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Photons
>1 cm ~1 mm ~10 µm ~1 nm <0.1 nm

10-6 eV 10-4 eV 10-1 eV ~1  KeV >  100 KeV
Pulsars, quasars, radio galaxies The Big Bang 

(CMB)
Non thermal 
processes

Multi-messenger Astronomy

Cosmic Rays
Electrons, protons, heavy nuclei : 108 - 1020 eV – Origins unknown. Observed first by Victor Hess in 1912

Gravitational Waves
Predicted by General relativity – Observed first in 2015
BH-BH merger ~410 Mpc away.
Now many events, including NS NS merger with EM counterpart

Neutrinos

New

Proposed by Pauli in 1931, detected by Reines and Cowan in 1959, neutral, weakly interacting.
The Sun, SN1987 A – 10 MeV, TXS 0506+056, NGC 1068
Diffuse astrophysical flux >50 TeV 14/12/2022
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Region not observable
In photons or
Charged particles

The messenger horizon
γ-rays do not travel too far
• 1 TeV : Closest AGNs
CRs cannot point back 
• Deflection : few degrees at ~50 EeV
• Horizon ~100 MPc – interactions with CMB
The neutrino - ideal messenger for the non 
thermal universe
• Neutral, undeflected

– can point back
• Interacts only weakly

– can travel Gpc distances
– hard to detect

• We hope to see
• The sites of CR acceleration



First decade of multimessenger
astronomy
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The IceCube Neutrino Observatory

Eν > 100 GeV

Eν > 10 GeV

~41o in ice

Cherenkov radiation.

14/12/2022
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WHY NEUTRINO ASTRONOMY?

Galactic Extragalactic
?

Where do CRs come from? Neutrinos 
can tell

M. Rameez - TIFR
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In-ice Signatures

Good angular resolution: Neutrino Astronomy
◦ (~0.6o at 10 TeV)

◦ Vertex can be outside the detector: Increased 
effective volume!

Muon tracks→ νμ CC

𝜈𝜇 𝜈e

cascades → all flavors

• νe, ν𝞃 and all-flavor neutral current
• Fully active calorimeter: High energy resolution• Angular reconstruction above ~50 TeV

In both cases, 𝜈 and �̅� are indistinguishable

14/12/2022



Neutrinos in a haystack
Large muon background rejected by veto

8Selected events

Background
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μ Veto

Northern Sky

atmos n

cosmic ray

atmospheric μ

signal n

cosmic ray
Southern Sky

High Energy Starting events

14/12/2022

IceCube High Energy Starting Events : Neutrinos in a Haystack
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The IceCube astrophysical flux (7.5 years of data)

No statistically significant clustering
Corrected for trials

14/12/2022

48

FIG. H.1. Point source TS map. The TS at each point on the sky is indicated by the blue color scale. The Galactic center
and Galactic plane are indicated by the gray dot and gray curve, respectively. Unlike in previous analyses [58–61], the most
significant position is well separated from the Galactic plane, at (↵, �) = (342.1�, 1.3�), indicated by the white ⇥.

Appendix I: Event comparison

Event
ID HPD Area (7.5yr) [sr] HPD Area (prev.) [sr] HPD Overlap Area [sr]

1 50%: 0.564
90%: 1.71

50%: 0.253
90%: 0.826

50%: 0.116
90%: 0.584

2 50%: 0.940
90%: 3.02

50%: 0.605
90%: 2.75

50%: 0.226
90%: 1.17

3 50%: 1.26⇥ 10�3

90%: 4.19⇥ 10�3
50%: 1.81⇥ 10�3

90%: 6.06⇥ 10�3
50%: 0.00
90%: 7.31⇥ 10�4

4 50%: 0.0421
90%: 0.141

50%: 0.0481
90%: 0.160

50%: 0.00
90%: 0.0413

5 - 50%: 1.33⇥ 10�3

90%: 4.43⇥ 10�3
-

6 - 50%: 0.0913
90%: 0.302

-

7 50%: 1.10
90%: 3.18

50%: 0.545
90%: 1.76

50%: 0.00
90%: 0.195

8 50%: 1.87⇥ 10�3

90%: 6.22⇥ 10�3
50%: 1.65⇥ 10�3

90%: 5.51⇥ 10�3
50%: 3.64⇥ 10�4

90%: 3.09⇥ 10�3

9 50%: 1.93
90%: 5.78

50%: 0.259
90%: 0.848

50%: 0.259
90%: 0.848

10 50%: 0.0308
90%: 0.102

50%: 0.0624
90%: 0.206

50%: 0.00
90%: 4.31⇥ 10�3

60 Events above 60 TeV

Phys.Rev.D 104 (2021) 022002
19
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FIG. VI.1. Deposited energy and reconstructed cos ✓z distributions. In these panels, the data is shown as crosses and the
best-fit expectation as a stacked histogram with each color specifying a given flux component: astrophysical neutrinos (golden),
conventional atmospheric neutrinos (red), and penetrating atmospheric muons (purple). Left: distributions of events and
expected event count assuming best-fit parameters as a function of the deposited energy; events below 60TeV (light blue vertical
line) are ignored in the fit. Right: distribution of events with energy greater than 60TeV in the cosine of their reconstructed
zenith angle. Up-going events are on the left side of this panel and down-going events on the right. The expected number of
events is split by components and displayed as a stacked histogram. The normalization of the prompt atmospheric neutrino
component fits to zero, and so is not shown in the stacked histogram. The distribution of data events appears to be largely flat
as a function of cosine zenith with a small decline towards the up-going region. The lower event rate in the up-going region
is expected as a result of the Earth’s absorption of the neutrino flux, and appears to be compatible with the Monte Carlo
expectation.

regions for the two variables on the horizontal and ver-
tical axes assuming two degrees of freedom. The impact
of the systematics on the parameters of this model are
shown in Fig. VI.4. The most relevant systematic affect-
ing the astrophysical normalization is the DOM efficiency
and the relative contribution of neutrinos from charmed
hadrons. The astrophysical spectral index is more weakly
affected by these systematics, but the normalization of
the neutrino flux from charmed hadrons has the largest
effect.

