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ABSTRACT
We present the results of the search for massive magnetic monopoles in the penetrating cosmic radiation
performed with the MACRO detector. Independent analyses were carried out by using the scintillator,
streamer tubes and track-etch subdetectors in different ranges of the monopole velocities. Since no
candidates were found in several years of data taking, present flux upper limits are below the Parker
bound for monopole velocities > 10™c.

INTRODUCTION

Grand Unified Theories (GUTs) of the electroweak and strong interactions predict the existence of
massive (~ 107 GeV) magnetic monopoles (Preskill, 1979).The MACRO detector at Gran Sasso was
conceived to be effective in the search for such monopoles at a sensitivity level well below the Parker
bound (10~*%cm=2 s~ sr~1) (Turner et al., 1982), for a large range of velocities, 4 x 107° < § < 1.

MACRO consists of six supermodules with total dimension 77 x 12 x 9 m*. Each supermodule
is divided into a lower and an upper part. The lower part consists of two separate modules made of
ten horizontal streamer tube planes (6 x 12 m?) interleaved with seven rock absorber layers and two
scintillation counter planes (on the top and bottom). The east and west sides (12 x 5 m?) of each lower
supermodule are closed by a sandwich of two sets of vertical streamer tube planes (three layers each),
interleaved with a scintillation counter plane. Two other “vertical detector systems” close the north
and south walls. The upper part of each supermodule consists of two vertical detector systems and of
a roof made of two sets of two horizontal streamer tube planes interleaved with a scintillation counter
plane, without any absorber. The nuclear track subdetector is located horizontally in the middle of the
lower MACRO structure, and vertically on the east wall and on the lower part of the north wall.

Special care was taken to ensure that the three types of detectors and the readout electronics were
sensitive to low G particles. A single carididate event may provide distinctive and multiple signatures in
the three subdetectors, so the experiment has enough redundancy of information to attain unequivocal
and reliable interpretation on the basis of only few or even one event. A more detailed description of
the apparatus with particular emphasis on monopole detection has been given in (Ahlen et al., 1993,
Ambrosio et al., 1997 and Ahlen et al., 1995).

Single subdetector searches with scintillator or streamer tubes are very effective in the low j3
region, where the background is due to uncorrelated noise and the required rejection power is not
too high. Searches for fast magnetic monopoles are heavily affected by the background due to en-
ergetic muons with large energy losses in the detector. Although single subdetector searches for fast
monopoles have been effectively performed on limited data samples, a combined use of the three re-
dundant systems can achieve the needed rejection by imposing looser requirements.

Present analyses refer only to direct detection of bare monopoles with unit magnetic Dirac
charge. Magnetic monopole induced nucleon decay is not considered; the results are then valid for
catalysis cross sections smaller than 10 mb. An isotropic flux of magnetic monopoles was also as-
sumed. This applies to monopoles with enough kinetic energy to traverse the Earth. This condition
sets a 3 dependent mass threshold which is ~ 107 GeV for  ~ 5 - 107° and is lower (down to
~ 10° GeV) for faster poles.



SINGLE SUBDETECTOR SEARCHES
Searches Using the Liquid Scintillator

The use of three different triggers, electronics and analysis procedures allows us to cover the entire 3
range with maximum efficiency.

1. The light yield of magnetic monopoles with 107 < 3 < 5 - 1072 is inferred by the mea-
surement of the light yield of protons with similar velocities in plastic scintillators (Ahlen et
al., 1994). The waveform of the photomultiplier output is analysed looking for the long and
flat light pulse expected from a monopole. Two independent searches have been performed and
published (Ahlenet al., 1994 and Ambrosio et al., 1997). The established flux upper limits for
1.8x107* < f <3x1073 of 5.6 and 4.1 x 10715 cm~2 s~! sr™! are reported in Fig. 1 in curves
A andD.

2. In the medium velocity interval the light produced per unit pathlength and the time of flight
across the apparatus are used at the same time. In this way the background, mainly due to
natural radioactivity and atmospheric muons stopping in the detector, is completely rejected.
The analysed data were collected between October 1989 and January 1997. ;From the ab-
sence of monopole candidates the 90% C.L. flux upper limit of 6.0 x 10716 cm~2 s~ sr~! for
1.2-1073 < B < 107! is reported in Fig. 1 curve B.

3. The huge energy loss of a fast magnetic monopoles (8 > 107!) tags candidates by searching
for events with large amounts of light recorded by photomultipliers. High energy showering
muons are the main background for this kind of analysis. Such events are completely removed
by checking that the measured energy loss in two scintillator layers is lower than expected for
monopoles. The resulting flux upper limit (4.4 x 107* cm=2 s~* sr~! for § > 107!) is reported
in curve C of Fig. 1.

In the present analyses the upper part (including the top horizontal layer and the side top vertical
layers) was not used. Trigger and analysis efficiencies were checked by pulsing the counters with LED
and nitrogen laser light. The 90% flux upper limits are reported in Fig. 1.

Search Using the Streamer Tube Subdetector

The tubes are filled with a 73% He and 27% n-pentane gas mixture and are operated in the limited
streamer mode. The presence of the helium allows detection with 100 % efficiency of the passage
of a magnetic monopole exploiting the Drell and Penning effects (Ahlen et al., 1995 and Drell et al.,
1983). The analysis is based on the search for single tracks and on the measurement of the velocity
of the candidates, a complete description of the employed hardware and analysis procedures has been
given (Ahlen et al., 1995). Only the horizontal streamer planes of the lower MACRO have been used
in the trigger; the upper part and the vertical planes have been used for event reconstruction. The
analyzed data sample was collected from February 1992 to April 1997 for a live-time of 1823 days.
Since the construction of the apparatus was not yet completed, during the first year of this period the
acceptance was only a fraction of the total 4250 m? sr of the full lower part of the detector. The trigger
and analysis were checked to be velocity independent. The global efficiency was then estimated by
computing the ratio of the rate of single muons reconstructed by this analysis to the expected one.
The typical overall efficiency was over 90%. A Monte Carlo simulation including all the geometrical
and trigger requirements was used to compute the detector acceptance. No candidate remained. For
1.1 x107* < B < 5x 1072 aflux limit ®p; < 5.0 x 107 cm~2 57! sr~! at 90 % C. L. was obtained.

Search Using the Nuclear Track Subdetector
The nuclear track-etch subdetector (CR39 and LEXAN sheets) covers a surface of 1263 m? and the
total acceptance for fast magnetic monopoles is about 7100 m2sr. The subdetector is used as a stand




alone detector and in a “triggered mode” by the scintillator and streamer tube systems. The CR39
nuclear track detector was calibrated with slow and fast ions, checking that the response depends on
the restricted energy loss only (Ambrosio et al., 1997a). In the last years about 24 m?/year of track-
etch detector were extracted. The method of searching for monopoles and the determination of the
geometrical and detection efficiencies are reported in detail in (Ambrosio et al., 1997a). A total surface
area of 88.86 m? of CR39 has been analysed, with an average exposure time of 5.89 years. No candidate
was found; the 90% C.L. upper limits on the magnetic monopole flux are at the level of 2.7 x 1071°
cm~2sIsrtat B ~ 1,and 4.2 x 10715 cm~2s~1sr~! at § ~ 107%, (see Fig. 1, curves “CR39”).

COMBINED SEARCHES

As stated before, a combined search for fast magnetic monopoles was also performed. For such veloc-
ities the three subdetector responses directly result from the Bethe-Bloch formula applied to a moving
magnetic charge. As a consequence a combined search (i.e. a three-fold detector coincidence) can be
exploited to reduce the large cosmic ray background.

The analysis procedure uses, at the same time, the data coming from scintillator and streamer
subdetectors, while scanning of the track-etch is used as a final tool for rejection/confirmation of the
selected candidates. The events are triggered by requiring at least one fired scintillator counter and 7
hit horizontal streamer planes. The fast monopole signature is its large ionizing power with respect
to minimum ionizing particles. The event selection criteria are therefore based on the amount of light
recorded by the photomultipliers and by both digital (tracking) and analog (pulse charge) informa-
tion coming from the streamer tubes. Since monopoles with 5 < 0.99 lose their energy by means of
continuous excitation/ionization processes of the traversed medium, a non-showering single particle is
searched for in the tracking system. A pathlength of at least 10 cm in the scintillator volume is imposed
in order to guarantee a good measurement of the produced light. The signal detected in each crossed
counter is then required to exceed the minimum amount of light produced by a 8 = 5- 102 monopole
(Ahlen and Tarlé, 1983) with the shortest pathlength accepted in the analysis. Taking into account the
5% resolution and the 10% non-linearity of the detector response at that light level (Ambrosio et al.,
1997), a three standard deviation cut is imposed.

A further selection is then applied by using the logarithmic dependence of the streamer tube pulse
charge on the particle ionizing power (Battistoni et al., 1988 and Battistoni et al., 1996). Fluctuations
resulting from gas mixture and pressure variations are taken into account by calibrating the streamer
response with cosmic muons on a run by run basis. After correction for geometrical and electronic non-
linear effects (Battistoni et al., 1997), a cut is applied on the mean streamer charge measured along the
particle trajectory. As a result of a detailed Monte Carlo simulation of the streamer response, 90%
of monopoles with # > 5 - 1073 are ensured to pass this analysis step. The few (~ 5/year) selected
candidates are analysed in the appropriate CR39-LEXAN sheets by looking for large restricted energy
loss producing a detectable track in this subdetector.

The analysed data refers to 667 live days with an average global efficiency of 74%. The ac-
ceptance, computed by means of a full Monte Carlo including all the analysis requirements, is 3565
mZsr. No candidates survived, the 90% C.L. monopole flux upper limit is 1.5 - 10™*cm~2sr~'s™* for
5-107% < B < 0.99.

DISCUSSION AND CONCLUSIONS
No candidates were found in any of the aforementioned searches. The corresponding 90% C.L. flux
limits are shown in Fig. 1 as function of (.

As any one of the subdetectors may rule out, within its own acceptance and sensitivity, a potential
candidate from the others, the present global MACRO limit may be taken as a combination of separate
limits. When two or more analyses were coincident in time, in space and in 3, we considered only the
one with the larger acceptance in that 3 range. In the more general case the §-interval was divided into
subintervals sufficient to characterize the changes in individual acceptances. In each 3-subinterval the
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Fig. 1 The 90% C.L. upper limits obtained using Fig. 2 The 90% C.L. obtained by MACRO
the various MACRO subdetectors (global limit) and by other experiments

MACRO time integrated acceptance was computed as the sum of the independent portions.

The total MACRO limit is computed as 2.3/ Ey1a1 Where Ei = 3; E!, and the E! are the
independent time integrated acceptances.

