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• Program 
https://indico.in2p3.fr/event/grand-beacon 

• Venue 
Room 320 (3rd floor) at Whitmore Lab., 4575 Pollock Rd, University Park. 
In case of problems, call/text Whatsapp Steph +1 (773) 255-4919 or Whatsapp Kumiko +33 
677799395.  

• Zoom links  
General links will be posted on the website https://indico.in2p3.fr/event/grand-beacon  
Links for the closed sessions will be sent out to registered participants.  

GRAND-BEACON Workshop: General information
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https://indico.in2p3.fr/event/grand-beacon


• Workshop Dinner (Wed. 10 Jan. - tonight) 
Big Springs Spirits, in the historical town of Bellefonte  
https://www.bigspringspirits.com/bellefonte 
We will go there together by bus, take a tasting tour of the whisky distillery, have drinks and food.

GRAND-BEACON Workshop: Dinner
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Workshop dinner: meet @6:15pm sharp in front 
of the Thomas Building 
—> On Polluck Rd northeast of Shortlidge Rd  

Let us know if you are driving by yourself!

Pick up 

Where we are now

https://www.bigspringspirits.com/bellefonte


Overviews of several experiments  
focussed on challenges/flaws/advantages/lessons 

Open sessions in hybrid mode  
everyday: a report of the discussions 

Closed brainstorming sessions with limited hybrid mode  
2 chairs - maximize discussions 

The Sessions
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Wed. 10/01 9am-5:15pm + dinner @6pm



Open sessions in hybrid mode  
everyday: a report of the discussions 

Closed brainstorming sessions with limited hybrid mode  
2 chairs - maximize discussions 

The Sessions
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Thu. 11/01  9am-5pm (lunch: 12:30-2pm)



The Sessions
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Fri. 11/01  9am-3:30pm  
(lunch: 12:30-2pm) 

End: 3:30pm

Closed final brainstorming session



• Workshop Dinner (Wed. 10 Jan. - tonight) 
Big Springs Spirits, in the historical town of Bellefonte  
https://www.bigspringspirits.com/bellefonte 
We will go there together by bus, take a tasting tour of the whisky distillery, have drinks and food.

GRAND-BEACON Workshop: Dinner
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Workshop dinner: meet @6:15pm sharp in front 
of the Thomas Building 
—> On Polluck Rd northeast of Shortlidge Rd  

Let us know if you are driving by yourself!

Pick up 

Where we are now

https://www.bigspringspirits.com/bellefonte


1.What do we want to achieve? 
- scientifically? Wed. PM 
- technically? Wed. AM + all week 

2. What are the flaws and advantages of existing or projected instruments? 
experimental overview Wed. AM 

3. How can we achieve our goals of point 1?  
 
Brainstorming Sessions 2.5 days 
- Maximizing aperture while minimizing instrumentation and energy threshold  
- RFI mitigation 
- Designing radio detectors efficient towards the horizon 
- Advantage of phased-unphased arrays 
- Lowering energy threshold 
- DAQ for very large scale detectors; Sustainability; Optimizing power and comms distribution, 
accurate time synchronization of distributed detectors 
- Frequency range (science, commercial availability, signal discrimination)

Goals of this workshop
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What do we want to achieve?
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 Scientifically? Wed. PM (Kohta & Kumiko)

Gravitational Waves and Gamma-Rays from a Binary Neutron Star Merger:
GW170817 and GRB 170817A

LIGO Scientific Collaboration and Virgo Collaboration, Fermi Gamma-ray Burst Monitor, and INTEGRAL
(See the end matter for the full list of authors.)

Received 2017 October 6; revised 2017 October 9; accepted 2017 October 9; published 2017 October 16

Abstract

On 2017 August 17, the gravitational-wave event GW170817 was observed by the Advanced LIGO and Virgo
detectors, and the gamma-ray burst (GRB) GRB170817A was observed independently by the Fermi Gamma-ray
Burst Monitor, and the Anti-Coincidence Shield for the Spectrometer for the International Gamma-Ray Astrophysics
Laboratory. The probability of the near-simultaneous temporal and spatial observation of GRB170817A and
GW170817 occurring by chance is 5.0 10 8´ - . We therefore confirm binary neutron star mergers as a progenitor of
short GRBs. The association of GW170817 and GRB170817A provides new insight into fundamental physics and
the origin of short GRBs. We use the observed time delay of 1.74 0.05 s+ ( ) between GRB170817A and
GW170817 to: (i) constrain the difference between the speed of gravity and the speed of light to be between

3 10 15- ´ - and 7 10 16+ ´ - times the speed of light, (ii) place new bounds on the violation of Lorentz invariance,
(iii) present a new test of the equivalence principle by constraining the Shapiro delay between gravitational and
electromagnetic radiation. We also use the time delay to constrain the size and bulk Lorentz factor of the region
emitting the gamma-rays. GRB170817A is the closest short GRB with a known distance, but is between 2 and 6
orders of magnitude less energetic than other bursts with measured redshift. A new generation of gamma-ray detectors,
and subthreshold searches in existing detectors, will be essential to detect similar short bursts at greater distances.
Finally, we predict a joint detection rate for the Fermi Gamma-ray Burst Monitor and the Advanced LIGO and Virgo
detectors of 0.1–1.4 per year during the 2018–2019 observing run and 0.3–1.7 per year at design sensitivity.