Our results agree with a previous iteration of this anal-
ysis [59] within the 2� confidence regions of the astro-
physical power-law parameters. The previous analysis
obtained a best-fit spectral index of �3 years

astro = 2.3+0.3
�0.3,

compared to �7.5 years
astro = 2.87+0.20

�0.19 in this analysis. This
difference is primarily driven by a higher number of low-
energy events observed in the latter 4.5 years compared
to the first 3 years. A smaller contribution comes from
the extension of the analysis energy range from 3PeV
to 10PeV, shifting the spectral index to a softer flux by
⇠ 0.1. Further extension of the analysis energy range
produces negligible changes.

To investigate the shift in spectral index between anal-
ysis iterations, an a posteriori analysis of the data’s time
dependence was performed. Specifically, we compared a
null hypothesis of a constant flux to a time-dependent
spectrum with different astrophysical spectra for each of
the two data partitions (first 3 years and latter 4.5 years),
where each spectrum is modeled as a single power law.
We performed a likelihood ratio based model comparison
test, which disfavors the null hypothesis with a p-value

of ⇠ 0.13. We conclude that there is no evidence for time
dependence in this data sample.

Additionally, we tested the effect of different systematics
on the fit. We found that the inclusion or exclusion of any
individual systematic or tested combination of systematics
did not appreciably affect the fit result or uncertainties.

Other crosschecks were performed with the sample:
comparing the spectrum of tracks and cascades, looking
for differences between the up-going and down-going spec-
tra, examining the summer and winter spectra, comparing
the spectra from events in different regions of the detector,
checking the charge distributions of events across many
categorizations, looking for differences between charge
calibrations, and checking for pulls resulting from recon-
struction and simulation changes. None of these checks
showed any statistically significant differences.

Although the uncertainty on �astro is numerically simi-
lar between this analysis and the 3 years analysis, this is
not the result of any additional systematic uncertainty or
analysis change. This is a direct result of the change in the
best-fit spectral index. With the same amount of data,
harder spectra can be measured with less uncertainty
than softer spectra. This effect is shown in Fig. VI.5,
where we plot the uncertainty for different injected spec-
tra (�astro = {2.3, 2.6, 2.9}) that have the same number
of expected events in the sample.

Plotted in Fig. VI.3 are the confidence regions for other
IceCube analyses. The orange contours show the results
of a single power-law fit to IceCube’s up-going muon neu-
trino data sample [94], the salmon contours show results
from IceCube’s 6yr cascade sample [63, 173], the purple



14/12/2022 M. RAMEEZ - TIFR 10

IceCube, ApJ 809:98 (2015)
IceCube, PRL 114, 171102 (2015)

Muon damped
Standard 𝜋 production

Neutron decay

0:0:1 1:0:0

at Earth

0:1:0

2 | Nature | www.nature.com
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resonance event rate thus directly probes the antineutrino fraction 
and helps to constrain the neutrino production mechanism(s).

As the flux of astrophysical neutrinos drops off following a power law 
in energy6 and its intensity is bounded by cosmic-ray observations7, a 
large-volume detector is needed to detect PeV neutrinos. The IceCube 
neutrino observatory, situated at the geographic South Pole, instru-
ments a cubic kilometre of ice 1,450–2,450 m beneath the surface8—a 
natural detection medium. It has measured the flux of neutrinos between 
10 GeV and 10 PeV, and is sensitive to neutrinos beyond 1 EeV. As neu-
trinos are uncharged, they are detected in IceCube by the Cherenkov 
radiation from secondary charged particles produced by their interac-
tions. Cherenkov light collected by digital optical modules (DOMs) is 
used to reconstruct properties such as the visible energy and incoming 
direction of the primary neutrino9,10. The visible energy is defined as 
the energy required of an electromagnetic (EM) shower to produce the 
light yield observed. As it has no magnet, IceCube cannot distinguish 
between neutrino and antineutrino interactions on the basis of the 
charge of the outgoing lepton—whether neutrinos are Dirac or Majo-
rana particles (the latter implying that they are their own antiparticles) 
remains unresolved. However, owing to the good timing resolution 
(about 2 ns) of the DOMs11,12, the structure of waveforms recorded by 
individual modules may contain additional information on the event13.

A machine-learning-based algorithm was run to obtain a sample of 
PeV energy partially contained events (PEPEs)14. By selecting events near 
the edge of the detector, the detection volume is increased compared to 
previous analyses that rely on a smaller, central fiducial volume. Data from 
May 2012 to May 2017, corresponding to a total live-time of 4.6 years, were 
analysed. One event was detected on 2016 December 8 at 01:47:59 UTC 
with visible energy greater than 4 PeV, which is an energy threshold well 
below the resonance energy and chosen a posteriori in order to study 
this particular event. The event is shown in Fig. 1, with a reconstructed 
vertex approximately 80 m from the nearest DOM. The same event was 
also found in the 9-year extremely high energy search15. Accounting for 
systematic uncertainties in photon propagation due to the ice model—a 
parameterization of the scattering and absorption lengths of light in 
the ice16—and the overall detector calibration, the visible energy of the 

event is 6.05 ± 0.72 PeV. This is consistent with a 6.3-PeV W− that decays 
hadronically, since roughly 5% of that energy is expected to be taken by 
particles that do not emit detectable Cherenkov radiation10. The boosted 
decision tree (BDT) classification score is well above the signal threshold, 
and a posteriori studies of this event, discussed below, lead us to conclude 
that the event is very likely to be of astrophysical origin.

The main shower was reconstructed by repeating Monte Carlo (MC) 
simulations under different parameters to find the best-fit energy, ver-
tex and direction9. By varying the ice model used in the reconstruction, 
detector systematic uncertainties on the visible energy, direction and 
vertex position of the shower were evaluated. Additionally, a global 
energy scale uncertainty associated with the overall detector calibra-
tion was applied to the energy reconstruction.

