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Cosmic ray composition from multiple muon data with the KGF underground detector
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The Kolar Gold Field(KGF) experiment was operated for about 6 years at a depth of about 6045%g/cm
using a calorimetric, fine-grain detector and recorded 307 multiple muon events in addition to about 23000
single muons. The mean sea level energy of muons arriving vertically at this depth being around 7 TeV, one
has a sensitive probe for the chemical composition of primary cosmic rays at energies arokneeihethe
energy spectrum. Predictions based on several rigidity dependent composition models are compared with
observed multiplicity spectrum. The data strongly support a mixed chemical composition with medium to
heavy primaries contributing substantially beyond®V. The proposed model explains all the features of the
data and is consistent with the results from direct measurements as well as the all particle energy spectrum.
[S0556-282(198)00207-0

PACS numbg(s): 96.40.De, 13.85.Tp, 96.40.Pq, 96.40.Tv

I. INTRODUCTION with a flat surface terrain located 990above m.s.l. The
instrumentation and data acquisition system of the Phase-2
The primary cosmic ray spectrum has been determinedetector has been published in full detail[it]. The main
over the energy range $010°° eV, using a variety of tech- detector is made up of 60 horizontal layers of sealed propor-
niques. The spectrum in the different energy ranges can bgonal counters, separated by 6 mm thick iron slabs. Each
expressed in the form of a power la&"” with different  |ayer consists of 58 proportional counters, filled wRHO
values of the exponent in different energy ranges. Two VeNjas(90% Ar + 10% CH,) at a pressure of 85 cm of Hg.

pronounced changes ocj:cur, cr)]ne aroun%;]eﬁ/ Wﬂere tEe These layers are stacked in an orthogonal geometry in order
spectrum steepens and another around” B¥ where the oot 5 'stereoscopic view of tracks. The main detector is

spectrum tends to flatten. The first is called kmeeand the surrounded by dacket of vertical columns on three sides

second thenkleof the primary spectrum. which serves as an offline veto for a proton decay search.

It has been possible to determine the composition of th%ach side has two vertical columns of proportional counters
rimary cosmic ray§PCRg through direct measurements o . )
P y Yl 3 9 onsisting of about 60 counters with a 1-in. Fe absorber be-

with balloon- and satellite-borne instruments only up to the® R
energy range of~10 eV. Beyond this, direct measure- tween these columns. A s_cher_natlc view of t_he com_ple_te
ments are not feasible because of a steeply falling flux of th&€nase-2 detector is shown in Fig. 1. Various trigger criteria
primary radiation. The presence of tkeeein the spectrum Were employed to detect penetrating muons, contained
is believed to be connected with a change of composition ofVents, etc. Full detection efficiericipr tracks due to atmo-
the primary radiation. Evidence is gradually accumulating tosPheric muons was achieved by keeping sufficiently loose
suggest that the composition is changing even areuf@**  trigger criteria. Salient features of the site, detector, and data
eV, a decade earlier than the knee region. are summarized in Table I.

The only method available for the determination of the We have analyzed the entire data recorded during the pe-
composition around the knee region is the method of extenrod of December 1985 to October 1992, corresponding to a
sive air showers through a measurement of the different fedotal live time of 5.54 years. About 23 500 events, mostly
tures of the various secondary components such as electrorje to single muons, were recorded during this period. The
muons, hadrons, etc. Detailed Monte Carlo simulations havaccuracy in the zenith angle is estimated as 0.7° for tracks
shown that one of the suitable components of the air showegith a path length=2 m inside the detector. The zenith
from the point of view of the primary composition is the high angle distribution of the single muon rate, shown in Fig. 2, is
energy muon component, especially the multiplicity spec-
trum of high energy muons. In this paper we discuss the————
ree\ls’el’gtz trgit)rhdaev de iﬁn:ﬁégggefgolnéz?g?éﬂiﬁ oéorlr;lf_lt('g(lj dn?:lijglr:j IA pretrigger transistor-transistor logid@TL) output pulse of 3

. sec width is generated independently for each layer in the main
(KGF) detector. The Phase-2 detector is larger among alj;etector by taking ther output of all the 58 counters in a layer.

tﬂose employe%here and data from this detector are used f%us, the presence of a hit in any counter would generate the pre-
the present study. trigger output for the corresponding layer. A muon trigger is gen-
Il. DATA REDUCTION erated whenever fivg sgch pretriggt_er puls_es out of any consecutive
11 layers form a coincidence within a window of ;8sec. Such
The KGF underground detectors were situated in deefpose criteria for the triggefany 5 out of 11 layessensures almost
mines at 12°57N geographic latitude and 78°18E longitude.00% efficiency for detection of muons.
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FIG. 1. Schematic view of the Phase-2 detector.
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obtained by binning data in 5° intervals. The expected event

rate due to atmospheric muofshown as solid lingis ob-
tained using an empirical forf2] for KGF rock and the
detector aperture applicable for each angular bin. Large

angle tracks beyond 60° are mostly due t@@(v_ﬂ) inter-
action in the surrounding rock, producing muons which give, ; ; ; )
rise to a penetrating track in the detector. The contribution'ty could be easily determined for events with a track sepa

from this phenomenon, shown as dashed line, is estimat
using thev, (v ,) energy spectrum, its interaction cross sec
tion, etc.[3]. It can be seen that the total expected rate agre
well with the observations, confirming the satisfactory per-

formance of the detector during the entire period.

A. Multiple muon analysis

We have observed 307 events caliadltiple muonswith

good spatial resolution~<10 cm of the detector, multiplic-

TABLE |. Experimental details of the Phase-2 detector at KGF.

