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Multi-messenger observation of neutrino sources is a key for identifying the origin of astrophysical
neutrinos, and it led to the identification of the blazar TXS 0506+056 as the first candidate in 2017.
When the IceCube observatory detects neutrino signals, alerts are sent to the other telescopes to
trigger follow up observations. The newly proposed algorithm tries to find long time scale doublets
and triplets, where two or three astrophysical neutrino event candidates are observed from the same
direction within 30 days. This signature selects neutrino sources close to our galaxy, and makes it
easier to do the follow up observation by optical telescopes. Utilizing the 11 years archival data,
the signal extraction efficiencies of time and spatial clustering algorithms were evaluated, and
found that the new method showed significantly better performance for small number of detected
events. Finally, the sensitivity of the new alert channel is presented in the phase space of neutrino
source model parameters.
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IceCube realtime neutrino alert using multiplet signal

1. Introduction

Since the first discovery of the high energy astrophysical neutrinos by the IceCube observatory
in 2013 [1, 2], more detailed properties of the astrophysical neutrino fluxes have been clarified such
as spectral index [3] and flavor ratio [4]. In 2017, an association of the realtime neutrino alert
(IceCube-170922A), with the high-energy gamma-ray flare by Fermi-LAT was reported [5], and
suggested the blazar TXS 0506+056 was likely an source of high energy neutrinos. However, it
is known that the blazars cannot explain all the diffuse fluxes observed by the IceCube [6]. It is
still unclear which astrophysical objects fill our universe with high energy neutrinos. Month-order
transients, such as TDEs [7] are of particular interest as a possible association between an IceCube
alert and TDE flare has been identified [8].

To identify the sources of high energy neutrinos, multi-messenger observation is a powerful
strategy. In particular, a follow-up observation by optical telescopes can be a smoking gun to
get a hint of the origin of neutrinos. The absence of the electromagnetic interaction of neutrinos
allows them to propagate from the distant universe, but this feature makes the optical follow-up
difficult. The rate density of supernovae is approximately 10~* Mpc™ - yr~!, and the number of
the supernovae within redshift z < 1 results in ~ 1 day~'deg™2. Since the angular resolution of
neutrino events is ~ 1°, a follow-up identification of optical counterpart using a long time window
of more than a day becomes challenging due to contamination of irrelevant transients.

To successfully identify the neutrino source by multi-messenger observation, a multiplet signal
is searched, where two or more neutrino events are observed in the same direction within a limited
time window. By imposing the detection of multiple neutrinos, the distance to the neutrino source
is biased to typically less than z < 0.1 [9]. The presented study aims to develop a new neutrino
alert channel utilizing a month-time scale multplet signal.

Figure 1 shows the expected number of multiplets in a year as a function of neutrino source
model parameters when the timing window is 30 days [9]. Left is in neutrino source energy,
E,, and rate density, p, plane, while the vertical axis of the right panel is given as luminosity
density, E, p,. The number already includes the efficiency of a neutrino event selection described
in section 2.2. The colored bands correspond to the energy fluence of the diffuse neutrino flux of
E2¢v,, € (1072,1077) GeV - s~ - ecm™2 - sr~!. Given the measured value of E2¢,,H =1.44x1078
at 100 TeV [3], the bands are +1 decade from the best fit. To calculate the number of multiplets, a
neutrino flux from a given E,, is bolometrically defined assuming isotopic luminosity distribution.
The flavor ratio at the earth is settobe v, : v, : v; =1 : 1 : 1. For every source, a probability to be
observed as a multiplet is given by p = 1 — e # — ue™#, where y is an expected number of neutrino
events in 30 days. This p is convoluted when we integrate sources over distance. Here, the neutrino
source evolution is assumed to be a star formation rate: o (1 + z)>* for z < 1 and a constant for
z > 1. The range of the integration over distance is from (47/3 - p, T30 day)‘l/ 3 (the distance that a
single source is expected on average within this range) to a distance corresponding to z = 4. Further
details are described in Ref. [9]. As can be seen in the figures, the expected number of the multiplet
signal is small < 1 in most of the phase space, thus the algorithm to send a multiplet alert should
be sensitive to such small number of detected events.
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Figure 1: Left: contours of the expected number of the detected multiplets in a year as a function of neutrino
source model parameters. The colored band corresponds to a consistent region of the diffuse neutrino flux of
E?¢,, € (107°,1077) GeV-s~!-cm™?-sr™!: right in E,-p, plane, and left in E,-E, p,, plane. Assumptions
to calculate these values are explained in the main text as well as in Ref. [9].