After reconstruction, three of the DOMs closest to the reconstructed 
vertex were found to have detected pulses earlier than is possible 
for photons travelling in ice at v = 2.19 × 108 m s−1. Such pulses can, 
however, be produced by muons created from meson decays in the 
hadronic shower, which travel close to the speed of light in vacuum 
(c = 3.00 × 108 m s−1). These muons outrun the Cherenkov wavefront 
of the main shower (by about 1.23 ns per m) while producing Cheren-
kov radiation near the DOMs, thus depositing early pulses in them, as 
illustrated in Fig. 1a.

A second reconstruction using only the early pulses to fit a track 
hypothesis further improves and verifies the directional reconstruction 
of this event. The two reconstructed directions agree within uncertain-
ties, as shown in Fig. 2. This indicates that the muons and the hadronic 
shower travel along the same general direction, as is expected from 
relativistic kinematics. On the basis of the observation that early pulses 
occurred only on the nearest string, a most-probable leading muon 
energy of 26.4 GeV−12.4

+28.6  was obtained. This is consistent with a distri-
bution of leading muon energies from MC simulations of a 6.3-PeV 
hadronic shower, which has quartiles of (20, 37, 72) GeV.

Information from both reconstructions refines the estimate of 
expected backgrounds compared to the sample average. The only 
possibility for a cosmic-ray-induced atmospheric muon to produce 
both a 6-PeV cascade and early pulses, as in this event, is for it to reach 
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t1 = 328 ns 3 ms after t1 Fig. 1 | Visualization of detected photons at different 
times and distribution of early pulses. a, Schematic 
of an escaping muon travelling at faster than the speed 
of light (in ice) and its Cherenkov cone (orange). The 
muons reach the nearest modules (DOMs 54 and 55 on 
string 67) ahead of the Cherenkov photons produced 
by the EM component of the hadronic shower (blue) as 
these travel at the speed of light in ice. The blue line is 
associated with the average distance travelled by the 
main shower, while the orange line extends further and 
is associated with the muons. Each black dot arranged 
vertically is a DOM on the nearest string, with the two 
(slightly larger) dots inside the orange cone the first 
two to observe early pulses. The time t1 indicates the 
approximate time elapsed since the neutrino 
interaction at which this snapshot graphic was taken.  
b, Event view, showing DOMs that triggered across 
IceCube at a later time. Each bubble represents a DOM, 
with its size proportional to the deposited charge. 
Colours indicate the time each DOM first triggered, 
relative to our best knowledge of when the initial 
interaction occurred. The small black dots are DOMs 
further away that did not detect photons 3 ms after t1.  
c, d, Distributions of the deposited charge over time on 
the two earliest hit DOMs, 54 (c) and 55 (d). The dotted 
red line is at t1 = 328 ns, the instant shown in a. The 
histogram in red (blue) shows photons arriving before 
(after) t1, and the blue shaded region denotes 
saturation of the photomultiplier tube.

Confirmation of Glashow resonance at 6.3 PeVAstrophysical neutrino flavour ratio



Measurement of neutrino-nucleon cross section 
using Earth absorption

IceCube, Nature 551 (2017) 596
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The OFU and XFU system

  



Iridium

SN/GRB

Madison/Bonn

Swift (X-ray)PTF (optical)

IceCube

arXiv: 1309.6979 (p.40)

Alerts Alerts

3 / 23

IceCube, 1309.6979 (ICRC)
IceCube, Astropart. Phys. 92 (2017) 30-41

Realtime Alerts from IceCube

Real time (~1 minute)
public alerts since 2016

SN/
GRB/
Flaring Blazar



Multi-messenger alerts: 
TXS 0506+056
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 Multi-messenger 
alerts: TXS 0506+056

 20

TITLE:   GCN CIRCULAR 
NUMBER:  21916 
SUBJECT: IceCube-170922A - IceCube observation of a 
high-energy neutrino candidate event 
DATE:    17/09/23 01:09:26 GMT 
FROM:    Erik Blaufuss at U. Maryland/IceCube  <blaufuss@icecube.umd.edu> 

Claudio Kopper (University of Alberta) and Erik Blaufuss (University of  
Maryland) report on behalf of the IceCube Collaboration (http://
icecube.wisc.edu/). 

On 22 Sep, 2017 IceCube detected a track-like, very-high-energy event with a 
high probability of being of astrophysical origin. The event was identified by 
the  Extremely High Energy (EHE) track event selection. The IceCube detector 
was in a normal operating state. EHE events typically have a neutrino 
interaction vertex that is outside the detector, produce a muon that traverses 
the detector volume, and have a high light level (a proxy for energy). 

On September 22, 2017, IceCube issued a 
neutrino alert:

• A muon track event created by a ~290 TeV 

neutrino (IceCube-170922A)

• Found to be spatially coincident with a known 

blazar (TXS 0506+056) that was in a flaring 
state


• Blazar was also detected by the MAGIC air-
Cherenkov telescope in the days after the 
alert, with γ-rays up to 400 GeV.


• This launched a very active multi-messenger 
follow-up campaign that included 
observations from radio to γ-rays.


Recently published in Science: 
IceCube Coll. et al., Science 361 (2018)
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On September 22, 2017, IceCube issued a 
neutrino alert: 
• A muon track event created by a ~290 TeV

neutrino (IceCube-170922A) 
• Found to be spatially coincident with a known 

blazar (TXS 0506+056) that was in a flaring 
state 

• Blazar was also detected by the MAGIC air-
Cherenkov telescope in the days after the alert, 
with γ-rays up to 400 GeV. 