This limit is compared in Fig. 2 with the results obtained by other experiments which searched

for bare magnetic monopoles with g = gp and o.,; < 10 mb (Bermon, 1990, Buckland, 1990, Thron,
1992, Alexeyev, 1990, Orito, 1991, Adarkar, 1990, Hara, 1990).
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ABSTRACT
In this paper we present the results of the searches for nuggets of strange quark matter (“nu-
clearites”, “strangelets”) using the various subdetectors of the MACRO detector at the Gran
Sasso underground laboratory. The upper flux limits refer to data collected from 1989 till Au-
gust 1 1995, while the experiment was under construction, and from August 2 1995 till April

1997 with the full detector.

INTRODUCTION

Nuggets of strange quark matter (aggregates of u, d and s quarks in equal proportions
and electrons that ensure the electrical neutrality) that should be stable for all baryon numbers
in the range between ordinary nuclei and neutron stars (A ~ 10°") have been hypothesized
(Witten, 1984). They could be the ground state of QCD and could have been produced in the
primordial Universe or in violent astrophysical processes. Nuclearites could be an important
candidate for dark matter.

The main energy loss mechanism for nuclearites passing trough matter is that of atomic
collisions. While traversing the medium the nuclearites should displace the matter in their
path by elastic or quasi-elastic collisions with the ambient atoms (De Rijula et al., 1984). For
typical galactic velocities, nuclearites with masses larger than 0.1 g could traverse the Earth
(De Rujula et al., 1984).

Nuclearites could contribute to the missing mass of the Universe. A limit on their local
mass density may be estimated assuming that ®per. = pppv/(2r M), where pppr =~ 1072 g
cm™? represents the local dark matter density (De Rijula et al., 1984).

MACRO (Monopole, Astrophysics and Cosmic Ray Observatory) is an underground de-
tector situated at the Gran Sasso Laboratory in Italy, at an average depth of 3700 meters of
water equivalent (mwe) and a minimum depth of 3150 mwe. It uses three different types of
detectors: liquid scintillators, limited streamer tubes and nuclear track detectors (CR39 and
Lexan) disposed in a modular structure of six “supermodules” (SM’s), each one subdivided in
a lower and an upper part. The overall dimensions of the apparatus are 77 x 12 X 9 m® (Ahlen
et al., 1990). The response of the three types of detectors to slow and fast particles has been
experimentally studied (Ficenec et al., 1987; Ahlen et al., 1983; Ambrosio et al., 1995; Baiocchi
et al., 1995) .

One of the primary goals of MACRO is the search for superheavy GUT magnetic monopoles
(Guarino et al., 1997). It was shown (Ahlen et al., 1992) that the monopole searches based on
the liquid scintillator subdetector are sensitive also to nuclearites; in (Ambrosio et al., 1996)
the response of the CR39 subdetector to nuclearites was analysed finding that it is efficient for
any nuclearite with a velocity 8 = v/c > 107°. It was also shown that due to the low density
of the filling gas, the limited streamer tube subdetector is not sensitive to nuclearites. Some
earlier results of the search for strange quark matter in the penetrating cosmic radiation using
the scintillator subsystem of one half of the lower part of the first MACRO module have been
published (Ahlen et al., 1992).
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SEARCHES FOR NUCLEARITES WITH THE MACRO DETECTOR

Scintillators. It was shown that the scintillator sub-detector is sensitive to nuclearites
with masses M < 1.5 ng having velocities as slow as v = 5 x 107°¢, (Ahlen et al., 1992) as
the light yield should be above the 90%-trigger-efficiency thresholds of the scintillator slow-
particle trigger system; thus the scintillators are sensitive not only to nuclearites of galactic
or extragalactic origin, but also to those possibly trapped in our solar system. The nuclearite
detection efficiency in the scintillation subdetector is assumed to be equal to that for magnetic
monopoles. The analysis of the data collected during different periods of time during the
completion of the detector and with the full detector did non find any nuclearite candidate;
thus flux 90% C.L. upper limits could be established. Curves A - D in Figure 1 summarize
for M < 0.1 g the limits for a flux of down-going nuclearites obtained during the construction
phase; curve E refers to data collected also with the complete detector. For an isotropic flux
of nuclearites (M > 0.1 g) the limits are lower by a factor of two and are shown in Figure 2.
The limits A in Figures 1 and 2 were published in (S. Ahlen et al., 1992) while the other more
recent limits in (Ambrosio et al., 1996).

CR39. For our CR39 the “intrinsic” threshold is about 20 MeV g~! cm?, in the con-
dition of a chemical etching in 8 N NaOH water solution at 80° C. In order to reduce the
background produced by neutron interactions, in the magnetic monopole searches the effective
CR39 threshold was set at 50 MeV g~! cm?, by requiring the observation of traversing tracks
with a diameter of at least 100 um (Giacomelli et al., 1996).

The MACRO CR39 is sensitive to nuclearites of any mass and with 8 > 107®. As a
consequence, the 90% C.L. limits for 3 ~ 1 monopoles established by the nuclear track sub-
detector (2.2 x 107'® cm? s™! sr™!) apply also to an isotropic flux of M > 0.1 g nuclearites.
Lower mass nuclearites cannot traverse the earth; thus only nuclearites coming from above the
detector are detected, the detection acceptance is half the previous value and the 90% C.L.
flux limit is twice the previous value (4.4 x 107'° ¢cm? s7* sr™') (Ambrosio et al., 1997). In the
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case of nuclearites with masses lower than 1 pg and velocities # = v/c between 10~® and 10~*
there is an additional loss of acceptance (from few percents to about 50%) arrising from the
limitation of the incidence angle for the formation of latent tracks in CR39. Those limits are
presented in Figures 1 and 2 as curves F.

CONCLUSIONS

No nuclearite candidate was found in any of our searches. Assuming that either the
scintillator or the CR39 analysis may rule out, within its own acceptance and sensitivity, a
potential candidate from the other one, it follows that the present global MACRO limit for
nuclearites may be taken as the “OR” combination of separate limits. Using a procedure
based on the summation of the independent parts of the individual exposures, we obtain the
corresponding global limit denoted as “MACRO?” in Figures 1 and 2. This procedure ensures
the 90 % C.L. significance of the global limits. >

All limits presented in Figures 1 and 2 refer to the flux of nuclearites at the level of the
MACRO detector, i.e. below an average rock thickness of 3700 hg cm~2. In order to compare
our limits with the limits published by different experiments and with the dark matter limit,
we integrated the energy loss equation for a path corresponding to the averaged rock thickness
and for different assumed velocity values at the detection level.

Figure 3 presents the MACRO global 90 % C.L. nuclearite flux limit assuming a nuclearite
velocity at the detector level of 3 = 2 x 1073. We include for comparison two other limits,
from papers (Nakamura et al., 1991) and (Orito et al., 1991), obtained by experiments using
the CR39 nuclear track detector; in'(Nakamura et al., 1991) the experiment was performed at
mountain altitude, while the experiment of reference (Orito et al., 1991), was performed at a
depth of 100 mwe so the conditions that a nuclearite should fulfill in order to reach the detectors
are different. These differences explain the different astrophysical limits computed for different
experiments.
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THE MEASUREMENT OF THE ATMOSPHERIC MUON
NEUTRINO FLUX USING MACRO
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ABSTRACT

The flux of muon neutrinos in the 1 — 1000 GeV range has been measured with the MACRO under-
ground detector. The measurement has been performed by means of the time-of-flight method to sepa-
rate upward-going muons coming from neutrino interactions in the surrounding rock from downward-
going muons coming directly from cosmic ray cascades. The data collected since March 1989 up to
November 1996 are summarized. The zenith angular dependence of the measured upward-going muon
flux is compared with the expected one assuming the Bartol atmospheric neutrino flux. Also upward-
going muons generated inside the detector have been detected.

INTRODUCTION

Atmospheric neutrinos are produced in the cascade originated in the atmosphere by cosmic rays. A
lower than expected ratio between atmospheric v, and v, contained events has been measured by water
Cerenkov experiments. This result has been seen as a clue of v oscillation and the interest about precise
measurements of the atmospheric neutrino flux increased in the last years.

The flux of v, can be inferred from measurements of upward-going muons with underground
detectors. The MACRO experiment (Ahlen et al., 1993), located in the Gran Sasso laboratory, is a
proper tool for this measurement. The apparatus consists of 6 supermodules and has overall dimensions
of 12x 77 x 9 m3. The bottom s filled with crushed rock absorber while the top is hollow (see Figure 1).
The detection elements for muons are limited streamer chambers for tracking and liquid scintillator
counters for fast timing. The intrinsic angular resolution is better than 0.5° and the time resolution i
about 500 ps for a single scintillator counter. :

In MACRO the upward-going muon
events due to interactions of v, appear with
three different topologies which are shown
in Figure 1. Here we present the analy-
sis of upward-throughgoing muon events,
that is muons with enough energy (£, >
1 GeV) to cross the apparatus, produced in
the rock outside the detector by v,. The
data collected in the period March 1989 -
June 1993, when only lower parts of the ap-
paratus were operative, have been already
published (Ahlen et al., 1995). Now we
present the data taken with the entire appa-
ratus since April 1994 through November

1996 (life-time ~ 2.2 years). The statistics Fig. ]: Cross section of the apparatus and topology of the
of the new data set is ~ 4 times higher than ypward-travelling tracks : (A) throughgoing, (B) stop-

the previous one and the time measurement ping and (C) partially contained muons.
is better because the upper scintillator lay-

ers are now in data acquisition giving us three time measurements for throughgoing muons. Some pre-
liminary results on partially contained muons produced by v interactions (mean v energy ~ 2 GeV)
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/
inside the apparatus are also reported.

ANALYSIS PROCEDURE
The search for upward-going tracks is fully automated and based on the time-of-flight method. The
fraction (3 of the light speed c is given by the following formula :

%=———”(T}J L) (1)
where T and T are the times measured in the lower and in the higher scintillator planes, respectively,
and L is the track length between the two scintillators. When the track hits three scintillator counters
the time information is redundant and the (3 value can be calculated by means of a linear fit.

Looking at the 1/ value it is possi- 10 75
ble to get a rejection factor higher than the s

108 necessary to separate a neutrino signal 0%
from muons directly produced by cosmic 0l
rays. In fact 1/8 ~ +1 for particles go- g
ing down through the detector and 1/ ~ 0%
—1 for upgoing particles. Some cuts have
been used to remove background connected 107

with radioactivity, stopping particles, mul-
tiple muons, showers and so on. A mini-
mum path length (2.5 m) assures that the
time of flight is sufficiently larger than the
time resolution of the scintillator system.
Furthermore the geometrical agreement be-
tween streamer track and scintillator hits is
required. An angular cut for nearly hori-
zontal tracks has been necessary because Fig. 2:.1 / B distribution for throughgoing muons after the
the shape of the mountain permits cosmic #"akysis cuts.

ray muons to reach the detector from below in a well defined azimuth angle range. Furthermore a cut
requiring the crossing of at least 200 g/cm? of material in the apparatus has been introduced to reduce
the background discussed in another talk of this conference (Spurio et al., 1997) due to charged upgo-
ing particles produced at large angles by downgoing muons. A contamination of ~ 1.5 % is expected
to survive this cut.

