
Sergio Palomares-Ruiz
IFIC, CSIC-U. València

Neutrinos:  
messengers of quantum gravity

© DESY

CA18108-Third Annual Conference   
Naples (Italy), July 13-15, 2022



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Neutrinos: Messengers of QW2

Why are neutrinos interesting?



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Neutrinos: Messengers of QW2

Why are neutrinos interesting?
Evidence of physics beyond the Standard Model



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Neutrinos: Messengers of QW2

Why are neutrinos interesting?

Critical to understand astrophysical processes:  
SN explosions, solar fusion, cosmic ray acceleration…

Evidence of physics beyond the Standard Model



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Neutrinos: Messengers of QW2

Why are neutrinos interesting?

Critical to understand astrophysical processes:  
SN explosions, solar fusion, cosmic ray acceleration…

Key role in the evolution of the Universe: BBN, LSS

Evidence of physics beyond the Standard Model



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Neutrinos: Messengers of QW2

Why are neutrinos interesting?

Critical to understand astrophysical processes:  
SN explosions, solar fusion, cosmic ray acceleration…

Key role in the evolution of the Universe: BBN, LSS

Multiple connections with the dark matter of the Universe:  
sterile neutrinos could even be the main component!

Evidence of physics beyond the Standard Model



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Neutrinos: Messengers of QW2

Why are neutrinos interesting?

Critical to understand astrophysical processes:  
SN explosions, solar fusion, cosmic ray acceleration…

They could explain the matter-antimatter 
asymmetry of the Universe (via leptogenesis)

Key role in the evolution of the Universe: BBN, LSS

Multiple connections with the dark matter of the Universe:  
sterile neutrinos could even be the main component!

Evidence of physics beyond the Standard Model



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Neutrinos: Messengers of QW2

Why are neutrinos interesting?

Critical to understand astrophysical processes:  
SN explosions, solar fusion, cosmic ray acceleration…

They could explain the matter-antimatter 
asymmetry of the Universe (via leptogenesis)

Key role in the evolution of the Universe: BBN, LSS

Multiple connections with the dark matter of the Universe:  
sterile neutrinos could even be the main component!

Evidence of physics beyond the Standard Model
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FIG. 1. Grand Unified Neutrino Spectrum (GUNS) at Earth, integrated over directions and summed over flavors. Therefore,
flavor conversion between source and detector does not a↵ect this plot. Solid lines are for neutrinos, dashed or dotted lines for
antineutrinos, superimposed dashed and solid lines for sources of both ⌫ and ⌫. The fluxes from BBN, the Earth, and reactors
encompass only antineutrinos, the Sun emits only neutrinos, whereas all other components include both. The CNB is shown for
a minimal mass spectrum of m1 = 0, m2 = 8.6, and m3 = 50 meV, producing a blackbody spectrum plus two monochromatic
lines of nonrelativistic neutrinos with energies corresponding to m2 and m3. See Appendix D for an exact description of the
individual curves. Top panel: Neutrino flux � as a function of energy; line sources in units of cm�2 s�1. Bottom panel: Neutrino
energy flux E ⇥ � as a function of energy; line sources in units of eV cm�2 s�1.

mixing with hypothetical sterile neutrinos, large nonstan-
dard interactions, spin-flavor oscillations by large non-
standard magnetic dipole moments, decays and annihila-
tion into majoron-like bosons, for the CNB large primor-
dial asymmetries and other novel early-universe phenom-
ena, or entirely new sources such as dark-matter annihi-
lation in the Sun or Earth. We will usually not explore
such topics and rather stay in a minimal framework which
of course includes normal flavor oscillations.

In the main part of the paper we walk the reader
through the GUNS plots of Fig. 1 and briefly review the
di↵erent components approximately in increasing order

of energy. In Sec. II we begin with the CNB, discussing
primarily the impact of neutrino masses. In Fig. 1 we
show a minimal example where the smallest neutrino
mass vanishes, providing the traditional blackbody ra-
diation, and two mass components which must be non-
relativistic today.
In Sec. III we turn to neutrinos from the big-bang nu-

cleosynthesis (BBN) epoch that form a small but domi-
nant contribution at energies just above the CNB. This
very recently recognized flux derives from neutron and
triton decays, n ! p+ e

� + ⌫e and 3H !
3He+ e

� + ⌫e,
that are left over from BBN.

(Standard) Grand Unified Neutrino Spectrum

https://dx.doi.org/10.1103/RevModPhys.92.045006
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relativistic today.
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Figure 1. Distribution of neutrino sources in energy and distance traveled to the detector, and present and future
experiments aimed at detecting them. We focus on high-energy and ultra-high energy neutrinos. Updated from Ref. [4].

and the first Glashow resonance (⌫̄ee) candidate [20, 21]. Ongoing and future observations will refine the
measurements of the astrophysical neutrino observables (energy spectrum, flavor composition, distribution
of arrival directions and arrival times) and extend them beyond 10 PeV. For particle physics, this means
gaining sensitivity to smaller predicted e↵ects and extending the energy scale of fundamental physics that
can be tested. For astrophysics, this means probing the most energetic non-thermal sources of the Universe
indirectly through the di↵use flux, and directly through the discovery of point sources. Further, neutrinos
from transient astrophysical events, detected in spatial or temporal coincident with cosmic rays and elec-
tromagnetic radiation [22–25], will improve our understanding of the extreme physical processes in these
environments. UHE neutrinos with energies exceeding 100 PeV, first predicted more than fifty years ago [26]
but still undiscovered, are the next frontier in probing fundamental physics and astrophysics at the ultimate
neutrino energies.

The preceding decade has ushered in a new era of astroparticle physics, including high-energy neutrino
detection. Figure 1 shows that the potential outlined above will be achieved by a rich experimental program
of detectors in the next 10–20 years that are presently in di↵erent stages of planning, design, and construction.
We anticipate that the next decade will result in the construction of multiple high-energy neutrino detectors
spanning complementary regions of the sky, with di↵ering sensitivity to di↵erent energy ranges between
TeV and EeV, and complementary flavor-identification capabilities. While the preceding decade was one of
neutrino discovery at high energies, the coming years will be of higher-precision studies at high energies and,
plausibly, of discovery at ultra-high energies.

1.1 HE and UHE cosmic neutrinos in particle physics

There is a vast landscape of physics to explore at the highest energies, and high-energy cosmic neutrinos are
uniquely well-equipped for the task [4]. Their potential as probes of fundamental physics [3–5, 27, 28] was
identified early, but they were only discovered recently, in 2013, when the IceCube Neutrino Observatory
observed a di↵use flux of TeV–PeV cosmic neutrinos [8, 29–32]. Since then, there has been a gradual shift of
focus from proposing prospective tests of high-energy neutrino physics to performing real, data-driven tests,
of increasing sophistication and based on progressively more and better experimental data. This, paired
with a rich present and future experimental program, provides a valuable opportunity to make significant
progress.

– 2 –

M. Ackermann et al., arXiv:2203.08096

Oscillations 

Averaged oscillations
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but still undiscovered, are the next frontier in probing fundamental physics and astrophysics at the ultimate
neutrino energies.
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detection. Figure 1 shows that the potential outlined above will be achieved by a rich experimental program
of detectors in the next 10–20 years that are presently in di↵erent stages of planning, design, and construction.
We anticipate that the next decade will result in the construction of multiple high-energy neutrino detectors
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detection. Figure 1 shows that the potential outlined above will be achieved by a rich experimental program
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Neutrinos in the Standard Model

There are no SU(2) singlets ( ) ➙  
     Accidental global symmetry  ➙  
           Neutrinos are massless particles: neutrinos are  
           left-handed and antineutrinos are right-handed 

Neutrinos have electroweak interactions, belong to SU(2) 
doublets and, as charged leptons, come in three flavors 

νR

(Le × Lμ × Lτ)

Only 3 (light & active) neutrinos 

Nν = 2.9840 ± 0.0082

The ALEPH, DELPHI, L3, OPAL and SLD Collaborations / Physics Reports 427 (2006) 257 –454 277
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Fig. 1.13. Measurements of the hadron production cross-section around the Z resonance. The curves indicate the predicted cross-section for two,
three and four neutrino species with SM couplings and negligible mass.

Assuming that the only invisible Z decays are to neutrinos coupling according to SM expectations, the number of
light neutrino generations, N!, can then be determined by comparing the measured R0

inv with the SM prediction for
"!!/"!!:

R0
inv = N!

(
"!!

"!!

)

SM
. (1.50)

The strong dependence of the hadronic peak cross-section on N! is illustrated in Fig. 1.13. The precision ultimately
achieved in these measurements allows tight limits to be placed on the possible contribution of any invisible Z decays
originating from sources other than the three known light neutrino species.

1.5.3. Asymmetry and polarisation
Additional observables are introduced to describe the cos # dependent terms in Eq. (1.34) as well as effects related

to the helicities of the fermions in either the initial or final state. These observables quantify the parity violation of
the neutral current, and therefore differentiate the vector- and axial-vector couplings of the Z. Their measurement
determines sin2 #f

eff .
Since the right- and left-handed couplings of the Z to fermions are unequal, Z bosons can be expected to exhibit a net

polarisation along the beam axis even when the colliding electrons and positrons which produce them are unpolarised.
Similarly, when such a polarised Z decays, parity non-conservation implies not only that the resulting fermions will
have net helicity, but that their angular distribution will also be forward–backward asymmetric.

When measuring the properties of the Z boson, the energy-dependent interference between the Z and the purely
vector coupling of the photon must also be taken into account. This interference leads to an additional asymmetry
component which changes sign across the Z-pole.

Considering the Z exchange diagrams and real couplings only,2 to simplify the discussion, the differential cross-
sections specific to each initial- and final-state fermion helicity are:

d$Ll

dcos#
∝ g2

Leg
2
Lf(1 + cos#)2, (1.51)

d$Rr

dcos#
∝ g2

Reg
2
Rf(1 + cos#)2, (1.52)

2 As in the previous section, the effects of radiative corrections, and mass effects, including the imaginary parts of couplings, are taken into
account in the analysis. They, as well as the small differences between helicity and chirality, are neglected here to allow a clearer view of the helicity
structure. It is likewise assumed that the magnitude of the beam polarisation is equal in the two helicity states.

[ALEPH, DELPHI, L3, OPAL, SLD, LEP Collaborations], 
Phys. Rept. 427:257, 2006

Invisible Z decay

https://www.sciencedirect.com/science/article/pii/S0370157305005119?via=ihub
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Observations of neutral-current n interactions on deuterium in the Sudbury Neutrino Obser-
vatory are reported. Using the neutral current (NC), elastic scattering, and charged current
reactions and assuming the standard 8B shape, the ne component of the 8B solar flux is
fe ! 1.7610.05

20.05!stat"10.09
20.09!syst" 3 106 cm22 s21 for a kinetic energy threshold of 5 MeV. The non-ne

component is fmt ! 3.4110.45
20.45!stat"10.48

20.45!syst" 3 106 cm22 s21, 5.3s greater than zero, providing
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We present an analysis of atmospheric neutrino data from a 33.0 kton yr (535-day) exposure of the
Super-Kamiokande detector. The data exhibit a zenith angle dependent deficit of muon neutrinos which
is inconsistent with expectations based on calculations of the atmospheric neutrino flux. Experimental
biases and uncertainties in the prediction of neutrino fluxes and cross sections are unable to explain our
observation. The data are consistent, however, with two-flavor nm $ nt oscillations with sin2 2u .
0.82 and 5 3 1024 , Dm2 , 6 3 1023 eV2 at 90% confidence level. [S0031-9007(98)06975-0]

PACS numbers: 14.60.Pq, 96.40.Tv

Atmospheric neutrinos are produced as decay products
in hadronic showers resulting from collisions of cosmic
rays with nuclei in the upper atmosphere. Production

of electron and muon neutrinos is dominated by the pro-
cesses p1 ! m1 1 nm followed by m1 ! e1 1 nm 1
ne (and their charge conjugates) giving an expected ratio
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Observations of neutral-current n interactions on deuterium in the Sudbury Neutrino Obser-
vatory are reported. Using the neutral current (NC), elastic scattering, and charged current
reactions and assuming the standard 8B shape, the ne component of the 8B solar flux is
fe ! 1.7610.05

20.05!stat"10.09
20.09!syst" 3 106 cm22 s21 for a kinetic energy threshold of 5 MeV. The non-ne

component is fmt ! 3.4110.45
20.45!stat"10.48

20.45!syst" 3 106 cm22 s21, 5.3s greater than zero, providing
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We present an analysis of atmospheric neutrino data from a 33.0 kton yr (535-day) exposure of the
Super-Kamiokande detector. The data exhibit a zenith angle dependent deficit of muon neutrinos which
is inconsistent with expectations based on calculations of the atmospheric neutrino flux. Experimental
biases and uncertainties in the prediction of neutrino fluxes and cross sections are unable to explain our
observation. The data are consistent, however, with two-flavor nm $ nt oscillations with sin2 2u .
0.82 and 5 3 1024 , Dm2 , 6 3 1023 eV2 at 90% confidence level. [S0031-9007(98)06975-0]

PACS numbers: 14.60.Pq, 96.40.Tv

Atmospheric neutrinos are produced as decay products
in hadronic showers resulting from collisions of cosmic
rays with nuclei in the upper atmosphere. Production

of electron and muon neutrinos is dominated by the pro-
cesses p1 ! m1 1 nm followed by m1 ! e1 1 nm 1
ne (and their charge conjugates) giving an expected ratio
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Observations of neutral-current n interactions on deuterium in the Sudbury Neutrino Obser-
vatory are reported. Using the neutral current (NC), elastic scattering, and charged current
reactions and assuming the standard 8B shape, the ne component of the 8B solar flux is
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20.09!syst" 3 106 cm22 s21 for a kinetic energy threshold of 5 MeV. The non-ne

component is fmt ! 3.4110.45
20.45!stat"10.48

20.45!syst" 3 106 cm22 s21, 5.3s greater than zero, providing
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We present an analysis of atmospheric neutrino data from a 33.0 kton yr (535-day) exposure of the
Super-Kamiokande detector. The data exhibit a zenith angle dependent deficit of muon neutrinos which
is inconsistent with expectations based on calculations of the atmospheric neutrino flux. Experimental
biases and uncertainties in the prediction of neutrino fluxes and cross sections are unable to explain our
observation. The data are consistent, however, with two-flavor nm $ nt oscillations with sin2 2u .
0.82 and 5 3 1024 , Dm2 , 6 3 1023 eV2 at 90% confidence level. [S0031-9007(98)06975-0]

PACS numbers: 14.60.Pq, 96.40.Tv

Atmospheric neutrinos are produced as decay products
in hadronic showers resulting from collisions of cosmic
rays with nuclei in the upper atmosphere. Production

of electron and muon neutrinos is dominated by the pro-
cesses p1 ! m1 1 nm followed by m1 ! e1 1 nm 1
ne (and their charge conjugates) giving an expected ratio

1562 0031-9007y98y81(8)y1562(6)$15.00 © 1998 The American Physical Society

Neutrino oscillations ➙ Lepton Flavor Violation
Minimal extension to allow for LFV ➙ 

massive neutrinos

introduce νR and conserve L violate L (in two units)

Dirac:  ν ≠ ν C

     Mν
DνLνR

Majorana:  ν=ν C

       1
2

 Mν
MνLνL

C

“for the discovery of neutrino oscillations, which shows that neutrinos have mass”
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ν3

9

 
 

νe  
  

νμ  
  

ντ
flavor eigenstates mass eigenstates

≠
produced in CC processes free propagation eigenstates

connected via the (non-diagonal) PMNS mixing matrix:  να = Uαi νi

i∂t νL ,R
∓( )i = Hi  νL ,R

∓( )i

What are neutrino oscillations?
Mass & Mixing ⇒ Oscillations (Pαβ≠0) 

 
  

ν1  
  

ν2

but neutrino masses are very small, so they are (almost) always very relativistic

Ei ! p +
mi
2

2p
! E + mi

2

2E

(assuming Lorentz invariance)

Pαβ = Uαi
∗Uβi  e

− iΔmi
2

2E
t

i
∑

2
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 Pure quantum mechanical effect: interference of 
different components with different phases and 
amplitudes 

 Relative phases depend on distance, mass square 
differences and energy 

 Amplitudes depend on mixing 

 No information about the absolute mass scale, 
nor about the Dirac vs Majorana nature

Pαβ = δαβ − 4 Re Uαi
∗UβiUα jUβ j

∗⎡⎣ ⎤⎦
j≠i
∑  sin2 Δmij

2L
4E

⎛

⎝⎜
⎞

⎠⎟
+ 2 Im Uαi

∗UβiUα jUβ j
∗⎡⎣ ⎤⎦

j≠i
∑  sin

Δmij
2L

2E
⎛

⎝⎜
⎞

⎠⎟

oscillations in vacuum
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Pαβ =  sin2 2θ( )sin2 Δm2L
4E

⎛
⎝⎜

⎞
⎠⎟
= sin2 2θ( )sin2 1.27 Δm2

eV2
L

km
GeV
E

⎛
⎝⎜

⎞
⎠⎟

For two neutrinos: U = cosθ sinθ
−sinθ cosθ

⎛
⎝⎜

⎞
⎠⎟

Pαα =  1- Pαβ

Appearance

Disappearance να →να

να →νβ

Not sensitive to mass ordering or 
octant of the mixing angle

At first order, most cases can be reduced 
to oscillations of a two-neutrino system
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II. Neutrino oscillations in vacuum 12

Two-neutrino oscillations in vacuum

• Equation of motion (2 parameters): i
d~⌫

dt
= H~⌫; H = U ·Hd

0 · U
†;

O =
0
BBBB@

cos ✓ sin ✓
� sin ✓ cos ✓

1
CCCCA , Hd

0 =
1

2E⌫

0
BBBB@
��m

2 0
0 �m

2

1
CCCCA , ~⌫ =

0
BBBB@
⌫e
⌫X

1
CCCCA ;

• Posc = sin2(2✓) sin2
 
1.27
�m

2
L

E⌫

!
, P↵↵ = 1 � Posc;

• In real experiments ⌫’s are not monochromatic:

hP↵�i =
1
N

Z
dE⌫

d�

dE⌫
�CC(E⌫)P↵�(E⌫)

• Maximal sensitivity for �m
2
⇠ E⌫/L;

• �m
2
⌧ E⌫/L) No time to oscillate) hPosci ' 0;

• �m
2
� E⌫/L) Averaged osc.) hPosci '

1
2sin2(2✓).