• This launched a very active multi-messenger 
follow-up campaign that included observations 
from radio to γ-rays. Recently published in Science: 

IceCube Coll. et al., Science 361 (2018) 
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Multi-messenger 
alerts: TXS 0506+056
Neutrino direction was well reconstructed
• Uncertainty of less than 1 sq. deg at 90% CL
• Positionally consistent with blazar TXS 0506+056 
• ~290 TeV estimated neutrino energy 
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Multi-messenger 
alerts: TXS 0506+056
At detection time of IceCube-170922A, very little was known about blazar TXS 0506+056. 

As part of the large community follow-up effort, the redshift has been measured 
z= 0.3365 ± 0.0010 (Pianno, et al. ApJ 854 (2018) 2) 

But how often does this happen by chance? 
• 2257 cataloged extragalactic Fermi-LAT sources 
• Light curves above 1 GeV in monthly bins 
• Likelihood ratio test comparing random coincidence (null hypothesis) to correlation 

between gamma-ray flux and neutrino flux for several models 
• Energy flux, Flux variability, VHE detection/detectability 
• 4.1σ preference for correlated emission 

• Trials corrected: 
• 9 previous alerts + 41 additional events that would have generated alerts, had they 

been operational 
• 3.0σ preference for correlated emission Recently published in Science: 

IceCube Coll. et al., Science 361 (2018) 

14/12/2022
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IceCube Archival Data
 IceCube point 
source search:     
TXS 0506+056

 25

Based on the neutrino alert - flaring blazar 
correlation, IceCube performed a search for 
evidence of a neutrino flux from TXS 0506+056 
in archival point source data samples

• Is it a constant neutrino source?

• Does is exhibit time dependent emission?

• Apply standard unbinned likelihood analysis


Evidence of time-dependent emissions is 
observed:

• September 2014 - March 2015

• Independent of, and prior to neutrino alert


• 3.5σ excess over expected background

• 13 ± 5 events over background
Recently published in Science: 

IceCube Coll. Science 361 (2018) 147
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 25
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observed:
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Recently published in Science: 

IceCube Coll. Science 361 (2018) 147

Evidence of time-dependent emissions is observed:

Independent of, and prior to neutrino alert 
• September 2014 - March 2015 
• 3.5σ excess over expected background 
• 13 ± 5 events over background 

IceCube Coll. Science 361 (2018) 147 
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Figure 2: Time-independent weight of individual events during the IC86b period. Each
vertical line represents an event observed at the time indicated by calendar year (top) or MJD
(bottom). Overlapping lines are shifted by 1 to 2 days for visibility. The height of each line
indicates the Event Weight: the product of the event’s spatial term and energy term in the
unbinned likelihood analysis evaluated at the location of TXS 0506+056 and assuming the best-
fitting spectral index � = 2.1 (30). The color for each event indicates an approximate value
in units of TeV of the reconstructed muon energy (Muon Energy Proxy), which the analysis
compares with expected muon energy distributions under different hypotheses. [A distribution
for the true neutrino energy of a single event can also be inferred from the event’s muon energy,
see (30)]. The dashed curve and the solid bracket indicate the best-fitting Gaussian and box-
shaped time windows, respectively. The distribution of event weights and times outside of the
best-fitting time windows is compatible with background.

centered at 22 September 2017 with duration TW = 19 days, � = 1.7 ± 0.6, and fluence
E2J100 = 0.2+0.4

�0.2 ⇥ 10
�4 TeV cm�2 at 100 TeV. No other event besides the IceCube-170922A

event contributes significantly to the best-fit. As a consequence, the uncertainty on the best-
fitting window location and width spans the entire IC86c period, because any window contain-
ing IceCube-170922A yields a similar value of the test statistic. Following the trial-correction
procedure for different observation periods as described above, the significance of this excess
is 1.4�. If the IceCube-170922A event is removed, no excess remains during this time period.
This agrees with the result of the rapid-response analysis (31) that is part of the IceCube alert
program, which found no other potential astrophysical neutrinos from the same region of the
sky during ±7 days centered on the time of IceCube-170922A.

We performed a time-integrated analysis at the coordinates of TXS 0506+056 using the full
9.5 year-data sample. The best-fitting parameters for the flux normalization and the spectral
index are �100 = (0.8+0.5

�0.4) ⇥ 10
�16 TeV�1 cm�2 s�1 and � = 2.0 ± 0.3, respectively. The

6
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Multi-messenger source: TXS 0506+056 
Two analyses provide evidence that TXS 
0506+056 is the first of the long-sought sources 
of astrophysical neutrinos. 

When both results are considered together, this 
provides evidence that blazars, especially TXS 
0506+056, is a site of high-energy cosmic ray 
acceleration, and blazars are a potential source of a 
sizable fraction of the IceCube diffuse neutrino flux. 

Many question still remain: 

• Why TXS 0506+056?
• A distant (4 Bly) and very luminous blazar • 

Why not closer blazars? (now solved)
• What other objects are out there like TXS 

0506+056? 
• Ongoing investigations with partners to 

resolve
• Continued alerts 

14/12/2022
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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
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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

Figure 3: Profile likelihood scan for the flux parameters of NGC 1068. The cross shows the
best-fit value, solid and dashed lines represent 68% and 95% confidence levels derived from
Wilks’ Theorem, respectively. The side panels show the corresponding one-dimensional profile
likelihoods. All contours include only statistical uncertainties.

(0.35�).

The increased significance of the neutrino hotspot in spatial coincidence with NGC 1068

can be traced to several (sometimes small) improvements applied to the entire sample before

unblinding the data. The principle contributions come from 1) the new data processing, 2) the

new calibration methods, and 3) the improved analysis methods and tools including a signifi-

cantly more accurate characterization of IceCube point spread function and better estimation of

both the event energy and angular uncertainty (27).

For instance, a reduced significance of 3.8 � would have been obtained had we analyzed this

sample of events based on the same up-to-date data calibration methods and associated event

12

NGC 1068

Science 378 (2022) 6619, 538-543

Trial factor reduced by looking only in the 
directions of 110 gamma ray sources
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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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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,
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Figure 5: Comparison of point-source fluxes for NGC 1068 and TXS 0506+056 from this

analysis with the total diffuse astrophysical neutrino flux (16, 17). Fluxes are given for a
single flavor of neutrinos and anti-neutrinos assuming equal flavour ratio. The bands provide
simultaneous coverage at 68% C.L.

nearby sources, like NGC 1068, as well as a large population of faint sources. For example, the

nearby Seyfert I galaxy NGC 4151 has been suggested as one plausible candidate (46, 60, 61).

