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High energy cosmic ray physics with underground muons in MACRO.
I. Analysis methods and experimental results
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In this paper, the first of a two-part work, we present the reconstruction and measurement of muon events
detected underground by the MACRO experiment at Gran S&sgs (1.3 TeV in atmosphejeThe main aim
of this work is to discuss the muon multiplicity distribution as measured in the detector. The data sample
analyzed consists of 4410° muon events, of which- 263 000 are multiple muons, corresponding to a total
live time of 5850 h. In this sample, the observed multiplicities extend abgye35, with intermuon separa-
tions up to 50 m and beyond. Additional complementing measurements, such as the inclusive muon flux, the
angular distribution, and the muon separation distributidacoherenge are also included. The physical
interpretation of the results presented here is reported in the following companion paper.
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[. INTRODUCTION formed in MACRO, including all updated results. Our aim is
to include all parts of analysis inside a global context, and to
The measurement of the primary composition at high enemphasize their underlying coherence, in order to reinforce
ergies & 10 eV) and of its possible variations around the our primary composition results. Our understanding of the
Steepening of the primary SpectrL(me “knee,” at about 2 eXperimental data allows a real CompOSition measurement
%1015 eV), is one of the main experimental problems in fr_om the undergrou_nd_ muon analysis alone, r_ather than a
cosmic ray physics. Because of the low fluxes, measuresimpler test of preexisting models, as done previo[GJyOf
ments must be indirect, i.e., through the study of the exten¢0Urse, as in all indirect measurements in cosmic ray phys-
sive air showe(EAS) components. Measurements are then!CS: the final mterpretaﬂon is unavoidably dependent'on the
sensitive not only to the primary spectrum and compositionModel adopted to describe the secondary production and
but also to the interaction properties. The analysis of muofransport. Therefore a particular effort in understanding
events detected deep underground is one of the most intef20del systematics has been undertaken.
esting tools for the indirect study of primary composition, ~Due to the scope of this work, we present it in two parts.
since it can be shown that the muon multiplicity, for a given'n this first part, we describe the experimental methods and

energy threshold of muons, is sensitive to both the energ§hoW the experimental data, while the second widkis
and mass number of the primary parti¢l. dedicated to the physical interpretation of the results and

The analysis of these events is complicated by the finitéliscusses the newly developed analysis method and the cos-
size of the detector, which in general samples only part of afMic ray cascade simulations used as reference.
event. At the depth of the Gran Sasso underground labora- After @ description of the MACRO experiment given in
tory (in average about 3800 hg/@n the typical radius _Sec. II, where we shall ao!dress_prlmarlly the tracking system,
which encloses a multimuon event is of the order of 10 min Sec. llI, the detector simulation is presented. The charac-
However, the MACRO detectd®] allows measurements of terist.ics of.the G.ran Sasso rock are summarized in Sec. V.
multiple muons to an accuradpoth statistical and system- S€ction V is dedicated to the experimental results, with par-
atic) well beyond that of all previous underground experi_tlcular e_‘mphasns to the muon multiplicity distribution; the
ments. In fact, the horizontal area of MACRO useful for concluding remarks are given in Sec. VI.
vertical muon tracking is 12 m76.5 m. Vertically, the ap-
paratus$ 9 m high and clclnns_ists”of a lower p&_ﬁt8_m high Il. MACRO AND THE BASIC FEATURES
and an upper pafcalled “attico,” added later in time For OF THE TRACKING DETECTORS
the analysis presented here, only the lower part has been
used. It allows muon tracking in 10 horizontal planes, almost The MACRO detector, detailed elsewhdg, is located
equally spaced, with point resolution of the order of 1 cm.in Hall B of the Gran Sasso underground laboratory. Briefly,
Zenith angles up to 60° are considered in the measuremeiitis a large area detector equipped with streamer tube cham-
presented here, and this allow an acceptance for downgointers, liquid scintillator tanks, and track-etch detectors ar-
muons of 3100 rsr. This large dimension allows collection ranged in a modular structufsupermodules Each of the
of high multiplicity events with a considerable acceptancesix supermodules is 12 m12 mx 9 m in size and consists of
and with very little bias introduced into their lateral distribu- a 4.8 m high lower level filled with rock absorber and a 4.2
tion. This point is fundamentally important in the interpreta-m high hollow upper level. In this paper, only data from the
tion of data collected by a finite area detector. The MACROIlower level of the apparatus are included and so only this
detector accumulates underground muon data at the rate ofill be described further. Muon physics analysis has been
=6.6x 10° events/live yr, of which=4.0x 10° exhibit mul-  performed from data samples collected with any of the trig-
tiple muon tracks and=1.6x10° are of multiplicity ten or  ger systems based on scintillators and streamer tubes, sepa-
more. rately or in combination, and we refer 2] for the detailed

