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One of the most striking features of neutrinos is their extremely 
long quantum coherence length. 

Y. Farzan & A. Y. Smirnov, Nucl. Phys. B (2008)

Flavor measurements of neutrinos so far the only evidence of non-
zero neutrino masses

The Quantum Neutrino

Origin of neutrino masses: a big mystery!
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Neutrinos 101
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Three 
Very 
Light 
Neutrinos



5Carlos A. Argüelles — TAMBO101@PUCP

40 Billion neutrinos are going through your thumbnail 
right now
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A 100 GeV neutrino produced in the atmosphere has 
a good chance of traveling through  

> 200 Earth’s before interacting at all!

Solar neutrino cross section ~  
Atmospheric neutrino cross section ~  

Compared to pp fixed target ~

10−43 cm2

10−39 cm2

10−24 cm2
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mediator

We describe interactions in terms of 
“exchange particles"
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We use the outgoing particle to classify the neutrino.  
We term this neutrino “flavor.”
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Neutrinos: nature's chameleons
In two generations, the neutrino survival oscillation probability is given by:
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Intensity of 
Neutrino 
Emission Highest Energy Particle 

Accelerated by Humans

Astrophysical Neutrinos
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All-sky  
neutrino 
emission

Non-asociated neutrinos

Intensity of 
Neutrino 
Emission

IceCube Collaboration, Science, 2022 
IceCube Collaboration, Sicence, 2023
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“Neutrino emission from the direction of the  
blazar TXS 0506+056 prior to the IceCube-170922A alert,” 
IceCube Collaboration. Science 361, 147-151 (2018).

First Multi-Messenger Blazar: TXS 0506+056RESEARCH ARTICLE SUMMARY
◥

NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams*†

INTRODUCTION: Neutrinos are tracers of
cosmic-ray acceleration: electrically neutral
and traveling at nearly the speed of light, they
can escape the densest environments andmay
be traced back to their source of origin. High-
energy neutrinos are expected to be produced
in blazars: intense extragalactic radio, optical,
x-ray, and, in somecases, g-ray sources
characterized by relativistic jets of
plasma pointing close to our line of
sight. Blazars are among the most
powerful objects in the Universe and
are widely speculated to be sources
of high-energy cosmic rays. These cos-
mic rays generate high-energy neutri-
nos and g-rays, which are produced
when the cosmic rays accelerated in
the jet interact with nearby gas or
photons. On 22 September 2017, the
cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
with the flaring g-ray blazar TXS
0506+056. We report the details of
this observation and the results of a
multiwavelength follow-up campaign.

RATIONALE:Multimessenger astron-
omy aims for globally coordinated
observations of cosmic rays, neutri-
nos, gravitational waves, and electro-
magnetic radiation across a broad
range of wavelengths. The combi-
nation is expected to yield crucial
information on the mechanisms
energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of g-rays would elucidate the
mechanisms and conditions for ac-
celeration of the highest-energy cos-

mic rays. The discovery of an extraterrestrial
diffuse flux of high-energy neutrinos, announced
by IceCube in 2013, has characteristic prop-
erties that hint at contributions from extra-
galactic sources, although the individual sources
remain as yet unidentified. Continuously mon-
itoring the entire sky for astrophysical neu-

trinos, IceCube provides real-time triggers for
observatories around the world measuring
g-rays, x-rays, optical, radio, and gravitational
waves, allowing for the potential identification
of even rapidly fading sources.

RESULTS: A high-energy neutrino-induced
muon trackwas detected on22 September 2017,
automatically generating an alert that was

distributed worldwide
within 1 min of detection
and prompted follow-up
searchesby telescopesover
a broad range of wave-
lengths. On 28 September
2017, theFermiLargeArea

Telescope Collaboration reported that the di-
rection of the neutrino was coincident with a
cataloged g-ray source, 0.1° from the neutrino
direction. The source, a blazar known as TXS
0506+056 at a measured redshift of 0.34, was
in a flaring state at the time with enhanced
g-ray activity in the GeV range. Follow-up ob-
servations by imaging atmospheric Cherenkov
telescopes, notably the Major Atmospheric

Gamma ImagingCherenkov (MAGIC)
telescopes, revealed periods where
the detected g-ray flux from the blazar
reached energies up to 400GeV.Mea-
surements of the source have also
been completed at x-ray, optical, and
radio wavelengths. We have inves-
tigated models associating neutrino
and g-ray production and find that
correlation of the neutrino with the
flare of TXS 0506+056 is statistically
significant at the level of 3 standard
deviations (sigma). On the basis of the
redshift of TXS 0506+056, we derive
constraints for the muon-neutrino
luminosity for this source and find
them to be similar to the luminosity
observed in g-rays.

