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IceCube real-time alerts allow for rapid follow-up observations of likely astrophysical neutrino
events, enabling searches for multi-messenger counterparts. The Enhanced Starting Track Real-
time Stream (ESTReS) is a real-time extension of the Enhanced Starting Track Event Selection
(ESTES), a high astrophysical purity muon-neutrino sample recently used by IceCube to measure
the astrophysical diffuse flux. A set of computationally cheap cuts allows us to run a fast filter
in seconds. This online filter selects about 100 events per day to be sent to Madison, WI via
satellite where the full ESTES event selection is applied within minutes. Events that pass the final
set of cuts (ESTReS + ESTES) will be sent out as real-time alerts to the broader astrophysical
community. ESTReS’s unique contribution to the current real-time alerts will be events in the
southern sky in the 5 TeV - 100 TeV range. We expect about 10.3 events per year which average
50% astrophysical purity. In this talk I will report the status of the ESTReS alert stream in the
context of the IceCube real-time program.
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Enhanced Starting Track Real-time Stream for IceCube

1. Introduction

IceCube is a cubic-kilometer neutrino detector located at the South Pole [1] which completed
construction in December 2010. It consists of digital-optical-modules (DOMs) containing photo-
multiplier tubes buried between 1450 m and 2450 m into the ice. It optically observes the Cherenkov
radiation that is emitted by charged particles which are produced in the weak interactions between
incoming neutrinos and the surrounding ice.

Since 2016 (and improved in 2019), IceCube has been sending out alerts for possible astro-
physical neutrinos that are detected in real-time to the multi-messenger astrophysics community
within minutes of detection. This real-time alert stream is made up of several different event selec-
tions which are detailed in Ref. [2]. We present a new event selection which will predominantly
provide events from the southern sky and with reconstructed energies of 5-100 TeV. These events
are currently not well covered by IceCube’s real-time stream. We will be able to double the number
of IceCube Gold (50% average astrophysical purity) alerts sent out per year, from ~10 to ~20.

In Sec 2, we describe the new event selection for alerts, and the evaluated event rates using
Monte Carlo (MC) and 10.3 years of archival data. In Sec 3, we describe the calculation of the
signalness variable per event. In Sec 4, we detail the information that will be sent out as alerts to
the community.

2. Event Selection

The dominant event morphology in this selection is starting tracks, generated predominantly by
charged current muon neutrino interactions in the ice inside the detector’s volume. Two examples
are shown in Fig. 1. The zenith angle () is in IceCube detector coordinates. 6 = 0 means coming
from the southern sky, up towards the Earth, and 6 = 7 means coming from the northern sky, down
through the Earth.
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Figure 1: Display of two archival data events in the selection. (Left / Right): Reconstructed energy = 7.3
TeV /9.8 TeV, reconstructed zenith = 53.6° / 73.5°, and signalness = 0.295 / 0.156 according to the sigmoid
fit parameterization (see Eq. 2).
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The event selection has two stages. The first is a series of computationally cheap cuts that
are run in real-time on events at the South Pole to greatly reduce event rates. The second is a
more computationally expensive set of cuts known as the Enhanced Starting Track Event Selection
(ESTES), a high purity muon neutrino sample. Variations of ESTES with slightly different sets
of cuts have been used for a neutrino source search [3] and for a measurement of the diffuse
astrophysical flux [4-7].

2.1 At South Pole Selection

The following cuts are run at the South pole in sequential order to cut down event rates. These
cuts make use of a directional reconstruction algorithm that is run at the South Pole, which is
computationally cheap. Later on in the event selection, it is superseded by a more computationally
intensive and effective directional reconstruction algorithm taken from ESTES (see the reconstructed
cosine zenith in Figs. 2, 3, 4 and 5). The two algorithms do not always agree, especially for more
poorly reconstructed events, where one algorithm may say it comes from the southern sky and the
other may say it comes from the northern sky.

Each event must have:

1. At least 450 photoelectrons detected across all DOMs after the reconstructed interaction
vertex time

2. Reconstructed zenith angle 6p,j. < 75°

(a) Different reconstruction algorithm from that shown in Figs. 2, 3, 4 and 5. Some events
are miss-reconstructed at the South Pole (passing this 6p,;. < 75° cut) and are later
reconstructed by ESTES to be from the northern sky instead.