2. Multiplet Selection in the IceCube

2.1 IceCube observatory

The IceCube observatory at the South Pole is a cubic-kilometer detector for astrophysical
neutrinos. Cherenkov emissions from the charged particles generated by the interaction of high
energy neutrinos are observed by 5160 digital optical modules (DOMs). The DOMs include 10"
photomultiplier tubes in a high pressure-resistant vessel, and were deployed between 1450 m to
2450 m below the surface of ice by 86 strings. Detected photon signals are sent to a surface IceCube
laboratory, and recorded when the trigger condition is satisfied. The patterns of detected photons
by neutrino events are classified as either tracks or cascades. A track event is initiated by a charged
current interaction of v, and the photon distributes along the line of the outgoing muon showing
a good angular resolution of ~ 1° deg. A cascade event shows more isotropic hit distribution, and
the angular resolution is ~ 10° deg.

2.2 Neutrino Event Selection

Major backgrounds to the astrophysical neutrinos are from atmospheric neutrinos for decli-
nation angle 6 > —5° while the other is from atmospheric muons for 6 < —5°. Detected signals
are first cleaned by rejecting isolated hits both in space and time, and then a track reconstruction
is performed. Starting from a simplest geometrical line fit as a seed, several iterative fits are per-
formed, and finally a sophisticated method SplineMPE fit determines the most probable direction of
the neutrino event [10, 11]. Kinetic variables such as a geometrical center of gravity, total detected
number of photons, likelihood of the reconstruction, etc, are used as inputs of the boosted decision
tree to purify the astrophysical neutrino events (the event set is called GFU sample because of
original purpose of a gamma-ray follow-up) [12]. This study uses only track type event from the
northern direction & > —5° because the effective area to the neutrino signal is higher than that of
southern sky. The total event rate of this selection is 3.3 mHz. The used dataset was collected since
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the completion of the IceCube in 2011 until the end of 2022, corresponding 11.4 years of total live
time after excluding period of data acquisition failures.

2.3 Clustering of Multiplets

The conventional time-dependent all-sky realtime alert (hereafter referred to as all-sky) uses
the nested likelihood [13] to search for a population of neutrino events in time and position:

N

Ly () = [ ]| 5-Las) +

i=1

N

5 Ly | (1)
where L, and Ly, are signal and background likelihoods, N is a total number of neutrinos used to
compute the likelihood, ng is a number of signal source, and vy is a spectral index of the energy of
neutrino signals (dN/dE « E~7Y). The signal and background likelihoods are defined as a product
of a spatial and an energy probability density functions. For a given maximum timing window 7iax.,
a test statistics (T'S) is constructed as a likelihood ratio against the null hypothesis:

max Ly (ns,7) - zp

Aallsky = 21 .
all sky Og LN (ns — 0) Tmax

) 2

where “max” means the nested likelihood is optimized with respect to ng and y. Moreover, within
Tmax, @ variable timing window AT and a direction 7, are fit in time and position space, and the
combination having the largest A,j1—sky is selected. The factor AT /T, compensates for the increase
in background for larger windows by penalizing a short AT.

Rather than using all the events in a variable timing window AT, the newly proposed algorithm
calculates a TS for every combination of two or three events. First, an incoming event is used as a
seed, and multiplet candidate events are selected within 3° of its vicinity in the record back to 30
days (Tmax = 30 days). Then if the number of candidates satisfies N > 2 and N > 3, we calculate
doublet and triplet TSs, respectively, as:

L) (y=23) £3y=23)

Adoublet = 2log )
(1) (2)
‘ng 'ng
1 2 3
i V=23 LPy=23) Ly =23)
Agipler = 21og 0 : 2 ' 3) ’ @

where the upper numbers of the likelihoods represent indices of events. Similarly to the all-sky,
the most probable direction of neutrino source is determined by maximizing each TS whereas the
spectral index is not floated because N = 2, 3 is too small to determine y. This y = 2.3 was chosen
because of the best fit of the measured spectral index of the diffuse flux [3]. Finally, the combination
which has the largest TS is chosen.

3. Performance of the Multiplet Selection

To evaluate the distribution of the background of the TS, we generated a pseudo dataset by
scrambling the time of each neutrino event so that the statistics of the dataset were increased to
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Figure 2: Distribution of test statistics: left Agoubler and right Agipier. The black and colored histograms are
distributions of background and signal, respectively. The number of detected signals are exactly two and
three for doublet and triplet cases, respectively. The colors represents different spectral indices: red 2.0, blue
2.3, and green 2.7, respectively. The background histogram is scaled to be equivalent to one year while the
scales of signal histograms are arbitrary. The smallest bin includes underflow. The vertical dashed lines
represent the threshold of TS at FAR = 1 yr~!,

more than an 8000-year equivalent value. The distribution of the astrophysical neutrino signal
was evaluated by mixing simulated signal events on top of the pseudo dataset. Assuming the
signal timing distribution is uniform, we mixed the signal events uniformly in Ty« (= 30 days),
and selected the maximum TS in Tiyx. The direction of the signal source is uniformly distributed.
Figure 2 shows the distribution of Agoubler and Agipler for both background and signal events.