Depth

KGF rock density
KGF rock(Z/A)
KGF rock (Z2/A)
Basic detection unit

Detector dimensions
Number of counters
Number of layers
Angular resolution

Spatial resolution

Total weight

Live time

Total number of muons
Number of multiple muons

6045 hg/crh
3.03 g/cth
0.495
6.4
Proportional counter
10 cmx10 cmx6 m
%6x6.5 m®
3834
60+ 6 (veto jackex
0.7°
(Path length> 200 cm)
10 cm
320 tons
5.536 years
231519 50°)
307

20 40

80
Zenmith Angle(degq)

FIG. 2. Zenith angle distribution of single muons.

ergttion larger than 10 cm. Since the separation between

muons for the Phase-2 depth is typically 150 cms, the num-

ber of multiple tracks with a separation10 cm would be

eﬁegligibly small. Table Il shows the observed multiplicity

distribution of muons. Because of the finite size of the de-
tector, all the muons in a multiple muon event may not pass
through the detector. Thus, the observed multiplicity distri-
bution is not the same astaue multiplicity distribution. The

geometrical efficiency of the detector, i.e., the containment

well-separated tracks, parallel within the angular resolutiorProbability Pg,eom(”u/ n,) of observing an event of actual

of the detector, due to two or more muons passing througfultiplicity n,, asn, is obtained using the decoherence
the detector. The contribution from pions produced in thecurve and the lateral distribution of multiple muons for each
rock by a photonuclear interaction of muons in the surroundmultiplicity. The expected multiplicity distribution appli-

ing rock and mimicking multiple muon events is estimated tocable to the Phase-2 detector geometry and depth is obtained
be quite smal[4]. The observed multiple muon data extend by applying geometrical corrections to the true multiplicity
smoothly up to the multiplicityr, =6 except for one event distribution evaluated for a given composition model; this is
with a very high multiplicity of 202 [5]. Because of the then compared with the observations.

B. Geometrical correction for n{FZ

The decoherence distribution far, =2 data, obtained by
calculating the spatial separatidd, between two muon
tracks and grouping them in 50 cm bins, is used to estimate
the geometrical correction fom;=2. The probability
p(D, ,0) of recording events with the true multiplicity, i.e.,

TABLE Il. Observed multiplicity distribution.

Multiplicity Observed number
n, of events
1 22844
2 265
3 33
4 6
5 1
6 1
2072 1
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TABLE Ill. Average containment probabilitg’geon{n#/n;) for
-D,/162 £ 18 cm. the Phase-2 detector.
- e
€ True Observed multiplicity,,
g multiplicity n, 1 2 3 4 5 6
= 2 0417 0.583 - - - -
g ._é_.—é—. 3 0.299 0.251 0.450 - - -
‘: ,_é_‘ 4 0.283 0.154 0.205 0.358 - -
& ® True decoherence (x 2) 5 0275 0115 0115 0185 0.310 -
- O Observed decoherence + 4’_ 6 0.269 0.106 0.077 0.100 0.171 0.277
0 100 200 300 400 500

(b) By randomly selecting a point on the plane, generate
Spatial separation between muons (D, cm.) three other points with respect to it using the lateral distribu-
o tion function[Eq. (1)] with the value ofr, chosen between
FIG. 3. The observed and the true decoherence distribution 0§45 504 100 cms. Only those samples in which at least one
muons. The solid line represents a fit of the exponential form. out of three points falls on the shadow area of the detector
are accepted aweaningfulsamples. A large number of such
nl’L=nM for n,=2, is obtained as a function of the spatial samples are generated.
separation and zenith angle using the Monte Carlo method (c) The containment probability is obtained as a function
described irf4]. The containment probability is not sensitive of r, and ¢ for different observed multiplicities by taking the
to the azimuthy due to the cubical geometry of the detector. ratio
However, it reduces rapidly with the separation and increases
slowly with the zenith angle. The true decoherence distribu- P(n./3rq,0)= N(n,)
tion is obtained by appropriately normalizing the observed #=0 0077 total number of samplés
distribution withp(D, ,#). The observed and true decoher-

ence distributions are shown in Fig. 3. The solid line in thewhereN(n,) is the number of samples with, points (1

figure represents the exponentiad*PUDf) fit to the true  =NuS 3) inside the shadow area of the detector. The prob-

decoherence with* = 162+ 18 cm. The ratio of the integral ability is observed to vary gradually with these parameters.

. . . ) ’
under the curves of the true and observed decoherence digeomMetrical corrections up w), =6 are obtained by adopt

tributions gives the geometrical correction factor for mgkfl‘ similar grocegure. They arehaveraged (()jﬁemnld_rcl,_ .
Pgeon(2/2)=0.583 and henc®ye,n{1/2)=0.417. The sys- grat .;’ :.”) an I!Jsebl t? (t:;])mpute tte eﬁﬁm%h mu t2|pd|c1[ty
tematic error due to averaging p{D, ,6) over a few angu- 2'Str1oution applicable 1o the geometry ot tné Fhase-z detec-

lar ranges and extrapolation of the decoherence curve fdPr for dif,ferent composit_ion_ models. The error on
integration is of the order of 5%. Pgeon{n,/n,) due to averaging is between 6% and 10% for

n;=3—6.

@

C. Geometrical correction for nl’1>3
. o . lll. SIMULATION OF THE MULTIPLICITY
Higher multiplicity data are corrected using the lateral DISTRIBUTION

distribution of muons, assumed to follow the same functional

form as that derived from the, distribution of secondary The multiplicity distribution for the Phase-2 detector is
particles produced in strong interactions. The valuer of estimated through the simulation of the high energy muon
varies as a function of depth. For Phase-2 depghis ob-  component of extensive air show&aAS) for all components
tained indirectly by simulating the true decoherence distribu-of the composition model. It further involves the propagation
tion for n,=2 data using the exponential form of the lateral of muons through rock to the depth of observation and pa-
distribution for different values of, between 70 and 120 rametrization of simulated data. The mean energy of muon
cm. We find thatr,=90+10 cm generates the observed reaching the depth of 2 km being around 7 TeV, one could
value of D¥ to a good approximation. Thus, the lateral dis- confine the simulations to energies3 TeV without any loss

tribution function of muonsf(r), consistent with the ob- Of accuracy. The entire scheme of simulation, parametriza-
served data, is given by tion, and estimation of the multiplicity distribution is imple-

