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ABSTRACT

Several authors have presented models for neutrino production from Active Galactic Nuclei
(AGN) that allow for the possibility of AGN neutrinos outnumbering the atmospheric neutrino
flux for energies in excess of 30 TeV. We present preliminary results from a search for high
energy neutrinos from AGN using the underground Soudan 2 Detector.

NEUTRINOS FROM ACTIVE GALACTIC NUCLEI

Active Galactic Nuclei have been established as intense acceleration sites of extremely high-
energy photons[1] and therefore should be production sites of high-energy neutrinos [2] in excess
of 10 TeV. Albeit that the identification of individual point source detections of neutrinos from
AGN are unlikely because of the limited effective detection area of present day experiments, a
diffuse flux of extra-galactic neutrinos within an assumed isotropic distribution of active galaxies
may be a tractable measurement. Several authors have offered predictions: in particular, Szabo
& Protheroe [3] and Stecker, Done, Solomon & Sommers [4] thus providing experimentalists
with an impetus to search for AGN v’s. With these ultra-high-energy (TeV-PeV) neutrino
flux predictions along with contemporary neutrino-muon cross sections [5] and a muon energy-
range relationship [6] an underground muon flux from AGN neutrino interactions has been
calculated [5, 6]. For muon energies in excess of several TeV, the predicticted flux of muons
produced from AGN neutrinos dominates the background of atmospheric v-induced muons.

THE SOUDAN 2 DETECTOR

The Soudan 2 experiment [7] is located near Soudan, Minnesota at a depth of 2100 meters of
water equivalent (m.w.e.) medium and has been in operation since 1988. The Soudan 2 detector
is an iron tracking calorimeter comprised of an array of individual modules each consisting of
steel sheets interleaved with proportional drifting tubes.The apparatus consists of the central
detector measuring 5x8x14 m® and an enclosing
proportional tube detector(8] which is used to
improve the discrimination of v-induced muons
and for background rejection for contained-event
analyses. A mixture of gaseous argon and CO; is
used as the active component in both detectors.
The sampling rate of the central detector is
200 ns and ionization pulse-shape information is
recorded. The detectors angular resolution is
~1° and the event rate of muons is roughly 0.2 Hz
The detector geometry imposes no additional
limitations on the measurement of horizontal
muons with the exception of the tiny fraction of Fig. 1: The Soudan 2 Detector

solid angle associated with trigger irregularities.

Submitted to 25th International Cosmic Ray Conference,
Durban, South Africa, July 28-August 8, 1997.

The submittsd manuscript has been authored

by a contractor of the U.S. Government

under contract No. W-31-109-ENG-38.

Accordingly, the U. S. Government retains a
" e

yaity to p
or reproduce the published form of this
contribution, or silow others to do so, for
U. S. Government purposss.



http:ao.nm.nt

N ad
~

HORIZONTAL MUONS AT SOUDAN
In order to resolve a neutrino-induced signal we limit our detection aperture to the horizontal
direction where the atmospheric muon contribution is significantly diminished. It is the detec- .
tor’s inability to resolve up from down-ward going muons that leads to this exclusive horizontal .
measurement. Underground muon vertical intensities have been compiled by Crouch[9, 10]. .
From Figure 2, two distinct muon spectra are '
evident; 1) atmospheric muons which with

1
increasing slant depth fall off quickly as the . 2 St
expected power law and 2) for large slant " v |]
depths, a relatively flat population of muons o jpeh

considered to be induced from atmospheric
neutrino interactions in the rock near the
detector. It is apparent the atmospheric 'l
neutrino induced muon component of the Wl
underground muon spectra dominates the
atmospheric muon component for slant depths
in excess of 14 km.w.e. of standard rock. 0t

HMU Data Stream
At run-time, data is stored on disk and

subsequently processed using an efficient track- Fig. 2: Vertical Intensity vs Slant Depth,
finding algorithm which utilizes the detector goyudan zenith angles are superimposed to

space point and pulse shape information to ;,dicate their relationship to slant depth.
produce a Horizontal Muon (HMU) data

stream composed of events having as zenith

(relative to the vertical) an angle in excess of 60°. After initial processing is
complete the data is stored on 8mm Exabyte format for retrieval on-demand. Filter
software which incorporates standard reliability cuts has been developed to extract
candidate v-induced muon events which are then verified by visual scanning techniques.