The 1/ distribution after all cuts is shown in Figure 2. Two well separated peaks indicate the
signals from above and from below. In the range —1.25 < 1/3 < —0.75, 286 upward-going muons
are present, including an estimated background of ~ 4 events and the 1.5 % contamination previously
quoted.

A new algorithm to search for partially contained tracks has been implemented. It is based on
time-of-flight and on the check of the confinement of the interaction vertex in the detector. As a pre-
liminary result 56 events have been found in the same data set here analyzed for throughgoing muons.
In Figure 3 one of these events is shown. On the basis of Monte Carlo simulation ~ 89 % of them are
expected to come from v, charged current and ~ 11 % from v, and neutral current interactions.

SIMULATION

The simulation of the upward-going muon events has been performed assuming the Bartol neutrino flux
(Fratiet al., 1993; Agrawal et al., 1996), the muon energy loss calculated by Lohmann et al. (1985) for
standard rock and the v cross-section calculated by means of the Morfin and Tung parton distribution
set Sy (Morfin and Tung, 1991). The total error on the expected flux of muons at the detector due to
uncertainties on these three quantities is +17 %.
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RUN = 8137 EVENT = 1425 23-AUG-94 18.57.34

Fig. 3: An event with an upgoing muon generated by a neutrino interaction inside the apparatus. The
rectangular boxes and the points indicate, respectively, scintillator counter and streamer tube hits.
Only two supermodules of the apparatus are shown in one projective view.

The complete simulation of v interaction and y propagation in the rock surrounding MACRO
has been implemented. The results of this new simulation do not differ from those of an older simula-
tion in which the upgoing muons are simulated directly on the detector surface, in agreement with the

analytically computed p rate.

The apparatus and the data acqui-
sition are fully reproduced in a GEANT
(Brun et al., 1987) based Monte Carlo pro-
gram and the simulated data are processed
by means of the same automated analysis
chain used for real data.

CONCLUSIONS

After the background subtraction the ob-
served upward-throughgoing muons are
277 + 170: £ 22,5:. The 8 % system-
atic error is the sum of all acceptance er-
rors and it has been evaluated by a thor-
ough study of the downgoing muon sample.
The expected number of events is 371 +
63:heor- The ratio between observation and
expectation is 0.75 £ 0.05444¢ &= 0.06,y,: £

=
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Fig. 4: Zenith distribution.of the measured upgoing muon
flux compared with the simulated one (E, > 1 GeV).
Data : April 1994 - November 1996.

0.13¢kcor. Figure 4 shows the zenith angle distribution of the measured flux of upgoing muons com-
pared with the expected one assuming an energy threshold of 1 GeV'. Excluding the horizontal bin
(—0.1 < cos 8,.nisn) because of a possible contamination‘due to large angle scattering of downgoing



— 12—

muons, the experimental points have been fitted with the expected flux assuming the normalization
factor as a free parameter. The normalization factor results to be 0.75 with a x? probability ~ 0.3 %
(no v oscillation assumed).

Taking into account also the published data (Ahlen et al., 1995) the results are not different. The
ratio of the totals is 0.74 £ 0.04;:5¢ £ 0.065y5: + 0.1244c0r. In Figure 5 the zenith angle distribution is
shown for the entire MACRO data sample. The sum of the older and newer MACRO data does not
modify significantly the shape of the observed flux.

We have to conclude that the total
number of measured v-induced muons may
be compatible (8 % C. L.) with the expected
number but the flux angular shape does
not match the expectation. The deficit lies
mainly in the vertical bins (cos 8,eniin, <
—0.8) just where the study of downgo-
ing tracks reduces the uncertanties about -
the detector acceptance and efficiency. All 2k
checks performed on the downward-going [ I ]
muon data set confirm the accuracy of the i -E E .
claimed systematic errors. Different anal- i ]
ysis approachs have been tested with the T T R
same results. On the other hand the dis- cos ©
tributions inferred from the v, — v, os-

cillation do not increase significantly the Fig. 5: Zenith distribution of the measured upgoing muon
agreement between observed and calcu- flux compared with the simulated one (E, > 1 GeV).

lated fluxes. More investigations about Datg : March 1989 - November 1996.
such a peculiar shape are necessary.
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NEUTRINO ASTRONOMY WITH THE MACRO DETECTOR
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ABSTRACT
We present the results of a search for neutrino emission from point-like celestial objects and a search
for coincidences with gamma ray bursts. For this search we used 605 upward-going muons produced
by neutrino interactions in the rock below the MACRO detector in the underground Gran Sasso Lab-
oratory.

INTRODUCTION

High energies neutrinos are expected to be emitted from a wide class of possible celestial objects: X-
Ray binary systems, young supernova remnants , active galactic nuclei etc. (Gaisser, 1995). In the
range of energies from several GeV to several TeV the detection of neutrinos is based on the observa-
tion of upward-going muons produced from neutrino interactions in the rock around the detector. Cur-
rently the expected signals are below the sensitivity of existing detectors. Only galactic supernovae are
expected to give detectable signals after the supernova explosion. Several authors have also suggest-

ed a possible correlation between a gamma ray burst and emission of high energy neutrinos (Halzen,
1996) (Bahcall, 1997).

DATA SELECTION

The MACRO detector (Ahlen et al., 1993) located in the INFN Gran Sasso Laboratory consists of 6 su-
permodules and has overall dimensions of 12 m x 77 m x 9 m. The bottom half is filled with crushed
rock while the top half is open. The detection elements for muons are planes of streamer tubes for
tracking and liquid scintillators for fast timing. The angular resolution is better than 0.5°; the time res-
olution is about 500 psec. The angular resolution was checked with the moon shadow (Ambrosio et
al., 1997a). Data for upgoing muons come primarily from three running periods and detector config-
urations: the lower half of the first supermodule from March 1989 through November 1991, the full
lower half of the detector from December 1992 through June 1993 and the full detector from April
1994 until March 1997. Starting from August 1995 the apparatus is running in the final configuration.

The search for upgoing muons crossing the detector is done using the time-of-flight method and
is described in detail in (Ambrosio et al.,1997b). In order to maximize the acceptance for this kind
of search we do not require a minimum amount of material. Without this requirement we introduce
some background due to large angle pions produced from downgoing muons (Ambresio et al, 1997¢)
and we also add events with an interaction vertex inside the detector. We also included events which
were observed during periods when the detector acceptance was changing with time due to construction
work. All of these data can be used for the point source search since the benefit of the greater exposure
in setting flux limits offsets the slight increase in the systematic error in the acceptance.

Figure 1 shows the 1/ distribution for the data set with full MACRO. The measured muon ve-
locity is calculated with the convention that muons going down through the detector are expected to
have 1/8 near 1 while muons going up through the detector are expected to have 1/3 near -1. Events
with —1.25 < 1/ < —.75 are defined to be upgoing muon events. There are 605 events which satisfy
this definition. Figure 2 shows the number of events as function of the year.

SEARCH FOR POINT LIKE SOURCES

A very important quantity in the search for point sources is the effective angular spread of the detect-
ed muon with respect to the neutrino direction. We computed the angle between the neutrino and the
detected muon for several neutrino spectral indices y. We assume a neutrino energy distribution like
dN/dE, = constant x E~" with a full Monte Carlo taking into account the neutrino-nucleon cross
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Fig. 1: The 1/3 distribution Fig. 2: Upward-going muon events versus year

sections, the muon energy loss in the rock and the detector angular resolution. Table 1 shows the frac-
tion of events in a 3° search cone for two different neutrino spectral indices as a function of zenith
angle.

Table 1: Fraction of events accepted in a 3° cone

Cos(Zenith) 7=2 ~ =22

0.15 077 072
0.35 090 0.85
0.55 091 087
0.75 091 087
0.95 091 0.87

Figure 3 shows the MACRO area as function of the zenith angle and Figure 4 shows the area
averaged over 1 day as function of the declination of a possible source (this area includes the geo-
metrical factors and the analysis cuts but does not include the reduction factor due to the search cone).
The estimated systematic error is about 8% . In Table 2 are the results for several specific sources. The
background was calculated from data itself, counting the events in a declination band of + 5° around
the declination of the source and having different right ascension. The limits were calculated including
the reduction factor for a 3° search cone and spectral index v = 2.1. The best limit from past experi-
ments was taken from Baksan, IMB, Kamiokande, KGF (Gaisser, 1996). The neutrino flux limits were
computed for a neutrino spectral index v = 2.1 and with a threshold of 1 GeV on the neutrino energy.
The MACRO data which we used are displayed in Figure 5.

To give an idea of the physical implications of those limits we recall that we expect from the
supernova remnant Vela Pulsar (Gaisser, 1996) a muon flux of the order of 0.03 x 10~*cm=2 s~! (about
one order of magnitude lower than the existing limits).

We also looked at the gamma ray sources listed in the Second Egret Catalog (Thompson, 1995).
We found no statistically significant excess from any of the sources. We compared the results with the
predictions obtained from a Monte Carlo simulation using the events themselves, changing randomly
the association between times and angles (zenith, azimuth) and adding a smooth variation to the angles.
We have found 5 sources with > 2 events in the search cone to be compared to 8.4 sources expected
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from the Monte Carlo.

We also looked for possible clusters of events counting the number of events in a 3° cone centered
around a given event; we found 22 clusters of > 3 events around a given event, to be compared with
21 expected from the Monte Carlo.

SEARCH FOR CORRELATION WITH GAMMA RAY BURSTS

We looked for correlations with the gamma ray bursts in the Batse Catalog 3b (Meegan, 1997) contain-
ing 1122 events in the time window between April 21th 1991 and September 19th 1994, overlapping
with 143 upward-going muons collected from MACRO during this time. The area for upgoing muon
detection in the direction of the bursts averaged over all the bursts in the catalog is 48m?; the number
is small because MACRO is sensitive to neutrinos in only one hemisphere and because MACRO was
not completed in the period between 1991-1994. We found no statistically significant correlation be-
tween neutrino events and gamma bursts. We particularly looked in a search cone of 20° around the
gamma burst direction (determined from the Batse angular accuracy) and in a time window of 200
sec: we found no events, compared with 0.33 expected from the background. The expected value was
computed with the delayed coincidence technique. The corresponding upper limit at 90% C. L. is 3.9
x 10~%cm~2 upward-going muons per burst. This limit is almost five orders of magnitude lower than
the flux of the “extreme” topological defects model reported in (Halzen, 1996).
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Table 2: Limits for Selected Sources at 90% CL. Muon flux limits in unit 10~*cm=2 s~!. Neutrino
flux limits in unit 10~°cm=2 s~}

Source ) Events Background Muon flux Old best Neutrino
in 3° limit limit (muons) flux limit
Cyg X-3 408 O 0.06 9.9 4.1 Baksan 5
MRK 421 381 O 0.07 9.1 3.3 IMB 4.6
Her X-1 354 O 0.14 6.4 4.3 IMB 32
Crab Nebula 22 1 0.25 3.8 2.6 Baksan 1.9
Geminga 178 O 0.21 2.1 3.1 IMB 1
SS433 5 0 0.34 1.4 1.8 Baksan 0.72
Sco X-1 -15.6 1 0.47 1.57 1.5 Baksan 0.78
Kepler 1604 -21.5 2 0.51 1.92 - 0.96
Galact Cent -28.8 0 0.5 0.76 0.95 Baksan 0.37
Vela XR-1 -40.5 O 0.65 0.67 0.45 Baksan 0.33
SN 1006 -41.7 1 0.66 1.12 - 0.56
Velapulsar -453 O 0.76 0.64 0.78 IMB 0.32
CEN XR-3 -60.6 1 1.04 0.84 0.98 IMB 0.42
LMCX-4 -664 0 1.15 0.46 0.36 Baksan 0.23
SN1987 A -694 0 1.1 0.46 1.15 Baksan 0.23
SKY SURVEY

605 Upward Going Muons in MACRO

Fig. 5: Upgoing muon distribution in equatorial coordinates.
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ABSTRACT
High energy neutrinos have been indirectly measured as upward-going muons in the MACRO detector
using the time-of-flight technique. No statistically significant excess from the direction of the Earth
and of the Sun have been found comparing the 364 measured upgoing muons to the expected back-
ground due to atmospheric neutrinos. Muon flux limits are given in arbitrary search cones and as a
function of the neutralino mass.

