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Extragalactic Populations

Hubble-Lemaître horizon

“Observable Universe”  
with far (faint) and near (bright) sources.

bright

faint

Populations of extragalactic 
neutrino sources visible as 

individual sources 

and by 

combined isotropic emission. 

The relative contribution can 
be parametrized (to first order) 

by the average  

 local source density   

and 

source luminosity 

ρeff

Lν
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Rare sources - blazars, high-luminosity GRBs or jetted TDEs - can not be 
the dominant sources of TeV-PeV neutrino emission (magenta band). 
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Gamma-Ray Bursts
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[credit: NASA’s Goddard Space Flight Center] 

High-energy neutrino emission is predicted by cosmic ray 
interactions with radiation at various stages of the GRB evolution.
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• IceCube routinely follows up on -ray bursts. 

• Search is most sensitive to "prompt" (<100s) neutrino emission. 

• Contribution to diffuse flux below 1% for "prompt" phase and below 
27% for neutrino emission within 3h.

γ

10 M. G. Aartsen et al.
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Figure 7. Di�erential median sensitivity of the Northern

Hemisphere track, all-sky cascade (Aartsen et al. 2016a), and

Southern Hemisphere track stacked GRB analyses to a per-

flavor E≠2 ‹ quasi-di�use flux in half-decadal ‹ energy bins,

with the final combined analysis shown in the black line.

Integrated sensitivities are shown as dashed lines over the

expected 90% energy central interval in detected neutrinos

for a given analysis. The IceCube measured 68% CL astro-

physical per-flavor neutrino flux band is given for reference

from a global fit of IceCube analyses (Aartsen et al. 2015b)

and a recent 6-year Northern Hemispheres ‹µ track analysis

(light blue, Aartsen et al. (2016d)).

This combined test statistic is used to calculate limits
on the GRB neutrino models of Section 2 as it is less
sensitive to possible background fluctuations than the
per-GRB method.

The background-only and background-plus-signal ex-
pectations of both stacked and per-GRB analyses are
determined from Monte Carlo pseudo-experiments fol-
lowing the same methodology as described by Aartsen
et al. (2016a). The sensitivity, both di�erential and in-
tegrated, of the stacked method to a per-flavor quasi-
di�use E≠2 neutrino spectrum is shown in Figure 7.
This sensitivity is calculated for each individual search
channel, as well as the final combined sensitivity. The
Northern Hemisphere track analysis (combining the re-
sults of Aartsen et al. (2015d) with this paper’s exten-
sion to three additional years) is seen to be the most
sensitive neutrino detection channel. The all-sky cas-
cade and Southern Hemisphere track channels converge
in sensitivity to the Northern Hemisphere track within
a factor of a few at energies & 1 PeV, while the South-
ern Hemisphere track analysis is the most sensitive GRB
analysis to date for neutrinos & 10 PeV. Each individual
channel has su�cient sensitivity to detect a neutrino sig-
nal should the per-flavor quasi-di�use GRB neutrino flux
be comparable in magnitude to the measured IceCube
astrophysical neutrino flux of ≥10≠8 GeV cm≠2 sr≠1 s≠1.

6. RESULTS

The final event sample was searched in coincidence
with the 508 GRBs of the three-year Northern Hemi-
sphere sample and the 664 GRBs of the five-year South-
ern sample. Both per-GRB and stacked per-year and
channel test statistics were calculated to discover a neu-
trino signal from GRBs. The results of the per-GRB
analysis are presented for the Northern and Southern
Hemisphere analyses in Tables 1 and 2, respectively.
Here, basic information about the GRBs and coinci-
dent events are described, including their timing, an-
gular uncertainty ‡, angular separation ��, the mea-
sured “-ray fluence of the GRB, and the estimated en-
ergy of the coincident event. The significance of the
coincidences is summarized in two ways. Event signal-
to-background PDF ratio values used in the test statistic
calculation are provided to estimate relative event im-
portance. The significance of the per-GRB test statistic
is then given as a p-value calculated from that GRB’s ex-
pected background-only test statistic distribution, con-
stituting that GRB’s pre-trials p-value. In parentheses,
the post-trials p-value of this GRB coincidence is given,
calculated relative to the combined three-year Northern
Hemisphere track and five-year Southern track analy-
sis max({Tg}) test statistic distribution expected from
background, respectively.

The most significant coincidence (in both pre-trials
and post-trials p-value) was found in the Southern Hemi-
sphere analysis coincident with GRB110207A, a Swift-
localized long GRB (T100 = 109.32 s) observed at a dec-
lination of ≠10.8¶. This event occurred during the T100
of the GRB and had a reconstructed direction within
1¶ of the GRB, with a moderate reconstructed muon
energy of Eµ & 12 TeV, yielding a signal-to-background
PDF ratio of S/B = 271.6. The pre-trials significance
is p = 3.5 ◊ 10≠4, making it the single most significant
coincidence with a GRB to date in any IceCube GRB
neutrino search. Although the event was within 1¶ of the
GRB location, the angular uncertainty of this event and
GRB were 0.3¶ and 0.01¶, respectively. Combined, these
lead to a ≥3‡ o�set in the signal space PDF, reducing
the significance of the coincidence. Monte Carlo sim-
ulations and reconstructions were performed of muons
with similar energy, origin, and light deposition topol-
ogy to the measured event, establishing that the recon-
structed angular uncertainty of 0.3¶ is consistent with
the median angular resolution of the simulated muons of
0.24¶. Furthermore, a full likelihood scan of a more de-
tailed angular reconstruction, which accounts for muon
stochastic losses, was performed on this event to ver-
ify the quality of the reconstructed direction (Aartsen
et al. 2014a). It was found that the two reconstructions
are consistent with each other, while the GRB110207A
location is > 5‡ from the advanced reconstructed direc-
tion, supporting that this event is inconsistent with the

12 M. G. Aartsen et al.

Figure 8. Excluded regions for a given CL of the generic

double broken power law neutrino spectrum as a function of

first break energy Áb and per-flavor quasi-di�use flux normal-

ization �0 derived from the presented results combined with

previous Northern Hemisphere track (Aartsen et al. 2015d)

and all-sky cascade (Aartsen et al. 2016a) searches. Models

of neutrino production assuming GRBs are the sole source of

the measured UHECR flux either by neutron escape (Ahlers

et al. 2011) or proton escape (Waxman & Bahcall 1997) from

the relativistic fireball are provided for reference.
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Figure 9. Upper limits (90% CL, solid lines) to the predicted

per-flavor quasi-di�use flux of numerical neutrino production

models (dashed lines) for benchmark parameters fp = 10

and � = 300 over the expected central 90% central energy

containment interval of detected neutrinos for these models,

combining the presented analysis with the previously pub-

lished Northern Hemisphere ‹µ track (Aartsen et al. 2015d)

and all-sky cascade (Aartsen et al. 2016a) searches.

di�use flux. Both the internal shock and photospheric
fireball models are strongly constrained. The ICMART
model significantly reduces the expected neutrino pro-
duction in GRBs and remains beyond the sensitivity of
the combined analysis.

These limits are extended to arbitrary values for fb

and � in the numerical models. Assuming all GRBs in
the analyzed sample have identical values for fp and �,

limits are presented in Figure 10 as exclusion regions in
a scan of fp and � parameter space. Here, the inter-
nal shock and photospheric fireball models are shown to
be excluded at the 99% CL for benchmark model pa-
rameters. The 90% CL upper limits of all models are
improved by about a factor of two compared to those
presented in the all-sky cascade analysis (Aartsen et al.
2016a) with the inclusion of this new three year North-
ern Hemisphere and five year Southern sky ‹µ + ‹̄µ anal-
ysis. The primary regions in these models that still can-
not be constrained require small baryonic loading and
large bulk Lorentz factors. The ICMART model is lim-
ited in a much smaller interval of possible bulk Lorentz
factors (100 < � < 400) as this model is much less well
constrained; only regions of large baryonic loading and
small bulk Lorentz factors can be meaningfully excluded.

7. CONCLUSIONS
We have performed a search for muon neutrinos

and anti-neutrinos in coincidence with 1172 GRBs in
IceCube data. This analysis consisted of an exten-
sion of previous Northern Hemisphere track analyses
to three more years of data, and aa additional search
for ‹µ + ‹̄µ induced track events in the Southern Hemi-
sphere in five years of IceCube data, which improves
the sensitivity of the analysis to neutrinos with en-
ergy above a few PeV. Taken together, these searches
greatly improve IceCube’s sensitivity to neutrinos pro-
duced in GRBs when combined with previous analyses.
A number of events were found temporally coincident
with these GRBs, but were consistent with background
both individually and when stacked together. New lim-
its were therefore placed on prompt neutrino produc-
tion models in GRBs, which represent the strongest con-
straints yet on the proposal that GRBs are the primary
source of UHECRs during their prompt phase. General
models of neutrino emission were first constrained as a
function of spectral break energy and flux normaliza-
tion, excluding much of the current model phase space
where GRBs during their prompt emission are assumed
to be the sole source of UHECRs in the universe at
the 99% CL. Furthermore, models deriving an expected
prompt neutrino flux from individual GRB “-ray spec-
tral properties were constrained as a function of GRB
outflow hadronic content and Lorentz factor �. Models
of prompt neutrino production that have not yet been
excluded require GRBs to have much lower neutrino pro-
duction e�ciency, either through reduced hadronic con-
tent in the outflow, increased �-factor, or acceleration
regions much farther from the central engine than the
standard internal shock fireball model predicts. This
analysis also does not meaningfully address the possible
GRB production of neutrinos during their precursor or
afterglow phases.

model-dependent limits model-independent limits

based on 1172 GRBs

[Waxman & Bahcall ’97]

[IceCube, ApJ 843 (2017) 2]

[IceCube, ApJ 939 (2022) 2]

[IceCube, ApJ 843 (2017) 2]

https://arxiv.org/abs/1702.06868
https://arxiv.org/abs/1702.06868
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"Limits on Neutrino Emission from 
GRB 221009A from MeV to PeV using 

the IceCube Neutrino Observatory"  
 [IceCube ApJL 946 (2023)] 

[IceCube PoS-ICRC2023-1511]

IceCube search for neutrinos from GRB 221009A

Figure 1: Time-integrated 90% CL differential upper limits on the neutrino flux from GRB 221009A with
the ELOWEN, GRECO, and GFU samples. We assume a time-integrated flux with a power-law spectrum
� (⇢) / ⇢�2 for the neutrino spectrum in each energy bin.
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Figure 2: Gamma-ray observations and time-integrated upper limits on the neutrino flux of GRB 221009A.
We show the gamma-ray observations reported by [11, Table S2] in the brightest period of the emission. We
show the total gamma-ray fluence observed by Fermi-GBM, as reported by [10], at W = 2.0 for visualization
purposes. We also plot the gamma-ray observations from Fermi-LAT as reported in realtime [12], although
this flux is known to be underestimated due to saturation effects. The right axis shows the differential isotropic
equivalent energy, with ⇢2� (⇢) = ⇢3E8B>/3⇢ ⇥ (1 + I)/4c⇡2

! .

accelerates baryons, producing ultra-high energy cosmic rays and neutrinos through photohadronic
interactions.

In this analysis, we investigate two different fireball models: the internal shock model [13,
14] and the Internal Collision-Induced Magnetic Reconnection and Turbulence (ICMART) model
[14, 15]. The two models use similar mechanisms, but ICMART predicts neutrino production from
magnetic reconnection at a larger radius from the source. In order to test these models, we generated
neutrino spectra using Fireballet [16] with varying baryon load and bulk Lorentz factors for the T90
time window. These spectra can be seen in Figure 3.

We assume that the proton spectrum follows a ⇢�2 power law. We used the redshift (I = 0.151),
isotropic-equivalent luminosity (!iso = 9.9 ⇥ 1053 erg/s), low-energy photon index (U = �1.583),
high-energy photon index (V = �3.77), and break energy (⇢break = 1387 keV) from the best-fit
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 [ -ray observations by Fermi ApJL 952 (2023) & LHAASO Science 9 (2023)]γ

• "Brightest-Of-All-Time" GRB 221009A 
(  but ) 

• MM observations in ApJL focus issue 

• broadband limits on 's: 

DL ≃ 740 Mpc Eiso ≃ 1055erg

ν 10MeV − 1PeV
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IceCube search for neutrinos from GRB 221009A

Figure 3: Neutrino spectra calculated for Lorentz factors of 300 and 600, for baryonic loading equal to 1,
for the internal shock model (left) and ICMART (right) with the time-integrated 90% CL differential upper
limits on the neutrino flux from GRB221009A and 90% CL upper limit from the Fast Response Analysis
(GFU) sample in the T90 time window.

parameters in Fermi-GBM [10]. The emission radius of neutrinos from internal shocks scales with
the time variability (Cvar) [13]. We use a time variability of 0.1 s to match the model used by GBM
[10]. For the ICMART model, we follow the procedure from [16] and assume Cvar = 1 s because the
ICMART model has a larger radius. For both models, the high-energy photon index, low-energy
photon index, and break energy was calculated from the lightcurve between 277 � 323 s from
GBM [10]. This time interval was chosen because Fermi-GBM did not have data issues within the
time interval and the time interval falls within the T90 time window we are testing. This flux was
then injected to the previous analysis [9] in order to calculate constraints on the internal shock and
ICMART models.

We calculated the 90% upper limits for various Lorentz factors and baryon loads for the internal
shock model and ICMART and compared to previous limits set by IceCube [16]. Our results are
summarised in Figure 4.

The previous IceCube limit stacked several hundred GRBs and assumed average GRB param-
eters while the limits presented here are specific to GRB221009A. The limits set by GRB221009A
are more constraining in all regions in the internal shock model and ICMART model, but Fermi-
GBM set a lower limit on the Lorentz factor of � � 780 [10], with which we can exclude at a baryon
load of 60.6.

