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The initial atmospheric neutrino flux
The conventional atmospheric neutrino (muon) flux originates from
the decay of fi± and K± in the atmosphere.

[Honda et al., Phys.Rev.D75:043006 (2007)]

[Louis et al., Los Alamos Science Number 25 (1997)]

Cosmic rays interacting in 
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Cosmic rays interacting in 
the atmosphere producing 
charged and neutral 
mesons

Astrophysical beam dumps
high-energy cosmic rays interacting 
with gas or radiation

Ultra high-energy cosmic 
rays interacting with the 
Cosmic Microwave 
Background

May 11, 2008 to May 11, 2015, uses 23,854 events above 1018.2 eV with zenith angles
from 0 to 45°, and it is calculated using methods described in [3].
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Figure 1: Energy spectra measured by the TA SD [13], Auger [5], and HiRes [8] experiments using
their standard techniques. Auger energy has been increased by 11% to match the energy scale of
TA SD and HiRes in the ankle region.

These spectra show two outstanding features, good agreement in the ankle region
and below, and the disagreement in the position of the high energy cuto↵. These
spectra were made by integrating over the northern sky by the TA and HiRes col-
laborations, and the southern sky by the Pierre Auger collaboration. As a result of
this partial agreement and partial disagreement, suggestions have been made that
the spectrum might be di↵erent in the two parts of the sky.

In order to understand the di↵erence in cuto↵ energies, a working group was
formed, under the auspices of the UHECR2016 Workshop, by the TA and Auger
collaborations. Similar working groups for the 2012 and 2014 UHECR Workshops
had addressed other spectral questions, such as the energy scale di↵erence of the
two experiments. The 2016 working group concentrated on measuring the spectrum
of both experiments in the part of the sky seen by both experiments, declinations
between �15.7° and +24.8°, called the common declination band. Looking in the
common region of the sky, one would expect the two experiments should get the same
answer. The short answer is that, in the common declination band, the cuto↵ energies
agree within uncertainties. While the change in the Auger spectrum is minimal, the
energy of the cuto↵ in the TA spectrum is lower by a significant amount. The change
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Features in high-energy neutrino flux can reveal new physics phenomena.

The upper limits on yet to be seen fluxes impose limits on BSM scenarios.
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Multi-Messenger Observations of TXS 0506+056

58019], ~4 hours after the circulation of the neu-
trino alert. A 1-hour follow-up observation of the
neutrino alert under partial cloud coverage was
performed using the Very Energetic Radiation
Imaging Telescope Array System (VERITAS) g-ray
telescope array (33), located in Arizona, USA, later
on the same day, ~12 hours after the IceCube
detection. Both telescopes made additional obser-
vations on subsequent nights, but neither detected
g-ray emission from the source [see Fig. 3 and
(25)]. Upper limits at 95% CL on the g-ray flux
were derived accordingly (assuming the mea-
sured spectrum, see below): 7:5! 10"12 cm"2 s"1

during the H.E.S.S. observation period and 1:2!
10"11 cm"2 s"1 during the VERITAS observations,
both for energies E >175 GeV.
The Major Atmospheric Gamma Imaging

Cherenkov (MAGIC) Telescopes (34) observed
TXS 0506+056 for 2 hours on 24 September 2017
(MJD 58020) under nonoptimal weather con-
ditions and then for a period of 13 hours from
28 September to 4 October 2017 (MJD 58024–
58030) under good conditions. MAGIC consists
of two 17-m telescopes, located at the Roque de
los Muchachos Observatory on the Canary
Island of La Palma (Spain).
No g-ray emission from TXS 0506+056 was

detected in the initial MAGIC observations on
24 September 2017, and an upper limit was derived
on the flux above 90 GeV of 3:6! 10"11 cm"2 s"1

at 95% CL (assuming a spectrumdN=dEºE"3:9).
However, prompted by the Fermi-LAT detection
of enhanced g-ray emission, MAGIC performed
another 13 hours of observations of the region
starting 28 September 2017. Integrating the data,
MAGIC detected a significant very-high-energy
(VHE) g-ray signal (35) corresponding to 374 ±
62 excess photons, with observed energies up to
about 400 GeV. This represents a 6.2s excess over
expected background levels (25). The day-by-day
light curve of TXS 0506+056 for energies above
90 GeV is shown in Fig. 3. The probability that a
constant flux is consistent with the data is less
than 1.35%. The measured differential photon
spectrum (Fig. 4) can be described over the energy
range of 80 to 400 GeV by a simple power law,
dN=dEºEg, with a spectral index g="3:9 T 0.4
and a flux normalization of (2.0 T 0.4) ! 10"10

TeV"1 cm"2 s"1 atE = 130 GeV. Uncertainties are
statistical only. The estimated systematic uncer-
tainties are <15% in the energy scale, 11 to 18% in
the flux normalization, and ±0.15 for the power-
law slope of the energy spectrum (34). Further
observations after 4 October 2017 were prevented
by the full Moon.
An upper limit to the redshift of TXS 0506+056

can be inferred from VHE g-ray observations
using limits on the attenuation of the VHE flux
due to interaction with the EBL. Details on the
method are available in (25). The obtained upper

limit ranges from 0.61 to 0.98 at a 95% CL, de-
pending on the EBL model used. These upper
limits are consistent with the measured redshift
of z ¼ 0:3365 (28).
No g-ray source above 1 TeV at the location of

TXS 0506+056 was found in survey data of the
High Altitude Water Cherenkov (HAWC) g-ray
observatory (36), either close to the time of the
neutrino alert or in archival data taken since
November 2014 (25).
VHE g-ray observations are shown in Figs. 3

and 4. All measurements are consistent with the
observed flux from MAGIC, considering the dif-
ferences in exposure, energy range, and obser-
vation periods.

Radio, optical, and x-ray observations

The Karl G. Jansky Very Large Array (VLA) (37)
observed TXS 0506+056 starting 2 weeks after
the alert in several radio bands from 2 to 12 GHz
(38), detecting significant radio flux variability
and some spectral variability of this source. The
source is also in the long-term blazar monitoring
program of the Owens Valley Radio Observatory
(OVRO) 40-m telescope at 15 GHz (39). The light
curve shows a gradual increase in radio emission
during the 18months preceding the neutrino alert.
Optical observations were performed by

the All-Sky Automated Survey for Supernovae
(ASAS-SN) (40), the Liverpool Telescope (41), the

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 4 of 8

Fig. 4. Broadband spectral
energy distribution for the blazar
TXS 0506+056. The SED is
based on observations obtained
within 14 days of the detection of
the IceCube-170922A event. The
E2dN=dE vertical axis is equivalent
to a nFn scale. Contributions are
provided by the following
instruments: VLA (38), OVRO
(39), Kanata Hiroshima Optical
and Near-InfraRed camera
(HONIR) (52), Kiso, and the Kiso
Wide Field Camera (KWFC) (43),
Southeastern Association for
Research in Astronomy Observa-
tory (SARA/UA) (53), ASAS-SN
(54), Swift Ultraviolet and Optical
Telescope (UVOT) and XRT (55),
NuSTAR (56), INTEGRAL (57),
AGILE (58), Fermi-LAT (16),
MAGIC (35),VERITAS (59), H.E.S.S.
(60), and HAWC (61). Specific
observation dates and times are
provided in (25). Differential flux
upper limits (shown as colored
bands and indicated as “UL” in the legend) are quoted at the 95% CL,
while markers indicate significant detections. Archival observations are
shown in gray to illustrate the historical flux level of the blazar in the
radio-to-keV range as retrieved from the ASDC SED Builder (62), and in the
g-ray band as listed in the Fermi-LAT 3FGL catalog (23) and from an
analysis of 2.5 years of HAWC data. The g-ray observations have not been
corrected for absorption owing to the EBL. SARA/UA, ASAS-SN, and
Kiso/KWFC observations have not been corrected for Galactic attenua-
tion. The electromagnetic SED displays a double-bump structure, one

peaking in the optical-ultraviolet range and the second one in the GeV
range, which is characteristic of the nonthermal emission from blazars.
Even within this 14-day period, there is variability observed in several of the
energy bands shown (see Fig. 3), and the data are not all obtained
simultaneously. Representative nm þ !nm neutrino flux upper limits that
produce on average one detection like IceCube-170922A over a period
of 0.5 (solid black line) and 7.5 years (dashed black line) are shown,
assuming a spectrum of dN=dEºE"2 at the most probable neutrino
energy (311 TeV).
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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.▪

RESEARCH
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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
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Science 361, eaat1378 (2018). DOI: 10.1126/
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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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[Science 361 (2018) no.6398, eaat1378]

• Coincident with Fermi flare; chance correlation can be rejected at the 3s-level.

• TXS 0506+056 is among the 3% brightest Fermi-LAT blazars.

• One of the most luminous BL Lacs (2.8 ⇥ 1046 erg/s).