The main topic addressed in this work is the study of thedescription.
multiplicity distribution. The analyzed sample corresponds to The tracking is performed with the streamer tubes, which
a total live time of 5850 h, i.e4.4x 10 muon events, of are distributed on 10 horizontal planes, separated-bg0
which ~ 263 000 are multiple muons. Additional analysesg cm™2? of CaCO; (limestone rock absorbers, and on 6
are also reported. They address other topics which can bglanes on each vertical wall. The streamer tubes have a
effectively probed by a powerful deep underground detectosquare cross section of<® cm?, and are 12 m long. For
and include the surface muon flux, angular distribution, andeach plane two coordinates are digitally read out, the wire
muon track separation. These studies, aside from their intrinview and the pickup strip view. Pickup aluminum strips are 3
sic interest, improve our understanding of the fundamentatm wide and are aligned at a stereo angle of 26.5° with
processes which govern the cascade development in the agspect to the streamer tubes. Spatial resolution depends on
mosphere and their modeling, thus reinforcing confidence othe granularity and performance of both wire and pickup
the composition results. Combined with our ever improvingstrip views. More precisely, the localization of the track is
ability to model cosmic ray showers, the data collected bydefined by the centroid of a cluster, which is the group of
MACRO represent a unigue opportunity to expand our untracking elements fired while the particle crosses a plane.
derstanding of cosmic ray physics. This arrangement gives a spatial resolution of the order of

Our first results on primary composition, muon track 1-2 cm in both views, corresponding to an intrinsic angular
separation in multiple muons, and on the inclusive muon fluxesolution of 0.2° for muons crossing ten horizontal planes.
have been already publishgg-5]. Here we present a com- In Fig. 1 we show as an example one of our multiple
plete and detailed discussion on the muon measurements pemnuon events, as seen by the on-line display of the experi-
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FIG. 1. Example of a multiple muon event as presented by the on-line event display of the experiment. The top part of the plot gives a
global size view of the detector, while the projective views of the tracking planes are displayed in detail in the central part: wire above, strips
below. In the bottom region, the lateral viewsnessential for the analysis presented hare displayed. This is an example of a high
multiplicity event for which visual scanning is necess&mging magnified views since not all the tracks can be found by the pattern
recognition algorithm. It can be noticed how in a detector module, just at the core of event, hits are clearly missing in the bottom plane and
in the fourth plane from above; this is due to a temporary failure in the readout chain, which, however, does not affect the efficiency of event
recognition and multiplicity evaluation.

ment. The top part of the figure gives a global view of theminimum number of aligned clusters. In case of longer

detector, while the two projective views of the horizontal tracks it signals the presence of spurious clusters associated

tracking planes are displayed in the central gaites above to the main track. These are from secondaries, madsthys,

and strips beloy together with the additional views from associated with the muon track and originated by the muon

the lateral planesin the bottom part of the figuye interactions in the apparatus, or in the rock. In this last case,
Tracks on the different views can be associated in spacghe clusters are localized in the outermost planes of the de-

in the majority of events, depending upon the spatial separggctor.

tion and multiplicity. This is automatically achieved when A onservative procedure is used to search for muon pat-

two tracks pass through separate detector modules. Wheg g mostly dictated by the need to handle huge amounts of

they are in the same module, matching of hit wires and Strip%Iata taken during a very long period of data acquisition, and

on the same detector plane is acpomp_hshed by taking ad_va ossibly affected by different run conditions. The clusters are
tage of the stereo angle of the strips with respect to the wire

In a fraction of cases the track pattern correspondence bg_rouped by plane and all the possible pairs of pivot points

tween the two views is also used. The unique association ithe processed by looking at the resulting set of associated,

the tracks permits the reconstruction of the distance betwee"f’"'gned clusters. The first pivot points belong to the outer-

muons from their projective views. In the following subsec- oSt planes and they correspond to the best defined direc-
tions, we give a description of the muon pattern recognitiorpon' The dlrectlon_ defined by the pivot clusters is compared
and tracking adopted in MACRO. to the one de_terml_ne_d by the c_Igsters in the other plar_1§s and
if they coincide within a specified tolerance, an additional
cluster enters the cluster set of the track candidate. At the end
the candidates are compared to each other to select the sub-
Muon recognition is based on the search for a minimumsample of tracks made by independent clusters. The final
number(generally 4 of aligned clusters. An error for each candidate is the track having the largest number of clusters,
position, derived from the cluster width, is used to discardand in case of parity, is the track whose direction is better
large and not well-aligned clustetdepending on the event defined, having the smallegt value. Those clusters are lin-
topology. early fitted to compute the direction and the intersection
Pattern recognition is performed at a first level on the wirepoint with the wire/strip axis.
and strip views separately. At a second level the requirement The high streamer tube efficiency helps to avoid degrada-
to obtain a complete matching between the two projectivaion of the angular resolution due to spurious clusters. Those
views is invoked. This second level condition effectively re-hits appearing after three empty planes are rejected, unless
jects accidental noise patterns, generally constituted by thihe track is verified to be in the region between two contigu-

A. Muon pattern recognition and tracking
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ous modules where the dead space can account for suchagerage cluster widths have been measured to be 4.5 cm in

topology. the wire and 8.96 cm in the strip view, corresponding to a
The above procedure is fully efficient in locating the mean occupancy of 1.45 and 2.75 elements, respectively.