3.2 GeV Neutrino Emission Models

Independent of the production of high-energy cosmic rays, it is still possible to produce
neutrinos in the GeV range. The GRB jet is expected to contain coupled outflows of protons and
neutrons that accelerate within the jet. However, once the n-p scattering time C=? ⇠ 1/(=?f=?2)
becomes longer than the fireball’s expansion time Cexp ⇠ A/2�, the neutrons and protons will begin
to decouple. The protons will continue to accelerate, but the neutrons will not, increasing their
relative velocity until inelastic n-p collisions occur. These collisions will produce pions capable of
escaping the jet and decaying to produce neutrinos [17]. Neutrino emission from GRB221009A

4

Predicted neutrino spectra for internal shock model (left) and ICMART (right)

 [Bahcall & Waxman'99; Zhang & Yan'11; Hummer, Baerwald & Winter'11; MA, Gonzalez-Garcia & Halzen'11]

ν ν

"Limits on Neutrino Emission from 
GRB 221009A from MeV to PeV using 

the IceCube Neutrino Observatory"  
 [IceCube ApJL 946 (2023)] 

[IceCube PoS-ICRC2023-1511]

• "Brightest-Of-All-Time" GRB 221009A 
(  but ) 

• MM observations in ApJL focus issue 

• broadband limits on 's: 

DL ≃ 740 Mpc Eiso ≃ 1055erg

ν 10MeV − 1PeV
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PoS(ICRC2023)1511

IceCube search for neutrinos from GRB 221009A

Figure 5: (left) The collision and decoupling models where Z=b# = 5 for the decoupling model and
g=?b# = 5 for the collision model. The 90% upper limits are given using the 2200 s time window. (right)
The model rejection factor (MRF) for the decoupling model calculated with the upper limits from ELOWEN
for the 1000 s time window.

flux is shown in Figure 5 on the left for a Lorentz factor of 300 and 800, and the upper limits given
by the GRECO and ELOWEN analyses. The MRF of the decoupling model as a function of Z=b#
and � can be seen in Figure 5 on the right.

3.3 MeV Neutrino Emission Models

In addition to high-energy and quasi-thermal neutrino production, gamma-ray bursts (GRBs)
hold promise as sites for thermal neutrino production through various mechanisms. One such
scenario occurs when the explosion follows a core-collapse supernova, leading to the arrival of a
large flux of MeV neutrinos before the shock breakout [20]. Another scenario involves the formation
of an accretion disk around a black hole, known as neutrino-dominated accretion flows (NDAF).
In NDAFs, the disk system becomes extremely hot and dense, causing photons to become trapped,
while neutrinos can escape, carrying away gravitational energy from the black hole, cooling the
system [21]. The neutrinos from NDAFs can be detected at various stages, ranging from before the
gamma-ray burst [21, 22] to the prompt gamma-ray phase [21]. The diverse processes that give rise
to these neutrinos make them intriguing messengers for probing the deeper and denser regions of
GRBs, enabling the exploration of a wide parameter space, such as the black hole spin parameter
or the accretion rate [21].

Although IceCube has the capability to detect a burst of MeV neutrinos through an increased
number of single photon hit rates, the considerable source distance (z=0.151 or ⇠ 740 Mpc) poses
a challenge in placing constraints on the parameter space for this specific GRB. Consequently, it
is not currently feasible to test individual models based on the observed data. However, in this
proceeding, we present a model-independent upper limit for this GRB utilizing a Supernova Test
Routine for IceCube Analysis (ASTERIA) [23].

In contrast to the previous paper [9], which assumed a quasi-thermal spectrum with an average
neutrino energy of ⇢̄a4 = 15 MeV, we adopt a different approach in this proceeding. We assume a
delta-function shape for the upper-limit total ā4 luminosity with mono-energetic bins. Using this
method (as described in [24]), we obtain model-independent upper limits (Fig. 6) on the ā4 neutrino
flux (1-100 MeV) for each time window described in [9].

6
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Predicted neutrino spectra for internal shock model (left) and ICMART (right)

 [IceCube PoS-ICRC2023-1511; Murase, Mukhopadhyay, Kheirandish, Kimura & Fang, ApJL 941 (2022) 1]

ν

"Limits on Neutrino Emission from 
GRB 221009A from MeV to PeV using 

the IceCube Neutrino Observatory"  
 [IceCube ApJL 946 (2023)] 

[IceCube PoS-ICRC2023-1511]

• "Brightest-Of-All-Time" GRB 221009A 
(  but ) 

• MM observations in ApJL focus issue 

• broadband limits on 's: 

DL ≃ 740 Mpc Eiso ≃ 1055erg

ν 10MeV − 1PeV
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IceCube search for neutrinos from GRB 221009A

Figure 5: (left) The collision and decoupling models where Z=b# = 5 for the decoupling model and
g=?b# = 5 for the collision model. The 90% upper limits are given using the 2200 s time window. (right)
The model rejection factor (MRF) for the decoupling model calculated with the upper limits from ELOWEN
for the 1000 s time window.

flux is shown in Figure 5 on the left for a Lorentz factor of 300 and 800, and the upper limits given
by the GRECO and ELOWEN analyses. The MRF of the decoupling model as a function of Z=b#
and � can be seen in Figure 5 on the right.

3.3 MeV Neutrino Emission Models

In addition to high-energy and quasi-thermal neutrino production, gamma-ray bursts (GRBs)
hold promise as sites for thermal neutrino production through various mechanisms. One such
scenario occurs when the explosion follows a core-collapse supernova, leading to the arrival of a
large flux of MeV neutrinos before the shock breakout [20]. Another scenario involves the formation
of an accretion disk around a black hole, known as neutrino-dominated accretion flows (NDAF).
In NDAFs, the disk system becomes extremely hot and dense, causing photons to become trapped,
while neutrinos can escape, carrying away gravitational energy from the black hole, cooling the
system [21]. The neutrinos from NDAFs can be detected at various stages, ranging from before the
gamma-ray burst [21, 22] to the prompt gamma-ray phase [21]. The diverse processes that give rise
to these neutrinos make them intriguing messengers for probing the deeper and denser regions of
GRBs, enabling the exploration of a wide parameter space, such as the black hole spin parameter
or the accretion rate [21].

Although IceCube has the capability to detect a burst of MeV neutrinos through an increased
number of single photon hit rates, the considerable source distance (z=0.151 or ⇠ 740 Mpc) poses
a challenge in placing constraints on the parameter space for this specific GRB. Consequently, it
is not currently feasible to test individual models based on the observed data. However, in this
proceeding, we present a model-independent upper limit for this GRB utilizing a Supernova Test
Routine for IceCube Analysis (ASTERIA) [23].

In contrast to the previous paper [9], which assumed a quasi-thermal spectrum with an average
neutrino energy of ⇢̄a4 = 15 MeV, we adopt a different approach in this proceeding. We assume a
delta-function shape for the upper-limit total ā4 luminosity with mono-energetic bins. Using this
method (as described in [24]), we obtain model-independent upper limits (Fig. 6) on the ā4 neutrino
flux (1-100 MeV) for each time window described in [9].
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Hadronic Gamma-Ray Emission

‹ Inelastic collisions of cosmic rays (CR)

with radiation or gas produce
g-rays and neutrinos via pion decay:

p0
! g + g

p+
! µ+ + nµ ! e+ + ne + nµ + nµ

• relative production rates comparable

8 TeV g-rays scatter in cosmic microwave
background (CMB) and initiate
electromagnetic cascades:

g + gCMB ! e+ + e�

e± + gCMB ! e± + g
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cosmic radiation backgrounds:

γ + γbg → e+ + e−

e± + γbg → e± + γ
(PP)

(ICS)

cosm
ic ray

neutrino

gam
m

a ray

absorption

magnetic 
deflection

multi-
messenger

source

gravitationalwaves



Markus Ahlers (NBI) Georges Lemaître Chair 2023

Hadronic Gamma-Rays

11

Fermi Bounds for pg Sources

• Fermi constraints less severe
for pg scenarios:

1 no power-law extrapolation

to Fermi energy range

2 high pion production

e�ciency implies strong
g-absorption in sources

• source candidates:

• AGN cores [Stecker’91;’13]

[Kimura, Murase & Toma’14]

• choked GRB jets
[Mészáros & Waxman’01]

[Senno, Murase & Mészáros’16]
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[Guetta, MA & Murase’16]

Neutrino production via cosmic ray interactions with gas (pp) or 
radiation (p ) saturate the isotropic diffuse gamma-ray background.γ

cascaded and direct  
gamma-rays saturate 

IGRB

[see also Murase, MA & Lacki’13; Tamborra, Ando & Murase’14; Ando, Tamborra & Zandanel’15]

[Bechtol, MA, Ajello, Di Mauro & Vandenbrouke’15; Palladino, Fedynitch, Rasmussen & Taylor’19]
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Isotropic Diffuse -ray Backgroundγ
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• There is little room in the isotropic diffuse -ray background (IGRB)    
for “extra” -ray contributions.

γ
γIsotropic Di↵use Gamma-Ray Background (IGRB)
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FIG. 1: Left (right) panels: �-ray emission from unresolved (total=unresolved+resolved) sources, along with data for the
IGRB (EGB) [5]. Lines and relevant uncertainty bands represent the contribution from the following source populations:
orange dashed for MAGN, green dotted for BL Lacs, grey double dot-dashed for FSRQs, purple dot-dashed for SF galaxies,
and blue solid for the sum of all the contributions. Upper (lower) panels refer to MW (PL) model for SF galaxies. Experimental
results have been obtained for the Galactic foreground Model A.

For the sake of completeness, in Fig. 2 we compare the
emission predicted for the resolved extragalactic sources
along with the relevant Fermi-LAT measurements. Since
the sample of detected SF galaxies and MAGN is negli-
gible with respect to FSRQ and BL Lac objects, we plot
only the �-ray flux coming from blazars. The models are
derived following the above prescription for the required
e�ciency. The comparison between the Fermi-LAT data
on all the resolved sources (orange band in [5]) and the
predictions (blue solid line and band) confirms that also
the resolved part of the high latitude di�use emission is
well explained by the phenomenological models assumed
in the present work. In Fig. 2 it is also clearly visible that
the resolved sources contribute by a fraction of 20-30% of
the total high latitude emission for almost all the energy
range explored by the LAT.

B. Astrophysical interpretation of the IGRB data

In this Section, we determine to which extent the dif-
fuse emission coming from the various populations dis-
cussed in Sect. II can explain the IGRB data. As a con-
sistency check, we will repeat the same procedure to the

EGB spectrum. In all the following analysis we will as-
sume the predictions for the di�use �-ray emission illus-
trated in Fig.1, namely: BL Lacs derived in [18], FSRQs
in [46], MAGN in [19] and SF galaxies (both MW and
PL models) as in [21]. The idea is to perform a fit to the
IGRB data with these contributions considered within
their predicted theoretical uncertainties. Our aim is to
probe that the extragalactic di�use emission from known
source populations explains the observed IGRB spectrum
or, at variance, that an additional, more exotic compo-
nent is needed to better explain the data.
We have proceeded with a �2 fitting method with M free
parameters �� = {�1, ..., �M} identified on the basis of the
physical properties of the fluxes of the various contribut-
ing populations. On a general basis, we have defined:

�2(��) =
N�

j=1

�
dN
dE (��, Ej) �

dNexp

dE (Ej)
�2

�2
j

+
M�

i=1

(�i � �̄i)2

�2
i

,

(2)
where dNexp/dE(Ej) and �j are the experimental
flux and 1-� error running on N energy bins, and
dN/dE(��, Ej) is the total theoretical �-ray emission eval-
uated within the �� set of free parameters and in each en-
ergy bin Ej . The parameters �̄i and �i correspond to the

[Di Mauro & Donato’15]

• IGRB : extragalactic g-ray background consisting of unidentified point-like sources
and di↵use contributions

• extrapolation of identified (bright) g-ray sources allows to model the emission

• large contribution (& 50%) from unidentified blazars (BL Lac) at E > 50 GeV
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Hidden Sources?
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High pion production 
efficiency implies 

strong internal -ray 
absorption in Fermi-
LAT energy range: 

γ

τγγ ≃ 1000 fpγ

Corresponding Opacities

• required cosmic ray energy:

ECR ⇠ 20En

• required target photon energy:

#t ⇠ 200 keV
✓

G
10

◆2✓ En

3 TeV

◆�1

• opacity relation:

tgg(Eg) ⇠ 1000 fpg(Ep)

‹ strong internal g-absorption:

Eg & 100 MeV
✓
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◆

4

-4

-3

-2

-1

0

1

2

3

4

-3 -2 -1 0 1 2 3 4 5 6 7 8

lo
g

(�
��

) 
o

r 
lo

g
(f

p
�)

log(� [GeV])

power law (�=2.5)
power law (�=2/3)

gray body

���
� & CR bound 

on �� annihilation

fp�
� & CR bound 

on p� interaction

Fermi-LAT
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FIG. 2: Neutrino and CR bounds on the optical depth to
�� � e+e� in the sources of di�use TeV-PeV neutrinos. We
calculate ��� and fp� as functions of �� and �p, respectively,
imposing fp� � 0.01. We consider simple power laws with
� = 2.5 and � = 2/3 for �b

� = 6–25 TeV (shaded bands), and
the gray-body case with the temperature kT/�2 = 112 eV.

CR flux E2
cr�cr � 4⇥10�5 GeV cm�2 s�1 sr�1 at 10 PeV

(e.g., Ref. [49]). Since the observed CR flux in this en-
ergy range is dominated by heavy nuclei from Galactic
sources such as supernova remnants, this constraint is
conservative. The recent KASCADE-Grande data [50]
suggest that a light CR component may become promi-
nent above the second knee energy at 100 PeV, which
can be interpreted as the onset of an extragalactic com-
ponent. Using their inferred extragalactic, light CR flux
E2

p�p � 2 ⇥ 10�6 GeV cm�2 s�1 sr�1 as an upper limit,
we obtain fp� & 0.1 at �p & 10 PeV [102].

A similar conclusion is drawn by examining nonther-
mal luminosity densities of known objects. The CR lu-
minosity density of galaxies including starbursts is re-
stricted as �pQ�p . 1045–1046 erg Mpc�3 yr�1 [51,
52]. The luminosity density of x rays (QX � 2 ⇥

1046 erg Mpc�3 yr�1 [53]), which are thought to orig-
inate from thermal electrons in hot coronae, can be re-
garded as an upper limit of nonthermal outputs from
AGN. Adopting �pQ�p . 2 ⇥ 1046 erg Mpc�3 yr�1 as a
reasonable assumption for CRs from galaxies or AGN, we
have fp� & 0.01, independently of the above argument.

Figure 2 shows comparisons of the e�ective p� optical
depth required from the IceCube observation to the cor-
responding optical depth to �� interactions in the Fermi
range, related by Eq. (8). Strictly speaking, Eqs. (8) and
(9) are valid for soft target spectra. To see the robustness
of our results, following Ref. [39], we perform numerical
calculations using the detailed cross sections of the two-
photon annihilation and photomeson production (includ-
ing nonresonant processes). We consider target photon
spectra leading to �b

� = 6–25 TeV (indicated as bands in
Fig. 2), which can reproduce minimal p� scenarios. Note
that adopting lower values of �b

� or assuming �-ray trans-

parency for models like those shown in the right panel of
Fig. 1 leads to inconsistency with the Fermi IGRB data.
The conclusion from Eq. (8) holds even for realistic tar-
get radiation fields, including synchrotron and gray-body
spectra.

