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Performance of the MACRO Detector at Gran Sasso: 
Moon shadow and seasonal variations 
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The MACRO underground detector at Gran Sasso has recorded about 30 million muon events in the period 
1989-1995. We have analyzed these data to look for time variations and to study the pointing capabilities of 
the apparatus in the search for astrophysical point sources. We have observed a 3% seasonal variation of the 
high energy muon rate, due to atmospheric temperature variations, in agreement with theoretical predictions. 
We report also the detection of the moon shadowing effect with a statistical significance of 3.7 a. The results 
obtained straighten the possibility that a "muon astronomy" using underground experiments is possible. 

1. I N T R O D U C T I O N  

One of the pecularity of MACRO as a muon 
telescope is its excellent angular resolution. 
Moreover, it has a large collecting area and thus 
relatively large statistics when compared to other 
deep underground detectors. We present an 
update  of the results on the s tudy of atmospheric 
effects on the underground muon flux recorded by 
our detector [3]. It is also impor tan t  to establish 
the pointing accuracy of the apparatus .  We have 
therefore looked for the shadow of the Moon cast 
by high energy pr imary  cosmic rays, which for 
MACRO have E>12 TeV. The analysis confirms 
the good pointing capabili ty of the detector and 
gives confidence in MACRO's  ability as a muon 
telescope. 

2. S E A S O N A L  V A R I A T I O N S  OF T H E  
U N D E R G R O U N D  M U O N  F L U X  

Underground muons originate primarily from 
the decay of mesons produced in high energy 
interactions between pr imary  cosmic rays and 
atmospheric nuclei. As shown decades ago [1, 
2], fluctuations in atmospheric tempera ture  lead 
to variations in the muon intensity observed 
at ground level and underground. However, 
there have been relatively few experimental  
underground measurements  of these effects and 
those that  have been made were not always in 
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agreement with theory [1,2]. 
Because of its large collecting area and great 

depth, MACRO is a powerful tool to investigate 
the atmospheric tempera ture  effects on the 
underground muon rate, although the expected 
ampli tude is of few percent. Da ta  were collected 
during a 4 year period start ing in January  
1991, when all the six lower supermodules with 
streamer tubes became operational.  

Specific cuts are used to remove systematic 
effects on the evaluation of the muon rate. Fig. 
1-a shows the monthly  variations of the muon 
counting rate. 

The effect has been analyzed assuming the 
relation: 

A R ,  ATe:: 
-~, - a T  - T e l !  ' (1) 

where we have introduced an "effective 
temperature"  Tel: that  takes into account the 
non-uniform variation of the tempera ture  along 
the entire atmospheric mass column above the 
detector. TeII is obtained via a weighted average 
of the temperatures  measured at different isobaric 
levels 

To:: = (2) 
i 

C~T is a tempera ture  coefficient. We have chosen 
for w(i) the expression: 

exp-h(O/A/h(i) 
wi = E i  exp-h<i)lX /h(i) ' (3) 
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with A = 160 g/cm~[3]. 
The temperature data  were provided by the 
Ispettorato Telecomunicazioni ed Assistenza Volo 
dell 'Aeronautica Italiana. For the years 1991- 
1993, the data  were obtained at 7 atmospheric 
depths (700 g /cm 2, 500 g /cm ~, 300 g /cm 2, 150 
g/cm ~, 70 g/cm 2, 45 g/cm ~, 35 g /cm 2, 25 g/cm ~) 
four times daily: O h, 6 h, 12 ~ and 18 h. In 1994, 
there were only two flights per day, for most of 
the year, at 11 h and 23 h. The depth sampling 
during these flights however was much finer. To 
be consistent with the previous years we used only 
data  at depths < 700 g /cm ~. 
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Figure 1. a) Monthly variations in the muon rate, 
A R u = (Ru - Ru). R u is the monthly rate and 
Ru = 364.8 muons/hr  is the average monthly rate 
computed for the December 1992-1994 data  set. 
The errors are dominated by statistical errors in 
the rates. 
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Figure 1. b) Monthly variations in the effective 
temperature,  ATell : ( T e l l -  Tell), where 
Tell is the average monthly effective temperature 
distribution and Tell : 217.8K is the mean 
effective temperature for the complete data  set 
(1991-1994). The errors on the data  points are 
taken as the standard deviations in the Tell 
distribution for that  month. 

The total number of single muons analyzed in 
the period 1991-1994 is 5.3 × 106 after run cuts. 
We computed for each month the mean value of 
the effective temperature.  In Fig. la-b are shown 
the monthly rate values of ATell = T~ll - T~ll, 
where Tell  is the mean effective temperature and 
Tell : 217.8K the average effective temperature 
computed for the complete data  set. 
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Figure 2. The superposition of the percentage 
monthly variations in the muon rate, ARu/R~,, 
(%), and the average monthly variations in the 
effective temperature,  ATell/Tell (%) for the 
December 1992-1994 data  set. 

