exponent y equal to 2.7
up to Ek and greater than 3 above it. However, for iron
nuclei the exponent y is assumed to be 2.55 up to Ek [13].
In the present paper, the fraction of each component at

E Ek, y=2 7,
Ek &E 100Ek, y =2.85,

100Ek &E, y =3.02,
iron,

E +Ek, y=2. 55,

Ek &E, y=3. 1 .

The fractions of protons and iron nuclei amount to
20—40% and 20—25% for total energies between 10'
and 10' eV, respectively.

These two types of spectra are presented in Figs. 1(a)
and 1(b).

B. Meson production

In this paper we adopt the wounded-nucleon model for
nucleus-nucleus interaction. The mean number of
wounded nucleons N~z is defined to be the number of nu-
cleons that have participated in one interaction:

+a+& x~)~

where o.z~ and o.&~ are the nucleon-nucleus inelastic
cross sections and o. ~z is the nucleus-nucleus cross sec-
tion. For o.&„and o.&~ the following energy dependence
is taken:

0&z =o(A)E (E in TeV), '

where o. ( A) is assumed as 363 mb [3]. o zz is given
as

~~a =~«~+&a —bro)'
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C. Muon-nucleon interactions

Multiple mesons are also produced by nuclear interac-
tions atmospheric muons with rock above the detector.
Thus we estimate the contribution from this process to
the high-multiple events such as the KGF event. The in-
teraction cross section is given in the paper [16],and the
total hadronic c.m. -system energy squared 8' is present-
ed using the four-momentum transfer squared Q,
transferred energy v, and nucleon mass M as

8' =M +2Mv —Q

The mean multiplicity of charged hadrons is given from
the experimental results of the European Muon Colla-
boration [17] as

( n ) = —0.30+ 1.22 ln W +0 22 ln Q

and the following formula is taken as the multiplicity dis-
tribution [18]:

P(z) = ( n )p (n) =2e 'c"+'/I (cz + 1),

interaction is extremely small. Therefore, we can neglect
the contribution from this interaction to underground
events of high multiplicity.

Other processes producing muons and hadrons deep
underground include the neutrino-nucleon interaction
[20]. However, this contribution is completely negligible
because the cross section is several orders lower than the
muon-nucleon interaction mentioned above.

III. COMPARISON %'ITH OBSERVATIONS

A. Primary composition

Assuming two types of primary spectra as shown in
Fig. l, we first calculate the distributions of the number
of muons deep underground by Monte Carlo simulation.
We take into account the muon threshold energy, which
depends on zenith angle and the geometry of the detector
(taking the muon trajectory in excess of 1 m). The distri-
butions calculated by using the primary spectrum of the
second type are shown together with experimental data in
Fig. 4 (Frejus) and Fig. 5 (KGF). For Frejus the esti-

where z is n/(n ) and c is 7.4. We calculate the number
of hadrons produced in the rock above the KGF detector
and also calculate the number of hadrons (and/or muons)
going through without interaction in the residual target
rock and detector. In this case the muon spectrum at the
surface is taken from the experimental result [19]and the
thickness of the target rock above the detector is varied
up to 10 m. The distributions calculated for a rock thick-
ness of 2 m are shown in Fig. 3. As seen in the figure, the
number of hadrons going through the detector without 10

Frejus

KGF

&0- ) )O2

0
O
Oo

0
O

O

&10—

~ ~ g
~ IL o

~ ~

0 0
0

40

&0
0 ~0 20 30

Number ot Hadrons(Muons) 10
0 10

FIG. 3. Multiplicity distribution (solid line) of hadrons pro-
duced by atmospheric muon interactions with a rock above the
KGF detector. Also, the distribution (dashed line) is shown for
hadrons and muons {after meson decays) going through the
detector and residual target without interactions. The thickness
of a target rock was taken as 2 m. These distributions are al-
most independent on the target thickness.