The high p� e�ciency suggested by the IceCube data
and upper limits on CR luminosity densities suggest that
the direct 1–100 GeV �-ray emission from the sources–
either leptonic or hadronic–is suppressed. Thus, tensions
with the IGRB, which are unavoidable for �-ray transpar-
ent sources, are largely alleviated or even absent. How-
ever, TeV �-ray counterparts could be seen by Cherenkov
telescopes and the High-Altitude Water Cherenkov Ob-
servatory. For power-law target photon spectra, which
extend to low energies, ��� is larger than unity beyond
the Fermi band and as a result the TeV emission from
the sources should also be suppressed (see Fig. 2). For
gray-body-like spectra, one could expect point-source �-
ray emission above TeV. The escaping hadronic � rays
are cascaded in the CMB and EBL and could be visi-
ble as extended pair-halo emission in the sub-TeV range
(e.g., Refs. [25, 26]). In this special case, although direct
point-source emission at 1–100 GeV is still suppressed
and the tension with the IGRB remains, TeV counter-
part searches can be used as an additional test.

Summary and implications.— We considered im-
plications of the latest IceCube results in light of the
multimessenger data. Based on the di�use �-� flux con-
nection and CR-� optical depth connection, we showed
that the two-photon annihilation optical depth should be
large as a direct consequence of astrophysical scenarios
that explain the large flux observed in IceCube.

There are various implications. Cross correlation of
neutrinos with Fermi-LAT sources is predicted to be
weak. Rather, in p� scenarios, since target photons are
expected in the x-ray or MeV �-ray range, searches for
such counterparts are encouraged. Candidate sources of
hidden CR accelerators include choked GRB jets [21] and
supermassive black hole cores [23, 24, 54] (see also the
Supplementary Material [103], which includes Refs. [55–
89]), so correlations with energetic supernovae including
low-power GRBs, flares from supermassive black holes,
radio-quiet or low-luminosity AGN, and a subclass of
flat spectrum radio quasars can be used to test the mod-
els. For broadband nonthermal target photon spectra, �
rays are suppressed at TeV-PeV as well as 1–100 GeV
energies. However, if the target photons follow a nar-
row thermal spectrum or are monochromatic in x rays,
hadronic � rays might be seen in the TeV range for nearby
neutrino sources. Although the obvious multimessenger
relation between neutrinos and � rays no longer exists,
our findings suggest that cosmic neutrinos play a special
role in the study of dense source environments that are
not probed by � rays. Larger detectors such as IceCube-
Gen2 [90] sensitive to 10–100 TeV neutrinos would be
important for the identification of the sources via auto-
correlation of neutrino events [91, 92].

[Murase, Guetta & MA’15]
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Efficient production of 10 TeV neutrinos in p  scenarios require sources 

with strong X-ray backgrounds (e.g. AGN core models).
γ

[Guetta, MA & Murase’16]
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Excess from NGC 1068
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Northern hot spot in the vicinity 
of Seyfert II galaxy NGC 1068 
has now a significance of 4.2  

(trial-corrected for 110 sources).
σ

Figure 1: Skymap of the scan for point sources in the Northern Hemisphere. The color scale
represents the local p-value obtained from the maximum likelihood analysis evaluated (with the
spectral index as free fit parameter) at each location in the sky, shown in Equatorial coordinates
with Hammer-Aitoff projection. The black circles indicate the three most significant objects in
the source list search. The circle of NGC 1068 also coincides with the overall hottest spot in the
Northern Sky.

scanning many independent positions in the sky under the three spectral index hypotheses, the

global p-value corresponds (27) to a significance of 2.0� and therefore is not significant when

the entire Northern Sky is scanned without additional prior information. A high-resolution scan

around the best-fit position of the hottest spot is shown in Fig. 2.

As part of the various inspections to be carried out a posteriori, we also searched for astro-

physical counterparts in close proximity with the direction of the five locally most significant

spots in each of the three skymaps (reported in Tab. 2 (27)). We note that the nearby Seyfert I

galaxy NGC 4151 (11) is located at ⇠0.18 degrees distance from the fourth-hottest spot in the

map obtained with �=2.5. Because possible neutrino emission from NGC 4151 is not one of

the hypotheses that were formulated for this work, we cannot estimate a global p-value for this

coincidence.

Searching the entire Northern Hemisphere entails a strong penalty due to testing multiple

7

[IceCube, PRL 124 (2020) 5 (2.9  post-trial); Science 378 (2022) 6619 (4.2  post-trial)]σ σ
Figure 2: The sky region around the most significant spot in the Northern Hemisphere

and NGC 1068. The left plot shows a fine scan of the region around the hottest spot. The spot
itself is marked by a yellow cross and the red star shows the position of NGC 1068. In addition,
the solid and dashed contours show the 68% (solid) and 95% (dashed) confidence regions of
the hot spot localization. The right plot shows the distribution of the squared angular distance
between NGC 1068 and the reconstructed event direction. From Monte Carlo we estimate the
background (orange) and the signal (blue) assuming the best-fit spectrum at the position of
NGC 1068. The superposition of both components is shown in gray and provides an excellent
match to the data (black). Note that this representation of the result neglects all the information
on the energy and angular uncertainty of the events that is used in the unbinned maximum
likelihood approach.

This results in a local significance of 3.7�, a small increase with respect to what was reported

in (25) that is independent of the increase of the significance at the location of NGC 1068.

After correcting for having tested three different spectral index hypotheses, we obtain a final

post-trial significance of 3.4� for the binomial test. Besides NGC 1068, the other two objects

contributing to the excess are the blazars PKS 1424+240 and TXS 0506+056, for which we

find potential neutrino emission with local significance of 3.7� and 3.5�, respectively. We

emphasize that the significance of TXS 0506+056 reported here relates to a time-integrated

9

is L⌫ = (2.9 ± 1.1stat) ⇥ 1042 erg s�1. This is significantly higher than the isotropic equivalent

gamma-ray luminosity observed by Fermi-LAT of 1.6 ⇥ 1041 erg s�1 in the energy range be-

tween 100 MeV and 100 GeV (40), and higher than the upper limits recently reported by the

MAGIC collaboration (41) (see Fig. 4).
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Archival data

MAGIC

Figure 4: Spectral energy distribution of NGC 1068. Gray points show publicly available
multi-frequency measurements (42). Dark and light green error bars refer to gamma-ray mea-
surements from Fermi-LAT (33, 43) and MAGIC (41), respectively. The solid, dark blue line
shows the best-fit neutrino spectrum, and the corresponding blue band covers all powerlaw
neutrino fluxes that are consistent with the data at 95%C.L. It is shown in the energy range
between 1.5 TeV and 15 TeV where the flux measurement is well constrained. Two theoretical
AGN core models are shown for comparison: The light blue shaded region and the gray line
show the NGC 1068 neutrino emission models from (44) and (45), respectively. Additional
details on the model construction of the light blue shaded region can be found in (46).

High-energy neutrinos are generated in or near astronomical sources as decay products of

charged mesons produced in proton-proton interactions (47), or interactions between protons

and low energy ambient radiation (48) (for a review see (49)). Along with those neutrinos,

14

γ
ν

https://arxiv.org/abs/1910.08488
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Multi-Messenger Interfaces
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The high intensity of the neutrino flux compared to that of -rays and 
cosmic rays offers many interesting multi-messenger interfaces.
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Waxman-Bahcall Limit
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• UHE CR proton emission rate density: 

• Neutrino flux can be estimated as (  : redshift evolution factor) : 

• Limited by pion production efficiency:  

• Similar UHE nucleon emission rate density (local minimum at ) : 

• Competition between pion production efficiency (dense target) and CR 
acceleration efficiency (thin target).

ξz

fπ ≲ 1

Γ ≃ 2.04

E2
ν ϕν(Eν) ≃ fπ

ξzKπ

1 + Kπ

𝒪(1)

1.5 × 10−8GeV cm−2 s−1 sr−1

IceCube diffuse level

[E2
pQp(Ep)]1019.5eV ≃ 8 × 1043erg Mpc−3 yr−1

[E2
NQN(EN)]1019.5eV ≃ 2.2 × 1043erg Mpc−3 yr−1

[e.g. MA & Halzen'12]

[Waxman & Bahcall'98]

[Auger'16; see also Jiang, Zhang & Murase'20]



Markus Ahlers (NBI) Georges Lemaître Chair 2023

Cosmic Ray Calorimeters
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UHE CR association?

‹ two-zone models: CR accelerator + CR “calorimeter”?

• starburst galaxies [Loeb & Waxman’06]

• galaxy clusters [Berezinsky, Blasi & Ptuskin’96; Beacom & Murase’13]

• “unified” sources (UHE CRs, g-ray & neutrinos):
4
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FIG. 1: Predictions for the di�use flux (top) of five elemental groups together with the proton (orange errorbars) and total
flux from KASCADE, KASCADE-Grande (light-blue errorbars) [11] and Auger (dark-blue errorbars) [10, 36], the EGRB from
Fermi-LAT (light-blue errorbars) [2], and the high-energy neutrino flux from IceCube (light-blue shaded area) [4]. Crosses and
dotted lines denote neutrinos and photons from A� and Ap interaction, respectively. The middle and lower panels compare
predictions for Xmaxand RMS(Xmax) using the EPOS-LHC [38] and QGSJET-II-04 [29] models to data from Auger [37]. Left
panels for only hadronic interactions with � = 1.8, Emax = 3�1018 eV and BL Lac evolution. Right panels for both A� and Ap
interactions with � = 1.5, Emax = 6 � 1018 eV, �p� = 0.29 and AGN evolution. The hadronic interaction depth is normalised
as �pp

0 = 0.035.

3

FIG. 1: Integrated spectra of cosmic rays, neutrinos, and � rays from galaxy clusters and groups with black
hole jets as accelerators, compared to measurements from the KASCADE-Grande [15], Telescope Array and
Telescope Array Low Energy extension (TALE) [4], Pierre Auger observatory [3] (with energy scaled up by
7% to match TA data at the ankle), IceCube [7], and Fermi Gamma-Ray Space Telescope [13, 14]. The total
cosmic ray spectrum (solid red) is decomposed into two composition groups: light (dashed red; H and He)
and medium-heavy (dotted red; CNO, Si, Mg, Fe). PeV neutrinos (solid blue) are produced by interactions
between cosmic rays and the ICM (dashed blue), and by UHECRs interacting with the CMB and EBL
during their intergalactic propagation (dash-dotted blue). The upper bound on the neutrino flux of UHECR
nuclei (for sacc = 2.3) is shown for reference (dashed grey) [26]. The �-ray counterparts (solid black for
the total flux and dash-dotted black for � rays produced in the ICM) are comparable to the non-blazar
component of the EGB measured by the Fermi Gamma-Ray Space Telescope [14].

by [8]:

�(E) =
1

4�

Z
c dz

H(z)

Z �

Mmin

dM
dn

dM

dṄ

dE� (M, z), (1)

where dn/dM is the halo mass function, H(z) is the Hubble parameter at redshift z, dṄ/dE�

is the production rate of neutrinos (or propagated cosmic rays) from a given cluster with a red-
shifted energy E� = (1 + z) E. We consider clusters with a halo mass above Mmin = 5 ⇥ 1013 M�
(corresponding to ⇠ 1011 M� stellar mass), which present higher radio-loud AGN fractions [24].

Figure 1 shows the integrated spectra of UHECRs and neutrinos from over-density regions with
black hole jets. The observed UHECR spectrum is normalized to the Auger data point at 1019.05 eV.
The cosmic-ray confinement in the lobe and the host cluster makes the injection spectrum harder
below the second knee [8, 11]. The spectral shape is agreement with both measurements by Auger
and TA above 1018 eV. Primary and secondary cosmic-ray particles received by the observer are
divided into two composition groups: light (including H and He) and intermediate/heavy (including
CNO, Si, Mg, Fe), with the two crossing around 1019.5 eV. The mean of the maximum depth of
an air shower, hXmaxi, which depends on the mass of the UHE nucleon or nucleus, is shown in

[Kachelriess, Kalashev, Ostapchenko & Semikoz’17] [Fang & Murase’17]

8 However, En < 100 TeV neutrino data remains a challenge!
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• Competing requirements for efficient CR acceleration and subsequent 
interaction can be accommodated in multi-zone models. 

• Magnetic confinement in CR calorimeters, such as starburst galaxies, 
could provide a unified origin of UHE CRs and TeV–PeV neutrinos. 

• "Grand Unification" of UHE CRs, -rays and neutrinos? γ

[Kachelriess, Kalashev, Ostapchenko & Semikoz'17] [Fang & Murase'17]

[Loeb & Waxman ’06]
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Starburst Galaxies
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• High rate of star formation and 
SN explosions enhances (UHE) 
CR production. 

• Low-energy cosmic rays remain 
magnetically confined and 
eventually collide in dense 
environment. 

• In time, efficient conversion of 
CR energy density into -rays 
and neutrinos. 

• Power-law neutrino spectra with 
high-energy softening from CR 
leakage and/or acceleration.

γ

C) Starburst Galaxies
• intense CR interactions (and acceleration) in dense starburst galaxies
• cutoff/break feature (0.1 � 1) PeV at the CR knee (of these galaxies), but very

uncertain
• plot shows muon neutrinos on production (3/2 of total)

3

olate the local 1.4 GHz energy production rate per unit
volume (of which a dominant fraction is produced in qui-
escent spiral galaxies) to the redshifts where most of the
stars had formed through the starburst mode, based on
the observed redshift evolution of the cosmic star forma-
tion rate [24], and calculate the resulting neutrino back-
ground. The cumulative GeV neutrino background from
starburst galaxies is then

E2
⌫�⌫(E⌫ = 1GeV) � c

4�
�tH [4�(dL⌫/dV )]⌫=1.4GHz

= 10�7�0.5 GeV cm�2 s�1 sr�1. (2)

Here, tH is the age of the Universe, and the factor
� = 100.5�0.5 incorporates a correction due to redshift
evolution of the star formation rate relative to its present-
day value. The value of �0.5 � 1 applies to activity that
traces the cosmic star formation history [6]. Note that
flavor oscillations would convert the pion decay flavor ra-
tio, �e : �µ : �� = 1 : 2 : 0 to 1 : 1 : 1 [11], so that
�⌫e = �⌫µ = �⌫� = �⌫/2.
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FIG. 1: The shaded region brackets the range of plausible
choices for the spectrum of the neutrino background. Its up-
per boundary is obtained for a power-law index p = 2 of
the injected cosmic-rays, and its lower boundary corresponds
to p = 2.25 for E⌫ < 1014.5 eV. The solid green line corre-
sponds to the likely value p = 2.15 (see text). Other lines: the
WB upper bound on the high energy muon neutrino intensity
from optically-thin sources; the neutrino intensity expected
from interaction with CMB photons (GZK); the atmospheric
neutrino background; experimental upper bounds of optical
Cerenkov experiments (BAIKAL [29] and AMANDA [30]);
and the expected sensitivity of 0.1 km2 and 1 km2 optical
Cerenkov detectors [1].