muons firing the minimum number of requested planes. Fur- Space resolution achieved without any selection on the

thermore, the requirement to collect at least four hit planesracks iso,,=1.1 cm, ando;=1.6 cm. These figures are the

almost completely eliminates the fake candidates. residuals obtained by subtracting the cluster centers from the
Less straightforward is the approach used to recognizgosition of the straight line passing through the other hits

multiple-muon patterns. It takes into account different piecedelonging to the track.

of information and establishes a hierarchy between them For each hit element the actual coordinate is assumed to

based on the relative occurrence of conditions. When morge uniformly distributed within the cluster width. The angu-

than one candidate muon is found, the analysis of the tracler resolution depends on the cluster widths and on the track

clusters selects one or more groups of candidates. The cal@ngth. The average errors on the projected angles with re-

didates can share at most one cluster so that if they intersegP€ct to the vertical, 6, and 65, are oy =0.14°%,

they must also define different directions. The most likelyo s .=0.29°[2,7].

bundle is chosen on the assumption that it contains the great-

est number of long, well-defined and parallel tracks. The IIl. DETECTOR SIMULATION

longest track, having the most consistent combination of )
small clusters, is used to compare the direction of the others, 1 ne modularity of MACRO and the standard tools pro-

and if they are parallel the compared track enters the cand}{!dedI F[)y _thz ?Eﬁ': packageEANth[hB] have bteen used to
date muon group. If more than one group is selected in thig'Mmy'ate In detail the response ot the apparatus.

: ~ Plastic boxes filled with liquid scintillator, plastic
way, the number of tracks belonging to the bundie, the num%treamer tubes filled with gas and iron boxes filled with Gran

ber of clusters per track, and the track length are used t . .
choose the best multimuon candidate. Once the most likel?2SS° rock, are the basic elements used to describe the struc-
i res of the full detector. The data base resulting from the

muon group has been chosen, the procedure searches : .
other independent, nonparallel tradkson candidatésto be geometr]cal survey .Of the apparat_us has beef‘ used to a(_:hleve
' rwe maximum possible accuracy in reproducing all details.

associated to the main group and to complete the patte Event generation for our simulation was taken from the

analysis. X
As for singles, in the case of muon groups the proceduré)UtpL.’t qf externali code_s, and_these, bglng re_Ieyant to the
first considers the two views separately and then it analyze‘élhySICS mterpretatlon, will be dlscusse.d in detail in the sec-
the clusters in the bundle searching for the most likely couno"d Part of this worK6]. Here we only discuss the quality of
the simulation of the detector response.

terpart in the other projective view. The counterpart is iso- Event outout is broduced as an event buffer similar to the
lated by the track position, the track length, and the corre- P P

spondence of hit and/or nonhit planes in the two views. rea'l\ltljatha Isri]chdergéoe:snee}slyvf/ﬁicI;thV\gtrre] trztlae\slgrr:ﬁo?fﬂlin?\ (érr‘g'rn'
The tracking procedure gives for each event the number phy P 9 9y

of tracks in the wire and the strip views, and for each trackNUONs have been activated in the simulatidme residual

supplies the slopes and the intercepts together with their e 2nergy of underground muons has a spectrum with a tail in

rors, they, thelist o the clusters belonging to s wajectory. o (20 SO PE (RS TLEs 2 R PO ET
and the minimum set of counterpart tracks in the other view 9

: : : tistribution of the cluster width, which in turn is affected by
isolated by the analysis described above. different processes: the natural width of the induced charge
distribution on the pickup strips, the electronics performance,
catastrophic energy losses of muons, aAdy production.
The cluster width distribution affects the spatial accuracyThese are known to be very important to reproduce the tails
obtained in the stereo view. Such a distribution is primarilyof cluster distribution in gaseous detectors. This can be reli-
affected by the induction of the streamer signal on adjacerably taken into account by keeping the energy cut for sec-
strips. This depends on the detector design, gas mixture, amahdary electrongand photonsat low values. We found that
on the electronic threshold of the readout elements. MoreE. =500 keV for both secondary electrons and photons
over, track reconstruction is affected by muon interactionsnatches the required accuracy.
just outside and within the apparatus. For example, e.m. pro- The induction of the streamer charge on the strips has
cesses leaving energy deposits in the streamer tube units ndsren parametrized with a four-step algorithm. First, the num-
a cell that the particle crosses, can enlarge the cluster widthber of streamers for each crossing is estimated according to
To give an idea of the cross section of these interactions, wihe track projection along the wire. Then the charge picked
note that particles detected in MACRO are mostly atmo-up in the wire and induced in the strip plane from each
spheric muons with an average residual energy of about 288treamer is simulated using the experimental charge distribu-
GeV. The threshold energy for a vertical underground muorion. Finally, the charges picked up in the same wires and
to cross MACRO is about 1.5 GeV. Only a negligible frac- strips are merged after the tracking of all the particles in the
tion (less than 0.5%of downward-going muons stops or same event. A threshold is then applied in order to reproduce
undergoes large multiple scattering in the detector. A straighthe average readout performance, which also includes some
line fit is therefore well suited to identify muons, and we crosstalk effects.
require at least four aligned hits in different horizontal planes To simulate different run conditions, the code accounts
to define a muon track, in all but few particular cases. Thdor inefficiencies: at the level of single streamer generation,