Depending on the luminosity function and cosmological evolution of the underlying population

of sources, the contribution from many faint sources at large distances (z & 1) to the diffuse

neutrino flux can be large (62, 63).

The presented evidence of neutrinos from NGC 1068 is insufficient to further characterize

the underlying source population, for example its luminosity function and cosmological evolu-

tion. However, the observation provides some limited information on the density ⇢ of objects

with similar or greater neutrino luminosity in the local universe – independent of the precise

emission processes. Considering one source within a spherical volume of radius 14.4 Mpc (38),

the distance to NGC 1068, would lead to ⇢ ⇡ 10�4 Mpc�3. Given that this density estimate

relies on the observation of a single source, which may or may not be representative of the
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Multimessenger phenomenology?

14/12/2022

This field is ready to be disrupted



Search for neutrinos in coincidence with gravitational waves

ANTARES, IceCube, Auger, LIGO/Virgo, ApJL 850:L35 (2017)
+ null results from binary black hole merger neutrino searches

GW 170817

binary neutron star merger
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GW150914

PRD 93, 122010 (2016)

PRD 96, 022005 (2017)

ANTARES, IceCube, LIGO/VIRGO

𝜈 from GWs? (contd)



Figure 7. Maps in Equatorial and Galactic coordinates showing the arrival directions of the
IceCube cascades (black dots) and tracks (diamonds), as well as those of the UHECRs detected
by the Pierre Auger Observatory (magenta stars) and Telescope Array (orange stars). The
circles around the showers indicate angular errors. The black diamonds are the HESE tracks
while the blue diamonds stand for the tracks from the through-going muon sample. The blue
curve indicates the Super-Galactic plane.

It is important to stress that all the p-values quoted for both analyses above are with
respect to the null hypothesis of an isotropic UHECR flux, as analyses of the distributions
of their arrival directions yielded no evidence of anisotropy at discovery level. However,
directions with higher densities of UHECRs, such as the TA ‘hot spot’ [38] and the
direction of Cen A [9], have been reported. Hence, as an additional a posteriori study
for both analyses, we have also evaluated the significance under the hypothesis of an
isotropic distribution of neutrinos. In this case, the UHECR positions have been kept

– 16 –
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Correlations with UHECR arrival directions?

𝑁!"#
𝑁$%&

< 5%

GZK horizon

Neutrino Horizon

No statistically significant correlation.

JCAP01(2016)037
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Correlations with GRBs?

excluded

ApJL 805:L5 (2015)
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• No association with five years of muon neutrino 
track events

• Conclusion: <1% of astrophysical neutrino flux is 
produced by GRBs

• Non-detection rules out GRBs as the dominant 
source of UHE cosmic rays

IceCube,
ApJ 843:112 (2017)
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A diffuse Galactic Component?

Realistic models are currently below the IC 
Sensitivity

Astrophys.J.Lett. 868 (2018) 2, L20

14/12/2022

Diffuse spatial template from Fermi 𝜋! map, 
combined with IC effective area and angular 
resolution
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Figure 4. Combined upper limits (UL) at 90% confidence

level (blue lines) on the three-flavor neutrino flux of the

KRA� model with the 5 and 50PeV cuto↵s (black lines).

The boxes represent the di↵use astrophysical neutrino fluxes

measured by IceCube using an isotropic flux template with

starting events (yellow) and upgoing tracks (green).
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Rubin LSST

CTA SKA
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Transient factories

GRBs
SNe
Neutrinos
Gravitational waves
FRBs
Optical transients

We are about to be overwhelmed by 
data.
Great opportunity for citizen science 
and outreach
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Credible DM Detection *will need* multiple messengers
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What can we expect?
Surprising correlations, falsification of assumptions – keep an open mind

Short term

Monitoring theupper atmosphere and Interplanetary
magnetic field (IMF)using atmosphericmuons at

GRAPES-3
Surojit Paul, on behalf of GRAPES-3 collaboration

Tata Institute of Fundamental Research, Mumbai, India

Abstract
Galactic cosmic rays are deflected by the Sun’s magnetic field, leading to significant energy-dependent temporal and spatial variations in their intensity. The muons

observed at GRAPES-3 arise from extensive air showers as cosmic ray secondaries originating in the interactions of these cosmic rays with the upper atmosphere.

We observe strong correlations between the muon flux measured by GRAPES-3 and the upper atmospheric temperature, as well as the Interplanetary magnetic

field (at Lagrange point L1). These correlations make the atmospheric muon flux a promising tool for monitoring both the upper atmosphere temperature and

the interplanetary magnetic field in real time. We present the detailed analysis technique and results of data from 17 years of operation of the GRAPES-3 muon

telescope, as well as plans for a future live monitoring system using atmospheric muons and IMF data from the Aditya L1 experiment by ISRO.

Local atmospheric effect on muon flux
The muons observed at GRAPES-3 arise from extensive air showers originating in the interactions of these

cosmic rays with the upper atmosphere. So we observed a change in their intensity due to local atmospheric

effects such as atmospheric pressure and temperature. To study the correlation between the muon flux and

the solar magnetic field it is important to correct the variation in the muon flux due to local atmospheric

effects.

The seasonal variation in the atmospheric temperature in the GRAPES- 3 experiment is very small so it is

important to correct the atmospheric pressure effects before the temperature correction. We used pressure-

corrected muon data to measure the dependence of muon flux on upper atmospheric temperature.