Michele Maltoni <michele.maltoni@csic.es> Third NExT Workshop, 17–19/06/2013
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Maximal effect for L~E/Δm2

From M. Maltoni

oscillations in vacuum
If L << E/Δm2 : No time to oscillate Pαβ ≈ 0

If L >> E/Δm2 : oscillations are averaged
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Maximal effect for L~E/Δm2

wave packets separate so that they 
can be differentiated in the detector

Pαβ =  Uαi
2 Uβi

2

i
∑

From M. Maltoni

oscillations in vacuum
If L << E/Δm2 : No time to oscillate Pαβ ≈ 0

If L >> E/Δm2 : oscillations are averaged
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incoherent process coherent forward scattering

Amplitude = eiEnL

n = 1 + 2π N f(0)/E2 = 1 + V/E

index of refraction

optical theorem [4π Im f(0) / E = σ] 

Absorption:  E Im(Δn) ∝ N σ E Re(Δn) ∝ N Re f(0) / E

<latexit sha1_base64="kJQA0dXqHomjjaVBPfvG3RFCbq4="></latexit>

� / G2
F

<latexit sha1_base64="hbKOfK1vOXXORtHBffV7scDY6wI="></latexit>

Re{f(0)} / GF

Matter effects
L. Wolfenstein, Phys. Rev.  D17:2369, 1978

relevant at high energies relevant at low energies

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.17.2369
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solar core Earth core

coherent scattering 
(for GeV energies)

absorption

V⊙ ∼ 10−12 eV V⊕ ∼ 10−13 eV

Δm2
31

2 E
∼ V⊕ ∼ R−1

⊕

σ ∼
GF s

π
∼ 10−38 ( E

GeV ) cm2 n σ ∼ ( E
10 TeV ) R−1

⊕

Matter effects: a matter of scales
different flavors have different interactions 

only relative terms matter!
VCC = √2 GF Ne VNC = - 1/√2 GF Nn
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Δmm
2 = Δm2 cos 2θ( )− 2EVCC( )2 + Δm2 sin 2θ( )( )2sin 2θm( ) = Δm2 sin 2θ( )

Δmm
2

νe

νµ

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟
=

cosθm sinθm

−sinθm cosθm

⎛

⎝
⎜

⎞

⎠
⎟

ν1
m

ν2
m

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

H = E + V
amplitude (mixing) and oscillation wavelength are modified

resonant enhancement

In a medium with varying density θm is a dynamical quantity

adiabatic conversion (MSW effect)

Δmm
2

4E
>> dθm

dx
slowly varying density:

Pee
adiabatic =  sin2θ  sin2θm + cos2θ  cos2θm

oscillations in matter are sensitive to mass ordering and octant

oscillations in matter
S. P. Mikheev and A. Yu. Smirnov, Nuovo Cim. C9:17, 1986S. P. Mikheyev and A. Yu. Smirnov, Sov. J. Nucl. Phys. 42:913, 1985

https://link.springer.com/article/10.1007/BF02508049
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What do we want to know?

UPMNS =
c12 s12 0
−s12 c12 0
0 0 1

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

c13 0 s13e
− iδ

0 1 0
−s13e

iδ 0 c13

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

1 0 0
0 c23 s23
0 −s23 c23

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

eiη1 0 0
0 eiη2 0
0 0 1

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

solar angle reactor angle atmospheric angle

Valencia Neutrino Global Fit

Majorana 
phases

3 mixing angles + 1 Dirac phase + 2 Majorana phases

2 possible mass orderings

Absolute mass scale? 
Majorana vs Dirac nature?

https://globalfit.astroparticles.es/figs/composition_2011.png
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What do we want to know?

UPMNS =
c12 s12 0
−s12 c12 0
0 0 1

⎛

⎝

⎜
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⎞

⎠

⎟
⎟
⎟
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0 1 0
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⎜
⎜
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⎜
⎜
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0 0 1

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
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solar angle reactor angle atmospheric angle

Valencia Neutrino Global Fit

Majorana 
phases

3 mixing angles + 1 Dirac phase + 2 Majorana phases

2 possible mass orderings

Absolute mass scale? 
Majorana vs Dirac nature?

Not from 
neutrino 

oscillations

https://globalfit.astroparticles.es/figs/composition_2011.png
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(mass scale and Dirac vs Majorana)

M = mν ,i
i
∑

mββ
2 = Uei

2mν ,i
i
∑

2

mβ

2
= Uei

2 mν ,i
2

i
∑

Cosmological observations

Neutrinoless double beta decay

Tritium beta decay

solar neutrinos

reactor neutrinos

atmospheric neutrinos

accelerator neutrinos

(mixing: OSCILLATIONS)

How could we know it?
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  reactor MBL (DB, Reno, D-C)

        reactor LBL (KamLAND)

       solar (SK, SNO, Borexino)

   accelerator LBL appearance 
            (Minos, T2K, NovA)

           atmospheric (SK, IC)

 accelerator LBL disappearance  
              (Minos, T2K, NovA)

θ12
Δm21

2

θ13
Δm31

2 ,θ23

Δm31
2

Δm21
2 ,θ13

θ12,θ13
Δm31

2

θ13,δ

θ23

Δm31
2 ,θ23,δθ13

dominant  
dependence

important  
dependencesOscillation experiments
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P. F. de Salas et al., JHEP 02 (2021) 071

See also:    I. Esteban et al., JHEP 09 (2020) 178 F. Capozzi et al., Phys. Rev. D104:083031, 2021

What do we know?

https://link.springer.com/article/10.1007/JHEP02(2021)071
https://link.springer.com/article/10.1007/JHEP09(2020)178
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.083031
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P. F. de Salas et al., JHEP 02 (2021) 071

See also:    I. Esteban et al., JHEP 09 (2020) 178 F. Capozzi et al., Phys. Rev. D104:083031, 2021

What do we know?

Mass hierarchy?

Octant?

CPV?

https://link.springer.com/article/10.1007/JHEP02(2021)071
https://link.springer.com/article/10.1007/JHEP09(2020)178
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.083031
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P. F. de Salas et al., JHEP 02 (2021) 071

See also:    I. Esteban et al., JHEP 09 (2020) 178 F. Capozzi et al., Phys. Rev. D104:083031, 2021

What do we know?

Mass hierarchy?

Octant?

CPV?

Absolute neutrino mass scale: 

     (cosmo)              

(ν-less 2β decay)  

 (β decay - Katrin) 

∑ mi < 0.1 eV

∑
i

U2
ei mi < 0.1 eV

∑
i

Uei
2

m2
i < 0.8 eV

https://link.springer.com/article/10.1007/JHEP02(2021)071
https://link.springer.com/article/10.1007/JHEP09(2020)178
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.083031
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What do we know?

Mass hierarchy?

Octant?

CPV?

Absolute neutrino mass scale: 

     (cosmo)              

(ν-less 2β decay)  

 (β decay - Katrin) 

∑ mi < 0.1 eV

∑
i

U2
ei mi < 0.1 eV

∑
i

Uei
2

m2
i < 0.8 eV

Anomalies at short baselines 
(LSND, MB, reactors, Gallium): 

sterile neutrinos?  
imprecise knowledge of fluxes  

and systematics?

https://link.springer.com/article/10.1007/JHEP02(2021)071
https://link.springer.com/article/10.1007/JHEP09(2020)178
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.083031
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A Multipurpose Neutrino Observatory
…..not only anti-νe from reactors

Reactor ν’s
≈ 60/day (26.6 GWth)

Neutrino Physics with JUNO
J. Phys. G 43 (2016) n.3 030401

4

20

20 kton of liquid scintillator 
Thermal power ~ 26.6 GW 
baseline ~ 53 km 

2 x 187 kton water tanks 
+0.1 % Gadolinium to improve 
inverse beta decay tagging 
+ J-PARC neutrino beam

4 x 10 kton liquid argon time projection chambers + near detector 
baseline ~1300 km
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Current results vs Forecasts

From M. Gonchar GitLab

https://git.jinr.ru/nu/osc/-/tree/master
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CPT symmetry is at the foundation of local quantum field 
theories: The SM and its extensions are based on its validity 

CPT symmetry is the combination of Charge Conjugation, 
Parity and Time reversal. It implies particles and 

antiparticles have the same mass, lifetime, and mixing angles

It assumes Lorentz invariance, hermiticity of the Hamiltonian and local commutativity

Neutrinos as QG messengers: CPTV

Neutrinos are particularly suited to search for CPT violation

mK0 − mK̄0

mK
< 0.6 × 10−18 the scale is arbitrary |m2

K0
− m2

K̄0
| < 0.25 eV2

|Δm2
31 − Δm̄2

31 | < 3.7 × 10−4 eV2

G. Barenboim, C. A. Ternes and M. A. Tórtola, Phys. Lett. B780:631, 2018

combining neutrino and antineutrino 
modes at MINOS, T2K and NOvA

https://www.sciencedirect.com/science/article/pii/S0370269318302569?via=ihub
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Tests of CPT violation in neutrino oscillations

G. Barenboim et al. / Physics Letters B 780 (2018) 631–637 635

Fig. 6. The sensitivities of DUNE to the difference of neutrino and antineutrino pa-
rameters: !δ, !(!m2

31), !(sin2 θ13) and !(sin2 θ23) for the atmospheric angle in 
the lower octant (magenta line), in the upper octant (cyan line) and for maximal 
mixing (green line).

where we have considered all possible combinations of |x − x|. Our 
results are presented in Fig. 6, where we plot three different lines, 
labelled as “high”, “max” and “low”. These refer to the assumed 
value for the atmospheric angle: in the lower octant (low), maxi-
mal mixing (max) or in the upper octant (high). There, one can see 
that there is no sensitivity to !(sin2 θ13) = | sin2 θ13 − sin2 θ13|, nor 
to !δ = |δ − δ|. Note that, in the case of !(sin2 θ13), there would 
be a 3σ exclusion only for !(sin2 θ13) ≈ 0.015, which is basically 
of the order of sin2 θ13 = 0.02155. For !δ we would not even dis-
favor any value at more than 2σ confidence level.

On the contrary, we obtain very interesting results for !(!m2
31)

and !(sin2 θ23). First of all, we find that DUNE should be able to 
set bounds on !(!m2

31) tighter than 8.1 × 10−5 at 3σ confidence 
level. This would imply an improvement of one order of magnitude 
with respect to the old bound in Ref. [5] and four orders of magni-
tude with respect to the neutral Kaon bound, once it is viewed as 
a bound on the mass squared. Concerning the atmospheric mixing 
angle, we obtain different results depending on the true value as-
sumed to simulate DUNE data. In the lower right panel of Fig. 6 we 
see the different behavior obtained for maximal θ23 and θ23 in the 
upper or lower octant. In the case of true maximal mixing, the sen-
sitivity increases with !(sin2 θ23), as one might expect. However, 
if we assume the true values to be in the first or second octant, a 
degenerate solution appears in the complementary octant, as can 
be seen in Fig. 7. Since there is no prior on sin2 θ13 in the neutrino 
mode, the second fake solution survives with !χ2 ≈ 0.15. Hence, 
in minimizing over | sin2 θ23 −sin2 θ23|, a second minimum appears 
if one value is in the lower octant and the other one in the upper 
one close to the degenerate solution. This means that, if in nature 
for example sin2 θ23 ≈ 0.43 and sin2 θ23 ≈ 0.60, DUNE would be 
blind to this difference, as long as no better determination of θ13
is obtained. This behavior can be explained by looking at the !χ2

profiles of the atmospheric angles in Fig. 7. Note that the neutrino 
channel alone is basically blind to the octant discrimination and 
then the degenerate solution always appears. Even in the antineu-

Fig. 7. The sensitivity to the atmospheric angle for true values in the lower (left) 
and upper (right) octant.

trino channel, the degeneration disappears only if sin2 θ23 lies in 
the lower octant. If it lies in the upper octant, the degenerate solu-
tion also shows up. This is because the constraint on sin2 θ13 from 
Daya Bay pulls sin2 θ23 into the lower octant. Hence, both solutions 
appear also in this case. Note also that, in the cases considered 
here, every single channel on its own could rule out maximal mix-
ing at 4σ –7σ confidence level.

5. Obtaining imposter solutions

In neutrino experiments whose beam is produced at acceler-
ators, neutrino and antineutrino data are obtained on separated 
runs. However, courtesy of the smallness of antineutrino cross sec-
tion as compared to the neutrino one, roughly only one third of 
the data are obtained with the former, implying larger statistical 
errors. Because of that and under the seemingly “light” assumption 
of CPT conservation, it is tempting to perform a joint analysis. Such 
a path, as we have shown so far, is not risk-free. First of all, the op-
portunity to set the best limit on the possible CPT violation in the 
mass-squared of elementary particles and antiparticles is lost. And 
most important, if CPT is violated in Nature, the gain in statistics is 
done by sacrificing the physics. The outcome of the joint data anal-
ysis will not be that of either channel but what we call an imposter 
solution. A solution which results from the combined analysis but 
does not correspond to the true solution of either channel.

Nevertheless, in experiments and also global fits one normally 
assumes CPT to be conserved. In this case the χ2–functions are 
computed according to

χ2
total = χ2(ν) + χ2(ν) (7)

before marginalizing over any of the parameters. In contrast, in 
Eq. 6 we first marginalized over the parameters in neutrino and 
antineutrino mode separately and then added the marginalized 
profiles.

In this section we assume that CPT is violated, but treat our re-
sults as if it was conserved. We assume that the true value for at-
mospheric neutrino mixing is sin2 θ23 = 0.5, while the antineutrino 
mixing angle is given by sin2 θ23 = 0.43. The remaining oscillation 
parameters are fixed to the values in Table 2. If we now combine 
the results of our simulations for these values, but assume the 
same mixing for neutrinos and antineutrinos in the reconstruc-
tion analysis, we obtain the sensitivity to the atmospheric angle 
presented in Fig. 8. We also plot the individual reconstructed pro-
files for neutrinos and antineutrinos for comparison. By combining 
the two results we obtain the best-fit value at sin2 θ comb

23 = 0.467, 
disfavoring the true values at close to 3σ and more than 5σ for 
neutrino and antineutrino parameters, respectively.

We also performed a similar study fixing sin2 θ23 = sin2 θ23 =
0.430, but choosing δ = 0(0.5π) and δ = 0.5π(0). The results are 

G. Barenboim, C. A. Ternes and M. A. Tórtola, Phys. Lett. B780:631, 2018
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FIG. 2: Allowed regions of parameter space at 99% credibility assuming the true values of parameters in Table I with sin2 ✓23 =
0.500. Parameters are projected down to common axes for comparison. The red contours display the regions allowed for the
neutrino parameters, and blue contours display the regions allowed for antineutrino parameters (bars on parameters omitted).
We also include the results of a CPT-conserving analysis in black. The dashed regions display the additional parameter space
allowed at 99% credibility when the analysis is repeated without the prior on sin2(2✓13) from the Daya Bay experiment,
Eq. (II.3).
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FIG. 3: Sensitivity to CPT violation at various combinations of experiments. Each row displays sensitivity to �(sin2 ✓13) (left),
�(�m2

31) (center), and �(�CP ) (right) at 68.3% (blue), 95% (orange), and 99% (red) credibility. Here, “HK B” represents the
Hyper-Kamiokande beam-based events, and “HK AB” represents the combination of beam- and atmospheric-based events. In
this figure, the prior information on sin2(2✓13) from the Daya Bay experiment is included.