Markus Ahlers (NBIA) Multi-messenger Fits of TXS September 26, 2018 slide 4

TXS 0506+056

dominated by atmospheric flux

Arrival Direction of the Highest Energy Neutrinos
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(25)]. Upper limits at 95% CL on the g-ray flux
were derived accordingly (assuming the mea-
sured spectrum, see below): 7:5! 10"12 cm"2 s"1

during the H.E.S.S. observation period and 1:2!
10"11 cm"2 s"1 during the VERITAS observations,
both for energies E >175 GeV.
The Major Atmospheric Gamma Imaging

Cherenkov (MAGIC) Telescopes (34) observed
TXS 0506+056 for 2 hours on 24 September 2017
(MJD 58020) under nonoptimal weather con-
ditions and then for a period of 13 hours from
28 September to 4 October 2017 (MJD 58024–
58030) under good conditions. MAGIC consists
of two 17-m telescopes, located at the Roque de
los Muchachos Observatory on the Canary
Island of La Palma (Spain).
No g-ray emission from TXS 0506+056 was

detected in the initial MAGIC observations on
24 September 2017, and an upper limit was derived
on the flux above 90 GeV of 3:6! 10"11 cm"2 s"1

at 95% CL (assuming a spectrumdN=dEºE"3:9).
However, prompted by the Fermi-LAT detection
of enhanced g-ray emission, MAGIC performed
another 13 hours of observations of the region
starting 28 September 2017. Integrating the data,
MAGIC detected a significant very-high-energy
(VHE) g-ray signal (35) corresponding to 374 ±
62 excess photons, with observed energies up to
about 400 GeV. This represents a 6.2s excess over
expected background levels (25). The day-by-day
light curve of TXS 0506+056 for energies above
90 GeV is shown in Fig. 3. The probability that a
constant flux is consistent with the data is less
than 1.35%. The measured differential photon
spectrum (Fig. 4) can be described over the energy
range of 80 to 400 GeV by a simple power law,
dN=dEºEg, with a spectral index g="3:9 T 0.4
and a flux normalization of (2.0 T 0.4) ! 10"10

TeV"1 cm"2 s"1 atE = 130 GeV. Uncertainties are
statistical only. The estimated systematic uncer-
tainties are <15% in the energy scale, 11 to 18% in
the flux normalization, and ±0.15 for the power-
law slope of the energy spectrum (34). Further
observations after 4 October 2017 were prevented
by the full Moon.
An upper limit to the redshift of TXS 0506+056

can be inferred from VHE g-ray observations
using limits on the attenuation of the VHE flux
due to interaction with the EBL. Details on the
method are available in (25). The obtained upper

limit ranges from 0.61 to 0.98 at a 95% CL, de-
pending on the EBL model used. These upper
limits are consistent with the measured redshift
of z ¼ 0:3365 (28).
No g-ray source above 1 TeV at the location of

TXS 0506+056 was found in survey data of the
High Altitude Water Cherenkov (HAWC) g-ray
observatory (36), either close to the time of the
neutrino alert or in archival data taken since
November 2014 (25).
VHE g-ray observations are shown in Figs. 3

and 4. All measurements are consistent with the
observed flux from MAGIC, considering the dif-
ferences in exposure, energy range, and obser-
vation periods.

Radio, optical, and x-ray observations

The Karl G. Jansky Very Large Array (VLA) (37)
observed TXS 0506+056 starting 2 weeks after
the alert in several radio bands from 2 to 12 GHz
(38), detecting significant radio flux variability
and some spectral variability of this source. The
source is also in the long-term blazar monitoring
program of the Owens Valley Radio Observatory
(OVRO) 40-m telescope at 15 GHz (39). The light
curve shows a gradual increase in radio emission
during the 18months preceding the neutrino alert.
Optical observations were performed by

the All-Sky Automated Survey for Supernovae
(ASAS-SN) (40), the Liverpool Telescope (41), the
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Fig. 4. Broadband spectral
energy distribution for the blazar
TXS 0506+056. The SED is
based on observations obtained
within 14 days of the detection of
the IceCube-170922A event. The
E2dN=dE vertical axis is equivalent
to a nFn scale. Contributions are
provided by the following
instruments: VLA (38), OVRO
(39), Kanata Hiroshima Optical
and Near-InfraRed camera
(HONIR) (52), Kiso, and the Kiso
Wide Field Camera (KWFC) (43),
Southeastern Association for
Research in Astronomy Observa-
tory (SARA/UA) (53), ASAS-SN
(54), Swift Ultraviolet and Optical
Telescope (UVOT) and XRT (55),
NuSTAR (56), INTEGRAL (57),
AGILE (58), Fermi-LAT (16),
MAGIC (35),VERITAS (59), H.E.S.S.
(60), and HAWC (61). Specific
observation dates and times are
provided in (25). Differential flux
upper limits (shown as colored
bands and indicated as “UL” in the legend) are quoted at the 95% CL,
while markers indicate significant detections. Archival observations are
shown in gray to illustrate the historical flux level of the blazar in the
radio-to-keV range as retrieved from the ASDC SED Builder (62), and in the
g-ray band as listed in the Fermi-LAT 3FGL catalog (23) and from an
analysis of 2.5 years of HAWC data. The g-ray observations have not been
corrected for absorption owing to the EBL. SARA/UA, ASAS-SN, and
Kiso/KWFC observations have not been corrected for Galactic attenua-
tion. The electromagnetic SED displays a double-bump structure, one

peaking in the optical-ultraviolet range and the second one in the GeV
range, which is characteristic of the nonthermal emission from blazars.
Even within this 14-day period, there is variability observed in several of the
energy bands shown (see Fig. 3), and the data are not all obtained
simultaneously. Representative nm þ !nm neutrino flux upper limits that
produce on average one detection like IceCube-170922A over a period
of 0.5 (solid black line) and 7.5 years (dashed black line) are shown,
assuming a spectrum of dN=dEºE"2 at the most probable neutrino
energy (311 TeV).
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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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• Coincident with Fermi flare; chance correlation can be rejected at the 3s-level.

• TXS 0506+056 is among the 3% brightest Fermi-LAT blazars.

• One of the most luminous BL Lacs (2.8 ⇥ 1046 erg/s).

Markus Ahlers (NBIA) Multi-messenger Fits of TXS September 26, 2018 slide 4
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FIG. 2. Local pre-trial p-value map around the most sig-
nificant point in the Northern hemisphere. The black cross
marks the coordinates of the galaxy NGC 1068 taken from
Fermi-3FGL.

the hottest spot in the data with a distribution of hottest289

spots in the corresponding hemisphere from a large num-290

ber of background trials.291

The most significant point in the Northern hemisphere292

is found at equatorial coordinates (J2000) ↵ = 40.9�,293

� = -0.3� with a local p-value of 3.5 ⇥ 10-7. The best294

fit parameters at this spot are n̂s = 61.5 and �̂ = 3.4.295

However, due to the extremely large number of trials296

from examining the entire hemisphere, this significance297

is reduced to 9.9% when compared to the largest over-298

fluctuations in that hemisphere from many background299

trials. The probability skymap in a 3� by 3� window300

around the most significant point in the Northern hemi-301

sphere is plotted in Fig. 2. This point is found 0.35�302

from the active galaxy NGC 1068, which is also one of303

sources in the Northern source catalog. The most signif-304

icant hot spot in the Southern hemisphere, at right as-305

cension 350.2� and declination -56.5�, is less significant306

with a pre-trial p-value of 4.3 ⇥ 10-6 and fit parameters307

n̂s = 17.8, and �̂ = 3.3. The significance of this hot308

spot becomes 75% post-trial. Both hot spots alone are309

consistent with a background-only hypothesis.310311312

Source Catalog Searches: The motivation of this313

search is to reduce the trial factor and thus improve sen-314

sitivity to detect possible neutrino sources already ob-315

served by other messengers. A new catalog composed of316

110 sources has been constructed which updates the cat-317

alog in previous sources searches [16] by using the latest318

�-ray observations. The size of the catalog was chosen to319

limit the trial factor applied to the most significant source320

in the catalog such that a 5� p-value before trials would321

remain above 4� after trials. These 110 sources are com-322

posed of Galactic and extragalactic sources which are se-323

lected separately. The extragalactic sources are selected324

from the Fermi -3FGL catalog [23] since they provide the325

highest-energy unbiased measurements of �-ray sources326

FIG. 3. 90% C.L. median sensitivity and 5� discovery poten-
tial as a function of source declination for a neutrino source
with an E�2 and E�3 spectrum. The 90% upper-limits for
the source list are also shown for an E�2 and E�3 source spec-
trum. The grey curves show the 90% C.L. median sensitivity
from 11 yrs of ANTARES data [22].

over the full sky. Sources from Fermi -3FGL are weighted327

according to the integral Fermi -LAT flux above 1 GeV328

divided by the sensitivity flux for this analysis at the re-329

spective source declination. The 5% highest-weighted BL330

Lacs and flat spectrum radio quasars (FSRQ) are selected331

directly. The minimum weighted integral flux from the332

combined selection of BL Lac and FSRQs is used as a333

flux threshold to include sources marked as unidentified334

blazars and AGN. Eight Fermi -LAT sources are identi-335

fied as galaxy types with associated starburst activity.336

Since these types of objects are thought to host hadronic337

emission [24, 25], they are all included in the final source338

list.339

To include Galactic sources in the catalog, we consider340

measurements of very-high-energy �-ray sources from the341

TeVCat online catalog of > 200 GeV emitters [26, 27].342

Spectra from TeVCat were converted to equivalent neu-343

trino fluxes, assuming a purely hadronic origin to the344

observed �-ray emission, and compared to the sensitiv-345

ity limit of this analysis at the declination of the source346

(Fig. 3). Those Galactic objects with fluxes > 50% of347

IceCubes sensitivity limit were included in the source cat-348

alog. A total of 12 Galactic �-ray sources survived the349

selection.350

The final list of neutrino point source candidates is351

a Northern-sky catalog containing 97 objects (87 extra-352

galactic and 10 Galactic) and a Southern-sky catalog con-353

taining 13 sources (11 extragalactic and 2 Galactic). The354

large North-South di↵erence is due to the di↵erence in355

the sensitivity of IceCube in the Northern and Southern356

hemispheres; recall that the sensitivity was used to con-357

struct the catalog. The post-trial p-value for each catalog358

describes the significance of the single most significant359

NGC1068

dominated by atmospheric flux

Arrival Direction of the Highest Energy Neutrinos
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FIG. 4. Measured flavor composition of IceCube HESE events
with ternary topology ID and extended multi-dimensional
analysis of the double cascades (black). Contours show the 1�
and 2� confidence intervals assuming Wilks’ theorem holds.
The shaded regions show previously published results [28, 49]
without direct sensitivity to the tau neutrino component. Fla-
vor compositions expected from various astrophysical neu-
trino production mechanisms are marked, and the entire ac-
cessible range of flavor compositions assuming standard 3-
flavor mixing is shown.

on the ⌫µ fraction as compared to [28] and [49].
The test statistic TS = �2

�
lnL(�0

⌫⌧
) � lnL(�b.f.