Equation (2) provides an estimate of the GeV neu-
trino background. The extrapolation of this background
to higher neutrino energies depends on the energy spec-
trum of the high energy protons. If the proton energy dis-
tribution follows a power-law, dN/dE � E�p, then the

neutrino spectrum would be, E2
⌫�⌫µ � E2�p

⌫ . The energy
distribution of cosmic-ray protons measured on Earth fol-
lows a power-law dN/dE � E�2.75 up to the ”knee” in
the cosmic-ray spectrum at a few times 1015 eV [23, 25].
(The proton spectrum becomes steeper, i.e. softer, at
higher energies [2].) Given the energy dependence of the
confinement time, � E�s [22], this implies a produc-
tion spectrum dN/dE � E�p with p = 2.75 � s � 2.15.
This power-law index is close to, but somewhat higher
than, the theoretical value p = 2, which implies equal
energy per logarithmic particle energy bin, obtained for
Fermi acceleration in strong shocks under the test par-
ticle approximation [26]. We note that the cosmic-ray
spectrum observed on Earth may not be representative
of the cosmic-ray distribution in the Galaxy in general.
The inferred excess relative to model predictions of the
> 1 GeV photon flux from the inner Galaxy, implies that
the cosmic-rays are generated with a spectral index p
smaller than the value p = 2.15 inferred from the local
cosmic-ray distribution, and possibly that the spectral
index of cosmic-rays in the inner Galaxy is smaller than
the local one [27]. The spectrum of electrons accelerated
in SNe is inferred to be a power law with spectral index
p = 2.1 ± 0.1 over a wide range energies, � 1 GeV to
� 10 TeV, based on radio, X-ray and TeV observations
(e.g. [28]).

For a steeply falling proton spectrum such as dN/dE �
E�2, the production of neutrinos of energy E⌫ is domi-
nated by protons of energy E � 20E⌫ [18], so that the
cosmic-ray ”knee” corresponds to E⌫ � 0.1 PeV. In anal-
ogy with the Galactic injection parameters of cosmic-
rays, we expect the neutrino background to scale as

E2
⌫�SB

⌫ � 10�7(E⌫/1GeV)�0.15±0.1GeV cm�2 s�1 sr�1(3)

up to � 0.1 PeV. In fact, the ”knee” in the proton spec-
trum for starburst galaxies may occur at an energy higher
than in the Galaxy. The steepening (softening) of the
proton spectrum at the knee may be either due to a
steeper proton production spectrum at higher energies, or
a faster decline with energy for the proton confinement
time. Since both the acceleration of protons and their
confinement depend on the magnetic field, we expect the
”knee” to shift to a higher energy in starbursts, where the
magnetic field is much stronger than the Galactic value.
The predicted neutrino intensity is shown as a solid line
in Fig. 1. The shaded region illustrating the range of
uncertainty in the predicted neutrino background. This
range is bounded from above by the intensity obtained
for p = 2, corresponding to equal proton energy per log-
arithmic bin, and from below by the intensity obtained
for p = 2.25, corresponding to the lower value of the
confinement time spectral index, s = 0.5.

The extension of the neutrino spectrum to energies
E⌫ > 1 PeV is highly uncertain. If the steepening of the
proton spectrum at the knee is due to a rapid decrease
in the proton confinement time within the Galaxy rather
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FIG. 5: Left Panel: The interaction and decay rates appearing in the Boltzmann equations for the CMB and CIB [60] at
z = 0. Right Panel: Star formation rate (Eq. (8) from Ref. [53]) and our approximation of the CIB number density scaling
with redshift (C2). For comparison, we also show the scaling behaviour of the CMB number density ∝ (1 + z)3.

The angular-averaged (differential) interaction rate Γi

(γij) appearing on the r.h.s. of Eq. (6) is defined as

Γi(z, Ei) =
1

2

1
∫

−1

dcθ

∫

dϵ (1− βcθ)nγ(z, ϵ)σ
tot
iγ , (A1)

γij(z, Ei, Ej) = Γi(z, Ei)
dNij

dEj
(Ei, Ej) , (A2)

where nγ(z, ϵ) is the energy distribution of background
photons at redshift z and dNij/dEj is the angular-
averaged distribution of particles j after interaction. For
photo-hadronic interactions this distribution can be de-
termined using the Monte Carlo package SOPHIA [40].
The factor 1−βcθ takes into account the relative motion
of photons and the nucleus, i.e. the Doppler shift of the
photon density.

We assume that the photon background has the adia-
batic scaling behaviour:

nγ(z, ϵ) = (1 + z)3 nγ(0, ϵ/(1 + z)) . (A3)

This is exact for the CMB (following from
Ẏγ = ∂E(HEYγ) and Yγ ∝ a3nγ), but not so for
the CIB. However, the dominant opacity for proton
propagation is provided by the CMB. The scaling
behaviour Eq. (A3) translates into the following scaling
of the quantities Γi and γij ,

Γi(z, Ei) = (1 + z)3 Γi(0, (1 + z)Ei) , (A4)

γij(z, Ei, Ej) = (1 + z)4 γij(0, (1 + z)Ei, (1 + z)Ej) .
(A5)

For the adopted scaling of the CIB see Appendix C.

If all interactions can be described as a CEL pro-
cess the differential equation (D2) is considerably sim-
plified and can be solved in a closed form as we will
show later. In general, any transition i → i which can
be approximated as γii(E,E′) ≈ δ(E − E′ −∆E)Γi(E)
with ∆E/E ≪ 1 can be replaced in the Boltzmann equa-
tions (6) as

− Γ(E)Yi(E) +

∫

dE′ γii(E
′, E)Yi(E

′)

→ ∂E(biYi) , (A6)

with bi ≡ ∆E Γi ≈ −Ė. The production of electron-
positron pairs in the photon background with a small
energy loss is usually approximated as a CEL process.
Here we follow the standard approach of Ref. [61] to cal-
culate the proton energy losses in the photon background.
Again, the computation of the quantity b at various red-
shift is significantly simplified if we assume an adiabati-
cally scaling background photon density as for the CMB.
The scaling behaviour of b and its derivative β = ∂Eb is
then

bi(z, Ei) = (1 + z)2 bi(0, (1 + z)Ei) , (A7)

βi(z, Ei) = (1 + z)3 βi(0, (1 + z)Ei) . (A8)

As before, for the scaling of the infra-red background see
Appendix C. In the left panel of Fig. (5) we show the
quantities bpairp /E, βpair, Γp and H0 for comparison.
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Figure 30.9: Expanded view of the highest energy portion of the cosmic-ray spectrum from data of
the Pierre Auger Observatory [104] and the Telescope Array [105].

Cosmic rays above 5 ◊ 1019 eV are predominantly from nearby sources (< 100 Mpc). Auger
has reported the observation of a dipole of amplitude 6.6+1.2

≠0.8% for cosmic rays with energies above
8 ◊ 1018 eV. The direction of the dipole indicates an extragalactic origin for these particles [124].
There are also hints of structure at smaller angular scales. TA has reported a ‘hot spot’ in the
Northern Hemisphere at energies above 5.5 ◊ 1019 eV of radius ≥ 25¶ with a chance probability of
this excess with respect to an isotropic distribution of 2.1 ◊ 10≠3 [125]. Auger has also reported an
excess of events above 3.7 ◊ 1019 eV in a region near the radio-loud active galaxy Centaurus A with
a post-trial significance of 3.9‡, and a correlation of the distribution of ultrahigh energy events
with several catalogs of nearby astrophysical objects, with starburst galaxies giving the highest
significance at 4.5‡ [126].

30.6 Neutrinos at High Energies

Neutrinos are expected to be produced in hadronic interactions in a variety of astrophysical
objects. IceCube has reported a population of astrophysical neutrino events extending from tens
of TeV to beyond ten PeV [127, 136, 137]. Multimessenger observations of the flaring blazar TXS
0506+056 have identified this object as a high-energy neutrino source [138,139].

There is also expected to be a neutrino flux produced in cosmic ray GZK interactions. Mea-
suring this cosmogenic

4 neutrino flux above 1018 eV would help resolve the UHECR uncertainties
mentioned above. One half of the energy that UHECR protons lose in photoproduction interactions
that cause the GZK e�ects ends up in neutrinos [140]. Heavier nuclei produce lower energy neutrinos

4
Here we use cosmogenic to denote neutrinos produced by photoproduction during propagation, and astrophysical

to denote neutrinos produced by other mechanisms or close to sources.

1st June, 2020 8:29am

• UHE CR spectrum expected to show GZK cutoff due to interactions with 
cosmic microwave background.                [Greisen & Zatsepin'66; Kuzmin'66] 

• resonant interactions  lead to  EeV 

• UHE CR propagation limited to less than about 200 Mpc.

p + γCMB → Δ+ → X EGZK ≃ 40

UHE CR spectra
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FIG. 4: Fitted fraction and quality for the scenario of a complex mixture of protons, helium nuclei, nitrogen nuclei, and iron
nuclei. The upper panels show the species fractions and the lower panel shows the p-values.
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Composition of UHE CRs is uncertain; depends on details of CR interactions in atmosphere. 
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• Cosmogenic (GZK) neutrinos 
produced in UHE CR 
interactions peak in the EeV 
energy range. 

• Target of proposed in-ice 
Askaryan (ARA & ARIANNA), 
air shower Cherenkov 
(GRAND) or fluorescence 
(POEMMA & Trinity) detectors. 

• Optimistic predictions based on 
high proton fraction and high 
maximal energies. 

• Absolute flux level serves as 
independent measure of UHE 
CR composition beyond 40EeV.

THE ICECUBE-GEN2 NEUTRINO OBSERVATORY

Figure 28: Sensitivity of IceCube-Gen2 at the highest energies in comparison to models [61, 100, 101], existing
upper limits [60, 348–351], and the 10 year sensitivity of the proposed GRAND array of 200,000 antennas [352].
The uncertainties on the IceCube-Gen2 radio array sensitivity are ±20%, which are uncertainties in the estimated
sensitivity of the array, e.g. due to remaining design decisions. The sensitivity for IceCube-Gen2 includes best
estimates for backgrounds and analysis efficiency, but likely err on the conservative side. All fluxes are shown as
the all-flavor sum assuming equal flux in each flavor.

2.3.4 Cosmogenic neutrinos

At EeV energies all CR are believed to be of extragalactic origin [344]. From CR mea-
surements themselves, we neither know what the accelerators of these UHE cosmic
rays are, nor what maximum energies they can reach. Also, particle composition mea-
surements at the highest energies still leave room for various scenarios [326]. While a
dominance of iron has been excluded, different and changing ratios of protons and in-
termediate mass group particles have been reported above EeV energies, all carrying
the uncertainties due to the hadronic interaction models [345–347]. Limited knowl-
edge about the Galactic and extragalactic magnetic fields that influence the propaga-
tion, further complicates the identification of sources based on CR observations alone.
Detecting neutrinos corresponding to these CR energies will provide complementary
information to resolve these open questions.

Above EeV energies the CR interactions with the cosmic microwave background and
the EBL can produce neutrinos [83]. In addition, unstable atomic nuclei, produced dur-
ing photo-disintegration or photo-pion production of CR, can produce neutrinos when
decaying. All of these neutrinos are referred to as cosmogenic neutrinos. So while this
secondary flux of neutrinos is extremely well motivated, its level depends strongly on
the composition of the CR [353, 354], the cosmic evolution of the sources, the spectral
index of the sources, and their maximum acceleration energy [91, 92, 100]. IceCube

46

[IceCube-Gen2 Technical Design Report]
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Muon track reconstruction in  
BAIKAL-GVD

Grigory Safronov 
JINR (Dubna), ITEP (Moscow) 

on behalf of BAIKAL-GVD collaboration

VLVNT 2018, 2-4/10/2018, Dubna, Russia

Eur. Phys. J. C (2021) 81 :1025 Page 3 of 9 1025

Fig. 1 Left: schematic view of the Baikal-GVD detector. The yearly progression of the detector deployment is shown in the legend. Right: the
Baikal-GVD cluster layout (vertical scale compressed)

The clusters are arranged on the lakebed in a hexago-
nal pattern, with a ≈ 300 m distance between the cluster
centers. A common synchronization clock allows for sub-
sequent merging of the physics event data collected from
the different clusters. Additional technical strings equipped
with high-power pulsed lasers are installed in-between the
GVD clusters. These are used for detector calibration [6]
and light propagation studies [8]. The lake is covered with
thick ice (up to ≈ 1 m) from February to mid-April, provid-
ing a convenient solid platform for detector deployment and
maintenance operations.

According to a study made with a specialized device, the
light absorption length in the deep lake water reaches max-
imal values, ≈ 24 m, at a wavelength of 488 nm [9]. The
effective light scattering length is ≈ 480 m (at 475 nm; see
[9] for details). Both the absorption and scattering character-
istics show variations with depth and over time.

The optical modules detect the Cherenkov light from sec-
ondary charged particles resulting from neutrino interactions.
The times of the pulses are used to reconstruct the neutrino
direction, and the integrated charges (or amplitudes) provide
a measure of the neutrino energy. The detector layout is opti-
mized for the measurement of astrophysical neutrinos in the
TeV–PeV energy range. Events resulting from charged cur-
rent (CC) interactions of muon (anti-)neutrinos will have a
track-like topology, while the CC interactions of the other
neutrino flavors and neutral current (NC) interactions of all

flavors will typically be observed as nearly point-like events.
Hence the observed neutrino events are classified into two
event classes: tracks and cascades.

The first cluster of Baikal-GVD was deployed in 2016.
Two more clusters were added in 2017 and 2018, followed
by two more in 2019, another two in 2020, and one more
in 2021. As of April 2021, the detector consists of 8 clus-
ters, occupying a water volume of ≈ 0.4 km3. As it stands,
Baikal-GVD is currently the largest neutrino telescope in the
Northern Hemisphere. The construction plan for the period
from 2022 to 2024 anticipates the deployment of six addi-
tional GVD clusters.

