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Abstract

This paper presents Event Display analysis results of the follow up VERITAS (Very Energetic
Radiation Imaging Telescope Array System) observations of 28 contained and uncontained muon
neutrino events detected by IceCube in the energy range of 100TeV to 3PeV. VERITAS has
observed the sky in the direction of these muon tracks looking for gamma-ray sources that may
correspond to these neutrino events. No gamma-ray excess was detected at the locations of the
neutrino events so flux upper limits were calculated.

I Introduction

I.I Neutrino and Gamma-ray Astronomy

In the Standard Model of Particle Physics (SM), neutrinos are defined as elementary particles with
spin 1

2 that carry no charge, and come in three flavors: electron, muon and tau neutrinos. Even
though the SM predicted them to be massless, it was later shown, by the experiments conducted
at Super-Kamiokande and Sudbury Neutrino Observatory [14], that neutrinos do have mass, and
can oscillate from one flavor to another. Neutrino oscillations are an extensive topic on its own and
will not be discussed further in this paper.

Neutrino Flavor ⌫e ⌫µ ⌫⌧
Charged Partner e µ ⌧

Table 1: Neutrinos with their charged partners

Neutrinos only interact via the weak nuclear force and gravity, and are not a↵ected by the electro-
magnetic and strong nuclear force. They can be involved in two types of weak interaction: charged
and neutral current interactions, via charged W bosons and neutral Z boson, respectively as shown
in Figure 1.
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Figure 1: The Feynman diagrams of the neutral and charged neutrino interactions [7] The neutral interaction (also called
elastic) via the Z0 boson; the neutrino just bounces o↵ but a lot of energy is released. The charged interaction via the W-
boson (reverse interaction with W+ also possible); electric charge is conserved.

The cross section of a neutrino is very small [10]:

�weak / GF
2 / (gw/Mw)

4 (1)

where gw is the intrinsic coupling of a neutrino = 0.7, and GF =
p
2
8 (gw/Mw)2 = 1.166⇥10�5GeV2.

Figure 2: Neutrino energy vs Neutrino cross section. The dashed curve is the neutral-current interaction; the solid curves
are the charged-current interaction and the total cross section [18]

Neutrinos can be produced in several ways but mainly they are made by processes of radioac-
tive decay. They can also be produced by cosmic rays, which are mainly protons, hitting Earth’s
atmosphere (atmospheric neutrinos); through nuclear reactions of the Sun (solar neutrinos); by
supernovae (p+ e� ! n+ ⌫e), and active galactic nuclei (AGNs) (astrophysical neutrinos). Astro-
physical neutrinos are very high energy, in the TeV to PeV range [1].
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AGNs can produce neutrinos and gamma rays. They accelerate and emit jets of cosmic rays. Some
of these protons will interact with the ambient gas in the galactic and extragalactic space and
produce gamma rays and neutrinos.

p+ p/� ! X + ⇡0 ! �� (2)

! X + ⇡+ ! µ+ + ⌫µ (3)

µ+ ! e+ + ⌫e + ⌫µ (4)

Unlike cosmic rays, neutrinos and gamma rays are not a↵ected by galactic and extragalactic mag-
netic fields, and their path can be traced back to the source which produced them. This property
allows astrophysicists to observe the sky, study and possibly identify the sources of cosmic rays.
Very high energy gamma rays are absorbed by the extragalactic background light (EBL) and the
lower energy photons in the GeV energy range reach the earth from very far places. However, most
of the neutrinos will reach the earth without interacting. At the time of their production, neutrinos
and gamma rays almost have the same flux [12].

As a gamma ray enters the atmosphere, it interacts with a nucleus and creates an electron and a
positron by the pair-production process.

� + � ! e� + e+ (5)

The electron-positron pair also interact with the nuclei in air, producing more gamma rays and
losing energy by the bremsstrahlung radiation [15].The newly produced gamma rays then create
more electron-positron pairs and this cycle continues. Figure 3 shows the interaction of the primary
gamma ray entering the atmosphere and the pair production process. As the particle shower
continues, some of the created particles will have speeds greater than of the speed of light in air,
and therefore produce Cherenkov radiation.

Figure 3: Diagram 2: Interaction of gamma ray with nuclei in the atmosphere and pair production of electron-positron [17]

IceCube Neutrino Observatory

IceCube is a neutrino telescope located 2.5 kilometers beneath the ice, at the South Pole. As of
2011, it consists of 86 strings each with 60 Digital Optical Modules (DOM) for a total of 5160
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sensors which have been installed inside the polar ice at a depth of 1450 to 2450 meters as shown in
Figure 4 [16]. The holes were drilled by melting the polar ice and submerging the strings in water;
the water gradually refroze around the sensors. Each DOM contains a Photomultiplier Tube (PMT)
which can detect Cherenkov radiation. As a neutrino enters the detector in the polar ice, it can
interact through neutral current or charged current interactions. In charged current interactions,
a charged lepton (electron, muon, or tau) is produced depending on the flavor of the incoming
neutrino. The produced particles travel faster than the speed of light in ice, and therefore emit
Cherenkov radiation.

