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The MACRO detector, located m the underground Gran Sasso Laboratory, had its initial data run from February 27 to May 
30, 1989, using the first supermodule (SO~ 800 m 2 st) Approximately 245 000 muon events were recorded. Here are reported 
the results of the analysis of penetrating muons which determine the measured vemcal muon flux at depths greater than 3000 
m,w e In addmon the data have been used to search for large scale amsotropies 

1. Introduction 

The MACRO (Monopole, Astrophysics, Cosmic 
Ray Observatory) detector is located in Hall B of the 
Gran Sasso Nattonal Laboratory (LNGS) [ 1 ]. This 
laboratory is at latitude 42 ° 27' N, longitude 13 ° 34' 
E, average depth of 3800 m of water equivalent 
(m.w.e.), m i n i m u m  depth 3000 m.w.e., and at 963 
m above sea level. When completed, the MACRO de- 
tector will have dimensions 72 m × 12 m × 10 m, pro- 
vlding an acceptance for isotroplc particle fluxes of 
SO ~ 10 000 m 2 sr [ 2-4  ]. 

MACRO has been primarily designed to conduct a 
sensitive search for supermasslve grand unified mag- 
netic monopoles. When completed, MACRO will 
collect ~ 1 0  7 penetrating muon  events per year. 
Hence, cosmic ray physics wtth high energy muons  
can be investigated systematically with high statistics. 

This letter presents the analysis of ~ 2 4 5 0 0 0  
downward going muons  obtained during the first run 
of the first supermodule from February 27 to May 
30, 1989, for a total hve-tlme of 1890 h. 

2. The detector 

Two of the primary considerations in the design of 
the MACRO detector were modulari ty and redun- 
dancy. The final detector will consist of twelve super- 
modules in two levels, each ins t rumented to operate 
independently of the others. This design allows com- 
pleted sections of the detector to collect data, while 
other sections are under  construction or undergoing 

tests. 
Fig. 1 shows the schematic of one MACRO super- 

module. Each supermodule consists of a sandwich 
array of two layers of liquid scintillation counters (top 
and bot tom) and ten layers of streamer tubes sepa- 
rated by 32 cm ( ~ 6 0  gcm -2)  of rock absorbers. In 
addition, a layer of track-etch plastics (CR39 and 
lexan) is located across the center plane of the lower 
supermodule [ 4 ]. The sides and two extreme ends of 

the detector are covered with one layer of scintilla- 

tors and six layers of streamer tubes. Fig. 1 shows a 
general schematic of one MACRO supermodule 

(lower level), which has dimensions 12 m ×  12 m ×  
4.8 m and SI2___ 800 m 2 sr. 

The streamer tube system consists of ~ 5000 wires 
per supermodule [2]. Eight tubes, each having di- 

mensions 3 cm × 3 cm × 12 m, are combined in a sin- 
gle chamber. The tubes utilize 100 gm anode wires 

and a graphite cathode. The tubes operate in the hm- 
lted streamer regime, at present with a gas mixture of 

Ar (70%), CO2 (5%) and n-pentane (25%). A two- 
dimensional  readout is performed using signals from 
the anode wires (X-view) and 26.5 ° stereo pickup 

strips (D-view).  The overall tube efficiency is 97% 
(the loss being essentially due to the tube wall thick- 
ness). The pickup strips have 98% efficiency relanve 

to the wires. Spatial accuractes for the two views, de- 
termined by selecting muon tracks crossing ten hori- 
zontal planes, are Crx= 1.1 cm and aD= 1.2 cm. An 

angular accuracy for an individual track of ~ 0.1 ° can 

be derived from the spatial accuracy, this is better 
than the precision with which a reconstructed muon 

direction can point to the sky, since multiple scatter- 

ing of muons in the rock overburden dominates. A 

measure of the overall accuracy obtained from the 

angular difference between pairs of muons wtthin the 

same muon bundle gave ao~-0.6 °. 
The hquld scintillator counters provide accurate 

measurements of the energy loss and of the velocity 
of crossing particles [3]. The horizontal layers con- 

