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A SKY SURVEY USING MUONS IN THE MACRO DETECTOR

INFN/AE-97/27
19 Giugno 1997

ABSTRACT

During 1991 - 1996 we have detected more than 2 x 10" muons in MACRO, which is located at the Gran
Sasso Laboratory. Our effective livetime is 26,400 h. Using this sample of data we have defined and
evaluated MACRO’s properties as a muon telescope. First we observed the Moon shadowing effect.
This is the first statistically significant detection of the moon using muons detected deep underground.
Our detection of this signal has established that the pointing errors of MACRO are less than 0.1 degree
and that the angutar resolution of the apparatus is about 1 degree. Next we studied the arrival directions
of muons, looking for excesses above the expected background in any direction of the sky. Finally we
have also done a detailed search for possible muon point sources (and diffuse sources) in the galactic
plane using double muons. We will present all three results; the Moon shadowing, the sky survey, and
the flux limits for muon sources in the galactic plane.

INTRODUCTION
In this work we have used the directionality of the muons seen by the MACRO detector to survey the
sky for steady sources of muon excesses. The analysis has been done using the muons collected during
1991-1996. We have thus collected more than 2 x 107 muons. The interest for this analysis arises from
the old observations of excesses of underground muons in the direction of Cygnus X-3. More recently
no signal has been detected from this kind of source but several observations of X or y ray bursts have
been reported from other sources like Mkn 421 (Bradbury etal. 1997). Therefore the interest for a mon-
itoring of any possible source of cosmic rays is still present. However the underground detectors can
detect only the secondary muons produced in the interactions of the primary cosmic rays with the atmo-
sphere. So their sensitivity to cosmic ray sources is lower than that of surface and satellite experiments.
Nevertheless MACRO can detect very small variations
of underground muon intensity. In fact we have re- o
ported the measurement of a seasonal variation of the
intensity (Ambrosio et al., 1997), in which a modula-
tion of the intensity with an amplitude of less than 3% g
is found. We have also observed the moon shadowing "
effect on the intensity (Ambrosio et al., 1997). This last w
effect is extremely important in establishing the cor- ok
rectness of the pointing ability and at the same time the |
good angular resolution of the apparatus.

1 | L 1 P P
) 025 0.5 075 1 125 1.5 L75 2

THE MOON SHADOWING EFFECT sosmas
To verify the pointing accuracy of the MACRO detec-

tor, we have searched for the Moon shadowing effect Fig. I: Muon density versus the angular dis-
in the high energy primary cosmic rays. This analysis fance from the Moon. Superimposed as a
has been done using all muons collected by the detec- dashed line is the expected density for the
tor from 1989 to the beginning of 1997. The resulting background events. A variable bin width is
sample is about 30 x 10° muons. The analysis has been used in order to have the same solid angle for
done selecting single or multiple muons having the ar- each bin.

rival directions close to the moon center, and comparing the distribution of these events with the dis-
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tributions of random background events. The analysis has been done using two different methods: the
first one is a simple comparison of the density of the real and simulated event distributions versus the
angular distance from the Moon center. The results are shown in Figure 1. A deficit is visible at about -
0.25 ° from the computed Moon position and the maximum resulting deficit is about 130 events on a
background of 2218 147 events contained in a cone of about 1° radius centered on the Moon position.
A second analysis has been done using bidimen-
sional histograms and taking into account the point
spread function of the apparatus. This analysis is based
Q on the maximum-likelihood method of COS-B (Pollock
: et al., 1993) to evaluate the significance of the signal
(Ambrosio et al., 1997). The results of this analysis
are shown in Figure 2, where the x? in each bin has
been computed as a function of the Altitude versus Az-
Q imuth distances from the Moon center. The amount of
the displacement found can be attributed to the geomag-
i 0 netic displacement of the primary protons, which have
r energies of about 10 TeV. We found therefore a west-
: © ward displacement of 0.25° of the Moon shadow with
B T S a x?=14.2 corresponding to a significance of 3.7¢. We
AAzimuth (degrees) have compared this number with an analysis done on
random fake moons. We found that the probability to
Fig. 2: x? levels in the window centered on find random fluctuations having a x* > 14.2 is 0.02%,
the Moon. Four levels starting from x*=3 1n agreement with the previous estimation of the sig-
with a step of 3 are shown. The maximum vificance. Thus this positive identification of the moon
value is x*=14.2 in the position (-0.25°,0°)  shadowing effect in an undergound experiment estab-
lishes the correct pointing ability of the detector,

ALL-SKY SURVEY USING SINGLE MUQONS 7=
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We have grouped the events in sky bins of
equal solid angle (A = 2.3x10~*, Aa =
1°, Astné = 1/75). These bins have ap- so00
proximately the solid angle of a cone of e
half-angle 1.°, a value obtained to maxi-

mize the signal to noise ratio for our appa-
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ratus. Removing from the sample the bins scao

having few events, we compute for each & == [-

bin the standard deviation using the sim- 2" F
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Right Ascension

expected events respectively. This distri-

bution is well fitted by a Gaussian cuarve ‘
and no excess is evident. The result of the £fig. 3. Right ascension diSl‘f‘betinﬁSfO?‘ MUORS COMIng

fit gives x2/ Do f=0.86. We have repeated Jfroma 1.5° half angle declination window centered on (a)
the survey by displacing the center of these Cyg X-3 and (b) Her X-1. Solid lines represent the exper-
bins, in both the coordinates, of half of the imental data and dashed the background simulation.
bin width, in order to search for possible sources close to the neighborhoods of the bins. No excess
has been found also in this case. We thus confidently say that no significant point source™ has been
observed.
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against the seasonal modulation, the fit to the antisidereal diurnal data gives the parameters
in the relation: Kjcos {2m[(Net — 1)t + ¢ — @2]}. In this fit, ¢mes in Table 1 was shifted
to account for the arbitrary zero point of phase used in constructing Figure 2. As shown
in Ambrosio et al. (1997), the phase of maximum modulation for the seasonal variation is
$2 =~ 0.6, which implies that ¢r.z = 0.45 for the antisidereal modulation. Finally, the sidereal
modulation seen in Figure 3, parameterized as K cos {27 [(Nyor + 1)t + ¢3]}, is the ‘apparent
sidereal modulation’ and represents the sum of two terms,

