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Abstract

In this letter we present the results of the search for massive magnetic monopoles in the penetrating cosmic ray radiation
using the various subdetectors of the MACRO apparatus during the period 1989-1993. Fiux limits are given for the 5 =v/c
range 4 x 107 < B < 1; for 107* < B < 107" the limits are below the Parker bound, ~ 107" cm™2s~!sr™!. © 1997

Published by Elsevier Science B.V.

1. Introduction

Grand Unified Theories (GUTSs) of the electroweak
and strong interactions predict the existence of massive
(> 10'6 GeV) magnetic monopoles [ 11.Ttis expected
that such magnetic monopoles might have been pro-
duced immediately after the Big Bang. Since that time,
the magnetic monopoles would have cooled down to
very low velocities. Subsequent gravitational or mag-
netic mechanisms could acceleraie them to higher ve-
locities. Monopoles trapped around the Earth are ex-
pected to travel with 8 = p/c ~ few times 1073, while
monopoles trapped around the Sun and the Galaxy
have betas ~ 10™* and ~ 1073, respectively. These
“virial” velocities are slightly smaller than the escape
velocities. Monopoles with smaller masses and larger

~1

velocities are conceivable [2].
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One of the primary aims of the MACRO detec-
tor, located in the underground Hall B of Laboratori
Nazionali del Gran Sasso in Italy, is the search for such
magnetic monopoles at a level well below the Parker
bound (about 10715 em~2 s~1 sr~!, calculated on the
basis of the survival of the galactic magnetic field) [3]
and for a large range of velocities, 4 x 1075 < 8 < 1.

The MACRO detector has global dimensions of
76.6 x 12 x 9.3 m? and is divided longitudinally in six
simiiar supermoduies and verticaily in a ilower (4.8 m
high) and an upper part (4.5 m high). For the full de-

Q('rmh on of the detector see Ref. [4]1.0 Inlike an‘n ous

monopole searches, the MACRO experiment employs
simoultaneously three different subdetectors: planes of
liquid scintillation counters, planes of limited streamer
tubes, each with electronics designed to identify both
fast and slow penetrating particies, and planes of pas-
sive nuclear track detectors. A single event may have
distinctive and multiple signatures in the three subde-
tectors. This redundancy is important for rare events.
It should be pointed out that special care was taken
to ensure that the three types of subdetectors were
sensitive to low B particles. A measurement of the
light yicld in plastic scintillators of protons moving
with velocities 10™* < 8 < 1072 allowed inference
of the light yield of magnetic monopoles with similar
velocities. This helped to assess the performance and
the sensitivity of searches for monopoles using scin-
tillators in the low velocity regime [5]. The use of a
helium-n-pentane gas mixture (73% He and 27% n-
pentane) in the streamer tubes allows detection, with
essentially 100% efficiency, of slow monopoles ex-
ploiting the Drell and Penning effects [4,6,15].
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The CR39 nuclear track subdetector was calibrated
with slow and fast ions, checking that the response
was dependent only on the restricted energy loss [7].
direct search for magnetic
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In the present letter a direc
monopoles is reported. The limits are obtained under
the following hypotheses: a) bare monopoles with unit
Dirac magnetic charge; b) cross section for monopole
catalysis of nucleon decay less than few millibarn; c)
isotropic flux. The last hypothesis is valid for magnetic
monopoles with mass > 107 GeV and for any 8 >
10~*. For monopoles with lower masses, which may
not traverse the earth, the flux limits may be up to
a factor of two larger. In the future more extended
analyses will be reported.

The data were collected in the period 1989-1995,

1 1 v 1 waag
during which the implementation of the detector was

underway. During this period the single subdetectors
were not necessarily all active at the same time.

The use of different triggers allowed to cover the
whole B-region from 8 ~ 4 x 107> to 8 ~ 1. No
monopole candidate was observed. We refer to Refs.
[4-7,9-12] for details on the subdetectors, of their
performances in the searches for magnetic monopoles
and on the specific analysis techniques. In this letter
we summarize the limits derived from the analyses of
all the data collected prior to August 1995. Some of
these limits have already been published in refereed
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2. Searches using the liquid scintillator
subdetector

The liquid scintillation subdetector consists of three
horizontal planes of scintillators and of vertical walls

covering the sides and the lower ends of the detector. In

the present analyses only the lower part of the detector
has been used.