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.▪
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The list of author affiliations is available in the full
article online.
*The full lists of participating members for each
team and their affiliations are provided in the
supplementary materials.
†Email: analysis@icecube.wisc.edu
Cite this article as IceCube Collaboration et al.,
Science 361, eaat1378 (2018). DOI: 10.1126/
science.aat1378

Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM

A
G
ES

:P
H
O
A
S
A
S
-S

N
FO

R
T
H
E
V
-B

A
N
D

O
P
T
IC
A
L
;K

A
N
A
TA

FO
R
T
H
E
R
-B

A
N
D

IN
M
A
G
N
IF
IE
D
V
IE
W

ON OUR WEBSITE
◥

Read the full article
at http://dx.doi.
org/10.1126/
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NEUTRINO ASTROPHYSICS

Neutrino emission from the direction
of the blazar TXS 0506+056 prior to
the IceCube-170922A alert
IceCube Collaboration*†

A high-energy neutrino event detected by IceCube on 22 September 2017 was coincident in
direction and time with a gamma-ray flare from the blazar TXS 0506+056. Prompted by
this association, we investigated 9.5 years of IceCube neutrino observations to search for
excess emission at the position of the blazar. We found an excess of high-energy neutrino
events, with respect to atmospheric backgrounds, at that position between September 2014
and March 2015. Allowing for time-variable flux, this constitutes 3.5s evidence for neutrino
emission from the direction of TXS 0506+056, independent of and prior to the 2017 flaring
episode. This suggests that blazars are identifiable sources of the high-energy astrophysical
neutrino flux.

T
he origin of the highest-energy cosmic rays
is believed to be extragalactic (1), but their
acceleration sites remain unidentified. High-
energy neutrinos are expected to be pro-
duced in or near the acceleration sites when

cosmic rays interact with matter and ambient
light, producing charged mesons that decay into
neutrinos and other particles. Unlike cosmic rays,
neutrinos can travel through the Universe un-
impeded by interactions with other particles and
undeflected bymagnetic fields, providing ameans
to identify and study the extreme environments
producing cosmic rays (2). Blazars, a class of active
galactic nuclei with powerful relativistic jets
pointed close to our line of sight (3), are prom-
inent candidate sources of such high-energy
neutrino emission (4–9). The electromagnetic
emission of blazars is observed to be highly var-
iable on time scales from minutes to years (10).
The IceCube Neutrino Observatory (11) is a

high-energy neutrino detector occupying an in-
strumented volume of 1 km3within the Antarctic
ice sheet at the Amundsen-Scott South Pole Sta-
tion. The detector consists of an array of 86
vertical strings, nominally spaced 125 m apart
and descending to a depth of approximately
2450m in the ice. The bottom 1 km of each string
is equipped with 60 optical sensors that record
Cherenkov light emitted by relativistic charged
particles passing through the optically transpar-
ent ice. When high-energy muon neutrinos in-
teract with the ice, they can create relativistic
muons that travel many kilometers, creating a
track-like series of Cherenkov photons recorded
when they pass through the array. This allows the
reconstruction of the original neutrino direction

with a median angular uncertainty of 0.5° for a
neutrino energy of ~30 TeV (or 0.3° at 1 PeV)
(12, 13).
IceCube discovered the existence of a diffuse

flux of high-energy astrophysical neutrinos in
2013 (14, 15). Measurements of the energy spec-
trum have since been refined (16, 17), indicating
that the neutrino spectrum extends above several
PeV. However, analyses of neutrino observations
have not succeeded in identifying individual
sources of high-energy neutrinos (12, 18). This
suggests that the sources are distributed across
the sky and that even the brightest individual
sources contribute only a small fraction of the
total observed flux.
Recently, the detection of a high-energy neutri-

no by IceCube, together with observations in
gamma rays and at other wavelengths, indicates
that a blazar, TXS0506+056, located at right ascen-
sion (RA) 77.3582° anddeclination (Dec) +5.69314°
(J2000 equinox) (19) may be an individually iden-
tifiable source of high-energy neutrinos (20). The
neutrino-candidate event, IceCube-170922A, was
detected on 22 September 2017, selected by the
Extremely High Energy (EHE) online event filter
(21), and reported as a public alert (22). EHE
alerts are currently sent at a rate of about four
per year, and are based on well-reconstructed,
high-energy muon-track events. The selection
threshold is set so that approximately half of
the events are estimated to be astrophysical neu-
trinos, the rest being atmospheric background
events. After the alert was sent, further studies
refined the directional reconstruction, with best-
fitting coordinates of RA 77:43þ0:95