First Results
As proto-type, we made a first pass at
Asimuth vs Zenith the data in order to develop our search
techniques. We considered data from selected
HMU data tapes which spanned the dates
15-Apr-1992 to 26-Nov-1996 corresponding to
a detector exposure of 0.28098E+08 seconds.
The detectors response to v-induced muons
has been calculated with a slant depth
algorithm that uses U.S.G.S. digitized surface
elevation data. Muon events which have a
slant depth in excess of 14 km.w.e. are
considered to be from the population of
muons induced from atmospheric neutrinos.
Acceptance to this population of muons varies
) , slightly with zenith owing to topographical
Fig. 3: v-induced muon accep ta@ce effects on the surface but beyond 82.7°, all
muon events detected are classified as v-
_ induced. We display this variation in Figure 3. The solid angle for horizontal v-induced
muons is 1.77 sr. The effective detection area for horizontal muon events was calculated using
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the Soudan 2 monte-carlo code. A large number of muons, uniformly distributed in zenith in
the interval (60°,90°) were generated. For each muon track, the effective area was determined
- by calculating the 2-D projected areas orthogonal to the track direction. The detection area
for muons with zenith in excess of 82°is 84.86 m?. Trigger and filter efficiencies have been
estimated by monte-carlo to be 81% for the proto-experiment. Our initial search has produced
14 events which pass the v-induced muon criteria which includes an 175 cm track-length cut
corresponding to a muon energy threshold of 600 MeV. Expressing the v-induced HMU flux as

dN,

®u = FTTAdde (1)

where dt is the experimental exposure, dA is the detection area, df2 is the solid angle subtended
and de as the detection efficiency we calculate ®, = (4.12 £ 1.1 £0.58) x 1073 cm™2? sr™! 571,

Measurement of the Neutrino Induced Muon Flux

Several underground experiments have reported upward-going muon fluxes which intrinsically
include detection thresholds. These thresholds are related to the minimum energy-deposition
observed in the detector. Because detection medium varies, comparisons between experiment
can often be misleading. In order to avoid this confusion, it is the custom to scale the detector
energy threshold to that of Kamiokande, or 3 GeV. In addition, up-going muon fluxes are
averaged over the full range of zenith angles corresponding to the upwards direction. To
make a comparison to horizontal fluxes special care must be taken to realize the horizontal
component. We have considered up-going muon fluxes from Baksan[14] and Kamiokande[15]
by averaging only the horizontal points from the up-going data to give 3.72 & 3.30x107*% cm™2
sr~! s7! respectively. Several other experiments have reported exclusive horizontal muon fluxes.
In particular, Frejus(11], LVD[12], and Crouch[13] report horizontal intensities as 3.6740.66,
8.34+2.6 & 4.59+0.42 x107!2 cm~2 sr~! s~! respectively.

AGN NEUTRINO INDUCED MUON FLUX AT SOUDAN

As UHE energy neutrinos (E>10 TeV) traverse the earth, they can undergo charged-current
interactions and produce muons. These muons are likely to undergo a catastrophic loss of
energy by radiative processes which dominate for energies in excess of 1 TeV. Muon-lepton pair
production and bremsstrahlung processes are evidenced as multiple electro-magnetic bursts
along the trajectory of the muon. By determining the shower energy we expect to estimate of
the muon energy and thus discriminate an extra-galactic origin by inferring a neutrino energy.

Table 1: Preliminary AGN-Muon Flux

5) 20 100 TeV
45 | 82 | 98 % Efficiency
1.51 [ 0.83 | 0.69 | x107 cm™2 sr7! 57!

We have employed a Geant simulation of the Soudan 2 detector {16, 17] to determine the
detection efficiency for measuring in excess of 10 GeV loss of energy on 5, 10, and 100 TeV
muons. After interrogating our horizontal muon database for events that exhibit a catastrophic
loss of energy within the fiducial volume of the Soudan 2 detector we observe zero events with
energy loss in excess of 10 GeV and set a preliminary 90% confidence limit on AGN v induced
muons at Soudan 2 as 1.51, 0.83, and 0.69x 1073 cm™2 sr~! s™! respectively.
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Remarks and Summary
We have made a preliminary study resulting in an estimation of atmospheric and AGN muon

fluxes using horizontal muons at Soudan from an exposure of 4.22 x 10° m~2 sr~! s~1. We are .

in the process of analyzing a larger data set totaling 1.96 x 10® m~2 sr~! s~! We hope to have

conclusive results regarding the neutrino fluxes measured at Soudan in the near future.
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