INTRODUCTION

There are enough hints to suggest the existence in our Universe of a non-baryonic dark matter such
as the Weakly Interacting Massive Particles. The luminous matter in galaxies, in fact, contributes less
than 1% to the overall density of the Universe. Considerations on the structure formation and limits
on the baryonic content of the Universe from Big Bang nucleosynthesis together with the aesthetical
Q) = 1 from inflationary theories have led to a wide list of Cold Dark Matter candidates (Jungmanet al.,
1996). Among them the most promising one is the neutralino, which is the Lightest Supersymmetric
Particle in large regions of the supersymmetric space of parameters. In the Minimal Supersymmetric
Standard Model the four neutralino mass states x_ are linear superpositions of gaugino and Higgsino
eigenstates. Their masses depend on the gauge fermion masses at the electroweak scale M; and Mo,
on the Higgsino mass parameter . and on the ratio of the Higgs doublet vacuum expectation values
tan 0.

The lower limit on neutralino mass m, resulting from combined LEP 1 (/s ~ Mz) and LEP 1.5
(v/s = 130 - 136 GeV) data, although model dependent and connected with the limits from chargino
searches, exclude a lightest neutralino with mass less than 12.8 GeV/c?. This limitrises to 34.1 GeV/c?
for large tan 8 values when the sneutrino mass is greater than 200 GeV/c? (Buskulic et al., 1996).
Moreover, combining the cosmological constraint on {1, 2 with the assumption of radiative electroweak
symmetry breaking strengthens the lower limit in the case of pz < 0 to 21.4 GeV for low tan 3 and to
51 GeV for tan 8 > 5; in the case of u > 0 to m, > 56 GeV for tan f < 3 and m,, > 36 GeV for
tan 8 < 3 (for large sneutrino masses) (Ellis et al., 1996).

In this picture, the direct and indirect methods of detection mainly performed in underground
detectors can probe complementary regions of the supersymmetric parameter space even when LEP
2 results will be available. Direct methods employ low-background detectors (e.g. semiconductors or
scintillators) to measure the energy deposited when a WIMP elastically scatters from a nucleus therein.
On the other hand, there are good prospects for indirect detection of neutralinos due to high energy v
radiation from WIMP annihilation in the core of the Earth and of the Sun.

THE INDIRECT SEARCH: THE MEASUREMENT OF UPGOING MUONS IN MACRO

Halo WIMPs can lose enough energy to become gravitationally trapped in the core of celestial bod-
ies through elastic scattering in the nuclei therein. While their density builds up inside the body, their
annihilation rate increases until equilibrium is achieved between capture and annihilation. High en-
ergy neutrinos are eventually produced via the hadronization and/or decay of the annihilation prod-
ucts (mostly fermion-antifermion pairs, weak and Higgs bosons) and can be detected as upward-going
muons in underground detectors. The more the upgoing muon follows the parent direction, i. e. the
higher the WIMP mass, the better the signal to noise ratio. The signal from WIMP annihilation should



— 18 —

be discriminated as a statistically significant excess of events in the direction of the Sun or of the Earth
among the background of atmospheric neutrino induced upgoing muons. Data on upward muons from
the core of the Earth and of the Sun have been measured by several experiments, notably Baksan
(Bolievetal., 1996), MACRO (Ambrosioet al., 1996), Kamiokande (Mori et al., 1993), IMB (Losecco
et al., 1987) and Frejus (Arpesellaet al., 1988).

The MACRO detector (Ahlen et al., 1993), located in the INFN Gran Sasso Laboratory, mea-
sures upgoing muons using a system of streamer tubes for tracking (angular resolution ~ 0.5°) and
liquid scintillator counters for fast timing (time resolution ~ 500 psec) with overall dimensions of 12
m X 77 m x 9 m. The bottom part of the apparatus is filled with rock absorber which sets a minimum
threshold of about 1 GeV for vertical muons crossing the detector. Roughly 16 million muons from
about 1.4 yr of running with 1/6 of the lower detector (Mar. ’89 - Nov. *91) combined with 6 months
of running of the lower detector (Dec. *92 - Jun. *93) and with 2 yr of running of the full detector
(Mar. *94 - Nov. ’96) have been analyzed looking for upward-going muons. The results of the lower
detector upgoing muon analysis have been published (Ahlen et al., 1995) and updated (Ambrosio et
al., 1997).

THE SEARCH FOR A WIMP SIGNAL FROM THE EARTH AND THE SUN
We use the sample of 364 events selected in the upgoing muon analysis (Ambrosio et al., 1997).

The background to an astrophysical source
of neutrinos is due to atmospheric neutrinos.
We have evaluated this background using a R
Monte Carlo calculation we described previously
(Ahlen et al., 1995). s |

EVENTS

In the case of the Sun, the times from real . T
downgoing muons measured during data tak- ol L 4]
ing have been given randomly to the simulated I Lt 1 1

events to evaluate their right ascension, hence _—'_l_ —4—
taking into account drifts of detection efficiency [ +
in time. Fig. 1 shows the angular distribution +
of the upgoing muon events with respect to the
direction of the Sun compared to the expected
one from atmospheric neutrinos. The simulated
distribution has been normalized by a factor of o RTINS TTIUTL SRUTVTRE SOUTIUIR IO
0.765, the ratio of the events detected and ex- T O S (ANGULAR SEPARATION 4 — SUN)
pected outside the region interesting for the sig-
nal (30° from the direction of the Sun). The shape
of this distribution depends on the seasonal vari-
ation of the position of the Sun with respect to the
apparatus and on the livetime of the apparatus.
The exposure of the Sun has been calcu-
lated as:

20

SUN DIRECTION _s]

10 -

Fig. 1: Distribution of the cosine of the angular
separation of upgoing muon events and the Sun po-
sition for the data and the normalized simulation.

Tena
exposure = /T e x A(Q(z))dt (1)

where A(f(t)) is the detector area in the dizection § of the Sun at time t (set to zero when the Sun
is below the horizon), € is the detector efficiency, T';q,; and T4 are the beginning and the end times
of the data taking. Tab. 1 shows the number of events detected and expected inside 6 arbitrary cones
around the direction of the vertical of the apparatus and of the Sun. The 2 GeV threshold energy for the
Sun corresponds to the value at which the area of the apparatus seen by the Sun becomes independent
of energy. In the case of the Earth the threshold energy is 1.5 GeV because tracks are less slanted.
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Due to the deficit of the measured events with respect to the predicted upgoing events induced by the
atmospheric neutrino background near the vertical of the apparatus (Ambrosio et al., 1997), we give
conservative flux limits for the Earth assuming that the number of events measured equals the number
of events expected (Barnett et al., 1996).

Table 1: Selected and expected events and 90% C.L. muon flux limits for 6 cones around the Earth
and Sun directions.

EARTH SUN

Cone Data Background Flux Limit Data Background Flux Limit
(E, > 1.5GeV) (E, > 2GeV)

(em~%s71) (em~2s71)

Exp. = 1900 m2yr Exp. = 480m2yr

30° 48 87.2 2.67 x10~14 30 239 9.74 x 10714
25° 36 61.9 2.14 x10714 18 16.7 6.04 x 10714
200 23 40.2 1.72 x10714 12 104 5.35 x 10714
15° 16 22.7 1.44 x10714 3 6.0 2.30 x 10714
100 7 10.2 1.08 x10~14 1 2.6 1.91 x 1074
5° 1 2.7 5.98 x1071° 1 0.7 2.26 x 10714

Flux limits from the study of the angular distributions
The signal of upgoing muons produced by WIMP
annihilation has an angular shape that is due to sev-
eral sources. As the diameter of the Sun is about
0.5° large as viewed from the Earth, the difference in

angle between the center and the border of the anni- —m, =120 GeV,
hilation region can be totally neglected withrespect  wo[d 7 .. m, = 60 GeV ]
to other spreading effects. The induced muons are e My = 40 GeV |
distributed around the neutrino direction because of  soff [ = - m, = 20 GeV -

the v — p angle due to v CC-interaction in the Earth
and of the multiple scattering of muons in the path
from the neutrino interaction point to the detector.
The distribution of the v — i angle is of course de-
pendent on the shape of the neutrino energy spec-
trum. The energy spectrum of neutrinos produced in
the annihilation of a WIMP of mass m,, depends in o ) . o
principle on the details of the final states produced b,
in the annihilation. However, the most important
parameter in determining the shape of the spectrum
is simply the neutralino mass, which sets the maxi-
mum neutrino energy E,.., = m,. In fact, the de-
pendence of the angular spread of the muon signal
on other model parameters is of the order of 1°.
The shape of the upgoing-muon signal using neutrino fluxes from x annihilation in the Sun cal-
culated by Bottino et al. (Bottino et al., 1995) has been evaluated and it is shown in Fig 2. The neu-
trino fluxes induced by 20, 40, 60 and 120 GeV neutralinos with fixed sets of model parameters and
maximal mixing have been used as input to a Monte Carlo which uses the cross sections described in
(Lipari et al., 1995) and propagates the muon to the detector treating the energy loss as described in
(Lipari and Stanev, 1991). The 90% C.L. flux limits have been calculated in neutralino mass depen-

Fig. 2: Angle between the direction of the par-
ent neutrino fron x annihilation in the Sun and
the generated muon direction for different neu-
tralino masses.
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dent windows which collect 90% of the signal from the Sun (respectively 16.0°, 13.8°, 13.2° and 7.6°
for m, = 20, 40, 60, 120 GeV). The results are illustrated in Fig. 3 where the muon flux limits have
been superimposed to the flux of upgoing muons from the Bottino et al. calculation as a function of
My

In order to increase the sensitivity of this search, an optimization of the signal to noise ratio has
been performed. The data, signal, and background angular distributions have been fitted in the region
interesting for the signal using a x? expression suited for Poisson-distributed data in counting experi-
ments (Barnett et al., 1996). In this x2, the signal is multiplied by a factor K. The normalization factor
K of the signal is found by minimizing the x? with respect to K. The resulting flux limits, shown in
Fig. 3 (solid curve), have been evaluated at the 90 % C.L. as a function of the neutralino x mass. This
method is more correct than choosing a priori the search cone and it will certainly be improved with
increasing statistics.