mented in the following steps.
1., B (1) Simulation of hadronic showers in the atmosphere.
f(r)e—e o, ry=90+10 cm. (1) The Monte Carlo code basically simulates the interactions of
primary as well as secondary particles with air nuclei and
follows all particles that could give rise to high energy
The overall containment probabilitPgeon{n,/n,) at  muons €,>3 TeV) up to the surface of the mine. The code
higher multiplicity (n;>3) is obtained by using this lateral has the following features.
distribution through a Monte Carlo method. The procedure (& For a given primary nucleon, the interaction point in
adopted to obtaiPye,n{Nn,/3) is as follows. the atmosphere is generated using the energy-dependent
(a) Project the detector in a plane perpendicular to thecross section and the atmospheric model which gives the
shower axis, say, at an angle depth profiles in units of g/ck) expressed as a function of
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altitude and zenith. The energy dependence of the interaction TABLE IV. Best fit coefficients to calculate the average
mean free path for various hadrons, as givefi7ilphas been multiplicity (E, is in TeV/nucleon, logN,(>3 TeV))
used in the present calculation. For primary nuclei, a frag=2i-o&i[10g1eEn]"
mentation model is used to break up the nuclei into nucleons
- : : : Primary ag a; a, as ay

and generate their interactions points in the atmosptsere
Appendix A). p -6.7536 5.9104 -2.3224 0.45286 -0.03211

(b) TheHADINT routine(see Appendix Ais then called to a -6.7241 6.571 -2.6243 051175 -0.03612
simulate the interaction for a given input laboratory energy; cNO 77334 9.865 -4.9939 1.2139 -0.109
this produces secondary particles of different types with their mg-si  -6.7251  8.2728 -3.8488 0.87347 -0.07357
momenta and particle identification as its output. The inter- e -6.0274 7.3786 -3.1621 0.6608 -0.05073

action routine is based on the accelerator datepp_ncolli—
sions described in Appendix A. The same routine also simu- _ _ o
lates the production aftharmmesons which could give rise A. Simulation and parametrization

to muons through their relatively fast decays. These are re- The PCR composition is studied in terms of five dominant
ferred to asprompt (or direct) muonsand their contribution  components of cosmic rays, vip, @, CNO, Mg-Si, and Fe.
to the total observed flux is studied separately. All tiea- A large number of showers are simulated for these primaries
tral pions as well as particles with energy3 TeV are ig-  at discrete energies ranging from!i@o ~10' eV at zenith
nored after their production to economize the computingangles§=10°, 20°, and 30°. The simulated data basically
time. It may be noted that the survival probability of muonscontain the information on the average multiplicity of muons
with energy<3 TeV at Phase-2 depth is too sma#i10~°)  (N,(>3 TeV)), the multiplicity distribution, and the energy
and hence their contribution to the expected muon flux isspectrum of muons at the surface of mines. The zenith angle
insignificant. dependence of the average multiplicity for a given primary
(c) Charged pions or kaons can either interact or decay itnergy is observed to be consistent with the well-knowrd sec
the atmosphere; their decay as well as interaction lengths atew. The (N,(>3 TeV)) in the vertical direction is ex-
generated using the Lorentz-hoosted lifetime and the interadréssed in terms of the primary energy as a fourth degree
tion cross section. They are made to interact or decay dg2olynomial of the primary energy; the coefficients of the fit
pending on whichever occurs first. For interacting particles/Or various primaries are given in Table IV. Using these and
HADINT is called again and for decaying particles all theth® Se@ law, the average multiplicity of muons could be

information such as point of production, momentum, etc., jobtained for a given primary energy and zenith angle. The

stored for muons with energy more than 3 TeV. This proce_dependence of average multiplicity on the primary energy is

X ) . : shown in Fig. 4a). The multiplicity distribution of simulated
dure is followed until all the particles in EAS have energy . ions &3 TeV) at the ground level is observed to fit a
<3 TeV. ; X T 2 ! :
(2) A large number of showers are simulated for all com negative binomial distributioiNBD) as given in EG(A2).
" Thesh k, of the NBD h pri -
ponents of primariegbroadly grouped ag, He, CNO, e shapeparametek, of the at each primary en

ergy, is obtained by fitting the multiplicity distribution of
Mg-Si, and F¢ at several discrete energies {3010" eV) 9y y g pllcity
and zenith angles. Since showers are simulated at discrete

He =

energies and zenith angles, simulated data on multiplicity~y:L « -
distribution and energy spectrum of muons at the ground® F . Proon
level are parametrized in order to generate muons and theix 0 3
energy at intermediate primary energies and zenith angle:\; 1 f
(see Sec. Il A. 5‘10-1;_ N

(3) Next the muon multiplicity and its energy for a large
number of samples are generated for a given primary at fine g
energy intervals in each zenith angular bin of 5° up to 50° w’l——el il L L —il
and propagated to the depth of observation using accurat ' 10 10 10 " §, (TeV/Nuckon "
calculations on the survival probability of muoksee Ap-
pendix B. It may be noted that the observed data are also;\a g
grouped into similar angular bins. xg"z;

(4) The probability functionst(nl’L,En,ai) are obtained 1k
for each primary from the multiplicity distribution of muons i
reaching the detector depth. These functions give the prob  F
ability of recording an event of true multiplicity, , from a wE
primary of typej and energyE, , penetrating through slant w0’}
depth corresponding to the Phase-2 detector depth for ai i
angular biné; (see Sec. Il B. 10

(5) Finally, the probability functions and geometrical cor-
rection factors are used to numerically compute the expected FIG. 4. Parametrization of simulated data) Energy depen-
multiplicity distribution for different composition models dence of average multiplicity of muons aff®) energy spectrum of
(see Secs. IV and Mand compared with the observations. muons for various primaries.

af
1wk

10%E
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TABLE V. Best fit coefficients to calculate thke parameter L
(E, is in TeV/nucleon, logyk=37_obi[log;o(N,(E,>3 TeV, 2 w'f @
En.0))]". Woaf
RUN:
Primary b b, b, T L
p 0.8094 0.3274 0.06823 10’
a 1.1136 0.3503 0.07775 w0
CNO 1.1624 0.6215 -0.00295 10.(,5 A4 L ]
Mg-Si 1.0627 0.4687 -0.012 10 10° 1’ 10* 10°