All Baikal-GVD clusters generally show stable operation.
Occasional failures of individual optical or electronics mod-
ules, e.g. due to water leaks, are fixed during the regular
winter campaigns. Each detector string can be recovered and
re-deployed without the need to recover the whole cluster.

3 The dataset

In this work we use a dataset collected from the first five oper-
ational clusters of Baikal-GVD in the early part of the 2019
season, between April 1 and June 30. This period is charac-
terized by relatively quiet optical noise levels (see [10,11] for
a review of the optical noise conditions at the Baikal-GVD
site). The average measured rate of noise hits observed by
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terized by relatively quiet optical noise levels (see [10,11] for
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• GVD Phase 1: 8 clusters with 8 
strings each were completed in 2021 

• status March 2024: 11(+1) clusters 

• final goal: 27 clusters ( )∼ 1.4 km3
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KM3NeT 2.0: Letter of Intent for ARCA and ORCA
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Figure 35: Significance as a function of KM3NeT/ARCA (2 building blocks) observation time for the
detection of a diffuse flux of neutrinos corresponding to the signal reported by IceCube (Eq. 3) for the cascade
channel (red line) and muon channel (black line). The black and red bands represent the uncertainties due
to the conventional and prompt component of the neutrino atmospheric flux. The blue line represents the
results of the combined analysis (see text).

�
0

IC
�5�/�0IC

[GeV�1 cm�2 s�1 sr�1] Cascades Tracks

1.2⇥ 10�8 (Eq. 3) 0.95 1.30

4.11⇥ 10�6 (Eq. 4) 0.80 1.20

4.11⇥ 10�6 (Eq. 4 without cutoff) 0.75 0.92

Table 5: Ratios between the flux normalisation needed for a 5� discovery in KM3NeT/ARCA (2 building
blocks) within 1 year with 50% probability and the different parameterisations of the IceCube flux (see text).

5� with 50% probability.
To investigate the sensitivity of these results to the assumed form of the IceCube diffuse flux, both the

cascade and track analyses were repeated for signal fluxes according to Eq. 4 both with and without the
3 PeV cutoff. In each case, the flux normalisation constant, �5�, required for a 5� discovery after 1 year
of observation time, was calculated. The results are reported in Tab. 5 in terms of their ratio to the flux
normalisation reported by IceCube, �0

IC
. Values larger (less) than unity indicate a 5� discovery time of more

(less) than 1 year. The results show that for flux assumptions with a softer spectrum and the same cut-off
the main results of our analysis do not change, and in fact a small improvement (⇡ 10%) is expected.

2.3.2 Diffuse neutrino flux from the Galactic plane

One of the most promising potential source regions of a diffuse astrophysical neutrino flux is the Galactic
Plane (GP). Neutrinos are expected to be produced in the interactions of the galactic cosmic rays with the
interstellar medium and radiation fields, with a potentially significant excess with respect to the expected
extragalactic background. The observation of diffuse TeV �-ray emission from the GP [47, 48], which is
expected to arise from the same hadronic processes that would produce high-energy neutrinos, strongly
supports this hypothesis. Also Fermi-LAT observes, after the subtraction of known point-like emitting
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• ARCA : 2 building blocks of 115 
detection units (DUs)  

• status March 2024: 28 (ARCA) DUs 
• ORCA : optimized for low-energy 

(GeV) and oscillation analyses

• Improved angular resolution for 
water Cherenkov emission. 

• 5  discovery of diffuse flux with 
full ARCA within one year 

• Complementary field of view ideal 
for the study of point sources.
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KM3NeT 2.0: Letter of Intent for ARCA and ORCA

Due to the shorter transmission distance involved in the ORCA configuration power is transferred in
Alternating Current. The power station, dimensioned for a single building block (92 KVA) is located at the
shore end of the main cable near the ’Les Sablettes’ beach. Power is transferred at 3500 VAC. The offshore
junction boxes use a AC transformer to convert this to 400 VAC for transmission along the interlink cables
to the strings. The control room is located at the Institute Michel Pacha, La Seyne-sur-Mer, and hosts the
data acquisition electronics and a commodity PC farm used for data filtering.

In December, 2014, the first main electro-optic cable was successfully deployed by Orange Marine. Once
ANTARES is decommissioned, its main electro-optic cable will be reused for ORCA. The first junction box
was connected in spring 2015.

1.3 Detection string

Figure 8: The detection string (left) and the breakout box and the fixation of the DOM on the two parallel
Dyneema R� ropes (right).

The detection strings [2] (Fig. 8) each host 18 DOMs. For KM3NeT/ARCA, each is about 700 m in
height, with DOMs spaced 36 m apart in the vertical direction, starting about 80 m from the sea floor. For
KM3NeT/ORCA, each string is 200 m in height with DOMs spaced 9 m apart in the vertical direction,
starting about 40 m from the sea floor. Each string comprises two thin (4 mm diameter) parallel Dyneema R�

ropes to which the DOMs are attached via a titanium collar. Additional spacers are added in between the
DOMs to maintain the ropes parallel. Attached to the ropes is the vertical electro-optical cable, a pressure
balanced, oil-filled, plastic tube that contains two copper wires for the power transmission (400 VDC) and 18
optical fibres for the data transmission. At each storey two power conductors and a single fibre are branched
out via the breakout box. The breakout box also contains a DC/DC converter (400 V to 12 V). The power
conductors and optical fibre enter the glass sphere via a penetrator.

Even though the string design minimises drag and itself is buoyant, additional buoyancy is introduced at
the top of the string to reduce the horizontal displacement of the top relative to the base for the case of
large sea currents.
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Figure 4: Map of the Mediterranean Sea close to Sicily, Italy. The cable and the location of the KM3NeT-
Italy installation are indicated (left). Layout of the two ARCA building blocks (right).

Figure 5: Photograph of the CTF after deployment on the seabed (left). Photograph of two secondary
junction boxes on the boat prior to deployment (right).

The ARCA installation comprises two KM3NeT building blocks. Fig. 4 right illustrates the layout. The
power/data are transferred to/from the infrastructure via two main electro-optic cables. In addition to the
already operating cable serving the Phase-1 detector a new cable will be installed. This Phase-2 cable will
comprise 48 optical fibres. Close to the underwater installation the cable is split by means of a Branching
Unit (BU) in two branches, each one terminated with a Cable Termination Frame (CTF) (Fig. 5, left). Each
CTF is connected to secondary junction boxes, 12 for the ARCA block 1 and 16 for the ARCA block 2.
Each secondary junction box allows the connection of up to 7 KM3NeT detection strings. The underwater
connection of the strings to the junction boxes is via interlink cables running along the seabed. For the ARCA
configuration, the average horizontal spacing between detection strings is about 95 m. On-shore each main
electro-optic cable is connected to a power feeding equipment located in the shore station at Porto Palo di
Capo Passero. Power is transferred at 10 kVDC and is converted to 375 VDC at the CTF for transmission,
via the secondary junction boxes, along the interlink cables to the strings. The shore station also hosts the
data acquisition electronics and a commodity PC farm used for data filtering.

In December, 2008, the first main electro-optic cable was deployed. A CTF and two secondary junction
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• Detection principle of ANITA, ARA & 
ARIANNA (Antarctica) 

• Under construction: Radio Neutrino 
Observatory-Greenland (RNO-G) 

• status March 2024: 7 of 35 stations deployed

Figure 5. Schematic of the detection of the radio emission following a neutrino interaction (not to scale).
The emission is strongest at the Cherenkov angle (blue cone) and can follow straight and bent trajectories
to the receiving station depending on the profile of the index of refraction of the ice. The signal is usually
detected at large distances and is strongly polarized as illustrated in the insets.

the Askaryan e�ect. The geomagnetic emission stems from the charge separation induced by
the Lorentz force in the Earth’s magnetic field. The di�erent signatures of the two contributions
can be disentangled by their polarization. While still mostly linearly polarized, the main axis of
the polarization from geomagnetic emission is aligned with the cross-product of shower axis and
magnetic field [192, 193].

Due to their larger extent and the resulting consequences for coherence, air shower signals
typically contain more low frequencies than those from showers in dense media [206]. Nevertheless,
signals from air showers and denser in-ice showers are remarkably similar, which makes the much
more abundant air shower signals a suitable calibration signal. Since the cosmic ray energy spectrum
is well-known (e. g. [70]) and the radio energy scale understood [37, 207], measuring air showers
will allow any detector to be calibrated in-situ, which includes checking the sensitivity simulations
on an absolute scale. This will lend confidence to the signal identification and reconstruction [19].

The remarkable similarity can of course also be a reason for concern. The in-air signal will
be (partly) refracted into the ice, where it may be picked-up by antennas and incorrectly identified
as neutrino induced signal. While the signal will clearly be down-going, so may be signals from
neutrino interactions, due to the ray bending properties of the ice [196]. It has also been argued
that an incompletely developed air shower may cause transition radiation and other phenomena
observable in deep detector stations [208]. In addition, stochastic energy losses by high energy
muons in an air shower penetrating the ice may mimic the interaction of a neutrino [195]. Without
additional detectors, the muons themselves are invisible to radio detectors, while the energy losses
are detectable. Depending on the exact detector configuration and trigger, these background events
may limit the analysis e�ciency, albeit dropping sharply in number with energy.

– 11 –

Figure 7. Left: Map of the planned RNO-G array at Summit Station; grid spacing is approximately 1 km.
Right: A single RNO-G station consists of three strings of antennas (Hpol and Vpol) plus surface antennas
(LPDAs), as well as three calibration pulsers located both deep in the ice and also at the surface. The string
containing the phased array trigger is designated as the power string, while the two additional strings are
designated as support strings.

neutrino properties. Building on these requirements, a station and array design as schematically
depicted in Fig. 7 was developed.

The design of RNO-G combines the experience gained with all prior in-ice radio neutrino
experiments, especially ARA [5] and ARIANNA [210], and also builds on lessons learned with
radio air shower arrays that have first demonstrated the experimental power of the radio detection
technique, e.g. [37, 38].

As outlined above, a location is needed with thick, homogeneous and cold ice to yield the
best experimental results. An additional requirement is the availability of a su�ciently developed
infrastructure to allow for installation, running and maintenance of the detector. While the instru-
mented stations can be fully autonomous, the amount of cargo and personnel needed for installation
requires accessibility by plane or large vehicle. The number of accessible research stations fit-
ting these requirements in either Antarctica or Greenland is limited. The host institutions of the
RNO-G collaboration members and their access to national infrastructure additionally excludes
some obvious candidate sites (Dome A, Dome C and Vostok in Antarctica, e.g.), leaving essentially
South Pole Station and Summit Station in Greenland. South Pole station already houses a premier
CMB instrument (the South Pole Telescope [211]), as well as the world’s largest neutrino telescope
(IceCube), which is in the process of installing the IceCube-Upgrade [212]. The logistical burden

– 13 –
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• 7 new strings in the DeepCore 
region (~20m inter-string spacing)  

• New sensor designs, optimized for 
ease of deployment, light 
sensitivity & effective area 

• New calibration devices, 
incorporating lessons from a 
decade of IceCube calibration 
efforts 

• In parallel, IceTop surface 
enhancements (scintillators & 
radio antennas) for CR studies. 

• Aim: deployment in 2025/26 

D-Egg

IceCube Upgrade Aya Ishihara

1. What’s the IceCube Upgrade?

The IceCube Neutrino Observatory was completed at the South Pole in 2011. IceCube has
led to many new findings in high-energy astrophysics, including the discovery of an astrophysical
neutrino flux and the temporal and directional correlation of neutrinos with a flaring blazar [1].
It has defined a number of upper-limits on various models of the sources of ultra-high energy
cosmic rays, as well as measurements on the fundamental high-energy particle interactions, such
as neutrino cross sections in the TeV region [2].

IceCube uses glacial ice as a Cherenkov medium for the detection of secondary charged par-
ticles produced by neutrino interactions with the Earth. The distribution of Cherenkov light mea-
sured with a 1 km3 array of 5160 optical sensors determines the energy, direction, and flavor of
incoming neutrinos. Although the South Pole is considered one of the world’s most harsh envi-
ronments, the glacial ice ⇠2 km below the surface is a dark and solid environment with stable
temperature/pressure profiles ideal for noise sensitive optical sensors. IceCube has recorded de-
tector uptime of more than 98% in the last several years. While it has been 15 years since the
first installation of the sensors, an extremely low failure rate of the optical modules has also been
observed, demonstrating that the South Pole is a suitable location for neutrino observations.

The IceCube Upgrade will consist of seven new columns of approximately 700 optical sensors,
called strings, embedded near the bottom center of the existing IceCube Neutrino Observatory. As
illustrated in Fig. 1, the "Upgrade" consists of a 20 m (horizontal) ⇥ 3 m (vertical) grid of photon

Figure 1: The Upgrade array geometry. Red marks on the left panel shows the layout of the 7 IceCube
Upgrade strings with the IceCube high-energy array and its sub-array DeepCore. The right panel shows
the depth of sensors/devices for the IceCube Upgrade array (physics region). The different colors represent
different optical modules and calibration devices. The Upgrade array extends to shallower and deeper ice
regions filled with veto sensors and calibration devices (special calibration regions).
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Figure 3: (Left) 68% sensitivity of the IceCube Upgrade on nt normalization value assuming a true value of
1 with 1 year observation. Also shown are the current best fit values of nt normalization from OPERA and
Super-Kamiokande. (Right) The predicted performance of the IceCube Upgrade on measurement of sin2q23
and Dm

2
32 assumes 3 years of livetime. Expected 90% confidence contours in the sin2q23 and Dm

2
32 plane in

comparison with the ones of the most sensitive experiments [11, 12].

appearance is expected in the atmospheric neutrinos from neutrino oscillations. The probabil-
ity of nt appearance is approximated as follows: P(nµ ! nt) h 4|Uµ3|2|Ut3|2sin2(

Dm
2
31L

4E
) where

4|Uµ3|2|Ut3|2 = sin22q23cos4q13. Neutrino oscillation probabilities depend on the ratio of the path
length L to the neutrino energy E, allowing the observation of neutrino oscillations as a function
of the incident angle (correlated with L) and the calculation of their energy. Therefore the recon-
struction of the incident neutrino energy and zenith angle is a key ability in the oscillation analysis.
For a path length equal to the Earth’s diameter, the first oscillation minimum for nµ and the first
oscillation maximum for nt are at approximately 25 GeV.