A false alarm rate (FAR) at a given threshold of a TS is evaluated as an upper cumulative sum of
the background histogram. If N > 3, we in general have both Agoupier and Agiplet, S0 We unite them as
TS-score by selecting more significant pair as TS-score = max {—FAR(Adoublet), —FAR(Atriplet)},
where the negative sign converts the TS-score such that larger value shows higher significance.

The performances of the algorithms are compared based on the efficiency of signals under a
given value of the FAR. Here, we define one trial as an operation to add simulated Nge; signal events
on the pseudo experimental data within T;,,,x. Here, the inserted events already pass the described
event selection in section 2.2, hence Nge¢ is a number of detected signal events. After calculating
the TS for all the events in T, if the maximum TS exceeds the threshold of the TS, the signal is
to be successfully detected. The signal efficiency is defined as a fraction of such successful trials
out of the total number of trials simulated. As a benchmark, we set a threshold at FAR = 1 yr~!.
Figure 3 shows the signal efficiency as a function of N4t when the spectral index is v = 2.3. The
signal source direction is uniformly sampled. The red and blue curves are signal efficiencies when
we use only Agoupler and Agipler, While the green is the case when we use the TS score. In spite
of the multiplet selection, a nonzero efficiency at N4 = 1 is observed, but this occurs due to a
combination of a background and a signal events. If we compare the performance to the all-sky, the
new proposed method shows significantly higher efficiency when Nge is small whereas it is smaller
for large Nger. This trend is natural because the all-sky TS uses all events inside AT while the newly
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Figure 3: Efficiency to detect multiplets as a function of the detected number for the all sky (black), doublet
(red), triplet (blue), and TS-score (green) when the spectral index is -2.3. The threshold of the false alarm
rate is 1.0 per year in each algorithm.
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Figure 4: Angular resolution of the multiplets which have TS values higher than the threshold at FAR = 1 yr
as a function of the detected number of signal event for the all-sky (black) and this algorithm (red). The solid
and dashed lines represent 50% and 90% containment radius, respectively.

proposed TSs selectively cherry-pick significant combinations out of many events.

When operated as an alert, a pointing accuracy of the neutrino source direction is important
for follow-up observation. Figure 4 shows the angular resolution as a function of Nge; for multiplets
which pass the threshold of TS at FAR = 1 yr~!. The solid and dashed lines represent 50% and 90%
containment regions, respectively. Thanks to multiple events, the angular resolution of multiplets
are much better than typical uncertainty of singlet events (~ 1°). Moreover, compared to the all-sky
method, the proposed algorithm shows a stable angular resolution for small Nger. For Nger > 2, our
method exhibits a 90% containment angular resolution of 0.3°. Even if we relax the threshold of the
TS up to FAR = 10 yr~! (the energies of passing events become smaller and the angular resolution
becomes poorer), the degradation is only 20%.

4. Sensitivity

The new algorithm will be used not only to issue an alert, but also to search for multiplets
in 11 years archival data of IceCube. A commonly used quantity to demonstrate the sensitivity
is “n-o discovery potential”, which is defined as a signal strength such that with 50% of chance,
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a signal trial exceeds n-o of a background TS distribution. The left of Fig. 5 shows 30 and 50
discovery potentials of a time integrated energy fluence for the all-sky and our proposed algorithms
as a function of declination angle for y=2.0. Our algorithm shows higher sensitivity particularly for
looser condition of 30-. This is even better when we relax the requirement on the signal efficiency
from the conventional 50% to 5% as shown in right panel. Because our method is more optimized
for a small number of detection, it is more sensitive to a limited subset of significant events.

To constrain the allowable neutrino source model parameters, we use the maximum TS values
of doublet and triplet in 11 years A™** = max {Adoublet, Atriplet}, where the maximum is selected
among 11 years dataset. The distribution of A™®* is first evaluated by the pseudo experiments, and
then the p-value is defined as an upper cumulative sum of the observed A™**. Since we have not
yet unblinded the real experimental data, we assume our universe is characterized by the neutrino
source model parameters E,, p, (and y), and then we emulate the maximum TS with existence
neutrino source A$7;g. By averaging p-values for many A“E?;g, we get an averaged confidence
interval of neutrino source model parameters consistent with background-only hypothesis. Figure 6
shows contours of the neutrino source model parameters at 90% confidence level when the spectral
indices are 1.5 (red), 2.0 (orange), 2.3 (green), 2.5 (blue), and 2.7 (cyan): left in E,-p, plane, and
right in E,-E, p, plane. The archival 11 years dataset will be sensitive to neutrino source model
parameters above the contours.
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Figure 5: Discovery potential as a function of the declination angle for the all-sky (black), and this algorithm
(red) when vy is 2.0. Solid, and dashed lines represent 5o~ and 30, discovery potential, respectively. Left
figure is a conventional definition where the signal efficiency is 50%, while right is at 5%.