Key words: binaries: close – gamma-ray burst: general – gravitational waves

1. Introduction and Background

GW170817 and GRB170817A mark the discovery of a
binary neutron star (BNS) merger detected both as a gravitational
wave (GW; LIGO Scientific Collaboration & Virgo Collabora-
tion 2017a) and a short-duration gamma-ray burst (SGRB;
Goldstein et al. 2017; Savchenko et al. 2017b). Detecting GW
radiation from the coalescence of BNS and neutron star (NS)–
black hole (BH) binary systems has been a major goal (Abbott
et al. 2017a) of the LIGO (Aasi et al. 2015) and Virgo (Acernese
et al. 2015) experiments. This was at least partly motivated by
their promise of being the most likely sources of simultaneously
detectable GW and electromagnetic (EM) radiation from the
same source. This is important as joint detections enable a wealth
of science unavailable from either messenger alone(Abbott et al.
2017f). BNS mergers are predicted to yield signatures across the
EM spectrum(Metzger & Berger 2012; Piran et al. 2013),
including SGRBs (Blinnikov et al. 1984; Paczynski 1986; Eichler
et al. 1989; Paczynski 1991; Narayan et al. 1992), which produce
prompt emission in gamma-rays and longer-lived afterglows.

A major astrophysical implication of a joint detection of an
SGRB and of GWs from a BNS merger is the confirmation that
these binaries are indeed the progenitors of at least some SGRBs.
GRBs are classified as short or long depending on the duration of
their prompt gamma-ray emission. This cut is based on spectral
differences in gamma-rays and the bimodality of the observed

distribution of these durations (Dezalay et al. 1992; Kouveliotou
et al. 1993). This empirical division was accompanied by
hypotheses that the two classes have different progenitors. Long
GRBs have been firmly connected to the collapse of massive stars
through the detection of associated Type Ibc core-collapse
supernovae (see Galama et al. 1998, as well as Hjorth & Bloom
2012 and references therein). Prior to the results reported here,
support for the connection between SGRBs and mergers of BNSs
(or NS–BH binaries) came only from indirect observational
evidence(Nakar 2007; Berger et al. 2013; Tanvir et al. 2013;
Berger 2014), population synthesis studies (Bloom et al. 1999;
Fryer et al. 1999; Belczynski et al. 2006), and numerical
simulations (e.g., Aloy et al. 2005; Rezzolla et al. 2011; Kiuchi
et al. 2015; Baiotti & Rezzolla 2017; Kawamura et al. 2016; Ruiz
et al. 2016). The unambiguous joint detection of GW and EM
radiation from the same event confirms that BNS mergers are
progenitors of (at least some) SGRBs.
In Section 2 we describe the independent observations of

GW170817 by the LIGO–Virgo and of GRB170817A by the
Fermi Gamma-ray Burst Monitor (GBM) and by the SPectro-
meter on board INTEGRAL Anti-Coincidence Shield (SPI-
ACS). In Section 3 we establish the firm association between
GW170817 and GRB170817A. In Section 4 we explore the
constraints on fundamental physics that can be obtained from
the time separation between the GW and EM signals. In
Section 5 we explore the implications of the joint detection of
GW170817 and GRB170817A on the SGRB engine and the
NS equation of state (EOS). In Section 6 we explore the
implications of the comparative dimness of GRB170817A
relative to the known SGRB population and revise the

The Astrophysical Journal Letters, 848:L13 (27pp), 2017 October 20 https://doi.org/10.3847/2041-8213/aa920c
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Observation of Gravitational Waves from a Binary Black Hole Merger

B. P. Abbott et al.*

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 × 10−21. It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.1σ. The source lies at a luminosity distance of 410þ160

−180 Mpc corresponding to a redshift z ¼ 0.09þ0.03
−0.04 .

In the source frame, the initial black hole masses are 36þ5
−4M⊙ and 29þ4

−4M⊙, and the final black hole mass is
62þ4

−4M⊙, with 3.0þ0.5
−0.5M⊙c2 radiated in gravitational waves. All uncertainties define 90% credible intervals.

These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102

I. INTRODUCTION

In 1916, the year after the final formulation of the field
equations of general relativity, Albert Einstein predicted
the existence of gravitational waves. He found that
the linearized weak-field equations had wave solutions:
transverse waves of spatial strain that travel at the speed of
light, generated by time variations of the mass quadrupole
moment of the source [1,2]. Einstein understood that
gravitational-wave amplitudes would be remarkably
small; moreover, until the Chapel Hill conference in
1957 there was significant debate about the physical
reality of gravitational waves [3].
Also in 1916, Schwarzschild published a solution for the

field equations [4] that was later understood to describe a
black hole [5,6], and in 1963 Kerr generalized the solution
to rotating black holes [7]. Starting in the 1970s theoretical
work led to the understanding of black hole quasinormal
modes [8–10], and in the 1990s higher-order post-
Newtonian calculations [11] preceded extensive analytical
studies of relativistic two-body dynamics [12,13]. These
advances, together with numerical relativity breakthroughs
in the past decade [14–16], have enabled modeling of
binary black hole mergers and accurate predictions of
their gravitational waveforms. While numerous black hole
candidates have now been identified through electromag-
netic observations [17–19], black hole mergers have not
previously been observed.

