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Neutrino Transients with IC-DeepCore

1. Introduction

Astrophysical neutrinos, as one important messenger in multi-messenger astronomy, are
thought to come from several types of celestial objects and phenomena. Several analyses have
been performed within IceCube to search for origins of high-energy neutrinos. In this proceeding,
we mainly focus on low-energy neutrinos and their possible origins, i.e. transient astrophysical
point sources.

Gamma-ray bursts (GRBs) are mostly extragalactic phenomena that produce extraordinarily
bright emission of gamma rays lasting between 0.1 and 1000 seconds. The fireball model [1] is one
the most widely accepted model describing gamma-ray bursts, although GRBs are not completely
understood yet. In this model, a compact rotating object, either a black hole or a short lived neutron
star, powers the emission of jets as it undergoes rapid accretion. The jets, that are accelerated
to relativistic speeds, are oriented along the object’s axis of rotation. Materials in the jets will
form sub-shells and result in internal shocks where particles are accelerated. The accelerated
protons are responsible for the production of a neutrino flux while electrons produce gamma-rays
through synchrotron radiation. For choked gamma-ray bursts (choked-GRBs), material in jets
cannot breach the surrounding stellar envelope because of insufficient energy or dense surrounding
envelope, while neutrinos can leave the object and have a chance to be observed by IceCube. The
model proposed by Razzaque, Mészdaros and Waxman [2] and further developed by Ando and
Beacom [3] for choked-GRBs predicts that the energy spectrum has a relatively soft spectral index
(y ~ 3) due to dominating pion decays. The breaks in the energy spectrum at energies below
IceCube’s optimal energy range makes the use of low-energy neutrinos to search for those sources
possible. Another model that is similar to the fireball is the subphotospheric model. In this model,
protons in the relativistic jets decouple from the neutrons and reach higher Lorentz boost factor
than neutrons. Particles like pions are produced due to the inelastic collision between protons and
neutrons resulting in a predicted energy range from 10 GeV to 100 GeV [4].

2. Datasets

The dataset used in this analysis are IceCube events detected by the DeepCore sub-array. Those
events have energies from a few GeV to ~ O(10 TeV). Several cuts are applied in order to eliminate
background atmospheric muons and noise-dominated events. At the final level, the data sample
is dominated by muon neutrinos and electron neutrinos. The data sample contains both upgoing
and downgoing events that are reconstructed using a hybrid track+cascade fit so it is suitable to do
all-sky searches. More information about the dataset used in this work can be found in [5] and [6].

The reconstructed track length of each event is used as particle identification (PID) to classify
events as tracks or cascades. When the reconstructed track length is longer than 50m, the corre-
sponding event is classified as track event, while cascade events have shorter lengths. The angular
resolution plots shown in Figure 1 using simulated data are weighted based on the expected energy
spectrum for atmospheric neutrinos as described in [7]. The results show that the angular resolution
of tracks is better than that of cascades as in general they have longer lever arms of Cherenkov light
within the detector. For both tracks or cascades, the higher the energy is, the smaller the median
angular resolution is, as there are more digital optical modules activated and more information for
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the reconstruction to get more accurate resolution. For events at very low energies (10 GeV - 30
GeV), event topologies are poorly reconstructed. For track events having energies higher than 30
GeV, up-going events have better angular resolution than down-going events as optical modules are
oriented downwards and more sensitive to photons coming upwards. Note that the behaviour above
~ 300 GeV should be ignored due to the lack of statistics for both track and cascade events.
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Figure 1: Median spline per-event angular resolution for tracks (a) and cascades (b) as a function of logarithmic reconstructed neutrino
energy at several declinations. Data are weighted according to the atmospheric spectrum.

3. Likelihood Model

To identify astrophysical signal events among a vast background and thus localize the source,
a time-dependent point source maximum likelihood method is, for the first time, used on these
datasets. Information from events such as direction, arrival time and reconstructed energy is
utilized in the likelihood model under certain hypotheses which allows us to obtain estimated
parameters of the probability distribution to find potential clusters indicating sources. We use the
unbinned maximum likelihood method with proper parameters for this untriggered time-dependent
analysis.

In this analysis, only spatial and temporal information are used. The signal probability distri-
bution function (PDF) consists of a spatial and a temporal term for an event i.

Si(fia ti) = Sspuce,i()?i) X Stime,i(ti) (1)
Similarly, we have the background PDF,
Bi(fia ti) = Bspace,i(fi) X Btime,i(ti) (2)

For the signal PDF, S ce,; is described using the Kent-Fisher distribution,

Ki

Sspace,i = mexp(_’(icos(lisource - ')_éll)) (3)

where k; = 1/ 6% in which 6; is the angular uncertainty and |Xso,rce — X;| i the angular separation
between the direction of the event X; and that of the hypothetical source Xso,,ce. The big advantage
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of using Kent-Fisher is that it is properly normalized to the surface of a sphere. The temporal PDF,
Stime 18 a uniform distribution to profile ‘box’-like clusters.
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Figure 2: Distributions of the maximized test statistic from 10k background trials (blue) and 1,000 signal injection trials (magenta) at
Dec =20°. The dashed solid black line marks the location of a one-sided 5-o deviation while the dashed dark magenta line indicates
the 50% of the signal test statistic distribution. The injection is made assuming a y = 2, Poisson mean n;,; = 9, and a flare width of
oy = 100s.