A. de Gouvêa and K. Kelly, Phys. Rev. D96:095018, 2017

Neutrino and antineutrino parameters 
assumed to be different

{Δm2
ij, θij, δ} {Δm̄2

ij, θ̄ij, δ̄}

DUNE

One order of magnitude 
improvement over 

current constraints

Establishing CPT 
conservation is key to 
determine CP violation

G. Barenboim, C. A. Ternes and M. A. Tórtola, 
JHEP 07:155, 2020

https://www.sciencedirect.com/science/article/pii/S0370269318302569?via=ihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.095018
https://link.springer.com/article/10.1007/JHEP07(2020)155#citeas
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Lorentz invariance violation: SME
The Standard Model Extension (SME) is the effective field theory 
that incorporates the SM and GR and includes all LIV operators

D. Colladay and V. A. Kostelecky, Phys. Rev. D55:6760, 1997; D. Colladay and V. A. Kostelecky, Phys. Rev. D58:116002, 1998

V. A. Kostelecky, Phys. Rev. D69:105009, 2004

All SME coefficients relevant for neutrinos have been 
systematically classified for operators of arbitrary dimension

V. A. Kostelecky and M. Mewes, Phys. Rev. D69:016005, 2004; V. A. Kostelecky and M. Mewes, Phys. Rev. D85:096005, 2012

ℒ =
1
2

Ψ̄A (γμi∂μδAB − mAB + 𝒬AB) ΨB + h . c .

𝒬 = 𝒮 + i 𝒫 γ5 + 𝒱μ γμ + 𝒜μ γ5 γμ +
1
2

𝒯μν σμν

LIV operator
It can be decomposed as

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.55.6760
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.58.116002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.69.105009
http://dx.doi.org/10.1103/PhysRevD.69.016005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.69.105009
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γνpν δAB − mAB + 𝒬AB = Γν
AB pν − MAB

Γν
AB = γνδAB + cμν

AB γμ + dμν
AB γ5 γμ + eν

AB + if ν
AB γ5 +

1
2

gκλν
AB σκλ

MAB = mAB + m̃AB + im̃5AB γ5 + aμ
AB γμ + bμ

AB γ5 γμ +
1
2

hμν
AB σμν

Lorentz invariance violation: SME
It can also be decomposed as
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γνpν δAB − mAB + 𝒬AB = Γν
AB pν − MAB

Γν
AB = γνδAB + cμν

AB γμ + dμν
AB γ5 γμ + eν

AB + if ν
AB γ5 +

1
2

gκλν
AB σκλ

MAB = mAB + m̃AB + im̃5AB γ5 + aμ
AB γμ + bμ

AB γ5 γμ +
1
2

hμν
AB σμν

CPT even operators CPT odd operators

Lorentz invariance violation: SME

i
∂
∂t (ν

ν̄) = (H0 + Hm + δH) (ν
ν̄)

δH =
1
p (

aeff − ceff −geff + heff

−g†
eff + h†

eff −aT
eff − cT

eff)

Neutrino oscillations

aeff = ∑
d

Ed−2 ad

It can also be decomposed as
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CPT even operators CPT odd operators

Lorentz invariance violation: SME

i
∂
∂t (ν

ν̄) = (H0 + Hm + δH) (ν
ν̄)

δH =
1
p (

aeff − ceff −geff + heff

−g†
eff + h†

eff −aT
eff − cT

eff)

Neutrino oscillations

aeff = ∑
d

Ed−2 ad

neutrino-antineutrino oscillations 
not present if rotational invariance

It can also be decomposed as
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Generic effects of LIV in oscillations

<latexit sha1_base64="yRf2QvFWO0xtVcjoyvx5Sa5bWC4="></latexit>

LIV terms : LEn

Different dependencies on L and E

Vacuum oscillations: L/E Matter term: L

spectral anomalies L-E conflicts among experimental results

Time dependence: sidereal and annual variations

Compass asymmetries: direction-dependent effects

neutrino-antineutrino mixing

classic CPT test

P(να → νβ) = P(ν̄β → ν̄α)

}require violation of 
rotational invariance

Tested at short 
baseline and 
atmospheric 
experiments

see talks by V. Antonelli and P. Martínez-Miravé  
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}require violation of 
rotational invariance

Tested at short 
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see talks by V. Antonelli and P. Martínez-Miravé  

A .Berlin, Phys. Rev. Lett. 117:231801, 2016
G. Krnjaic, P. A. N. Machado and L. Necib, Phys. Rev. D97:075017, 2018
V. Brdar et al., Phys. Rev. D97:043001, 2018
A. Dev, P. A. N. Machado and P. Martínez-Miravé, JHEP 01:094, 2021

… but time-variations of masses and mixings could be 
caused by neutrino coupling to ultra-light dark matter

https://doi.org/10.1007/JHEP01(2021)094
https://doi.org/10.1103/PhysRevLett.117.231801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.043001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.075017
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FIG. 6: The predicted horizontal-to-vertical double ratio in Eq.(35) for different values of δc/c.

The data points in the figure show the expected statistical error corresponding to the observation

of no NP effects in 10 years of IceCube.

the data in 16 Efin
µ bins: 15 bins between 102 and 105 GeV and one containing all events

above 105 GeV. In the figure the full lines include both the νµ-induced events (Eq.(2)) and

ντ -induced events (Eq.(35)) while the last ones are not included in the dashed curves. As

described above, the net result of including the ντ -induced events is a slight decrease of

the maximum expected value of the double ratio. The data points in the figure show the

expected statistical error corresponding to the observation of no NP effects in 10 years of

IceCube.

In order to estimate the expected sensitivity we assume that no NP effect is observed and

define a simple χ2 function as

χ2(δc/c, ξvli) =
16
∑

i=1

(Rh/v(Efin,i
µ , δc/c, ξvli) − 1)2

σ2
stat,i

(36)

where σstat,i is computed from the expected number of events in the absence of NP effects

(see Table I).

We show in Fig. 7 the sensitivity limits in the [δc/c, ξvli]-plane at 90, 95, 99 and 3 σ

CL obtained from the condition χ2(δc/c, ξvli) < χ2
max(CL, 2dof). In order to estimate the

uncertainty associated with the poorly known prompt neutrino fluxes we show in the figure

the results obtained using the RQPM model (filled regions) and the TIG model (full lines).

16

M. C. González-García, F. Halzen and M. Maltoni, Phys. Rev. D71:093010, 2005
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FIG. 7: Sensitivity limits in the δc/c, ξvli at 90, 95, 99 and 3 σ CL. The hatched area in the upper

right corner is the present 3σ bound from the analysis of SK data in Ref. [26].

for the response of the IceCube detector after events that are not neutrinos have been re-

jected using the quality cuts referred to as level 2 cuts. We conclude that in 10 years of

operation IceCube will collect more than 700 thousand atmospheric neutrino events with

energies Efin
µ > 100 GeV which offer a unique opportunity to test new physics mechanisms

for leptonic flavour mixing which are not suppressed at high energy. In general these effects

are expected to induce an energy dependent angular distortion of the events.

Next, because of the relatively high energy of the neutrino sample, NP induced flavour

oscillations, propagation in the Earth, regeneration of neutrinos due to τ decay must be

treated in a consistent way. In Sec. III we have presented the corresponding evolution equa-

tions. We conclude that for steeply falling neutrino energy spectra, such as the atmospheric

neutrino one, the dominant effect together with flavour oscillations is the attenuation of the

oscillation amplitude due to inelastic CC and NC interactions of the neutrinos in the Earth in

conjunction with the production ντ -induced muon events due to the chain ντ → τ → µνµντ

in the vicinity of the detector. ντ -induced muon events can increase the event sample by at

most O(10%).

Finally we have applied these results to realistically evaluate the reach of IceCube in

studying physics beyond conventional neutrino oscillations induced by violation of Lorentz

18

Supplementary Methods and Tables – S2

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.

M. G. Aartsen et al. [IceCube Collaboration],  
Nature Physics 14:961, 2018See also: 

K. Abe et al. [Super-Kamiokande Collaboration],  
Phys. Rev. D91:052003, 2015

Lorentz invariance violation with 
atmospheric neutrinos

H =
1

2 E
UM2U† +

n

∑
d=3

(−E)d−3cd

c4

modification of spectral 
and zenith distribution

(isotropic case)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.71.093010
https://www.nature.com/articles/s41567-018-0172-2
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.052003
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expected statistical error corresponding to the observation of no NP effects in 10 years of
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In order to estimate the expected sensitivity we assume that no NP effect is observed and

define a simple χ2 function as

χ2(δc/c, ξvli) =
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i=1

(Rh/v(Efin,i
µ , δc/c, ξvli) − 1)2

σ2
stat,i

(36)

where σstat,i is computed from the expected number of events in the absence of NP effects

(see T6ble I).

We show in Fig. 7 the sensitivity limits in the [δc/c, ξvli]-plane at 90, 95, 99 and 3 σ

CL obtained from the condition χ2(δc/c, ξvli) < χ2
max(CL, 2dof). In order to estimate the

uncertainty associated with the poorly known prompt neutrino fluxes we show in the figure

the results obtained using the RQPM model (filled regions) and the TIG model (full lines).
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FIG. 7: Sensitivity limits in the δc/c, ξvli at 90, 95, 99 and 3 σ CL. The hatched area in the upper

right corner is the present 3σ bound from the analysis of SK data in Ref. [26].

for the response of the IceCube detector after events that are not neutrinos have been re-

jected using the quality cuts referred to as level 2 cuts. We conclude that in 10 years of

operation IceCube will collect more than 700 thousand atmospheric neutrino events with

energies Efin
µ > 100 GeV which offer a unique opportunity to test new physics mechanisms

for leptonic flavour mixing which are not suppressed at high energy. In general these effects

are expected to induce an energy dependent angular distortion of the events.

Next, because of the relatively high energy of the neutrino sample, NP induced flavour

oscillations, propagation in the Earth, regeneration of neutrinos due to τ decay must be

treated in a consistent way. In Sec. III we have presented the corresponding evolution equa-

tions. We conclude that for steeply falling neutrino energy spectra, such as the atmospheric

neutrino one, the dominant effect together with flavour oscillations is the attenuation of the

oscillation amplitude due to inelastic CC and NC interactions of the neutrinos in the Earth in

conjunction with the production ντ -induced muon events due to the chain ντ → τ → µνµντ

in the vicinity of the detector. ντ -induced muon events can increase the event sample by at

most O(10%).

Finally we have applied these results to realistically evaluate the reach of IceCube in

studying physics beyond conventional neutrino oscillations induced by violation of Lorentz
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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)
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�
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.
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Fig. 1. Top: oscillation probability for the νµ → νe channel as a function of energy with standard matter effect (black) and with a non-diagonal CPT-violating parameter (red). 
Bottom: absolute difference between the standard and CPT-violating oscillation probabilities shown above. Each column corresponds to a different non-diagonal CPT-violating 
parameter taken different from zero and fixed to ±2.0 × 10−23 GeV. The DUNE baseline (1300 km) has been assumed, while the peak energy of the neutrino flux in DUNE 
is indicated by a vertical line.

Fig. 2. Same results as in Fig. 1, now for the diagonal parameters aee and aµµ . Note, however, that the benchmark values used for the diagonal CPT-violating parameters here 
are five times larger than the ones assumed in Fig. 1.

effect of the diagonal parameters,3 aee and aµµ , on Pµe is shown 
in Fig. 2. There, we observe that the impact of aee on the oscilla-
tion probability is much more noticeable than the effect of aµµ . 
Note also that the sign of the former parameter determines the 
increase or decrease on Pµe .

3 Note that one can always subtract a matrix proportional to the identity to the 
Hamiltonian, with no observable physical consequences. Here we have chosen to 
subtract the parameter aττ from the diagonal of the CPT-violating Hamiltonian in 
Eq. (12), and therefore we redefine aee −aττ and aµµ −aττ as aee and aµµ , respec-
tively.

The main results of our sensitivity analysis of DUNE to CPT vio-
lation are summarized in Figs. 3 to 6. In these figures we plot the 
allowed regions at 95%, 99% and 3σ C.L. in the two-dimensional 
planes defined by considering two non-zero parameters among 
δC P , θ23, aee , aµµ , |aeµ|, |aeτ | and |aµτ |, at a time. These two-
dimensional regions indicate future DUNE’s sensitivity to constrain 
signals of Lorentz violation assuming as well DUNE’s future sensi-
tivity to the neutrino oscillation parameters.

As we can see from Figs. 3 and 4, some degeneracies appear 
between the CPT-violating coefficients aαβ and the standard oscil-
lation parameters sin2 θ23 and δCP, mostly due to correlations with 
the atmospheric mixing angle that will not be solved by future 

G. Barenboim et al. / Physics Letters B 788 (2019) 308–315 315

Table 2
Comparison between the 95% C.L. existing bounds on CPT-violating parameters and the limits estimated in this work from the 
simulation of DUNE, as obtained from Fig. 7.

Parameter Existing bounds This work

|aeµ| [GeV] 2.5 × 10−23 [11] 7.0 × 10−24

|aeτ | [GeV] 5.0 × 10−23 [11] 1.0 × 10−23

|aµτ | [GeV] 8.3 × 10−24 [11] 1.7 × 10−23

aee[GeV] – −2.5 × 10−22 < aee < −2.0 × 10−22 and −2.5 × 10−23 < aee < 3.2 × 10−23

aµµ[GeV] – −3.7 × 10−23 < aµµ < 4.8 × 10−23

Fig. 7. Expected DUNE sensitivity to the CPT-violating parameters aαβ . The dashed line indicates the 95% C.L. limit.
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Decoherence

dρ
dt

= − i [H, ρ] − D[ρ]

Interactions of neutrinos with the environment could produce 
decoherence/dissipative effects during neutrino propagation, 

which could arise in quantum gravity scenarios

F. Benatti and R. Floreanini, JHEP 02:032, 2000 F. Benatti and R. Floreanini, Phys. Rev. D64:085015, 2001

D[ρ] = ∑
m

[{ρ, DmD†
m} − 2 Dm ρ D†

m]

dρij

dt
= − [γij − i

Δm2
ij

2 E ] ρij γij ≡ ∑
m

(di
m − dj

m)
2

Pαβ = δαβ − 2∑
i<j

Re [U*αiUβiUαjU*βj] (1 − e−γijL cos (
Δm2

ij

2 E )) − 2∑
i<j

Im [U*αiUβiUαjU*βj] e−γijL sin (
Δm2

ij

2 E )

eigenvalues of Dm

E. Lisi, A. Marrone and D. Montanino, Phys. Rev. Lett. 85:1166, 2000

further preserving unitarity and energy conservation
for constant density

Y. Liu, L. Hu and M.-L. Ge, Phys. Rev. D56:6648, 1997

see talk by J. Coelho  
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~U ¼ U23ðθ23Þ ~U13ð~θ13; δCP ¼ 0ÞU12ðθ12 ¼ π=2Þ

¼ U23
~U13 ¼

0

BB@

0 ~c13 ~s13
−c23 −~s13s23 ~c13s23
s23 −~s13c23 ~c13c23

1

CCA: ð22Þ

Evaluating the mixing amplitudes and using the identity
cθsθ ¼ s2θ=2, we obtain

Pðνμ→νeÞ ¼ sin2 2~θ13 · sin2 θ23 ·
1

2
½1 − e−ΓL cosð2 ~Δ32LÞ%:

ð23Þ

The matter-effective mixing angle ~θ13 is given by

tan 2~θ13 ≃ sin 2θ13
cos 2θ13 − Â

: ð24Þ

The antineutrino probability can be written in exactly the
same form, with the single replacement ~Δ32 → ~Δ31.
Equation (23) gives the leading-order transition proba-

bility for νμ → νe oscillations in the presence of environ-
mental decoherence. It is readily seen that in the limit
Γ → 0, the exponential damping factor becomes unity and
allows the oscillatory cosð2 ~Δ32LÞ term to combine with the
first term via the identity ð1 − c2ϕÞ ¼ 2s2ϕ to give the well-
known, conventional νe appearance probability [29,30],

Pðνμ→νeÞ ¼ sin2ð2~θ13Þ · sin2 θ23 · sin2ð ~Δ32LÞ: ð25Þ

Comparing the conventional result (25) to oscillations
with decoherence in-play, Eq. (23), one sees that the
decoherence damping factor prevents the oscillation
cosð2 ~Δ32LÞ from being rolled together with the first term
to give the conventional oscillatory behavior, sin2ð ~Δ32LÞ.
Referring to Eq. (23), the presence of damping permits
oscillatory cosine term—in the vicinity of MSW—to swing
sufficiently far below 1.0 to give an enhancement in νe
appearance.
These points are readily illustrated with numerical consi-

derations; we use the OPERA/MINOS baseline of∼730 km
as representative. TheMSWresonance occurs in the vicinity
of Eν ∼ 12 GeV. At the resonance, ðcos2θ13−ÂÞ≈0,
sin2 2~θ13 → 1, and ~Δ32 → Δ · sin 2θ13. Taking θ13 ¼ 8.5°
as representative of the world-average value, we have
sin 2θ13 ¼ sinð17°Þ≃ 0.3. Consequently the conventional
oscillation phase at the value of Eν that corresponds to the
first oscillation maximum at 730 km, namely 1.5 GeV, gives
sin2ðπ2 ·

1.5
12 · 0.3Þ≃ sin2ðπ2 · 0.04Þ≃ 0.003. Thus the oscilla-

tion phase shuts down the probability for νe appearance
oscillations, even though the effective mixing angles are at
maximal strength.