The discovery of the binary pulsar systemPSR B1913þ16
by Hulse and Taylor [20] and subsequent observations of
its energy loss by Taylor and Weisberg [21] demonstrated
the existence of gravitational waves. This discovery,
along with emerging astrophysical understanding [22],
led to the recognition that direct observations of the
amplitude and phase of gravitational waves would enable
studies of additional relativistic systems and provide new
tests of general relativity, especially in the dynamic
strong-field regime.
Experiments to detect gravitational waves began with

Weber and his resonant mass detectors in the 1960s [23],
followed by an international network of cryogenic reso-
nant detectors [24]. Interferometric detectors were first
suggested in the early 1960s [25] and the 1970s [26]. A
study of the noise and performance of such detectors [27],
and further concepts to improve them [28], led to
proposals for long-baseline broadband laser interferome-
ters with the potential for significantly increased sensi-
tivity [29–32]. By the early 2000s, a set of initial detectors
was completed, including TAMA 300 in Japan, GEO 600
in Germany, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) in the United States, and Virgo in
Italy. Combinations of these detectors made joint obser-
vations from 2002 through 2011, setting upper limits on a
variety of gravitational-wave sources while evolving into
a global network. In 2015, Advanced LIGO became the
first of a significantly more sensitive network of advanced
detectors to begin observations [33–36].
A century after the fundamental predictions of Einstein

and Schwarzschild, we report the first direct detection of
gravitational waves and the first direct observation of a
binary black hole system merging to form a single black
hole. Our observations provide unique access to the

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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Materials and Methods). The observed zenith
distribution is also typical of such a flux: As a
result of absorption in Earth above tens of TeV
energy, most events (about 60%, depending on
the energy spectrum) from even an isotropic high-
energy extraterrestrial population would be ex-
pected to appear in the Southern Hemisphere.
Although the zenith distribution is well explained
(Fig. 4) by an isotropic flux, a slight southern ex-
cess remains, which could be explained either as a
statistical fluctuation or by a source population that
is either relatively small or unevenly distributed
through the sky.

This discussion can be quantified by a global
fit of the data to a combination of the p/K atmo-
spheric neutrino background, atmospheric neutri-
nos from charmed meson decays, and an isotropic
equal-flavor extraterrestrial power-law flux. With
the normalizations of all components free to float,
this model was fit to the two-dimensional depos-
ited energy and zenith distribution of the data
(Fig. 2) in the range of 60 TeV < Edep < 2 PeV,
above most of the expected background (Fig. 4).
The data are well described in this energy range
by an E−2 neutrino spectrum with a per-flavor nor-
malization of E2F(E) = (1.2 T 0.4) × 10−8 GeV
cm−2 s−1 sr−1. Although it is difficult to substan-
tively constrain the shape of the spectrum with
our current limited statistics, a flux at this level
would have been expected to generate an ad-
ditional three to six events in the 2 to 10 PeV
range; the lack of such events in the sample may
indicate either a softer spectrum (the best fit is
E−2.2 T 0.4) or the presence of a break or cutoff at
PeVenergies. When limited to only atmospheric
neutrinos, the best fit to the data would require a
charm flux 4.5 times larger than the current ex-
perimental 90% CL upper bounds (8) and even
then is disfavored at 4s with respect to a fit
allowing an extraterrestrial contribution.

Search for Neutrino Sources
To search for spatial clustering, indicating pos-
sible neutrino sources, we conducted a maximum
likelihood point source analysis (14). At each point
in the sky, we tested a point source hypothesis
based on full-sky uncertainty maps for each event
obtained from the reconstruction. This yields a
sky map of test statistic values [TS = 2log(L/L0),
where L is the maximized likelihood and L0 is
the likelihood under the null hypothesis], which
reflects any excess concentration of events rela-
tive to a flat background distribution (Fig. 5). To
account for trials due to searching the whole sky,
we estimate the significance of the highest TS
observed by performing the same analysis on the
data with the right ascension of the events ran-
domized. The final significance is then the frac-
tion of these randomized maps that have a TS
value anywhere in the sky as high or higher than
that observed in data. The chance probability cal-
culated this way is independent of Monte Carlo
simulation. Therefore, the significance obtained
is against the hypothesis that all events in this
sample are uniformly distributed in right ascen-

sion, rather than the significance of a cluster of
events above predicted backgrounds. Note that
because muon tracks have much smaller angular
uncertainties than showers, their presence can
skew the highest TS values and overshadow clus-
ters of shower events. To correct for this effect,
and because muon events are more likely to be
atmospheric background, we repeated every clus-
tering analysis described here twice: once with
the full 28 events and once with only the 21 shower
events.

When using all events, the likelihood map
reveals no significant clustering compared to
randomized maps. For the shower events, the
coordinates with the highest TS are at right as-
cension = 281°, declination = −23° (galactic lon-
gitude l = +12°, latitude b = −9°). Five events,
including the second highest energy event in the
sample, contribute to the main part of the excess
with two others nearby. The fraction of random-
ized data sets that yield a similar or higher TS at
this exact spot is 0.2%. (At the exact location of the
galactic center, the fraction is 5.4%.) The final sig-
nificance, estimated as the fraction of randomized
maps with a similar or higher TS anywhere in the
sky, is 8%. This degree of clustering may be compat-
ible with a source or sources in the galactic center
region, but the poor angular resolution for showers
and the wide distribution of the events do not
allow the identification of any sources at this time.