Number of Muons

FIG. 4. Comparison between Monte Carlo simulations (o)
and measurements of Frejus (~). The operation time is normar-
ized to 2.8 yr. All muons produced by six components assumed
in the text are taken in the simulation and spectra assumed in
the second type are taken into account.
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mates are somewhat higher than the measurements in the
range of 7—12 muons, and for KGF the estimates become
somewhat higher for 3—4 muons. Although there are
slight discrepancies as mentioned above, the measure-
ments of the multiple-muon distribution are in good
agreement with the present estimates based on the pri-
mary mass composition in the second type.

The y value per degree of freedom between estimates
and measurements is -2 for the first type (all fits are with
19) and -0.6 for the second type. However, if we take
the primary composition of the first type without iron nu-
clei, the y value becomes —1.9. Therefore, such a pri-
mary composition does not help the interpretation of the
measurements. Further, if the number of muons is taken
in the range of significant statistics (1—6), the y values
become —10 and —l. 3 for the first and second types, re-
spectively. Thus the second type composition is better
than the first type.

From these considerations, for primary energies be-
tween 10' and 10' eV, a proton-dominated composition

seems unable to explain the measurements well, and then
it is necessary to take into account the possibility that the
primary cosmic rays consist predominantly of nuclei
(proton fraction 20—40 %).

Further, keeping the first type spectral shape for pro-
tons and iron nuclei and varying the fractions of these
two components, we calculate the multiple-muon distri-
bution and estimate the best-fit primary composition by
comparison with the KGF measurements. However, the
other components are assumed to be the same as those of
the first type. The estimated minimum y values and the
iron fraction at this place become —1.5 (ND„=5) and
(50+2O)%, respectively. This iron fraction is somewhat
higher than that (30—40% around 10' eV) suggested by
the y-ray family experiment [21]. The above-estimated
primary composition is called hereafter the third type
(proton fraction 10—30 %).

B. Examination of high-multiplicity muon events

As a second step, we examine whether or not the KGF
event with 20 tracks is abnormal.

1. Time interval between high-multiplicity muon events

C

l
uJ

f o
1»

l

)0' -1

KGF

OO

We calculate the Aux of high-multiplicity muon events
( ~ 20 muons) by taking the second and third types for the
primary composition. As shown in Fig. 5, the atmos-
pheric muon and neutrino interactions do not contribute
to such high-multiplicity muon events. Primary protons
are also impossible for the production of such high-
multiplicity muon events. By contrast, heavy nuclei in
the primary cosmic rays can contribute to them. If we
take the second type and operation time of -250 yr, the
number of events is zero for the primary protons (max-
imum multiplicity is 17) and 3 for primary iron nuclei.
Also, we calculate the time interval between any two
high-multiplicity muon events ( ~ 20 muons). As a result,
such events will be observed with the mean time interval
of —100 yr (curve A shown in Fig. 6). Thus the probabil-
ity of observing such an event amounts to a few percent
for the KGF operation time. On the other hand, for the
third type the mean time interval is —60 yr (curve 8
shown in Fig. 6) and therefore the corresponding proba-
bility becomes —5%.

Although the muon multiplicity of 20 in the KGF
detector corresponds to -50 muons in Frejus, taking ac-
count the difference of the muon threshold energy, no
such event was observed during the Frejus operation time
of about 3 yr.

I I I

0 &0 20 30
Number of Muons

FIG. 5. Comparison between Monte Carlo simulations (0)
and measurements of KCiF (~). In the simulation, the opera-
tion time is normalized to 3.2 yr and all muons produced by six
components assumed in the text are taken. The primary spec-
trum assumed in the second type is taken into account for each
components. The dashed line shows the distribution expected
from the muon-nucleon interactions.