But with decoherence Γ ¼ 2.3 × 10−23 GeV in play, the
oscillation phase exerts influence in a different way. At the
MSW resonance, Eq. (23) becomes

Pðνμ→νeÞ ≃ 1 ·
1

2
·
1

2
· ½1 − e−ΓL · cos ðπ · 0.04Þ%: ð26Þ

The cosine function is still close to 1.0 but is now damped
by decoherence, consequently the MSW effect is still
rendered to be small, but not zero: Pðνμ→νeÞ ≃ 0.022.

III. NUMERICAL CALCULATIONS

The oscillation probabilities used in our analysis are
derived from an exact formulation of Eq. (20), where the
effective mixing elements of the PMNS matrix and the
effective mass-square splittings were computed numeri-
cally through the diagonalization of the matter perturbed
Hamiltonian. A full three flavor treatment was imple-
mented and the following values of the neutrino oscillation
parameters were used [3]: sin2 θ12 ¼ 0.306, sin2 θ13 ¼
0.02166, δCP ¼ 1.45π, Δm2

21 ¼ 7.50 × 10−5 eV2, and
Δm2

31 ¼ þ2.524 × 10−3 eV2. In our decoherence scenario
[6], the θ23 angle is assumed to be maximal, i.e.
sin2 θ23 ¼ 0.5. The density of matter is taken to be constant
at a value of ρ ¼ 2.8 g=cm3.
Results from numerical calculation of probabilities for

the νμ → νe transition are shown in Fig. 1, for the baselines
of T2K (295 km), MINOSþ (735 km), and DUNE
(1300 km); the probabilities shown are for the normal
mass hierarchy case. For each baseline, the probability for
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FIG. 1. Probability versus Eν for νμ → νe oscillations with
environmental decoherence of strength Γ (dashed curve) for
current long-baseline experiments, assuming the normal mass
hierarchy. In the case that the effective energy basis is the
eigenbasis for the environmental “measurement”, decoherence
conspires with the terrestrial MSWmatter effect to give a small νe
appearance maximum at 12 GeV.
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Fig. 2 Oscillograms for the neutrino oscillation probability Pµµ,
assuming normal mass ordering. The top left panel corresponds to the
case of no decoherence γi j = 0 whereas the rest of the panels corre-
spond to the three limiting cases mentioned in the text: (A) γ32 = γ31

(top right), (B) γ31 = γ21 (bottom left) and (C) γ32 = γ21 (bottom right).
In all cases, the size of the decoherence parameters that are turned on
is set to a constant value, γ = 2.3 × 10−23 GeV

they move through the ice is the origin of an electromagnetic
shower. At IceCube/DeepCore, cascades are also observed as
the product of hadronic showers generated in neutral-current
(NC) interactions for neutrinos of all flavors. Our analysis
considers only track-like events observed at both IceCube
and DeepCore although, as we will see, some small contam-
ination from cascade events can be expected (especially at
low energies).

4.1 IceCube simulation details

For IceCube, the observed event rates are provided in a grid of
10 × 21 bins [46], using 10 bins for the reconstructed energy
(logarithmically spaced, ranging from 400 GeV to 20 TeV),

and 21 bins for the reconstructed neutrino direction (linearly
spaced, between cos θrecz = −1.02 and cos θrecz = 0.24).
The muon energy is reconstructed with an energy resolution
σlog10(Eµ/GeV) ∼ 0.5 [45], while the zenith angle resolution
is in the range σcos θz ∈ [0.005, 0.015], depending on the
scattering muon angle.

The number of events in each bin is computed as:

Ni (Erec, θrecz )=
∑

±

∫
dE d cos θz φatm

µ,±(E, θz)P
±
µµ(E, θz)

× Aeff
i,±,µ(E, θz, E

rec, θrecz )e−X (θz)σ±(E),

(41)

123

P. Coloma, J. López-Pavon, I. Martínez-Soler and 
H. Nunokawa, Eur. Phys. J. C78:614, 2018

γ32 = γ31 = 2.3 × 10−23 GeV

γ31 = γ21 = 2.3 × 10−23 GeV γ32 = γ21 = 2.3 × 10−23 GeV

Pμμ

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.093009
https://link.springer.com/article/10.1140/epjc/s10052-016-4253-z
https://link.springer.com/article/10.1140/epjc/s10052-018-6092-6
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hadronic 

photohadro
nic 

neutron decay 

π ± → µ± + ν
(− )

µ

π 0 → γ + γ

Eν ! Eπ / 4

Eγ ! Eπ / 2

µ± → e± +νe(νe )+νµ (νµ ) Eν ! Eπ / 4

pp interactions

n→ p + e− +νe E
ν
! 5 ×10−4En

e−ℓ/τγγ
dΦν(Eν = Eγ /2)

dEν
≃ 6

dΦγ(Eγ)
dEγ

e−ℓ/τγγ
dΦν(Eν = Eγ /2)

dEν
≃ 3

dΦγ(Eγ)
dEγ

p + γ → Δ → {π+ + n
π0 + p

4 ε′ γ E′ p ≥ m2
Δ − m2

pcomoving frame:

Eπ ≃ Ep/5 average fraction of energy transferred 
from the proton to the pion

pγ interactions

High-energy neutrino production

connection with gamma-rays

connection with gamma-rays
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Figure 1: Left panel: Summary of intensity measurements E2I(E) of CR nuclei and protons (orange), electrons plus
positrons (black), positrons (blue), antiprotons (red) , neutrinos (magenta) and di↵use photons (green). Right panel:
Magnetic field strength B versus size R of various suggested CR sources; adapted from Refs. [29, 30].

major role. Direct detection experiments present their data often in terms of the kinetic energy
Ekin = E�Amp. Finally, at the highest energies the mass number A cannot be determined reliably
and one uses therefore the total CR energy E.

Emphasis and structure. We discuss CRs with rigidity above R ' 20GV up to the highest energies
observed. As a comparison of, e.g., electron spectra at di↵erent times in the Solar cycle shows,
the di↵erences above this rigidity are negligible relative to experimental uncertainties. Our choice
for the lower limit allows us therefore to neglect the e↵ect of solar modulations. We concentrate
on the propagation of CRs and the production of secondaries, omitting details of the acceleration
process in the sources. Instead we concentrate in this review on models aiming to explain recent
experimental results on the observed CR fluxes: In the energy range below the knee, we discuss
mainly models which were suggested as solution to the rise in the positron fraction, the breaks
and the non-universality of the CR nuclei spectra. In the case of extragalactic CRs, measurements
of the CR dipole and the mass composition favour a low transition energy between Galactic and
extragalactic CRs and a mixed composition. Thus we concentrate on models able to explain the
ankle as a feature of the extragalactic CR spectrum.

For more general overviews and the topics neglected we recommend the following resources:
The textbooks [33, 34] give a comprehensive introduction into the astrophysics of CRs. They are
nicely supplemented by the textbook [35], which contains an up-to-date discussion of observations
and an introduction to the development of extensive air showers. The e↵ect of solar modulations
on low-energy CRs is thoroughly discussed in Ref. [36]. Di↵usive shock acceleration is reviewed
in the classic work [20], while more recent developments are covered, e.g., in Refs. [37, 38]. The
standard di↵usion approach to the propagation of Galactic CRs has been described in detail in
the textbooks [33, 34]; a discussion of the numerical approach used e.g. in GALPROP and its
main results is given in Ref. [39]. Gamma-ray studies using Cherenkov telescopes and satellite
detectors like Fermi-LAT which have revealed important informations on CR sources are reviewed
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Figure 4.1: Magnetic field strength versus size of various suggested cosmic ray sources.

Blandford argument The acceleration of a proton to the energy E = 1020 eV by regular
electromagnetic fields requires the potential difference U = 1020 V. What is the minimal power
P dissipated by such an accelerator? In order to use the basic equation P = UI = U2/R
known from high-school physics, we have to know the appropriate value of the resistance R.
Since the acceleration region is in most cases nearly empty, we use R ∼ 1000 Ω (lead by the
“impedance of the vacuum”, R = 4πk0/c = 1/(ε0c) ≈ 377Ω). Hence a source able to produce
protons with E = 1020 eV by regular acceleration in electromagnetic fields has the minimal
luminosity [12]

L = U2/R >∼ 1037 W = 1044 erg/s . (4.1)

This can be transformed into an upper limit on the density ns of ultrahigh energy cosmic
rays (UHECR) sources, since the observed UHECR intensity fixes the required emissivity L,
i.e. the energy input per volume and time, as L ∼ 3 × 1046erg/(Mpc3yr). Hence, the density
of UHECR sources able to accelerate protons to E = 1020 eV should be smaller than ns =
L/L ∼ 10−5/Mpc3, if the acceleration is by regular electromagnetic fields. For comparison, the
density of normal galaxies is ns ≈ 10−2/Mpc3, while the most common type of active galactic
nuclei in the nearby Universe, Seyfert galaxies, has the density ns ≈ (1 − 5) × 10−5/Mpc3

within redshift z <∼ 0.02.

4.1.2 Specific sources

Most galactic astrophysical sources are connected with type II (or core-collapse) supernovae
(SN) and their remnants (SNR): Examples are the direct acceleration in the magnetosphere of

28
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A variety of cosmic accelerators may produce neutrinos (see figure 2). The
expected event rates can be estimated using supernovae as an example. The
conditions provided in a supernova allow for shock acceleration, so a fraction of
the kinetic energy of the explosion is expected to be transferred to high-energy
protons and heavier nuclei. These will then result in neutrinos through the chain
reaction shown in equation (1). Assuming that this process transfers 10 J44 to
neutrinos with tera-electron volt (TeV) energies (see section 2.1), it will yield a total
of ×6 1050 neutrinos. The IceCube effective area—that is, its cross-section for
neutrinos—corresponds to its geometric area of one square kilometer multiplied by
its detection probability, which is notoriously small due to the fact that neutrinos only
interact weakly. Formuon neutrinos at 1 TeV the effective neutrino area—the number
of detected neutrinos by the detector is equivalent to the flux of neutrinos crossing the
effective area—is only∼1m2 (and∼10m2 for 10TeV), hence onewill detect on average
only one TeV neutrino from a supernova at a distance of 100Mpc (themost frequently
used unit for extragalactic distance is the megaparsec, 1 Mpc= ·3.26 106 light years).
Fortunately, within such a distance, more than 1000 supernovae explode every year,
including some very energetic ones with massive progenitors. Observing individual
supernovae in connection with high-energy neutrinos hence appears within reach.

Neutrinos are the key to an unobstructed view of cosmic accelerators over a
broad range of energies and distances. Their weak interaction with matter allows
them to escape from dense environments that are opaque to photons. They can
travel over essentially any distance in the Universe without being obstructed,
making it possible for us to probe distant energetic sources outside the reach of
electromagnetic observations at comparable energies. Neutrinos are also neutral,
leaving their direction unaltered by magnetic fields; a detected neutrino will point
back to its origin.

Figure 2. Scenarios for sources of neutrinos, with varying degrees of jet formation.
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Figure 1: Left panel: Summary of intensity measurements E2I(E) of CR nuclei and protons (orange), electrons plus
positrons (black), positrons (blue), antiprotons (red) , neutrinos (magenta) and di↵use photons (green). Right panel:
Magnetic field strength B versus size R of various suggested CR sources; adapted from Refs. [29, 30].

major role. Direct detection experiments present their data often in terms of the kinetic energy
Ekin = E�Amp. Finally, at the highest energies the mass number A cannot be determined reliably
and one uses therefore the total CR energy E.

Emphasis and structure. We discuss CRs with rigidity above R ' 20GV up to the highest energies
observed. As a comparison of, e.g., electron spectra at di↵erent times in the Solar cycle shows,
the di↵erences above this rigidity are negligible relative to experimental uncertainties. Our choice
for the lower limit allows us therefore to neglect the e↵ect of solar modulations. We concentrate
on the propagation of CRs and the production of secondaries, omitting details of the acceleration
process in the sources. Instead we concentrate in this review on models aiming to explain recent
experimental results on the observed CR fluxes: In the energy range below the knee, we discuss
mainly models which were suggested as solution to the rise in the positron fraction, the breaks
and the non-universality of the CR nuclei spectra. In the case of extragalactic CRs, measurements
of the CR dipole and the mass composition favour a low transition energy between Galactic and
extragalactic CRs and a mixed composition. Thus we concentrate on models able to explain the
ankle as a feature of the extragalactic CR spectrum.

For more general overviews and the topics neglected we recommend the following resources:
The textbooks [33, 34] give a comprehensive introduction into the astrophysics of CRs. They are
nicely supplemented by the textbook [35], which contains an up-to-date discussion of observations
and an introduction to the development of extensive air showers. The e↵ect of solar modulations
on low-energy CRs is thoroughly discussed in Ref. [36]. Di↵usive shock acceleration is reviewed
in the classic work [20], while more recent developments are covered, e.g., in Refs. [37, 38]. The
standard di↵usion approach to the propagation of Galactic CRs has been described in detail in
the textbooks [33, 34]; a discussion of the numerical approach used e.g. in GALPROP and its
main results is given in Ref. [39]. Gamma-ray studies using Cherenkov telescopes and satellite
detectors like Fermi-LAT which have revealed important informations on CR sources are reviewed
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Figure 4.1: Magnetic field strength versus size of various suggested cosmic ray sources.

Blandford argument The acceleration of a proton to the energy E = 1020 eV by regular
electromagnetic fields requires the potential difference U = 1020 V. What is the minimal power
P dissipated by such an accelerator? In order to use the basic equation P = UI = U2/R
known from high-school physics, we have to know the appropriate value of the resistance R.
Since the acceleration region is in most cases nearly empty, we use R ∼ 1000 Ω (lead by the
“impedance of the vacuum”, R = 4πk0/c = 1/(ε0c) ≈ 377Ω). Hence a source able to produce
protons with E = 1020 eV by regular acceleration in electromagnetic fields has the minimal
luminosity [12]

L = U2/R >∼ 1037 W = 1044 erg/s . (4.1)

This can be transformed into an upper limit on the density ns of ultrahigh energy cosmic
rays (UHECR) sources, since the observed UHECR intensity fixes the required emissivity L,
i.e. the energy input per volume and time, as L ∼ 3 × 1046erg/(Mpc3yr). Hence, the density
of UHECR sources able to accelerate protons to E = 1020 eV should be smaller than ns =
L/L ∼ 10−5/Mpc3, if the acceleration is by regular electromagnetic fields. For comparison, the
density of normal galaxies is ns ≈ 10−2/Mpc3, while the most common type of active galactic
nuclei in the nearby Universe, Seyfert galaxies, has the density ns ≈ (1 − 5) × 10−5/Mpc3

within redshift z <∼ 0.02.