Two other spatial clustering analyses were
defined a priori. We performed a galactic plane
correlation study using the full directional re-
construction uncertainty for each event to define
the degree of overlap with the plane. The plane
width was chosen to be T2.5° on the basis of TeV
gamma-ray observations (15).Amulticluster search
using the sum of log-likelihood values at every

local maximum in the likelihood map was also
conducted. Neither of these analyses yielded sig-
nificant results.

In addition to clustering of events in space,
we performed two tests for clustering of events
in time that calculate significances by compar-
ing the actual arrival times to event times drawn
from a random uniform distribution throughout
the live time. Because many sources (16–18) are
expected to produce neutrinos in bursts, identi-
fication of such a time cluster could allow asso-
ciation with a source without reference to the
limited angular resolution of most of the ob-
served neutrinos. When using all events, no sig-
nificant time cluster was observed. Furthermore,
each spatial cluster in Fig. 5 containing more than
one event was tested individually for evidence
of time clustering. Of the eight regions tested, the
most significant was a pair that includes the highest
energy shower in the sample, but was still com-
patible with random fluctuations. The five shower
events of the densest cluster show no significant
overall time clustering.

Materials and Methods

Event Selection
Backgrounds for cosmic neutrino searches arise
entirely from interactions of cosmic rays in Earth’s
atmosphere. These produce secondary muons
that penetrate into underground neutrino detec-
tors from above, as well as atmospheric neutrinos
that reach the detector from all directions because
of the low neutrino cross section, which allows
them to penetrate Earth from the opposite hemi-
sphere. These particles are produced in the decays
of secondary p and K mesons; at high energies,
a flux from the prompt decay of charmed mesons

Fig. 5. Sky map in equatorial coordinates of the TS value from the maximum likelihood point
source analysis. The most significant cluster consists of five events—all showers and including the second
highest energy event in the sample—with a final significance of 8%. This is not sufficient to identify any
neutrino sources from the clustering study. The galactic plane is shown as a curved gray line with the galactic
center at the bottom left denoted by a filled gray square. Best-fit locations of individual events (listed in
Table 1) are indicated with vertical crosses (+) for showers and angled crosses (×) for muon tracks.
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EMBARGOED UNTIL 2PM U.S. EASTERN TIME ON THE THURSDAY BEFORE THIS DATE:

Evidence for High-Energy
Extraterrestrial Neutrinos
at the IceCube Detector
IceCube Collaboration*

We report on results of an all-sky search for high-energy neutrino events interacting within the
IceCube neutrino detector conducted between May 2010 and May 2012. The search follows up
on the previous detection of two PeV neutrino events, with improved sensitivity and extended
energy coverage down to about 30 TeV. Twenty-six additional events were observed, substantially
more than expected from atmospheric backgrounds. Combined, both searches reject a purely
atmospheric origin for the 28 events at the 4s level. These 28 events, which include the highest
energy neutrinos ever observed, have flavors, directions, and energies inconsistent with those
expected from the atmospheric muon and neutrino backgrounds. These properties are, however,
consistent with generic predictions for an additional component of extraterrestrial origin.

High-energy neutrino observations can pro-
vide insight into the long-standing problem
of the origins and acceleration mecha-

nisms of high-energy cosmic rays. As cosmic ray
protons and nuclei are accelerated, they interact with
gas and background light to produce charged pions
and kaons, which then decay, emitting neutrinos
with energies proportional to the energies of the
high-energy protons that produced them. These
neutrinos can be detected on Earth in large under-
ground detectors by the production of secondary
leptons and hadronic showers when they interact
with the detector material. IceCube, a large-volume
Cherenkov detector (1) made of 5160 photomul-
tipliers (PMTs) at depths between 1450 and 2450 m
in natural Antarctic ice (Fig. 1), has been designed
to detect these neutrinos at TeV-PeV energies. Re-
cently, the Fermi collaboration presented evidence
for acceleration of low-energy (GeV) cosmic ray
protons in supernova remnants (2); neutrino obser-
vations with IceCube would probe sources of
cosmic rays at far higher energies.

A recent IceCube search for neutrinos of EeV
(106 TeV) energy found two events at energies
of 1 PeV (103 TeV), above what is generally ex-
pected from atmospheric backgrounds and a pos-
sible hint of an extraterrestrial source (3). Although
that analysis had some sensitivity to neutrino
events of all flavors above 1 PeV, it was most sen-
sitive to nm events above 10 PeV from the region
around the horizon, above which the energy thresh-
old increased sharply to 100 PeV. As a result, it
had only limited sensitivity to the type of events
found, which were typical of either ne or neutral
current events and at the bottom of the detectable
energy range, preventing a detailed understanding
of the population from which they arose and an
answer to the question of their origin.

