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Abstract

We present a preliminary null result from a,search for diffuse high
energy neutrino emission by Active Galactic Nuclei. The method relies
on the measurement of catastrophic energy loss by high energy muons in
the Soudan 2 calorimeter. A Monte Carlo calculation of the energy loss
of high energy muons is described.
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This report was prepared as an account of work sponsored by an agency of the
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fulness of any information, apparatus, product, or process disclosed, or represents
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turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



1 Introduction

A specific model for particle production in Active Galactic Nuclei (AGN) leads
to the possibility that v's from AGN's may outnumber the atmospheric neutrino
flux above an energy of 30 TeV.1 The sources of these neutrinos are believed to
be isotropically distributed, at least for a range of redshift. This diffuse flux may
be detected even if single AGN sources cannot be identified. The flux predicted
in this reference is called the SDSS flux below.1

Ail underground detector such as Soudan 2 can measure the muon flux as a
function of angle. Muons from high energy neutrinos have a large and energy
dependent range. A flat energy spectrum, such as the one predicted from AGN
neutrinos, leado to a large, isotropic, and potentially measurable flux of high
energy muons from neutrino interactions in the rock surrounding our detector.
By restricting our analysis to nearly horizontal muons, the background from
normal cosmic ray muons is minimized.

Our method for identifying very high energy muons relies on the catastrophic
energy loss of very high energy muons in pair production, bremsstrahlung, and
nuclear interactions. While ionization energy loss rises slowly for muons from 10
GeV to 1000 TeV, occasionally a large single episode of energy loss takes place.
The Soudan 2 calorimeter is particularly well suited to measure the presence
and energy of such catastrophic energy loss.

2 The Soudan 2 detector

The Soudan 2 calorimeter2 consists of 1 x 1 x 2.5m3 modules weighing 4.3 tons
each, stacked 2 high and 8 abreast (see Figure 1). The detector has grown from
275 t in January 1989 to the present mass of 720 t. The planned final mass is
950 t, and the corresponding area of the upper horizontal surface is 140 m2. The
drift gas is mixture of 85% Ar and 15% GO7. Each module contains 241 layers
of 1.6 mm thick corrugated steel sheets interleaved with pofystyrene insulation
and a continuous Mylar "bandolier" encasing 7560 1-m-long resistive Hytrel
drift tubes of 15-mm diameter. Each drift tube is placed within a hexagonal
cell formed by two adjacent steel sheets. The bandolier also carries 23 copper
HV strips graduated to produce a uniform 180 V/cm drift field directed from the
center toward readout planes placed at both ends. Each readout plane consists
of vertical anode wires backed up by 240 horizontal cathode pad strips. The
anode wire and the cathode strip determine two coordinates of a hit, and the
third coordinate is reconstructed using the pulse shape and timing information.
Pulse height is recorded for each active anode and cathode channel. The detector
is triggered by a preset number of hits that occur within any adjacent 1G anodes
or cathodes and are separated in time by at least 600 ns.



The response of Soudan 2 to hadrons, electrons and unions at momenta below
1 GeV/c has been measured at the ISIS accelerator at Rutherford Appleton
Laboratory. In this analysis we are concerned with shower energies around 40
GeV. While the response may not be strictly linear up to this energy, such
effects will not seriously affect the limits which are presented.

For further information on the performance, response and calibration of the
detector, see Garcia-Garcia.3 Here we show a detector display of a typical cosmic
ray muou in figure 2. The three, views of the detector are shown, including the
reconstructed or tube view. The inset in the upper right shows the pulse height
and shapes of a small number of the 250 tubes that are crossed by this muon.
In figure 3, the beginning of a muon bretnsstrahlung shower is shown in one
view. Both the larger pulse heights and the dispersal of the shower from the
track are evident.

3 Energy Response

In order to predict the energy loss of high energy muons in Soudan 2, a detailed
Monte Carlo simulation has been developed. The Monte Carlo program was first
developed to study the energy loss and multiple scattering of cosmic raj' muons
in the overburden of Soudan 2. It uses the GEANT package for the geometry
of the detector. Electromagnetic interactions are simulated by routines within
GEANT. Hadronic interactions are done by appropriate sections of GHEISHA.
Four elements contribute to the muon energy loss:

• Continuous ionization including 8 rays down to 100 keV

• Bremsstrahlung

• Pair production

• Nuclear Interactions

Expected muon energy losses in this energy range have been reviewed and tab-
ulated by Lohmann et al.4 Subsequently, muon energy loss has been measured
up to 1 TeV by CCFR.5 The results of our Monte Carlo simulation have been
compared "with these results and the agreement is excellent.

Catastrophic ionization, such as bremsstrahlung, is a stochastic process.
Sometimes a very high energy muon may leave a large amount of energy in
traversing Soudan 2, and sometimes it may only leave ionization. The distribu-
tion of non-ionization energy loss in 5 motors of Soudan 2 is plotted in figure 4
for 20 TeV muons. The distribution extends from zero to over a TeV. Typically
10's of GeV of non-iouizalion energy loss may bo expected.