4.1.2 Specific sources

Most galactic astrophysical sources are connected with type II (or core-collapse) supernovae
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A variety of cosmic accelerators may produce neutrinos (see figure 2). The
expected event rates can be estimated using supernovae as an example. The
conditions provided in a supernova allow for shock acceleration, so a fraction of
the kinetic energy of the explosion is expected to be transferred to high-energy
protons and heavier nuclei. These will then result in neutrinos through the chain
reaction shown in equation (1). Assuming that this process transfers 10 J44 to
neutrinos with tera-electron volt (TeV) energies (see section 2.1), it will yield a total
of ×6 1050 neutrinos. The IceCube effective area—that is, its cross-section for
neutrinos—corresponds to its geometric area of one square kilometer multiplied by
its detection probability, which is notoriously small due to the fact that neutrinos only
interact weakly. Formuon neutrinos at 1 TeV the effective neutrino area—the number
of detected neutrinos by the detector is equivalent to the flux of neutrinos crossing the
effective area—is only∼1m2 (and∼10m2 for 10TeV), hence onewill detect on average
only one TeV neutrino from a supernova at a distance of 100Mpc (themost frequently
used unit for extragalactic distance is the megaparsec, 1 Mpc= ·3.26 106 light years).
Fortunately, within such a distance, more than 1000 supernovae explode every year,
including some very energetic ones with massive progenitors. Observing individual
supernovae in connection with high-energy neutrinos hence appears within reach.

Neutrinos are the key to an unobstructed view of cosmic accelerators over a
broad range of energies and distances. Their weak interaction with matter allows
them to escape from dense environments that are opaque to photons. They can
travel over essentially any distance in the Universe without being obstructed,
making it possible for us to probe distant energetic sources outside the reach of
electromagnetic observations at comparable energies. Neutrinos are also neutral,
leaving their direction unaltered by magnetic fields; a detected neutrino will point
back to its origin.

Figure 2. Scenarios for sources of neutrinos, with varying degrees of jet formation.
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The CR/Gamma-ray/Neutrino Connection4

They are expected to be produced in high-energy hadronic
processes in our Universe either directly from decaying
hadrons or from decaying charged leptons produced in the
hadronic interactions [13]. Regions of charged-particle ac-
celeration are prime candidates for high-energy neutrino
sources. The observation of EeV cosmic rays indicates
that objects of large size or high magnetic field strength
are accelerating charged particles to high energies, nar-
rowing the search for neutrino sources to a subclass of
objects [14, 15]. The diffuse cosmic ray, gamma ray, and
neutrino fluxes show similar energy content despite their
disparate energy regimes, as recent data demonstrates
(Fig. I.1). Despite this information and a wealth of cosmic-
ray observations, the sources of ultra-high-energy cosmic
rays are an unresolved mystery [16]. Thus, much like
solar neutrinos, which can escape their birthplace, high
energy astrophysical neutrinos are an indispensable probe
for cosmic-ray sources, providing insight into the long-
standing problem of the origin of cosmic-rays, as they can
escape dense environments and reach us unperturbed. By
studying their flux and energy spectrum, constraints can
be placed on the acceleration environments that produce
these neutrinos.

High-energy astrophysical neutrinos are also power-
ful probes of new physics [17]. This is in large part
because neutrinos are charged under flavor [13, 18, 19],
unlike other cosmic messengers. New nontrivial flavor
interactions can arise from a breaking of space-time sym-
metries [20, 21], secret neutrino interactions with the
cosmic-neutrino background [22–25], flavored dark-matter
neutrino interactions [26–28], or other nonstandard inter-
actions [29]. Beyond flavor, the very long distances tra-
versed by high-energy astrophysical neutrinos can be used
for accurate time-of-flight [30] and neutrino-flux spectral
distortion [31] measurements. High-energy astrophysical
neutrinos can probe very heavy decaying and annihilating
dark matter, whose other Standard Model products will
not reach Earth [32]. Finally, these neutrinos can also
probe the high-energy neutrino-nucleon cross section [33–
38]. Such a measurement is of interest due to the possibil-
ity of observing gluon screening [39], which could reduce
the cross section at the highest energies [40–42], or of un-
covering new physics phenomena, e.g., low-scale quantum
gravity [43], leptoquarks [44–50], sphalerons [51, 52], and
micro black hole production [53, 54]; see [55] for a recent
review.

The IceCube Neutrino Observatory has firmly estab-
lished the existence of high-energy astrophysical neu-
trinos. Northern sky measurements of through-going
muon tracks [56, 57], all-sky measurements using events
with interaction vertices contained in the detector fidu-
cial volume [58–61] such as high-energy starting events
(HESE), and additional studies extending to lower ener-
gies with contained cascades [62, 63] have all contributed
to the characterization of the astrophysical neutrino flux.
Archival and real-time directional searches have found
an excess with respect to background from a starburst
galaxy [64] and evidence of neutrino emission associated
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FIG. I.1. High-energy fluxes of gamma rays, neutrinos,
and cosmic rays. The segmented power-law neutrino flux,
described in Section VI A 5, obtained in the analysis described
in this paper, is shown with red circles. The single power-law
assumption, described in Section VIA1, is shown with the
light red region. The high-energy gamma-ray measurements
by Fermi [73] are shown in orange, while the extremely-high-
energy cosmic-ray measurements by the Pierre Auger Obser-
vatory [74] are shown as purple data points. The comparable
energy content of these three fluxes is of particular interest in
the investigation of cosmic-ray origin.

with a blazar [65, 66]. However, the energy spectrum,
directional distribution, and composition of this neutrino
flux are still too poorly constrained to differentiate be-
tween many astrophysical scenarios. This work focuses
on measuring the astrophysical neutrino spectrum us-
ing events with their interaction vertex contained inside
a fiducial volume; see [67] for additional details. The
astrophysical flux measurement assumes that the flux
is isotropic and equal in composition between all neu-
trino species, whose end result is shown in Fig. I.1. We
also present a directional search for neutrino sources in
Appendix H. Other work with this sample includes the
measurement of the neutrino flavor composition [68], the
search for additional neutrino interactions [69, 70] and
dark matter in the galactic core [71], and the measurement
of the neutrino cross section [72].

This paper is organized as follows. In the first sec-
tions, II, III, IV, and V the detector is described, the event
selection is defined, and relevant backgrounds, system-
atics, and statistical methodology are discussed. In Sec-
tion VI, the results of this work concerning the isotropic
astrophysical flux are presented. Each of the results sub-
sections begins with a brief summary in italics, followed
by detailed discussions. Finally, Section VII summarizes
the main conclusions of this work.

Similar energy in gamma rays, neutrinos and cosmic rays from cosmic sources

Neutrinos and photons are guaranteed byproducts of high-energy cosmic-rays

R. Abbasi et al. [IceCube Collaboration], Phys. Rev. D104:022002, 2021

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.022002
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Cosmic-ray interactions in the atmosphere

Cosmic-ray interactions off CMB photons

atmospheric neutrinos 

Neutrinos and photons are guaranteed byproducts of high-energy cosmic-rays

cosmogenic neutrinos 

Exotics
e.g., heavy

 dark matter 

p + γ CMB →Δ→ n +π +
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p + γ CMB →Δ→ p +π 0
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Giant Radio Array for Neutrino Detection

• Antenna optimized tor horizontal showers

• Bow-tie design, 3 perpendicular arms

• Frequency range: 50-200 MHz

• Inter-antenna spacing: 1 km
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air-shower imaging

37

Methods of detection and detectors

optical detection in ice or water

radio detection in ice

radio detection from the 
atmosphere or in space

air-shower particle detection

air-shower radio detection
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neutrino-induced showers and tracks

Askaryan radiation (radio Cherenkov) 
from electromagnetic showers 

refracted Askaryan radiation from 
electromagnetic showers in ice 
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from air-shower particles 
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 Radio emission by air showers from tau 
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Cherenkov and fluorescence 
light from shower particles
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IceCube: Diffuse Astrophysical Muon-Neutrino Spectrum J. Stettner

Figure 3 Data from 2010 to 2018 together with the best-fit expectation from Monte Carlo simu-
lations. Left: Distribution of the cosine of the reconstructed zenith. Right: Distribution of the
reconstructed muon energy. The brown and blue bands mark the central 68% and 90% spread of
the expectation if all fit-parameters are varied within their posterior distribution ranges, taking their
correlations into account.

Figure 4 Scan of the profile likelihood for the two signal parameters: astrophysical normalization
and spectral index. Note that for each scan point, all other parameters are optimized.
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FIG. VI.1. Deposited energy and reconstructed cos ✓z distributions. In these panels, the data is shown as crosses and the
best-fit expectation as a stacked histogram with each color specifying a given flux component: astrophysical neutrinos (golden),
conventional atmospheric neutrinos (red), and penetrating atmospheric muons (purple). Left: distributions of events and
expected event count assuming best-fit parameters as a function of the deposited energy; events below 60TeV (light blue vertical
line) are ignored in the fit. Right: distribution of events with energy greater than 60TeV in the cosine of their reconstructed
zenith angle. Up-going events are on the left side of this panel and down-going events on the right. The expected number of
events is split by components and displayed as a stacked histogram. The normalization of the prompt atmospheric neutrino
component fits to zero, and so is not shown in the stacked histogram. The distribution of data events appears to be largely flat
as a function of cosine zenith with a small decline towards the up-going region. The lower event rate in the up-going region
is expected as a result of the Earth’s absorption of the neutrino flux, and appears to be compatible with the Monte Carlo
expectation.

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

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

astro = 2.3+0.3
�0.3,

compared to �7.5 years
astro = 2.87+0.20

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

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

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

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

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

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

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

20

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

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

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

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

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

software package based on Ref. [46]. The total νN
deep inelastic scattering cross section is from Ref. [47].
Astrophysical neutrino event selection efficiencies were
tested assuming as baseline an E−2 flux with equal
numbers of neutrinos and antineutrinos, and with an
equal neutrino flavor mixture at Earth: ðνe∶νμ∶ντÞE ¼
ðν̄e∶ν̄μ∶ν̄τÞE ¼ 0.5∶0.5∶0.5. The conventional atmospheric
neutrino flux from pion and kaon decays was modeled
according to Ref. [48], with primary cosmic ray flux
modifications according to the Gaisser-H3a model [44].
It is in agreement, in the energy range relevant to this
analysis E > 400 GeV, with the atmospheric neutrino flux
measurements by Super-Kamiokande [49], AMANDA-II
[50,51], IceCube [52–54], and ANTARES [55].
Atmospheric neutrinos originating from the decays of
charm or heavier mesons produced in air showers,
so-called prompt neutrinos, are yet to be detected. We
used the BERSS model [56] to predict the contribution
from prompt neutrinos to the total neutrino flux, and the
atmospheric neutrino self-veto effect calculations from
Ref. [57], tuned to match our full CORSIKA Monte Carlo
simulations.
The analyzed data consist of two sets: 2010–2011 (two

years, sample A) [58] and 2012–2015 (four years, sample B)
[59–61]. Events from both samples passed IceCube’s
dedicated online cascade filter, which utilizes results of
simple muon and cascade reconstruction algorithms.
The cascade filter reduces the cosmic ray background
rate from ∼2.7 kHz to ∼30 Hz, while retaining ∼90% of
the expected astrophysical neutrinos and ∼70% of the
conventional atmospheric neutrinos. In order to further
reduce backgrounds and ensure high neutrino induced
cascade signal efficiencies and good cascade energy
resolution, a fiducial volume selection on the reconstructed
cascade vertex position was imposed. A straight cut
selection method was used to select signal cascades in
sample A (E > 10 TeV) [58] and in the high energy
(E > 60 TeV) subset of sample B [59,61]. It builds
on methods developed in previous IceCube searches
dedicated to astrophysical cascades performed with partial
detector configurations during IceCube construction
periods [62–64]. A significant improvement was achieved
by applying a boosted decision tree [65] method in the
low energy (∼400 GeV < E < 60 TeV) subset of sample B
to classify events according to their topology into muon track
background, signal neutrino induced cascades, and
muon starting track events [59,60]. The obtained cascade
sample has low (8%) muon background contamination.
Lowering the energy threshold from 10 TeV (sample A)
to ∼400 GeV (sample B) substantially reduces systematic
uncertainties in this measurement. Reconstructed cascade
energy distributions for sample A and for sample B after all
selections are shown as black points in Fig. 1. About 60% of
the cascades identified in this analysis and with
reconstructed energies above 60 TeV do not contribute to

the high energy starting events (HESEs) [28] cascade data
sample for the same period (2010–2015). Monte Carlo
simulations show that at 10 TeV this analysis increases
the total expected number of electron neutrinos by a factor of
∼10 compared to the medium energy starting events
(MESEs) analysis [29].
We determined the astrophysical neutrino flux,

characterized by parameters θr, by maximizing a binned
Poisson likelihood Lðθr; θsjnÞ. The θs are the nuisance
parameters, and n ¼ ðn1;…; nmÞ is the vector of observed
event counts ni in the ith bin. The fit was performed in bins
of three observables: event type (cascade, muon track,
muon starting track), reconstructed energy, and recon-
structed zenith angle in the range 0–π, as shown in
Table I. In this analysis, the log-likelihood function is
defined, up to a constant, as

FIG. 1. Reconstructed cascade energy distribution. Black
points are data, with statistical uncertainties, acquired during
the observation period. Continuous lines are Monte Carlo sim-
ulations as labeled in the legend. The atmospheric background
histograms are stacked (filled colors). Shown are best fit
distributions assuming a single power-law model of the astro-
physical neutrino flux (Table II). Top: data from 2012–2015
(sample B). Bottom: data from 2010–2011 (sample A).
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Figure 3 Data from 2010 to 2018 together with the best-fit expectation from Monte Carlo simu-
lations. Left: Distribution of the cosine of the reconstructed zenith. Right: Distribution of the
reconstructed muon energy. The brown and blue bands mark the central 68% and 90% spread of
the expectation if all fit-parameters are varied within their posterior distribution ranges, taking their
correlations into account.

Figure 4 Scan of the profile likelihood for the two signal parameters: astrophysical normalization
and spectral index. Note that for each scan point, all other parameters are optimized.
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FIG. VI.1. Deposited energy and reconstructed cos ✓z distributions. In these panels, the data is shown as crosses and the
best-fit expectation as a stacked histogram with each color specifying a given flux component: astrophysical neutrinos (golden),
conventional atmospheric neutrinos (red), and penetrating atmospheric muons (purple). Left: distributions of events and
expected event count assuming best-fit parameters as a function of the deposited energy; events below 60TeV (light blue vertical
line) are ignored in the fit. Right: distribution of events with energy greater than 60TeV in the cosine of their reconstructed
zenith angle. Up-going events are on the left side of this panel and down-going events on the right. The expected number of
events is split by components and displayed as a stacked histogram. The normalization of the prompt atmospheric neutrino
component fits to zero, and so is not shown in the stacked histogram. The distribution of data events appears to be largely flat
as a function of cosine zenith with a small decline towards the up-going region. The lower event rate in the up-going region
is expected as a result of the Earth’s absorption of the neutrino flux, and appears to be compatible with the Monte Carlo
expectation.