Here, we present a follow-up analysis designed
to characterize the flux responsible for these

events by conducting an exploratory search for
neutrinos at lower energies with interaction verti-
ces well contained within the detector volume,
discarding events containing muon tracks orig-
inating outside of IceCube (Fig. 1). This event
selection (see Materials and Methods) allows the
resulting search to have approximately equal sen-
sitivity to neutrinos of all flavors and from all
directions. We obtained nearly full efficiency for
interacting neutrinos above several hundred TeV,
with some sensitivity extending to neutrino ener-
gies as low as 30 TeV (see Materials andMethods).
The data-taking period is shared with the earlier

high-energy analysis: Data shownwere taken during
the first season running with the completed IceCube
array (86 strings, between May 2011 and May 2012)
and the preceding construction season (79 strings,
between May 2010 and May 2011), with a total
combined live time of 662 days.

Results
In the 2-year data set, 28 events with in-detector
deposited energies between 30 and 1200 TeV
were observed (Fig. 2 and Table 1) on an ex-
pected background of 10:6þ5:0

−3:6 events from at-
mospheric muons and neutrinos (see Materials
and Methods). The two most energetic of these
were the previously reported PeVevents (3). Seven
events contained clearly identifiable muon tracks,
whereas the remaining 21 were showerlike, con-
sistent with neutrino interactions other than nm
charged current. Events containing muon tracks
in general have better angular resolution, typi-
cally of better than 1 degree (4), compared to the
10 to 15 degrees typical of events without visible
muons (see Materials and Methods). Four of the
low-energy tracklike events started near the de-
tector boundary and were down-going, consistent
with the properties of the expected 6.0 T 3.4 back-
ground atmospheric muons, as measured from a
control sample of penetrating muons in data. One
of these—the only such event in the sample—
had hits in the IceTop surface air shower array
compatible with its arrival time and direction
in IceCube (event 28). The points at which the
remaining events were first observed were uni-
formly distributed throughout the detector (Fig. 3).
This is consistent with expectations for neutrino
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Fig. 1. Drawing of the IceCube array. Results are from the complete pictured detector for 2011 to
2012 and from a partial detector missing the dark gray strings in the bottom left corner for the 2010 to
2011 season. (A and B) The side view (B) shows a cross section of the detector indicated in the top view
(A) in blue. Events producing first light in the veto region (shaded area) were discarded as entering
tracks (usually from cosmic ray muons entering the detector). Most background events are nearly ver-
tical, requiring a thick veto cap at the top of the detector. The shaded region in the middle contains ice
of high dust concentration (24). Because of the high degree of light absorption in this region, near
horizontal events could have entered here without being tagged at the sides of the detector without a
dedicated tagging region.
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We report on results of an all-sky search for high-energy neutrino events interacting within the
IceCube neutrino detector conducted between May 2010 and May 2012. The search follows up
on the previous detection of two PeV neutrino events, with improved sensitivity and extended
energy coverage down to about 30 TeV. Twenty-six additional events were observed, substantially
more than expected from atmospheric backgrounds. Combined, both searches reject a purely
atmospheric origin for the 28 events at the 4s level. These 28 events, which include the highest
energy neutrinos ever observed, have flavors, directions, and energies inconsistent with those
expected from the atmospheric muon and neutrino backgrounds. These properties are, however,
consistent with generic predictions for an additional component of extraterrestrial origin.

High-energy neutrino observations can pro-
vide insight into the long-standing problem
of the origins and acceleration mecha-

nisms of high-energy cosmic rays. As cosmic ray
protons and nuclei are accelerated, they interact with
gas and background light to produce charged pions
and kaons, which then decay, emitting neutrinos
with energies proportional to the energies of the
high-energy protons that produced them. These
neutrinos can be detected on Earth in large under-
ground detectors by the production of secondary
leptons and hadronic showers when they interact
with the detector material. IceCube, a large-volume
Cherenkov detector (1) made of 5160 photomul-
tipliers (PMTs) at depths between 1450 and 2450 m
in natural Antarctic ice (Fig. 1), has been designed
to detect these neutrinos at TeV-PeV energies. Re-
cently, the Fermi collaboration presented evidence
for acceleration of low-energy (GeV) cosmic ray
protons in supernova remnants (2); neutrino obser-
vations with IceCube would probe sources of
cosmic rays at far higher energies.

A recent IceCube search for neutrinos of EeV
(106 TeV) energy found two events at energies
of 1 PeV (103 TeV), above what is generally ex-
pected from atmospheric backgrounds and a pos-
sible hint of an extraterrestrial source (3). Although
that analysis had some sensitivity to neutrino
events of all flavors above 1 PeV, it was most sen-
sitive to nm events above 10 PeV from the region
around the horizon, above which the energy thresh-
old increased sharply to 100 PeV. As a result, it
had only limited sensitivity to the type of events
found, which were typical of either ne or neutral
current events and at the bottom of the detectable
energy range, preventing a detailed understanding
of the population from which they arose and an
answer to the question of their origin.

Here, we present a follow-up analysis designed
to characterize the flux responsible for these

events by conducting an exploratory search for
neutrinos at lower energies with interaction verti-
ces well contained within the detector volume,
discarding events containing muon tracks orig-
inating outside of IceCube (Fig. 1). This event
selection (see Materials and Methods) allows the
resulting search to have approximately equal sen-
sitivity to neutrinos of all flavors and from all
directions. We obtained nearly full efficiency for
interacting neutrinos above several hundred TeV,
with some sensitivity extending to neutrino ener-
gies as low as 30 TeV (see Materials andMethods).
The data-taking period is shared with the earlier

high-energy analysis: Data shownwere taken during
the first season running with the completed IceCube
array (86 strings, between May 2011 and May 2012)
and the preceding construction season (79 strings,
between May 2010 and May 2011), with a total
combined live time of 662 days.