In the liquid scintillator subdetector we have em-
ployed different specialized triggers covering spe-
cific velocity regions. The corresponding searches
have been grouped into searches for low velocity
(1.8 x107* < B < 6 x 1073), medium veloc-
ity (1.2 x 1073 < B8 < 107!) and high velocity
(10! < B8 < 1) monopoles.

3. Searches for low velocity monopoles

A search for slowly moving magnetic monopoles in
the penetrating cosmic radiation was based on a cus-

ics Letters B 406 (1997) 249-255 251

tom made trigger circuit (the SMT) and 20 and 50

MHz Wave Form Digitizers (WFD). A first data set
was collected from October 1989 to November 1991,

for a live-time of 542 dnvq usino the first sunermod-
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ule of MACRO. This search was published in Ref.
[5]. The analysis required the SMT to be present in
more than one scintillator layer while the fast particle
trigger was used as an off-line veto. Visual scanning
of the rernalmng events was pt‘:‘uufﬂ‘leu The dIldJy-
sis was sensitive to monopoles in the velocity range
1.8x10™* < B < 4x 1073, From the absence of can-
didates we established an upper limit on the magnetic
monopole flux at the 90% confidence level (C.L.) of
5.6 x 1075 cm=2 s~ sr—! in the region 1.8 x 10~% <
B < 3 x 1073, The upper velocity limit was deter-

minad hyv the minimninm nmnulea train duration remnirad
LUUCG Uy b RDGUIHWEL Pulov wadil GuiaulUldl 1ICHulicu

by the trigger circuit (see Table 1, column 2, and Fig.
1, curve “Scintill. A”).

In the period December 1992 through June 1993,
in 163.5 days of live-time, were collected 2.6 x 10°
slow monopole triggers using aii the lower six super-
modules. This search was based on the SMT to be
present in more than one scintillator layer and a 40
MHz waveform digitizer system. The fast particle trig-
ger was used as an off-line veto. About 8 000 candidate
events were selected. A “wavelet transform” method
was used for particle identification [12]. Using var-
ious features of the Haar | [13] decompcsmon of the
waveforms, simple conditions were derived by means
of which more than 80% of the coincidence events
were rejected. The efficiency of the algorithm was
measured using LED-generated monopole-like events
and Monte Carlo techniques. The remaining events
were visually scanned and classified. No waveform

was consistent with a slow mngnegc m@n{\’pn]e mg_

nature. On the basis of the above 1nformatipn, an up-
per flux limit at the 90% C.L. was established for
1.8 x 10™* < 8 < 4 x 1073, The limit is 4.1 x 10~15
cm™2 s sr1 for 1.8 x 1074 < B < 2.7 x 1073 (the
limit is given in Table 1, column 5, and Fig. 1, curve
“Scintill. D).

Another analysis has been performed using the same
data sample described above with a different waveform
analysis method [12]. The monopole upper flux limit
is included in the previous one for 8 < 3 x 10~3; for
the 3x 1073 < B < 6x.1073 region, the limit is shown
“Scintill, D”,

(AU RILESY

in Table 1, column 5, and in Fno- 1,
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Table 1

The 90% C.L. MACRO flux limits (in units of 10~ cm~2 s—1 r—1) as a function of 8 for an isotropic flux of g = gp magnetic
monopoles assuming a catalysis cross section smaller than 10 mb. The limits discussed in Sections 2-4 are given in columns two to seven
and shown in Fig. 1. The single lowest limit is in column eight; the global MACRO limit discussed in Section 5 is given in the last

column and shown in Fig. 2

Flux Limits (10715 em=2 s~ sr—1)

Typical 8 Scintill. A Scintill. B Scintill. C Scintill. D Streamer CR39 Single Global
[5] [11] [10] [12] tubes [11] [11] lowest
40105 6.8 6.8 6.8
50103 53 53 53
8.0 10~ 43 43 43
1.1 104 42 42 42
111074 0.87 42 0.87 0.78
14 104 0.87 47 0.87 0.79
1.8 10— 0.87 69 0.87 0.81
1.8 10—4 5.6 4] 0.87 6.9 0.87 0.68
2.0 10—4 5.6 4.1 0.87 10. 0.87 0.69
2.5 104 56 4.1 0.87 100 0.87 0.70
1.2 1073 5.6 4.1 0.87 0.87 0.70
12 1073 5.6 1.0 41 0.87 0.87 0.61
2.1 103 56 1.0 4.1 0.87 100 0.87 0.61
2.7 1073 56 1.0 41 0.87 126 0.87 0.61
3.0 103 5.6 1.0 48 0.87 10. 0.87 0.62
4.0 1073 12.7 1.0 6.4 0.87 6.8 0.87 0.66
5.0 103 1.0 8.0 0.87 5.4 0.87 0.66
501073 1.0 8.0 0.87 54 0.87 0.93
6.0 103 1.0 14.6 49 1.0 0.92
1.0 10—2 1.0 3.7 1.0 0.89
2.0 102 1.0 32 1.0 0.86
5.0 102 1.0 2.8 1.0 0.84
0.1 1.0 2.8 1.0 0.84
0.1 44 2.8 28 1.8
1 4.4 27 27 1.8