⌫⌧
)
�

com-
pares the likelihood of a fit with a ⌫⌧ flux normalization
fixed at a value �0

⌫⌧
to the free fit where �⌫⌧ assumes

its best-fit value �b.f.
⌫⌧

. Evaluated at �0
⌫⌧

= 0 and using
Wilks’ theorem, it gives the significance at which a van-
ishing astrophysical tau neutrino flux can be disfavored.
The test statistic is expected to follow a half-�2

k distri-
bution with k = 1 degree of freedom [50]. See the Sup-
plemental Material for a discussion. The observed test
statistic is TS = 6.5, which translates to a significance
of 2.8�, or a p-value of 0.005. A one-dimensional scan
of the astrophysical ⌫⌧ flux normalization is performed
with all other components of the fit profiled over. The
1� confidence intervals are defined by TS  1, and the as-
trophysical tau neutrino flux normalization is measured
to

�⌫⌧ = 3.0+2.2
�1.8 · 10�18 GeV�1 cm

�2
s�1 sr�1. (5)

This constitutes the first non-zero measurement of the
astrophysical tau neutrino flux.

Summary and outlook. 7.5 years of HESE events
were analyzed with new analysis tools. The previously

shown data set was reprocessed using an improved de-
tector calibration. Using a ternary topology classifica-
tion directly sensitive to tau neutrinos, a flavor compo-
sition measurement was performed. This analysis found
the first two double cascades, indicative of ⌫⌧ interac-
tions, with an expectation of 1.5 ⌫⌧ -induced signal events
and 0.8 ⌫e,µ-induced background events at the best-
fit single-power-law spectrum with flavor equipartition,
�6⌫ = 6.4·10�18·GeV�1 cm

�2
s�1 sr�1, and �astro = 2.87,

[30]. The first event, “Big Bird,” has a short double cas-
cade length for its energy, and an energy asymmetry at
the boundary of the selected interval for double cascades.
No firm conclusion can be drawn about the nature of the
neutrino interaction. The second event, “Double Double”,
shows an energy asymmetry and double cascade length
expected from the simulation of ⌫⌧ . The photon arrival
pattern is well described with a double cascade hypothe-
sis, but not with a single cascade hypothesis. An a poste-
riori analysis was performed to determine the compati-
bility of each of the events with a background hypothesis,
based on targeted MC. The a posteriori analysis confirms
the compatibility of “Big Bird” with a single cascade, in-
duced by a ⌫e interaction, at the 25% level. A “Big Bird”-
like event is ⇠ 3 (15) times more likely to be induced by a
⌫⌧ than a ⌫e (⌫µ), the result being only weakly dependent
on the astrophysical spectral index. “Double Double” is
⇠ 80 times more likely to be induced by a ⌫⌧ than either
a ⌫e or a ⌫µ. All background interactions have a com-
bined probability of ⇠ 2%, almost independent of the
spectral index of the astrophysical neutrino flux. While
the a posteriori analysis was ongoing, two complemen-
tary analyses using the “double pulse” method to search
for tau neutrinos have been performed. Both also iden-
tify “Double Double” as a candidate tau neutrino event
[51, 52].
Using an extended likelihood for double cascades which
allows for the incorporation of a multi-dimensional PDF
as evaluated by a kernel density estimator, the flavor
composition was measured. The best fit is ⌫e : ⌫µ : ⌫⌧ =
0.20 : 0.39 : 0.42, consistent with all previously pub-
lished results by IceCube [28, 49], as well as with the ex-
pectation for astrophysical neutrinos assuming standard
3-flavor mixing. The astrophysical tau neutrino flux is
measured to:

d�⌫⌧

dE
=3.0+2.2

�1.8

✓
E

100 TeV

◆�2.87[�0.20,+0.21]

· 10�18 · GeV�1 cm
�2

s�1 sr�1,

(6)

with a zero ⌫⌧ flux disfavored with a significance of 2.8�,
or, p = 0.005.
A limitation of the analysis presented here is the small
sample size. Merging the HESE event selection with
the contained cascades event selection [53] for the ⌫⌧
search is expected to enhance the number of identifiable
⌫⌧ events by ⇠ 40% [54]. Due to the small effective

IceCube 2020

IceCube Gen-2 2020
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FIG. 4. Measured flavor composition of IceCube HESE events
with ternary topology ID and extended multi-dimensional
analysis of the double cascades (black). Contours show the 1�
and 2� confidence intervals assuming Wilks’ theorem holds.
The shaded regions show previously published results [28, 49]
without direct sensitivity to the tau neutrino component. Fla-
vor compositions expected from various astrophysical neu-
trino production mechanisms are marked, and the entire ac-
cessible range of flavor compositions assuming standard 3-
flavor mixing is shown.

on the ⌫µ fraction as compared to [28] and [49].
The test statistic TS = �2

�
lnL(�0

⌫⌧
) � lnL(�b.f.

⌫⌧
)
�

com-
pares the likelihood of a fit with a ⌫⌧ flux normalization
fixed at a value �0

⌫⌧
to the free fit where �⌫⌧ assumes

its best-fit value �b.f.
⌫⌧

. Evaluated at �0
⌫⌧

= 0 and using
Wilks’ theorem, it gives the significance at which a van-
ishing astrophysical tau neutrino flux can be disfavored.
The test statistic is expected to follow a half-�2

k distri-
bution with k = 1 degree of freedom [50]. See the Sup-
plemental Material for a discussion. The observed test
statistic is TS = 6.5, which translates to a significance
of 2.8�, or a p-value of 0.005. A one-dimensional scan
of the astrophysical ⌫⌧ flux normalization is performed
with all other components of the fit profiled over. The
1� confidence intervals are defined by TS  1, and the as-
trophysical tau neutrino flux normalization is measured
to

�⌫⌧ = 3.0+2.2
�1.8 · 10�18 GeV�1 cm

�2
s�1 sr�1. (5)

This constitutes the first non-zero measurement of the
astrophysical tau neutrino flux.

Summary and outlook. 7.5 years of HESE events
were analyzed with new analysis tools. The previously

shown data set was reprocessed using an improved de-
tector calibration. Using a ternary topology classifica-
tion directly sensitive to tau neutrinos, a flavor compo-
sition measurement was performed. This analysis found
the first two double cascades, indicative of ⌫⌧ interac-
tions, with an expectation of 1.5 ⌫⌧ -induced signal events
and 0.8 ⌫e,µ-induced background events at the best-
fit single-power-law spectrum with flavor equipartition,
�6⌫ = 6.4·10�18·GeV�1 cm

�2
s�1 sr�1, and �astro = 2.87,

[30]. The first event, “Big Bird,” has a short double cas-
cade length for its energy, and an energy asymmetry at
the boundary of the selected interval for double cascades.
No firm conclusion can be drawn about the nature of the
neutrino interaction. The second event, “Double Double”,
shows an energy asymmetry and double cascade length
expected from the simulation of ⌫⌧ . The photon arrival
pattern is well described with a double cascade hypothe-
sis, but not with a single cascade hypothesis. An a poste-
riori analysis was performed to determine the compati-
bility of each of the events with a background hypothesis,
based on targeted MC. The a posteriori analysis confirms
the compatibility of “Big Bird” with a single cascade, in-
duced by a ⌫e interaction, at the 25% level. A “Big Bird”-
like event is ⇠ 3 (15) times more likely to be induced by a
⌫⌧ than a ⌫e (⌫µ), the result being only weakly dependent
on the astrophysical spectral index. “Double Double” is
⇠ 80 times more likely to be induced by a ⌫⌧ than either
a ⌫e or a ⌫µ. All background interactions have a com-
bined probability of ⇠ 2%, almost independent of the
spectral index of the astrophysical neutrino flux. While
the a posteriori analysis was ongoing, two complemen-
tary analyses using the “double pulse” method to search
for tau neutrinos have been performed. Both also iden-
tify “Double Double” as a candidate tau neutrino event
[51, 52].
Using an extended likelihood for double cascades which
allows for the incorporation of a multi-dimensional PDF
as evaluated by a kernel density estimator, the flavor
composition was measured. The best fit is ⌫e : ⌫µ : ⌫⌧ =
0.20 : 0.39 : 0.42, consistent with all previously pub-
lished results by IceCube [28, 49], as well as with the ex-
pectation for astrophysical neutrinos assuming standard
3-flavor mixing. The astrophysical tau neutrino flux is
measured to:

d�⌫⌧

dE
=3.0+2.2

�1.8

✓
E

100 TeV

◆�2.87[�0.20,+0.21]

· 10�18 · GeV�1 cm
�2

s�1 sr�1,

(6)

with a zero ⌫⌧ flux disfavored with a significance of 2.8�,
or, p = 0.005.
A limitation of the analysis presented here is the small
sample size. Merging the HESE event selection with
the contained cascades event selection [53] for the ⌫⌧
search is expected to enhance the number of identifiable
⌫⌧ events by ⇠ 40% [54]. Due to the small effective

IceCube 2020

Major development:

2 Tua neutrino candidates in 7.5 yr HESE

IceCube Gen-2 2020
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Measuring Oscillations

• Exploit high statistics to measure  
2D distortions due to oscillations  
in energy/angle space

• Broad range of energies 
and significant matter 
densities permit searches 
for a range of new physics 
(sterile neutrinos, NSI,…)

Supplementary Methods and Tables – S1

Appendix A: Neutrino oscillation formula

In this section, we illustrate how to calculate the oscil-
lation probability for the case with nonzero

�
a
(d) and

�
c
(d).