Figure 3. Left side, variation of muon flux, and Teff(K) during 17 years (2001-2017). The right side shows

the Fast Fourier Transform (FFT) spectrum. The black solid line shows a filtered spectrum. The effective

temperature was calculated at site of the GRAPES-3 location taken from the GOES satellite by NASA. We

performed a 60d running average on both muon flux and effective temperature to remove short-term solar

activity such as FDs, 27 d solar rotation, etc from the muon flux variation.

Figure 4. Left side, FFT data in the time domain for muon flux variation and temperature variation during

17 year (2001-2017). Right side, muon flux variation as a function of �Teff.

A near-perfect anti-correlation between the muon flux variation and the upper atmospheric temperature

has been observed with a periodicity of 1 Year. We used the novel method Fast Fourier Transform (FFT)

technique to measure the temperature coefficient. The temperature coefficient was found to be -0.17 ± 0.008

% K
�1

.

Efficiency variation
The GRAPES-3 muon telescope consists of 16 mod-

ules that provide a continuous and independent

measurement of the muon flux over 15 ⇥ 15 = 225

solid angle bins. We talked about the detector prob-

lem that could cause the changes in the muon flux.

1. Short-term efficiency variation.
The changes in muon flux due to failure in signal

processing of electronics and data acquisition sys-

tems (DAQ) lasts on a daily basis and it could easily

be identified by visual inspection of the monitoring

plots carried out over that period.

2. Long-term efficiency variation.
The long-term efficiency variation caused by the

leakage of gas from the Proportional Counters

(PRCs) changes the muon flux variation very slowly

and lasts for a long time. These problems could be

rectified by looking at correlations among the mod-

ules over a long period.

Figure 1. Color map of good and bad modules

during 17 years (2001-2017) using a 95 % correla-

tion among the modules.

3. Identification of the most stable module.
Once we have the good modules for a year, we can

take the median module as the most stable module.

4. Efficiency correction. The variation in the

muon flux due to atmospheric and astrophysical ef-

fects was common to all 16 modules. We eliminate

these effects and performed efficiency correction of

the other 15 modules by taking the ratio with the

most stable module.

Figure 2. The red and blue line shows the most

stable module and bad module for 130d(1 Jan- 10

May, 2006).

Modeling. We modeled muon rate as:

R(t) = R0✏(t), ✏(t) = 1+a1t+a2t
2+a3t

3+a4t
4

(1)

Figure 3. The top and bottom panel shows before

and after efficiency correction.

Dependence of muon flux on Interplanetary Magnetic Field
Galactic cosmic rays are deflected by the Sun’s magnetic field, leading to significant energy-dependent tempo-

ral and spatial variations in their intensity. After correcting for the changes in the efficiency of each module,

appropriate corrections were made for atmospheric modulations.

Figure 5. Left side, the top panel shows the muon flux variation after applying the atmospheric corrections,

and the bottom panel shows the IMF. Right side, the muon flux variation as a function of IMF.

We observed a clear anti-correlation between the muon flux variation and IMF with a periodicity of 11 Yr.

The linear fit in Figure 5 displays a slope of -0.52 ± 0.001 %nT
�1

.

Conclusion
• We corrected the long-term efficiency variation of all modules by a fourth-order polynomial.

• We observed a strong anti-correlation between the muon flux measured by GRAPES-3 and the upper

atmospheric temperature, as well as the Interplanetary magnetic field (at Lagrange point L1).

• The atmospheric muon flux can be used as a promising tool for monitoring both the upper atmosphere

temperature and the interplanetary magnetic field in real-time. In future, we can have a live monitoring

system using the atmospheric muons and IMF data from the Aditya L1 experiment by ISRO.
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We observed a clear anti-correlation between the muon flux variation and IMF with a periodicity of 11 Yr.
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Conclusion
• We corrected the long-term efficiency variation of all modules by a fourth-order polynomial.

• We observed a strong anti-correlation between the muon flux measured by GRAPES-3 and the upper

atmospheric temperature, as well as the Interplanetary magnetic field (at Lagrange point L1).

• The atmospheric muon flux can be used as a promising tool for monitoring both the upper atmosphere

temperature and the interplanetary magnetic field in real-time. In future, we can have a live monitoring

system using the atmospheric muons and IMF data from the Aditya L1 experiment by ISRO.

Developing atmospheric CR secondaries and in situ measurements of the IMF into an input for Earth-climate models

Long term
Galactic diffuse neutrinos? More confidence in our understanding of CR acceleration and diffusion models

Long shot

Quantum gravity – neutrino flavour ratio from a multimessenger source

Posted-4 512

Anchordoqui et. al. Phys.Rev.D 72 (2005) 065019



Conclusions

• Neutrinos and Gravitational waves are two astronomical messengers that 
have come of age in the last decade.
• Neutrinos – Diffuse flux, two high energy sources with EM counterparts
• GWs – 23 above 5 sigma
• Multimessenger phenomenology is nascent and needs fresh ideas
• Upcoming transient factories – great opportunity for citizen science and

outreach
A revolution may be around the corner
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FIG. VI.2. Single power-law profile likelihood. Diagonal
panels show the TS, as a function of different model param-
eters, and the one sigma intervals assuming Wilks’ theorem.
Other panels show the best-fit point and two-dimensional con-
tours. Solid (dashed) contours represent the 68.3% (95.4%)
confidence regions assuming Wilks’ theorem. The parameter
�astro is the single power-law spectral index, �astro is a scal-
ing factor of the astrophysical flux at 100TeV, and �prompt

is a scaling factor of the BERSS prompt neutrino flux cal-
culation [101]; further descriptions of these parameters are
provided in Section IV.1, Eq. (VI.1), and Eq. (IV.1)

contours show results from IceCube’s 5yr inelasticity mea-
surement [167], and the blue contour show results from
this work. Assuming a continuous single power law across
all energies, the large values of �astro in the preferred re-
gions of this analysis are disfavored by the through-going
muon and cascade sample results. While these differences
may be statistical, other explanations have been explored.
A thorough examination of possible detector systematics
and physics systematics has not revealed a systematic
cause for the differences in single power-law best-fit pa-
rameters between samples. However, these samples cover
different energies, flavors, regions of the sky, and are
susceptible to different systematics and physical effects.
Differences due to these factors could help to explain the
different spectral measurements and have been tested for
within the samples, although presently, we have not found
evidence of a primary cause. Tests performed with the
cascade sample reveal a preference for spectral softening
in the tens to hundreds of TeV energy range [63]. The flux
inferred for the overlapping energy range is well consistent
with the results reported here. We briefly describe the
samples for the sake of comparison.

