INFN/AE-97/19+28
[9 Giugno 1997

pag.
Magnetic Monopole Search with the MACRO
Detector at Gran Sasso (INFN/AE-97/19) ......... 754
Search for Nuclearites with the MACRO
Detector at Gran Sasso (INFN/AE-97/20) ......... 5 r&eo
The Measurement of the Atmospheric Muon
Neutrino Flux Using MACRO (INKFN/AE-97/21) ......... 9 &/
Neutrino Astronomy with the MACRO Detector (INFN/AE-97/22) ....... 13 /&2
Indirect Search for Wimps with the MACRO Detector (INFN/AE-97/23) ....... 17 ,¢a
Observation of Upgoing Charged Particles in MACRO
Produced by High Energy Interactions of Muons (INFN/AE-97/24) ....... 21 ey
An Improved Analysis of the Underground Muon . 28
Decoherence Observed in MACRO ‘ (INFN/AE-97/28 ....... 25 &%
Measurement of Underground Muon Energies Using
aTRD in MACRO (INFN/AE-97/26) ....... 29 - s&L
A Sky Survey Using Muons in the MACRO Detector (INFN/AE-97/27) ....... 33 rs7
The Search for a Sideral Anisotropy in the Underground
Muon Intensity as Seen by MACRO (INFN/AE-97/28) ....... 39 /&8

Contributions of the MACRO Collaboration to the 1997 Summer Conferences

INFN - Laboratori Nazionali del Gran Sasso

Published by SIS-Pubblicazioni
dei Laboratori Nazionali di Frascati



The MACRO Collaboration

M. Ambrosio'?, R. Antolini”, G. Auriemmal®®, R. Baker't, A. Baldini'3
G. C. Ba.rbau?mo12 B. C Barish*, G. Battmtom“ R. Bellotti!,
C. Bemporad!®, P. Bernardlmlo H. Bilokon®, V., B18116 C. Blmse
C. Bower®, S. Bussino'®, F. Cafagna M. Ca,hcc,hio1 D. Car:rlpa,n:—,m12
M. Carboni®, M. Castellano , 5. Cecchini®®, F. Celmd P. Celio!,
V. Chiarella®, A Coronal®, S. Coutu11 G. De Cataldo!, H. Dekh;sm
C. De Ma,rz:ol, I. De Mxtrl , M. De Vmcenm“ /A, Di Credico”,
0. Erriquez!, C. Favuzzi®, C. Forti®, P. Fusco! G Giacomelli?,

G. Giannini*®# N. Glghetto M. Goret‘m4 MM, Gra83113 L. Glay \
A. Grillo”, F. Guarmo , P. Guarnaccia®, C. Gustavmo A Habig®,
K. Ha,nsonll A. Hawthorne , R. Heinz®, E. Jarocci®, E. Katsa.vounldls
5. Kearns®, S. Kyrlazopoulou E. La,meml'la14 C. Lane®, D. S. Levin!',
P. Llpau14 N. P. Longiey'“” M. J. Longo11 F. Maaroufi®®,

G. Mancarella'®, G. Mandrioli?, S. Manzoor®”, A. Margiotta Nerl
A. Marini®, D. I\/Iau"tello10 A. Mar.aan Cl]lesa16 M. N. Mazziotta!,
C. Mazzottam D. G. Mlcha,el4 S. Mikheyev™, L. M;Hel , P. Monaaeih
T. Montaruh , M. \/Ionteno16 S. Mufson®, J. Musser®, D Nicolgi3<,
R. Nolty*, C. Okada®, C. Orth?, G. OcsteuaJ12 0. F‘.aula,rna,ra}(J S. Parlatl
V. Patera,“ L. Patuzu , R. Pazzi'?, C. W Peck?, §. Petrelag 10,

P. Pistilli'*/, V. Popa?/, V Pughese14 A. Rainé!, J Reynoldson
F. Ronga®, U Rubizzo®?, A. Sanzgiri*®, C. Satrla,nol"“ L. SaLtaﬁh
E. Scapparone’, K. Scholberg34 A. Sciubba®", P. Serra—Lugarem
M. Severi'!, M. Sioli?, M. Sittal®, P. Spinelli!, M. Spinetti®, M. Spurio?,
R. Steinberg®, J. L. Stone , L. R. Sula,k , AL Surdo10 G. Tarlé!, V. Togo?,
C. W Walter? and R. Webb’5

1. Dipartimento di Fisica dell’'Universita di Bari and INFN, 70126 Bari, Italy
2. Dipartimento di Fisica dell’Universiti di Bologna and INFN, 40126 Bologna Italy
3. Physics Department, Boston University, Boston, MA 02215, USA
4. California Institute of Technology, Pasadena, CA 91125, USA
5. Department of Physics, Drexel University, Philadelphia, PA 19104, UiSA
6. Laboratori Nazionali di Frascati del’INFN, 00044 Frascati (Roma), Italy