B. Space and angular accuracy of the tracking system
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in order to reproduce the operating conditions fixed by the z 8 |
gas mixture and anode voltage; at the level of digitization of ‘£
wire and strip view, in order to reproduce the electronics g 7 F ® Experimental data
performance. 2
The code also includes random uncorrelated hits, that G 6 [ ® Simulated dato
simulate the background due to natural radioactivity. More & |
important for the purpose of multiple muon simulation are 2 s [
noise and crosstalk effects correlated with the number of x +
tracks and possible muon interactions inside the detector, or 4 [
nearby. These effects have been experimentally studied: they i H
increase both the number off-track hits and the cluster size 3L
for events with many muons with respect to the case of C ++
single or isolated muon tracks. This is relevant for the track 5 b
finding, and introduces inefficiencies and ambiguities in the C o
number of tracks reconstructed in the wire and strip views. i
Therefore, the level of off-track hits correlated with the num- tr o=
ber of tracks has been parametrized from the experimental 0 L

data, and it has been added at simulation level after the full 0 ] 5 3 4 5 6 . 3
GEANT tracking of the events. This addition was found to be Multiplicity wire view
successful to obtain the required accuracy in the simulated
data. This may be seen in Fig. 2, where for fixed number of FIG. 2. Comparison of the experimental and simulated averages
tracks reconstructed in the wire view, the average multiplic-and rms’s of the strip multiplicity distributions at fixed wire multi-
ity in the strip view of the real data are superimposed toplicity. The simulated data are slightly shifted to the right for
those obtained in the simulation. graphical purposes.

The reliability of this detector simulation has allowed a
substantial improvement of data analysis compared to th&inding algorithm with multiplicitesm and n in the two
procedures described in the early works of MACRS), views. Therefore, the expected numiégg of events having
since it allows a drastic reduction of the use of visual eventdetected multiplicity” N, can be evaIJated using the for-
scanning, which is unfeasible for large statistics studies. mula

Let us define “detected multiplicity” as the number of
muons crossing at least four different horizontal planes of the
detector. This number is smaller than or equal to the multi- NNNZE PRJ’:]Mn,m7 3.2
plicity of the full underground event. The experimental in- mm

for.mat|on_|n. M.ACRO IS glven“by the measure(_j .W',fe and where M,, ,, are the number of reconstructed experimental
strip multiplicities. The same ‘“detected multiplicity” can n, L . ;

) . ; : . L events with multiplicitiesn andm in the two views, respec-
give different pairs of wire and strip multiplicity values, not tively
only because of the different possible spatial configurations We checked that the systematic uncertainties of the esti-
of the event, but also because of the features of the detector

response. Furthermore, muon interactions, like e.m. :showe'r”[]ated weights are negligible and in particular they do not

) . . depend on the chemical composition model used in the
ing, can confuse the pattern recognition algorithm whe

tracks are close together in a projective view. Thus, an eve onte Carlo[9] to generate the multiple muon eversee
; . gether Y Proj ' ’ ) rf ]). In Fig. 3 a comparison of two distributions of multiplic-
with a “detected multiplicity” N,, can be reconstructed with

m andn tracks in the wire and strip views. respectively. In aity obtained using the same sample of experimental data and
fraction of casesm and/orn are di?ferent f,roml\Fl) Y. two sets of weights estimated from very different chemical
' w composition model$“heavy” and “light” [10]) is shown.

If the detector features and muon interactions are aceyo significant differences are visible. We found that this

tri"’lotr?Iéggdﬁgegégisﬁesfrmﬂéh deﬁ;;;et’otré%?;sn E’no;ggﬂrgl,:i?rpethod of evalugtmg the muon multiplicity is reliable up to

basis th1r0ugh an inverse matrix algorithm, the detecte%\:”“:.m .a_nd a dn_‘ferent tec;hnlque must be used for larger
' AR ' ultiplicities as discussed in Sec. VA.

muon multiplicity distribution from the set of values of de-

tected wire and strip multiplicities. In detail, we have per-

formed the following steps. By using the Monte Carlo, we V. CHARACTERISTICS OF THE GRAN SASSO ROCK

estimated the probabllltPﬁ;" that a pair of experimental  The simulation and reconstruction packages adopted in
wire (n) and strip (n) multiplicities is originated by the MACRO include a description of the rock overburden as a
detected muon multiplicitN,, as function of angular direction.
The rock thickness for a given direction has been obtained
MRy™ from the digitization of the mountain topographic map sup-
P',I,':‘: S Mﬁ*m’ (3.1)  plied by the Italian Military Geographical Institut¢GM).
I |