The e↵ective Hamiltonian relevant for oscillation is given
by

H ⇠ m
2

2E
+
X

3

E
d�3(

�
a
(d) � �

c
(d)) .

Note that
�
a
(d) are nonzero for d = odd, and

�
c
(d) are

nonzero for d = even. We assume either one of them are
nonzero. Here, the mass matrix m

2 can be diagonalized
toM2 = diag(m2

2,m
2
3) by a mixing matrix U with mixing

angle ✓,

m
2 = UM

2
U

†

=

✓
cos ✓ sin ✓

� sin ✓ cos ✓

◆✓
m

2
2 0
0 m

2
3

◆✓
cos ✓ � sin ✓
sin ✓ cos ✓

◆
.

By adding E
d�3(

�
a
(d) � �

c
(d)), this 2 ⇥ 2 Hamiltonian

can be diagonalized with two eigenvalues, �1 and �2, and
mixing matrix elements cos ✏ and sin ✏. Then the oscilla-
tion formula is

P (⌫µ ! ⌫⌧ ) =
4A2

2

(�2 � �1)
2 sin2

✓
�2 � �1

2
L

◆

where

�1,�2 =
1

2


(A1 +A3) ±

q
(A1 � A3)2 + 4A2

2

�

A1 =
1

2E
(m2

2 cos
2
✓ +m

2
3 sin

2
✓) + E

d�3(
�
a
(d)
µµ � �

c
(d)
µµ )

A2 =
1

2E
cos ✓ sin ✓(m2

2 � m
2
3) + E

d�3(
�
a
(d)
µ⌧ � �

c
(d)
µ⌧ )

A3 =
1

2E
(m2

2 sin
2
✓ +m

2
3 cos

2
✓) � E

d�3(
�
a
(d)
µµ � �

c
(d)
µµ ).

In the high-energy limit, the neutrino mass e↵ect is
negligible in compaerison with Lorentz violating e↵ects,

P (⌫µ ! ⌫⌧ ) ⇠
 

�
a
(d)
µ⌧ � �

c
(d)
µ⌧

⇢d

!2

sin2(L⇢d · Ed�3)

This suggests there are no LV neutrino oscillations with-
out o↵-diagonal terms and that the LV oscillations are
symmetric between the real and imaginary parts of the
o↵-diagonal SME parameters.

Appendix B: Fit result from the Markov Chain
Monte Carlo approach

The main results of this paper are given using Wilks’
theorem. In order to assess the statistical robustness
of our claims, we have performed an alternative like-
lihood analysis utilizing the EMCEE Markov Chain

�36 �34 �32 �30

log10

�
⇢6/GeV2

�
�1.0

�0.5

0.0

0.5

1.0

co
s✓

6

Excluded

Allowed

SUPPL. FIG. 1: Posterior distribution on the dimension-six
operator parameters marginalized over all nuisance parame-
ters. The darker green area corresponds to the allowed region
at 90% (credibility region) C.R., while the lighter green cor-
responds to the 99% C.R.

Monte Carlo (MCMC) software package [40]. The anal-
ysis is performed with the same nuisance and physics
parametrization as the frequentist case. The posterior
likelihood distributions in the 9 dimensional space of the
systematic parameters and the LV operators can be con-
structed. Then we obtain our corresponding Bayesian
result by marginalizing over all parameters except for
⇢a and cos ✓a. The result of this procedure yields com-
parable bounds to the result using Wilk’s theorem de-
scribed in the main text. As an example the result for
the dimension-six operator is shown in Supplementary
Figure 1.

Appendix C: Full fit results from Wilks’ theorem

Supplementary Figure 2 shows the full-fit results from
a two-flavor µ� ⌧ oscillation hypothesis with dimension-
three to -eight LV operators. The x-axis represents the

strength of LV, ⇢d ⌘
q
(
�
a
(d)
µµ )2 +Re (

�
a
(d)
µ⌧ )2 + Im (

�
a
(d)
µ⌧ )2

or
q
(
�
c
(d)
µµ )2 +Re (

�
c
(d)
µ⌧ )2 + Im (

�
c
(d)
µ⌧ )2, and the y-axis rep-

resents a fraction of the diagonal element, cos ✓d ⌘
�
a
(d)
µµ/⇢d or cos ✓d ⌘ �

c
(d)
µµ/⇢d. The best-fit values indicate

no LV, and we draw exclusion curves for 90% C.L. (red)
and 99% C.L. (blue).

P (⌫µ ! ⌫⌧ ) = f(m2, E, L, c(d))

Lorentz symmetry is a fundamental 
space-time symmetry underlying the 
Standard Model of particle physics and 
gravity. Violation motivated by the 
unifying theories.

Neutrino oscillation is a natural 
interferometer.

Looking for anomalous flavor changing 
effects caused by Lorentz violation 
that would modify the energy and 
zenith angle distribution of observed 
atmospheric neutrinos.
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Oscillation probability 
depends on the energy and 
baseline (direction).

Lorentz violation will distort 
the expected number of 
neutrinos in different energy 
and direction with respect to 
Standard Model 
expectation.

IceCube, Nature Phys 2018
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• data binned in zenith angle & energy

• 2 years of IceCube through-going muons

• energy range: 400 GeV - 18 TeV


• Atmospheric neutrinos from MCEq 

• Simple power law for cosmic neutrinos

• DIS cross section from CSS


• flux normalization: conventional, prompt, 
astrophysical


• spectral index: primary cosmic rays and cosmic 
neutrinos


• pion/kaon ratio for conventional flux

• Ice model

• DOM efficiency

da
ta

sim
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Binned Likelihood analysis of conventional atmospheric neutrinos:


4

flux [20–22] Here we use the HKKMS07 calculation [20],
where the uncertainty of this calculation is estimated by
its authors to be less than 10% at few GeV energies,
which is consistent with measurements [23], and is ex-
pected to increase with energy to around 25% at 1 TeV.
Since this model was designed for relatively low ener-
gies (100 MeV-10 TeV) compared to those considered in
this analysis (⇠100 GeV-100 TeV), it is extended and
modified according to the procedure in [12] to take into
account the input cosmic ray spectrum [24] at high en-
ergies. An important feature of the conventional atmo-
spheric neutrino flux is that the parent mesons may be
destroyed by interactions with the medium before decay-
ing and producing neutrinos. The energy spectrum is
therefore steeper (/ E�3.7) than that of the cosmic rays
from which it is produced (/ E�2.7) [25]. This is then
markedly softer than the hypothesized spectrum of as-
trophysical neutrinos. The cosmic ray showering process
gives these neutrinos a characteristic distribution in di-
rection, peaked near the observer’s horizon, because of
the di↵erent profiles of atmospheric density the air show-
ers encounter.

The prompt atmospheric neutrinos are less well un-
derstood, as they have not yet been observed experimen-
tally, and the theoretical predictions depend on under-
standing heavy quark production in cosmic ray-air col-
lisions at high energies. Multiple calculations exist [26–
28], and here we choose the phenomenological ERS esti-
mate of the flux [28], again applying corrections for the
input cosmic ray spectrum. This model has a normal-
ization uncertainty of about a factor of two, and other
calculations predict substantially larger or smaller fluxes.
Like the conventional atmospheric neutrinos, the energy
spectrum of the prompt component arises from the spec-
trum of the cosmic rays. However, since the intermediate
mesons involved decay so rapidly (with a mean lifetime of
1.04⇥10�12 s for the D± at rest, as opposed to 2.60⇥10�8

s for the ⇡± or 1.24⇥10�8 s for the K±), losses via inter-
actions are suppressed and the spectrum remains similar
to E�2.7, and likewise remains essentially isotropic.