7. Laboratort Nazionali del Gran Sasso del’INFN, 67010 Assergi {L'Aquila), Italy
8. Depts. of Physics and of Astronomy, Indiana University, Bloomington, IN 47405, USA
9. Dipartimento di Fisica dell’Universita dell’Aquila and INFN, 67100 L’Aquila, Italy
10. Dipartimento di Fisica dell’Universita di Lecce and INFN, 73100 Lecce, Italy
I1. Department of Physics, Untversity of Michigan, Ann Arbor, MI 48109, USA
12. Dipartimento di Fisica dell’Universita di Napoli and INFN, 80125 Napoli, ltaly
I3. Dipartimento di Fisica dell’Universita di Pisa and INFN, 56010 Pisa, [taly
14. Dipartimento di Fisica dell’Universitd di Roma “La Sapienza” and INFN, 00185
Roma, Italy
15. Physics Department, Texas A&M University, College Station, TX 77843, USA
16. Dipartimento di Fisica Sperimentale deil’Universita di Torino and INFN, 10125
Torino, Italy
a Also Universita della Basilicata, 85100 Potenza, Italy
b Also INFN Milano, 20133 Milano, Italy
¢ Also Istituto TESRE/CNR, 40129 Bologna, Italy
d Also Scuola Normale Supertore di Pisa, 56010 Pisa, Italy
e Also Faculty of Sciences, University Mohamed I, B.P. 424 Qujda, Morocco
f Also Dipartimento di Fisica, Universitd di Roma Tre, Roma, Italy
g Also Universita di Trieste and INFN, 34100 Trieste, Italy
h Also Dipartimento di Energetica, Universita di Roma, 00185 Roma, Italy
i Also Institute for Nuclear Research, Russian Academy of Science, 117312 Moscow,
Russia
! Also Institute for Space Sciences, 76900 Bucharest, Romania
m Swarthmore College, Swarthmore, PA 19081, USA
n RPD, PINSTECH, P.O. Nilore, Islamabad, Pakistan

Acknowledgements.

We gratefully acknowledge the support of the director and of the staff of -
the Laboratori Nazionali del Gran Sasso and the invaluable assistance of the
technical staff of the Institutions participating in the experiment. We thank
the Istituto Nazionale di Fisica Nucleare (INIIN), the U.S. Department of
Energy and the U.S5. National Science Foundation for their generous support
of the MACRO experiment. We thank INFN, ICTP (Trieste) and NATO for
providing fellowships and grants (FAI) for non [talian citizens.



Fr-r0-/5/

THE MEASUREMENT OF THE ATMOSPHERIC MUON
NEUTRINO FLUX USING MACRO

INFN/AE-97/21
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ABSTRACT

The flux of muon neutrinos in the 1 — 1000 GV 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 x9 m?®. The bottom is filled with crushed rock absorber while the topis 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 i3
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 1s 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. J: 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 ¢ is given by the following formula :

%; _ c X (1}; IB) o (1)
where 77 and 75 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 5 value can be calculated by means of a linear fit.

1675

Looking at the 1/ value it is possi-
ble to get a rejection factor higher than the
10 necessary to separate a neutrino signal
from muons directly produced by cosmic
rays. Infact 1/8 ~ +1 for particles go-

I(Jdl;_-

0%

ing down through the detector and 1/5 =~ m";»
—1 for upgoing particles. Some cuts have :
been used to remove background connected 10%

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. ; -Tﬂ " 0 ﬂ M"W |hi
Furthermore the geometrical agreement be- i e A B p
tween streamer track and scintillator hits is 1/B

required. An angular cut for nearly hori-
zontal tracks has been necessary because
the shape of the mountain permits cosmic
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 < 1/8 < —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
(Frati et al., 1993; Agrawal et al., 1996), the muon energy loss calculated by Lohmann et al. (1985) for
standard rock and the » 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 %.

Fig. 2: 1/ distribution for throughgoing muons after the
analysis cuts.
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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 - interaction and ¢ 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 y rate.

The apparatus and the data acqui-
sttion 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 + 17500: + 22,55, 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;he0r. The ratio between observation and
expectation 1s 0.75 £ 0.05544; + 0.06,, £

=
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Fig. 4: Zenith distributionof the measured upgoing muon

fux compared with the simulated one (E, > 1 GeV).

Data : April 1994 - November 1996.

0.13:heor- 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 (‘eV. Excluding the horizontal bin
(=0.1 < co0s 8.cnisn) because of a possible contamination‘due to large angle scattering of downgoing
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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 18 0.74 &= 0.04,;4; &= 0.06,,5 == 0.12..,. 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.

o™
T

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 O,enitn, <
—0.8) just where the study of downgo-
ing tracks reduces the uncertanties about 2
the detector acceptance and efficiency. All 2
checks performed on the downward-going [ E
muon data set confirm the accuracy of the 1t
claimed systematic errors. Different anal- i ]
ysis approachs have been tested with the O T B e R ¥ Harr ety e
same results. On the other hand the dis- cos 8
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 Dara @ March 1989 - November 1996,
such a peculiar shape are necessary.
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