"0:65 and Dec
þ5:72þ0:50

"0:30 (degrees, J2000, 90% containment
region). The most probable neutrino energy was
estimated to be 290 TeV, with a 90% confidence
level lower limit of 183 TeV (20).
It was soon determined that the direction of

IceCube-170922A was consistent with the loca-

tion of TXS 0506+056 and coincident with a
state of enhanced gamma-ray activity observed
since April 2017 (23) by the Large Area Telescope
(LAT) on the Fermi Gamma-ray Space Telescope
(24). Follow-up observations of the blazar led to
the detection of gamma rays with energies up to
400 GeV by the Major Atmospheric Gamma
Imaging Cherenkov (MAGIC) Telescopes (25, 26).
IceCube-170922A and the electromagnetic obser-
vations are described in detail in (20). The sig-
nificance of the spatial and temporal coincidence
of the high-energy neutrino and the blazar flare
is estimated to be at the 3s level (20). On the
basis of this result, we consider the hypothesis
that the blazar TXS 0506+056 has been a source
of high-energy neutrinos beyond that single event.

Searching for neutrino emission

IceCube monitors the whole sky and has main-
tained essentially continuous observations since
5 April 2008. Searches for neutrino point sources
using two model-independent methods, a time-
integrated and a time-dependent unbinned max-
imum likelihood analysis, have previously been
published for the data collected between 2008
and 2015 (12, 18, 27). Here, we analyze the same
7-year data sample supplemented with additional
data collected from May 2015 until October 2017
(21). The data span 9.5 years and consist of six
distinct periods, corresponding to changing detec-
tor configurations, data-taking conditions, and
improved event selections (Table 1).
The northern sky, where TXS 0506+056 is

located, is observed through Earth by IceCube.
Approximately 70,000 neutrino-induced muon
tracks are recorded each year from this hemi-
sphere of the sky after passing the final event
selection criteria. Fewer than 1% of these events
originate from astrophysical neutrinos; the vast
majority are background events caused by neu-
trinos ofmedian energy ~1 TeV created in cosmic
ray interactions in the atmosphere over other
locations on Earth. However, for an astrophysical
muon-neutrino flux where the differential num-
ber of neutrinos with energy E scales as dN/dE ~
E–2, the distribution of muon energies is different
than for the background atmospheric neutrino
flux, which scales as ~E–3.7 (17). This allows for
further discriminating power in point source
searches besides directional-only excesses.
A high-significance point source detection

(12, 18) can require as few as two or three, or as
many as 30, signal events to stand out from the
background, depending on the energy spectrum
and the clustering of events in time. To search
for a neutrino signal at the coordinates of TXS
0506+056, we apply the standard time-integrated
analysis (28) and time-dependent analysis (29)
that have been used in past searches (12, 18, 27).
The time-integrated analysis uses an unbinned
maximum likelihood ratio method to search for
an excess number of events consistent with a
point source at a specified location, given the
angular distance and angular uncertainty of each
event. Energy information is included in the def-
inition of the likelihood, assuming a power-law
energy spectrum E–g , with the spectral index g
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NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams*†

INTRODUCTION: Neutrinos are tracers of
cosmic-ray acceleration: electrically neutral
and traveling at nearly the speed of light, they
can escape the densest environments andmay
be traced back to their source of origin. High-
energy neutrinos are expected to be produced
in blazars: intense extragalactic radio, optical,
x-ray, and, in somecases, g-ray sources
characterized by relativistic jets of
plasma pointing close to our line of
sight. Blazars are among the most
powerful objects in the Universe and
are widely speculated to be sources
of high-energy cosmic rays. These cos-
mic rays generate high-energy neutri-
nos and g-rays, which are produced
when the cosmic rays accelerated in
the jet interact with nearby gas or
photons. On 22 September 2017, the
cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
with the flaring g-ray blazar TXS
0506+056. We report the details of
this observation and the results of a
multiwavelength follow-up campaign.