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

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

astro = 2.3+0.3
�0.3,

compared to �7.5 years
astro = 2.87+0.20

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

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

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

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

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

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

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

20

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

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

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

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

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

software package based on Ref. [46]. The total νN
deep inelastic scattering cross section is from Ref. [47].
Astrophysical neutrino event selection efficiencies were
tested assuming as baseline an E−2 flux with equal
numbers of neutrinos and antineutrinos, and with an
equal neutrino flavor mixture at Earth: ðνe∶νμ∶ντÞE ¼
ðν̄e∶ν̄μ∶ν̄τÞE ¼ 0.5∶0.5∶0.5. The conventional atmospheric
neutrino flux from pion and kaon decays was modeled
according to Ref. [48], with primary cosmic ray flux
modifications according to the Gaisser-H3a model [44].
It is in agreement, in the energy range relevant to this
analysis E > 400 GeV, with the atmospheric neutrino flux
measurements by Super-Kamiokande [49], AMANDA-II
[50,51], IceCube [52–54], and ANTARES [55].
Atmospheric neutrinos originating from the decays of
charm or heavier mesons produced in air showers,
so-called prompt neutrinos, are yet to be detected. We
used the BERSS model [56] to predict the contribution
from prompt neutrinos to the total neutrino flux, and the
atmospheric neutrino self-veto effect calculations from
Ref. [57], tuned to match our full CORSIKA Monte Carlo
simulations.
The analyzed data consist of two sets: 2010–2011 (two

years, sample A) [58] and 2012–2015 (four years, sample B)
[59–61]. Events from both samples passed IceCube’s
dedicated online cascade filter, which utilizes results of
simple muon and cascade reconstruction algorithms.
The cascade filter reduces the cosmic ray background
rate from ∼2.7 kHz to ∼30 Hz, while retaining ∼90% of
the expected astrophysical neutrinos and ∼70% of the
conventional atmospheric neutrinos. In order to further
reduce backgrounds and ensure high neutrino induced
cascade signal efficiencies and good cascade energy
resolution, a fiducial volume selection on the reconstructed
cascade vertex position was imposed. A straight cut
selection method was used to select signal cascades in
sample A (E > 10 TeV) [58] and in the high energy
(E > 60 TeV) subset of sample B [59,61]. It builds
on methods developed in previous IceCube searches
dedicated to astrophysical cascades performed with partial
detector configurations during IceCube construction
periods [62–64]. A significant improvement was achieved
by applying a boosted decision tree [65] method in the
low energy (∼400 GeV < E < 60 TeV) subset of sample B
to classify events according to their topology into muon track
background, signal neutrino induced cascades, and
muon starting track events [59,60]. The obtained cascade
sample has low (8%) muon background contamination.
Lowering the energy threshold from 10 TeV (sample A)
to ∼400 GeV (sample B) substantially reduces systematic
uncertainties in this measurement. Reconstructed cascade
energy distributions for sample A and for sample B after all
selections are shown as black points in Fig. 1. About 60% of
the cascades identified in this analysis and with
reconstructed energies above 60 TeV do not contribute to

the high energy starting events (HESEs) [28] cascade data
sample for the same period (2010–2015). Monte Carlo
simulations show that at 10 TeV this analysis increases
the total expected number of electron neutrinos by a factor of
∼10 compared to the medium energy starting events
(MESEs) analysis [29].
We determined the astrophysical neutrino flux,

characterized by parameters θr, by maximizing a binned
Poisson likelihood Lðθr; θsjnÞ. The θs are the nuisance
parameters, and n ¼ ðn1;…; nmÞ is the vector of observed
event counts ni in the ith bin. The fit was performed in bins
of three observables: event type (cascade, muon track,
muon starting track), reconstructed energy, and recon-
structed zenith angle in the range 0–π, as shown in
Table I. In this analysis, the log-likelihood function is
defined, up to a constant, as

FIG. 1. Reconstructed cascade energy distribution. Black
points are data, with statistical uncertainties, acquired during
the observation period. Continuous lines are Monte Carlo sim-
ulations as labeled in the legend. The atmospheric background
histograms are stacked (filled colors). Shown are best fit
distributions assuming a single power-law model of the astro-
physical neutrino flux (Table II). Top: data from 2012–2015
(sample B). Bottom: data from 2010–2011 (sample A).
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Pole, instruments a cubic kilometre of ice 1,450–2,450 m beneath the 
surface8—a natural detection medium. It has measured the flux of neu-
trinos between 10 GeV and 10 PeV, and is sensitive to neutrinos beyond 
1 EeV. As neutrinos are uncharged, they are detected in IceCube by the 
Cherenkov radiation from secondary charged particles produced by 
their interactions. Cherenkov light collected by digital optical modules 
(DOMs) is used to reconstruct properties such as the visible energy and 
incoming direction of the primary neutrino9,10. The visible energy is 
defined as the energy required of an electromagnetic (EM) shower to 
produce the light yield observed. As it has no magnet, IceCube cannot 
distinguish between neutrino and antineutrino interactions on the basis 
of the charge of the outgoing lepton—whether neutrinos are Dirac or 
Majorana particles (the latter implying that they are their own antiparti-
cles) remains unresolved. However, owing to the good timing resolution 
(about 2 ns) of the DOMs11,12, the structure of waveforms recorded by 
individual modules may contain additional information on the event13.

A machine-learning-based algorithm was run to obtain a sample of 
PeV energy partially contained events (PEPEs)14. By selecting events near 
the edge of the detector, the detection volume is increased compared to 
previous analyses that rely on a smaller, central fiducial volume. Data from 
May 2012 to May 2017, corresponding to a total live-time of 4.6 years, were 
analysed. One event was detected on 2016 December 8 at 01:47:59 UTC 
with visible energy greater than 4 PeV, which is an energy threshold well 
below the resonance energy and chosen a posteriori in order to study 
this particular event. The event is shown in Fig. 1, with a reconstructed 
vertex approximately 80 m from the nearest DOM. The same event was 
also found in the 9-year extremely high energy search15. Accounting for 
systematic uncertainties in photon propagation due to the ice model—a 
parameterization of the scattering and absorption lengths of light in 
the ice16—and the overall detector calibration, the visible energy of the 
event is 6.05 ± 0.72 PeV. This is consistent with a 6.3-PeV W− that decays 
hadronically, since roughly 5% of that energy is expected to be taken by 
particles that do not emit detectable Cherenkov radiation10. The boosted 
decision tree (BDT) classification score is well above the signal threshold, 
and a posteriori studies of this event, discussed below, lead us to conclude 
that the event is very likely to be of astrophysical origin.

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

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

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

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

Information from both reconstructions refines the estimate of 
expected backgrounds compared to the sample average. The only 
possibility for a cosmic-ray-induced atmospheric muon to produce 
both a 6-PeV cascade and early pulses, as in this event, is for it to reach 
IceCube at PeV energies and deposit nearly all its energy over a few 
metres. As a conservative estimate, this background rate was evaluated 
by considering all atmospheric muons that intersect a cylinder centred 
on IceCube with radius 800 m and height 1,600 m. By then requiring 
that muons deposit a visible energy similar to that of the cascade over 
a short distance, but retain the energy allowed by early pulses, the 
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t1 = 328 ns 3 ms after t1 Fig. 1 | Visualization of detected photons at different 
times and distribution of early pulses. a, Schematic 
of an escaping muon travelling at faster than the speed 
of light (in ice) and its Cherenkov cone (orange). The 
muons reach the nearest modules (DOMs 54 and 55 on 
string 67) ahead of the Cherenkov photons produced 
by the EM component of the hadronic shower (blue) as 
these travel at the speed of light in ice. The blue line is 
associated with the average distance travelled by the 
main shower, while the orange line extends further and 
is associated with the muons. Each black dot arranged 
vertically is a DOM on the nearest string, with the two 
(slightly larger) dots inside the orange cone the first 
two to observe early pulses. The time t1 indicates the 
approximate time elapsed since the neutrino 
interaction at which this snapshot graphic was taken.  
b, Event view, showing DOMs that triggered across 
IceCube at a later time. Each bubble represents a DOM, 
with its size proportional to the deposited charge. 
Colours indicate the time each DOM first triggered, 
relative to our best knowledge of when the initial 
interaction occurred. The small black dots are DOMs 
further away that did not detect photons 3 ms after t1.  
c, d, Distributions of the deposited charge over time on 
the two earliest hit DOMs, 54 (c) and 55 (d). The dotted 
red line is at t1 = 328 ns, the instant shown in a. The 
histogram in red (blue) shows photons arriving before 
(after) t1, and the blue shaded region denotes 
saturation of the photomultiplier tube.

Eν ≃ 6.05 ± 0.72 PeV

R. Abbasi et al. [IceCube Collaboration], 
Phys. Rev. D104:022002, 2021

R. Abbasi et al. [IceCube Collaboration], 
Phys. Rev. D104:022002, 2021
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p + γCMB/EBL → Δ → {π+ + n
π0 + p
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Figure 1. Contribution of the different processes to the neutrino flux, considering all
flavors. The case of a pure proton composition, assuming a star formation rate type
evolution for the source emissivity (Hopkins and Beacom, 2006) and a dip transition
model (Berezinsky et al., 2006) is presented. The black solid line indicates the total
flux. The green solid line represents the neutrino emission due to the interaction of
cosmic rays with CMB photons and the blue dotted line with UV, optical, and IR
photons. The red dashed line is the contribution of the neutron decay (neutrons are
produced through photo-hadronic interactions).

in the range of z ∼ 1 − 4 and then a more or less steep decrease for z ! 4 seems

to emerge (Hopkins and Beacom, 2006; Li, 2008; Ota et al., 2008; Yüksel et al., 2008;

Wang and Dai, 2009).
Such an evolution indicates that the cosmic photon background, especially in the

UV range, is notably amplified between redshifts z ∼ 0 − 2. The cosmic ray mean

free path of interaction with the IR/UV background will consequently evolve with the

redshift. The CMB photon density also increases with redshift in (1 + z)3, implying

that the high energy bump will also be affected by the source emissivity evolution. Note

that the IR/UV background evolves less than the CMB because unlike the latter it is
continuously produced during the cosmic history. The decrease of this background with

redshift is thus slower than the one of the CMB. The effect of the evolution is actually

smaller in the IR/UV region than in the CMB region. Nevertheless, the difference in

the steepness of the injected spectral indices required to adjust the propagated cosmic

ray spectrum induces large variations between the fluxes at low energy.

Not many astrophysical objects fulfill the stringent energetic requirements to be
potential sources of ultrahigh energy cosmic rays. The main candidate sources are the

following: transient sources such as gamma ray bursts (GRB) or young magnetars, and

Cosmogenic Neutrinos: parameter space and detectabilty from PeV to ZeV 6

Figure 2. Top: source emissivity evolution with redshift, normalized to unity at
z = 0, for our six models described in the text. Bottom: effects of source evolution on
neutrino fluxes for all flavors. We assume here a pure proton composition and a dip
transition model.

continuous sources like powerful active galactic nuclei (AGN). Among AGN, Faranoff-

Riley type I (FRI) and II (FRII) galaxies are more specifically discussed, though FRI

galaxies are far from satisfying the energetic criteria to accelerate particles to the highest

energies (see Lemoine and Waxman, 2009). It might be worth mentioning as well that

no outstanding correlation has been observed between catalogues of FRII galaxies and

Cosmogenic Neutrinos: parameter space and detectabilty from PeV to ZeV 14

Figure 7. Effects of various compositions on neutrino fluxes for all flavors. We present
the cases of (i) a pure proton injection assuming a dip transition model (black solid),
(ii) a proton dominated Galactic type mixed composition (pink dotted), (iii) pure iron
composition (blue dashed) and (iv) the iron rich low Ep,max model (red dash-dotted).

3. Implications for the existing and upcoming detectors

Figure 9 summarizes our results and compares our fluxes to the existing, upcoming,

and possible future neutrino detector sensitivities. Our estimates for neutrino fluxes

are divided into three possible regions: an optimistic scenario (pink dot-dashed line),

a plausible range of models in which we base many of our rate estimates (grey shaded

area), and a more pessimistic scenario (blue lines). The optimistic scenario corresponds

to the FRII strong source evolution case with a pure proton composition, dip transition
model and Ep,max = 1021.5 eV. The most pessimistic scenario is given by a pure iron

injection and the iron rich composition with low Ep,max, assuming in both cases a uniform

evolution of sources. The shaded area brackets a wide range of parameters: all discussed

transition models, all source evolutions except for uniform and FRII, and varying cosmic

ray injection composition from pure protons to a mixed Galactic type model, with

Ep,max ≥ 1020 eV. The black long-dashed line indicates the minimum neutrino flux one
could obtain in the case of a uniform source evolution, when the composition and the

maximum acceleration energy are chosen among reasonable values. Namely, this line

represents the case of a Galactic mixed composition with Ep,max = 1020 eV for a uniform

source evolution.

From the discussion elaborated at the beginning of section 2.1, it stands out that a

uniform UHECR source evolution should be deemed rather extreme. Indeed, under the

Cosmogenic Neutrinos: parameter space and detectabilty from PeV to ZeV 12

Figure 6. Effects of various maximum acceleration energy for protons Ep,max on
neutrino fluxes for all flavors. We present here the case of a pure proton dip transition
model (see section 2.2 for description of the model), assuming a SFR1 type source
evolution. Ep,max = 1020, 1020.5 and 1021 eV for respectively: pink dotted, black solid
and blue dashed lines.

section, we discuss however that a too low Ep,max, that would fall below the proton

photo-pion production threshold, can lead to a drastic suppression of the neutrino flux,

especially around ∼ EeV energies.

2.4. Effects of various compositions

The chemical composition of ultrahigh energy cosmic rays remains an open question.

Measurements prior to the Pierre Auger Observatory indicated an increasingly lighter

composition above E ∼ 1017 eV (Bird et al., 1993; Shinozaki and et al., 2005;

Abu-Zayyad et al., 2000; Abbasi et al., 2005, 2010a). The latest results of the Pierre
Auger Observatory suggest a mixed composition at all energies, that gets heavier at

the highest end (Abraham et al., 2010). Furthermore, there is no reliable theoretical

prediction of the expected composition at the source, mainly because very little is known

about the physical parameters that govern the acceleration and survival of nuclei in those

powerful objects.

We thus consider in this study four typical compositions that have been shown to fit
the shape of the observed ultrahigh energy spectrum: (i) a pure proton composition in

the dip model case, (ii) a proton dominated mixed composition based on Galactic cosmic

ray abundances as in Allard et al. (2006), (iii) a pure iron composition and (iv) a mixed

composition that was proposed by Allard et al. (2008), that contains 30% of iron. For

Cosmogenic Neutrinos: parameter space and detectabilty from PeV to ZeV 10

Figure 5. Effects of various transition models on neutrino fluxes for all flavors.
We present the case of a source evolution following the star formation rate from
Hopkins and Beacom (2006). Black solid line: the pure proton ‘dip model’ with an
injection spectrum of 2.5, pink dotted: transition slightly below the ankle for a Galactic
mixed composition with an injection spectrum of 2.1, blue dashed line: pure proton
‘WW model’ with a transition at energy > 1019 eV with a 2.1 injection spectrum (see
text for description of models).

Throughout this paper, we will refer to this ankle transition model, most recently
developed by Wibig and Wolfendale (2004) as the ‘WW model’.

For the mixed chemical composition model (for which the extragalactic cosmic

ray composition at the source is assumed to be similar to that of low energy Galactic

cosmic rays), Allard et al. (2005) demonstrated that the shape of the spectrum can be

well reproduced, assuming an injection spectrum α of order 2.2 − 2.3. In this model,

the transition between Galactic and extragalactic components happens at lower energy
(E ∼ EeV) and ends at the ankle.

Berezinsky et al. (2006) proposed that this transition occurs at even lower energy,

around E ∼ 1016.5−17.5 eV, where the cosmic ray spectrum may steepen, creating the so-

called ‘second knee’. The combination of the second knee and the ankle is viewed in this

model as a dip due to pair production energy losses during the intergalactic propagation.

This scenario eases the issue of particle acceleration up to high energy inside the Galaxy,
that is raised by the other models. It requires however a relatively steep injection

spectrum (2.3 − 2.7 according to the assumed source evolution) that can induce an

energy budget problem for extragalactic sources if the power-law remains identical down

to the energy of the second knee. This problem can be bypassed by assuming a broken

power-law at injection (Berezinsky et al., 2006). Again in this scenario, heavy elements

CR spectrum Redshift evolution

Maximum energy Spectrum composition

K. Kotera, D. Allard and A. V. Olinto,  
JCAP 1010:013, 2010
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Figure 17. The expected di↵erential 90% C.L. sensitivities for a variety of experiments to an all-flavor di↵use
neutrino flux computed in decade-wide energy bins and assuming a ten-year integration (unless otherwise noted in
the legend). The measurements and sensitivities are compared with a range of cosmogenic neutrino models [128, 379]
and astrophysical neutrino models [125, 128, 390]. The blue bordered bands show the astrophysical neutrino flux
measured by IceCube using tracks (⌫µ [357]) in hatch and using cascade-like events (⌫e and ⌫⌧ [274]) in solid band.
The solid lines show experimental upper limits at higher energies from the Pierre Auger Observatory [410], ARA [560],
ARIANNA [561], ANITA I-IV [133], and IceCube [562]. The dashed lines show the sensitivities of a selection of proposed
experiments currently in various design and prototyping stages (GRAND with 200,000 stations [141], BEACON with
1000 stations [144], TAMBO with 22,000 detectors [117], Trinity with 18 stations [563], RET-N with 10 stations
[116], POEMMA30 [531]) and under construction (RNO-G [564], PUEO [557]). Experiments using the same detection
technique are grouped into similar colors (orange, Earth-skimming radio (GRAND, BEACON); dark teal, particle
showers (TAMBO); light green, Earth-skimming optical Cherenkov and fluorescence (Trinity, POEMMA30); pink, in-
ice radio (ARIANNA, ARA, PUEO, RNO-G, RET-N (radar); blue, in-ice optical Cherenkov (IceCube)). Sensitivity
from IceCube-Gen2 (dashed purple) is computed using radio and PUEO (dashed orange) uses both in-ice and Earth-
skimming radio techniques. Auger (teal) uses particle showers and fluorescence and its upgrade, AugerPrime, will
employ radio. The expected measurement of the di↵use astrophysical neutrino flux by IceCube-Gen2 in 10 years (taken
from Fig. 14) is shown with the purple points assuming a continuous single-power-law spectrum with an additional
cosmogenic flux at the highest energies [115]. The grey downward-pointing arrow is a reminder that experimental
sensitivities improve not only as exposure increases with time, but also as new experimental techniques and analysis
methods are both demonstrated and scaled to larger detection volumes.