The up-going muon neutrino sample [94], collected over
9.5 years, consists of well-reconstructed muon tracks with

2 3
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IceCube Inelasticity 5yr

IceCube Cascades 6yr

IceCube Northern Sky Tracks 9.5yr

FIG. VI.3. Comparison of single power-law parameters
from different analyses. Assuming an unbroken single
power-law model for the astrophysical neutrino flux, results
from different IceCube samples are shown. The horizontal axis
is the spectral index of the model and the vertical axis is six-
neutrino flux normalization at 100TeV given as a dimension-
less multiplicative factor relative to 10�18 GeV�1sr�1s�1cm�2.
The stars denote the different best-fit points, solid contours
show the 68.3% confidence region using the asymptotic ap-
proximation given by Wilks’ theorem, and dashed contours
show the 95.4% confidence regions. Blue represents results
from this work, while the purple shows results from IceCube’s
5yr inelasticity measurement [167], salmon shows results from
IceCube’s 6yr cascade sample [63], and orange shows IceCube’s
9.5yr Northern track sample preliminary result [94]. The differ-
ing preferred regions of parameter space for the astrophysical
flux between the samples suggest a level of discrepancy, how-
ever a small region of parameter space is compatible with all
samples at the 95.4% level. Many checks have been performed
for possible explanations of the discrepancy without definitive
conclusions.

zenith angle ✓z � 85° that also pass a boosted decision-
tree based cut designed to select for through-going muon
neutrino events while removing down-going muon and cas-
cade backgrounds [57]. This sample, which has negligible
overlap with the sample presented in this work, contains
muons of energy between ⇠ 100GeV and ⇠ 10PeV, with
the energy distribution peaked at ⇠ 1TeV. Atmospheric
neutrinos dominate the sample, comprising > 99% of
events in it. The signal of astrophysical events is only ap-
parent at the sample’s high-energy range, where the atmo-
spheric spectrum falls below the astrophysical component.
At ⇠ 20TeV in reconstructed muon energy the astrophys-
ical component is ⇠ 1/10th the atmospheric component.
The components are equal in flux at ⇠ 200TeV, and the
atmospheric component is ⇠ 1/10th of the astrophysical

Diffuse flux also discovered in other channels
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Diffuse Flux with Muon Neutrinos 

Chad Finley - Oskar Klein Centre, Stockholm University 14"

Upgoing or Horizontal track = 
    Earth-filtered

350 000 events in 6-year analysis

Estimated 99.7% pure 
muon-neutrino sample

5.6σ  for astrophysical flux 

Astrophys.J. 833 (2016) 1, 3

Find the signal buried here.

14/12/2022
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The IceCube Point Source samples of events

~600000 tracks, from IC40, 59, 79 and 86 (7 years of IceCube) 
Northern sky: μ from 𝜈$ + �̅�$ CC interactions
Southern sky: Atmospheric μ

14/12/2022



M. Rameez 37

All sky point source searches - 10 years

Northern sky p value : 10#%.'(

Southern sky p value : 10#(.)*

14/12/2022
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All sky point source searches

Northern sky p value : 10#%.'(
Southern sky p value : 10#(.)*

Post trials, p values of 0.099 and 0.75 
respectively.

No statistically significant excess!

Compatible with the background only 
hypothesis.

14/12/2022
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NGC 1068 as a candidate source (from a Catalogue search)

Only 2.9 sigma, accounting for trials.
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proton models

Cosmogenic (GZK) Neutrinos?

No detection in 6 years of data

Favours heavier composition for UHECRs

𝛾+,- + 𝑝 → Δ" → 𝑝 + 𝜋!
→ 𝑛 + 𝜋"
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Chapter 1. The IceCube neutrino observatory and its detection principles 11
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Figure 1.6: Scattering(top) and absorption(bottom) coe�cients as a function of depth for the up to
date SPICE-MIE[35] as well as a previously used model AHA[36]. The peak in both figures at a depth
of ⇠ 2050m corresponds to the dense dust layer that runs through the middle of the detector.



Supernova Remnants (SNRs) and other Galactic Sources?
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All-sky neutrino point source searches in IceCube 13

ken E−2 spectrum. The upper-limits are shown as red
crosses in Fig. 8 at the corresponding declination of the
source.
In the first source list, the sources most significant

are the blazar 1ES 1959+650 and flat spectrum ra-
dio quasar PKS 1406-076 in the northern, southern
sky, respectively. At the position of 1ES 1959+650
the pre-trial p-value is 1.8% with best fit-parameters
n̂S = 15.4 and γ̂ = 3.1. The resulting 90% upper-limit
for an unbroken E−2 νµ + ν̄µ flux of the observed p-
value at declination δ = 65.15◦ of 1ES 1959+650 yields
E2

νdφ/dEν = 2.36×10−12TeV cm−2 s−1. For PKS 1406-
076 at δ = −7.87◦, the pre-trial p-value of 5.3% with
n̂S = 7.3 and γ̂ = 2.6 results in an 90% upper-limit of
E2

νdφ/dEν = 1.65× 10−12 TeV cm−2 s−1. For trial cor-
rection, the source list is split in a northern and southern
part, with the division at δ = −5◦. The size of the source
lists is then 34 (10) and yields a trial corrected p-value of
54% (37%) for the northern sky (southern sky). Hence,
the results of the first source list are in agreement with
background expectation.
In the second source list, the most significant source is