CONCLUSIONS 10718
The search for a WIMP signal has been
performed on the full MACRO through-
going upgoing muon sample with nega-
tive results. The increased statistics and
exposure have made MACRO flux lim-
its more significant than other published
results.
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OBSERVATION OF UPGOING CHARGED PARTICLES IN MACRO PRODUCED
BY HIGH ENERGY INTERACTIONS OF MUONS
INFN/AE-97/24
19 Giugno 1997

ABSTRACT
The experimental study of upgoing charged particles produced underground by hard muon scatterin g
has been studied by the MACRO experiment at the Gran Sasso Laboratory. At total of 243 events
with an upgoing particle associated with a downgoing muon in a sample of 12.2 x 106 single muons
were found. These events may represent a source of background for the measurements of the muon
neutrino flux using upward throughgoing and stopping muons. The implications for MACRO as a
muon neutrino detector are discussed.

INTRODUCTION

Upgoing particles (which most likely are charged pions) induced by the hard muon scattering on a
nucleon N, u + N — p + 7% 4+ X, have been detected by the MACRO experiment at the the Gran
Sasso depth. These events have never been previously observed in underground experiments. A data
taking periods of 1.55 y was considered; during this period, 12.2 10° single downgoing muons and
243 events with upgoing charged particles associated with a downgoing muon were detected. The
distributions of the pion range, of the emission angles with respect to the muon direction and of the
distance between the downgoing muon and the upgoing pion have been measured.

If the downgoing muon is not detected (for example when the x passes near but not through
the detector) the upgoing pion induced by the muon simulates an upgoing neutrino-induced muon.
This represents a background for the flux measurement of neutrino-induced upward throughgoing and
stopping muons, which is evaluated for our detector in the last section.

MUON-INDUCED UPGOING PARTICLES IN MACRO

The MACRO detector (Ahlen et al., 1993) consists of a large rectangular box divided in six equivalent
parts called supermodules, with overall dimensions of 77m x 12m x 9m. The detection elements are
planes of limited streamer tubes for particle tracking and liquid scintillation counters for fast timing.
The directions of throughgoing particles in the detector are determined by time-of-flight with scintilla-
tor. Vertical muons crossing MACRO pass through ~ 500 g/cm? of MACRO material (absorber plus
active elements), corresponding to a minimum threshold energy of about 1 GeV for muons.

High energy secondaries produced at large angles by muon interactions in the rock or in the con-
crete below the apparatus are identified using the tracking system. The topology of such events is that
of two tracks converging somewhere below the detector, both in the wire and strip projective views of
the tracking system (see Figure 1). A dedicated tracking algorithm was developed to reconstruct the
upgoing short tracks in events in which a single downgoing muon is already present; for a description
of the standard tracking algorithm, see (Ahlen et al., 1993). Any alignment between at least three hits
(including the scintillator hit) was considered a track. The minimum pion vertical depth for events re-
constructed in such a way is ~ 30 g cm™2. Timing information from the scintillation counters is used
to identify the direction of the two particles.

Data corresponding to a detector livetime of 1.55 y were analyzed, in this period, 12.2 108 single
downgoing muons were collected. Upgoing pions induced by downward going muons were searched
for in double track events in which one of the two tracks has been reconstructed by the dedicated track-
ing algorithm. In the most common case (71%) the short track in the event belongs to a second down-



),

T s
&—== =

RUN = 9967 EVENT= 3941 11-MAY-95 07:36:38

Fig. 1: On-line display of a typical muon interaction in the rock below the apparatus giving rise to an upgoing
charged particle. The muon is coming from the lateral wall of the upper part.The rectangular boxes indicate
scintillator counters hits and the points are streamer tube hits. The tracks are reconstructed in the wire view of
the streamer tubes, and only two supermodules (24m) are shown.

going muon, parallel to the first one. Other cases giving a fake short track are electromagnetic showers
of muons inside the detector (17%), bad tracking results (4%), muon interactions occurring inside the
detector (5%) and low momentum muons with a curved trajectory (2%). A sample of 243 events with
an upgoing track associated with a muon interaction were found. Four of them have both particles
tracked by the standard tracking algorithm. The identification relies on the event topology from track-
ing and on the timing information from scintillator, and was performed using software cuts and a visual
scan with the MACRO event display. A selection efficiency €, = (95 + 2)% was estimated using a
simulated sample of events, as described in the next section.

ANALYSIS OF THE UPGOING PARTICLES

The distributions presented in Figure 2 were obtained using the results of the track fitting procedure
from the 243 selected events. They refer to: (i) the range of the upgoing particle (total and inside the
detector); (ii) the scattering angles between the downgoing and the upgoing particles; and (iii) the dis-
tribution of the radial distance D between the upgoing 7 and the downgoing u. The total range of the
upgoing particle is calculated from the estimated interaction point (vertex) up to the stopping point
inside the detector. The distribution and density of the material inside and around the apparatus as in-
cluded in the reconstruction programs was used. The vertex lies below the detector, and corresponds
to the intersection point of the two reconstructed tracks (see Figure 1) in the two views of the tracking
system. If the value of the vertex depth in the two views differs by less than 50 c¢m, the event is de-
fined as well reconstructed. For the well reconstructed subsample (168/243 events), the total range of
upgoing particles is presented in Figure 2a. For the remaining 75 events, the uncertainty on the total
range is at least of ~ 100 g cm 2.

The partial range of the upgoing particle inside the apparatus is calculated from the entry point
up to the stopping point and is presented in Figure 2b (all events were included). Figure 2c shows the
measured distribution of the scattering angle A« of the pion with respect to the muon direction in the
zenith plane; Figure 2d shows the distribution of the distance D between the muon and the upgoing
pion at z = 89 cm, the center of the bottom layer of the scintillator counters. The distributions fall for
small D and Aa is due to a low reconstruction efficiency. The radial distance between the two tracks
is less than 4 m (about one third of the dimension of one MACR® supermodule) in 90% of the cases.
The distributions presented in Figure 2 allows to estimate the probability that a muon-induced upgoing
pion gives a background event for the v, studies, as discussed in the last section.

" The detection of an upgoing pion produced at a certain point below the detector by a downgoing
muon depends on the muon angular distribution at the MACRO location, on the emission angles of
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Fig. 2: a) Distribution of the reconstructed total range crossed by upgoing particles with a well reconstructed
interaction vertex (168 well reconstructed events). b) Distribution of the reconstructed detector range crossed
by the upgoing particles. c) Measured distribution of the @ — p scattering angle Ac: and d) of the distance
D between the downgoing muon and the upgoing pion at the z location of the centre of the bottom layer of
scintillation counters. All events were included in b),c) and d).

the pion with respect to the muon and on the pion range. The probability to detect a muon-pion pair in
MACRO for different values of these parameters was evaluated using a Monte Carlo. This allows the
calculation of the reconstruction efficiency e, for these events. The probability to detect and reconstruct
both the muon and the upgoing pion is less than 5% if the scattering angle Aa < 45° (i.e. when both the
pion and the muon are near-horizontal in the MACRO reference frame) (see Figure 2c); the tracking
efficiency is small for D < 100 cm (Figure 2d) because the tracking algorithm do not discriminate
the pion and the muon tracks if they are too near. The reconstruction efficiency, for Aa > 45° and
averaged over the remaining parameters quoted above, is ¢, (21 £ 2540 = 45y5)%.

From the detected number of events, the selection efficiency e, and the detection probability e,
the detector-independent number of upgoing pions per downgoing muon emerging from the floor at
the MACRO depth and with a scattering angle in the zenithal plane A« > 45° was estimated as

243
(es X €) x 12,2108

N1r/p. = = (10-‘—-35) 10—5

COMPARISON WITH A MODEL OF H.E. MUON INTERACTIONS

Preliminary estimates of pion production by underground muons in MACRO have been made with
a stand-alone full simulation with FLUKA (Fass6 et al.,1993), interfaced with a simplified version
of the apparatus response. The FLUKA code uses a model of hard muon scattering with the muon
photonuclear cross sections (Bezrukov and Bugaev, 1981); at the MACRO depth, the cross sections
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for the average muon energy is o,(E, = 300 GeV) ~ 0.40 mb.

To evaluate the number of events in MACRO with an upgoing pion induced from this process
by a downgoing muon, the atmospheric muon spectrum at the MACRO location, and the differential
yield Y, of charged pions are needed. The measured angular distribution (Ambrosio et al., 1995) of
the survived atmospheric muons (after the unfolding of the detector acceptance) was used; the muon
energy is extracted between 1 GeV up to 10 TeV following the analytic approximation model (Gaisser,
1990) for the muon energy spectrum at a depth of A = 3.8 km.w.e.. The muons interact randomly
below the detector, and the energy spectrum of the upgoing particles from the floor is evaluated. It was
found that the charged particle yield is dominated by charged pions; the charged kaon contribution is
lower by about one order of magnitude. Protons (and neutrons) have an energy spectrum considerably
softer than that of pions. The pion yield decreases sharply with increasing pion kinetic energy. For
this reason, we identify the upgoing particles with charged pions. The number of upgoing pions per
downgoing muon is calculated integrating the yield Y, of charged pions emerging from the floor over
the differential energy and angular distribution. With this calculation, we find (11.5 +4.5) 107°. This
number agrees well with the experimental value N/, = (1013) 107°

BACKGROUND FOR MUON NEUTRINO STUDIES

The flux of atmospheric muon neutrinos @, at the Gran Sasso location can be inferred from the
measurement of upgoing muons. The probability that a downgoing muon misses the apparatus while
an upgoing pion is observed, simulating an upgoing muon, was evaluated using a simulation whose
input data are the measured distributions corrected for the detector detection probability. Upgoing pi-
ons crossing two scintillator planes and at least 200 g crn™2 of detector material represent the back-
ground for the measurement of upward throughgoing muons (Ambrosio et al., 1996). The estimat-
ed background rate is (1.9 & 0.55,: £ 0.4,,,) events/year for the upward throughgoing sample for
a muon energy threshold of ~ 400 MeV. If the upgoing pion stops inside the fiducial volume de-
fined in (Mikheyev, 1994) an upgoing stopping muon is simulated. The estimated background rate is
(5.940.9510¢ £ 0.6,y5) events/year for the upgoing stopping sample. This background is of the order
of ~ 1% of the upward throughgoing muons and of the order of 8% of the upgoing stopping muons.
The quoted background is specifically evaluated for MACRO. The probability to detect the pion and
to miss the muon increases for smaller and shallower detectors.
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AN IMPROVED ANALYSIS OF THE UNDERGROUND MUON DECOHERENCE
OBSERVED IN MACRO

INFN/AE-97/28
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ABSTRACT

A sample of 350,000 muon pairs observed by MACRO at a depth larger than 3100 hg/cm? has been
analyzed and the muon lateral distribution has been compared to the predictions of the HEMAS Monte
Carlo code. The analysis includes the evaluation of the detector/analysis features affecting the deco-
herence curve and the measurement of the detector-independent muon lateral distribution at the Gran
Sasso depth. The analysis has been performed with improved methods which reduce possible system-
atic effects. The results and their implications for cosmic ray physics and hadronic interaction models
are presented.