Several mid-scale UHE experiments currently operating (ARA [571], ARIANNA [570], TAROGE-M [145])
or under construction (PUEO [557], RNO-G [564], EUSO-SPB2 [572]) have the sensitivity to constrain the
proton fraction in UHECR sources [379]. Still other experiments in the design or prototyping phase have
promising projected sensitivities (BEACON [144], GRANDProto300 [573], RET [574], POEMMA [531]).
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M. Ackermann et al., arXiv:2203.08096

https://iopscience.iop.org/article/10.1088/1475-7516/2010/10/013
https://arxiv.org/abs/2203.08096
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...but also about the way neutrinos propagate 
from the sources to the detector
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Flavor triangles
O. Mena, SPR and A. C. Vincent, Phys. Rev. Lett. 113:091103, 2014First flavor analysis of IceCube data:

assuming unitarity: sum equal to 1 
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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

R. Abbasi et al. [IceCube Collaboration], arXiv:2011.03561

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.022002
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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.
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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:
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(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

R. Abbasi et al. [IceCube Collaboration], arXiv:2011.03561
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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.
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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-
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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
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[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:
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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
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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

R. Abbasi et al. [IceCube Collaboration], arXiv:2011.03561
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Figure 4. Distributions of events and the dark matter density e↵ect on dark matter-

neutrino scattering. The directions of the observed events are shown in the figures as (+) for
(double-) cascade-like events and (x) for track-like events. Larger (smaller) markers indicate a rela-
tively higher (lower) event energy. Figure is shown in galactic coordinates. Dashed line represents
the horizon.

sources, and neutrinos from dark matter. The atmospheric component is divided into three
pieces: the conventional atmospheric neutrino flux, which is dominated by kaon decay in the
energy range relevant for this analysis; the prompt atmospheric neutrino flux dominated by
D-meson decay; and the atmospheric muon flux. The observed astrophysical neutrino flux is
expected to be dominated by extragalactic contributions. In fact, the galactic contribution
has been constrained to be no more than 10% of the observed astrophysical flux [141–143]. Its
energy distribution is compatible with an unbroken single power-law and the flavor composi-
tion is expected to be equal for the preferred production mechanism [130, 131, 144]. Thus, in
this work, we assume the astrophysical component as an unbroken power-law spectrum and
a democratic flavor composition, and equal amounts of neutrinos and antineutrinos. For an
in-depth discussion of the flux assumptions see [8]. Regarding the dark matter contribution
to the astrophysical neutrinos, when considering dark matter decay or annihilation, the ad-
ditional neutrino spectrum is modeled as discussed in Sec. 3. Finally, when considering the
possibility of dark matter-neutrino scattering, we do not consider neutrinos produced from
decays and self-annihilation of this dark matter as the dark matter masses that induce signif-
icant galactic opacity are much smaller than the neutrinos considered in this work. Thus, in
this latter case, we modify the energy and angular distributions of the astrophysical neutrino
flux to account for this new force.

The data and Monte Carlo (MC) events are binned in morphology, m; reconstructed
energy, E; declination, �; and right ascension, RA. We use twenty equal bins in log10(E)
between 60TeV and 10PeV, ten bins in sin(�), twenty bins in RA, and three bins in m

which correspond to tracks, cascades, and double cascades categories; see [8] for more details
regarding the bin choice. The likelihood is a function of the dark matter model parameters,
~⇥, and nuisance parameters, ~⌘, that take into account detector and flux uncertainties. The
likelihood is defined as the product of the likelihood over all the bins, where the likelihood
of the i-th bin when observing xi events with an expectation µi(~⇥, ~⌘) and associated MC
sample size uncertainty �i(~⇥, ~⌘), both derived from simulation, is given by the function Le↵

defined in [145]. This likelihood function converges to a Poisson likelihood in the limit of

– 8 –

constraints can be used to set the scales of n ¼ 0 and n ¼ 1
operators introduced in this Letter. For example, we set
O0 ¼ 1 × 10−23 GeV as a current limit of the n ¼ 0 oper-
ator, and O1 ¼ 1 × 10−23 GeV with Λ1 ¼ 1 TeV as a
current limit of n ¼ 1 operators, where ðO1=Λ1Þ ¼ 10−27.
Throughout this Letter, we have assumed the scale of O1 is
of the order of O0 without loss of generality.
Anarchic sampling prediction and IceCube results.—In

order to predict the flavor composition on the Earth in the
presence of new physics, the values of the mixing matrices
~Un should be specified. In order to show a prediction with
new physics operators, we have to account for all the free
parameters in the mixing matrix; we use a random sampling
scheme to construct the mixing matrix. A well established
schema is the anarchic sampling [49–52], which samples a
flat distribution given by the Haar measure

d ~Un ¼ d~s212∧d~c413∧d~s223∧d~δ; ð5Þ

where, ~sij, ~cij, and ~δ correspond to sines, cosines, and
phase for the new physics n-operator mixing angles. We
omit the Majorana phases since they do not affect neutrino
oscillations.
In Fig. 2, we show the allowed regions using anarchic

sampling in the case where H ¼ ðE=ΛnÞn ~UnOn
~U†
n. In this

case, we neglect the mass term, we are considering that the
Hamiltonian has only one operator, i.e., V ¼ ~Un, and the
result does not depend on n. Each plot in this figure
corresponds to a different production flavor composition.
We show the pion decay production ð1∶2∶0Þ [yellow], beta

decay ð1∶0∶0Þ [green], muon cooling ð0∶1∶0Þ [red], and
for completeness, we show the exotic ντ dominant model
ð0∶0∶1Þ [blue]. The color density in these plots is a
representation of the probability given by the anarchic
sampling.
In Fig. 3, we show the case where we have a mass term

and the n ¼ 0 operators. In the top plot, we set
O0 ¼ 1.0 × 10−23 GeV, corresponding to the order of
the current best limit on this operator. In the bottom left
plot, we setO0 ¼ 3.6 × 10−26 GeV, and in the bottom right
plot we set O0 ¼ 6.3 × 10−28 GeV. These values are
chosen because they have the same magnitude as the mass
term with neutrino energy of Eν ¼ 35 TeV and
Eν ¼ 2 PeV, respectively. In this plot, the colors represent
different assumptions in the production flavor content, and
the color intensity is the probability given by the anarchic
sampling as in Fig. 2.
In Fig. 4, we show the case for the n ¼ 1 operators. The

color notations and their intensities have the equivalent
meaning as Fig. 3. As before, in the top plot, we set the new
physics operator to the current best limit ðO1=Λ1Þ ∼ 10−27.
This is achieved by choosingO1 ¼ O0 ¼ 1.0 × 10−23 GeV
and Λ1 ¼ 1 TeV. In the bottom left plot, O1 ¼
3.6 × 10−26 GeV and Λ1 ¼ 35 TeV are used, and in the
bottom right plot, the parameters are O1 ¼ 6.3 ×
10−28 GeV and Λ1 ¼ 2 PeV. These choices make new
physics to be the same magnitude as the mass term with a
neutrino energy of Eν ¼ 35 TeV and Eν ¼ 2 PeV,

FIG. 2 (color). Allowed region using anarchic sampling on the
mixing angles for the new physics operator when the mass term in
the Hamiltonian is neglected. The different plots correspond to
different assumptions on flavor content at production. The color
intensity is proportional to the probability predicted by anarchic
sampling.

FIG. 3 (color). Allowed region using anarchic sampling on the
mixing angles for the new physics n ¼ 0 operators. The top plot
corresponds to the current limits on n ¼ 0 operator; the bottom
left plot corresponds toO0 ¼ 3.6 × 10−26 GeV, while the bottom
right plot corresponds to O0 ¼ 6.3 × 10−28 GeV.
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Figure 4. Distributions of events and the dark matter density e↵ect on dark matter-

neutrino scattering. The directions of the observed events are shown in the figures as (+) for
(double-) cascade-like events and (x) for track-like events. Larger (smaller) markers indicate a rela-
tively higher (lower) event energy. Figure is shown in galactic coordinates. Dashed line represents
the horizon.

sources, and neutrinos from dark matter. The atmospheric component is divided into three
pieces: the conventional atmospheric neutrino flux, which is dominated by kaon decay in the
energy range relevant for this analysis; the prompt atmospheric neutrino flux dominated by
D-meson decay; and the atmospheric muon flux. The observed astrophysical neutrino flux is
expected to be dominated by extragalactic contributions. In fact, the galactic contribution
has been constrained to be no more than 10% of the observed astrophysical flux [141–143]. Its
energy distribution is compatible with an unbroken single power-law and the flavor composi-
tion is expected to be equal for the preferred production mechanism [130, 131, 144]. Thus, in
this work, we assume the astrophysical component as an unbroken power-law spectrum and
a democratic flavor composition, and equal amounts of neutrinos and antineutrinos. For an
in-depth discussion of the flux assumptions see [8]. Regarding the dark matter contribution
to the astrophysical neutrinos, when considering dark matter decay or annihilation, the ad-
ditional neutrino spectrum is modeled as discussed in Sec. 3. Finally, when considering the
possibility of dark matter-neutrino scattering, we do not consider neutrinos produced from
decays and self-annihilation of this dark matter as the dark matter masses that induce signif-
icant galactic opacity are much smaller than the neutrinos considered in this work. Thus, in
this latter case, we modify the energy and angular distributions of the astrophysical neutrino
flux to account for this new force.

The data and Monte Carlo (MC) events are binned in morphology, m; reconstructed
energy, E; declination, �; and right ascension, RA. We use twenty equal bins in log10(E)
between 60TeV and 10PeV, ten bins in sin(�), twenty bins in RA, and three bins in m

which correspond to tracks, cascades, and double cascades categories; see [8] for more details
regarding the bin choice. The likelihood is a function of the dark matter model parameters,
~⇥, and nuisance parameters, ~⌘, that take into account detector and flux uncertainties. The
likelihood is defined as the product of the likelihood over all the bins, where the likelihood
of the i-th bin when observing xi events with an expectation µi(~⇥, ~⌘) and associated MC
sample size uncertainty �i(~⇥, ~⌘), both derived from simulation, is given by the function Le↵

defined in [145]. This likelihood function converges to a Poisson likelihood in the limit of

– 8 –

constraints can be used to set the scales of n ¼ 0 and n ¼ 1
operators introduced in this Letter. For example, we set
O0 ¼ 1 × 10−23 GeV as a current limit of the n ¼ 0 oper-
ator, and O1 ¼ 1 × 10−23 GeV with Λ1 ¼ 1 TeV as a
current limit of n ¼ 1 operators, where ðO1=Λ1Þ ¼ 10−27.
Throughout this Letter, we have assumed the scale of O1 is
of the order of O0 without loss of generality.
Anarchic sampling prediction and IceCube results.—In

order to predict the flavor composition on the Earth in the
presence of new physics, the values of the mixing matrices
~Un should be specified. In order to show a prediction with
new physics operators, we have to account for all the free
parameters in the mixing matrix; we use a random sampling
scheme to construct the mixing matrix. A well established
schema is the anarchic sampling [49–52], which samples a
flat distribution given by the Haar measure

d ~Un ¼ d~s212∧d~c413∧d~s223∧d~δ; ð5Þ

where, ~sij, ~cij, and ~δ correspond to sines, cosines, and
phase for the new physics n-operator mixing angles. We
omit the Majorana phases since they do not affect neutrino
oscillations.
In Fig. 2, we show the allowed regions using anarchic

sampling in the case where H ¼ ðE=ΛnÞn ~UnOn
~U†
n. In this

case, we neglect the mass term, we are considering that the
Hamiltonian has only one operator, i.e., V ¼ ~Un, and the
result does not depend on n. Each plot in this figure
corresponds to a different production flavor composition.
We show the pion decay production ð1∶2∶0Þ [yellow], beta

decay ð1∶0∶0Þ [green], muon cooling ð0∶1∶0Þ [red], and
for completeness, we show the exotic ντ dominant model
ð0∶0∶1Þ [blue]. The color density in these plots is a
representation of the probability given by the anarchic
sampling.
In Fig. 3, we show the case where we have a mass term

and the n ¼ 0 operators. In the top plot, we set
O0 ¼ 1.0 × 10−23 GeV, corresponding to the order of
the current best limit on this operator. In the bottom left
plot, we setO0 ¼ 3.6 × 10−26 GeV, and in the bottom right
plot we set O0 ¼ 6.3 × 10−28 GeV. These values are
chosen because they have the same magnitude as the mass
term with neutrino energy of Eν ¼ 35 TeV and
Eν ¼ 2 PeV, respectively. In this plot, the colors represent
different assumptions in the production flavor content, and
the color intensity is the probability given by the anarchic
sampling as in Fig. 2.
In Fig. 4, we show the case for the n ¼ 1 operators. The

color notations and their intensities have the equivalent
meaning as Fig. 3. As before, in the top plot, we set the new
physics operator to the current best limit ðO1=Λ1Þ ∼ 10−27.
This is achieved by choosingO1 ¼ O0 ¼ 1.0 × 10−23 GeV
and Λ1 ¼ 1 TeV. In the bottom left plot, O1 ¼
3.6 × 10−26 GeV and Λ1 ¼ 35 TeV are used, and in the
bottom right plot, the parameters are O1 ¼ 6.3 ×
10−28 GeV and Λ1 ¼ 2 PeV. These choices make new
physics to be the same magnitude as the mass term with a
neutrino energy of Eν ¼ 35 TeV and Eν ¼ 2 PeV,

FIG. 2 (color). Allowed region using anarchic sampling on the
mixing angles for the new physics operator when the mass term in
the Hamiltonian is neglected. The different plots correspond to
different assumptions on flavor content at production. The color
intensity is proportional to the probability predicted by anarchic
sampling.

FIG. 3 (color). Allowed region using anarchic sampling on the
mixing angles for the new physics n ¼ 0 operators. The top plot
corresponds to the current limits on n ¼ 0 operator; the bottom
left plot corresponds toO0 ¼ 3.6 × 10−26 GeV, while the bottom
right plot corresponds to O0 ¼ 6.3 × 10−28 GeV.
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What if any incoherent mixture of mass eigenstates is possible?

M. Ackermann et al., Bull. Am. Astron. Soc. 51:215, 2019

Yet, flavor triangle 
not fully covered!

neutrino decays, pseudo-Dirac neutrinos… or neutrino secret interactions, Planck-scale decoherence

More extreme 
scenarios are 

required!

Figure 2: Neutrino-nucleon cross section. Be-
low 1 PeV, measurements [23, 24] are com-
pared to the SM uncertainty band [145] (see also
Ref. [34]) that encloses predictions [34, 145–
148]. The cross section may change due to
new physics — e.g., large extra dimensions [36]
(TeV-scale, in tension with LHC results), elec-
troweak sphalerons [42] (9-TeV barrier height)
— or non-perturbative effects — e.g., color glass
condensate [44] (model BGBKIII).

Figure 3: Flavor composition at Earth of high-
energy cosmic neutrinos, indicating the “theoret-
ically palatable" [57] regions accessible with the
Standard Model with massive neutrinos (nSM),
with new physics similar to neutrino decay, and
with new physics similar to Lorentz-invariance
violation. The neutrino mixing parameters are
generously varied within their uncertainties at
3s . The tilt of the tick marks indicates the ori-
entation along which to read the flavor content.

can probe superheavy dark matter with PeV masses [115–127] and light dark matter [117,126,128–
130]. Multi-messenger constraints are crucial to assess dark matter explanations of the observed
neutrino spectrum [10, 122, 129, 131, 132]. Further, anisotropies in the neutrino sky towards the
Galactic Center can reveal dark matter decaying [133] or interacting with neutrinos [134].

Are there hidden interactions with cosmic backgrounds? High-energy cosmic neutrinos
may interact with low-energy relic neutrino backgrounds via new interactions [65, 135–140], with
large-scale distributions of matter via new forces [141], or with dark backgrounds [142], including
dark energy [143, 144]. These interactions may mimic the existence of neutrino mass, affect the
neutrino flavor composition, and induce anisotropies in the high-energy neutrino sky.

Neutrino Observables: What Do We Use to Probe Fundamental Physics?
To probe fundamental physics, we look at four neutrino observables, individually or together [149].