DeepCore is located in the center where eight strings were deployed closer to each other. DeepCore
is used to study neutrino oscillations, and has an energy threshold of 10 GeV. On the surface, there
are 81 stations, on top of the same number of strings, with two tanks. Each tank contains two
DOMs which are facing downwards. This array is named IceTop and is used to study cosmic rays
in the range of 300TeV to 1EeV. IceTop is also used as a veto and calibration tool for IceCube.

Figure 4: The schematics of IceCube neutrino detector [16]

Electron neutrinos produce a cascade pattern, muon neutrinos produce a track, and tau neutrinos
produce a double bang pattern. IceCube may have detected tau neutrinos but it can’t be said
with certainty as it is di�cult to distinguish between neutral current showers or electron cascades.
Figure 5 shows the patterns observed by the detector. Each dot represents a DOM, and the size of
the dot is the amount of Cherenkov light it observed. The red color indicates the earliest arrival
time, i.e. the beginning of the cascade/track.
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Figure 5: a. Electron neutrino cascade with energy of 47.6 TeV; b. muon neutrino track with energy of 71.4 TeV; c.
simulated tau neutrino double bang. Image credits: a,b: M. G. Aartsen et al. [1], c: IceCube [19]

VERITAS (Very Energetic Radiation Imaging Telescope Array System)

VERITAS is an array of four 12m Imaging Air-Cherenkov Telescopes (IACTs) located at the Fred
Lawrence Whipple Observatory in Arizona (Figure 6). These telescopes detect very high energy
(VHE) gamma rays in the 85 GeV - 50 TeV range [21].

Each telescope has 350 mirrors and a camera at the focal plane, consisting of 499 pixels. Each
pixel is a PMT with angular spacing of 0.15 degrees and each telescope has a field of view of 3.5
degrees. The array has an angular resolution of 0.1 degrees for gamma rays. The PMTs can detect
Cherenkov radiation caused by gamma-ray air showers. When the Cherenkov light reaches the
ground, it has a base with 300m in diameter.

VERITAS does 30 minutes runs during observation nights but sometimes the observing conditions
are not optimal. Under moonlit conditions, the array will operate with reduced high voltage (VHE)
to lower the gain in the PMTs. VERITAS mainly sees proton showers, however, the gamma-ray
showers are smoother in shape (Figures 7,8). The array detects 300 protons per second vs a few
gamma rays per minute. To prepare data for analysis, bad runs are excluded; the images obtained
by the telescopes are then cleaned by eliminating pixels that got little to no light. The light from
the gamma-ray shower produces an elliptical shower image, on each telescope; the images from all
four telescopes are used to calculate the arrival direction of the shower. The core position of the
shower on the ground are also reconstructed.
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Figure 6: VERITAS telescopes at the Fred Lawrence Whipple Observatory, Tucson, Arizona. Image credit: VERITAS [20]

Figure 7: Monte Carlo simulation of a gamma-ray shower, left, and a proton shower, right. [8]

Figure 8: The core position of the Gamma-ray, left, and proton, right, showers as seen on the ground by the telescopes. [9]
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II Data

IceCube has detected 28 muon neutrino events [1]; four of these events are contained events [3] [4],
meaning the muon track originated inside the IceCube detector, labeled ICECUBE ID#. The
other 24 events are uncontained [2] [5], meaning the track originated outside the detector, labeled
IC NU#. VERITAS has observed the sky in the direction of these 28 tracks, looking for potential
gamma-ray sources. The observation time for each event is shown in Table 2 in Appendix A. A
complete list of runs and the weather conditions for their nights of observation can be found in the
IceCube follow-up observations page on the GammaWiki [6].

A portion of the observation data obtained by VERITAS was done under moonlit conditions.
During these conditions, the data is taken with Reduced High Voltage (RHV) in order to lower the
gain of the telescope. This means these runs have higher energy thresholds and lower accuracy.
Runs for each neutrino event were carefully vetted and appropriate timecuts were applied to exclude
parts of runs with extreme fluctuations in the L3/Deadtime rates. Total of three runs were excluded
from analysis due to durations less than 10 minutes.

III Analysis

The data was analyzed with Event Display (ED) V4.80b. Ring Background Model (RB) was used
for this analysis. For any point on the map, a circle is placed on the ON source region, and a ring
around it with a certain radius to estimate the background rate. This is repeated for all the ON
source region points. Soft BDT Gamma/Hadron cut for point sources was used to separate the
proton background counts from the gamma counts. A soft cut was chosen because it is expected
that potential IceCube gamma-ray sources have a soft spectrum. BDT stands for Boosted Decision
Tree, which is a statistical tool [13] and when applied to gamma/hadron cuts, it rejects more of the
background counts. RHV lookup tables and e↵ective areas, corresponding to the gamma/hadron
cuts were also used for the RHV runs.