4, Searches for medium velocity monopoles

A monopole search was performed in this range us-
ing the electronics designed primarily for the detection
of supernova neutrinos [4,14]. It uses the Pulse Height
Recorder and Synchronous Encoder (PHRASE) sys-
tem, which includes a 100 MHz WFD system. Al-
though the waveforms saturate at a pulse height equiv-
alent to about 15 MeV, the shape of the unsaturated
portion can be used to reconstruct the enetgy of the
saturated pulse. The data sample used in Refs. [9,10]
was collected between October 1989 and June 1993
in various configurations of the apparatus. The event
selection required two hits in two different scintillator
faces that represented an energy release of at least 10
MeV in each face. A minimum separation of 2 m was
required for the hits in the two faces while the soft-

ware cut of 10~ !¢ in velocity was imposed in order to
reject the tail of the cosmic ray muon velocity distribu-
tion. The apparent velocity between the two planes is
reconstructed using the scintillator time information.
The surviving events were divided in two sub-ranges:
12x103 < B8<5x103and 5x 1073 < B <
10~!. Candidates in the first sample were rejected by
comparing the duration of the scintillation light pulse
(measured by the PHRASE WFD) with the expected
one (computed using the apparent velocity); candi-
dates belonging to the second sample were rejected
on the basis of the measured energy loss compared
with the one expected for monopoles. Candidates with
velocities around 8 ~ 5 x 1073 were examined us-
ing both techniques. No event survived these criteria.
With the help of the tracking system a large fraction
(~ 80%) of the candidates was found to arise from
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Fig. 1. The 90% C.L. upper limits for an isotropic flux of bare g = gp magnetic monopoles, assuming a catalysis cross section smaller
than 10 mb, obtained using the various MACRO subdetectors and different electronics, as described in the text.

cosmic ray muons stopping in the detector and decay-
ing to an electron. The remaining fraction was con-
sistent with accidental coincidences between cosmic
rays and natural radioactivity events. From the absence
of magnetic monopole candidates, a 90 % C.L. upper
flux limit of 4 x 10715 cm~2 s~1 sr~! was established
[9,10]. The analyses has been extended to data taken

A, A0 5. 10 Alldlyabs Ilds DU ded Qald tak il

until the end of July 1995 [ 11]; the limit is now 10~
cm™2 s7! sr~! (see Table 1, column 3, and Fig. 1,
curve * Scintill. B”}.

5. Searches for high velocity monopoles

This search was mainly based on the liquid scintil-
lator subdetector nemo the trigger and the energy re-

construction given by the ERP system [4,10,11]. Par-
ticular care was taken to obtain a good absolute en-
ergy loss calibration. The search used data taken from
December 1992 to July 1993, during which the entire
lower MACRO detector was operational. The energy
loss was measured in two scintillator layers. The re-
quirement of a high energy deposition in both counters
(E > 600 MeV) rejected most of the muon events.
Then the WFD and streamer tube tracking information

were used to reject non-monopole events, requiring a
single clean track and a waveform compatible with a
monopole signal. With no candidate event found, an
upper flux limit for fast moving magnetic monopoles
at tne 90% C.L. of 44 x1075 ecm™2 s=! sr~! for
107! < B < 1 was established (see Table 1, column

4, and Fig. 1, curve “Scintill. C”).

, allC I'lg. L, CIItid

6. Search using the streamer tube subdetector

The streamer tube subdetector of the lower MACRO
consists of 10 horizontal planes and 6 vertical planes
covering the vertical sides as a closed box. In this

analysis only the horizontal streamer planes of the
lower MACRO have been used for fr1um=-rmn while

L AVAIAR IS 114 DO G0 101 SYiiilyg, Wil

for measuring the particle velocity all the hit planes
have been used.