To fit the observed data, we implement the binned
Poisson profile likelihood construction described in [11].
Here, the expected event rates for each flux component
are computed by weighting a generalized simulation of
neutrinos traversing the Earth and interacting at IceCube
according to the model’s input neutrino flux. Compar-
isons are made in each bin to the observed data. For
this study, the data are binned in both the reconstructed
zenith angle and the energy proxy. The main parameter
of interest for this fit is the normalization assigned to the
astrophysical flux component, while the normalizations
of the background components are treated as nuisance
parameters. Additional nuisance parameters include the
di↵erence between the true slope of the cosmic ray spec-
trum and the assumed model, the e�ciency with which
the IceCube hardware detects photons emitted in the ice,

10-1

100

101

102

103

-1 -0.8 -0.6 -0.4 -0.2  0  0.2

Ev
en

ts

cos(Reconstructed zenith angle)

Conventional atmospheric
Prompt atmospheric
E-2 Astrophysical
Sum of predictions
Experimental data

FIG. 1. The distribution of reconstructed zenith angles of
events in the final sample, compared to the expected distribu-
tions for the fit of an E�2 astrophysical neutrino spectrum.
Only statistical errors are shown, though in almost all bins
they are small enough to be hidden by the data markers.
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FIG. 2. The distribution of reconstructed muon energy proxy
for events in the final sample, compared to the expected distri-
butions for the fit of an E�2 astrophysical neutrino spectrum.
Only statistical errors are shown. The energy proxy does not
have a linear relationship to actual muon energy, but values
⇠ 3⇥103 are roughly equivalent to the same quantity in GeV.
Larger proxy values increasingly tend to underestimate muon
energies, while smaller values tend to overestimate.

and the relative contributions to the conventional atmo-
spheric neutrino flux from kaon decays rather than pion
decays. The nuisance parameters can be constrained us-
ing prior information from external sources, and the pri-
ors used in this analysis are listed in the fourth column
of Table I.
The parameter values from fitting 659.5 days of de-

tector livetime using the benchmark set of fluxes are
summarized in Tab. I, and the projections of the ob-
served and fitted spectra into the reconstructed zenith

Perform fit for 3 LV parameters:

4

written as

H ⇠ m
2

2E
+

�
a
(3) � E · �

c
(4) + E

2 · �
a
(5) � E

3 · �
c
(6) · · · . (1)

The first term of Eq. (1) is from the ⌫SM, however,
this is negligible for our energy region. The remaining
terms (

�
a
(3),

�
c
(4),

�
a
(5), and so on) arise from the SME

and describe isotropic Lorentz violating e↵ects. The cir-
cle symbol on top indicates isotropic coe�cients, and the
number in the bracket is the dimension of the operator.
These terms are typically classified as CPT-odd (

�
a
(d))

and CPT-even (
�
c
(d)). Focusing on muon neutrino to tau

neutrino (⌫µ ! ⌫⌧ ) oscillations, all SME terms in Eq. (1)
can be expressed as 2 ⇥ 2 matrices, such as

�
c
(6) =

 
�
c
(6)
µµ

�
c
(6)
µ⌧

�
c
(6)
µ⌧

⇤
��
c
(6)
µµ

!
. (2)

Without loss of generality, we can define the matrices so
that they are traceless, leaving three independent param-

eters, in this case:
�
c
(6)
µµ , Re (

�
c
(6)
µ⌧ ), and Im (

�
c
(6)
µ⌧ ). In this

formalism, LV can be described by an infinite series, but
higher order terms are expected to be suppressed. There-
fore, most terrestrial experiments focus on searching for
e↵ects of dimension-three and -four operators;

�
a
(3) and

E · �
c
(4) respectively. However, our analysis extends to

dimension-eight, i.e., E2 · �
a
(5), E3 · �

c
(6), E4 · �

a
(7), and

E
5 · �

c
(8). Such higher orders are accessible by IceCube,

which observes high-energy neutrinos where we expect an
enhancement from the terms with dimension greater than
four. In fact, some theories, such as supersymmetry [3],
allow for LV to appear only in higher order operators.
We assume that only one dimension is important at any
given energy scale, because the strength of LV is expected
to be di↵erent at di↵erent orders.

We use the ⌫µ ! ⌫⌧ two-flavor oscillation scheme,
which allows us to solve the time-dependent Schrödinger
equation analytically to derive the neutrino oscillation
formula with neutrino masses and LV, following the
method of Ref. [30]. The oscillation probability is given
by

P (⌫µ ! ⌫⌧ ) = �4Vµ1Vµ2V⌧1V⌧2 sin
2

 
�2 � �1

2
L

!
, (3)

where V↵i are the mixing matrix elements of the e↵ective
Hamiltonian (Eq. (1)), and �i are its eigenvalues. Both
mixing matrix elements and eigenvalues are a function
of energy, ⌫SM oscillation parameters, and SME coe�-
cients. Full expressions are given in Appendix A.

The IceCube Neutrino Observatory — The IceCube
Neutrino Observatory is located at the geographic South
Pole [31, 32]. The detector volume is one cubic kilome-
ter of clear Antarctic ice. Atmospheric muon neutrinos
interacting on surrounding ice or bedrock may produce

FIG. 2: Figure shows the ratio of vertical to horizontal tran-
sition probabilities at IceCube as a function of muon energy.
Here, vertical events are defined by cos ✓  �0.6 and the hori-
zontal events are defined by cos ✓ > �0.6. As an example, the
data transition probability ratio with statistical errors is com-
pared to prediction for various dimension-six operator values:
10�35 GeV�2 (red), 10�37 GeV�2 (blue), and 10�40 GeV�2

(yellow).

high-energy muons, which emit photons that are subse-
quently detected by digital optical modules (DOMs) em-
bedded in the ice. The DOMs consist of a 25 cm diame-
ter Hamamatsu photomultiplier tube, with readout elec-
tronics, contained within a 36.5 cm glass pressure hous-
ing. These are installed in holes in the ice with roughly
125 m separation. There are 86 holes in the ice with a
total of 5160 DOMs, which are distributed at depths of
1450 m to 2450 m below the surface, instrumenting one
gigaton of ice. The full detector description can be found
in Ref. [32].

This detector observes Cherenkov light from muons
produced in charged-current ⌫µ interactions. Photons
detected by the DOMs allow the reconstruction of the
muon energy and direction, which is related to the en-
ergy of the primary ⌫µ. Because the muons are above
critical energy, their energy can be determined by mea-
suring the stochastic losses that produce Cherenkov light.
See [29] for details on the muon energy proxy used in this
analysis. In the TeV energy range, these muons traverse
distances on the order of kilometers, and have small scat-
tering angle due to the large Lorentz boost, resulting in
0.75� resolution on reconstructed direction at 1 TeV [33].
We use two-year data of TeV up-going muons [29], rep-
resenting 34975 events with a 0.1% atmospheric muon
contamination.

Analysis method — To obtain the prediction for LV
e↵ects, we multiply the oscillation probability, given in
Eq. (3), with the predicted atmospheric neutrino flux cal-

4

written as

H ⇠ m
2

2E
+

�
a
(3) � E · �

c
(4) + E

2 · �
a
(5) � E

3 · �
c
(6) · · · . (1)

The first term of Eq. (1) is from the ⌫SM, however,
this is negligible for our energy region. The remaining
terms (

�
a
(3),

�
c
(4),

�
a
(5), and so on) arise from the SME

and describe isotropic Lorentz violating e↵ects. The cir-
cle symbol on top indicates isotropic coe�cients, and the
number in the bracket is the dimension of the operator.
These terms are typically classified as CPT-odd (

�
a
(d))

and CPT-even (
�
c
(d)). Focusing on muon neutrino to tau

neutrino (⌫µ ! ⌫⌧ ) oscillations, all SME terms in Eq. (1)
can be expressed as 2 ⇥ 2 matrices, such as

�
c
(6) =

 
�
c
(6)
µµ

�
c
(6)
µ⌧

�
c
(6)
µ⌧

⇤
��
c
(6)
µµ

!
. (2)

Without loss of generality, we can define the matrices so
that they are traceless, leaving three independent param-

eters, in this case:
�
c
(6)
µµ , Re (

�
c
(6)
µ⌧ ), and Im (

�
c
(6)
µ⌧ ). In this

formalism, LV can be described by an infinite series, but
higher order terms are expected to be suppressed. There-
fore, most terrestrial experiments focus on searching for
e↵ects of dimension-three and -four operators;

�
a
(3) and

E · �
c
(4) respectively. However, our analysis extends to

dimension-eight, i.e., E2 · �
a
(5), E3 · �

c
(6), E4 · �

a
(7), and

E
5 · �

c
(8). Such higher orders are accessible by IceCube,

which observes high-energy neutrinos where we expect an
enhancement from the terms with dimension greater than
four. In fact, some theories, such as supersymmetry [3],
allow for LV to appear only in higher order operators.
We assume that only one dimension is important at any
given energy scale, because the strength of LV is expected
to be di↵erent at di↵erent orders.

We use the ⌫µ ! ⌫⌧ two-flavor oscillation scheme,
which allows us to solve the time-dependent Schrödinger
equation analytically to derive the neutrino oscillation
formula with neutrino masses and LV, following the
method of Ref. [30]. The oscillation probability is given
by

P (⌫µ ! ⌫⌧ ) = �4Vµ1Vµ2V⌧1V⌧2 sin
2

 
�2 � �1

2
L

!
, (3)

where V↵i are the mixing matrix elements of the e↵ective
Hamiltonian (Eq. (1)), and �i are its eigenvalues. Both
mixing matrix elements and eigenvalues are a function
of energy, ⌫SM oscillation parameters, and SME coe�-
cients. Full expressions are given in Appendix A.

The IceCube Neutrino Observatory — The IceCube
Neutrino Observatory is located at the geographic South
Pole [31, 32]. The detector volume is one cubic kilome-
ter of clear Antarctic ice. Atmospheric muon neutrinos
interacting on surrounding ice or bedrock may produce

FIG. 2: Figure shows the ratio of vertical to horizontal tran-
sition probabilities at IceCube as a function of muon energy.
Here, vertical events are defined by cos ✓  �0.6 and the hori-
zontal events are defined by cos ✓ > �0.6. As an example, the
data transition probability ratio with statistical errors is com-
pared to prediction for various dimension-six operator values:
10�35 GeV�2 (red), 10�37 GeV�2 (blue), and 10�40 GeV�2

(yellow).

high-energy muons, which emit photons that are subse-
quently detected by digital optical modules (DOMs) em-
bedded in the ice. The DOMs consist of a 25 cm diame-
ter Hamamatsu photomultiplier tube, with readout elec-
tronics, contained within a 36.5 cm glass pressure hous-
ing. These are installed in holes in the ice with roughly
125 m separation. There are 86 holes in the ice with a
total of 5160 DOMs, which are distributed at depths of
1450 m to 2450 m below the surface, instrumenting one
gigaton of ice. The full detector description can be found
in Ref. [32].