An enhanced photon sensitivity in the Upgrade allows for a more accurate characterization of
events during the selection process. The upper panels of Fig. 2 show the muon and tau neutrino
charged current (CC) energy distributions in the Upgrade array compared with those in DeepCore.
The figure demonstrates a significant enhancement in the event rates below ⇠30 GeV. The im-
provements are observed in the energy region relevant for analyses of neutrino oscillations. The
ability of IceCube to distinguish nµ CC interactions, which induces tracks of photon distributions,
from the other interactions i.e., ne and nt CC interactions and neutral current (NC) interactions of
ne, nµ and nt neutrinos, which produces only particle shower (cascade) signatures, allows us to
measure nt contributions in a statistical basis from the simultaneous fitting of track and cascade
distributions. The detection efficiency peak of the Upgrade array matches well with the energy
range of nt oscillation maximum and allows the measurement of a statistically significant number
(approximately 3000 events per year) of nt -induced events. The enhanced sensitivity in oscillation
analyses in the Upgrade is the result of both a larger neutrino sample and improved reconstruction
performance in these samples as demonstrated in Fig. 2.

The left panel of Fig. 3 shows a prediction of the Upgrade sensitivity for nt normalization.
The Upgrade strings will surpasses the precision of the world’s most accurate measurement by a
significant amount within approximately one year of operation. Because nt appearance and nµ
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and Dm

2
32 assumes 3 years of livetime. Expected 90% confidence contours in the sin2q23 and Dm

2
32 plane in

comparison with the ones of the most sensitive experiments [11, 12].

appearance is expected in the atmospheric neutrinos from neutrino oscillations. The probabil-
ity of nt appearance is approximated as follows: P(nµ ! nt) h 4|Uµ3|2|Ut3|2sin2(

Dm
2
31L

4E
) where

4|Uµ3|2|Ut3|2 = sin22q23cos4q13. Neutrino oscillation probabilities depend on the ratio of the path
length L to the neutrino energy E, allowing the observation of neutrino oscillations as a function
of the incident angle (correlated with L) and the calculation of their energy. Therefore the recon-
struction of the incident neutrino energy and zenith angle is a key ability in the oscillation analysis.
For a path length equal to the Earth’s diameter, the first oscillation minimum for nµ and the first
oscillation maximum for nt are at approximately 25 GeV.

An enhanced photon sensitivity in the Upgrade allows for a more accurate characterization of
events during the selection process. The upper panels of Fig. 2 show the muon and tau neutrino
charged current (CC) energy distributions in the Upgrade array compared with those in DeepCore.
The figure demonstrates a significant enhancement in the event rates below ⇠30 GeV. The im-
provements are observed in the energy region relevant for analyses of neutrino oscillations. The
ability of IceCube to distinguish nµ CC interactions, which induces tracks of photon distributions,
from the other interactions i.e., ne and nt CC interactions and neutral current (NC) interactions of
ne, nµ and nt neutrinos, which produces only particle shower (cascade) signatures, allows us to
measure nt contributions in a statistical basis from the simultaneous fitting of track and cascade
distributions. The detection efficiency peak of the Upgrade array matches well with the energy
range of nt oscillation maximum and allows the measurement of a statistically significant number
(approximately 3000 events per year) of nt -induced events. The enhanced sensitivity in oscillation
analyses in the Upgrade is the result of both a larger neutrino sample and improved reconstruction
performance in these samples as demonstrated in Fig. 2.

The left panel of Fig. 3 shows a prediction of the Upgrade sensitivity for nt normalization.
The Upgrade strings will surpasses the precision of the world’s most accurate measurement by a
significant amount within approximately one year of operation. Because nt appearance and nµ
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IceCube limitations
More potential to exploit!

Angular resolution 

• Median error not scaling with photon statistics 
Ice modelling systematic uncertainties 

• Bubble column in bore hole, distorting OM angular 
acceptance 

• Anisotropy of photon scattering and/or absorption 
lengths in ice 

Bore hole

Bubble 
   column

Still frame from 
Sweden camera

Data       Simulation

South Pole ice anisotropy: Proceedings of ICRC2013 0580, 2014
Figure 4: Observed median angular error of fully contained high
energy (HESE) cascade directional reconstruction as a function
of reconstructed deposited energy. The dashed line indicate the
reconstruction performance with a perfect knowledge of the op-
tical properties of ice and detector responses. The deviation of
data points from the line indicate the presence of incomplete un-
derstandings of ice and detector response to bright light.

third of the cosmic neutrino flux is
expected to arrive to Earth as ne

and another one third as nt , both of
which are detected in IceCube in the
form of cascades. Figure 4 shows
the event-by-event estimates of the
angular uncertainty of high-energy
neutrino-induced cascades. While
cascades without systematic errors
can be reconstructed with an uncer-
tainty of 3� or less above 1 PeV and
5� above 300 TeV, the current re-
construction uncertainty is limited
to 10� or more in the corresponding
energy range, due to the uncertainty
on the in situ detector response and
the anisotropy of ice [14]. We aim
at achieving a cascade angular re-
construction closer to the statisti-
cal limit with the planned calibra-
tion program. The improved cas-
cade directional reconstruction pre-
cision will lead to more opportunities for neutrino point source searches using IceCube data col-
lected over the last 10 years. A further improvement on flavor identification is expected for tau
neutrinos. In high energies, the event-by-event identifications of tau neutrino candidates are pos-
sible [16], making use of separation lengths between two cascades, a hadronic cascade in a nt
CC interaction and an electron or hadronic cascade from the subsequent decay of the tau lepton.
Because tau neutrinos are not expected at the production site of astrophysical neutrinos, their ob-
servation provides a unique opportunity to measure neutrino oscillations at cosmological distances
and at ultra-high energies. An interesting aspect of the flavor ratio is that they are expected to be
robust against the flavor composition of the initial astrophysical source and the neutrino oscilla-
tion parameters. Deviations from the expectation are unique and robust signatures of new physics.
While the first nt candidates have recently been observed in 7.5 years of IceCube data, tau neutrino
identification performance is still limited by ice properties and detector responses. The resultant
sensitivity to the flavor composition is insufficient to constrain a hypothesis of new physics. An
improved precision of the cascade reconstruction as well as tau neutrino flavor identification allows
the multi-messenger observations of neutrino-emitting sources and opens up a new way to analyze
the flavor dependence of neutrino fluxes.

2.3 Towards IceCube-Gen2

The observation of a flaring blazar in coincidence with the IceCube real-time alert IC-170922,
an extremely high-energy muon neutrino, neutrino astronomy has become a reality. To expand
our view of the high-energy Universe through the new window of neutrino astronomy, a next-

7

• Precision measurement of 
atmospheric neutrino oscillations 
and tau neutrino appearance 

• Improved energy and angular 
reconstructions of IceCube data

[IceCube, PoS (ICRC2019) 1031]

HESE cascades

https://pos.sissa.it/358/1031/


Markus Ahlers (NBI) Georges Lemaître Chair 2023

Vision: GRAND

27

B Antenna design

Giant Radio Array for Neutrino Detection

• Antenna optimized tor horizontal showers

• Bow-tie design, 3 perpendicular arms

• Frequency range: 50-200 MHz

• Inter-antenna spacing: 1 km

Radio emission Extensive air shower

5m

10 km

Cosmic ray   

FIG. 16. GRAND detection principle, illustrated for one of the 10 000-antenna GRAND10k arrays located at a hotspot. See main
text for details. Ultra-high-energy cosmic rays and gamma rays (not shown) interact in the atmosphere, while ultra-high-energy ⌫⌧
interact underground and create a high-energy tau that exits into the atmosphere and decays. The ensuing extensive air showers
emit a radio signal that is detected by the antennas. The inset shows a sketch of the HorizonAntenna designed for GRAND.

To address this problem, we have designed the GRAND
antennas to have a high detection e�ciency along the hori-
zon — we call the design HorizonAntenna. Because
the e↵ect of ground reflection decreases with h/�, where
h is the detector height above ground and � is the radio
wavelength, we place the HorizonAntenna at h = 5 m
— atop a wooden pole — and the frequency range to
f > 50 MHz (� < 6 m). Because we would like to de-
tect radio Cherenkov rings — which could help background
rejection and signal reconstruction (see Section IV E 3) —
we set the upper limit of the frequency range to 200 MHz,
instead of the 80 MHz or 100 MHz used in most existing
arrays. This is aided by the radio background dropping
significantly above 100 MHz; see Section IV D. Further, re-
cent studies made for other air-shower arrays confirm that
extending the frequency band to 200 MHz significantly im-
proves the signal-to-noise ratio and lowers the detection
threshold [266]. To confirm the validity of this result for
horizontal showers, we found the optimal frequency band
for GRAND by following a procedure similar to the one
in Ref. [266], using the response of a dipole antenna. We

based it on ZHAireS simulations of horizontal showers, us-
ing the physical conditions at the GRANDProto35 location;
see Section VA.

Figure 18 shows results from one of our simulated show-
ers. The determination of the signal-to-noise ratio (SNR)
in di↵erent frequency bands is based on the signals of the
North-South and East-West polarization. For the radio
noise, we assumed the average Galactic background plus
additional thermal noise of 300 K. We found the optimal
frequency band for a GRAND array to be 100–180 MHz,
consistent with the results obtained in Ref. [266].

The HorizonAntenna is an active bow-tie antenna
with a relatively flat response as a function of azimuthal
direction and frequency. Its design is inspired by the “but-
terfly antenna” [267] developed for CODALEMA, and later
used in AERA [268]. It has 3 perpendicular arms (X, Y, Z)
oriented along two horizontal directions and a vertical one.
The HorizonAntenna uses the same low-noise amplifier,
but its radiating element is half the size of that in CO-
DALEMA and AERA, in order to increase the sensitivity
to the 50–200 MHz range.
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Extended Data Fig. 1 | Geographical information of the TRIDENT site. The selected site is marked by the red star in this map56. The distance between the TRIDENT 
site and nearby cities are shown by the white lines. The nearest island with infrastructure, Yongxing Island, is 180km away.
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silicon photon multipliers (SiPMs) that can respond to photon hits 
within tens of picoseconds37, time digital converters that are capable 
of digitizing the sharp rising edge of a SiPM waveform38 and the White 
Rabbit system that can provide precise global time stamps39. With these 
state-of-the-art technologies, TRIDENT will build hybrid digital optical 
modules with both PMTs and SiPMs, called hDOMs40, yielding excellent 
light collection and timing resolution that are capable of accurately 
measuring the arrival time of unscattered photons. The advantages 
of using multiple small PMTs have been demonstrated by KM3NeT’s 
multi-PMT Digital Optical Module (mDOM) system41. Compared with 
IceCube’s single large PMT DOM, multiple small PMTs allow for an 
increased photocathode coverage, strong sensitivity to the incident 
photon direction and finer timing resolution, along with the capabil-
ity of coincidence triggering on a single DOM. In an effort to further 
improve angular resolution, the TRIDENT hDOM design adds SiPMs 
with excellent timing resolution, placed in the spaces between PMTs. 
The first-rate timing response and additional photocathode coverage of 
the SiPMs in TRIDENT’s hDOM design are expected to provide improve-
ment in angular resolution compared with traditional PMT-only DOMs, 
boosting the detector’s source searching ability.

In seawater, the absorption length for Cherenkov photons is a key 
parameter to consider when designing the detector geometry. Figure 2  
shows the anticipated layout of the future telescope, guided by the 
presented optical property measurements. The detector contains 
1,211 strings, each containing 20 hDOMs separated vertically by 30 m, 
ranging from approximately 2,800 m to 3,400 m below sea level. This 
arrangement will result in a world-leading instrumented geometric 
volume of ~7.5 km3. The strings’ pattern follows a Penrose tiling distribu-
tion with inter-string distances of 70 m and 110 m, adopting the golden 
ratio42. Preliminary simulation studies indicate that this uneven layout, 
compared with a regular distribution of strings, allows for an expanded  
geometry with a broader window of measurable neutrino energies. TRIDENT  
in this layout is expected to cover from sub-teraelectronvolt (TeV)  
to exaelectronvolt energies, optimizing the telescope’s potential for 
neutrino astronomy43. Building multiple, separated clusters of strings 
helps to ease the difficulties faced in the construction and maintenance 
of large telescopes on the seafloor. TRIDENT instead leaves several 
spiral pathways, allowing underwater robots to access the innermost 

strings for maintenance. This unsegmented geometry aims to reduce 
the number of clipping edge events, which are more likely to occur 
in segmented geometries with wide empty regions between string 
clusters. The spiral shape of the pathways also helps to reduce the 
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Fig. 3 | Projected point source sensitivities and discovery potentials of 
TRIDENT. All-sky point source 90% confidence-level median sensitivity (dashed 
dot lines) and 5σ discovery potential (solid lines) of TRIDENT with 10 years of 
data taking. The left panel corresponds to a source energy spectrum index of 
2 (labelled E−2) and minimum energy of 10 TeV, while the right panel assumes 
an index of 3 (E−3) and minimum energy of 1 TeV. The x axis represents the sine 
declination (sinδ) and the y axis is the neutrino flux (φ). KM3NeT, IceCube and 

IceCube-Gen2 sensitivities15,66,67 are also shown for comparison. IceCube, located 
at the South Pole, has increased sensitivity to the northern sky. For a source 
located in the southern sky with a spectral index of 3, TRIDENT will have 4 orders 
of magnitude improvement in sensitivity compared with IceCube. Similarly 
comparing to the future telescope KM3NeT located in the Northern Hemisphere 
yields an improvement factor of approximately 5.
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gamma-ray observation to neutrino flux upper limit with cut-off energy at 
286 TeV (refs. 71,72). The horizontal black dashed line indicates a significance 
level of 5σ. In the analysis, the diffuse astrophysical muon neutrinos68 and 
atmospheric muon neutrinos73 are considered as backgrounds. The minimum 
energies adopted for each source are shown in the legend.
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silicon photon multipliers (SiPMs) that can respond to photon hits 
within tens of picoseconds37, time digital converters that are capable 
of digitizing the sharp rising edge of a SiPM waveform38 and the White 
Rabbit system that can provide precise global time stamps39. With these 
state-of-the-art technologies, TRIDENT will build hybrid digital optical 
modules with both PMTs and SiPMs, called hDOMs40, yielding excellent 
light collection and timing resolution that are capable of accurately 
measuring the arrival time of unscattered photons. The advantages 
of using multiple small PMTs have been demonstrated by KM3NeT’s 
multi-PMT Digital Optical Module (mDOM) system41. Compared with 
IceCube’s single large PMT DOM, multiple small PMTs allow for an 
increased photocathode coverage, strong sensitivity to the incident 
photon direction and finer timing resolution, along with the capabil-
ity of coincidence triggering on a single DOM. In an effort to further 
improve angular resolution, the TRIDENT hDOM design adds SiPMs 
with excellent timing resolution, placed in the spaces between PMTs. 
The first-rate timing response and additional photocathode coverage of 
the SiPMs in TRIDENT’s hDOM design are expected to provide improve-
ment in angular resolution compared with traditional PMT-only DOMs, 
boosting the detector’s source searching ability.