The published analysis was based on the search for
single tracks in both wire and strip views and on the ve-
locity measurements of the candidates [6]. The anal-
ysed data sample was collected from February 1992 to
January 1993. The trigger and analysis were verified
to be velocity independent; the overall efficiency was

estimated by computing the ratio of the rate of single
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Fig. 2. The 90% C.L. upper limits for an isotropic flux of bare g = gp magnetic monopoles assuming a catalysis cross section smaller
than 10 mb, obtained by MACRO (global limit) and by other experiments: Induction combined [16], UCSD2 [17], Soudan 2 [18],

Baksan [19], Ohya [20], KGF [21], Hara et al. [22].

muons reconstructed by this analysis to that expected;
its typical value was over 90%. A Monte Carlo simula-
tion including all the geometrical and trigger require-
ments was used to compute the detector acceptance.
No candidate remained. The limit has been updated
with all the data taken until July 31, 1995. The upper
flux limit is now @4 < 8.7 x 10~16 cm=2 ¢! gt
at 90% C.L. for 1.1 x 107* < B < 5 x 1073 [6,11].
(see Table 1, column 6, and Fig. 1, curve “Streamer
tubes™) [11].

7. Search using the nuclear track subdetector

The nuclear track subdetector is located horizon-
tally in the middle of the lower MACRO structure,
and vertically on the east wall and on the lower part
of the north wall. It covers a surface of 1263 m? and
the total acceptance for fast magnetic monopoles is
about 7100 m?sr. The subdetector is used as a stand
alone subdetector and in a “triggered mode” by the
scintillator and streamer tube systems. In the last three
years, about 24 m?/year of track etch detector were
extracted. The analysis was limited to the CR39 de-

tector only. The method of searching for magnetic
monopoles and the determination of the geometrical
and detection efficiencies are reported in detail in [7].
A total surface area of 75.8 m? of CR39 has been an-
alyzed, with an average exposure time of 5.6 years.
No candidate was found; the 90% C.L. upper lim-
its on the magnetic monopole flux is at the level of
27x107P em2s lsrlatB~1,and 4.2 x 10715
em~2 s~ sr~1 at B8 ~ 10™*, (see Table 1, column 7,
and Fig. 1, curves “CR39”) [9,11].

8. Discussion and conclusions

No candidates were found in any of the above men-
tioned searches. The corresponding 90% C.L. flux lim-
its are given in Table 1 and shown in Fig. 1 as function
of B. The single lowest limit in each B-interval is in-
dicated in the eighth column of Table 1. Since any one
of the subdetectors may rule out, within its own accep-
tance and sensitivity, a potential candidate, a global
limit has been derived by combining together the limits
obtained by the single subdetectors. The combination
has been done taking into account the overlap in time
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and in space. The full beta interval has been divided
in beta slices sufficient to characterize the change in
individual acceptance. In each beta slice, also the total
MACRO running time has been divided in intervals 7;
of live time sufficient to characterize the change in ac-

int o A avrant anhdatastar ~canfigrratiang

\aeplauuc duc LU dlffblclll. SUoGEIECIOT UUlllléulaLIUllb
Then the time integrated acceptance A; has been cal-
culated multiplying the live time 7; by the acceptance
of the subdetectors running in the period 7. In each
beta slice the Ay factor is calculated simply sum-
ming the A;. The global 90% c.l. MACRO upper limit
is then @ =2.3/Acotal-

The present global MACRO limit is given, as a
function of B, in the last column of Table 1 and in
Fig. 2. In Fig. 2 it is compared with the results ob-
tained by other experiments which searched for bare
magnetic monopoles with g = gp and oy < few mb
[16,22]. The indirect mica limits [23,24] are not in-
cluded in the preserit discussion as they apply to mag-

e en e PR $ntan

HCLIL UlUllUpUlC-HLhACub Uuuuu siaics.

In the range 107% < B < 107! the MACRO
monopole limit is at the level of 0.61 — 0.9 x
1071 ecm~2s~Isr~L. In 107* < B < 1073 the limit
is for the first time below the Parker bound [3]. In
this work the data have been collected with separate
subsystems of the full apparatus and combined to
produce the best overall limit. In the future we will
improve on this limit while exploiting the redundancy
features of the combined subsystems.
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