This detector observes Cherenkov light from muons
produced in charged-current ⌫µ interactions. Photons
detected by the DOMs allow the reconstruction of the
muon energy and direction, which is related to the en-
ergy of the primary ⌫µ. Because the muons are above
critical energy, their energy can be determined by mea-
suring the stochastic losses that produce Cherenkov light.
See [29] for details on the muon energy proxy used in this
analysis. In the TeV energy range, these muons traverse
distances on the order of kilometers, and have small scat-
tering angle due to the large Lorentz boost, resulting in
0.75� resolution on reconstructed direction at 1 TeV [33].
We use two-year data of TeV up-going muons [29], rep-
resenting 34975 events with a 0.1% atmospheric muon
contamination.

Analysis method — To obtain the prediction for LV
e↵ects, we multiply the oscillation probability, given in
Eq. (3), with the predicted atmospheric neutrino flux cal-

Muon Energy [GeV]
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SUPPL. FIG. 2: These plots show the excluded parameter space with full parameter correlations. The x-axis represents the
strength of the LV, and the y-axis shows the particular combination of SME coe�cients. The dimension of the operator d
increases from 3 to 8 in these plots, from left to right, and top to bottom. The red (blue) regions are excluded at 90% (99%)
C.L. As we discussed, near cos✓d = �1 and +1, and at large values of ⇢(d).

Appendix D: List of attainable best limits

Supplementary Figure 3 shows the limits on the two-
dimensional space of positive real and positive imaginary

parts of
�
a
(3)
µ⌧ ,

�
c
(4)
µ⌧ ,

�
a
(5)
µ⌧ ,

�
c
(6)
µ⌧ ,

�
a
(7)
µ⌧ , and

�
c
(8)
µ⌧ . To do this,

we first set diagonal elements (
�
a
(3)
µµ ,

�
c
(4)
µµ ,

�
a
(5)
µµ ,

�
c
(6)
µµ ,

�
a
(7)
µµ ,

and
�
c
(8)
µµ) to be zero in results in Supplementary Figure 2.

Although real and imaginary parts are correlated, they
are almost symmetric and so we extract attainable best
limits from the intersection of a diagonal line and con-
tours, i.e., limits for the real and imaginary parts are the
same. Limits in Table I are extracted in this way.

No evidence found for violation of the 
Lorentz and CPT invariance.

90% (99%) confidence levels 
exclusion regions

10

degrees of freedom [37]. Second, we set the priors to the nuisance parameter uncertainties and scan the posterior space

of the likelihood by means of a Markov Chain Monte Carlo (MCMC) method [38]. These two procedures are found

to be complementary, and the extracted LV parameters agree with the null hypothesis. For simplicity, we present the

likelihood results in this paper and show the MCMC results in Supplementary material Appendix B.

V. RESULTS

Figure 3 shows the excluded region of dimension-six SME coe�cients. The results for all operators are available

in Supplementary material Appendix C. The fit was performed in a three-dimensional phase space; however, the

complex phase of the o↵-diagonal terms is not important at high energy, and we choose the following representation

methods. The horizontal axis shows the strength of LV,

⇢6 ⌘
q

(
�
c
(6)
µµ)2 + Re (

�
c
(6)
µ⌧ )2 + Im (

�
c
(6)
µ⌧ )2
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absolute normalization of the flux. In the case of the dimension-three operator, the right edge can be excluded by
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�
c
(6)
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Table I summarizes the results of this work along with representative best limits. A comprehensive list of LV tests

is available in [19]. To date, there is no experimental indication of LV, and these experiments have maximized their

limits by assuming that all but one of the SME parameters are zero [19]. Therefore, to make our results comparable
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LV-induced oscillations that suppress the flux but lead to no shape distortion. This can only be constrained by the

absolute normalization of the flux. In the case of the dimension-three operator, the right edge can be excluded by

other atmospheric neutrino oscillation measurements [18, 39]. Near degenerate real and imaginary parameters reduce
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is available in [19]. To date, there is no experimental indication of LV, and these experiments have maximized their

limits by assuming that all but one of the SME parameters are zero [19]. Therefore, to make our results comparable

4

written as
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c
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2 · �
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(5) � E

3 · �
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(6) · · · . (1)

The first term of Eq. (1) is from the ⌫SM, however,
this is negligible for our energy region. The remaining
terms (

�
a
(3),

�
c
(4),

�
a
(5), and so on) arise from the SME

and describe isotropic Lorentz violating e↵ects. The cir-
cle symbol on top indicates isotropic coe�cients, and the
number in the bracket is the dimension of the operator.
These terms are typically classified as CPT-odd (

�
a
(d))

and CPT-even (
�
c
(d)). Focusing on muon neutrino to tau

neutrino (⌫µ ! ⌫⌧ ) oscillations, all SME terms in Eq. (1)
can be expressed as 2 ⇥ 2 matrices, such as

�
c
(6) =

 
�
c
(6)
µµ

�
c
(6)
µ⌧

�
c
(6)
µ⌧
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��
c
(6)
µµ

!
. (2)

Without loss of generality, we can define the matrices so
that they are traceless, leaving three independent param-

eters, in this case:
�
c
(6)
µµ , Re (

�
c
(6)
µ⌧ ), and Im (

�
c
(6)
µ⌧ ). In this

formalism, LV can be described by an infinite series, but
higher order terms are expected to be suppressed. There-
fore, most terrestrial experiments focus on searching for
e↵ects of dimension-three and -four operators;

�
a
(3) and

E · �
c
(4) respectively. However, our analysis extends to

dimension-eight, i.e., E2 · �
a
(5), E3 · �

c
(6), E4 · �

a
(7), and

E
5 · �

c
(8). Such higher orders are accessible by IceCube,

which observes high-energy neutrinos where we expect an
enhancement from the terms with dimension greater than
four. In fact, some theories, such as supersymmetry [3],
allow for LV to appear only in higher order operators.
We assume that only one dimension is important at any
given energy scale, because the strength of LV is expected
to be di↵erent at di↵erent orders.

We use the ⌫µ ! ⌫⌧ two-flavor oscillation scheme,
which allows us to solve the time-dependent Schrödinger
equation analytically to derive the neutrino oscillation
formula with neutrino masses and LV, following the
method of Ref. [30]. The oscillation probability is given
by

P (⌫µ ! ⌫⌧ ) = �4Vµ1Vµ2V⌧1V⌧2 sin
2

 
�2 � �1

2
L

!
, (3)

where V↵i are the mixing matrix elements of the e↵ective
Hamiltonian (Eq. (1)), and �i are its eigenvalues. Both
mixing matrix elements and eigenvalues are a function
of energy, ⌫SM oscillation parameters, and SME coe�-
cients. Full expressions are given in Appendix A.

The IceCube Neutrino Observatory — The IceCube
Neutrino Observatory is located at the geographic South
Pole [31, 32]. The detector volume is one cubic kilome-
ter of clear Antarctic ice. Atmospheric muon neutrinos
interacting on surrounding ice or bedrock may produce

FIG. 2: Figure shows the ratio of vertical to horizontal tran-
sition probabilities at IceCube as a function of muon energy.
Here, vertical events are defined by cos ✓  �0.6 and the hori-
zontal events are defined by cos ✓ > �0.6. As an example, the
data transition probability ratio with statistical errors is com-
pared to prediction for various dimension-six operator values:
10�35 GeV�2 (red), 10�37 GeV�2 (blue), and 10�40 GeV�2

(yellow).

high-energy muons, which emit photons that are subse-
quently detected by digital optical modules (DOMs) em-
bedded in the ice. The DOMs consist of a 25 cm diame-
ter Hamamatsu photomultiplier tube, with readout elec-
tronics, contained within a 36.5 cm glass pressure hous-
ing. These are installed in holes in the ice with roughly
125 m separation. There are 86 holes in the ice with a
total of 5160 DOMs, which are distributed at depths of
1450 m to 2450 m below the surface, instrumenting one
gigaton of ice. The full detector description can be found
in Ref. [32].

This detector observes Cherenkov light from muons
produced in charged-current ⌫µ interactions. Photons
detected by the DOMs allow the reconstruction of the
muon energy and direction, which is related to the en-
ergy of the primary ⌫µ. Because the muons are above
critical energy, their energy can be determined by mea-
suring the stochastic losses that produce Cherenkov light.
See [29] for details on the muon energy proxy used in this
analysis. In the TeV energy range, these muons traverse
distances on the order of kilometers, and have small scat-
tering angle due to the large Lorentz boost, resulting in
0.75� resolution on reconstructed direction at 1 TeV [33].
We use two-year data of TeV up-going muons [29], rep-
resenting 34975 events with a 0.1% atmospheric muon
contamination.

Analysis method — To obtain the prediction for LV
e↵ects, we multiply the oscillation probability, given in
Eq. (3), with the predicted atmospheric neutrino flux cal-

constraints on LV parameters:

Re-parameterization:

IceCube, NaturePhysics 2018
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SUPPL. FIG. 3: These plots show limits on o↵-diagonal parameters in the case when diagonal parameters are set to zero. The
dimension of the operator d increases from 3 to 8 in these plots, from left to right, and top to bottom. The red (blue) regions
are excluded at 90% (99%) C.L. There are four identical plots depending on the sign of the real and imaginary parts, but here
we only show the cases when both the real and imaginary parts are positive.
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to photon interference experiments in their ability to probe very small scales.