The results of the simulation for three different muon energies are summa-
rized in figure 5. The three curves represent calculations for 5 TeV, 20 TeV and
100 TeV muons incident upon the Soudan calorimeter. The horizontal axis is
the total catastrophic energy loss in Soudan 2, and the vertical axis is the frac-
tion of muons generated which lose that amount of energy or injrein traversing
the calorimeter. For example, 95% of 100 TeV muons and 5% of 5 TeV muons
will leave 40 GeV or more of catastrophic energy loss in traversing Soudan 2.
In contrast, only 2-4 GeV is lost due to ionization.

To exhibit the ability of Soudan 2 to measure such events, figure 6 displays
an example of a cosmic ray muon with energy loss calculated to be 45 GeV in the
calorimeter. The muon is seen to be one of a pair of vertical tracks (zenith angle
~ 10°) passing through the detector, presumably from a cosmic ray interaction
high in the atmosphere. The energy loss can be measured and appears as an
electromagnetic shower along the track.

4 Data Analysis

Our preliminary search for AGN neutrinos focused on a database of recon-
structed tracks which included 2.4 million events recorded between January
1989 to October 1990. The pattern recognition programs for this data set have
been described previously.6 This analysis was well suited to events with catas-
trophic ionization, but does not have a well measured efficiency for tracks which
are nearly horizontal. Thus this result is a preliminary one.

There were 2,371,517 single track events in the database. 948 were found to
have a zenith angle of 70° or more and four times the average ionization along
the axis of the track. No track length cut was imposed at this stage. 51 of
these events passed a track fitting algorithm and were found to have a track
with a zenith angle greater than 60°. No effort was made in either track fitting
algorithm to distinguish upward going from downward going single tracks. Thus
we confine our attention to the 50% of solid angle in the horizontal direction.

The 51 events were visually scanned by a physicist. 16 were found to contain
real horizontal muons; the balance were various forms of noise, or horizontal
tracks associated with vertical muons. The 16 events included 3 dimuons, 1
stopping muon, and 2 tracks less than 1.5 meters long. There were 5 more
muons with no evidence for catastrophic ionization along the track, and 5 muons
with catastrophic ionization. The characteristics of these latter five events are
listed in Table I. No events were found with a zenith angle greater than 60" and
40 GeV of energy loss. We calculate 90% confidence level limits for muons from
AGN neutrinos based oti the observation of zero such events.



Table I
Horizontal muons with non-ionization energy loss

Event number
11024.11
11014.1206
15592.1454
16657.1162
19552.778

Zenith Angle
71.7°
74.9
72.1
71.8
71.8

Energy loss
13 GeV
2
2
3
13

length
7.4 m
10.4
3.6
3.5
3.8

5 Result and discussion

During the run, the detector acceptance grew from 716 to 1329 m2sr. The
livetime was 4.99 x 107s, giving an exposure of 1.36 X 1014cm2 • sr • s. The
solid angle acceptance fraction was 0.5, and the program efficiencies are esti-
mated at 0.3. The efficiency for seeing 40 GeV in catastrophic energy loss for
5;20;100 TeV muons is 0.10;0.39;0.84. This leads to the preliminary limits for
the flux of 5, 20 and 100 TeV muons from diffuse sources to be 100, 30 and
10 xlO""14cm~2s~1sr~1 respectively. These limits are shown along with an esti-
mate of the muon flux from SDSS neutrino spectrum in figure 8. We note that
it would be possible to further constrain the SDSS flux by predicting the num-
ber of events with > 40 GeV energy loss from the predicted energy spectrum,
leaving the absolute normalization a free parameter. Observation of no events
could then be expressed as a limit on a fraction of the SDSS spectrum. Such an
analysis could also be done for the other spectra presented at this workshop.8

Further analysis of our data is underway. In particular, we are in the process
of repeating the event search with a pattern recognition program that has higher
efficiency for large zenith angle events. We will also measure that efficiency with
a simulation of the expected signal.

Further, a study of the background will be performed. The backgrounds
are horizontal muons from atmospheric neutrinos, and muons in the tail of
the cosmic ray angular distribution. Muons from atmospheric neutrinos will
typically be much lower energy than muons from AGN neutrinos. Thus they
will be unlikely to give 40 GeV of non-ionization energy loss in Soudan 2. On
the other hand, the largest angle cosmic ray muons will typically be the highest
energy muons at the detector. We may see events with large energy deposits
from 60° to 70" in zenith angle, although cosmic ray muons cit higher angles
are unlikely. Perhaps it will be possible to increase the sensitivity of this search
by making the non-ionization energy cut a function of angle. A plot of the
noii-ionizatioii energy loss distribution of the cosmic ray miions as a function
of angle, along with the expected distribution, will increase the confidence in



any answer obtained after further analysis, particularly if a positive signal is
obtained.

We have about four times the data in hand than used in this analysis. This
will double again before then end of 1994. A high efficiency analysis should
have about three times the efficiency which has been estimated in this analysis.
Thus we should be able to rule out or see a flux of niuons from AGN neutrinos
at l/30th of the SDSS flux by the end of 1994. A flux of this magnitude has
been suggested by many authors at this workshop.8
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energy loss For 20 TeV muons
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Nomomzation energy loss
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