Results
In the 2-year data set, 28 events with in-detector
deposited energies between 30 and 1200 TeV
were observed (Fig. 2 and Table 1) on an ex-
pected background of 10:6þ5:0

−3:6 events from at-
mospheric muons and neutrinos (see Materials
and Methods). The two most energetic of these
were the previously reported PeVevents (3). Seven
events contained clearly identifiable muon tracks,
whereas the remaining 21 were showerlike, con-
sistent with neutrino interactions other than nm
charged current. Events containing muon tracks
in general have better angular resolution, typi-
cally of better than 1 degree (4), compared to the
10 to 15 degrees typical of events without visible
muons (see Materials and Methods). Four of the
low-energy tracklike events started near the de-
tector boundary and were down-going, consistent
with the properties of the expected 6.0 T 3.4 back-
ground atmospheric muons, as measured from a
control sample of penetrating muons in data. One
of these—the only such event in the sample—
had hits in the IceTop surface air shower array
compatible with its arrival time and direction
in IceCube (event 28). The points at which the
remaining events were first observed were uni-
formly distributed throughout the detector (Fig. 3).
This is consistent with expectations for neutrino
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Fig. 1. Drawing of the IceCube array. Results are from the complete pictured detector for 2011 to
2012 and from a partial detector missing the dark gray strings in the bottom left corner for the 2010 to
2011 season. (A and B) The side view (B) shows a cross section of the detector indicated in the top view
(A) in blue. Events producing first light in the veto region (shaded area) were discarded as entering
tracks (usually from cosmic ray muons entering the detector). Most background events are nearly ver-
tical, requiring a thick veto cap at the top of the detector. The shaded region in the middle contains ice
of high dust concentration (24). Because of the high degree of light absorption in this region, near
horizontal events could have entered here without being tagged at the sides of the detector without a
dedicated tagging region.
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Evidence for High-Energy
Extraterrestrial Neutrinos
at the IceCube Detector
IceCube Collaboration*
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sible hint of an extraterrestrial source (3). Although
that analysis had some sensitivity to neutrino
events of all flavors above 1 PeV, it was most sen-
sitive to nm events above 10 PeV from the region
around the horizon, above which the energy thresh-
old increased sharply to 100 PeV. As a result, it
had only limited sensitivity to the type of events
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selection (see Materials and Methods) allows the
resulting search to have approximately equal sen-
sitivity to neutrinos of all flavors and from all
directions. We obtained nearly full efficiency for
interacting neutrinos above several hundred TeV,
with some sensitivity extending to neutrino ener-
gies as low as 30 TeV (see Materials andMethods).
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combined live time of 662 days.
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sistent with neutrino interactions other than nm
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Ultra

UHE neutrinos source?

UHE neutrinos or another source

• We want to dream 
• We want to be funded 
• Trade-off? Adequacy? 
• Experimental needs for the priority science 

case? 
• Any ancillary Science Case? At what cost?

Questions

Program



What do we want to achieve?

10

 Technically? all days

• Because that's our expertise… ;-p  
• Benchmarked/mature technique for vertical showers 
• Robust, scalable, cost-efficient  

—> in principle ideal for large apertures 
• Radio In-Ice is complementary and has its drawbacks 

—> good to move in parallel

Why Radio In-Air?

large-scale ultra-high energy 
neutrino radio antenna array

future generation ultra-high 
energy neutrino radio detector

Ideas from OpenAI

deploying 1000s of radio antennas 
in the desert from a helicopter

giant radio array for neutrino 
detection

Seems like the human brain can still do better…

• Radio in-air 
• Robustness, simplicity, size, … 
• Are there unavoidable technical 

constraints?

Program



•  GRAND and BEACON prototypes are (almost) running 
- confident that detection techniques will be validated 
- time to think of the larger-scale phase 

•  In Europe: many other experiments are finishing their commissioning or R&D phase 
- learn from these experiments 
- interest for next R&D and manpower will be available 

•  No other large-scale ground detector planned 
- What next after Auger? 
- GCOS: unclear perspectives and likely to be merged with this project 
- IceCube-Gen2 Radio is complementary + aligned timescale? 
- The existing community will need a next project

Some background - Why now?

30

Table 1: Timeline of major projects in nuclear, 
particle and Astroparticle physics.

implementing the priorities for the next decade

SCIENTIFIC DOMAIN PROJECT 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

QUARKS AND 
LEPTON PHYSICS

ATLAS Upgrade Operations Upgrade Operations

CMS Upgrade Operations Upgrade Operations

LHCb Upgrade Operations Shutdown Operations

Belle-II Operations Upgrade Operations Upgrade Operations

FCC Feasibility Study Feasibility study

HADRON PHYSICS

ALICE Upgrade Operations Shutdown Operations

CMS HI Upgrade Operations Shutdown Operations

LHCb HI Upgrade Operations Shutdown Operations

EIC project Conception Construction Operations

NUCLEAR 
PHYSICS & 
ASTROPHYSICS

AGATA Operations @ GANIL Operations @ LEGNARO Operations @ FAIR, ISOLDE, GANIL…

SPIRAL2/S3 Construction Operations

SPIRAL2/DESIR Construction Operations

FAIR/NUSTAR Construction Operations

ASTROPARTICLE 
PHYSICS 

HESS Operations

PAO Operations

Adv Virgo+ Construction Operations - O4  Construction Operations - O5

CTA Construction Operations

LISA Construction

ET project Design study

COSMIC 
INFLATION & 
DARK ENERGY

LSST Construction Operations

Euclid Construction Operations

LiteBird project Construction

CMB-S4 project Design study Construction

NEUTRINO 
PHYSICS 
& DARK MATTER

XenonNT Construction Operations

T2K-II/SK Upgrade Operations

JUNO Construction Operations

KM3NeT Construction Operations

HK Construction Operations

DUNE Construction Operations
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CNRS/IN2P3 (particle physics 
institute in France) Roadmap