II. LORENTZ VIOLATING NEUTRINO OSCILLATIONS

In this analysis, we use neutrino oscillations as a natural interferometer with a size equal to the diameter of the

Earth. We look for anomalous flavor-changing e↵ects caused by LV that would modify the observed energy and zenith

angle distributions of atmospheric muon neutrinos observed in the IceCube Neutrino Observatory [28] (see Figure 1).

Beyond flavor change due to small neutrino masses, any hypothetical LV fields could contribute to muon neutrino

flavor conversion. Thus, in this analysis, we look for distortion of the expected muon neutrino distribution. Since this

analysis does not distinguish between a muon neutrino (⌫µ) and a muon antineutrino (⌫̄µ), when the word “neutrino”

is used, we are referring to both.

Past searches for LV have mainly focused on the directional e↵ect in the Sun-centered celestial-equatorial frame

(SCCEF) [19] by looking only at the time dependence of physics observables as direction-dependent physics appears

as a function of the Earth’s rotation. However, in our case, we assume no time dependence, and instead look at the

energy distribution distortions caused by direction- and time-independent isotropic LV. Isotropic LV may be a factor

⇠ 103 larger than direction-dependent LV in SCCEF if we assume new physics is isotropic in the CMB frame [20]. It

would be most optimal to look for both e↵ects, but statistics do not allow for this.

To calculate the e↵ect, we start from an e↵ective Hamiltonian derived from the SME [4], which can be written as

H ⇠ m
2

2E
+

�
a
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c
(4) + E

2 · �
a
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3 · �
c
(4) · · · . (1)

The first term of Eq. (1) is from the ⌫SM, however, its impact decreases at high energy. The remaining terms (
�
a
(3),

�
c
(4),

�
a
(5), and so on) arise from the SME and describe isotropic Lorentz violating e↵ects. The circle symbol on top

indicates isotropic coe�cients, and the number in the bracket is the dimension of the operator. These terms are

typically classified as CPT-odd (
�
a
(d)) and CPT-even (

�
c
(d)). Focusing on muon neutrino to tau neutrino (⌫µ ! ⌫⌧ )

oscillations, all SME terms in Eq. (1) can be expressed as 2 ⇥ 2 matrices, such as

�
c
(4) =

0

@ 0
�
c
(4)
µ⌧

�
c
(4)
µ⌧

⇤
0

1

A . (2)

Without loss of generality, we can define the matrices so that they are traceless, leaving three independent parameters,

in this case:
�
c
(6)
µµ , Re (

�
c
(4)
µ⌧ ), and Im (

�
c
(4)
µ⌧ ). The o↵-diagonal Lorentz violating term

�
c
(4)
µ⌧ dominates neutrino oscillations

at high energy, which is the main interest of this paper. In this formalism, LV can be described by an infinite series,

but higher order terms are expected to be suppressed. Therefore, most terrestrial experiments focus on searching

for e↵ects of dimension-three and -four operators;
�
a
(3) and E · �

c
(4) respectively. However, our analysis extends to

dimension-eight, i.e., E
2 · �

a
(5), E

3 · �
c
(4), E

4 · �
a
(7), and E

5 · �
c
(8). Such higher orders are accessible by IceCube, which

Setting diagonal terms to zero 
(similar to SK)

No evidence found for 
violation of the Lorentz 
and CPT invariance.

90% (99%) confidence levels exclusion 
regions

constraints on LV 
parameters

IceCube, Nature Phys. 2018
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Indirect dark matter signatures in 
the neutrino sector:


•  Features in geo, solar, 
atmospheric, and cosmic 
neutrino spectra


•Anisotropies in high-energy 
neutrinos due to DM-
Neutrino interaction.


•  Features in the diffuse SN 
neutrino background.
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annihilation scattering

?

But if        too light, or      does not talk to quarks, then 
could be neutrinos

?

?if = quarks, then = direct detection 
 (LUX, LZ, SuperCDMS, …)

DM annihilation near Weak Scale: WIMP Miracle



DM-! interaction will result in 
scattering of neutrinos from 

extragalactic sources, leading to 
anisotropy and energy loss.

DM density is largest in center of the Galaxy.

⌫

⌫

⌫

⌫

⌫

⌫

⌫
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3

Fermion DM, vector mediator:  
similar to a leptophillic Z’ model 

Scales strongly with E

Scalar DM, fermionic mediator:  
e.g. sneutrino dark matter,  

neutralino mediator.  
Resonant behaviour (s-channel)
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Dark matter column density* seen from Earth
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Simulation including effects of detector, Earth
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IceCube HESE

Energy Distribution

Resonance @ 810 TeV

Angular Distribution

Neutrino-DM interactions creates 
features in the energy spectrum 
(e.g. Dips, cut-off, softening)

Neutrino-DM interaction leads to 
the deficit towards Galactic center
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-  What is dark matter (DM)?

- What SM particles does DM 
interact with?


- How does it interact?


Thermal production of WIMPs in 
early Universe implies possible 
ongoing self-annihilation of DM.


Strongest constraints are in 
place from the absence of any 
signal in X-ray & gamma-rays 
from the Milky Way. 


Neutrino portal: the most invisible channel, hardest to detect, 
difficult to rule out!
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dΦν

dE
= 1

4π
⟨σv⟩
2m2χ

1
3

dNν

dE
J(Ω)

Flux of neutrinos from dark matter 
annihilation in the Milky Way:

&�&��E$��
�A?BA( (E

thermally averaged DM 
annihilation cross section The neutrino 

production spectrum 
for direct annihilation 
of DM to neutrinos 

= δ(mχ − Eν)
J ≡ ∫ dΩ∫l.o.s.

ρ2
χ (x)dx,

J-facror: 3d integral over the 
target solid angle in the sky 
and the line of sight
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An isotropic neutrino signal is also expected from 
DM annihilation in every other halo in the universe:
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An isotropic neutrino signal is also expected from 
DM annihilation in every other halo in the universe:
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Heavy DMLight DM

Neutrino experiments narrowing down the 
WIMP parameter space.
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High-energy neutrinos explore WIMP scenarios 
where no other cosmic messenger can.



27

	/��$(�F� ��E$? �� &�2
Identification of the origin of cosmic neutrinos offer new avenues to probe 
for new physics.

Transients offer exploring the delay induced by neutrino secret interactions.
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The time difference can be estimated by evaluating the extra distance 
neutrino has to travel.

���transient
C⌫B

<latexit sha1_base64="zpmQFGlLJqcwZwnFM7tRZL4nq1w=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNpLx4r2A9sQtlsN+3S3U3Y3Qgl9F948aCIV/+NN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfog15UzSjmGG036iKBYhp71w2lr4vSeqNIvlg5klNBB4LFnECDZWevSVQC1fpqg5rNbcupsDrROvIDUo0B5Wv/xRTFJBpSEcaz3w3MQEGVaGEU7nFT/VNMFkisd0YKnEguogyy+eowurjFAUK1vSoFz9PZFhofVMhLZTYDPRq95C/M8bpCa6DTImk9RQSZaLopQjE6PF+2jEFCWGzyzBRDF7KyITrDAxNqSKDcFbfXmddK/qnlv37q9rjWYRRxnO4BwuwYMbaMAdtKEDBCQ8wyu8Odp5cd6dj2VrySlmTuEPnM8feBWQHQ==</latexit><latexit sha1_base64="zpmQFGlLJqcwZwnFM7tRZL4nq1w=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNpLx4r2A9sQtlsN+3S3U3Y3Qgl9F948aCIV/+NN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfog15UzSjmGG036iKBYhp71w2lr4vSeqNIvlg5klNBB4LFnECDZWevSVQC1fpqg5rNbcupsDrROvIDUo0B5Wv/xRTFJBpSEcaz3w3MQEGVaGEU7nFT/VNMFkisd0YKnEguogyy+eowurjFAUK1vSoFz9PZFhofVMhLZTYDPRq95C/M8bpCa6DTImk9RQSZaLopQjE6PF+2jEFCWGzyzBRDF7KyITrDAxNqSKDcFbfXmddK/qnlv37q9rjWYRRxnO4BwuwYMbaMAdtKEDBCQ8wyu8Odp5cd6dj2VrySlmTuEPnM8feBWQHQ==</latexit><latexit sha1_base64="zpmQFGlLJqcwZwnFM7tRZL4nq1w=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNpLx4r2A9sQtlsN+3S3U3Y3Qgl9F948aCIV/+NN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfog15UzSjmGG036iKBYhp71w2lr4vSeqNIvlg5klNBB4LFnECDZWevSVQC1fpqg5rNbcupsDrROvIDUo0B5Wv/xRTFJBpSEcaz3w3MQEGVaGEU7nFT/VNMFkisd0YKnEguogyy+eowurjFAUK1vSoFz9PZFhofVMhLZTYDPRq95C/M8bpCa6DTImk9RQSZaLopQjE6PF+2jEFCWGzyzBRDF7KyITrDAxNqSKDcFbfXmddK/qnlv37q9rjWYRRxnO4BwuwYMbaMAdtKEDBCQ8wyu8Odp5cd6dj2VrySlmTuEPnM8feBWQHQ==</latexit><latexit sha1_base64="zpmQFGlLJqcwZwnFM7tRZL4nq1w=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNpLx4r2A9sQtlsN+3S3U3Y3Qgl9F948aCIV/+NN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfog15UzSjmGG036iKBYhp71w2lr4vSeqNIvlg5klNBB4LFnECDZWevSVQC1fpqg5rNbcupsDrROvIDUo0B5Wv/xRTFJBpSEcaz3w3MQEGVaGEU7nFT/VNMFkisd0YKnEguogyy+eowurjFAUK1vSoFz9PZFhofVMhLZTYDPRq95C/M8bpCa6DTImk9RQSZaLopQjE6PF+2jEFCWGzyzBRDF7KyITrDAxNqSKDcFbfXmddK/qnlv37q9rjWYRRxnO4BwuwYMbaMAdtKEDBCQ8wyu8Odp5cd6dj2VrySlmTuEPnM8feBWQHQ==</latexit>