Fe 0.9515 0.3093 0.11027 E (TeV)

simulated muons and is expressed in terms of the primary
energyE,, (TeV/nucleon, using a second degree polynomial
fit (Table V). By obtaining the average multiplicity and tke
parameter using the coefficients in Tables IV and V, we can

L Lo ! L |
generate the number of muons with enekgg TeV for any 10 10* 1’

primary of a given energ¥,, arriving at an angled. In E, (TeV/Nucleon)
order to get the energy spectrum of muons, the data are pa- f|g. 5. probability distribution at observational depth in the

rametrized in an indirect manner. Figuréoyishows the plot  near vertical direction for different multiplicities of muons plotted

of (N,)XE, versusE, /E,, where(N ) is the average mul- against the primary energy f¢8) proton and(b) iron primaries.
tiplicity of muons at the sea level with an energy more than

E, (TeV). At each primary energyN,,) is obtained from

simulated data, at different energy thresholds ranging from 3

28539 Te\(. These are fitto a polynomlal with the COfoICIentZenergyEn by finding the fraction of the number of samples

given in Table VI. Muons in EAS could now be generated”. L :

at any given primary energy and zenith angle by generating §''"9 MUuons of true multiplicityn,,. In this manner,

number of muons ¥3 TeV) as described above and then Pj(N,.,En,6) is determined for a muon multiplicity up to 6,

distributing energy to these muons using the energy spect@ several energies for the same type of primary and slant

from the parametrization given in Table VI. We have alsodepth, which is then parametrized as a function of primary

simulated showers by including the nuclear target effapt ~ energy for each multiplicity.

pendix A and the results are parametrized in a similar man- To ensure the validity of this parametrization, we have

ner. propagated the muons simulated at discrete primary energies
at the sea level down to the depth of observation. The prob-
abilities thus obtained are found to be in good agreement

B. Estimation of probability functions P;(n/,E,,6;) with the parametrization described above. As an example,

The probability functions are obtained for ten angular binsF'g' .5_s_hows thg probability of surviving muons up tp a
of 5° width and up to the true muon multiplicity of 6. The Multiplicity of 4 in showers generated by proton and iron
number of muons and their energy are generated using tH¥imaries as a function of the primary energy for the near
parametrization described in the previous section for fixegertical direction.
primary energy and angular bin. These muons are propagated
through the slant depth corresponding to the angular bin ustV. SENSITIVITY OF DATA FOR COMPOSITION STUDY
ing the detailed survival probability calculatidippendix . . .
B)q A large number of sucph sampleys are gengra%)d and then Before studying different composition models, we exam-

P.(n' ,E, .8 for a primary of typq is calculated at a given ine the sensitivity of the observed data for different prima-
I =ne P y oryps 9 ries. For this purpose, we obtained the expected multiplicity

distribution for a pure composition, i.e., assuming that cos-
mic rays consist of only one type of primaries suchpasr

«, etc. The shapes of expected and observed multiplicity
distributions are compared to see the sensitivity of data on

TABLE VI. Best fit coefficients to calculat&,(N,) (E, is in
Tev and E, is in TeVinucleon,  logE,(N,)
=37 oCi[10g16E, /En]".

- the nature of the primary. We have assumed a power law
Primar C c c c c c -
y % ! 2 3 4 ° form for the energy spectrum of the primary and then the
p -3.6628 -3.3760 -1.2111 -0.1944 .005791 0.002911expected multiplicity distribution is evaluated for different
@ -3.9346 -5.3749 -2.9961 -0.9393 -0.1408 -0.008104values of spectral indices. Let;=K;E™ ¥ be the differential

CNO -3.8034 -6.8973 -4.8817 -1.981 -0.4013 -0.03203 energy spectrum of primaries of typeThe coefficienK; is

Mg-Si -3.5678 -6.8586 -4.7365 -1.8578 -0.3665 -0.02905 determined by normalizing the expected flux of single muons
Fe -3.2181 -6.6695 -4.5269 -1.7508 -0.3391 -0.02624t0 the observed flux. This compensates for the uncertainties
in the interaction model to some extent. The expected flux of
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muons up to an observed multiplicity of 6 is calculated nu-
merically in each angular bin as follows: 28
6 10
, E Y =-2.7
fi(n,,0)=K;, > Pgeonfn,/n,)
n' =1 y =26
M
XJ’ Pj(n;L=En10i)Et7(3’2/dEtotv (3)
3 TeV
gl
whereE,,=E,./A. Contributions from a higher multiplicity E
(=7) are much smaller than the statistical errors in the ob-
servations and hence they are neglected. The total expecte
number of single muon eventa (= 1) can then be obtained
by summing over all angular bins as 4
10+
. 10 y =-%.§
ngxpt(l)=Ti21 f,(1,6)A(6), (4) 32556
whereA(6,) is the integrated aperture area for angular #in S e T
andT is the total live time of the detectoK; is found by Multiplicity

normalizingnk, ,(1) with Ngpg(1).
Once K; is known, the expected number of events of
higher multiplicity can be obtained as

FIG. 6. The ratio of the observed to the normalized expected
flux of muons at different multiplicities for a light and heavy pri-
mary.