RATIONALE:Multimessenger astron-
omy aims for globally coordinated
observations of cosmic rays, neutri-
nos, gravitational waves, and electro-
magnetic radiation across a broad
range of wavelengths. The combi-
nation is expected to yield crucial
information on the mechanisms
energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of g-rays would elucidate the
mechanisms and conditions for ac-
celeration of the highest-energy cos-

mic rays. The discovery of an extraterrestrial
diffuse flux of high-energy neutrinos, announced
by IceCube in 2013, has characteristic prop-
erties that hint at contributions from extra-
galactic sources, although the individual sources
remain as yet unidentified. Continuously mon-
itoring the entire sky for astrophysical neu-

trinos, IceCube provides real-time triggers for
observatories around the world measuring
g-rays, x-rays, optical, radio, and gravitational
waves, allowing for the potential identification
of even rapidly fading sources.

RESULTS: A high-energy neutrino-induced
muon trackwas detected on22 September 2017,
automatically generating an alert that was

distributed worldwide
within 1 min of detection
and prompted follow-up
searchesby telescopesover
a broad range of wave-
lengths. On 28 September
2017, theFermiLargeArea

Telescope Collaboration reported that the di-
rection of the neutrino was coincident with a
cataloged g-ray source, 0.1° from the neutrino
direction. The source, a blazar known as TXS
0506+056 at a measured redshift of 0.34, was
in a flaring state at the time with enhanced
g-ray activity in the GeV range. Follow-up ob-
servations by imaging atmospheric Cherenkov
telescopes, notably the Major Atmospheric

Gamma ImagingCherenkov (MAGIC)
telescopes, revealed periods where
the detected g-ray flux from the blazar
reached energies up to 400GeV.Mea-
surements of the source have also
been completed at x-ray, optical, and
radio wavelengths. We have inves-
tigated models associating neutrino
and g-ray production and find that
correlation of the neutrino with the
flare of TXS 0506+056 is statistically
significant at the level of 3 standard
deviations (sigma). On the basis of the
redshift of TXS 0506+056, we derive
constraints for the muon-neutrino
luminosity for this source and find
them to be similar to the luminosity
observed in g-rays.

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.▪
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Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM
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NEUTRINO ASTROPHYSICS

Neutrino emission from the direction
of the blazar TXS 0506+056 prior to
the IceCube-170922A alert
IceCube Collaboration*†

A high-energy neutrino event detected by IceCube on 22 September 2017 was coincident in
direction and time with a gamma-ray flare from the blazar TXS 0506+056. Prompted by
this association, we investigated 9.5 years of IceCube neutrino observations to search for
excess emission at the position of the blazar. We found an excess of high-energy neutrino
events, with respect to atmospheric backgrounds, at that position between September 2014
and March 2015. Allowing for time-variable flux, this constitutes 3.5s evidence for neutrino
emission from the direction of TXS 0506+056, independent of and prior to the 2017 flaring
episode. This suggests that blazars are identifiable sources of the high-energy astrophysical
neutrino flux.

T
he origin of the highest-energy cosmic rays
is believed to be extragalactic (1), but their
acceleration sites remain unidentified. High-
energy neutrinos are expected to be pro-
duced in or near the acceleration sites when

cosmic rays interact with matter and ambient
light, producing charged mesons that decay into
neutrinos and other particles. Unlike cosmic rays,
neutrinos can travel through the Universe un-
impeded by interactions with other particles and
undeflected bymagnetic fields, providing ameans
to identify and study the extreme environments
producing cosmic rays (2). Blazars, a class of active
galactic nuclei with powerful relativistic jets
pointed close to our line of sight (3), are prom-
inent candidate sources of such high-energy
neutrino emission (4–9). The electromagnetic
emission of blazars is observed to be highly var-
iable on time scales from minutes to years (10).
The IceCube Neutrino Observatory (11) is a

high-energy neutrino detector occupying an in-
strumented volume of 1 km3within the Antarctic
ice sheet at the Amundsen-Scott South Pole Sta-
tion. The detector consists of an array of 86
vertical strings, nominally spaced 125 m apart
and descending to a depth of approximately
2450m in the ice. The bottom 1 km of each string
is equipped with 60 optical sensors that record
Cherenkov light emitted by relativistic charged
particles passing through the optically transpar-
ent ice. When high-energy muon neutrinos in-
teract with the ice, they can create relativistic
muons that travel many kilometers, creating a
track-like series of Cherenkov photons recorded
when they pass through the array. This allows the
reconstruction of the original neutrino direction

with a median angular uncertainty of 0.5° for a
neutrino energy of ~30 TeV (or 0.3° at 1 PeV)
(12, 13).
IceCube discovered the existence of a diffuse