5. Conclusion

A multi-messenger observation by optical telescopes can be a smoking gun to identify the origin
of high energy astrophysical neutrinos. However, a large uncertainty of the neutrino reconstruction
degrades the significance of observation due to many irrelevant transients in distant universe. It
becomes further difficult to perform a search for long time scale transients. A multiplet signal
automatically gives bias on the neutrino sources z < 0.1 and makes easy to identify optical
counterparts. Moreover, multiplet provides much better angular uncertainty than singlets. The
expected number of multiplet signals are small, < 1 yr~!, so the algorithm to issue an alert needs
to be sensitive to such small number of detected events. In comparison with the conventional all-
sky clustering method, the newly proposed algorithm calculates doublet and triplet TSs for every
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Figure 6: Contours of excluded region of neutrino source model parameters at 90% confidence level
when the spectral indices are 1.5 (red), 2.0 (orange), 2.3 (green), 2.5 (blue), and 2.7 (cyan): left in E, -
py plane, right in E,-E, p, plane. The center bands correspond to the diffuse neutrino flux of E2¢Vy €
(107%,1077) GeV - s ! -em™2 - sr7 L.

combination of two and three events, and provides much higher efficiency for signal events under
a given threshold of the TS. This algorithm will be used to search for multiplets in the 11 years
archival data as well.

References

[1] IceCube Collaboration, M. G. Aartsen et al. Phys. Rev. Lett. 111 (Jul, 2013) 021103.

[2] IceCube Collaboration, M. G. Aartsen et al. Phys. Rev. D 89 (May, 2014) 102004.

[3] IceCube Collaboration, M. G. Aartsen et al. The Astrophysical Journal 928 (Mar, 2022) 50.
[4] IceCube Collaboration, R. Abbasi et al. Phys. Rev. D 104 (Jul, 2021) 022002.

[5] IceCube Collaboration, M. G. Aartsen et al. Science 361 no. 6398, (2018) eaat1378.

[6] IceCube Collaboration, M. G. Aartsen et al. The Astrophysical Journal 835 (Jan, 2017) 45.
[7] K. Hayasaki and R. Yamazaki The Astrophysical Journal 886 no. 2, (Nov, 2019) 114.

[8] R. Stein et al. Nature Astronomy 5 no. 5, (May, 2021) 510-518.

[9] S. Yoshida, K. Murase, M. Tanaka, N. Shimizu, and A. Ishihara The Astrophysical Journal
937 no. 2, (Oct, 2022) 108.

[10] IceCube Collaboration, J. Ahrens et al. Nucl. Instrum. Methods. A 524 (2004) 169-194.
[11] IceCube Collaboration, M. G. Aartsen et al. Journal of Instrum. 16 (Aug, 2021) PO8034.
[12] IceCube Collaboration, M. G. Aartsen et al. Journal of Instrum. 11 (Nov, 2016) P11009.

[13] IceCube Collaboration, M. G. Aartsen et al. Astroparticle Physics 29 no. 4, (2008) 299-305.


http://dx.doi.org/10.1103/PhysRevLett.111.021103
http://dx.doi.org/10.1103/PhysRevD.89.102004
http://dx.doi.org/10.3847/1538-4357/ac4d29
http://dx.doi.org/10.1103/PhysRevD.104.022002
http://dx.doi.org/10.1126/science.aat1378
http://dx.doi.org/10.3847/1538-4357/835/1/45
http://dx.doi.org/10.3847/1538-4357/ab44ca
http://dx.doi.org/10.1038/s41550-020-01295-8
http://dx.doi.org/10.3847/1538-4357/ac8dfd
http://dx.doi.org/10.3847/1538-4357/ac8dfd
http://dx.doi.org/https://doi.org/10.1016/j.nima.2004.01.065
http://dx.doi.org/10.1088/1748-0221/16/08/P08034
http://dx.doi.org/10.1088/1748-0221/11/11/P11009
http://dx.doi.org/https://doi.org/10.1016/j.astropartphys.2008.02.007