10

néxp(n,):TZl A(0)fi(n,,0) (5 multiplicity distribution of muons are compared with the
o data. The general method to obtain the expected multiplicity
The ratio distribution for a given composition model is quite similar to
the procedure described in Sec. IV. The resultant multiplicity
distribution[ N ,{n,)] is obtained by evaluating{exp[(n#)
o (n) (6)  using Egs.(3) and (5) for each primary of typg and then
expttiu summing it over all the primaries. The model dependence of
the interactions and the uncertainty in the flux of cosmic rays

up to multiplicity n,=4 is obtained for each primary at dif- i
ferent values ofy. Since only one event each is observed athave been reduced to a large extent by normalizing the ex-

a multiplicity of 5 and 6, the data at these multiplicities arepe(:te‘j single muon flux with that of observations. The nor-
not used for a comparison between the observed and ex-

Rj(nM) _ NObS(np,)

pected multiplicity distributions. It is to be noted tHaf1) TABLE VII. Primary composition models.

will be always 1 due to the normalization af,=1. If the

data were not sensitive to the nature of primaries of differenfomposition Group  K? Y E. Y
atomic weights, we would have expected the same shape of (1) E<E. (10°GeV) E>E

the R(n,,) distribution for all primaries. Our results, shown

. . S . T p 172 2.71 20 3.00
in Fig. 6, indicate that the normalized expected multiplicity “ 92.0 571 40 3.00
distribution is steeper as compared to the observation, for a : ' '
lighter primary like a proton, whereas it is flatter for the Fe —°nStant mass CNO 620 2.71 140 3.00
ghter pnmary proon, et T Mg 920 271 260 3.00
primary. A similar trend is seen for other primaries likg 9 ' ’ ’
CNO, and Mg-Si, confirming the sensitivity of the data to the Fe 62.0 27 520 3.00
composition. We have done this analysis by using the inter- p 260 273 1.0
action model with and without the nuclear target effect, but 18.4 2,50 100 3.02
the sensitivity to the composition is unaffected. o 816 273 10 3.23
Linsley CNO 56.5 2.73 35 3.23
V. COMPOSITION MODELS AND COMPARISON Mg 73.0 2.73 70 3.23
WITH OBSERVATIONS Fe 63.3 273 130 3.23
We have considered here three different composition p 198 2.75 3.0 3.35
models(Table VII) discussed in the literatuid]. They in- o 103 2.77 6.0 3.37
clude the proton-dominated model suggested by Fichtel angharyiang CNO 215 260 21 320
Linsley as well as the heavy primary-dominated composition Mg 11.4 250 42 3.10
(Maryland model. In these models, the knee in the energy Fe 5.95 250 84 3.10

spectrum is assumed to be rigidity dependent. The predic-
tions on the zenith angle distribution, lateral distribution, and®K is in units of m2 s~ % sr ! (GeV/nucleuy 2.
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TABLE VIII. Multiplicity distribution for various composition
models.

Composition  Primary Multiplicityn,,
model 1 2 3 4 5 6
p 13964 74.2 2.33 0.22 0.02 0.00
a 1998 295 1.71 0.25 0.09 0.03
CMC CNO 525 18.0 2.52 0.54 0.20 0.07
Mg-Si 441 20.0 3.11 0.74 0.34 0.10
Fe 138 10.3 2.11 0.53 0.29 0.10
Total 17066 152 11.8 2.28 0.94 0.30
normalized 22844 204 158 3.1 1.25 0.40
p 31395 194 8.54 1.00 0.09 0.00
a 1286 14.5 0.59 0.06 0.02 0.01
Linsley CNO 345 94 097 0.17 0.05 0.01
Mg-Si 253 99 123 0.24 0.10 0.03
Fe 101 6.7 1.15 0.26 0.11 0.04
Total 33381 234 125 1.7 0.37 0.09
Normalized 22844 160 8.6 1.18 0.24 0.06
p 9636 33.5 0.54 0.02 0.00 0.00
a 923 89 0.39 0.22 0.01 0.00
Maryland CNO 749 215 2.09 0.36 0.15 0.03
Mg-Si 1027 46.2 5.97 1.20 0.47 0.14
Fe 298 221 3.99 0.92 0.44 0.14
Total 12633 132 13.0 2.72 1.07 0.31

Normalized 22844 239 235 49 1.93 0.61

Observed 22844 265 33 6 1 1

malized multiplicity distribution, used for comparison with
the observations, is given by

Nobs(l)
Nexp(1)

norm
Nexpt

(n/,L): XNexpl(n/L)- (7)

Multiplicity distributions are computed for the three com-
position models separately with and without tmeclear ef-
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FIG. 7. Comparison of various composition models with obser-
vation.

The absolute flux of single muons is about 25% less than
the observed flux but this can be accommodated within the
uncertainties oK andy in the composition model.

The contribution to the single muon flux is dominated by
proton primaries, whereas helium and other heavy primaries
dominate the higher multiplicity data.

The (normalized expected multiplicity distribution is
steeper as compared to observations. In Fi{g), The ratio
R(n,) is plotted as a function ofi, up to multiplicity n,
=4. If the model was consistent with observations, the ratio
should have been unity within the errors for each multiplicity
but it can be seen that the observed multiplicity distribution
clearly deviates from the expected values shown as a solid
line in the figure. Thus the CMC model does not reproduce
the observed multiplicity distribution.

The true composition model must therefore be richer in
heavy elements than the CMC model to be able to reproduce

fect The resultant shape of the expected multiplicity distri-the rate of high multiplicity events recorded in this experi-
bution for any of these models was found to be more or lesg,ant.

independent of thewuclear target effectTable VIII shows

the contributions to single and multiple muon fluxes due to
each primary as well as the normalized multiplicity distribu-

B. Linsley's composition model

tion for all the composition models under study. Systematic Comparison of the observed and the expected multiplicity
errors in the expected multiplicity distribution due to the distributions obtained for this modgTable VIiI) leads to the
uncertainties in geometrical correction factors are 5%, 6%following conclusions.

8%, and 10% for a multiplicity of 3, 4, 5, and 6, respectively.

The total number of expected single muons is much

These errors are propagated in calculating the errors in thigher than the observed number. This is because the com-

ratioR(n,,). Figure 7 shows plots d®(n,) for these models

position is very rich in primary protons, which are quite ef-

up to a multiplicity of n,=4. The observations at higher ficientin producing single muons.

multiplicity are not included due to large statistical errors in

The expected normalized multiplicity distribution is much

these points. However, the expected multiplicity distributionsteeper than the observations. The r&{m,) plotted up to

is obtained up to a multiplicity of 6 as shown in Table VIII.