Details on the thickness accuracy are given in the Appendix
oM ) ~ of Ref.[5]; it is at the level of a few percent when small

whereMy * (Mi"") is the number of simulated events with angular windows corresponding to unreliable regions of the
detected muon multiplicitiN,, (i) reconstructed by the track topographic map are excluded. This has relevance only for
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I TABLE |. Gran Sasso rock chemical compositidit].
= -
L o6l . . -
5 10 ® Weights from light composition Rock type Chemical composition % weight
105;_ - O Weights from heavy composition Limestone CaCQ(90%), MgCQ(10%) 50
2 Dolomite limestone  CaCg)50%), MgCQ(50%) 29
104l -~ Flint limestone CaCg(72%), SiQ(8%),
E == Si, Al, K compounds(20%) 8
5 - Karst formation CaCgQ 9
107 - Detritus CaCQ(49%), MgCQ(1%),
: e Si, Al, K compounds(50%) 3
20 4
10°% +_+_:$:*=
10 L ﬂ# cosmic rays which can provide information on the energy
T spectrum, chemical composition, and high energy hadronic
ﬁ interactions. We discuss in one subsection the muon multi-
g T $ Ll plicity distribution, which is the most relevant item for the
15 20 25

30 composition analysis. Other complementary results, in dif-
Muon multiplicity ferent subsections, are the inclusive muon flux, the angular
distribution, and the muon decoherence.
These results have excellent statistical accuracy, so their
FIG. 3. Multiplicity distribution calculated using the same set of jnterpretation is limited by the systematics of the interaction

0 5 10

experimental data and two different sets of weights. models used in our analysis. We will demonstrate below that
the absolute fi t systematic uncertainties introduced by the detector are well
e absolute flux measurement. understood.

The structure of the rock overburden surrounding the
Gran Sasso underground laboratory is quite irregular; it is
essentially calcareous, mixed with other materials, such as A. Muon multiplicity

composition and density model of the Gran Sasso fadk  ‘oyent prevents a successful reconstruction on both projec-

The chemical composition results are shown _in Table I. Thqions. The events rejected for this reag6rejected data’)
average values of the elemental composition parameterg visually analyzed with the aid of an event display pro-

V\;ere caICLrleated w:jthg anglijlarlrange 0° o 60°; they are Very am For successfully reconstructed events, the multiplici-
close to the standard rock valuesee Table ). However,  yjos of wire tracksandm of strip tracksare used as input

whenever a conversion to standard rock is requested, determine the distribution of the “detected muon multi-

make use of the correction procedure described in [Ré, licity” according to Ea(3.2) in Sec. IIl. The variance
which is a function of density,Z/A) and(Z?/A). The over- plicity” Ni, 1ing 93.21 o var
of the number/\/N# is

all resulting uncertainty on the simulation of muon flux un-
derground is less than 5%, as obtained from the 1% uncer-

tainty in the analysis of the depth-intensity functid]. (,ﬁ#:% [UiR‘,mMﬁ,mHPR’;n)ZMn,m], (5.1)

V. EXPERIMENTAL MEASUREMENTS

As emphasized in the Introduction, it is important to con-Whereopnm are the errors on the weights arising from the

sider all measurements relevant to the physics of high energylonte Carlo simulation.

TABLE Il. Gran Sasso rock average parameters. They are very similar to the so-called standard rock for
which A=22, Z=11, and the density= 2.65 g cm °.

A=22.87 Z=11.41 Density= (2.71+0.05) g cnmi 3

Chemical element Atomic No. Atomic weight Relative weight
Hydrogen 1 1.008 0.03
Carbon 6 12.011 12.17
Oxygen 8 15.99 50.77
Magnesium 12 24.305 8.32
Aluminium 13 26.981 0.63
Silicon 14 28.085 1.05
Potassium 19 39.098 0.10

Calcium 20 40.078 26.89
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The capability of obtaining an unbiased reconstruction of
the multiplicity distribution in the detector has been evalu- F
ated from a sample of simulated events. We have generated . 10 6L
set of multiple muon events folded with the detector, record- :
ing the distribution of the “detectable multiplicity(defined 105
as the actual number of muons producing at least four hits in
the horizontal planes on each viewVe have then compared
this distribution to that of “detected multiplicity,” obtained g
from the processing of simulated data and their reconstruc- F ®©
tion through the use of Ed3.2). To avoid undesired corre- 107 e
lations, the simulated data sample used for this purpose is ; .
independent of the one used to calculate the weight param- 102; «
etersPy™. The distribution of the reconstructed “detected i

"
multiplicity” turns out to coincide, within the statistical er- 10 b
ror, with the distribution of “detectable multiplicity”” for all F ‘? iy
the events for which the tracking algorithm is successful ﬁﬁ] ﬁl \
(i.e., provides at least one reconstructed muam to N, TE ‘ é}# lé]«#efef
=15. For larger values, the ratio of the two distribution de- o 5 10 1'5‘ ' .
parts from unity, and drops linearly witN,,, vanishing at Muon multiplicity
about 32 muons. This ratio is used to provide a linear cor-
rection function.