IceCube realtime neutrino alert using multiplet signal

Full Author List: IceCube Collaboration

R. Abbasi!7, M. Ackermann“, J. Adamsls, S. K. Agarwalla‘“)* 64, J A Aguilarlz, M. Ahlerszz, JM. Alameddine23, N. M. Amin44, K.
Andeen42, G. Anton?®, C. Argijelles”, Y. Ashida®3, S. Athanasiadou®, S. N. Axani**, X. Bai*?, A. Balagopal V.40, M. Baricevic‘“’,
S. W. Barwick®, V. Basu®”, R. Bay®, J. J. Beatty?%- 21, J. Becker Tjus'!> 95, J. Beise®!, C. Bellenghi?’, C. Benning!, S. BenZvi>2, D.
Berleylg, E. Bernardini48, D.Z. Besson36, E. Blaufusslg, S. B10t63, F. Bontempo“, J.Y. B00k14, C. Boscolo Meneguolo48, S. Boser?!,
0. Botner®! T Béttcher! ,E. Bourbeau??, J. Braun40, B. Brinsoné, J. Brostean—Kaiser63, R. T Burleyz, R.S. Busse43, D. Butterﬁeld‘w,
M. A. Campana49, K. Carloni14, E. G. Carnie—Broncaz, S. Chattopadhyay‘m’ 64, N. Chaulz, C. Chené, Z. Chen55, D. Chirkin40, S.
Choi®, B. A. Clark!?, L. Classen®?, A. Coleman®!, G. H. Collin!?, A. Connollyzo’ 21 J. M. Conrad®>, P. Coppin13, P. Correa!3, D. F.
Cowen>®: 60, P. Daveﬁ, C. De Clercq”, J.J. DeLaunaySS, D. Delgado”, S. Dengl, K. Deoskar54, A. Desai40, P. Desiati40, K. D. de
Vries”, G.de Wasseige37, T. DeYoung24, A. Diazls, J.C. Diaz—Vélez40, M. Dittmer43, A. Domi26, H. Dujmovic40, M. A. DuVernois40,
T. Ehrhardt*! ,P. Eller27, E. Ellinger(’z, S. El Mentawi' ,D. Elsiisserzs, R. EngelSl’ 32, H. Erpenbeck40, J. Evans'g, P. A. Evenson*, K.
L. Fanl9, K. Fang40, K. Farrag16, A.R. Fazely7, A. Fedynitch57, N. Feigllo, S. Fiedlschusterzﬁ, C. Finley54, L. Fischer“, D. F0x59, A.
Franckowiak!!, A. Fritz*!, P. Fiirst!, J. Gallagher”, E. Ganster!, A. Garcia'4, L. Gerhardtg, A. Ghadimiss, C. Glaserm, T. Glauch27,
T. Gliisenkamp%’ 61, N. Goehlke32, J.G. Gonzalez44, S. Goswamisg, D. Grant24, S.J. Graylg, 0. Griesl, S. Grifﬁn40, S. Griswoldsz,
K. M. Grothzz, C. Giinther!, P. Gutjahr23, C. Haackzé, A. Hallgren61, R. Halliday24, L. Halve', F. Halzen40, H. Hamdaouiss, M.
Ha Minh27, K. Hanson??, J. Hardin!®, A. A. Harnisch?*, P. Hatch33, A. Haungs31, K. Helbing(’z, J. Hellrung“, F. Henningsen”,
L. Heuermann', N. Heyer®, S. Hickford®?, A. Hidvegi>*, C. Hill'®, G. C. Hill?2, K. D. Hoffman'?, S. Hori*’, K. Hoshina*’- ¢, W.
Hou31, T. Huber3l, K. Hultqvist54, M. Hiinnefeld23, R. Hussain40, K. Hym0n23, S. In56, A. Ishiharalé, M. Jacquart40, 0. Janik!, M.
Jansson®*, G. S. Japaridze’, M. Jeong>®, M. Jin!4, B. I. P. Jones*, D. Kang3!, W. Kang®®, X. Kang*’, A. Kappes*?, D. Kappesser*!,
L. Kardum23, T. Karg63, M. KaI127, A. Karle40, U. Kat226, M. Kauer40, J. L. Kelley40, A. Khatee Zathul4°, A. Kheirandish3* 35, J.
Kirylukss, S. R. Klein® 9, A. Kochock124, R. Koirala44, H. Kolanoskilo, T. Kontrima527, L. Kt')pke41 ,C. KopperZG, D. J. Koskinen?2, P.
Koundal®!', M. Kovacevich?®, M. Kowalski!?- 63 T. Kozynetszz, J. Krishnamoorthi*?- %4, K. Kruiswijk37, E. Krupczak24 , A. Kumar®?,
E.Kun!!, N. Kurahashi49, N. Lad63, C. Lagunas Gualda63, M. Lamoureux37, M. J. Larsonlg, S. Latseva!, F. Lauber62, J.P. Lazar!'% 40,