A. Constant mass composition model

n,=4 in Fig. 7b) shows a significant deviation from unity,
represented by a solid line. Hence, this model does not ex-
plain the observed data satisfactorily.

Comparison of the multiplicity distributions obtained with

The salient features of the expected multiplicity distribu-the CMC and Linsley’s models indicates that the latter has

tion for the constant mass compositi@®MC) model(Table
VIIl') are the following.

larger deviations from the observation. This is because Lin-

sley’s model is richer in protons than the CMC model. The
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data strongly suggest that the actual composition must be TABLE X. Multiplicity distribution for the KGF model.
more abundant in heavy elements than that predicted in these

two models. Primary Multiplicity n,,
1 2 3 4 5 6

C. Maryland composition model P 11508 54.6 165 015 015 0.00
This model is based on the experiments in which delayed a 4536 67.2 409 052 016 0.04
hadrons were studied in air show¢®3 and suggests a heavy CNO 856 339 506 116 040 0.14
composition beyond the knee region. The multiplicity distri- Mg-Si 361 190 313 077 032 o011
bution computed for this model is given in Table VIIl and Fe 348 316 698 197 111 0.38
compared with the observed distribution below. Total 17609 206.3 209 457 201 067

The expected number of events at each multiplicity are Normalized 22844 268 271 593 261 087
quite small -50%) as compared to the observations. It may
be difficult to attribute this discrepancy completely to the Observed 22844 265 33 6 1 1
uncertainties in the interaction model and the primary spec=
trum itself. However, the fluxes of various primary compo-
nents for this model, below the knedgvhich contributes direct measurements in the multi-TeV primary energy region
mostly to the single muon flxare more or less consistent [10] and indirect measurements in the knee region. First, the
with the observations from direct measurements which exdifferential spectral index as well as the flux of primaries is
tend up to~100 TeV. chosen to be consistent with the observations at lower ener-

The normalized(expectedd multiplicity distribution is,  gies. To begin with, the value of the rigidity dependent knee
however, close to the observation as seen from the ratis assumed to bEf=2000 TeV. The proposed composition
R(n,) plotted in Fig. 7c). Hence, the Maryland model re- model is shown in Table IX. Expected multiplicity distribu-
produces the shape of the observed multiplicity distributiontion obtained for this model is shown in Table X. It can be

It is thus clear that, the Maryland composition model will seen that the absolute flux of single muons is abe@6%
be viable at these high energies if one can enhance the alwwer than the observation which could be attributed to the
solute fluxes so as to be in agreement with the present oluncertainties in the primary flux and the interaction model.
servation. This can be partly accomplished by shifting theThe normalized multiplicity distribution is in good agree-
knee in the energy spectrum to a higher value so that the flument with the observations. The data used to study the com-
of protons and subsequently other elements beyond 300position have been limited to a multiplicity of 6, of which the
TeV would increase, thereby enhancing the expected flux ofingle muon data are used for normalization and only one
muons. event each is observed at a multiplicity 5 and 6. Because of

There are some other features of the predictions of th¢his, we have used the same valueyobeyond the knee for
models discussed above which are found to be consisteall the elements, which is consistent with the spectral index
with the observations for all the models and hence not seref the all-particle energy spectrum.
sitive enough to distinguish between these models. The The ratioR(n,) is consistent with unity within statistical
shape of the zenith angle distribution of single muons preerrors as shown in Fig.(@). The zenith angle distribution of
dicted by all the models is consistent with the observationssingle muons and the lateral distribution are seen to be con-
Similarly, the lateral distribution obtained for various modelssistent with the observation. Hence, the composition model
using simulated data agrees well with that of observationspresented in Table IX explains all the features of the data
Inclusion of thenuclear effecgives a marginal change in the adequately.
absolute flux but does not change the shape of the multiplic- The sensitivity of the observed data to tkeeeposition
ity distribution for any of these models. The contribution of has been studied by obtaining the multiplicity distribution for
prompt muonso the total flux is found to be quite small and different values oE? in the energy spectrum of protons and

it varies between 1.5% and 2%. correspondingly other primarie@sing the rigidity depen-
dence. The resultant multiplicity distribution for different
D. KGF composition model values ofE! are shown in Table XI. It can be seen that for

This model is constructed to explain all features of theE¢>1000 TeV the multiplicity distribution does not change
observations. It is based upon the recent data available frofuch, but forEE<500 TeV the expected number of events

TABLE IX. KGF composition model. TABLE XI. Multiplicity distribution for the KGF model at dif-

ferent knee energies.

Group K2 Y E. Y
(10%) E<E. 10° GeV E>E, EP Multiplicity n,,

p 276 2.77 2.0 31 (TeV) ! 2 3 4
a 155 271 4.0 31 500 22398 231 20 4
CNO 21.5 2.60 14 3.1 1000 22732 254 24 5
Mg 13.8 2.60 26 31 2000 22844 268 27 6
Fe 5.66 2.50 52 3.1

Observed 22844 265 33 6

% is in units of M2 s7% sr ! (GeV/nucleug ™.
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with n,=2 differs more than & from the observations. TABLE XII. Composition at various energies in the KGF
Though our data are sensitive only up to a primary energy ofhodel.