Figure 4 shows the multiplicity distribution of recon-

structed events obtained using form®&2) (open circles FIG. 4. Muon multi.plicity distributions for the data samples of
and the one obtained after accounting for the aboveleconstructed eventgircles and scanned eventsquares The

described correction function for the track reconstruction cafPen circles refer to the distribution obtained according to formula

pability (full circles) (3.2) in the text. The application of the correction function for

. s ” . N,= 15 (described in the textgives rise to the distribution with
N
Events belonging to thg rejected data sample” were vi full circles. The multiplicity distribution obtained through a visual
sually scanned by two independent groups. The whole . ) .
sample of reiected events consisted of 2321 events. to bscannlng of the data sample rejected by the reconstruction program
P d t]hv 4.4 mill tructed ts. Of t’h & plotted with open squares. Full squares show the distribution
compared wi -4 million reconstructed events. hese arising from the unfolding of this data sampee text The data
events, 129 were recognized as ge_nume high mu,lt'pl'c'typoints have abscissae slightly shifted for graphical purposes.
muon events whereas the rest were discarded as being due to
electronic noise fluctuations in the streamer tube system. W@edure based on the Bayes' theorii] has been applied to
assigned a range of different muItIpI|C|_t|es to events Whenaccount for this effect; it uses the correlation between the
the true m_ultlpllcny_could hot be_unamb|guous|y Oleterrnln.ed“detectable multiplicity” and the scanned multiplicity from
(mainly h'gh density events with several muons or Wlththe sample of simulated events. Alternative unfolding meth-
shower$. This was done giving an equal fractional weight to

. L Lo ) ods used for comparison give similar results. The Bayes’
each possible multlpI|C|ty within the range defined b'y themethod, however, produces a corréand theoretically well

: : ) ; Srounded evaluation of the unfolding uncertainties. Figure 4
|n.the visual scanning, in the range arqung=20, we ob- shows the multiplicity distribution of the unfolded scanned
tain acrN#=1.2. Such value §moothly r|§e§ .up to 2.5 apoveevents with full squares.
N,u:35 The event with the hlghest mUltlpllClty has obtained The corrected muon rates, obtained by merging the recon-
from the scanning\,, =41, with an uncertaintyry =4. structed muon sample with the unfolded muon sample, are

In Fig. 4 the multiplicity distribution of the scanned shown in Fig. 5 and reported in Table Ill. A systematic error
events is given by open squares. The systematic error on thisvaluated by a comparison with Monte Carlo simulatioh
sample, evaluated on the basis of the double scanning, B0% has been added in quadratureNoe=15 to account for
small with respect to the statistical one. We show data up taincertainties in the merging between the two data samples.
N,=39. We stress that such a distribution is that of the muons

The same scanning procedure has also been applied ordatected in MACRO, and it is, in principle, different from
sample of simulated events, roughly the same statistical sizhe one measurable by any other different detector, even if
as the real data which were rejected by the tracking algolocated at the same site, since it is affected by the detector
rithm. A comparison of the “detectable multiplicity” with acceptance. We have also studied the possibility of unfolding
the one(or the multiplicity interva) assigned by the scanners a multiplicity distribution as seen from a detector with “in-
showed that the assigned multiplicity is systematically uninite area,” as attempted by the Frejus experinjds. We
derestimated. This fact is to be attributed to a limit of thehave concluded that it is not possible to achieve an unbiased
detector resolution when the track density is high enough teesults, for two reasongl) an unfolding procedure, like the
obscure muon trackéespecially in presence of showering one proposed ifil5], depends on the assumption on the lat-
activity) and thus to prevent the discrimination of individual eral distribution function of muons, which is also found to be
tracks. This systematic effect is small for less than 25 muongjependent on the composition model, although to a smaller
but becomes important above 30 muons. An unfolding proextent than the multiplicity distributior(2) the same unfold-

vents
o

104 ®
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function of the rock slant depth crossed by the muons, is a
detector-independent measurement which allows a compari-
son with other experiments. Moreover, it also provides an
indirect comparison to the measurement of muon flux in at-
mosphere.

This kind of analysis, performed with the MACRO detec-
tor on a sample of more thanx3L0® muons in the zenith
° angular range 0°-60%for a rock overburden between
3000 and 7000 hg/ci¥?) is described in detail ifi5]. Here
. we review the fundamental results.
The vertical muon intensity is defined as

_Zi %o 1 %N
10 7 ’,’” '(h):(ﬁ)<2-AQ-A-E-/coa9->’ ®-2
Tﬁ*?* J 170 J
Pogtt *sPete X

20 25 30 35
Muon multiplicity

(@]
Iu

(@]
Ir\)

Events/hour
'y

5
.