"In principle, there is room for GRAND"
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Auger Upgrade

2021 o 2025 o >2030 Minimum energy Peak energy Differential sensitivity limit [u.l.] iFoV dFoV ang. res. ! alert types, examples 

ANITA 0.1 EeV 100 EeV [2.4×10−7 GeV cm−2 s−1 sr−1 in 24 d] 6% [7°×360°] 19% [26°×360°] 2.8° -
PUEO 0.1 EeV 20 EeV 4.2×10−8 GeV cm−2 s−1 sr−1 in 30 d 6 % 20 % <2.8° -

ARA 10 PeV 1−3 EeV 3.6×10−9 GeV cm−2 s−1 sr−1 by 2030 35 % 35 % 5° -
RNO-G 50 PeV 1 EeV 5×10−9 GeV cm−2 s−1 sr−1 in 10 yr 30% [45°×360°] >50% 2°×10° planned

ARIANNA-200 30 PeV 1 EeV 4×10−9 GeV cm−2 s−1 sr−1 in 10 yr 50 % >50% 2.9−3.8° GCN, AMON
BEACON 30 PeV 1 EeV 6×10−9 GeV cm−2 s−1 sr−1 in 10 yr 6 % 19.5% 0.3°−1° planned

Auger 50 PeV 0.3−1 EeV [1.5×10−8 GeV cm−2 s−1 sr−1 in 2019] 30 % 92.8% <1° no alerts, AMON
POEMMA Cerenkov 10 PeV 0.5 EeV 3.5×10−8 GeV cm−2 s−1 sr−1 in 10 yr 0.6 % 18−36% 0.4° planned

fluorescence 10 EeV 100 EeV 1.5×10−9 GeV cm−2 s−1 sr−1 in 10 yr ? ? 1° planned
GRAND 50 PeV 0.4 EeV 2×10−10 GeV cm−2 s−1 sr−1 in 10 yr 45 % 100 % 0.1° planned

IceCube-Gen2 Radio 10 PeV 0.3 EeV 2×10−10 GeV cm−2 s−1 sr−1 in 10 yr 43% [55°×360°] 43% [55°×360°] 2°×10° planned
Ashra-NTA 1 PeV 0.1 EeV 10−10 GeV cm−2 s−1 sr−1 in 10 yr 25% [30°×360°] >80% 0.1° planned

Trinity 0.1 PeV 0.1 EeV 5×10−10 GeV cm−2 s−1 sr−1 in 10 yr 6% [7°×360°] 62 % <1° planned
TAMBO 0.3 PeV 10 PeV ? 27 % 62 % 1° planned

RET-N 10 PeV 0.1 EeV 1.5×10−10 GeV cm−2 s−1 sr−1 in 10 yr 50 % >50% ? planned

ANTARES up(cascade) 20 GeV(1 TeV) 50(100) TeV [2×10−8 GeV cm−2 s−1 sr−1 in 11 yr] (up+casc.) 50%(100%) 75%(100%) 0.3-0.4°(3°) !" only: GCN, AMON
IceCube up(cascade) 300 GeV 100 TeV [1.5×10−8 GeV cm−2 s−1 sr−1 in 3 yr] (up+casc.) 54%(100%) 54%(100%) 0.4°(10°) GCN, AMON, SNEWs
IceCube-Gen2 up(cascade) 5 TeV 300 TeV 2×10−8 GeV cm−2 s−1 sr−1 in < 90 d (up+casc.) 54%(100%) 54%(100%) 0.3°(10°) GCN, AMON, SNEWs
KM3Net ARCA up(cascade) 100 GeV(1 TeV) 100(100) TeV 5.8×10−9 GeV cm−2 s−1 sr−1 in 1.5(1 yr) 50%(100%) 75%(100%) 0.1°(1.5°) GCN, AMON

Baikal-GVD up(cascade) 100 GeV(1 TeV) 100(100) TeV (5.4×10−8 GeV cm−2 s−1 sr−1 in 10 yr) 50%(100%) 72%(100%) <1°(4.5°) private MoU, GCN
P-ONE up(cascade) 1 TeV 100 TeV 1.4×10−8 GeV cm−2 s−1 sr−1 in 2 yr 50%(100%) 73%(100%) 0.1°(1−3°) planned 

Guépin, KK, Oikonomou, 
Nat. Rev. 2022

Roadmap of projected 
HE/UHE neutrino 

instruments



•  A good timing - NOW is the time to position ourselves 
- in Europe: many experiments finishing their R&D phases —> interest & personpower 
- no next generation large-scale ground detector validated yet 
- unclear perspectives in-ice 
- multi-messenger astronomy is the new trend 