~10'® eV, a comparison between the KGF model in the very

high energy region-€ 10" eV) and the currently available ~_EN€r9Y P(:Oto” Hoe"”m Medium ?eavy
all-particle energy spectrum suggests tt#t should be (TeVinucleus ) 0 * heavy (%)
around 1000 TeV. 100 29 32 39
1000 22 29 49
VI. DISCUSSION 6000 12 20 68
10000 10 17 73

The Phase-2 detector was operated successfully over _a
long period of time(1985-1992 at one of the largest depths
(6045 hg/cnt) in the world at the Kolar Gold Field mines in well within the uncertainties in the primary flux and interac-
India. It has recorded about23 000 single muons and 307 tion model. The KGF model explains all features of the ob-
multiple muon events. The Monte Carlo simulation studiesservations. The sensitivity of the data to thendin the
of multiple muons show that even the low multiplicity data spectrum was studied by obtaining a multiplicity distribution
obtained at these depths have a good sensitivity in probingt different values of th&nee(Table X). It is observed that
the primary cosmic ray composition in theeeregion. This  the muiltiplicity distribution obtained with the knee around
is mainly because of the large depth of operation, detecting 2000 TeV is consistent with observation as well as the
multi-TeV muon component of the EAS generated in the firstall-particle energy spectrum at least up td46€V. It can be
few interactions of the primary. The multiplicity distribution seen from Table X that the flux of single muons is mostly
obtained by assuming a pure composition with any one otiominated by protons and He, whereas all elements contrib-
the five components of primary cosmic rays does not agregte significantly ton, =2 data. Heavier elements start domi-
with the observatiortFig. 6). nating with mcreasmg multiplicity. Because of a limited

Even if the composition, i.e., the energy spectra of varioussumber of constraints from the data, it will be more appro-
elements, is exactly known, the absolute flux of muons mayriate to get the global features of the KGF model by club-
not agree with that of observations. This could be due tthing medium and heavy componet®NO, Mg-Si, and Fg
uncertainties in the interaction model used in hadroniaogether. The relative abundance of the three groups esti-
shower simulations. The interaction model is based ypon mated from the proposed KGF model is shown in Table XII
collider data available up te-400 TeV in the laboratory at different primary energies. It can be clearly seen that this
frame andp-air, nucleus-nucleusollisions of much lower model gives rise to anixedcomposition in thekneeregion
energies, beyond which reasonable extrapolations are madehich further becomes rich in heavy elements at higher en-
In the present analysis, the uncertainties in the interactiogrgies. Furthermore, we have observed six events with mul-
model as well as in the flux of the cosmic rays in the asdiplicity =5 (out of which two events are contained in the
sumed composition model are substantially compensated byain detector with no isolated tracks in the veto walsen
normalizing the flux of single muons with that of observa-tracks passing through the veto walls without intercepting
tion. Therefore, it is actually the shape of the observed multhe main detector are also included in the multiplicity count-
tiplicity distribution that is used for probing the cosmic ray ing. This means that the number of events with true multi-
composition rather than the absolute flux of the muons.  plicity =5 is at least 6. Apart from this, we have observed

The proton-rich(Linsley mode] and the constant mass one event with an anomalously high multiplicityn (
composition models yield a steeper multiplicity distribution =20"2 7). Analysis of this event shows that, if this event is
as compared to the observation and hence are not supportede to thenormalhadron interaction, then it is more likely to
by our dataFig. 7). For the Maryland model, the predictions be due to a heavy primary of energylo17 eV [5]. Even
agree with the data within 106 However, the expected though we cannot draw any firm conclusions based on high
fluxes are quite small compared to the observation. Thisnultiplicity data with low statistics, it does provide addi-
could probably be attributed to the low rigidity cutoff used in tional support to the proposed composition model.
this model. It has to be noted, however, that the fluxes of As mentioned before, the observations are interpreted
various elements in the Maryland model are consistent withihrough the simulation of hadronic showers. The interaction
the direct observations up t6 100 TeV. Hence, a compari- model is based on a simple extrapolation of available experi-
son of the multiplicity distribution for the Maryland model mental data from accelerators, assuming no drastic change in
with the observations gives an indication ofmixedor heavy  the interaction characteristics at higher energies. We have
composition in the PeV energy region. studied the effect of the nuclear target but it does not change

The proposed KGF model is based upon an extrapolatiothe shape of the expected multiplicity distribution signifi-
of the energy spectra observed so far by direct experimenisantly. The contribution from prompt muons is seen to be at
(~100 TeV for lighter and~1 TeV/nucleon for heavier the level of only a few percent.
element$to a higher energy region. Hence the spectral indi- Several underground experiments have reported their re-
ces and the coefficients of power law energy spectra arsults recently. MACRO is the largest (76&62x4.8 m°)
known before the bend in the spectrum. Beyond(thgadity- among all other underground detectors; it is situated at an
dependentknee, we assumed the spectral indices of each cfiverage depth of 3800 hg/énin a cavity under the moun-
the five groups of elements to be same as that of the alkainous terrain. Analysis of their data recorded with a full
particle energy spectrum. The predicted flux of muons at alkize detector using a multiparametric fit to multiple muons
multiplicities up ton,=4 is about 25% less. This could be indicates a possible increase of the average mass number at
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higher energie$11]. A combined analysis of data from the (Nepy/k " 1 K

air shower array, EAS-TOP, with multimuon events in the P(n,(nep),k)=""*"1C\_; T+(n )/k) 11 (n >/k> :
MACRO detector disfavors pure proton or pure iron compo- ch ch (A2)
sition models. Instead, they favor a mixed composition in

and around the knefl2]. Baksan experimental results are The k parameter in Eq(A2) defines the shape of the distri-
consistent with the extrapolation of the directly measuredhution which is fitted td 15]

energy spectra in the energy range of 40—100 TeV/nucleon

[13]. Results from the NUSEX group do not support a k~1=—0.014+0.058 Inys. (A3)
proton-dominant composition in the knee regidd].

The numbers of charged as well as neutral pions are gener-

ated using the NBD.
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APPENDIX A

_ _ _ _ _ wherem, (=+/p?+m?) is the transverse mass of the particle,
1. Simulation of nucleon-nucleon interaction(HADINT routine) andpy is fixed at 1.3 GeW. The parametera andb could
The hadron interaction routine is mainly based upon thée expressed in terms dfl by using the continuity of

data available fronp p collider experiments up to laboratory do/dp; and its derivative ap,=0.4 GeVt. HenceN is the
energy of~400 TeV; these results are extrapolated to highe®nly free parameter which could be obtained by fitting the
energies. It basically involves three steps: multiplicity gen-observedp, distribution[16].

eration for different particles liker™, 7%, K*, etc.; and We have assumed here that;) ,==(p;),0 and (pi)pp
transverse momentunpy) and pseudorapidityf) genera- =(Pv)nn- The free paramete is fitted to a second degree
tion for all (including leading particles. Longitudinal mo- polynomial in In/s to get thep, distribution at intermediate
menta for all particles are calculated using theirand .  and higher energies.