sxst of PVC tanks ( 12 m ×  75 c m × 2 5  cm) hned with 

FEP teflon filled with llqmd scintillator and equipped 
with two 20 cm diameter hemispherical photomultl-  
pliers (PMTs) at each end. The vertical layers, which 

close the sides and ends of the detector, are made of 
tanks with dimensions of 12 m × 50 cm × 24 cm that 
are viewed by one PMT at each end. The liquid scln- 

tlllator is based on an ultra-pure low paraffin mineral  
oil with a mxxture of pseudocumene, PPO, wave- 

length shlfters, and anti-oxidant. The optimization of 
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Fig 1 A schematic drawing of the lower level of one MACRO supermodule 12 m X 12 m X 4 8 m SC = scintillators, ST= streamer tubes, 
TE = track-etch, AB = absorbers, PM = photomult~phers 

the m~xture and a careful selection of  all the ingredx- 
ents has resulted in both a good hght yield and a mea- 
sured a t tenuat ion  length in the range of  12-14 m. A 
relat ivist ic  muon traversing the counter  yields more 
than a hundred  photoelectrons  xn each end. The scm- 
t l l l a t o r / P M T  readout  system consists of  TDCs  and 
ADCs on the P M T  anode and on one dynode,  cov- 
ering a dynamic  range of  pulse heights up to 10 000 
photoelectrons.  Analog and digital  systems recon- 
struct the energy deposi ted  m a counter,  indepen-  
dently of  impact  point,  down to a threshold of  5 MeV. 
Slow (20 M H z )  and fast (50 M H z )  waveform digi- 
tizers record the pulse heights versus t ime and hence 
the energy loss and velocxty of  slow and fast parhcles  
crossing the counters.  The measured txme resolut ion 
at a single end of  the counters,  averaged over  the ini- 
tml runmng per iod and over all the counters, is ~ =  1.7 
ns. Th~s is more than adequate  to d~stmgmsh up- 
ward-going from downward-going muons.  

Several muon  triggers have been implemen ted  in 
the first supermodule  to detect  relat ivist ic  penetrat-  
ing part icles m both the s t reamer  tube and sclntdla-  
tor  systems. The s t reamer  tube trxgger reqmres  a s~x 
out of  ten hor izonta l  layer ma3onty or a seven out  of  
twenty plane major i ty  when the vert ical  planes are 
included.  The scint i l lator  trigger requires a coxnci- 
dence between photomul t iphers  within a single tank. 
A mixed trigger was also implemen ted  with lower re- 
qmrements  on both s t reamer  tubes and scintil lators.  
The overall  rate on these triggers, largely overlap- 

ping, 1s 0.1 Hz. About  one m three triggers is a good 
muon event; the remaining  triggers result p r imar i ly  
from radloactwe background. Speciahzed triggers for 
the detect ion of  slow particles (monopo les )  and of  
neutr inos from stellar collapses have also been 
~mplemented. 

The da ta  acquisi t ion system includes a network 
(E the rne t -DECNET)  of  Mxcro VAXs acting as a 
front-end to the (CAMAC)  digitizing electromcs and 
it runs m the VAXELN envi ronment  [5 ]. A central 
VAX-8200 computer  ~s used as a file server and  as an 
interface between the acquisi t ion system and the 
users'  world. 

3. Results 

3.1 Vertwal muon f lux 

A subsample  of  throughgomg muons has been se- 
lected with the requirement  that  the muon  trajectory 
cross the appara tus  from the top horizontal  layer to 
the bo t tom horizontal  layer of  the s t reamer  tubes 
(Sg2_~ 200 m 2 sr) .  The cuts selected a subsample of  
96 000 muons.  The zenith and az imuthal  dis tr ibu-  
t ions of  the selected events corrected for acceptance 
are shown m fig. 2. The ma x imum of  the zemth angle 
d is t r ibut ion  is shifted from the vertical,  due to the 
mounta in  overburden.  