flux of high-energy astrophysical neutrinos in
2013 (14, 15). Measurements of the energy spec-
trum have since been refined (16, 17), indicating
that the neutrino spectrum extends above several
PeV. However, analyses of neutrino observations
have not succeeded in identifying individual
sources of high-energy neutrinos (12, 18). This
suggests that the sources are distributed across
the sky and that even the brightest individual
sources contribute only a small fraction of the
total observed flux.
Recently, the detection of a high-energy neutri-

no by IceCube, together with observations in
gamma rays and at other wavelengths, indicates
that a blazar, TXS0506+056, located at right ascen-
sion (RA) 77.3582° anddeclination (Dec) +5.69314°
(J2000 equinox) (19) may be an individually iden-
tifiable source of high-energy neutrinos (20). The
neutrino-candidate event, IceCube-170922A, was
detected on 22 September 2017, selected by the
Extremely High Energy (EHE) online event filter
(21), and reported as a public alert (22). EHE
alerts are currently sent at a rate of about four
per year, and are based on well-reconstructed,
high-energy muon-track events. The selection
threshold is set so that approximately half of
the events are estimated to be astrophysical neu-
trinos, the rest being atmospheric background
events. After the alert was sent, further studies
refined the directional reconstruction, with best-
fitting coordinates of RA 77:43þ0:95

"0:65 and Dec
þ5:72þ0:50

"0:30 (degrees, J2000, 90% containment
region). The most probable neutrino energy was
estimated to be 290 TeV, with a 90% confidence
level lower limit of 183 TeV (20).
It was soon determined that the direction of

IceCube-170922A was consistent with the loca-

tion of TXS 0506+056 and coincident with a
state of enhanced gamma-ray activity observed
since April 2017 (23) by the Large Area Telescope
(LAT) on the Fermi Gamma-ray Space Telescope
(24). Follow-up observations of the blazar led to
the detection of gamma rays with energies up to
400 GeV by the Major Atmospheric Gamma
Imaging Cherenkov (MAGIC) Telescopes (25, 26).
IceCube-170922A and the electromagnetic obser-
vations are described in detail in (20). The sig-
nificance of the spatial and temporal coincidence
of the high-energy neutrino and the blazar flare
is estimated to be at the 3s level (20). On the
basis of this result, we consider the hypothesis
that the blazar TXS 0506+056 has been a source
of high-energy neutrinos beyond that single event.

Searching for neutrino emission

IceCube monitors the whole sky and has main-
tained essentially continuous observations since
5 April 2008. Searches for neutrino point sources
using two model-independent methods, a time-
integrated and a time-dependent unbinned max-
imum likelihood analysis, have previously been
published for the data collected between 2008
and 2015 (12, 18, 27). Here, we analyze the same
7-year data sample supplemented with additional
data collected from May 2015 until October 2017
(21). The data span 9.5 years and consist of six
distinct periods, corresponding to changing detec-
tor configurations, data-taking conditions, and
improved event selections (Table 1).
The northern sky, where TXS 0506+056 is

located, is observed through Earth by IceCube.
Approximately 70,000 neutrino-induced muon
tracks are recorded each year from this hemi-
sphere of the sky after passing the final event
selection criteria. Fewer than 1% of these events
originate from astrophysical neutrinos; the vast
majority are background events caused by neu-
trinos ofmedian energy ~1 TeV created in cosmic
ray interactions in the atmosphere over other
locations on Earth. However, for an astrophysical
muon-neutrino flux where the differential num-
ber of neutrinos with energy E scales as dN/dE ~
E–2, the distribution of muon energies is different
than for the background atmospheric neutrino
flux, which scales as ~E–3.7 (17). This allows for
further discriminating power in point source
searches besides directional-only excesses.
A high-significance point source detection

(12, 18) can require as few as two or three, or as
many as 30, signal events to stand out from the
background, depending on the energy spectrum
and the clustering of events in time. To search
for a neutrino signal at the coordinates of TXS
0506+056, we apply the standard time-integrated
analysis (28) and time-dependent analysis (29)
that have been used in past searches (12, 18, 27).
The time-integrated analysis uses an unbinned
maximum likelihood ratio method to search for
an excess number of events consistent with a
point source at a specified location, given the
angular distance and angular uncertainty of each
event. Energy information is included in the def-
inition of the likelihood, assuming a power-law
energy spectrum E–g , with the spectral index g
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on July 12, 2018
 

http://science.sciencem
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[Science 361 (2018) no.6398, 147-151]