3. Probability of an event being an incoming muon < 0.001
(a) Derived from ESTES’s Starting Track Veto, see §2.2

4. Length of the track inside the detector > 400 m

Events that pass all of these cuts will then be sent north and run through ESTES, which takes
several minutes.

2.2 Enhanced Starting Track Event Selection

The ESTES event selection has been detailed in previous and concurrent ICRC contributions
(see Ref. [3-6]). The key features are the Starting Track Veto, a cut which uses an event’s
reconstructed direction to define a dynamic veto region to heavily reduce atmospheric muon rates
(see Fig. 1 in Ref. [5] and a Boosted Decision Tree classifier, which further reduces background
rates. The remaining events form a high purity muon neutrino sample, dominated by southern sky
neutrinos.

A measurement of the diffuse astrophysical neutrino flux using ESTES is detailed in a concur-
rent ICRC proceeding (see Ref. [6]). The Monte Carlo and data shown here are a direct subset of
those shown in the ESTES diffuse analysis. This event selection makes use of the same variation
of ESTES cuts used for the diffuse analysis. The addition of the cuts done at Pole make this subset
have a far higher astrophysical neutrino purity than ESTES.
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2.3 Expected Final Event Rates

To estimate the rate of astrophysical neutrino events, we use Monte Carlo and the results of the

per—flavor _
Astro =1.68

and yaswo = 2.58 and their systematic uncertainties. To estimate the rate of atmospheric neutrino
events, we used the GaisserH4a [8] cosmic ray model and the Sibyll2.3c [9] hadronic interaction

model. Error bars on the expected rates are produced by sampling the parameters in the 68% error
per—flavor
Astro

There are two variables of relevance: the reconstructed neutrino energy and the reconstructed

ESTES diffuse single power law fit (see Ref. [6]) for the astrophysical neutrinos, ¢

contour in ¢ VS Yastro Space provided by the ESTES diffuse single power law fit [6, 7].
cosine zenith, both of which are the same as used in the ESTES diffuse analysis. The reconstructed
energy comes from the ESTES Random Forest algorithm (based off Ref. [10]). The reconstructed
cosine zenith comes from the ESTES diffuse reconstruction algorithm using Millipede (see Ref.
[6D).

The data/MC plots for these variables are shown in Fig. 2. The reconstructed energy shown
here will also be sent out in the real-time alert. The reconstructed cosine zenith shown here will
not be sent out in the real-time alert; a more robust method will be used instead (see §4).
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Figure 2: Data vs Monte Carlo comparisons for the energy and cosine zenith variables, which are used to
define the signalness on a per event basis. The MC over predicts the data substantially in 2 energy bins and
1 cosine zenith bin, and work is in progress to resolve this.

There is currently an observed normalization issue where the MC over predicts the number of
events compared to the data, which is most prominent in two energy bins and one cosine zenith bin
in Fig. 2. The ESTES diffuse event selection observes good data/MC agreement in both of these
parameters across the parameter space (see Fig. 3 in Ref. [6]), so this tension is derived solely from
the cuts unique to the real-time process at Pole. Resolving this discrepancy is underway.

The reconstructed energy and cosine zenith are used to build our event rate expectations, as
seen in Fig. 3. The Signal Alarm Rate (SAR) defines how many genuine astrophysical events will
be sent out as alerts per year, and the False Alarm Rate (FAR) defines how many background events
will be sent out as alerts per year.
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Figure 3: Left: Signal Alarm Rate vs energy, for each of the cosine zenith bins (total = 5.1 events per year).
Right: False Alarm Rate vs energy for different cosine zenith bins (total = 5.2 events per year). The energy
bin widths are the same as in Fig. 2.

In total, we expect 10.3 events per year to be sent out as alerts, 50% of which will be of
astrophysical origin. This is the same purity standard as IceCube Gold real-time alerts, so this
selection can be added directly into the current real-time stream. In looking at 10.3 years of archival
data, there has been no observed overlap between this selection and any of IceCube’s current
real-time event selections (GFU, HESE and EHE in [2]).