J. W. Lee®®, K. Leonard DeHolton®, A. Leszczyxiska44, M. Lincetto!!, Q. R. Liu*®, M. Liubarska®, E. Lohfink*!, C. Love®, C. J.
Lozano Mariscal43, L. Lu40, F. Lucarellizs, W. Luszczak?%: 21, Y. Lyus’ 9, J. Madsen4°, K. B. M. Mahn24, Y. Makino40, E. Mana027,
S. Mancina%%: 48, W. Marie Sainte40, I. C. Mari§12, S. Mzu'ka46, Z. Marka46, M. MarseeSg, I MartineZ—Soler”, R. Maruyama45 , F
Mayhew?*, T. McElroy?, F. McNally38, J. V. Mead??, K. Meagher*?, S. Mechbal®3, A. Medina?!, M. Meier'®, Y. Merckx!3, L.
Merten“, J. Micallef24, J. Mitchell7, T. Montarulizg, R.W. M00r625, Y. Moriilﬁ, R. Morse4°, M. Moulai40, T. Mukherjee“, R. Naab63,
R. Nagai16, M. Nakos40, U. Naumann®?, J. Necker“, A. Negi4, M. Neumann43, H. Niederhausen24, M. U. Nisa24, A. Noelll, A.
Novikov44, S.C. Nowicki24, A. Obertacke Pollmann'ﬁ, V. O’Dell40, M. Oehler3! ,B. Oeyen29, A. Olivaslg, R. 0rs¢ez7, J. Osborn40, E.
O’Sullivan(’l, H. Pandya44, N. Pa1k33, G.K. Parker4, E.N. Paudel44, L. Paul*% 50, C. Pérez de los Heros®! R Peterson40, S. Philippenl,
A. Pizzuto*®, M. Plum®®, A. Pontén®!, Y. Popovych*!, M. Prado Rodriguez*’, B. Pries**, R. Procter-Murphy!®, G. T. Przybylski®,
C. Raab®’, J. Rack-Helleis*!, K. Rawlins®, Z. Rechav*?, A. Rehman**, P. Reichherzer!!, G. Renzi'?, E. Resconi?’, S. Reusch®3, W.
Rh0d623, B. Riedel40, A. Rifaie!, E. J. Robertsz, S. Robertsons’g, S. Rodan56, G. RoellinghoffSG, M. Rongen26, C. Rott53'56, T.
Ruh623, L. Ruohan27, D. Ryckbosch29, L. Safal% 40, J. Saffer”, D. Salazar—Galleg0s24, P. Sampathkumar31 , S. E. Sanchez Herrera24,
A. Sandrock62, M. Santandersg, S. SarkaIZS, S. Sarkar‘”, J. Savelbergl, P. Savina40, M. Schaufell, H. Schieler“, S. Schindler26, L.
Schlickmann!, B. Schliiter*?, F. Schliiter!2, N. Schmeisser®2, T. Schmidt!?, J. Schneider?%, F. G. Schroder>! 44, L. Schumacher?0, G.
Schwefer!, S. Sclafani'®, D. Seckel**, M. Seikh®, S. Seunarine’!, R. Shah*°, A. Sharma®!, S. Shefali’?, N. Shimizu'®, M. Silva*’, B.
Skrzypek!4, B. Smithers*, R. Snihur®?, J. Soedingrekso??, A. Sggaard?2, D. Soldin®2, P. Soldin', G. Sommani'!, C. Spannfellner?’, G.
M. Spiczaksl, C. Spiering“, M. Stamatikos?! ,T. Stanev44, T. Stezelberger9, T. Stiirwald®2, T. Stuttardzz, G.W. Sullivanlg, I Taboadaf',
S. Ter—Antonyan7, M. Thiesmeyer1 , W.G. Thompson14, J. Thwaites40, S. Tilav44, K. Tollefson24, C. Ténnis56, S. Toscanolz, D. Tosi40,
A. Trettin(ﬁ, C.F. Tungé, R. Turcotte>! L, J.P. Twagirayezu24, B. Ty40, M. A. Unland Elorrieta43, A. K. Upadhyay40’ 64, K. Upshaw7, N.
Valtonen—Mattila(", J. Vandenbroucke40, N. van Eijndhoven'3, D. Vanneromls, J. van Santen63, J. Vara43, J. Veitch—Michaelis4O, M.
Venugopal“, M. Vereecken”, S. Verpoest44, D. Veske46, A. Vijai'g, C. Walck54, C. Weaver24, P. Weigells, A. Weindl3! A Weldertéo,
C. Wendt*?, J. Werthebach??, M. Weyrauch31, N. Whitehorn?*, C. H. Wiebusch!, N. Willey24, D.R. WilliamsSs, L. Witthauszs, A.
Wolf!, M. Wolf?”, G. Wrede?®, X. W. Xu’, J. P. Yanez?®, E. Yildizci*®, S. Yoshida'®, R. Young®, E. Yu'4, S. Yu**, T. Yuan*', Z.
Zhang55 ,P. Zhelnin14, M. Zimmerman*?