HESS J1616-508. The fit values n̂S = 2.4 and γ̂ = 4.0 re-
sult in a pre-trial p-value of 0.22%. The 90% upper-limit
is E2

νdφ/dEν = 1.94 × 10−11 TeV cm−2 s−1. Trial cor-
rection with all 30 sources of the list yields a post-trial
p-value of 9.3%. Most of the significance at the position
of HESS J1616-508 comes from one starting track only
0.34◦ away, while no significant clustering of high-energy
events is observed in the through-going event samples.
Starting tracks access lower energies in the southern sky
(cf. Fig. 1, Fig. 5). As explained in Eq. 4, the number
of source-like neutrinos nS is distributed among the dif-
ferent samples according to their signal expectation for a
spectral index γ. Consequently, if the clustering is only
observed in starting tracks, soft spectral indices at the
boundary γ̂ = 4 are preferred as they give more weight
to the starting track sample that is most efficient for soft
spectra compared to through-going track samples in the
southern sky.
In conclusion, both of the two source lists show no

significant evidence for clustering of astrophysical neu-
trinos, and all results are consistent with background.

4.4. Multi-wavelength model constraints

Above, upper limits on neutrino emission from sources
were made using unbroken dφ/dEν ∝ E−2 fluxes as
benchmark. However, more specific estimates for neu-
trino fluxes can be made using multi-wavelength data of
γ-ray sources. In decays of pions, both γ-rays as well as
neutrinos are produced (Anchordoqui et al. 2014). Due
to long-baseline oscillations, any flavor composition at
the source will result in a sizable fraction of muon neu-
trinos at Earth (Athar et al. 2006). Due to no significant
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Crab Nebula (δ = 22.0◦)
Amato et al. 2003, Γ = 107

Kappes et al. 2007

Model Sensitivity Upper Limit 90%

Figure 11. Differential νµ + ν̄µ energy spectra versus neu-
trino energy for the Crab nebula. The figure shows the con-
version of the observed gamma-ray flux of the Crab nebula
to neutrinos (Kappes et al. 2007) (blue), and a simulation
of inelastic p-p scattering at the source (Amato et al. 2003)
(red). Thick lines correspond to the 90% upper-limit of this
search, thin lines are represent the model. The sensitivity of
this analysis is shown as dashed line. 90% upper-limit and
sensitivity are shown for the energy interval, where 90% of
the events originate that are most signal-like, cf. Fig. 5.

observation of clustering, upper-limits on specific mod-
els are set by injecting signal events at the correspond-
ing source declination according to the energy spectrum
E2

νdφ/dEν given by the model.
The first source considered is the Crab Nebula, a pul-

sar wind nebula, and the strongest steady TeV γ-ray
source in the sky. At a declination of δ = 22◦, it is in the
region where IceCube covers a wide range of energies effi-
ciently, compare Fig. 5. Two scenarios of neutrino emis-
sion from this source are considered. Figure 11 shows
the neutrino emission (thin line) with respect to the
90% upper-limit (thick line) of IceCube. At the position
of the Crab Nebula, an over-fluctuation with p-value
34% is observed which results in an upper-limit higher
than IceCube’s potential sensitivity (dashed). By convo-
luting the differential discovery potential (Figure 5) at
the source position and the model neutrino spectrum,
the energy-region, where 90% of the constraining power
of IceCube originates, for a specific model is calculated.
This is indicated by the energy region where the lim-
its and sensitivities are drawn in Fig. 11 for each of the
following models.
Regarding the Crab Nebula, the first model taken into

account (red in Fig. 11) is by Amato et al. (2003) and
uses inelastic p-p scattering at the source to model the
neutrino emission where 60% of the wind luminosity Ltot

is carried by protons. The model shown is for a Lorentz
factor of the wind of Γ = 107 where the energy density
peaks at the ∼ 500TeV and assumes a target density of

nt = 10µ
(

MN#/R
3
pc

)

cm−3 (7)

with µ = 20 (shown in Fig. 11) as defined in Eq. 9 in

Supernovae – energy budget 
of Galactic CRs

Individual and Stacking 
searches for neutrinos from 
Galactic SNRs

Young SNRs and PWNs from 
SNRCat, HAWC hotspots

No significant excess. 
Optimistic models are being 
excluded

Astrophys.J. 835 (2017) no.2, 151

14/12/2022
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A diffuse Galactic Component?
Galactic Plane Searches 

Chad Finley - Oskar Klein Centre, Stockholm University 17"

Chris?an"Haack,"Jon"Dumm,"parallel"session"
"

Realistic models are currently below the IC 
Sensitivity

The Astrophysical Journal Letters, 815:L25 
(2015)

14/12/2022

Diffuse spatial template from Fermi 𝜋! map, 
combined with IC effective area and angular 
resolution
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Correlations with UHECR arrival directions?

𝑁!"#
𝑁$%&

< 5%

GZK horizon

Neutrino Horizon

No statistically significant excess.

JCAP01(2016)037

14/12/2022
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Correlations with GRBs?

excluded

ApJL 805:L5 (2015)
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• No association with five years of muon neutrino 
track events

• Conclusion: <1% of astrophysical neutrino flux is 
produced by GRBs

• Non-detection rules out GRBs as the dominant 
source of UHE cosmic rays

IceCube,
ApJ 843:112 (2017)
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Astrophysical neutrino flavor ratio

• Production of purely electron neutrinos at the source (from neutron decay) rejected at 3.6 σ significance

• “Muon damped”: muons lose energy to synchrotron radiation within/near source

• With future data, the neutrino flavor ratio can constrain magnetic field amplitude at source of astrophysical 
neutrinos / cosmic rays

IceCube, ApJ 809:98 (2015)
IceCube, PRL 114, 171102 (2015)

Muon damped
Standard 𝜋 production

Neutron decay

0:0:1 1:0:0

at Earth

0:1:0
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How many standard candle sources?

Also see,
Murase and Waxman 2016
Phys.Rev. D94 (2016) no.10, 103006
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