2. Statistical treatment of the experimental ualue ofKGF

We would like to examine whether the experimental
value of KGF for N„=20 in Fig. 5 is able to be dismissed
or not by the statistical treatment. We have 12 theoreti-
cal values (open circles) whose frequencies are all
4. 5 X 10 /3. 2 yr and one experimental value (solid cir-
cle) whose frequency is 1.0/3. 2 yr for N„~ 20. Accord-
ing to the statistical treatment, if their distribution is nor-
mal and assuming that significant level a is 0.05, we
present a ratio F0, which follows the F distribution, as
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FIG. 6. Integral spectra of the time interval between any two
high-multiplicity muon events ( ~20 muons). These were ob-
tained by Monte Carlo simulations. The ordinate shows the
time interval ( T), and the abscissa shows arbitrarily the integral
number of events. Curves 3 and B correspond to the second
and third types for the primary composition, respectively.

follows:

s — x x n (3.1)

a =(x„—(x ))/s,
Fo=(n —2)a l(n —1 —a

(3.2)

(3.3)

IV. DISCUSSION AND CONCLUSION

Very recently Saito et al. [22] have found in cosmic
rays two abnormal events with the charge of 14 and mass
number of about 370 and have identified them as strange
quark matter [23] (SQM), consisting of roughly equal
number of u, d, and s quarks. If this conjecture is
correct, a primary glob of SQM might explode while
penetrating the atmosphere and give rise to multiple-
muon events through enhanced A and K production be-
cause of the high content of s quarks. However, their es-
timated relative abundance of the SQM candidate to
cosmic rays is -2X10 at the total energy of 10" eV,
and therefore if the integral energy spectrum of SQM can
be extrapolated to 10' —10' eV with the exponent of

where n is the number of data, (x ) the average value of
frequencies for all data, and xk expresses the frequency to
be examined. Since we have that a is 3.4641, I'o becomes
infinity. From the table of F distribution, Fii (a=0.05)
is to be 4.844. Fo is greater than F» (0.05); therefore, the
experimental frequency can clearly be excluded. Howev-
er, this does not mean that the KGF event is an abnormal
phenomenon.

cosmic rays, —1.7, the SQM contribution to high-
multiplicity muon events should be neglected ( (—10
compared with that of heavy nuclei).

Although there is an interesting suggestion that the
KGF event is an occurrence of a new interaction [2] in
the range of 10' eV, we examined how it may be possible
to interpret the KGF event by taking account a primary
composition and ordinary interaction models. It was
confirmed in the present calculation that the high-
multiplicity event detected by KGF cannot be interpreted
by muon and neutrino interactions. Since these particles
are probably muons, we calculated the multiple-muon
distribution produced through primary-cosmic-ray in-
teractions. The low-multiplicity muons are produced
normally by protons, while high-multiplicity events origi-
nate mainly from heavy nuclei. Thus the proton contri-
bution to the KGF event is negligible.

We assumed two types of primary spectra and calculat-
ed the multiple-muon distribution in the KGF detector.
Although the second-type primary composition is in
better agreement with measurements than the first type,
in the region of 3 —4 muons the estimations are something
higher than the measurements. In order to improve the
agreement, it is desirable to decrease the proton rate by
making the spectral index greater than 3 for energies
beyond Ek, at which the spectral slope steepens. Howev-
er, such improvement introduces a discrepancy with the
energy spectrum measured by extensive air showers. In
any case, a proton-dominated composition () —50%)
around the knee (10' —10' eV) cannot explain well the
multiple-muon distribution. Therefore, it is natural to as-
sume a nucleus-dominated composition around the knee,
for example, iron 25 —50 % and proton 15—40 %.

We calculated the probability of observing high-
multiplicity events with muons in excess of 20. We can
expect one such event per 60—100 yr of operation time,
and the probability becomes a few percent in the KGF
operation time. Therefore, we suppose that the KGF
event is not an abnormal phenomenon.

The MACRO detector [24] at the Gran Sasso has a
muon threshold energy of —1.3 TeV and an area of
-900 m . When it goes into operation at the full size, it
will be possible to detect many events with muon multi-
plicities up to several hundred. Therefore, in the near fu-
ture we can say more convincingly whether or not the
KGF event is an abnormal phenomenon.
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