INTRODUCTION
The validity of any result on cosmic ray (CR) composition obtained with indirect measurements de-
pends on the reliability range of the Monte Carlo tools used to simulate the primary CR interaction and
the shower development in the atmosphere. Moreover, when dealing with direct measurements per-
formed at energies higher than a few tens of TeV, the simulation of the primary CR interaction inside
the detector is required to reconstruct the primary CR energy.
The knowledge of the hadronic in-

teraction features is therefore crucial forg 1.4L
any experiment studying CR at UHE. The $

identification of variables sensitive to the;_:- 12f + %
details of the hadronic interaction fea- + Hj) %
tures and the comparison of real data with IS ﬁL,.,J];# +

the Monte Carlo codes play therefore im- i s ¢¢¢

portant roles. The MACRO experiment 0.8 OOOOO ¢

(Ahlen et al., 1993a) performed a detailed i °°

study of the cosmic ray composition (Am- 0.6 °°

brosio et al., 1997) using the HEMAS R

code (Forti, 1990) to simulate the interac- 04
tion of primary cosmic rays in the atmo- I

sphere. A few years ago, it was pointedout ~ 9-2[°

that this code could produce too much P, . . . . .
(Gaisser, 1993). This hypothesis has been 0o ~ 10 20 30 a0 B0
recently restated (Soudan2, 1997). We are D (m)

going to show in this paper that, despite Fig. I: Average muon parent P; as a function of the dis-
these theoretical speculations, the HEMAS  tance between muon pairs at Gran Sasso depth, as com-

code properly reproduces the feature of the puted with the HEMAS code.
muon pair separation distribution (deco-

herence function), a distribution which is very sensitive to the P, modeling in the Monte Carlo hadronic
interaction code (Figure 1). A first attempt to measure the decoherence function with MACRO was
performedin MACRO (Ahlen et al., 1992 and 1993b). We present at this conference an improved anal-
ysis, in which two different analysis methods were used. The comparison of real data with the Monte
Carlo prediction has been performed with special care to avoid possible systematic effects. Moreover,
in the present analysis% larger statistical sample is used.
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DATA ANALYSIS
Apparatus effects cause an unavoidable distortion of the decoherence function. Although MACRO is
a large area underground experiment (the largest presently running), the finite size of the detector still
has to be accounted for. Although muon pairs with separation D~ 70 m can be detected, the appa-
ratus acceptance decreases with the pair distance. Moreover, in a projective apparatus like MACRO
the efficiency for unambiguously reconstructing and associating a track in three dimensions has to be
evaluated with care. A detailed simulation is therefore required to take into account all these experi-
mental effects. To fulfill the requirements quoted above, we simulated our detector using the GEANT
package. Monte Carlo and real data are processed using the same analysis chain. We simulated the in-
teraction of approximately 3.6-10® primaries in the atmosphere, using the HEMAS code, according to
the MACRO favoured composition model (Ambrosio et al., 1997) inferred by muon multiplicity dis-
tribution studies. Folding simulated data with detector simulation is a delicate step. In order to save as
much data as possible and to avoid any systematic effects, we used the variance reduction technique
(Battistoni et al., 1997), obtaining a sample of ~1,100,000 simulated muon pairs. Selected runs were
used in the real data analysis: we processed about 250,000 muon bundle events (~520,000 muon pairs)
observed during ~7000 h of live time. Some cuts have been applied on both the real and the simulated
data so that we selected:
- only tracks reconstructed in the wire and strip views, unambiguously associated;
- only “clean” events (<45 streamer tube fired outside of the tracks);
- only bundles whose average zenith angle is smaller than 60°, to be consistent with the mountain map
used in the Monte Carlo;
- only parallel tracks, to reduce the important source of background coming from locally produced
hadrons through muon photonuclear processes.
To enforce the cut on the “clean” __

topologies, we computed the ratio R be- 3 ! t o HEMAS

tween the number of streamer tube (ST) < -1 = REAL DATA

wires fired and the number of ST wires ex- 510 _

pected to be fired, considering the track %10 '2;_ L

direction. We accepted only tracks with g s

R>0.75. Each pair of the bundle has been 10 ~L “’g&

then weigf'xted with the factor ﬁ, _4? #$:§___¢=

where n,, is the number of tracks in the 10 ¢ =$=
bundle which survived the cuts. After sk

the cuts we have about 350,000 real and 10 F

690,000 simulated pairs. We analyzed 6|

both the real and the Monte Carlo data 1° f

with the same software programs (detec- 10 7_

tor dependent curve comparison). Fig- 5355530003000 4006 5660 60067000
ure 2 shows the comparison between the D(cm)

HEMAS model and the real data. Muon Fig. 2: Decoherence distribution obtained using the de-
pairs as far as ~ 70m apart are successfully tector dependent method (see text), compared to Monte
measured by MACRO; a nice agreement Carlo expectation.

with the Monte Carlo prediction is evident,

showing the HEMAS capability in reproducing CR features deep underground. To obtain the muon lat-
eral distribution at the Gran Sasso depths, we evaluated the detection/selection efficiency € = (D,,¢)
by comparing the number of muon pairs in input to the GMACRO simulator and the number of pairs
surviving the cuts quoted above, in each bin of (D,0,¢). ‘
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A first attempt to compute €(D,0,¢) 3
was performed (Ahlen et al., 1992, 1993b) n

using just muon pairs.
overestimated the detection/selection effi-
ciency at small muon separation, because
the selection probability of a muon pair is
affected by the presence of the other tracks
in the bundle (“shadowing effect”). In
the present approach, we considered muon
bundles generated by HEMAS, following
a realistic multiplicity distribution. Then
we computed €(D,8,¢) for each pair. The
“shadowing effect”, due to multiple tracks,
is therefore accounted for. Corrected real
data are finally compared directly with the
HEMAS simulation. The unfolding proce-
dure requires very high Monte Carlo statis-
tics, so the unfolding is possible only for
separation D< 50 meters. Figure 3 shows
the comparison between Monte Carlo an
real data.

This approach 2

10

10

10

Fig. 3: Decoherence distribution obtained using the de-
tector independent method (see text), compared to Monte
Carlo expectation (HEMAS code and MACRO FIT com-
d position model).

A good agreement is evident looking 5§ 4
at the plot, confirming the capability of the L

HEMAS model in reproducing real data 3 4 |

features. Further checks on the reliability ©

of the HEMAS hadronic interaction model
have been performed, comparing real data
and Monte Carlo decoherence in different
rock depth and cosf windows. As an ex-

ample, we show in Figure 4 the decoher- 5

10

1

ence function in the ranges 0.9<cosf <1.0 §
and 0.7<cosf <0.8, for 3750 hg/cm?< g 107
depth < 4150 hg / cm?. Figure 5 shows ©

the average distance between muon pairs
<D>, as a function of cosf (upper plot)
and as a function of the rock depth (lower
plot). <D> is found to decrease with cosé:
this is a geometrical effect. Muon pairs
originated at larger § come from primary
CR interacting farther from the detector:
muons go through larger atmosphere depth

before reaching the apparatus. Since muons are divergent, the resulting separation is wider. Deeper
depth selection reflects in higher muon energy selection. Since the muon parent meson energy in-
creases roughly linearly with the centre of mass energy /s (while their < P,> increases with /s only
logarithmically), their angular separation, 1)~ P, /P, tends to become smaller and therefore the muon
separation is less. The agreement between real data and Monte Carlo is satisfactory, confirming the

10

Fig. 4: Detector independent decoherence distribution
in the ranges 0.9<cosf <I.
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Fig. 5: Average distance between muon pairs <D>, as a function of cosf and rock depth.

CONCLUSION

We verified that the HEMAS code reproduces the separation distribution of real data. This result has
been verified by selecting both cosf and rock windows. We stress that the study of the decoherence
function is an important tool to verify the capability of the Monte Carlo codes in correctly reproducing
muon bundle features deep underground. As far as the decoherence is concerned the HEMAS code
gives satisfactory results and this makes us confident in using this code for primary CR composition
studies.
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A TRD IN MACRO
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ABSTRACT

The MACRO detector is located in the Gran Sasso Laboratory. MACRO’s overburden varies from
3150-7000 hg/cm?. A transition radiation detector (TRD) has been added to the MACRO detector
in order to measure the energy of muons entering MACRO. At the top of the Gran Sasso, cosmic
ray muons must have a threshold energy of 1.4 TeV to reach the MACRO detector. We measure the
residual energy of cosmic ray muons, the energy they have after passing through the Gran Sasso and
reaching the MACRO detector. Our transition radiation detector consists of three identical modules
with a total horizontal area of 36 m?. The results presented here were obtained with the first module
collecting data for almost one year. The average residual energy of downgoing single muons, cut to
retain muons below 930 GeV (our TRD saturation energy), is about 200 GeV.

INTRODUCTION

The muon energy spectrum deep underground can be derived from the surface muon spectrum and
from calculations of energy losses, using assumptions on the interaction cross sections of high energy
muons in the rock. A direct measurement of this spectrum therefore can give information on the
interaction mechanisms of muons in the rock, and can be used to confirm the surface muon spectrum
and the “all-nucleon” primary cosmic ray spectrum.

In order to increase the MACRO detector capabilities with a device able to measure the residual
muon energy we designed and built a large area TRD. The TRD measures the energy of each muon
up to the TeV region, although with modest resolution. This measurement may open a wide range of
experimental opportunities for cosmic ray physics in underground laboratories. With this technique,
the residual energy of downgoing and (neutrino induced) upgoing muons is directly measured.