In seawater, the absorption length for Cherenkov photons is a key 
parameter to consider when designing the detector geometry. Figure 2  
shows the anticipated layout of the future telescope, guided by the 
presented optical property measurements. The detector contains 
1,211 strings, each containing 20 hDOMs separated vertically by 30 m, 
ranging from approximately 2,800 m to 3,400 m below sea level. This 
arrangement will result in a world-leading instrumented geometric 
volume of ~7.5 km3. The strings’ pattern follows a Penrose tiling distribu-
tion with inter-string distances of 70 m and 110 m, adopting the golden 
ratio42. Preliminary simulation studies indicate that this uneven layout, 
compared with a regular distribution of strings, allows for an expanded  
geometry with a broader window of measurable neutrino energies. TRIDENT  
in this layout is expected to cover from sub-teraelectronvolt (TeV)  
to exaelectronvolt energies, optimizing the telescope’s potential for 
neutrino astronomy43. Building multiple, separated clusters of strings 
helps to ease the difficulties faced in the construction and maintenance 
of large telescopes on the seafloor. TRIDENT instead leaves several 
spiral pathways, allowing underwater robots to access the innermost 

strings for maintenance. This unsegmented geometry aims to reduce 
the number of clipping edge events, which are more likely to occur 
in segmented geometries with wide empty regions between string 
clusters. The spiral shape of the pathways also helps to reduce the 
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Fig. 3 | Projected point source sensitivities and discovery potentials of 
TRIDENT. All-sky point source 90% confidence-level median sensitivity (dashed 
dot lines) and 5σ discovery potential (solid lines) of TRIDENT with 10 years of 
data taking. The left panel corresponds to a source energy spectrum index of 
2 (labelled E−2) and minimum energy of 10 TeV, while the right panel assumes 
an index of 3 (E−3) and minimum energy of 1 TeV. The x axis represents the sine 
declination (sinδ) and the y axis is the neutrino flux (φ). KM3NeT, IceCube and 

IceCube-Gen2 sensitivities15,66,67 are also shown for comparison. IceCube, located 
at the South Pole, has increased sensitivity to the northern sky. For a source 
located in the southern sky with a spectral index of 3, TRIDENT will have 4 orders 
of magnitude improvement in sensitivity compared with IceCube. Similarly 
comparing to the future telescope KM3NeT located in the Northern Hemisphere 
yields an improvement factor of approximately 5.
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λeff,att, which approximately describes the decrease in the total observ-
able photons ∝ e

−D/λ

eff,att

D

−2 over a propagation distance D31. Notably, 
λeff,att differs from the canonical attenuation length λatt as it also encom-
passes scattered photons in the observed light.

To decode all these optical parameters, precise in situ measure-
ments were conducted with T-REX, as shown in Extended Data Fig. 4. 
The core detection unit consists of three modules. At the middle is a 
light-emitter module equipped with light-emitting diodes (LEDs) of 
three wavelengths, which can emit photons isotropically with two 
modes: pulsing mode and steady mode. There are two light receiver 
modules located at 41.8 m and 21.7 m vertically above and below the 
light emitter, respectively, performing a near-far measurement. Both 
modules are equipped with two independent and complementary 
measurement systems, a photomultiplier tube (PMT) system and 
a camera system. The former primarily records PMT waveforms to 
extract the timing information of the detected photons emitted by 
pulsing LEDs, while the latter records images of the steady light emit-
ter to measure the angular distribution of the radiance (Methods and 
Extended Data Figs. 5 and 6).

Table 1 summarizes the measured canonical optical parameters 
using both the PMT and camera systems in the blue waveband, the 
optimal waveband for observing Cherenkov photons in water. The two 
systems work independently and obtain consistent results using differ-
ent measurement mechanisms. All of the data processing and analysis 
pipelines are presented in Methods in detail. In addition, measurement 
results at three different wavelengths, at various depths, are listed in 
Extended Data Tables 1 and 2.

Figure 1 summarizes the measurement results of optical property 
at TRIDENT’s site and other water-based neutrino telescopes’ sites. 
To compare with other similar measurements, we conducted another 
set of analyses to obtain λeff,att, as listed in Table 2, as definitions of the 
attenuation length in other experiments differ slightly. The results 
from Long Arm Marine Spectrophotometer (LAMS)32, ANTARES31 
and STRings for Absorption length in Water (STRAW-a)33 are effective 

attenuation lengths, which contain different proportions of scattered 
photons in their selected data acquisition time windows. The results 
from Baikal-5D34 and AC9 (ref. 35), however, made measurements of 
canonical attenuation lengths using specialized laser devices.

The measured optical properties and water current speeds are 
promising for operating a large-scale neutrino telescope at the selected 
site. T-REX’s camera system demonstrated its application as a fast, 
in situ calibration system, which is particularly important for pre-
cise angular reconstruction in underwater telescopes with dynamic 
environments. In addition, T-REX has been a valuable tool for testing 
some of TRIDENT’s electronic systems, such as time synchronization 
technologies and optical fibres for data transmission.

Design of TRIDENT
TRIDENT will be optimized to pinpoint astrophysical neutrino sources 
from the isotropic diffuse flux discovered by IceCube. The long scat-
tering lengths in deep-sea water allow the Cherenkov photons from 
a neutrino interaction vertex to propagate in long straight paths to 
the many optical sensors throughout the detector. Precisely measur-
ing the arrival times of these direct photons strongly improves the 
angular resolution of track-like events due to νµ (and a fraction of ντ) 
charged-current interactions, which neutrino telescopes rely primarily 
on for pointing36. TRIDENT aims to achieve this with the help of modern 
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Fig. 1 | Measured (effective) attenuation length at different neutrino 
telescope sites. Effective attenuation lengths measured by two independent 
optical systems, the PMT (black circle) and camera (black square) in T-REX for 
three wavelengths (405 nm, 450/460 nm, 525 nm), as summarized in Table 2. 
Data points and error bars indicate the best-fit results and 68% confidence-level 
regions in the χ2 fitting. The results obtained by the camera system use 20 images 
for each wavelength, while the results from the PMT system are measured using 
data samples with ~107 detected photons per wavelength. Measurements from 
KM3NeT32,35, P-ONE33, ANTARES31 and Baikal-GVD34 are shown for comparison. 
Also shown is the average observable Cherenkov spectrum from simulation, in 
which the optical properties measured by T-REX are used.

Table 2 | Effective attenuation lengths measured at various 
wavelengths

Wavelengths 405 nm 450 nm 460 nm 525 nm

PMT 15.3 ± 1.2 25.2 ± 3.7 − 19.0 ± 1.8

Camera
19.5

+3.3

−2.6

− 26.8 ± 2.8 16.7 ± 1.3

Effective attenuation lengths measured by the PMT and camera systems at different 
wavelengths. The table shows data along with error bars that indicate mean values and 68% 
confidence intervals. These error bars consider both statistical and systematic uncertainties.
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Fig. 2 | Geometrical layout of the TRIDENT array. The geometrical layout 
pattern follows a Penrose tiling distribution. Each black dot represents a string of 
length ~0.7 km and the dashed lines mark the paths for underwater maintenance 
by remotely operated underwater vehicles (ROV).
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λeff,att differs from the canonical attenuation length λatt as it also encom-
passes scattered photons in the observed light.
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measurement systems, a photomultiplier tube (PMT) system and 
a camera system. The former primarily records PMT waveforms to 
extract the timing information of the detected photons emitted by 
pulsing LEDs, while the latter records images of the steady light emit-
ter to measure the angular distribution of the radiance (Methods and 
Extended Data Figs. 5 and 6).

Table 1 summarizes the measured canonical optical parameters 
using both the PMT and camera systems in the blue waveband, the 
optimal waveband for observing Cherenkov photons in water. The two 
systems work independently and obtain consistent results using differ-
ent measurement mechanisms. All of the data processing and analysis 
pipelines are presented in Methods in detail. In addition, measurement 
results at three different wavelengths, at various depths, are listed in 
Extended Data Tables 1 and 2.

Figure 1 summarizes the measurement results of optical property 
at TRIDENT’s site and other water-based neutrino telescopes’ sites. 
To compare with other similar measurements, we conducted another 
set of analyses to obtain λeff,att, as listed in Table 2, as definitions of the 
attenuation length in other experiments differ slightly. The results 
from Long Arm Marine Spectrophotometer (LAMS)32, ANTARES31 
and STRings for Absorption length in Water (STRAW-a)33 are effective 

attenuation lengths, which contain different proportions of scattered 
photons in their selected data acquisition time windows. The results 
from Baikal-5D34 and AC9 (ref. 35), however, made measurements of 
canonical attenuation lengths using specialized laser devices.

The measured optical properties and water current speeds are 
promising for operating a large-scale neutrino telescope at the selected 
site. T-REX’s camera system demonstrated its application as a fast, 
in situ calibration system, which is particularly important for pre-
cise angular reconstruction in underwater telescopes with dynamic 
environments. In addition, T-REX has been a valuable tool for testing 
some of TRIDENT’s electronic systems, such as time synchronization 
technologies and optical fibres for data transmission.

Design of TRIDENT
TRIDENT will be optimized to pinpoint astrophysical neutrino sources 
from the isotropic diffuse flux discovered by IceCube. The long scat-
tering lengths in deep-sea water allow the Cherenkov photons from 
a neutrino interaction vertex to propagate in long straight paths to 
the many optical sensors throughout the detector. Precisely measur-
ing the arrival times of these direct photons strongly improves the 
angular resolution of track-like events due to νµ (and a fraction of ντ) 
charged-current interactions, which neutrino telescopes rely primarily 
on for pointing36. TRIDENT aims to achieve this with the help of modern 
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Fig. 1 | Measured (effective) attenuation length at different neutrino 
telescope sites. Effective attenuation lengths measured by two independent 
optical systems, the PMT (black circle) and camera (black square) in T-REX for 
three wavelengths (405 nm, 450/460 nm, 525 nm), as summarized in Table 2. 
Data points and error bars indicate the best-fit results and 68% confidence-level 
regions in the χ2 fitting. The results obtained by the camera system use 20 images 
for each wavelength, while the results from the PMT system are measured using 
data samples with ~107 detected photons per wavelength. Measurements from 
KM3NeT32,35, P-ONE33, ANTARES31 and Baikal-GVD34 are shown for comparison. 
Also shown is the average observable Cherenkov spectrum from simulation, in 
which the optical properties measured by T-REX are used.

Table 2 | Effective attenuation lengths measured at various 
wavelengths

Wavelengths 405 nm 450 nm 460 nm 525 nm

PMT 15.3 ± 1.2 25.2 ± 3.7 − 19.0 ± 1.8

Camera
19.5

+3.3

−2.6

− 26.8 ± 2.8 16.7 ± 1.3

Effective attenuation lengths measured by the PMT and camera systems at different 
wavelengths. The table shows data along with error bars that indicate mean values and 68% 
confidence intervals. These error bars consider both statistical and systematic uncertainties.
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length ~0.7 km and the dashed lines mark the paths for underwater maintenance 
by remotely operated underwater vehicles (ROV).
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Vision: IceCube-Gen2
• Multi-component facility (low- and high-energy & multi-messenger) 
• In-ice optical Cherenkov array with 120 strings and 240m spacing 
• Surface array (scintillators & radio antennas) for PeV-EeV CRs & veto 
• Askaryan radio array for >10PeV neutrino detection

| IceCube Upgrade and Gen2 | Summer Blot | TeVPA 2018 10

IceCube-Gen2
High energy 
• Find (more) neutrino point sources 

• Characterise spectrum, flux, and 
flavour composition of astrophysical 
neutrinos with higher precision 

• GZK neutrinos 

• Continue search for BSM physics

Low energy 
• Precision measurements of 

atmospheric neutrino oscillations: 
     νµ→ντ   
     Neutrino mass ordering 

• Characterise atmospheric flux 
(hadronic interactions) 

• Also continue search for BSM physics

A vision for the future of neutrino astroparticle physics at the South Pole

IceCube

DeepCore 
IC Upgrade

High-Energy Array

| IceCube Upgrade and Gen2 | Summer Blot | TeVPA 2018 11

IceCube-Gen2
High energy facility

Surface array

High Energy 
Array

Radio array

In-Ice High Energy Array (HEA) 
• 120 strings with ~240 m spacing and 80 OMs each 
• 6.2 - 9.5 km3 instrumented volume (not yet fixed) 
Surface array 
• Under investigation: Air Cherenkov Telescope (IceAct) vs scintillator panels 
• Prototypes of both systems deployed and operating at the South Pole

PoS (ICRC2017) 991

Surface Array Radio Array

low unprecedented measurement of the evolution of the primary composition in the region
where a transition from galactic to extragalactic cosmic rays is predicted [302]. Under-
standing the flux of the most-energetic Galactic cosmic rays and the transition to extra-
galactic sources complements IceCube’s multi-messenger missions of understanding the
origin of cosmic rays. The drastically increased aperture for coincident events with the
in-ice detectors, furthermore, increases the potential to directly discover nearby sources
by PeV photons accordingly [293, 303]. A surface detector also opens up the possibility of
vetoing the background of cosmic-ray muon and even atmospheric neutrinos (see section
4.1.1). For example, a down-going PeV astrophysical neutrino interacting in the ice above
the deep array could be distinguished from a cosmic-ray induced PeV muon bundle, which
would be accompanied by a cosmic-ray shower of ⌅ 10 PeV. Extending the veto capability
to the whole sky and/or to lower energy to obtain a background-free sky would require a
footprint that extends significantly beyond the footprint of the high-energy array [304] and
instruments more densely between the Gen2 strings. Finally, a surface array will allow for
important cross-calibration of the in-ice neutrino arrays.
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Figure 30: (Left) Layout of a surface station for the enhancement of IceTop, which is the baseline design for the
Gen2 surface array: a station consists of 4 pairs of scintillation detectors and three radio antennas connected
to a common local data-acquisition in the center. (Right) Corresponding prototype detectors at IceTop; both
the scintillators and radio antennas are deployed on stands that can be lifted to avoid snow management.

