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AN ENERGY SIGNATURE FOR VERY DEEP UNDERGROUND
MUONS OBSERVED BY THE LVD EXPERIMENT
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ABSTRACT
An epergy analysis of all muon data for the period from June 1992 to June 1996 of operation of LVD
at the Gran Sasso Laboratory has been performed. The deepest component, i.e. the muons belonging
to the constant tail of the depth-intensity relation, are significantly softer than that at smaller depths
(i.e. atmospheric muons). This agrees well with the results of simulations of muons coming from
atmospheric neutrinos interacting in the rock near the apparatus.

INTRODUCTION

As various experiments have found (Crouch et al.,1978; Aglietta et al., 1995; Rhode et al., 1996),
the depth-intensity muon curve shows at very large depths z (z > 13 km w.e.) a plateau, i.e. a region
where the strong decrease due to atmospheric muons stops and the muon flux is no longer dependent on
depth. To account for these muons a muon source near the detector is needed. Atmospheric neutrinos
interacting in the rock near the apparatus should induce these muons, as the agreement between the
expected v-induced muon flux and the measured muon flux confirms.

Another possible hint on the origin of these muons can be given by their energy. In fact expected
energy spectra of atmospheric v-induced muons are strongly softer than atmospheric muons (median
energies of some 10 GeV for the former and of some hundreds of GeV for the latter). On the other
hand neutrino spectra from AGN (Stecker et al., 1991; Gaisser et al., 1995) are expected to be strongly
harder than atmospheric ones (roughly 7'eV energies). Recently an energy analysis on detected very
deep underground muons (Rhode et al., 1996) has shown no evidence of T'eV muons, excluding then
T'eV neutrinos as parent particles. In this work a first direct indication of the energy of this very deep
underground muons is presented.

ENERGY ANALYSIS

The LVD detector (Bari et al., 1989) is located in the underground Gran Sasso laboratories with some
3000 m w.e. of rock overburden. The depth of the intercepted rock depends on the direction, and the
topology of the mountain combined with detector acceptance allows very large depths (z > 20 km w.e.)
at nearly horizontal directions. The main characteristics of the detector can be found in (Agliettaet al.,
1992,1994). Present analysis refers to data of one tower only. A tower is constituted of 304 1.2 ¢ liquid
scintillation counters of dimensions 1 x 1 x 1.5 m? to cover a total volume of 13 x 6 x 12 m3 grouped
into 38 modules. The tracking system, also modular, is made of L-shaped chambers attached to the
bottom (horizontal element) and to one vertical side (vertical element) of each module. The vertical
elements of tracking system are of best importance to tag horizontal muons. Each element contains
two staggered layers of limited streamer tubes, on both sides of which there are pickup strips to pro-
vide bidimensional information on the impact point of the particle. The angular resolution in the track
reconstruction is within 4 mrad. The corresponding error on the depth of the intercepted rock is quite
small, increasing with depth. At largest depths is lower than 200 m w.e.. '

The analysis here reported corresponds to 4 years of operation of the detector for a total live
time of 3.0 x 10 hours and a total number of 2.4 x 10° reconstructed muon tracks. Vertical single
muon intensity derived from LVD data with evidence of a plateau at large depths was already pre-
sented (Aglietta et al., 1995). The all muon flux with large statistics and with comparisons with other
experiments is presented elsewhere (Aglietta et al., 1997).




The energy of the muons is tagged through the energy losses per unit path length in the counters.
That is the quantities AE /AL are considered where AF is the energy deposition in the counter and
AL is the intercepted track length. The estimated error on A E as deduced from calibration procedure
is within 3% at AE = 185 MeV. The error on AL depends both on angular resolution and and on
small inaccuracies in the knowledge of the counter position. After a best fit to counter positions is
made using the data, the error on AL for nearly horizontal events is found to be less than 5% provided
that counters with AL > 50 cm and tracks with |¢| > 4.5° or | — 180°| > 4.5 are selected, where the
azimuthal angle  1s taken from the direction perpendicular to the vertical planes of tracking.

Muons from the two depth intervals 9 < z < 13 km w.e. (interval S, with smaller depths) and
x > 13 km w.e. (interval L, with larger depths) have been compared. Separately for the two intervals,
< AE/AL > values have been evaluated. Muons in interval L give rise to a total of some 50 crossed
active counters after the cut cited above.

To quote the errors on the results,
the size of fluctuationson < AE/AL >

values connected with so low statistics ¢ [

has been investigated. Muons in the in- g 6L _

terval S have been subdivided into thin 9 |

sub-intervals in depth to obtain in each ‘g 5:_

of them roughly the same number of § |

active counters crossed as in the inter- g

val at larger depths. In interval S we 2 4|

are dominated by atmospheric muons. I ‘ |

Deep underground they have an energy 3+ —

spectrum practically not dependent on
depth. This procedure then correspond-
s to extract small samples of muons of
size fixed from always the same energy i

distribution. We have obtained 27 such r T
samples in this interval, and in fig.1 the r
distribution of their < AE/AL > val- q : : :
ues is reported. In the figure also the L
value is added. Note that the deviation
of < AE/AL > value for the interval
L is only marginally compatible with a

fluctuation from the mean value of inter-
val §.
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Fig. 1: < AE/AL > distribution for the muon samples at
smaller depths (interval S) with a gaussian fit (solid curve).
The muon sample at largest depths is added (filled).