For the background PDF, the spatial and temporal terms depend on the position of the event i.
In this analysis, events are scrambled in right ascension, and thus a uniform distribution of events
in right ascension can be assumed, but a more general representation looks like,

B i,right ascension (-fl)
T

where T is the total livetime of the analysis. Thus, the probability of seeing an event i given a

time-dependent source hypothesis is

“)

Bi(fi’ t) = Bi,declination()?i)

nsS,- I’lei
P — 5
(nS) ng +np ng +np ( )

where the ng and nj are the number of signal neutrinos and background neutrinos respectively.
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Thus, we have the likelihood function

(6)

L(fsa ng, to, O—w) = 1_[

ngS; npB;
+
ng +np ng +np

to find the best fits of the number of signals ny, the mean time of the source flare 7y, and the duration
of the flare o, at the hypothetical source location xy. We define the null hypothesis as the case for
background only, ny = 0, and the test statistic (7'S) is defined as

T5(0) = 2 - 1n 22 =0
L(0) .
_2‘211/1 (S(fi’ti’Eilé) _1) U +1] ™
- 7 B()_C)i,ti,Eilé) ng +np

where the @ stands for a set of parameters: the starting time 7o and time duration of a signal cluster
0w, and number of signal events ng. Note that the per event angular uncertainties are weighted
based on the selected energy spectrum, and thus, we have the energy term E; in the above equation.
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Figure 3: Time-integrated sensitivity flux and 5o discovery potential flux as a function of injected time width at Dec = 0°. The 5o
background 7' S is estimated using the Wilk’s theorem. At longer timescales, the background increases, harming the discovery potential.
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4. Results of the Likelihood Analysis

Results from the untriggered time-dependent analysis are shown in this section. In this analysis,
we maximize the 7'S with respect to the fitting parameters §. Experimental data scrambled by the
time of arrival is used as background data to make events uniformly distributed within the livetime
of the dataset. Since IceCube is located at the South Pole, scrambling the events in azimuth while
keeping the declination distribution the same is adopted to get scrambled datasets. Injected signal
events are generated corresponding to the assumed spectrum as the injection follows a Poisson
distribution with the mean number of events n;. The background 7'S distribution at an example
declination 20° is shown in Figure 2.

As shown in Figure 2, the number of events needed to make 50% of the signal 7'S distribution
larger than the chosen threshold p-value is defined as the ‘discovery potential’. Similarly, the
sensitivity is defined to be the required number of events for 90% of the signal T'S distribution to
exceed the median of the background distribution. In this analysis, different injected time windows
at different declinations are tested. The sensitivity and 5o discovery potential for different flare
widths are shown in Figure 3. The sensitivities and discovery potentials to 100 s flares at different

declinations are shown in Figure 4.
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Figure 4: Time-integrated sensitivity flux and 5o discovery potential flux vs. the sine of declinations for AT = 100 seconds. For
declinations near poles, results are not reliable due to large angular uncertainties, and thus, half of the whole sky is evaluated. The 5o

background 7'S is estimated using the Wilk’s theorem.

In figure 3, the sensitivity and discovery potential become similar at short time widths as signal
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TS distribution shown in figure 2 becomes wide with a long tail for a shorter time width. This
makes the median line towards a larger 7'S and results in a low discovery potential. AS IceCube
has uniform sensitivities in the right ascension, only the declination matters for potential sources.
Figure 4 shows that the analysis is more sensitive to the transient sources that have flare width of 100
s in the Northern Hemisphere. The declination dependence is related to declination dependence
of the effective area as shown in [6]. As the effective area is larger for events coming from the
Northern Hemisphere, the required fluence emitted from an astrophysical source is smaller in order
for the source to be detected.

5. Future Searches for GRBs

Although not shown in previous sections, an attempt to search for archival GRBs using the
same datasets used in this proceeding has been made. Unlike this work, the on-going searches
for GRBs is a triggered analysis. All GRBs happened during April 2012 - June 2019 that have a
livetime shorter than 3 weeks and are away from the poles are selected. In this analysis we are only
testing the Fireball model, however, for the on-going searches, the subphotospheric model is also
being tested.

As the directional and triggered temporal information becomes known, only the number of
events, spectral index and flare time width will be fitted in the maximum likelihood method. A
binomial test described in [8] can then be conducted to evaluate the significance of p-values for the
best fit from all potential GRBs. The binomial probability

N
Ppinom(k|pi, N) = (k)pi(l —Pk)N_k (8)

is the probability for no more than k out of N total GRBs to have p > py, where py is the p-value
of the kth GRB among a list of GRBs ordered by p-values. The best binomial p-value will be
obtained at a k ¢, then the top ks significant p-values associated the most contributing GRBs will
be reported in the future.

6. Conclusion

We present an all-sky untriggered search for astrophysical transients with low energy neutrinos
observed by IceCube-DeepCore. Sensitivies and discovery potentials for flares with different
livetime at different declinations using this method are shown. Our results show that it is possible
to search for astrophysical sources like choked-GRBs with this newly developed technique.
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