Ty
[ ]

o
1
®

®

|
o

where AT is the live time,N; is the number of observed
events of muon multiplicitym; in the angular binA(); of
slant depthh, A;(6, ¢) is the detector projected area for that
bin, €;(0, ) is the combined trigger and reconstruction effi-
ciency; 6§ and ¢ are the muon zenith and azimuth angles. The

FIG. 5. Muon rates at different multiplicities in events/n.  average is performed over the angles at fixed slant depth

The two matrice®\; ande; were calculated with an accuracy

ing procedure requires that multiple muon events are fullypetter than 1% using the detector simulation package, where
reconstructed in space. This requires an unambiguous spati#ie precise geometry and all the inefficiency sources were
association of the tracks from the two projective views, butincluded. In Fig. 6, the MACRO vertical muon intensity is
the efficiency to achieve such association in MACRO isshown together with a world compilation of the results of the
found to drop with increasing values o®f ,. This is the main experiment§15-23.

major problem preventing a successful uﬁfoming_ The good quality of the MACRO data fixes the uncertain-

ties resulting from the previous measurements. In addition,
the overall agreement between MACRO data and the world
compilation ensures that, at a few percent level, both detector
The data collected by underground experiments stronglyesponse and data treatment are under very good control.
depend on the structure and characteristics of the rock oveAlso, topological or chemical systematics associated with the
burden and on the performance of the detector. In order toverburden rock is ruled out at the same accuracy level. This
compare different experiments, detector independent physeonclusion is relevant to the primary cosmic ray composition
cal results must be unfolded from the data by means of analysis, since it constrains systematic uncertainties in the
detailed understanding of the detector response and of a goodck overburden, and gives us confidence on the measure-
knowledge of the overburden rock and of its chemical com-ments of absolute fluxes.
position, summarized in Sec. IV. The inclusive muon flux, In Ref. [5], MACRO has already shown that, up to a
commonly expressed through the vertical muon intensity as aenith angle of 60°, the inclusive flux of atmospheric cosmic

© T
(@)]

.t

(@]

(@]

B. Complementary measurements on underground muons

TABLE lll. Muon rates at different multiplicities in eventsfisee text

N “ Rate N “ Rate N “ Rate

1 712.1+ 0.8 14 (1.3+ 0.1) x 102 27 9+ 4) x 1074
2 34.7+ 0.4 15 (1.0* 0.2 x 1072 28 (7+3) x 1074
3 6.35+ 0.08 16 6.2+ 1.6) x 1072 29 8+ 3) x 1074
4 2.11+ 0.09 17 39+ 1.0 x 10°° 30 8+ 3) x 1074
5 (8.11+ 0.19 x 107! 18 (40x 1.4 x 10°° 31 (1+1) x 108
6 (3.96+ 0.11) x 107! 19 3.7+ 15 x 1073 32 8+ 3) x 1074
7 (2.21+ 0.09 x 107! 20 22+ 1.3 x 1073 33 (5+2) x 1074
8 (1.24+ 0.09 x 107! 21 1.7+ 0.6) X 1073 34 (7+3) x 1074
9 (7.3 0.4 x 1072 22 1.8+ 0.9 x 1073 35 4+ 2 x 10°*
10 4.7+ 0.3 X 1072 23 15+ 0.7 x 1072 36 (5+3) x 1074
11 33+ 0.2 X 1072 24 (1.4+ 0.6) x 1072 37 (4+2) x 1074
12 23+ 0.2 X 1072 25 (1.0* 0.4 x 1072 38 3x2) x 1074

13 (1.8+ 0.2 x 1072 26 1.4+ 0.7 x 1073 39 (4+2) x 1074
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rate detected in MACRO for muon multiplicity @), 3 (b), and 4
(c), compared to Monte Carlo predictions. Full circles are experi-
FIG. 6. Vertical muon intensity vs standard rock as measured bynental data, while open symbols are simulation results.
MACRO [5], the data compiled by Croudh 6], and those obtained
by other experiments: LVD{17], Baksan[18], Bollinger [19],  action model adopted in the analysis, since it affects the

Frejus[15], Soudan 1 and Soudan[20], NUSEX[21], KGF[22]. = sjmulation of the muon multiplicity distribution in a finite
The solid line is the fit of our data; the dotted line is the Crouch fitgj;e detector.

[16]; the dashed line is the Frejus fit. Notice that the LVD measure-

- ; The capability of MACRO to measure muon pair separa-
ment has been performed using single muon events only.