In order  to calculate the dependence  o f  the vert ical  
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F~g 2 Measured zemth (a) and azimuth (b) distributions of  muons crossing ten horizontal planes of  the MACRO detector corrected 
for detector acceptance (A 0 = 3 6 °, A cos 0 = 0 01 ) Some typical statistical errors are shown 

muon flux on depth, the sample has been subdivided 
into bins of  equal sohd angle A£2 ( A ¢ = 3  6 °, 
A c o s 0 = 0 . 0 1 ) .  Assummg that the zenith angle de- 
pendence of  the intensity is of  the form l(h, O)= 
Io(h )/cos 0, the intensity at each rock depth h can be 
written as 

1 ) ~,N,m, 
lo(h)= ~ E,A,/cosO,' (1) 

where N, is the observed number of  events for each 
of  the bms at rock depth h, m, is the number o f m u o n s  

per event, 0, is the zenith angle, and A, is the pro- 
jected area of  the detector. In addition, e is the trigger 
and reconstruction efficiency and At is the hve-t ime.  
In this equaUon the sums have been taken over all 
bins for which h, is wlthm + 50/2 h g c m  -2 o fh .  For 
this data sample the efficiency e was est imated to be 
98% and is independent of  direction 

The observed angular distribution has been stud- 
md at each depth mterval; within the errors it be- 
haves hnearly with see 0. At our m i n i m u m  depth of  
3250 m.w.e,  the upper llmxt on the prompt compo-  
nent is 10% 
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Fig. 3 shows the vert tcal  intensi ty dis t r ibut ion.  In 
this figure the da ta  include the mul t imuon  compo-  
nent m order  to compare  our results with those of  
other  exper iments  [6 -9  ]. In add i t ion  the da ta  have 
been corrected for efficiencies and rock composi t ion.  
Prehminary  geological surveys yield for the Gran  
Sasso rock an average densi ty  of  2.71 + 0.05 g cm-3 ,  
and rock parameters  ( Z )  = 11.4, ( Z / A )  = 0.498 and 
( Z 2 / A )  = 5.7. Since these parameters  are somewhat  
different  from s tandard  rock ( Z  = 11, A = 22),  a cor- 
rection was appl ied  following the procedure  de- 
scr ibed m ref. [ 10 ]. 

The errors shown m fig. 3 have been es t imated 
solely from stat ist ical  fluctuattons; the errors are con- 
Slstent w~th the spread o f  the mtenst ty  values for dif- 
ferent angular bms  corresponding to the same rock 
thtckness. Consequent ly  the systematic  uncertaint ies  
due to var ia t ions  in rock densxty, or other  local ef- 
fects, are smaller  than the statist ical  uncertainty.  For  
the variat ions of  the average density over paths of  ~ 1 

km, Aplp < 7%. 
The intensi ty shown m fig. 3 is m reasonable agree- 

ment  with previous  measurements  at over lapping 
depths  [ 7-9  ] within systematic and statistxcal uncer- 
tamties.  Our  overall  systematic error  is at present  be- 
tween 5 and 10%; it arises mainly  from the uncertain-  
ties m the rock composi t ion.  

The data  points  in fig. 3 have been fit to the simple 
phenomenologlcal  exponenttal  form [ 7 ] 

Io( h ) =A exp(  - h /  ho) , (2)  

yielding A = ( 1 . 1 9 + 0 . 0 5 ) × 1 0  -6 cm -2 s -1 sr -~, 
ho= (757 + 6) hg cm -2 andz2/DoF=46/41. The er- 
rors quoted,  as well as those given below, are purely 
statistical.  The exponent ia l  form ts adequate  to de- 
scribe the data  over the depth  range shown m fig. 3. 

A fit o f  the data  to the form used by the Frejus  ex- 

per iment  [ 8 ] 

Io( h ) = B( h~/ h ) 2 exp(  - h /  h, ) ,  (3)  
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Fig 3 Measured vertical flux for muons crossing ten planes of the MACRO detector as a function of rock thickness The line represents 
a fit of the data to formula (3) (see text) 
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yields B = ( 1 . 5 0 + _ 0 . 0 6 ) × 1 0  -6 cm -2 S -1 sr -~, 
h l = ( 1250 +_ 10)hg cm -2 and x 2 / D o F  = 52/41. 