Markus Ahlers (NBIA) Multi-messenger Fits of TXS September 26, 2018 slide 2
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Intensity of 
Neutrino 
Emission

All-sky  
neutrino 
emission

Identified  
Neutrino 
Sources

IceCube Collaboration, Science, 2022 
IceCube Collaboration, Sicence, 2023
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Intensity of 
Neutrino 
Emission

All-sky  
neutrino 
emission

Identified  
Neutrino 
Sources

Galactic  
Neutrinos

IceCube Collaboration, Science, 2022 
IceCube Collaboration, Sicence, 2023
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Neutrinos from Our Galaxy
IceCube Collaboration, Science, 2023

16
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Flavor Composition at Source

No significant tau neutrino production at the source
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After Flavor Oscillations: Where 
Would different sources end up? 

See also Bustamante et al. PRL 115, 161302 (2015); Rasmussen et al. 1707.07684; Palomares-Ruiz 1411.2998; Palladino et al 1502.02923; Bustamante et al 
1610.02096; Brdar et al. 1611.04598; Farzan & Palomares-Ruiz 1810.00892; CA et al. 1909.05341; Learned & Pakvasa hep-ph/9405296 .. 

CA, T. Katori, J. Salvado 
(Phys. Rev. Lett. 115, 161303)

Measuring a flavor 
composition outside of 
these regions points to 

new physics!

pion 
neutron 
muon-damped 
exotic tau
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Key observation in IceCube: tau neutrinos

Total deposited energy ~ 90 TeV. 

First “bang” in time (shower)

Second “bang” in time (tau decay)

IceCube, Eur. Phys. J. C 82, 1031 (2022); see also IceCube Phys.Rev.Lett. 132 (2024) 15, 151001



N. Kamp Observation of an ultra-high-energy neutrino event in KM3NeT | NCfA Symposium 2025 20
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Eμ = 120+110
−60 PeV ⟹ Eν ≳ 100 PeV!

Nature Volume 638 Issue 8050

Observation of KM3-230213A

https://www.nature.com/nature/volumes/638/issues/8050
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KM3-230213A Within the Global Landscape

KM3NeT, Phys. Rev. X 15, 031016 Alex Wen Nick Kamp
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Big Picture Science of TAMBO

- Discovery new astrophysical source


- Understand the Universe neutrino emission in the 1 to 100 PeV energy band


- Study flavor of neutrinos at the highest energies


- Study cosmic rays in new ways


- Your idea!
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Particle Physics Motivation

First ideas
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What is the origin of the neutrino mass?

If exactly Dirac: combine measurements 
from Cosmology or direct neutrino mass 
measurements and neutrinoless double 
beta decay.

Majorana

Dirac-like

Arkani-Hamed et al, 2007 
Ooguri & Vafa, 2017 
Gonzalo, Ibañez, Valenzuela, 2021 
Vafa, 2024

If Quasi-Dirac: ultra long-baseline 
neutrino oscillation measurements

Neutrino 
telescopes!
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The Neutrino Mass Spectra

2ℒmass  = mDNRνL + mDνC
L NC

R + mRNC
R NR + h.c.

ν1

ν2

ν3

Δm2
atm ∼ 10−3eV2

Δm2
sol ∼ 10−4eV2

Recent results from String Theory suggest 
that neutrinos are Dirac particles

 is unconstrainted and connected to 
Lepton Number conservation

mR

m
2

Arkani-Hamed et al, 2007; Ooguri & Vafa, 2017

Gonzalo, Ibañez, Valenzuela, 2021;Vafa, 2024
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Neutrino hyperfine mass structure

ν1a, ν1s

ν2a, ν2s

ν3a, ν3s

Δm2
atm ∼ 10−3eV2

Δm2
sol ∼ 10−4eV2

m
2

J. W. Valle Phys.Rev.D 28 (1983) 540
Dirac See Saw Scenario: Z. K. Silagadze, Phys. Atom. Nucl. 60, 272 (1997); A. S. Joshipura, S. Mohanty, and S. Pakvasa Phys. Rev. D 89, 033003 (2014); P.-H. 
Gu and H.-J. He JCAP 12, 010; E. Ma and R. Srivastava Phys. Lett. B 741, 217 (2015); J. W. F. Valle and C. A. Vaquera-Araujo Phys. Lett. B 755, 363 (2016); S. 
Centelles Chuli´a, R. Srivastava, and J. W. F. Valle Phys. Rev. D 98, 035009 (2018); Z. G. Berezhiani and R. N. Mohapatra, Phys. Rev. D 52, 6607 (1995), …