Kscos {27[(Noot + 1)t + ¢3)} = Kicos{27[(Noot + 1)t + da]} +
KZ Ccos {2W[(Nsol + ]-)t + ¢’1 + 452]}

The amplitude, K, and the phase, ¢a, of the ‘true sidereal modulation’ can be found from
the fits in Table 1. The results of this analysis, including the correction for the zero point of
antisidereal phase and the converstion from Julian days to solar time, are given in Table 2. The
errors on K4 and ¢4 were computed by combining the errors in quadrature.

Table 2: Analysis of Underground Muon Data

Amplitude Phase of
(%) Maximum (hr)
Solar Diurnal 0.093 £ 0.063 (K1) 132426 1)
Antisidereal 0.17 £0.06 (K5) 108+1.4 (¢1 — ¢2)
Apparent Sidereal 0.19£0.06 (K3) 59+1.3 {¢3)
True Sidereal 0.34 +£.26 (Ka4) 4.8 +3.2 (¢a)

CONCLUSIONS

We have used the method of Farley and Storey (1954) to search for the first harmonic of
the sidereal modulation in the underground muon data collected by MACRO. The result at
this time must be considered preliminary. In order to achieve a result with high statistical
significance, several more years of MACRO data must be analyzed.
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POINT SOURCE STUDIES
Steady Flux Limits

As a first step, we selected only muons coming from two windows +1.° wide in declination centered
on Cyg X-3 and Her X-1 and we searched for dc excesses in the muon flux above the expected back-
ground in the Right Ascension distributions around those positions. No excess was found around the
two source positions.

We also searched the data for other particular point sources (see Table 1). We analyzed the
data contained in a narrow cone {0.5° radius) around the source position and found no d¢ excess. The
dc upper flux limits, using the formula (Ahlen et al., 1993):

stdy n”(95%) Cm_zg*l (H
# 0.416A6fffte:npos

are presented in Table 1, with n,(95%) the 95% CL for the undetected number of muons calculated
according to Helene (Helene, 1983), ¢ the average efficiency, A, 77 the average effective area, f is the
fraction of time that the source is visible, and terpos the total exposure time.

Source S Fo (e Aggg) x 10%em? | T559(95%) (em~2s71)
Cyg X3 | 40°55'46” | 0.57 724 39x 1013
Her X-1 | 35°20'32” | 0.52 738 4.7 x 10713
Crab 21°59 0.48 758 5.5 x 1071?
3C273 2°3'8” 0.37 618 7.0 x 10713
MRK 421 | 38°12'31” | 0.58 730 4.5 x 10713
Geminga | 17°47 | 0.46 743 5.1 x 10713

Table 1: Steady Flux Limits for selected sources. Limits were obtained using formula (1).

Since there is no excess in all other bins in the sky, we have also calculated the flux limits us-
ing (1). The results of this all-sky map give fiux limits in the interval 8.2 x10~*em=2s"! 3 8.5

x 107 Bem =21,

Searches for Modulated Signals .
A careful search has been done for modulated signals coming from those sources that in the past showed
variability (Cyg X-3). We found no evidence for an excess in any of the phase bins into which the
characteristic period was divided. The flux limit for modulated si gnals at 95% C.L. found for Cyg X-3
189.7 x 107 Mem =251

We conclude that the present data are consistent with background fluctuations and show no ev-
idence for a modulated muon signal from Cyg X-3.

A Galactic Plane Survey Using Double Muons

A different point source investigation has been performed selecting only double muons in the appa-
ratus. There are two reasons to select these events in underground detectors. The primary cosmic-ray
average energy necessary to produce underground muons is higher for multiple muons respect to sin-
gle muons. In addtion, it has been suggested (Stanev 1986, Berezinsky 1988 and Halzen 1997} that
primary gamma rays would produce double muons through photoproduction processes. However the
limits of this kind of search are related to the efficiency to have muons starting from ~ rays. In fact
the probability to produce muons by means of + rays is about 1% at TeV energies. For this analysis
therefore we have used the subsample of events taken between 1991 and 1996 and analyzed the region
of the galactic plane delimited by 20° < T < 220° and —5° < &7 < 5°. The analysis has been
performed using the same COS-B technique used for the Moon shadowing effect, but using the point
spread function in galactic coordinates. The results of this survey are shown in Figure 4.
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CONCLUSIONS

A search for cosmic ray point

sources has been performedus-" 5 £ (Y S
ing underground muons and -: & .oﬁk oLl
different analyses. No evi- 20 S5~ R
dence for point sources has !
been found. Nevertheless the® &~ 7 » 7 » 7 - 7700 T e TR
MACRO detector has shown 5 F~ -5 T9FE2 Fp % Lt ¢ ey &
its ability to detect asmall vari- S el
ation of the muon fluxes, hav- g
ing detected the moon shadow= ¢ £~ = ey
ing effect with 3.7 o signifi- *% : o, o - f}'a
-4 & i e

L . to ‘-\" Eih --:II.,- o,
cance and the seasonal varia- T T T T e T R S e g
tion effect,

Fig. 4: Distribution of the upper limits for ®,,, in galactic coordi-
nates. The contour levels are from 2.0 to 8.0 x 107 ¥em =251,
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