3. Signalness Calculation

Because these events are sent out in real-time to other physics experiments, it is useful to
quantify how interesting an event is with signalness, the probability that the event is astrophysical.
We calculate the signalness on an event-by-event basis, first by taking our MC and splitting it into
different energy and cosine zenith bins according to Fig. 2, which can be seen in Fig. 4. Formally,

Nastro(E, 9)
Nastro(E, Q) + kag(E’ 9) ’

where N0 18 the "Astro Nu" and Ny, is the "Atmos Nu" and "Atmos Mu" as seen in Fig.

ey

Signalness(E, 0) =

2 across the reconstructed energy and reconstructed cosine zenith space.

Then, we fit each reconstructed cosine zenith bin with a 1d sigmoid function in reconstructed
energy space to interpolate S(E, 8) on an event by event basis. The sigmoid fit function for each
reconstructed cosine zenith bin has 3 free parameters, and is given by

l1-c¢
1 + e_k()(logIO(E)+x()) te.

2

Signalness =

The sigmoid fits and their resultant signalness values can be seen in Fig. 5.
The final signalness distribution evaluated by Eq. 2 is shown in Fig. 6, and can be directly
compared with the distribution of current alerts seen in Fig. 5 of Ref. [2]. This is calculated based
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Figure 4: 2d histograms of the event rates (same as both panels of Fig. 3 added together) for this event
selection (left) and the signalness of events in a given bin (right) binned in the reconstructed energy and
reconstructed cosine zenith.
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Figure 5: Left: 1d sigmoid fits to each of the cosine zenith bins shown in Fig. 4 across the energy range.
Black data points represent cosine zenith/energy bins that contained archival data. Right: 2d histogram of
the signalness of events according to the sigmoid fit parameterization.

off of the reconstructed energy and cosine zenith on a per event basis according to the sigmoid fit
parameterization. This variable will be sent out in the real-time alert.

Here, we see that the events peak around a signalness of 0.2 and 0.8 and trough in the middle
around 0.55.
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Figure 6: Data vs Monte Carlo comparison for the signalness evaluated by Eq. 2. The MC over predicts the
data substantially in 3 signalness bins, a direct propagation of the data/MC mismatch seen in Fig. 2. Work
is in progress to resolve this.

4. Real-time Alert Stream

All events that pass the event selection will be sent out as alerts in real-time, after running
a final directional reconstruction algorithm, which performs a likelihood scan assuming the event
originated from each pixel of the sky, iterating to more granular pixels as it approaches the best fit
position (see Fig. 2 in Ref. [11]). The information sent to the multi-messenger community in the
alert will be:

1. Timing information for the event

2. Reconstructed best fit direction in right ascension and declination evaluated by a likelihood
scan of the entire sky

(a) Expect a median space angle resolution of 1.5° for alert events

3. Uncertainties on the right ascension and declination taken from the bounding rectangle on
the 90% containment angular error contour, including a link to the likelihood skymap

(a) Expect median error in declination of +1.3° and a median error in right ascension of

+3°
4. Reconstructed energy of the event, taken from the ESTES Random Forest algorithm

(a) Energy resolution of 25% - 30% between 1 TeV and 10 PeV (see [6])
(b) Based off Ref. [10]

5. Signalness of the event, calculated as described above (sigmoid fits)
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(a) Expect an average event signalness of 50% (IceCube Gold)

There is currently ongoing work to refine the procedure for generating angular error contours
for events sent out as alerts for this selection. This is due to observed under-coverage in our MC
studies (X% containment contours cover the true event direction < X% of the time). This work
may result in an additional cut on the event selection to remove events that are not well localized,
or increased uncertainties on the right ascension and declination that get sent out as alerts.

5. Conclusion

Current estimates from the MC tell us that we expect 10.3 events per year from this alert stream.
Given the fact that there has been no observed overlap at the alert level between this alert stream
and the existing IceCube alert streams, these events would be unique additions to IceCube Gold,
and would roughly double the number of IceCube Gold alerts sent out per year. These events would
also open up more of the parameter space to the community, largely coming from the southern sky
and at lower energies (mostly 5-100 TeV). This work is still undergoing development before being
added to the IceCube real-time stream.
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