•  Strong Science Case & Technical Challenges 
- Frontier challenge (energy frontier, "new" particle frontier) 
- MM astronomy is the trend 
- Radio detection technique + large scale comms/data volume challenges + later industrial 
production could trigger interest  

•  We can build on existing grounds 
- Expertise from prototypes —> technically important + for funding agencies 
- An excellent existing infrastructure to build on:  
   —> the Auger site is looking for new projects. Could host a mid-scale array (~1000 antennas) 
- At the cross-road of several existing communities with excellent expertise  
   —> radio, large-scale arrays, data analysis, particle physics, MM alerts…

Some background - Our assets

12



Some background - Political situation
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• Mid-term review of the APPEC strategy 
• Roadmap of Astronet 
• Physics briefing book: Input for the European Strategy for Particle Physics Update 2020, section 7.3 

http://cds.cern.ch/record/2691414 
• Nikhef strategic plan 2017-2022 and beyond, p. 43 

https://www.nikhef.nl/strategisch-plan/ 
• CNRS Prospective INSU Astronomie & Astrophysique 2020-2025, p. 34 

https://www.insu.cnrs.fr/sites/institut_insu/files/news/2021-04/Prospective_INSU_AA_2019.pdf

GRAND

• Latin American Strategy for Research Infrastructures for High Energy, Cosmology, Astroparticle 
Physics LASF4RI for HECAP https://drive.google.com/file/d/1muqdLMMQaZ-yBxFdYLPuCpOQgeSfsvtV/
view

In Latin America - GRAND

In Europe

IceCube-Gen2, RNO-G, KM3Net, GCOS
• Strong community around IceCube-Gen2: Germany, Belgium, … 
• Around radio + large arrays: Netherlands, Germany, Belgium, France

http://cds.cern.ch/record/2691414
https://www.nikhef.nl/strategisch-plan/
https://www.insu.cnrs.fr/sites/institut_insu/files/news/2021-04/Prospective_INSU_AA_2019.pdf
https://drive.google.com/file/d/1muqdLMMQaZ-yBxFdYLPuCpOQgeSfsvtV/view
https://drive.google.com/file/d/1muqdLMMQaZ-yBxFdYLPuCpOQgeSfsvtV/view
https://drive.google.com/file/d/1muqdLMMQaZ-yBxFdYLPuCpOQgeSfsvtV/view
https://drive.google.com/file/d/1muqdLMMQaZ-yBxFdYLPuCpOQgeSfsvtV/view


Some background - Political situation
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In the USA

• Priority Area: New Windows on the Dynamic Universe 
• Key recommendations: 

• Time domain / multi-messenger program 
• IceCube-Gen2 endorsed but since not funded by NSF 

Astrophysics not included in the planning (NSF Physics 
instead…)

Astro2020 Decadal Survey

P5 Report
• Neutrinos are included as a key element in the “Decipher the 

Quantum Realm”  
• Recommend a portfolio of major projects that collectively study 

nearly all fundamental constituents of the universe and their 
interactions 
• MM Astrophysics noted for unique role funded via NSF Physics 
• CMB-S4 and IceCube-Gen2 heavily supported in the Cosmic 

Frontier

Novel Mid-Scale Funding
• Midscale funding newly available for $4-50M range as a part of 

NSF’s Big Ideas and decadal surveys



Technical challenges with current experiments
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•  Difficulties in finding large geographical sites meeting criteria 
- usually local government very enthusiastic 
- military/too many landowners/natural reserve permits/… 
- installation & maintenance & site access issues 
—> limit actual geographical implantation and increase aperture by geometry? 
—> improve trigger efficiency to deploy on noisier sites? 

•  Number of channels 
- detection unit robustness, simplicity, power consumption  
- production, maintenance, shipping volumes 
- data volume 
- trigger complexity & RFI robustness  

•  Complexity 
- trigger 
- distributed comms vs independent arrays 
- mechanics 
- logistics

to be discussed in the Open Discussion

… Add your thoughts!



• Very hard to think exponentially for humans – because it is 
counterintuitive! 

• Where exponential scaling applies, big numbers are not a 
problem. 
• Cost of solar and wind power drops exponentially. 
• Cost of battery capacity drops exponentially. 
• Computing capacity grows exponentially (Moore‘s law). 
• Communications bandwidth? Not sure. 

Fast growth for sure. 
• …? 

• Where linear scaling applies, big numbers seem prohibitive. 
• Cost of mechanics (steel, …). 
• Cost of deployment („classical way“). 
• Cost of maintenance (i.e., need „maintenance free“). 
• Cost of personpower. 
• …?

PV

On-shore	wind

Li-Ion	battery	capacity

Exponential versus linear scaling to be discussed in 
the Open Discussion
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• Science targets and maximizing science case 

• Maximizing aperture while minimizing instrumentation and energy threshold  

• RFI mitigation 

• Designing radio detectors efficient towards the horizon 

• Advantage of phased-unphased arrays 

• Lowering energy threshold 

• DAQ for very large scale detectors; Sustainability;  
Optimizing power and comms distribution,  
accurate time synchronization of distributed detectors 

• Frequency range (science, commercial availability, signal discrimination)

Brainstorming Sessions
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