tion is based on the pattern recognition algorithm’s ability to
associate unambiguously the tracks of both projective views
in a large fraction of cases. Figure 8 shows the measured
muons in the TeV range has an angular dependence considecoherence distribution as obtained from the detected mul-
tent with a secf) law. We emphasize that the zenith and timuon event sampléfull symbols, in the formdN/dD?,
azimuthal angular distribution of high energy muons de-D being the muon pair separation. Monte Carlo predictions
tected underground is strongly dependent on the rock ovewf these decoherence results, an important crosscheck, will
burden, due to the angle-depth correlation introduced by thbe discussed in part Il of this work.
mountain profile. The detector acceptance also has angular The decoherence distribution measured by a finite-size
dependence. It can be expected that events with differerttetector is biased by detector's dimensions. Pair separation
multiplicity might exhibit a different zenith angle depen- that exceeds the detector's dimensions clearly cannot be
dence with respect to that of the inclusive flux. In Fig. 7 wemeasured, nor can separations less than the detector spatial
show the zenith angle distribution of events with detectedesolution. A detector-independent decoherence function can
multiplicity N ,=2,3,4 as compared to the Monte Carlo pre-be unfolded from the measured one, for the pair distance
diction [9]. The agreement between data and simulation isange allowed by the apparatus, provided that the detector
reasonably good and is mainly limited by the systematics irgeometry and efficiency are properly considered in track re-
our knowledge of the rock. This uncertainty does not allowconstruction of the penetrating particles. A description of
us, for the moment, to draw firm conclusions on the possibléwo unfolding methods adopted in MACRO is given[#,
dependence on multiplicity. where the results using data taken with the first two super-
The decoherence functidfrequency of all possible pairs modules were used. The first decoherence results obtained
of muons as a function of distance between thémprima-  with all six supermodules were presented[E8] and are
rily sensitive to energy, transverse momentum distributionshown in Fig. 8(open symbols with an arbitrary scale.
and production height of parent mesans., to the primary The results shown so far are statistically dominated by
hadronic interactionand to muon multiple scattering in the double muon events. However, there can be some interest in
rock. This distribution is weakly dependent on primary com-measuring the muon pair separation for different ranges of
position. Therefore, we consider understanding the muon dedetected multiplicities. The reason is twofold) There ex-
coherence function an essential step before attempting angts a dependence between the detected number of muons
analysis of the muon multiplicity distribution in terms of and the primary energy, and the evolution with energy of
primary composition. The reason is that the transverse stru¢P, /h,,y of parent mesonsh(,4 being the production
ture of the showers has to be well reproduced by the interheigh) influences the decoherence cur(®;the multiplicity
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FIG. 8. Muon decoherence distributigfull symbolg as mea- ) ) ] )
sured in the MACRO detector. The distribution with the open sym-  FIG- 9. The experimental muon lateral separation projected in
bols is the result after the unfolding of the detector acceptance, d49€ Wire view for different event multiplicities. Here, each muon
presented ifi23]. Here, each muon pair enters with &34, weight, pair enters with unit weight.
whereN; is the number of unambiguously reconstructed pairs.

spect to their relative angle and distance: the decoherence is
a quantity related to the zeroth moment of the distribution
selection can introduce a significant composition dependenc#ith respect to the angle. In order to extract as much physical
on the decoherence curve, since nuclei heavier than protonigformation as possible, other measurements are conceiv-
if present, produce a greater average muon multiplicity, an@ble. In particular, it has been proposdd] that the “de-
give larger contributions to the decoherence cUy4. correlation function,” i.e., the relative average angle be-

From the experimental point of view, a decoherencefween muon pairs in a bundle, is a sensitive tool to study the
analysis at high multiplicity can be done without bias by physics related to both the interaction model and the muon
MACRO only by considering the muon separation projectederopagation, in addition to the more traditional decoherence
in one view. Otherwise, as already mentioned in Sec. V Ameasurement. The experimental measurement of the decor-
the requirement of an unambiguous spatial association woultlation function will be the subject of a future dedicated
artificially deplete the largdl,, event sample. In Fig. 9 we Ppaper by MACRO.
show the decoherence distribution projected on the wire
view for events with m.ultiplicitiesNM=2, N,=4-6, and VI. CONCLUDING REMARKS
N,=7-20. It can be noticed how the average value of sepa-
ration tends to decrease with increasing multiplicity. This is We have shown that the reconstruction and analysis of
expected, since larger multiplicities are correlated to highemuon events in MACRO is well controlled. The systematics
energies. In practice, from these plots it is understandablgdue to detector effects and analysis algorithms are well un-
how the average spatial density of muons increases witderstood and can be reliably corrected. The statistical accu-
multiplicity. Neglecting these small differences, about 64%racy achieved by MACRO would now be sufficient, in prin-
of muons falls within a circle with radius of 6 m. The result- ciple, to reach definite physics conclusions for primary
ing effect on projective views, where tracks may superim_composition. The remaining uncertainties in the analyses of
pose one to another, explains the decreasing efficiency ihigh energy cosmic ray physic¢described in part Il of this
pattern recognition for large detected multiplicities. work) will be largely dominated by those related in the in-

In the second part of this work, we discuss the results orfieraction models.
the projected muon decoherence for different multiplicities
in terms of the composition model.

The relative angles and distances of muon pairs must be
correlated through the properties of primary interaction, such We gratefully acknowledge the Istituto Nazionale di Fi-
as the total cross section and the transverse momentum disica Nucleare, the Laboratori Nazionali del Gran Sasso and
tribution. In the case of muons detected underground, thés staff, the U.S. Department of Energy, the U.S. National
effect of muon scattering hides such a functional dependencgcience Foundation, for their generous support of the
between angle and distance. MACRO experiment. The continuous and precious support

However, the underlying physics remains contained in thedf our technicians was essential to assure the quality of data
double differential distribution of muon pair flux with re- taking.
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