The obtained resultis < AE/AL > =2.134+0.03 MeV/cm forinterval S, whereas < AE/AL >
=1.8840.13 MeV/em forinterval L. The errors are purely statistical and are quoted from the r.m.s.
~of the sample distribution (nearly gaussian) in interval S (see fig.1).
It comes out that the deviation observed for interval L is globally at roughly 20 statistical signif-
icance level. This deviation is in the sense that muons in the plateau region have energies lower than
muons at smaller depths.

SIMULATIONS

Simulations have been done to investigate systematic errors tied to the different arrival directions in
the two depth intervals S and L. No appreciable difference has been found in the < AE/AL > dis-
tributions for muon samples of the same size as in the data. At some hundred GeV energies direct



pair production and bremsstrahlung losses are present in addition to §-rays (active also at much lower
energies) increasing < AE /AL > values. Simulations have been made to investigate the sensitivi-
ty of < AE/AL > values to muon energy. The distributions of < AE/AL > values for samples of
monochromatic muons at 10 GeV and 300 GeV energy of the same size of the data are quite well
separated.

In simulations the whole expected energy spectra of atmospheric muons and of atmospheric v-
induced muons have been finally used. Fig.2 reports results for muons from atmospheric neutrinos
(dashed) and for atmospheric muons (continuous) on < AE /AL > values. Muons are coming in the
same solid angle of plateau events (interval L). Also in this case muon samples have each one the same
statistics of the data sub-intervals. The calculation of the r-induced spectrum is made (Bonoli, 1996)
using the “Bartol” flux (Agrawal et al., 1996) with the Owens (Owens, 1991) parton distributions for
the cross-sections of neutrino interactions in the rock (Lipari, 1995). Atmospheric muon spectrum
underground is obtained assuming a power law spectrum at the surface and using the survival prob-
abilities extracted from (Kudryavtsev, 1987; Antonioli et al., 1997). The distributions for v-induced
muons and for atmospheric muons appear quite distinguishable at low values of < AE/AL >. In
the region <AFE/AL> < 1.95 MeV/cm, for example, we have some 5:1 chance to have a v-induced
muon sample instead of an atmospheric muon sample with a ~ 60% retention efficiency of atmospher-
ic v~induced muon samples.

CONCLUSIONS
In summary:

o]

o the energy analysis of the largest simulations

depth events of the depth-intensity
curve shows evidence for a de-
viation of energy losses per unit
path length for these muons from
the mean value of muons coming
from smaller depths, at a 20 sta-
tistical significance level; 41

7 — ——  very deep atmospheric muons

--------- muons from atmospheric neutrinos

number of samples

e the deviation is towards lower en-
ergies and the found values of
energy deposition per unit path
length fit well with expectations
from simulations for atmospheric
v-induced muons.

...Ilnn...-‘.l.xnlé...él.l.xl...
ACKNOWLEDGEMENTS 08 17778 19 2 2.1 22 2.3 2.4 25
We wish to thank the staff of the Gran <AE / ALS (M eV / c m)
Sasso Laboratory for their aid and col-

laborati_on. This work is supported Py Fig. 2: Distribution of < AE/AL > from simulations for
the Italian Institute for Nuclear Physic-  ,un05pheric muons (continuous) and for v-induced muons

s (INFN) and in part by the Italian (j,5ned). Each entry corresponds to a muon sample with the
Ministry of University and Scientific- ;0 size as in the data.

Technological Research (MURST), the

Russian Ministry of Science and Technical Policy, the Russian Found of Fundamental Researches
(grant 96-02-19007), the US Department of Energy, the US National Science Foundation, the State
of Texas under its TATRP program, and Brown University.




REFERENCES

Aglietta M. et al. (LVD Collaboration), Il Nuovo Cimento, A, 12, 1793 (1992).

Aglietta M. et al. (LVD Collaboration), Astropart. Phys., 2, 103 (1994).
Aglietta M. et al. (LVD Collaboration), Astropart. Phys., 3, 311 (1995).
Aglietta M. et al. (LVD Collaboration), to be submitted.

Aglietta M. et al. (LVD Collaboration), this Conference, HE 3.1.7.
Agrawal V. et al., Phys. Rev., D, 53, 1314 (1996).

Antonioli P. et al., submitted to Astropart. Phys..

Bari G. et al. (L'VD Collaboration), Nucl. Instr. and Meth., A, 277, 11 (1989).

Bonoli G., Thesis, University of Bologna (1996).

Crouch M.F. et al., Phys. Rev., D, 18, 2239 (1978).

Gaisser T.K. et al., Phys. Rep., 258, 173 (1995).

Kudryavtsev V.A., IN R Preprint, 0529 (in russian) (1987).

Lipari P. et al., Phys. Rev. Lett., 74,4384 (1995).

Owens I.LE, Phys. Lett., B, 266, 126 (1991).

Rhode W. et al. (Frejus Collaboration), Astropart. Phys., 4,217 (1996).
Stecker EW. et al., Phys. Rev. Lett., 66, 2697 (1991).