In Figure 2 we superpose the percentage 
variations in the effective temperature  onto the 
percentage fluctuations in the muon rate. 
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Figure 3. The superposition of the percentage 
monthly variations in the muon rate, ARu/Tlm,~ 
(%), and of the percentage monthly variations in 
the effective temperature,  AToll/Tel I (%) for 
the total data  set, 1991-1994 
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To quantify the significance of the correlation 
in Fig. 3, we have computed both the correlation 
coefficient and the chance probabil i ty that  the 
variations in the muon rate and the effective 
tempera ture  are uncorrelated (null hypothesis). 
The regression analysis of the available monthly  
da ta  yields aT = 0.98 + 0.12 in the total  da ta  
set. The value of the tempera ture  coefficient 
O~T/Tmr ! x 100 ~ 0.45-4- 0 .06%/K is consistent 
with theoretical expectations [1,4]. 

3. M O O N  S H A D O W I N G  E F F E C T  

To demonstra te  the pointing accuracy of 
MACRO, we have searched for the shadow of the 
Moon in high energy pr imary cosmic rays. The 
analysis of 30 × l06 single muons recorded from 
1989 to 1995 has been performed in two ways: the 
first one is a classical approach, the second one is 
a max imum likelihood method.  The first method 
consist in a comparison between the density of 
the observed events versus the angular distance 
from the center of the calculated Moon position, 
and a simulated event distribution[5] . The result 
of this analysis is shown in Fig. 4. 
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Figure 4. Muon event density observed vs the 
angular distance from the Moon; the simulated 
expected events (dashed line) are superimposed 

The max imum deviation occurs at 0.25°; the 

observed deficit at  0.6 o is equal to 98 events on a 
background of 700 -4- 26 events (3.7 a) while the 
deficit within 1 ° is 120 events on a background of 
1170 4-46 events (2.85 ~r). 

The second analysis was done in two dimen- 
sions using the m a x i m u m  likelihood method of 
COS-B [6]. This method is based on the a 
priori knowledge of the point-spread function and 
searches for a source of unknown intensity, in this 
case a source of negative intensity. 

The intrinsic angular resolution of the detector 
is 0.2°[7]. However the multiple Coulomb 
scattering in the rock overburden introduces an 
energy dependent spread of the muons with 
respect to the original direction. The overall 
spread has been est imated from the distribution 
of the angular separation of double muons; the 
overall angular resolution is about  1 ° . 

The analysis was done on 72 different windows 
containing each 17 by 17 bins (0.25 degrees wide 
in equatorial coordinates): the first window is 
centered on the instantaneous position of the 
moon (a,~oo,,, 5moo,,); the others are displaced by 
5 ° , thus covering the entire range of 3600 . 

We have calculated, for each bin, the 
likelihood function for the poissonian process [8]: 
~:(x , ,  ys,  I , )  = 

2 Z  N t h - N ° b "  + I n \ A r t  h I  , (4) 
i - - - -1  

where N~ bs is the number  of the observed events 
in each bin and N th is given by the expression: 

N th = N back + Is • PSF~:.,u. (xi, Yi) (5) 

being N back is the calculated number  of 
background events in each bin, P S F ( x , y )  the 
point spread function and Is the intensity of a 
possible source at (x , ,  Y,). For each bin the most 
likely intensity of a source in tha t  position is 
obtained by minimizing £: and varying Is as a 
free parameter .  

The probabil i ty of a background fluctuation 
is theoretically given by the cumulative X 2 
distribution with one degree of freedom for A = 
~g(5, 6, O) - £ (5 ,  ~, I ~  in) with 
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A contour plot of the A variable for the moon 
window is shown in Fig. 5. The maximum value 
is ~ = 14.2 (3.7o') on the position (-0.250,0. °) 
where is the maximum deficit. The observed 
displacement is compatible both in value and 
in the direction with the displacement of the 
primary protons due to the geomagnetic field. 
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Figure 5. X 2 values in the window centered on 
the moon, obtained by the maximum likelihood 
procedure. Four levels are shown starting from 
X 2 = 3 with a step of 3. The maximum value of 
X 2 = 14.2 is in the position (-0.25°,0 °) 

arrival distribution of muons about the nominal 
position of the moon (0.250 displaced) with a 
significance of 3.7 ~ both in the one-dimensional 
and two-dimensional analyses showing also a 
good statistical consistency between the two 
methods. 
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Since we find only 1 bin in the other 71 
windows, having A > 14.2, the a pr ior i  
probability of finding a fluctuation that  mimics 
the shadow of the moon in the expected position 
is 0.02%, a result consistent with the significance 
level given by the first analysis. 

4. C O N C L U S I O N S  

The determination of the positive temperature 
coefficient for atmospheric effects on the muon 
intensity recorded by MACRO appears to be 
consistent with the expectations. 

We have found evidence of a deficit in the 
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