The Crab Nebula (the Crab), is one of the brightest gamma-ray sources with a flux of ⇠ 6 photons
m�2year�1 at the earth with energies above 1 TeV [8]. Since the Crab has been observed many
times, its energy spectrum and flux are known and often used as a unit to compare with the intensity
of other astrophysical objects. As part of the data analysis, some RHV Crab observation runs were
also analyzed in order to determine if the existing RHV tables and e↵ective areas are accurate.
These runs were observed at reduced high voltage and large zenith angles (RHV, LZA). The energy
spectrum of these runs with existing tables and e↵ective areas deviates from the theoretical expected
Crab spectrum as shown in Figure 16 in Appendix A. New RHV LZA tables and e↵ective areas have
been generated in partnership with Y. Zhou but are not yet used for the analysis of the IceCube
events.

IV Results

The results of Event Display analysis for all 28 neutrino events can be found in the IceCube follow-
up observations page on the GammaWiki [6]. In this paper, only the results for two neutrino events,
ICECUBE ID13 (contained) and IC NU20 (uncontained), are shown below.
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ICECUBE ID13

Significance Distribution

Figure 9: The significance distribution graph for ICECUBE ID13 neutrino event. The dashed green line is the gaussian
with mean zero and standard deviation one; blue is the sky without the source region; black is without the source region
and exclusion regions; red is with the source region. Notice that the red curve is aligned with the gaussian fit, indicating no
gamma-ray excess was detected for this neutrino event.

Significance Map

Figure 10: Significance Map of ICECUBE ID13; the 50% and 99% are the uncertainty of the position of the neutrino event.
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IC NU20

Significance Distribution

Figure 11: Significance distribution for IC NU20. No gamma-ray excess detected for this neutrino event.

Significance Map

Figure 12: Significance map for IC NU20; the 50% and 99% are the uncertainty of the position of the neutrino event.

Energy Upper Limits

The upper limits were calculated for No↵ 10 events so that they would not be restricted only to the
high energy levels. The confidence level was chosen to be 95% and 5 bins per decade were selected
with bin widths of 0.2 (in units of fraction of a decade in log(E)). These parameters were input in
the VEnergySpectrum function of Event Display.
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ICECUBE ID13

Figure 13: Upper limit graph of ICECUBE ID13. No detection; the upper limits are less than 1TeV and a few percent of
the Crab

IC NU20

Figure 14: Upper limit graph of IC NU20. No detection; upper limits are less than 1TeV and a few percent of the Crab.
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V Discussion

The analysis of the VERITAS data did not result in detection of any gamma-ray excess that can
be a potential source for the IceCube neutrino events. These results however are consistent with
theoretical expectations that point towards a very large number of neutrino sources (more than a
million). Since no sources were detected, the upper limits of the energy spectrum were calculated
for each neutrino event. The upper limits indicate that the gamma-ray flux observed is about a few
percent of the Crab. The upper limits also indicate that there potential sources are either further
away, so that VERITAS is not able to detect them, or there are more than 1000 sources, assuming
these sources are steady.

IceCube has also searched the entire sky looking for neutrino point sources but has not yet found
any. The upper limits are 100 times lower than the all sky neutrino flux, meaning that there must
be at least 100 neutrino point sources, otherwise IceCube would have detected them.The results of
the VERITAS observations and those of IceCube are compatible.

Figure 15 shows the preliminary upper limits for IC NU20 [11]. The straight line is the neutrino
flux observed by IceCube, divided by 1000 sources. The shaded green regions and their correspond-
ing curves are redshift curves for gamma rays. The blue arrows mark the upper limits of IC NU20.
The figure indicates that the potential source for this neutrino event, must be farther than ⇠0.5
redshift if the source has a flux of 0.1% of the all sky flux.

There is a possibility that the potential neutrino sources are not steady and therefore these obser-
vations have missed them. Further studies are underway to observe the sky for transient sources.
IceCube sends out realtime alerts once a muon neutrino is detected, and VERITAS and other
collaborations observe in the direction of the muon neutrino track within minutes of detection.

Figure 15: The blue arrowsThe upper limits of the flux of IC NU20. The straight line is the all-sky neutrino flux detected
by IceCube divided by 1000; the curves are the redshift curves for gamma rays.
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VII Appendix A

Figure 16: Energy vs Di↵erential Flux ⇥E2 for RHV Crab vs Theoretical Expected Crab Spectrum. The spectral indices
for each line is shown on the figure.
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Neutrino Event Observation Time [mins]

ICECUBE ID5 177.0
ICECUBE ID13 408.4
ICECUBE ID37 265.3
ICECUBE ID38 147.3

IC NU2 24.5
IC NU3 179.8
IC NU4 115.1
IC NU5 60.0
IC NU6 24.5
IC NU7 35.2
IC NU8 149.8
IC NU9 40.1
IC NU10 90.1
IC NU11 178.0
IC NU12 60.2
IC NU15 210.0
IC NU16 30.1
IC NU17 150.1
IC NU19 206.7
IC NU20 110.0
IC NU22 50.0
IC NU23 112.5
IC NU24 75.0
IC NU25 119.1
IC NU27 180.1
IC NU28 120.2
IC NU29 140.1
IC NU30 60.0

Table 2: Observation times, in minutes, for each IceCube neutrino event. [6]
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