10�5 10�3 10�1 101 103 105

t (sec)

10�4

10�3

10�2

10�1

100

tP
(t

)

10 Mpc

1 Gpc

28

� &�2�$(�F� ���2�/ �C E�� FEC$(A�((E C��E$A(

10�5 10�3 10�1 101 103

�t (sec)

10�4

10�3

10�2

10�1

100

101

P
(t

)(
se

c�
1 )

10 Mpc

1 Gpc

Eskenasy, AK, Murase, arxiv:2020.xxxx
/#

AC
E�&

�	
D

)A
("

�&
�	

D

	&
�3

�C
�!&

�C
 D



29

((�E# ���D (� �A!�� &�2

Murase & Shoemaker, PRL 2019

σν ≲ 2.3
N νnνD

; ð7Þ

where the Poisson probability to observe nonzero time
delayed events is set to <0.9. One should keep in mind that
the neutrino scattering cross section is energy dependent
and Dhθ2i≳ 8ΔT should be satisfied. Note that Eq. (5) is
applied in the opposite limit.
We show results for a scalar mediator in Fig. 2. Here

contributions from t and u channels are also included
[83,87]. In the resonant region (s ∼m2

ϕ), we average the
effective cross section by assuming an energy resolution of
Δ logðEνÞ ¼ 0.6 (which is reasonable for high-energy track
events [84]). At Eν ¼ 0.1 PeV, the two cases of ΔT ¼ 3 d
and ΔT ¼ 30 s correspond to the large and small optical
depth limits, respectively. We also show another case of
ΔT ¼ 30 s for Eν ¼ 1 PeV, in which the multiple scatter-
ing limit is applied.
Other constraints include one from kaon decay, which

gives g≲ 0.01 [83,104,105]. Note that our echo method
is especially relevant if only tau neutrinos have BSM
interactions. Big Bang Nucleosynthesis (BBN) gives a
constraint of mϕ ≳ a few MeV, although details depend on
uncertainty in the extra number of relativistic species (e.g.,
[60,74,106]). Astrophysical and laboratory limits are com-
plementary. For example, if neutrinos interact with the CνB
through sterile neutrinos, the limits can be relaxed, depend-
ing on mixing angles [61,91].
Example 2: Neutrino-DM interactions.—As a further

application of the idea of BSM-induced neutrino echoes,
we discuss neutrinophilic DM models in which DM and
neutrinos share a new interaction. Very intriguingly, such

models give a possible solution to cosmological issues
[60,61,65,68,69,72] and can explain the muon anomalous
magnetic moment [77,78,80]. For illustration, we consider
a simple extension of the vector model mentioned above in
which the new gauge boson also couples to a Dirac fermion
DM, L ⊃ gνVμν̄γμνþ gXVμX̄γμX, where X denotes the
DM with a mass mX . New gauge bosons appear in many
BSM scenarios [107], and additional broken U(1) gauge
symmetries leading to vector bosons were predicted by
grand unification theories [108,109]. While the neutrinos
and DM may have different charge assignments, here
we take them to be equal and assume gν ¼ gX ¼ g for
simplicity.
The above model is accompanied by neutrino-DM

scatterings, and the resulting constraints are shown in
Fig. 3. As in the previous case, if a bright neutrino transient
with short duration is observed, we may place strong
constraints even in the small optical depth limit, which
can be more stringent than previous ones [92,101,
110–113]. Here the coupling should be regarded as an
effective parameter. The real coupling to the standard
model can be made neutrinophilic via coupling the gauge
boson to heavy sterile neutrinos. However, their effect is
still felt as they effectively endow the active neutrinos with
a mixing suppressed coupling to the new mediator. Such
models have been explored in Refs. [114–116].
For the t channel, we find that the multiple scattering

limit may not be applicable to most transients due to large
values of hθ2i for relatively heavy DM. The cases for ΔT ¼
30 s are shown in Fig. 3, where the constraint is given for
the small optical depth limit (but with the replacement of nν
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relaxing the Hubble parameter tension for the cosmic microwave
background (CMB) [70,74] is shown together with constraints
assuming ΛCDM cosmology (shaded regions).
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regions). The CMB constraints shown in Fig. 2 are applied to the
neutrino-neutrino scattering.
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effective cross section by assuming an energy resolution of
Δ logðEνÞ ¼ 0.6 (which is reasonable for high-energy track
events [84]). At Eν ¼ 0.1 PeV, the two cases of ΔT ¼ 3 d
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ΔT ¼ 30 s for Eν ¼ 1 PeV, in which the multiple scatter-
ing limit is applied.
Other constraints include one from kaon decay, which
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is especially relevant if only tau neutrinos have BSM
interactions. Big Bang Nucleosynthesis (BBN) gives a
constraint of mϕ ≳ a few MeV, although details depend on
uncertainty in the extra number of relativistic species (e.g.,
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DM, L ⊃ gνVμν̄γμνþ gXVμX̄γμX, where X denotes the
DM with a mass mX . New gauge bosons appear in many
BSM scenarios [107], and additional broken U(1) gauge
symmetries leading to vector bosons were predicted by
grand unification theories [108,109]. While the neutrinos
and DM may have different charge assignments, here
we take them to be equal and assume gν ¼ gX ¼ g for
simplicity.
The above model is accompanied by neutrino-DM

scatterings, and the resulting constraints are shown in
Fig. 3. As in the previous case, if a bright neutrino transient
with short duration is observed, we may place strong
constraints even in the small optical depth limit, which
can be more stringent than previous ones [92,101,
110–113]. Here the coupling should be regarded as an
effective parameter. The real coupling to the standard
model can be made neutrinophilic via coupling the gauge
boson to heavy sterile neutrinos. However, their effect is
still felt as they effectively endow the active neutrinos with
a mixing suppressed coupling to the new mediator. Such
models have been explored in Refs. [114–116].
For the t channel, we find that the multiple scattering

limit may not be applicable to most transients due to large
values of hθ2i for relatively heavy DM. The cases for ΔT ¼
30 s are shown in Fig. 3, where the constraint is given for
the small optical depth limit (but with the replacement of nν

10-4

10-3

10-2

10-1

100

101

10-1 100 101 102 103 104

g 
(c

ou
pl

in
g)

m [MeV]

∆T=3 d
∆T=30 s

-  (scalar mediator)

-
(E =1 PeV)

-
(E =0.1 PeV)

BBN

constrained by CMB

rel
axing Hubble t

ensio
n

(str
ongly s

elf-
inter

actin
g)

rel
axing Hubble t

ensio
n

(m
odera

tely
 se

lf-i
nter

actin
g)

-
(E =0.1 PeV)

FIG. 2. Expected neutrino echo constraints on secret neutrino
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are D ¼ 3 Gpc and mν ¼ 0.1 eV, respectively, and N ν ¼ 10 is
used for the small optical depth limit. The parameter space
relaxing the Hubble parameter tension for the cosmic microwave
background (CMB) [70,74] is shown together with constraints
assuming ΛCDM cosmology (shaded regions).
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FIG. 3. Expected constraints on secret neutrino interactions via
a vector mediator in the presence of DM. The neutrino energy is
set toEν ¼ 0.1 PeV, andD,mν, andN ν are the same as in Fig. 2.
Lyman-α constraints from the kinetic decoupling for neutrino-
DM scatterings are shown as conservative limits for different DM
masses. The parameter space proposed to solve the small-scale
structure abundance problem [60] is also indicated (light shaded
regions). The CMB constraints shown in Fig. 2 are applied to the
neutrino-neutrino scattering.
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Absence of time-delay in a multi messenger observation of a transient 
will provide upper limit on the strength of neutrino secret interactions:
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• High-energy neutrinos can expose the footprints of the 

physics beyond the Standard Model and provide an 
insight unattainable by any other sectors.

• High-energy neutrinos are at the intersection of particle 
physics, astrophysics, and cosmology, presenting an 
unprecedented opportunity to probe new physics. 

• Neutrinos could present the key portal from Standard 
Model to the dark sector.

• Future neutrino experiments will be closing in on the 
parameter space of direct dark matter annihilation to 
neutrinos.



Thanks!
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IceCube probes oscillation physics at baselines and energies inaccessible to 
LBL or reactor neutrino experiments – essential for constraining new physics

 

 

 

 

10-3 10-2 10-1 100 101 102 103

Eν [GeV]
1018

1019

1020

1021

1022

1023

103

104

105

106

107
L 

[G
eV

–1
]

L 
[m

]

Double CHOOZ  
RENO

Daya Bay 

DAEδALUS 

Solar Potential 

KamLAND
K2K

T2K
MINOS/OPERA/ICARUS

NOνA
DUNE

Super-Kamiokande

IceCube  
(High Energy)

DeepCore  
/PINGU

JUNO

L Latm

RENO-50

ORCA KM3NeT-ARCA

tau production  
threshold



43

Constraining the DM parameter space 
‣ p-wave < �v >= b(v/c)2
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Constraining the DM parameter space 
‣ d-wave < �v >= d(v/c)4
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