THE MACRO TRD

Transition radiation (TR) is emitted in the X-ray region whenever an ultrarelativistic charged particle
crosses the boundary of two materials with different dielectric properties. For each interface the
emission probability for an X-ray photon is of the order of @ = 1/137 (fine structure constant).
Radiators consisting of some hundreds of foils regularly spaced are used to enhance X-ray production;
a few photons are produced allowing a reliable tagging of the fast particle. Due to the characteristic
dependence (in a limited energy range) of transition radiation on the Lorentz factor ~v of the incident
particle, it is possible to evaluate its energy E = m,yc? in this range if the rest mass m, is known,
or if the particle has been identified, as is the case of muons reaching an underground laboratory.
The multilayer radiator introduces physical constraints for the radiation yield, due to the so called
“interference effects”. The radiation emission practically starts at a Lorentz factor Yen = 2.5wpds,
where w;, is the plasma frequency (in eV units) of the foil material, and d, is its thickness in microns.
At higher v the radiation energy increases up to a saturation value Ysar ~ 0.6y (d2/ dl)l/ 2 where
d is the distance of the gap between the foils. Similar behaviours have been observed for irregular
radiators such as carbon compound foam layers or fiber mats, where the role of the thin foil is played
by the cell wall and by the fiber element, and the gap by the cell pore and by the fiber spacing. A
detailed description of TR can be found in (Artru et al., 1975).
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The MACRO TRD consists of three modules

of 36 m? total aerea. Each module has an active vol- P
ume of 6 x 1.92 x 1.7 m3 and contains 10 planes ? _: poie n _
of 32 proportional tubes, 6 meters long and witha ® £ oot No RADIATOR S
square cross section of 6 x 6 cm?. These counters £ 7 F A
are laid close together between 11 Ethafoam radia- % 6 | y A"
tor layers of 10 cm of height to form a large mul- £ 5| "G
tiple layer TRD with reduced inefficient zones. A 5 4 F T E
detailed description of the MACRO TRD is given = P 4 ¢ 3
in (Barbarito et al., 1995). In Figure 1 we show the 5 _* 1.0 ¢ o 00% E
TRD response, namely the average number of hits at ‘. : ﬁ' T
various v and various beam crossing angles, as mea- ' 10° 10° 10°
sured in a test beam at CERN P.S. ¥ Lorentz Factor

The MACRO detector is located in Hall B of ) ‘
the Gran Sasso Underground Laboratory. The labis £8- 1: Average total number of hits for various
located at an average depth of 3700 hg/cm?, with a values of the 7f actor : dots: 0° mc‘d_ent beam
minimum depth of 3150 hg/cm?. At these depths %"& le; open circles: 0° beam angle _W’thout ra-
the residual energy differential distribution of the diator; squares: 15° beam angle; triangle: 30°
downgoing muon is estimated to be nearly flatupto 2€4m ang le; stars: 45° beam angle.

100 GeV and it falls rapidly in the TeV region; the

mean value is a few hundred GeV. The TRD has been designed to explore the muon energy range of
100 GeV-1 TeV. Below 100 GeV there is no TR emission; from 100 GeV to 1 TeV the detector has
a smoothly increasing response versus 7. For energies greater than 1 TeV, where the muon flux is
estimated to be approximately 5% of the total, the TR signal is saturated.

DATA SELECTION
0T T T T e 43485 In this analysis we have considered the data collected
T ey Pt from April 1995 to March 1997 by the first TRD mod-
| ~. ] ule. Since the TRD calibration was performed for par-
o “¥ . 5 ticles crossing the ten layers and at zenith angles below
g T 45°, in the analysis only single muons fulfilling these
E wE - 3 constraints have been included; the analysis method is
g f*} + ] described in detail in (Ambrosio et al., 1996a). The to-
“ 3 + tal number of hits in the track is evaluated by count-
i ‘HT ] ing the number of TRD hits (in the view perpendicular
' b H A to the anode wires) along the straight line fitted to the
L + T T T track reconstructed by the MACRO detector. In Figure
Total Hitin the Trck 2 we report the distribution of the number of hits in the

. e . track for these muons.
Fig. 2: Hit distribution for single muon

tracks crossing the TRD. Only statistical er- MUON ENERGY SPECTRUM
rors are shown. In order to evaluate the local muon energy spectrum,
we must take into account the TRD response function,
which induces some distortions of the *“true” muon spectrum distribution. The “true” distribution can
be extracted from the measured one by an unfolding procedure that yields good results only if the
response of the detector is correctly understood.
We have adopted an unfolding technique, developed according to Bayes’ theorem, following the
prescriptions of (D’ Agostini, 1995) and (Mazziotta, 1995). Usually the unfolding methods require
that the independent variable (the energy) is limited inside a finite interval. When it is practically
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boundless, as for the cosmic ray energy spectrum, the method cannot be automatically applied.
However, in our case this problem can be overcome since the detector response is flat outside the 100
GeV-1 TeV energy interval; thus the number of hits related to the energy is effectively “bounded”.

Detector simulation
The distributions of the hits collected along a muon e Py
track by the TRD at a given zenith and azimuthal angle,
N(k,9d, ), can be related to the residual energy distribu-
tion of muons, N(E, 9, ¢), by:

-
(=1
a
T
1

ng

N(k,9,0) =3 plk| E;,9,0)N(E;,d,0) (1)

=1

Number of Events 2 Ep

where the detector response function, p(k | E;, 9, ¢), rep- T

resents the probability to observe k hits for a track of a T*
given energy E; and at a given angle 9 and ¢. The re- et N
Sing:: Muon Energyl,o Eu(GeV) 1

sponse function must contain both the detector acceptance
and the event reconstruction efficiency. We have derived
the response function simulating the MACRO behaviour Fig. 3: Integral energy distribution of sin-
using GEANT (Brun et al., 1992), including the trigger gle muons in the TRD. The last bin to the
efficiency simulation. The simulation of the TRD was right is relative to energies larger than
based on the test beam calibration data (Figure 1), tak- saturation (930 GeV). Horizontal bars are
ing also into account the inefficiency of the proportional the bin width, while vertical bars are the
tubes. A check of the response function of the TRD is ob- total error (statistical and systematic).
tained using low energy muons, namely stopping muons

and muons with large scattering angle in MACRO, which have energies of about of 1-2 GeV.

Experimental data distributions

The unfolding procedure described above was applied to the TRD experimental data, starting with a
trial spectrum assigned to the unfolded distribution (D’ Agostini, 1995; Mazziotta, 1995), according
to alocal energy spectrum of muons at 4000 ~g/cm? with a spectral index fixed at 3.7 given by (Lipari
and Stanev, 1991):

No(E,9,p) ~ e P D(E + ¢(1 — 7)) @

The parameters are: h = 4 km w. e, = 3.7, § = 0.383 (km w. e.)"! and € = 0.618 TeV.

Because the TRD behaviour shows a saturated region (for £, > 930 GeV), then in that range
only the number of events can be evaluated, while below 930 GeV we can reconstruct the energy
distribution and we can compute the average value cut to 930 GeV. Figure 3 shows the muon integral
spectrum. Figure 4 shows the average muon energy cut to 930 GeV, as a function of the rock depth. The
error bars include statistical and systematic uncertainties. The systematic errors have been evaluated
by the search of low energy events in the TRD. '

DISCUSSION AND CONCLUSION

The muon spectrum deep undergound is determined by the spectrum at the surface and the energy
losses in the rock. The muon spectrum at surface is sensitive to the all-nucleon® spectrum of primary
cosmic rays. We have compared our results to the predictions from two extreme hypotheses on the
primary spectra (Ambrosio et al., 1996b), namely the “Light” (Fitchel and Linsley, 1986) and the
“Heavy” (Goodman, 1982) compositions. However, the mean primary energy that gives a single muon
underground is rather similar in the two models (Forti et al., 1990). So the average muon energy
underground for single muons is still equivalent for both models.
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The interaction of the cosmic rays in the atmo-
sphere was simulated with the HEMAS code (Forti
et al.,, 1990). The produced muons at the surface
were then propagated through the rock, with the
muon energy loss in the rock evaluated according to
the prescriptions of (Lipari and Stanev, 1991). The
rock thickness was calculated at each ¥ and ¢ from
the Gran Sasso map (MACRO, 1995). We used
the correction procedure described in (Wright et al,
1973) for the conversion to standard rock.

Figure 4 shows the average single muon en-
ergies relative to the two predictions taking into ac-
count the saturated region of the TRD, together with
experimental data (lower part of the figure). Due to
the saturation of the TRD, the average energy com-
puted in this way underestimates the real measure-
ment, as is shown in the upper part of the same fig-
ure. The average muon energies (cut to retain en-
ergies below 930 GeV) for the above models have
been evaluated using 6 bins as for the real data;
while for the uncut case no binning procedure has
been used.

We have measured directly the residual en-
ergy of cosmic ray muons crossing the MACRO de-
tector at the Gran Sasso underground laboratory, us-
ing a TRD which took data since April 1994. The
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Fig. 4: The lower part of the picture shows the
average single muon energy, cut to 930 GeV,
versus the standard rock depth. The experimen-
tal data are shown together with the predictions
of two primary composition models. In the up-
per part of the figure, the same distributions,
with the same symbols, for the uncut case are
shown. The extentions of the statistical error
bars represent the estimates of systematic uncer-
tainties. The dotted lines are drawn to guide the
eye.

average single muon energy, removing energies above 930 GeV, is found tobe 216 £ 5 + 18 GeV in
the depth range 3150-7000 hg/cm?. In this way we can estimate that the average single muon energy

is about 300-330 GeV at the MACRO depth.

Our experimental data, after corrections for the propagation of the muons through the Gran Sasso
rock, are consistent, within the errors, with the above predictions. The present precisions do not allow

us to distinguish between the above models.
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ABSTRACT

During 1991 - 1996 we have detected more than 2 x 107 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 angular 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 10" 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 et al. 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-
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%
is found. We have also observed the moon shadowing
effect on the intensity (Ambrosioet al., 1997). This last :
effect is extremely important in establishing the cor- o _
rectness of the pointing ability and at the same time the s
good angular resolution of the apparatus.

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

tor, we have searched for the Moon shadowing effect Fig. 1: 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-

events
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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 £47 events contained in a cone of about 1° radius centered on the Moon position.
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Fig. 2: x? levels in the window centered on
the Moon. Four levels starting from x?=3
with a step of 3 are shown. The maximum

value is x*=14.2 in the position (-0.25°,0°)

ALL-SKY SURVEY USING SINGLE MUONS = ¢

We have grouped the events in sky bins of
equal solid angle (AQ = 2.3x107*, Aa =
1°, Asiné = 1/75). These bins have ap-
proximately the solid angle of a cone of
half-angle 1.°, a value obtained to maxi-
mize the signal to noise ratio for our appa-
ratus. Removing from the sample the bins
having few events, we compute for each
bin the standard deviation using the sim-
ple Gaussian statistics (72065 — Rbck ) //Tbcks
where n.,, and n;.. are the observed and
expected events respectively. This distri-
bution is well fitted by a Gaussian curve
and no excess is evident. The result of the
fit gives x?/ Do f=0.86. We have repeated
the survey by displacing the center of these
bins, in both the coordinates, of half of the

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
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-
imuth distances from the Moon center. The amount of
the displacement found can be attributed to the geomag-
netic displacement of the primary protons, which have
energies of about 10 TeV. We found therefore a west-
ward displacement of 0.25° of the Moon shadow with
a x?=14.2 corresponding to a significance of 3.7¢. We
have compared this number with an analysis done on
random fake moons. We found that the probability to
find random fluctuations having a x% > 14.2 is 0.02%,
in agreement with the previous estimation of the sig-
nificance. Thus this positive identification of the moon
shadowing effect in an undergound experiment estab-
lishes the correct pointing ability of the detector.