δm2
j ∼ 10−22 − 10−12eV2

Hyperfine splitting:
ν+

3
ν−

3

ν+
2

ν−
2

ν+
1

ν−
1

Oscillations from active to 
sterile neutrinos
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Neutrino Oscillations At Cosmic Scales

NGC 1068

Carloni, Martínez-Soler, CA, Babu, Bhupal Dev arXiv:2212.00737 28

When hyperfine mass structure is 
present oscilltion length at TeV can 

be Mpc-Gpc!
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One of the most important questions in physics ……

Can we observe low-energy signatures of quantum gravity?
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Search Low-Energy Effects of 
Quantum Gravity via Flavor 

Morphing

As neutrinos travel from 
their far away source 
they can interact with 
fields in space. 

Example: spontaneous 
Lorentz violation. 

Effects expected at the 
Planck Scale.
Space-time effects 
J. Ellis et al arXiv:1807.051550
K. Wang et al. arXiv:2009.05201
Zhang & Ma arXiv:1406.4568
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Trajectories in the flavor triangle in the presence 
of  Lorentz Violation (LV)

IceCube collaboration Nature Physics (2022) arXiv:2111.04654

Flavor triangle trajectories in the presence of new physics
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So taus are important

How do we detect them?



33Carlos A. Argüelles — TAMBO101@PUCP

How do we detect high-energy tau neutrinos?

Instrumented volume

Lτ ≈ 50m ( E
PeV )

Nτ ∼ σνpϕνLdetector

Identification by separting “bangs"

Backgrounds: mis-reco, D-mesons.

ντ

τ
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How do we detect high-energy tau neutrinos?

Instrumented volume

Tau neutrino "double bangs” are 
incresingly rarer to contain.

Tau neutrino identification in 
volumetric detector becomes 

inefficient.
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How do we detect ultra high-energy tau neutrinos?



T A U  A I R - S H O W E R  M O U N T A I N - B A S E D  O B S E R V A T O R Y  ( T A M B O )

DEEP VALLE Y

>  4  KM SHIELDING FROM 
BACKGROUND MUONS

ROCK

A I R  S H O WE R :

~150  M
SEPAR ATION

A I R  S H O WE R  
D E T E C TO R  A R R AY

3  –  10  KM LENGTH
200  M DIAMETER

~M2 EACH

C H A R G E D -C U R R E N T
I N T E R A C T I O N

ντ
R ANGE:

50  M –  5  KM

D E C AY

τ

*TAMBO means rest place, house or inn in Quechua.Carlos A. Argüelles —TAMBO101@PUCPTAMBO Collaboration, arXiv:2507.08070

And many others …

36
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TAMBO Potential Locations

TAMBO Collabotion, arXiv:2507.08070

The final location of TAMBO is still under consideration and will be decided based on a 
combination of scientific, logistical, and societal considerations

Humanities can help make physics greener, J de Swart, AC Thresher, CA Argüelles, Nature Reviews Physics 6 (7), 404-405

In what follows I will show results for the Colca Valley Location

Location will determine 
sky coverage, detection 

efficiency, and 
background rejection
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TAMBO Expectation

With ~ 5000 modules we have IceCube-EHE 
comparable or greater effective areas

Design goal: Aim to go as low as possible in energy: 1 PeV to 100 PeV range

TAMBO Collabotion, arXiv:2507.08070

Longitude72.3 ∘ W 72.29 ∘ W 72.28 ∘ W 72.27 ∘ W 72.26 ∘ W
Latitud

e

15.6 ∘ S
15.61 ∘ S
15.62 ∘ S
15.63 ∘ S
15.64 ∘ S 1 km

E𝜈 = 8.16 × 106 GeV
Es = 2.13 × 106 GeV

Elevatio
n[ km]

2.5

3.0

3.5

First time [𝜇s]
0 2 4 6

Nparticle100 101 102 103

TAMBO Collabotion, arXiv:2507.08070



Expected reach of TAMBO
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Fl
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sc
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y 
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TAMBO Preliminary



Expected rates at TAMBO 
 given unknown-origin IceCube flux

For 5000 sensors we expect O(1) event 
per year 

Few events, but high-purity 
Good for IceCube/KM3NeT follow up

40Carlos A. Argüelles — TAMBO101@PUCP

E−2.5 IceCube extrapolation

AGN source polulation 
(Rodriguez et al. AGN)

Cosmogenic  
(Bergman & Van Vliet)

ν

TAMBO Preliminary
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Events in TAMBO
*not to scale

Mountain-through-going event 
(~downgoing/horizontal)

Earth-skimming event 
(~upgoing)
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TAMBO Instantaneous Aperture

The unique mountain geometry increases acceptance by ~50%, 
compared to Earth-skimming only.