L. Physikalisches Institut, RWTH Aachen University, D-52056 Aachen, Germany

2 Department of Physics, University of Adelaide, Adelaide, 5005, Australia

3 Dept. of Physics and Astronomy, University of Alaska Anchorage, 3211 Providence Dr., Anchorage, AK 99508, USA
4 Dept. of Physics, University of Texas at Arlington, 502 Yates St., Science Hall Rm 108, Box 19059, Arlington, TX 76019, USA
5 CTSPS, Clark-Atlanta University, Atlanta, GA 30314, USA

6 School of Physics and Center for Relativistic Astrophysics, Georgia Institute of Technology, Atlanta, GA 30332, USA
7 Dept. of Physics, Southern University, Baton Rouge, LA 70813, USA

8 Dept. of Physics, University of California, Berkeley, CA 94720, USA

9 Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

10 Institut fiir Physik, Humboldt-Universitit zu Berlin, D-12489 Berlin, Germany

11 Fakultit fiir Physik & Astronomie, Ruhr-Universitit Bochum, D-44780 Bochum, Germany

12 Université Libre de Bruxelles, Science Faculty CP230, B-1050 Brussels, Belgium



IceCube realtime neutrino alert using multiplet signal

13 Vrije Universiteit Brussel (VUB), Dienst ELEM, B-1050 Brussels, Belgium

14 Department of Physics and Laboratory for Particle Physics and Cosmology, Harvard University, Cambridge, MA 02138, USA
15 Dept. of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

16 Dept. of Physics and The International Center for Hadron Astrophysics, Chiba University, Chiba 263-8522, Japan

17 Department of Physics, Loyola University Chicago, Chicago, IL 60660, USA

18 Dept. of Physics and Astronomy, University of Canterbury, Private Bag 4800, Christchurch, New Zealand

19 Dept. of Physics, University of Maryland, College Park, MD 20742, USA

20 Dept. of Astronomy, Ohio State University, Columbus, OH 43210, USA

21 Dept. of Physics and Center for Cosmology and Astro-Particle Physics, Ohio State University, Columbus, OH 43210, USA
22 Niels Bohr Institute, University of Copenhagen, DK-2100 Copenhagen, Denmark

23 Dept. of Physics, TU Dortmund University, D-44221 Dortmund, Germany

24 Dept. of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA

25 Dept. of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2E1

26 Erlangen Centre for Astroparticle Physics, Friedrich-Alexander-Universitit Erlangen-Niirnberg, D-91058 Erlangen, Germany
27 Technical University of Munich, TUM School of Natural Sciences, Department of Physics, D-85748 Garching bei Miinchen, Germany
28 Département de physique nucléaire et corpusculaire, Université de Genéve, CH-1211 Gengve, Switzerland

29 Dept. of Physics and Astronomy, University of Gent, B-9000 Gent, Belgium

30 Dept. of Physics and Astronomy, University of California, Irvine, CA 92697, USA

31 Karlsruhe Institute of Technology, Institute for Astroparticle Physics, D-76021 Karlsruhe, Germany

32 Karlsruhe Institute of Technology, Institute of Experimental Particle Physics, D-76021 Karlsruhe, Germany

33 Dept. of Physics, Engineering Physics, and Astronomy, Queen’s University, Kingston, ON K7L 3N6, Canada

34 Department of Physics & Astronomy, University of Nevada, Las Vegas, NV, 89154, USA

35 Nevada Center for Astrophysics, University of Nevada, Las Vegas, NV 89154, USA

36 Dept. of Physics and Astronomy, University of Kansas, Lawrence, KS 66045, USA

37 Centre for Cosmology, Particle Physics and Phenomenology - CP3, Université catholique de Louvain, Louvain-la-Neuve, Belgium
38 Department of Physics, Mercer University, Macon, GA 31207-0001, USA

39 Dept. of Astronomy, University of Wisconsin-Madison, Madison, WI 53706, USA

40 Dept. of Physics and Wisconsin IceCube Particle Astrophysics Center, University of Wisconsin—Madison, Madison, WI 53706, USA
41 Institute of Physics, University of Mainz, Staudinger Weg 7, D-55099 Mainz, Germany