Number of events
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Fig. 3: Right ascension distributions for muons coming
froma 1.5° half angle declination window centered on (a)
Cyg X-3 and (b) Her X-1. Solid lines represent the exper-
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 {27[( Nyt — 1)t + ¢1 — ¢3]}. In this fit, @pee 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 ¢maz =~ 0.45 for the antisidereal modulation. Finally, the sidereal
modulation seen in Figure 3, parameterized as K3 cos {27 [( Nyt + 1)t + ¢3]}, is the ‘apparent
sidereal modulation’ and represents the sum of two terms,

K3 cos {2m[(Noot + 1)t + ¢3]} = Kacos {27[(Noot + 1)t + 4]} +
K2 cos {27r[(Naol + l)t + ¢1 + ¢2]}

The amplitude, K4, and the phase, ¢4, 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 K, and ¢, 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 (K;) 132+26 %)
Antisidereal 0.17+£0.05 (XK,) 10.8+1.4 (61 — ¢2)
Apparent Sidereal 0.19£0.06 (Kj) 59+1.3 (43)
True Sidereal 0.3 £.26 (Ka) 48432 (ds)
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 dc excess. The
dc upper flux limits, using the formula (Ahlen et al., 1993):

stdy 'I‘L”(95%) -2 -1
J# 0. 41€Aeffftezpos o (1)

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.; the average effective area, f is the
fraction of time that the source is visible, and ¢..,,s the total exposure time.

Source ) | (e Aepp) x 10%em? | JS*(95%) (em~2s71)
Cyg X-3 | 40°55'46” | 0.57 724 3.9 x 10713
Her X-1 | 35°20'32” | 0.52 738 4.7 x 10713
Crab 21°59" 048 758 5.5 x 10713
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 flux limits in the interval 8.2 x10~em~2s71 — 8.5
x10"13em 2571,

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 signals at 95% C.L. found for Cyg X-3
is 9.7 x 107 Mem 2571,

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 «y 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° < [/f < 220° and —5° < b/ < 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.




— 37—

CONCLUSIONS

A search for cosmic ray point

sources has been performedus=” 3 F~23 ¢ PR s

ing underground muons and _; = o -

different analyses. No evi- 545 e 56 '
dence for point sources has '
been found. Nevertheless the® {E ~ % - o «+ = - I SR = S
MACRO detector has shown 3£ = -2 T=gp g o L - i, ey o
its ability to detect a small vari- ~* Sgie——fi e on s L T Ry TR B
ation of the muon fluxes, hav- :
ing detected the moon shadow-=

ing effect with 3.7 o signifi-

cance and the seasonal varia-
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 10~ em =251,
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THE SEARCH FOR A SIDERAL ANISOTROPY IN THE UNDERGROUND
MUON INTENSITY AS SEEN BY MACRO
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ABSTRACT
We have analyzed 39.2 x 10° muons collected in 5.2 x 10* hours of live time by the MACRO
detector during the period from 1989 to 1996. Using a high quality subsample of these data,
comprising 4.4 x 10° muons, we have searched for modulations consistent with the first harmonic
of the solar diurnal, antisidereal, and sidereal periods. The method of Farley and Storey (1954)
has been used to obtain the ‘true sidereal’ modulation. Preliminary results are presented.

INTRODUCTION

During the past 60 years, many searches have been made for a sidereal anisotropy in the arrival
directions of cosmic rays. Compton and Getting (1935) initially looked for the sidereal signal
arising from the Galaxy’s rotational motion through a sea of extragalactic cosmic rays. They
argued that a sidereal signal toward the apex of Galactic rotation would provide evidence for
an extragalactic component of cosmic rays. Air shower array experiments, which typically
are sensitive to cosmic rays with energies in excess of 50 TeV, have continued this search to
the present with conflicting results (Kifune, et al. 1986; Nagashima, et al. 1989; Alexeenko,
et al. 1993; Borione, et al. 1996). However, shallow underground muon telescopes and neutron
monitors, which probe low energy cosmic rays (E < 100 GeV), have clearly observed statistically
significant modulations with periods of a solar day and a sidereal day in their cosmic ray data
(Hall, Duldig, and Humble 1996). These variations are well explained by the effects of the solar
wind and interplanetary magnetic fields on lower energy cosmic rays.

MACRO is a large, deep underground detector that is well suited to search for a sidereal
modulation of primary cosmic rays. Our sensitivity to weak periodic signals has already been
demonstrated by the detection of seasonal variations in the underground muon rate (Ambrosio
et al. 1997). MACRO’s sensitivity to primary cosmic rays > 5 TeV suggests that the muon
data are unlikely to be strongly affected by local interplanetary conditions.

DATA ANALYSIS

The effects we are searching for are smaller than the few percent seasonal variations already
reported by the MACRO collaboration. It is therefore essential to define a very high quality
data set that is as free of systematic effects as possible. The analysis procedure is based on
the method of Farley and Storey (1954) that searches for the first harmonic of the sidereal
modulation.
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Data Sample
Data were collected during the period beginning ...
in February 1989 and ending in December 1996. ““[
During this period, approximately 39.2 x 10® muons
were recorded in approximately 5.2 x 10* hours of

live time. w0 |-
We first applied run cuts that ensured that i

the detector was operating efficiently. Run cuts in- “*[
clude: all 6 supermodules in acquisition; streamer
tube system operating efficiently; run rates within _
3o of the mean. Within a run individual events s Lo
were required to cross all 10 horizontal streamer svents = s
tube tracking planes. Such events have essentially
almost 100% probability of resulting in a recon- Fig. 1: Solar diurnal variations with fit
structed track. These cuts therefore define a data SUPeTposed.
set that requires no corrections for efficiency and they are the same cuts as those used in the
search for seasonal variations (Ambrosio et al. 1997). This high quality data sample includes
13.2 x 10° muons.

The search for the true sidereal modulation
requires a correction for solar diurnal variations.

4420 |~

4360 —

x102

However, solar diurnal variations can be masked “*f
by human activities on the detector like detector <= [
maintenance and repair, installation, calibration, ... |
etc., which typically takes place during the day.
At night the detector is usually unattended. Addi-
tional cuts were developed to minimize this effect:
(1) Gaps between runs were required to be < 3.5
minutes. New runs begin automatically when the
data buffers fill, and this proceedure usually takes <= |
less than 3.5 minutes. A longer gap between runs o Lopp
ordinarily indicates that a run was terminated man- venta — cpidsrec

ually. (2) Sets of runs with gaps < 3.5 minutes were
required to be at least one whole day in length and
muons were kept for further analysis only if their arrival times were within an integral number
of whole days from the arrival time of the first event of that run set. Studies indicate that
including runs with gaps longer than 3.5 minutes introduces significant solar diurnal variations.
These cuts reduced the data sample to 4.4 x 10® muons.

4370
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Fig. 2: Antisidereal variations.

Analysis Procedure

Our ‘harmonic analysis’ procedure (Farley and Storey 1954) first searches for variations in
muon arrival times modulated by the solar diurnal period, the sidereal diurnal period, and the
- antisidereal diurnal period. The length of a solar diurnal period is the mean solar day, t,,; the
length of a sidereal diurnal period is the sidereal day, t,q. Let Tirop be the length of a tropical
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year. Then there are N,, = Tirop/tsot solar days in a tropical year and N,, + 1 sidereal days in
a tropical year. The antisidereal diurnal period is then given by tans; = Tirop/(Nyor — 1). The
data are modulated with the antisideral period because the solar diurnal period beats with the
seasonal period, Tirop, and a ‘sideband’ with the period tan appears. This same beating effect
also introduces a ‘sideband’ with the sidereal period, t,4. It is this faux sidereal modulation
that must be removed from the data to find the true sidereal effect (Farley and Storey 1954).
Three phase diagrams were constructed using
the data set described above. These phase diagrams
differed only in the length of the day used. For the = ¢
solar diurnal modulation, the Julian day fraction of “Ff
its arrival time was used to bin each muon; this im-
plies that the zero point of phase is 12" UT. For the
apparent sidereal modulation, the right ascension
of its arrival direction was used to bin each muon.
The zero point of phase for the antisidereal modu-
lation was arbitrarily chosen as the arrival time of
the first muon in the data set. These three (zero- .o |
suppressed) phase diagrams are shown in Figures 1, <o fogra NPT PRI
2 and 3. The error bars are statistical. Since only vente = widurut
whole days of data are used, no corrections were
necessary for changes in the detector configuration.
We searched for the first harmonic of the modulation in the three phase diagrams by
fitting the binned muon data to the form:

4460 P~

Fug. 3: Apparent sidereal variations.

N=<N > +A COs [27l'(¢ + ¢ma:c)]) (]‘)

where < N > is the mean per bin, A is the amplitude of the modulation, ¢ is the phase, and
$maz 15 the phase of maximum. The fit parameters are given in Table 1. The curves representing
these fits have been superposed on the binned muon data in Figures 1, 2, and 3.

Table 1: Results of Fitting Binned Muon Data

< N> A Dmaz x?/dof
Solar Diurnal 4.40 x 10° 430+£290 0.05+.11 0.345
Antisidereal 4.36 x 10° 750 +280 0.084 .06 0.841

Apparent Sidereal 4.43 x 10° 840 +280 0.25+ .06 2.26

RESULTS

Vector methods can now be used to extract the first harmonic of the ‘true sidereal modulation.’
The fit to the solar diurnal data in Table 1 directly yields the fit parameters in the relation:
K cos [27(N,at + ¢1)], where K; is the solar diurnal amplitude and ¢ is the arrival time of
the muon. Since the antisidereal modulation results from the solar diurnal modulation beating
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against the seasonal modulation, the fit to the antisidereal diurnal data gives the parameters
in the relation: Kjcos {27[(N, — 1)t 4+ ¢1 — ¢2]}. In this fit, dmes 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 ¢,.c = 0.45 for the antisidereal modulation. Finally, the sidereal
modulation seen in Figure 3, parameterized as Kj cos {27[(Nyo + 1)t + ¢3]}, is the ‘apparent
sidereal modulation’ and represents the sum of two terms,

Kz cos {27[(Noot + 1)t + 43} = Kacos{27[(Noor + 1)t + ¢4} +
K cos {27[(Nyot + 1)t + &1 + ¢2]}.

The amplitude, K4, and the phase, ¢4, 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 ¢, 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 (K;) 132426 (¢1)
Antisidereal 0.17+£0.05 (K,) 10.8+1.4 (¢1 — ¢2)
Apparent Sidereal 0.19+0.06 (K3) 59+1.3 (¢3)
True Sidereal 034+ .26 (K,) 4.8 +3.2 (44)

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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