43Carlos A. Argüelles —TAMBO101@PUCP

TAMBO Day-averaged Aperture

Features of mountain range geography 
observable efficiency
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Source declination, sin(δ)−1.00 −0.75 −0.50 −0.25 0.00 0.25 0.50 0.75 1.00

𝜈+𝜈̄  flu
x at 1 T

eV, Φ 0 
[GeV−1 cm−2 s−1 ]

10−16
10−15
10−14
10−13
10−12 Assumed 𝜈 spectrum :  Φ0 × (E𝜈/1 TeV)− 2ANTARES 13yrTAMBO 10yrIceCube 10yrKM3NeT 6yr

Sensitivity to unbroken, power-law sources

Source sensitivity 
comparable to other 

experiments.

ϕ(Eν)

EνTeV PeV EeV

IceCube

TAMBO

TAMBO Preliminary
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Source sentivity at ~>PeV 
energies

ϕ(Eν)

EνTeV PeV EeV

IceCube

TAMBO

Sensitivity to unbroken, power-law sources
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Interesting Things Maybe Happening at Very-High-Energies

EνSee also KM3NeT, Nature 638 (2025); IceCube, Phys.Rev. Let, arXiv:2502.01963

KM3NeT,  Phys.Rev.X 15 (2025) 3, 031016 
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TAMBO can provide insights 
into the KM3NeT detection.

Sensitivity to very-high-energy component

TAMBO Preliminary

Assuming all-sky neutrino 
emission, aka diffuse.
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Sensitivity to very-high-energy transcients

Neutrino energy [GeV]105 106 107 108 109

E2 Φ 𝜈+𝜈̄ΔT
  [GeV 

cm−2 ]

10−2
10−1
100
101
102
103
104
105

ΔT =  103 s
Newborn magnetar
GRB afterglow

TAMBO sin 𝛿 = -0.5°TAMBO sin 𝛿 = 0.0°TAMBO sin 𝛿 = 0.5°IC sin 𝛿 = -0.5°IC sin 𝛿 = 0.0°IC sin 𝛿 = 0.5°
Sensitivity to very-high-energy 

transcients comparable or 
better than IceCube, 

depending on declination.

TAMBO Preliminary

GRB Afterglow: K. Murase, Phys. Rev. D 76, 
123001 (2007)

Newborn magnetar: J. A. Carpio, Phys. Rev. D 
102, 103001 (2020)



Carlos A. Argüelles — Goddard Scientific Colloquia,  January, 2025

Towards a Joint Global 
Neutrino Telescope

W. Thompson, C. Argüelles to appear, art by J. Pairin
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TAMBO as a Viewfinder: Overcoming trials

Neutrino telescopes all-sky 
searches are penalized by 

large trial factors.

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


∼ 445,000 trials

⟹ 19.8
trials

∘2

TAMBO very-high 
astrophysical purity can 
narrow search location.
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Flavor Combinations

No TAMBO ~TAMBO-only Together

Alba Burgos, CA, W. Thompson, to appear



52Carlos A. Argüelles — TAMBO101@PUCP

Today 2025-2028 2028 - …
TAMBO-4

Small test array

Electronics, detector 

prototypes 

TAMBO-100

(aka TAMBITO)

Pilot array 
Deployment techniques, 

background, and social science

T A U  A I R - S H O W E R  M O U N T A I N - B A S E D  O B S E R V A T O R Y  ( T A M B O )

DEEP VALLE Y

>  4  KM SHIELDING FROM 
BACKGROUND MUONS

ROCK

A I R  S H O WE R :

~150  M
SEPAR ATION

A I R  S H O WE R  
D E T E C TO R  A R R AY

3  –  10  KM LENGTH
200  M DIAMETER

~M2 EACH

C H A R G E D -C U R R E N T
I N T E R A C T I O N

ντ
R ANGE:

50  M –  5  KM

D E C AY

τ

TAMBO-5k

Array capable of detecting O(1) 
neutrinos per year in the PeV to 

100 PeV energy range

Status of TAMBO
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End

Looking forward for a productive discussion about TAMBO science!