42 Department of Physics, Marquette University, Milwaukee, WI, 53201, USA

43 Institut fiir Kernphysik, Westfélische Wilhelms-Universitidt Miinster, D-48149 Miinster, Germany

44 Bartol Research Institute and Dept. of Physics and Astronomy, University of Delaware, Newark, DE 19716, USA

45 Dept. of Physics, Yale University, New Haven, CT 06520, USA

46 Columbia Astrophysics and Nevis Laboratories, Columbia University, New York, NY 10027, USA

4T Dept. of Physics, University of Oxford, Parks Road, Oxford OX1 3PU, United Kingdom

48 Dipartimento di Fisica e Astronomia Galileo Galilei, Universita Degli Studi di Padova, 35122 Padova PD, Italy

49 Dept. of Physics, Drexel University, 3141 Chestnut Street, Philadelphia, PA 19104, USA

50 physics Department, South Dakota School of Mines and Technology, Rapid City, SD 57701, USA

51 Dept. of Physics, University of Wisconsin, River Falls, WI 54022, USA

52 Dept. of Physics and Astronomy, University of Rochester, Rochester, NY 14627, USA

53 Department of Physics and Astronomy, University of Utah, Salt Lake City, UT 84112, USA

34 Oskar Klein Centre and Dept. of Physics, Stockholm University, SE-10691 Stockholm, Sweden

55 Dept. of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794-3800, USA

56 Dept. of Physics, Sungkyunkwan University, Suwon 16419, Korea

57 Institute of Physics, Academia Sinica, Taipei, 11529, Taiwan

58 Dept. of Physics and Astronomy, University of Alabama, Tuscaloosa, AL 35487, USA

59 Dept. of Astronomy and Astrophysics, Pennsylvania State University, University Park, PA 16802, USA

60 Dept. of Physics, Pennsylvania State University, University Park, PA 16802, USA

61 Dept. of Physics and Astronomy, Uppsala University, Box 516, S-75120 Uppsala, Sweden

62 Dept. of Physics, University of Wuppertal, D-42119 Wuppertal, Germany

63 Deutsches Elektronen-Synchrotron DESY, Platanenallee 6, 15738 Zeuthen, Germany

64 Institute of Physics, Sachivalaya Marg, Sainik School Post, Bhubaneswar 751005, India

65 Department of Space, Earth and Environment, Chalmers University of Technology, 412 96 Gothenburg, Sweden

66 Earthquake Research Institute, University of Tokyo, Bunkyo, Tokyo 113-0032, Japan

Acknowledgements

The authors gratefully acknowledge the support from the following agencies and institutions: USA — U.S. National Science Foundation-
Office of Polar Programs, U.S. National Science Foundation-Physics Division, U.S. National Science Foundation-EPSCoR, Wisconsin
Alumni Research Foundation, Center for High Throughput Computing (CHTC) at the University of Wisconsin-Madison, Open Science

10



IceCube realtime neutrino alert using multiplet signal

Grid (OSG), Advanced Cyberinfrastructure Coordination Ecosystem: Services & Support (ACCESS), Frontera computing project at the
Texas Advanced Computing Center, U.S. Department of Energy-National Energy Research Scientific Computing Center, Particle astro-
physics research computing center at the University of Maryland, Institute for Cyber-Enabled Research at Michigan State University, and
Astroparticle physics computational facility at Marquette University; Belgium — Funds for Scientific Research (FRS-FNRS and FWO),
FWO Odysseus and Big Science programmes, and Belgian Federal Science Policy Office (Belspo); Germany — Bundesministerium
fiir Bildung und Forschung (BMBF), Deutsche Forschungsgemeinschaft (DFG), Helmholtz Alliance for Astroparticle Physics (HAP),
Initiative and Networking Fund of the Helmholtz Association, Deutsches Elektronen Synchrotron (DESY), and High Performance
Computing cluster of the RWTH Aachen; Sweden — Swedish Research Council, Swedish Polar Research Secretariat, Swedish National
Infrastructure for Computing (SNIC), and Knut and Alice Wallenberg Foundation; European Union — EGI Advanced Computing for
research; Australia — Australian Research Council; Canada — Natural Sciences and Engineering Research Council of Canada, Calcul
Québec, Compute Ontario, Canada Foundation for Innovation, WestGrid, and Compute Canada; Denmark — Villum Fonden, Carlsberg
Foundation, and European Commission; New Zealand — Marsden Fund; Japan — Japan Society for Promotion of Science (JSPS) and In-
stitute for Global Prominent Research (IGPR) of Chiba University; Korea — National Research Foundation of Korea (NRF); Switzerland
— Swiss National Science Foundation (SNSF); United Kingdom — Department of Physics, University of Oxford.

11



	Introduction
	Multiplet Selection in the IceCube
	IceCube observatory
	Neutrino Event Selection 
	Clustering of Multiplets

	Performance of the Multiplet Selection
	Sensitivity
	Conclusion