Transverse as well as longitudinal momenta are conserved After generating the number of secondary particles of dif-

while simulating the interaction. ferent typesp; for secondary as well as colliding particles
are generated using the distribution given in E44). The
a. Multiplicity generation azimuthal anglep; is randomly generated between 0 ta 2

for all but two particles. The azimuthal angles for the re-
maining two particles are calculated using the conservation
of transverse momentum.

In our simulation we have considered only six types of
secondaries, vizgr™, 7%, K*, K,K° pp, andnn. Produc-
tion of heavier baryons is ignored since their multiplicity is
quite small. However, we have considered their contribution c. Pseudorapidity( %) generation
(through decay to pions, kaons, etc. The production of . o )
charm particles is considered separately in view of their sig- 1 "€ observednclusive » distributions at different c.m.
nificant leptonic branching ratio and very short lifetimes. TheSYStém(c.m.s) energies are available between-5 and 5
inclusive average multiplicityn.,) of charged particles as a UP 10 =900 GeV. They are fitted empirically todouble
function of \/s fits reasonably well to a power lajt5], Gaussian distributiorfunction as

T

p( 77—#)2 p( 7t p
ex +exp ——

g g
The ratioR;, of individual multiplicity to the total charged
multiplicity varies gradually withy's and is fitted to a second The free parameters are determined by fitting the obsenved
degree polynomial in Igis. The average multiplicity for each distribution at different accelerator energfe¥]. These pa-
type of secondary is obtained usifig.,) andR;. The num- rameters are then fitted to a second degree polynomial in
ber of baryons, kaons, or charm particles is obtained by fluciny/s. The parametrization oft and o is used to get the
tuating their respectivén;) using a Poisson distribution. inclusive # distribution at intermediate or higher energies.
They are always produced in pairs. The charged multiplicity Pseudorapidity and hence longitudinal momenta for all
distribution containing mostly charged pions is seen to fitthe secondary particles are generated using;thestribution
well with a negative binomial distributioni.e., expressed in EqA5). The longitudinal momenta for collid-

1 dojpel _

Nepy= — 7.0+ 7.250-127 Al
< Ch> ( ) Uinel d77

AX

(A5)
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10’ > ——— T —— rapidity region increases by 10% with a moderate energy
= dependencg20] as
E10 |
g <n>p—air 1
s Ra=—7"— =5 +1), (A6)
1% E (Mpp
Em-l;, ] where
e L Kk »=1.28+0.0214 In/s.
2 3 4
" Range (.‘,‘;,cmz) ° To study the effect of the nuclear target on the simulated
1 — high energy muon data, we have generated showers at a few
E &) energies, by incorporating the nuclear target effect as de-
£ | scribed above. We find that the nuclear target effect does not
3;10'1; have much impact on the final conclusion regarding the pri-
£ mary cosmic ray composition. In simulating nucleus-air in-
2 1 't teractions, we have used tfirmgmentation modein which
SO F 3 2 primary nuclei are split into nuclear fragments producing
g g ] wounded nucleons, free nucleons, particles, and heavy
B I TR P R P R fragments[21]. The fragmentation probabilities are taken

1 10 10° 10° 10* from nuclear emulsion chamber exposures in balloon flights
Energy of Muon (TeV) [22]. Wounded nucleons, which travel in the backward hemi-
FIG. 8. Energy dependence @ range of muons antb) sur- sphere, have very §mal| energies and henge are ignored. The
vival probability of muons for a slant depth corresponding to aheavy fra_gments 'nt_eraCt_further’ producing smaller_ frag-
zenith angle ofg~0° and~55° at Phase-2 detector depth. ments uIt|mater spllt.tlng into nucleons. Hence, a primary
nucleus of atomic weighh and energ\E breaks into a sys-
ing particles are calculated using the conservation of longifém of A nucleons of energ§/A but at different depths in
tudinal momentum and the total energy. the atmosphere. Thereafter, we treat tiueleon-airinterac-
We have generated a large number of interactiongsat tions of A nucleons as discussed above.
= 200, 540, and 900 GeV. The multipliciy; and the in- APPENDIX B: ENERGY LOSS AND SURVIVAL
clusive  distributions obtained from simulations are seen to PRbBABILITY OF MUONS
be consistent with the accelerator data. Also, the average

inelasticity of collisions is found to vary between 0.45 and Very h|gh energy muons traversing matter lose energy

0.51 in this energy region. primarily through bremsstrahlung, pair production processes
and to a lesser extent through photonuclear processes; all
2. Colliding particle effect on interaction characteristics these are subject to fluctuations. For the Phase-2 detector at

From fixed target experiments an*-p andK~-p colli- KGF, the slant depth increases with zenith arglaimost as

sions, it has been observed that the interaction characteristi(':’s“nfaa.r function of se, due to the fact thaot the surface
terrain is almost flat to about 20 m up #8=50°. The aver-

are similar topp interactions at the same energy except for aage energy of muons as a function of depth is shown in Fig.
reduction in the cross secti¢t8]. In the HADINT routine we 8(a) and is between 8 and 40 TeV for the zenith angle range
have treated the interaction characteristics of pions and kaorgf 0°—50°. The survival probability of these muons due to
with nucleons in the same way ap interactions. fluctuations in energy loss in a given thickness of rock has

As mentioned earlier theADINT routine treatproton-air  peen evaluated earlier by Monte Carlo methods for KGF
or meson-aircollisions asnucleon-nucleorollisions except  yock[6], where(Z?/A) is 6.4, somewhat higher than that for
for the corresponding interaction cross sections. Acceleratago-called standard rock. The survival probability of muons is
data on heavy ion collision shows that tpe distribution  plotted in Fig. 8b) as a function of muon energies for two
does not change significantly fropp data at a given energy slant depths corresponding to a zenith anglegef0° and
[19] whereas the average multiplicity in the forward pseudo-~55°.
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