4.3.3. Radio detectors

A number of radio test set-ups have been built at South Pole, most prominently the Askaryan
Radio Array (ARA). Similar to the proposed baseline design, ARA employs a phased-array
and has instrumented strings with two different kinds of antennas as deep as 200 meters.
The baseline design also foresees surface antennas to ensure a self-vetoing capability
of the array against air showers, a concept piloted in the ARIANNA experiment. In addi-
tion to the veto-capabilities, these surface antennas provide better polarization sensitivity
than down-hole antennas, which are limiting the achievable reconstruction accuracy of the
polarization of the signal and thereby the arrival direction. In designing surface antennas,
one is not constraint by borehole geometry and can obtain better gains and characteristics.
However, staying the surface reduces the effective volume, which is the rationale behind
combing the strengths of both in the baseline design.

As compared to the optical detection technique, the radio detection is not as mature. At the
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Figure 57: The surface map for the IceCube-Gen2 reference design is shown in relation to the original IceCube
array (gray area). The location of the strings is marked with the dark green dots, while the shading orients the layout
to the South Pole sector map, with the green shaded area showing the Dark Sector, the pink showing the Clean Air
Sector, the white showing the skiway, and the blue outlining the Downwind Sector. The grid shows the distance in
meters from the center of IceCube.

spans between 2,000 m to 2,100 m, has been found to have exceptional clarity, with
absorption lengths in excess of 200 m.

Because of the improvement in ice characterization, the volume of the IceCube-Gen2
optical array can be increased by installing optical modules from 1,369 to 2,689 m, a
vertical range that is about 1/3 longer than for optical modules deployed in IceCube.
The deepest part of the ice is known to be highly transparent, therefore including this
region is vital. The depth of the shallowest module position of 1,369 m is determined
from the ice properties, and the deepest position is determined by the ice-bedrock
interface, which is estimated to be around 2,780 m from various measurements [602,
603] in the IceCube-Gen2 region.

The horizontal spacing of the optical modules is increased from IceCube to IceCube-
Gen2 by about a factor of 2, which increases the effective detection volume per string;
however, the separation length is still close to the photon absorption length. This is
important because one of the key calibration tasks, verification of local bulk ice proper-
ties, uses LED flashers on neighboring strings (Sec. 10.2.2.3). We have demonstrated
that adequate calibration is possible with a string separation of 240 m.
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Figure 12: Top view of the envisioned IceCube-Gen2 Neutrino Observatory facility at the South Pole station, Antarc-
tica. From left to right: The radio array consists of 361 stations (shallow and hybrid) in the reference design. The
optical high-energy array features 120 new strings (shown as orange points) that are spaced 240 m apart and in-
strumented with 80 newly developed optical modules each, over a vertical length of 1.25 km. The total instrumented
volume of the optical detector in this design is 7.9 times larger than the current IceCube detector array (blue points).
On the far right, the layout for the seven IceCube Upgrade strings relative to existing IceCube strings is shown.

3. Revealing the sources and propagation of the highest energy particles in the Milky
Way and the Universe: This includes studying Galactic and extragalactic cosmic-
ray sources and their neutrino emission, cosmic ray interactions in the interstel-
lar medium, the properties of cosmic rays in the galactic-extragalactic transition
region above 100 PeV, as well as the propagation of extragalactic cosmic rays
through the measurement of cosmogenic neutrinos.

4. Probing fundamental physics with high-energy neutrinos and cosmic rays: This
entails studying hadronic interactions in the PeV domain, measuring neutrino
cross sections at energies far beyond the reach of terrestrial particle accelera-
tors, searching for new physics from neutrino flavor mixing over cosmic baselines,
and searching for heavy dark matter particles, monopoles and other particles pre-
dicted by SUSY or theories with extra dimensions.

1.6 The IceCube-Gen2 neutrino telescope

The IceCube-Gen2 facility designed to achieve the goals outlined in the previous sec-
tion will encompass the currently operating IceCube detector, including the 7 new
strings in the center of the IceCube array that are scheduled for a 2025/2026 deploy-
ment in the IceCube Upgrade. Three new components will be added to the existing
detector: an in-ice optical array, a surface air shower array, and an extended radio de-
tector array. Figure 12 presents a top view of the IceCube-Gen2 facility, with its various
components, each utilizing optimized technologies for the targeted energy ranges. The
surface array will be installed on the footprint of the optical array.

The optical array, optimized for the detection of TeV and PeV neutrinos, will feature 120
new strings, each equipped with 80 photosensors that collect 4 times more light than
current IceCube DOMs. These 9600 new photosensors will be distributed along each
string with a vertical spacing of ⇥17 m at depths ranging from 1.35 km to 2.7 km below

18
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Figure 14: Left: Maximum distance at which a persistent source with a luminosity of L⌫ =1043 erg cm�2 s�1 can be
detected by IceCube-Gen2 if it is observed for 10 years as a function of the source declination for different energy
bands (upper panel). The lower panel shows the maximum detection distance for a generic transient with a total
energy of E⌫ =1050 erg and an assumed duration of 100 s. Right: Source detection volume derived from the
maximum distance as a function of energy. The improvement relative to IceCube is given for each energy band.

26

Vision: IceCube-Gen2

32

Improved sensitivity for neutrino 
sources to find the origin of the 

isotropic TeV-PeV flux

Precision measurement of 
PeV-EeV neutrino fluxes with 
extended in-ice optical and 

surface radio array
100s  bursts ν

Eiso = 1050erg

THE ICECUBE-GEN2 NEUTRINO OBSERVATORY

Figure 28: Sensitivity of IceCube-Gen2 at the highest energies in comparison to models [61, 100, 101], existing
upper limits [60, 348–351], and the 10 year sensitivity of the proposed GRAND array of 200,000 antennas [352].
The uncertainties on the IceCube-Gen2 radio array sensitivity are ±20%, which are uncertainties in the estimated
sensitivity of the array, e.g. due to remaining design decisions. The sensitivity for IceCube-Gen2 includes best
estimates for backgrounds and analysis efficiency, but likely err on the conservative side. All fluxes are shown as
the all-flavor sum assuming equal flux in each flavor.

2.3.4 Cosmogenic neutrinos

At EeV energies all CR are believed to be of extragalactic origin [344]. From CR mea-
surements themselves, we neither know what the accelerators of these UHE cosmic
rays are, nor what maximum energies they can reach. Also, particle composition mea-
surements at the highest energies still leave room for various scenarios [326]. While a
dominance of iron has been excluded, different and changing ratios of protons and in-
termediate mass group particles have been reported above EeV energies, all carrying
the uncertainties due to the hadronic interaction models [345–347]. Limited knowl-
edge about the Galactic and extragalactic magnetic fields that influence the propaga-
tion, further complicates the identification of sources based on CR observations alone.
Detecting neutrinos corresponding to these CR energies will provide complementary
information to resolve these open questions.

Above EeV energies the CR interactions with the cosmic microwave background and
the EBL can produce neutrinos [83]. In addition, unstable atomic nuclei, produced dur-
ing photo-disintegration or photo-pion production of CR, can produce neutrinos when
decaying. All of these neutrinos are referred to as cosmogenic neutrinos. So while this
secondary flux of neutrinos is extremely well motivated, its level depends strongly on
the composition of the CR [353, 354], the cosmic evolution of the sources, the spectral
index of the sources, and their maximum acceleration energy [91, 92, 100]. IceCube
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Figure 17: Left: Discovery potential of IceCube and IceCube-Gen2 for neutrino flares similar to the one observed for
TXS0506+056 in 2014/15 which lasted 158 days. Shown is the projected significance of the observation as a func-
tion of the flare duration. The flux and spectral index of the assumed flare are the ones observed for TXS0506+056
(see Figure 16) and assumed constant within the flare duration, i.e., the neutrino fluence increases with flare du-
ration. Green dotted lines mark the 5� discovery threshold, as well as the lower threshold for sending alerts to
partner telescopes for follow-up observations. Right: Significance of the observations of NGC 1068 as a function of
observation time for IceCube and IceCube-Gen2, assuming the best-fit neutrino flux derived in [27].

IceCube-Gen2 will allow to firmly discover the brightest AGNs on the neutrino sky. Fig-
ure 17 (right side) shows the expected significance as a function of observation time
for NGC 1068. A detection at 10� significance is expected after 10 years, allowing
a precise measurement of the spectral shape of the neutrino emission that is key to
understanding the acceleration processes in the source. Figure 18 shows the differen-
tial sensitivity of IceCube-Gen2 in relation to the spectrum of NGC 1068 inferred from
the IceCube data, a model of the neutrino emission, and observations of the source in
gamma rays, underlining the strong gain in sensitivity with IceCube-Gen2 even for soft
spectrum sources. In addition to the direct observations, precise spectrum and flavor
ratio measurements (see Section 2.2.6) of the diffuse flux will support the study of the
acceleration processes and environmental conditions in AGN cores and/or jets.

2.2.2 Cosmic-ray production in tidal disruption events

Another proposed transient source of high-energy CR and neutrinos is the tidal disrup-
tion of stars by supermassive black holes [171–174]. Such TDEs occur when a star is
disintegrated by strong gravitational forces as it spirals towards the black hole. TDEs
have been detected across a range of wavelengths, and, in some cases, have been
observed to launch relativistic particle jets.

Observations of the first coincidences between TDE and high-energy neutrinos open
a great perspective for IceCube-Gen2. Figure 19 shows the expected rate of asso-
ciations between neutrinos and TDEs for IceCube-Gen2, based on current IceCube
observations. In combination with the much deeper survey depth that next-generation
optical survey telescopes will provide one can expect O(10) coincidences per year. The

30

THE ICECUBE-GEN2 NEUTRINO OBSERVATORY

Figure 19: Rate of associations of high-energy neutrinos to TDEs expected from multi-messenger observations
with IceCube and IceCube-Gen2. The redshift evolution of TDEs from [175] is used in the calculation, spurious
coincidences are marked by thin gray lines. The respective survey depths for the observations of TDEs by ZTF and
the Vera C. Rubin observatory are indicated.

flux from GRBs considering 1000-5000 GRBs (assuming 667 bursts/year). This can be
compared to three models that assume UHE cosmic rays are produced by GRBs [177]).

Low-luminosity GRBs and relativistic SNe might feature "choked” jets, where the rela-
tivistic jet fails to penetrate the progenitor star, and therefore no detectable gamma-ray
signal is present. Such jets would provide a unified picture of GRBs and SNe [192, 193].
This scenario could be physically probed by the detection of high-energy neutrinos in
coincidence with SNe containing relativistic jets [194, 195]. The neutrino emission is
expected in a relatively short time window (⇥100 s) after core-collapse. Thus, this sce-
nario predicts a high-energy neutrino signal followed by the appearance of a CCSN.

Two complementary search strategies have been applied to identify neutrino emission
from CCSNe with IceCube. First, the high-energy neutrino alerts released by IceCube’s
realtime program [196] are followed up with optical instruments to search for potential
optical counterparts of the signatures described above. Second, a catalog of optically
detected CCSNe, from instruments such as the All-Sky Automated Survey for Super-
novae (ASAS-SN) and the Zwicky Transient Facility (ZTF) [197, 198], has been used to
search for the combined neutrino signal from the entire source populations [199].

IceCube-Gen2 will yield about 5 times more alerts from high-energy track-like neutrino
events with improved angular resolution than IceCube. The increased pointing accu-
racy will reduce the fraction of alerts due to chance coincidences between neutrinos
and causally unconnected optical transients. Up to 6 coincident detections of high-
energy neutrinos and CCSNe can be expected per year from sources with a redshift
below z = 0.15. High-cadence all-sky observations performed by new survey facilities,
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Figure 13: Visualization of source detection capabilities expected for IceCube-Gen2. Source positions on the sky
and intensities have been selected randomly from an intensity distribution expected for sources with a constant
density in the local universe, and consistent with current IceCube neutrino flux constraints. Shown is the test statistic
value determined in a mock-simulation of track-like events that can be obtained at the source position after 10 years
of operation of IceCube-Gen2. For better visibility, the region around the sources (indicated by white dotted lines)
has been magnified. The position of the Galactic plane is shown as a dashed curve. Below the map, differential
sensitivities for the detection of point sources (5� discovery potential, and sensitivity at 90% CL) are shown for
two selected declinations, at the celestial horizon and at � = 30`. Absorption of neutrinos in the Earth limits the
sensitivity at PeV energies and above for higher declinations. The IceCube and IceCube-Gen2 sensitivities are
calculated separately for each decade in energy, assuming a differential flux dN/dE ö E�2 in that decade only.
Neutrino fluxes are shown as the per-flavor sum of neutrino plus anti-neutrino flux, assuming an equal flux in all
flavors.

radio array will ensure that individual neutrinos are well localized on the sky and can
be correlated with potential counterparts in the electromagnetic spectrum. This will
enable more sources to be distinguished from diffuse backgrounds. Details about the
instrumentation and performance can be found in Section 3.

IceCube-Gen2 will allow the observation of sources at least five times fainter than those
observable with currently operating detectors. An impression of the neutrino sky that
can be expected in the IceCube-Gen2 era is presented in Figure 13. It shows a test
statistic map obtained from the simulation of the arrival direction of muon neutrinos for
a detector as sensitive as IceCube-Gen2 searching for point sources of neutrinos. The
neutrino flux of the simulated sources has been chosen randomly from a model extra-
galactic source population that has a number density distribution expected of sources
having a uniform density and luminosity in the local universe. The intensity of the
model sources is consistent with current constraints from IceCube observations. Po-
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radio array will ensure that individual neutrinos are well localized on the sky and can
be correlated with potential counterparts in the electromagnetic spectrum. This will
enable more sources to be distinguished from diffuse backgrounds. Details about the
instrumentation and performance can be found in Section 3.

IceCube-Gen2 will allow the observation of sources at least five times fainter than those
observable with currently operating detectors. An impression of the neutrino sky that
can be expected in the IceCube-Gen2 era is presented in Figure 13. It shows a test
statistic map obtained from the simulation of the arrival direction of muon neutrinos for
a detector as sensitive as IceCube-Gen2 searching for point sources of neutrinos. The
neutrino flux of the simulated sources has been chosen randomly from a model extra-
galactic source population that has a number density distribution expected of sources
having a uniform density and luminosity in the local universe. The intensity of the
model sources is consistent with current constraints from IceCube observations. Po-
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