The parameters of  the muon spectrum, assumed to 
follow a simple power law, d N / d E ,  = / ~  ;Y for Eo > 1 
TeV, can be extracted from the underground vertical 
muon intensity [9].  Using the muon survival prob- 
ability P(h, E~) [ 11 ], folded with the assumed form 
of  the spectrum, the intensity can be written as 

oo 

I(h) =K J P(h, E~)Ey ~ dE,. (4)  
0 

A fit of  the data o f  fig. 3 using eq. (4) and the as- 
sumed power law yields dN/dE,=(6+_l)× 
E ~ - 3  5 6 + 0 0 3 )  c m - 2  s - 1  sr-1  GeV-1 with z 2 / D o F =  

50/41. The error on the slope is only statistical; the 
systematic error ~s about o f  the same order. 

By replacing the survival probability curve with a 
step function whose value is 1 for muon energies 
greater than Em,n = c~ [ exp (flh) - 1 ], we have Io (h) = 
K1 [ e x p ( f l h ) - l ]  -~+~, where Kl=Ko~t-~'/(~-l). 
U s l n g f l = 0 . 4 ×  10 -3  m.w.e. - t  [ 12], a fit to our data 
gives K =  (5 + 1 ) and 7 -  1 = (2.55 + 0.03), with az2/ 
DoF = 52/41. 

In the above fits systematic errors have not been 
included. Nevertheless, the parameters of  these fits 
agree reasonably well with the parameters deter- 
mined by other experiments. 

3.2. Search for large scale amsotroptes 

To increase the statistical accuracy the data cuts 
have been relaxed to include all single muon tracks in 
which at least four planes of  streamer tubes were hit. 
The total number  of  events m this sample is approx- 
imately 245 000. 

The data were analyzed to search for large scale an- 
isotrop~es in the muon distribution in celestial coor- 
dinates. While the distribution in declination of  the 
events reflects the mounta in  shape and the accep- 
tance o f  the apparatus, the d~stribution in right as- 
cension is expected to be flat after hve-t~me correc- 
tion, m the absence of  anisotroples. The live-time 
correction was made by rejectang events with a prob- 
ability proportional to the distribution of  hve side- 
real time, normahzlng to the interval with the small- 
est number  of  events [13].  Fig. 4a shows the 
dis tnbutions in right ascension of  all muons before 

(245 000) and after (192 250) the live-time correc- 
tion. Fig. 4b shows the declination distribution for 
192 250 single muons. 

The amplitude of  the first Fourier harmonic of  the 
right ascension sample corrected for live-time was 
computed as 

2 2 

r ~ = 2 ( ~ c o s a , )  + ( ~ s l n a , )  , (5) 

where a,  is the right ascension of  the ah  event and N 
is the total number  of  muons. For this sample, 
r~ = 4 × 10-  3, which yields an upper limit of  8 × 10- 3 
(95% CL) in the amphtude of  the first harmonic of  
a possible large scale anisotropy [ 14]. For an iso- 
tropic distribution 

P(r>ro) = e x p ( - - ~ ) ,  (6) 

for any ro. For our data P=46%.  With the same pro- 
cedure the amplitude of  the second Fourier har- 
monic is re = 2 × 10-3; the probability to obtain by 
chance a value greater than r 2 is 81%. At our depth 
single muons come mainly from cosmic ray prima- 
rles of  energies of  -~ 1013 eV [15] Although this 
analysis yields no evidence for large scale amsotro- 
pies, our upper limit is not in conflict with the posi- 
tive measurement reported in ref. [ 16 ]. 

4. Conclusions 

In conclusion, downward muon data have been 
analyzed from the first run of  the first supermodule 
of  MACRO. The variation of  the vertical muon in- 
tensity has been measured for rock depths in the range 
3200 < h < 5200 hg cm -2. The results reported here 
agree with previous determinations at other depths. 
In addition, a preliminary search has been made for 
large scale anisotropies. 
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