Energy spectrum: The spectrum of neutrinos depends on their production processes, but BSM
effects could introduce identifiable features, e.g., peaks, troughs, and cut-offs. Present neutrino
telescopes reconstruct the energy E of detected events to within 0.1 in log10(E/GeV) [150]. For
TeV–PeV astrophysical neutrinos, the spectrum is predicted to be a featureless power law. IceCube
data are consistent with that, but also with a broken power law [151–156]. For EeV cosmogenic

3
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Using flavor ratios in IceCube
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Using effective operators:  
general evolution hamiltonian

H = 1
2E

UM 2U † + E
Λn

⎛
⎝⎜

⎞
⎠⎟

n

n
∑ !UnOn

!Un
†

n=0 : neutrino couplings to spacetime torsion, CPT-odd Lorentz violation, NSI  

n=1 : CPT-even Lorentz violation, equivalence principle violation 

flavor structure 
of new physics

Using the probability given in this equation and the flux at
production ϕp

α , we can calculate the neutrino flux on the
Earth, ϕ⊕

β ðEÞ, for a flavor β. It is more convenient to define
the energy averaged flavor composition as

ϕ̄⊕
β ¼ 1

jΔEj

Z

ΔE

X

α

P̄να→νβðEÞϕ
p
αðEÞdE; ð3Þ

where we assume E−2 power law for the production flux
and ΔE ¼ ½10 TeV; 10 PeV%. Note, however, that our main
results are largely insensitive to the spectral index. We also
assume that all flavors have the same energy dependence at
the source.
In astrophysics, charged pion decay from proton-proton

collisions is one of the preferred neutrino production
channels. In this scenario, the initial flavor composition
is ðϕe∶ϕμ∶ϕτÞ ¼ ð1∶2∶0Þ. Other scenarios, such as rapid
muon energy loss, produce ð0∶1∶0Þ; neutron decay domi-
nated sources produce ð1∶0∶0Þ and are of interest, while
compositions such as ð0∶0∶1Þ are not expected in the
standard particle astrophysics scenarios. In order to plot the
flavor content in a flavor triangle, we introduce the flavor
fraction, α⊕β ¼ ϕ̄⊕

β =
P

γϕ̄
⊕
γ .

For the vacuum propagation, the Hamiltonian of the
standard neutrino oscillation only depends on the neutrino
mass term

H ¼ 1

2E
U

0

B@
0 0 0

0 Δm2
21 0

0 0 Δm2
31

1

CAU† ¼ 1

2E
UM2U†; ð4Þ

where E is neutrino energy, Δm2
ij ¼ m2

i −m2
j , and U is the

standard lepton mixing matrix U. Throughout this Letter,
we assume the normal mass ordering. We also performed
the same study by assuming the inverted mass ordering;
however, differences are minor, and mass ordering does not
affect any of our main conclusions.
The current measurements of the standard neutrino

oscillation experiments allow us to determine the astro-
physical neutrino flavor content at detection given an
assumption of the neutrino production. In Fig. 1, we show
allowed regions of the flavor content on the Earth, where
we use the standard mixing angles and their errors from the
global fits [27] in order to produce probability density
distributions for the flavor content. Since the CP phase is
not strongly constrained by either terrestrial [28,29] or
astrophysical [30] neutrinos, we assume a flat distribution
from 0 to 2π. Note that, for simplicity, we use the larger of
the asymmetric errors and implement them as Gaussian. In
the left plot, we assume four different production flavor
composition hypotheses. We observe that all the allowed
regions of astrophysical neutrino flavor content on the
Earth are close to ð1∶1∶1Þ, except when the initial flavor
content is ð1∶0∶0Þ [31]. In the right plot, we show the
allowed region of the flavor content of the astrophysical
neutrinos with all possible astrophysical production

mechanisms; i.e., the production flavor composition is
sampled with ðx∶1 − x∶0Þ uniformly on x [32].
Therefore, this rather narrow band covers all possible
scenarios of the standard neutrino oscillations with the
standard astrophysical neutrino production mechanisms.
New physics in effective Hamiltonians.—An effective

way of introducing new physics in neutrino oscillations is
by introducing new operators. The full Hamiltonian that
incorporates the new physics operators, in the flavor basis,
can be expressed as

H ¼ 1

2E
UM2U† þ

X

n

!
E
Λn

"
n
~UnOn

~U†
n ¼ V†ðEÞΔVðEÞ;

whereOn¼diagðOn;1;On;2;On;3Þ and Δ¼diagðΔ1;Δ2;Δ3Þ.
On and Λn set the scale of the new physics and ~Un is the
mixing matrix that describes the new physics flavor
structure. In the effective theory approach, lower order
operators are more relevant; thus, in this Letter, we will
only study the first terms in the expansion, namely n ¼ 0
and n ¼ 1.
Although, in this Letter, we will study n ¼ 0 and n ¼ 1,

results can be extended to higher orders. These new
operators can be interpreted in different new physics
contexts. Some examples for n ¼ 0 new physics are
couplings between neutrinos and spacetime torsion [33],
CPT-odd Lorenz violation [34–37], and nonstandard
neutrino interactions [38–41]. As for n ¼ 1 new physics
operators, CPT-even Lorentz violation [42,43] and equiv-
alence principle violation [44,45] are possible examples.
There are some constraints from neutrino oscillation

experiments to these effective operators in the context of
Lorentz and CPT violation [46]. The most stringent limits
on certain parameters are obtained from Super-Kamiokande
and IceCube atmospheric neutrino analyses [47,48]. In this
context, the CPT-odd and CPT-even Lorentz violation
coefficients are constrained to be ∼10−23 GeV and
∼10−27 depending on the flavor structure ~Un. These

FIG. 1 (color). Allowed regions of the flavor content on the
Earth using the priors on the mixing angles and errors given from
the current neutrino oscillation measurements. In the left plot, the
different colors correspond to different assumptions on flavor
content at the production. The color intensity is proportional to
the probability density. In the right plot, we further sample the
initial flavor content as ðx∶1 − x∶0Þ.
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constraints can be used to set the scales of n ¼ 0 and n ¼ 1
operators introduced in this Letter. For example, we set
O0 ¼ 1 × 10−23 GeV as a current limit of the n ¼ 0 oper-
ator, and O1 ¼ 1 × 10−23 GeV with Λ1 ¼ 1 TeV as a
current limit of n ¼ 1 operators, where ðO1=Λ1Þ ¼ 10−27.
Throughout this Letter, we have assumed the scale of O1 is
of the order of O0 without loss of generality.
Anarchic sampling prediction and IceCube results.—In

order to predict the flavor composition on the Earth in the
presence of new physics, the values of the mixing matrices
~Un should be specified. In order to show a prediction with
new physics operators, we have to account for all the free
parameters in the mixing matrix; we use a random sampling
scheme to construct the mixing matrix. A well established
schema is the anarchic sampling [49–52], which samples a
flat distribution given by the Haar measure

d ~Un ¼ d~s212∧d~c413∧d~s223∧d~δ; ð5Þ

where, ~sij, ~cij, and ~δ correspond to sines, cosines, and
phase for the new physics n-operator mixing angles. We
omit the Majorana phases since they do not affect neutrino
oscillations.
In Fig. 2, we show the allowed regions using anarchic

sampling in the case where H ¼ ðE=ΛnÞn ~UnOn
~U†
n. In this

case, we neglect the mass term, we are considering that the
Hamiltonian has only one operator, i.e., V ¼ ~Un, and the
result does not depend on n. Each plot in this figure
corresponds to a different production flavor composition.
We show the pion decay production ð1∶2∶0Þ [yellow], beta

decay ð1∶0∶0Þ [green], muon cooling ð0∶1∶0Þ [red], and
for completeness, we show the exotic ντ dominant model
ð0∶0∶1Þ [blue]. The color density in these plots is a
representation of the probability given by the anarchic
sampling.
In Fig. 3, we show the case where we have a mass term

and the n ¼ 0 operators. In the top plot, we set
O0 ¼ 1.0 × 10−23 GeV, corresponding to the order of
the current best limit on this operator. In the bottom left
plot, we setO0 ¼ 3.6 × 10−26 GeV, and in the bottom right
plot we set O0 ¼ 6.3 × 10−28 GeV. These values are
chosen because they have the same magnitude as the mass
term with neutrino energy of Eν ¼ 35 TeV and
Eν ¼ 2 PeV, respectively. In this plot, the colors represent
different assumptions in the production flavor content, and
the color intensity is the probability given by the anarchic
sampling as in Fig. 2.
In Fig. 4, we show the case for the n ¼ 1 operators. The

color notations and their intensities have the equivalent
meaning as Fig. 3. As before, in the top plot, we set the new
physics operator to the current best limit ðO1=Λ1Þ ∼ 10−27.
This is achieved by choosingO1 ¼ O0 ¼ 1.0 × 10−23 GeV
and Λ1 ¼ 1 TeV. In the bottom left plot, O1 ¼
3.6 × 10−26 GeV and Λ1 ¼ 35 TeV are used, and in the
bottom right plot, the parameters are O1 ¼ 6.3 ×
10−28 GeV and Λ1 ¼ 2 PeV. These choices make new
physics to be the same magnitude as the mass term with a
neutrino energy of Eν ¼ 35 TeV and Eν ¼ 2 PeV,

FIG. 2 (color). Allowed region using anarchic sampling on the
mixing angles for the new physics operator when the mass term in
the Hamiltonian is neglected. The different plots correspond to
different assumptions on flavor content at production. The color
intensity is proportional to the probability predicted by anarchic
sampling.

FIG. 3 (color). Allowed region using anarchic sampling on the
mixing angles for the new physics n ¼ 0 operators. The top plot
corresponds to the current limits on n ¼ 0 operator; the bottom
left plot corresponds toO0 ¼ 3.6 × 10−26 GeV, while the bottom
right plot corresponds to O0 ¼ 6.3 × 10−28 GeV.
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respectively. In other words, these choices explore new
physics down to ðO1=Λ1Þ¼1.0×10−30 and ðO1=Λ1Þ¼
3.2×10−34. This can be compared, for example, to the
aforementioned best limits of Lorentz and CPT violation in
the neutrino sector [47,48]. The potential limits from
astrophysical neutrino flavor content can be well beyond
what terrestrial neutrino experiments can achieve.
From Figs. 3 and 4, we observe that the allowed regions

in the flavor triangle change in a similar way to a function
of the energy scale. This is true for any higher operators,
because what matters is the scale where they dominate over
standard neutrino mass terms, and these two operators are
sufficient to predict behaviors of any higher order oper-
ators. Comparing Figs. 3 and 4 with respect to Fig. 2, where
the allowed regions are more symmetric, there is a preferred
region along the vacuum oscillation triangle shown in
Fig. 1. It is interesting to notice that, due to the unitary
evolution and the fact that the oscillations are averaged, for
a given production flavor content, only a subset of the
flavor triangle is accessible. The pion decay production
mechanism ð1∶2∶0Þ is one of the most natural astrophysi-
cal scenarios for high energy neutrino production. From
Figs. 3 and 4, the allowed region for this case is the
smallest, which means that, if future measurements exclude
this region, the pion production dominant mechanism is
excluded regardless of the presence of new oscillation
physics.

In the analyses of the IceCube high energy neutrino
events, different results have been shown. The first result
[53], using the IceCube result [2], showed a best fit at
ð1∶0∶0Þ disfavoring ð1∶1∶1Þ at 92% C.L. Later, the same
authors did an improved analysis [14] including energy
dependence and extra systematic errors, finding that the
best fit may move considerably depending on the features
of the energy spectrum such as including an energy cutoff
or not. The IceCube Collaboration later published an
analysis of the flavor ratio above 30 TeV [15] finding a
best fit at ð0∶ 1

5 ∶
4
5Þ, as well as excluding ð1∶0∶0Þ and

ð0∶1∶0Þ at more than 90% C.L. This IceCube result shows
a best fit dominated by the ντ component, which can be
explained by the correlation between the energy cutoff and
the Glashow resonance, as noted by [14]. In obtaining this
best fit, the IceCube Collaboration has assumed an equal
amount of neutrinos and antineutrinos, which best corre-
sponds to a proton-proton source. On the other hand, if the
neutrino source is proton-photon dominated, then the
neutrino-antineutrino ratio weakens, making the previous
conclusion. It is interesting to notice that, if this IceCube
best fit does not change considerably after adding more
data, the production mechanism has to include a ντ
component. This is because the new physics in the
propagation can not give the best fit value for any plausible
astrophysical scenarios. This implies not only new physics
in the neutrino oscillations, but also new physics in the
production mechanism.
Conclusions.—We performed the first new physics study

on the astrophysical neutrino flavor content using effective
operators in the standard three neutrino scenario. These
operators can represent a variety of models such as Lorentz
and CPT violation, violation of equivalent principle,
cosmic torsion, nonstandard interactions, etc., making this
Letter the most general study of new physics in astro-
physical neutrino flavor content to date.
We found that large effects in the flavor content on the

Earth are still allowed with given terrestrial bounds on new
physics in the neutrino sector. This implies that an accurate
measurement of the flavor content will provide stronger
bounds on new physics. Furthermore, there are regions on
the flavor triangle that cannot be accessed even in the
presence of new physics in the neutrino oscillations for any
of the plausible astrophysical mechanisms. Interestingly,
the most natural astrophysical mechanism, pion decay, has
the smallest region in the flavor triangle even when new
physics is considered. The real astrophysical neutrino
production mechanism in nature may be the combination
of channels, but our results hold for such a case. Therefore,
a higher statistics measurement by future neutrino tele-
scopes, such as IceCube-Gen2 [54], could reveal not only
the initial neutrino flavor ratios, but also the presence of
new physics in neutrinos.

We thank Logan Wille, Markus Ahlers, and Jorge Díaz
for useful discussions. The authors acknowledge support
from the Wisconsin IceCube Particle Astrophysics Center

FIG. 4 (color). Allowed region using anarchic sampling on
the mixing angles for the new physics n ¼ 1 operators. The
top plot corresponds to the current limits on n ¼ 1 operator;
the bottom left plot corresponds to O1 ¼ 3.6 × 10−26 GeV
and Λ1 ¼ 35 TeV (ðO1=Λ1Þ ¼ 1.0 × 10−30), while the bottom
right plot corresponds to O1 ¼ 6.3 × 10−28 GeV and
Λ1 ¼ 2 PeV (ðO1=Λ1Þ ¼ 3.2 × 10−34).
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initiate electromagnetic showers in ice that look like an ap-
proximately isotropic emission of photons (cascade); muons
emit light along their straight trajectories (track); and some
taus produce an isotropic emission with a slight elongation,
reflecting bursts of photon emission from the production of the
tau and its subsequent decay (double cascade). However, most
taus from CC interactions and hadronic showers from neutral-
current (NC) interactions also lead to cascades. A likelihood
function is constructed from the time and charge distributions
of DOMs to estimate the energies, directions, and flavours of
neutrinos. Charged leptons and charged anti-leptons have in-
distinguishable light emission profiles in ice.

In this analysis, we use the high-energy starting event
(HESE) sample with 7.5 years of data collection during 2010
to 2018 [10]. A total of 60 events are observed above 60 TeV.
Among them, 41, 17, and two events are classified as cas-
cades, tracks, and double cascades, respectively. Cascades
and tracks are distributed in 10 incoming zenith angle bins,
in the range cos ✓z = [�1.0,+1.0], with cos ✓z = +1.0 pointing
to the celestial south pole. We use 20 natural logarithmic bins
in deposited energy in the range E = [60 TeV, 2 PeV]. For the
double cascade events, there are 10 bins in the reconstructed
distance between two cascade signals L = [10 m, 100 m] in-
stead of zenith angle bins.

The expected number of events in each bin is computed
through a Monte Carlo (MC) simulation. First, the astrophys-
ical neutrino flux is modeled as a single power-law spectrum.
This is weighted with the assumed flavour ratio at the source
and the mixing probability derived from the e↵ective Hamilto-
nian including new physics operators (Eq. 1). The foreground
flux due to atmospheric neutrinos from ⇡ and K-decays [18],
charm meson decays [19], and atmospheric muons [20], is
added to simulate the complete flux arriving at the detector.
Neutrino absorption in the Earth is modeled using a standard
Earth density profile [21]. Particles produced by neutrino in-
teractions [22] are computed using specialised MC [23] to
output photon signals.

Fig. 2 shows a comparison of the HESE 7.5-yr flavour ratio
measurement [11] with model predictions. This flavour tri-
angle diagram represents astrophysical neutrino flavour ratios
where one point in this diagram shows the energy-averaged
flavour composition at Earth. The pink region near the cen-
tre denotes the so-called standard scenarios. This represents
all possible flavour ratios at Earth from standard astrophysi-
cal neutrino production mechanisms via neutrino mixing [24].
As shown, all of the standard flavour ratios are enclosed in
the 95% confidence level (C.L.) contour, which implies that,
at this moment, all models within standard scenarios are al-
lowed. In other words, the IceCube HESE flavour measure-
ment is consistent with the standard scenarios, given current
statistics and systematic errors. However, current data ex-
cludes certain QG models that produce flavour compositions
far away from the standard region because any new structure
in the vacuum would produce detectable anomalous flavour
ratios, shown by lines in Fig. 2.

In order to make quantitative statement on these scenarios,

FIG. 2. Astrophysical neutrino flavour triangle, including illus-
trations of new physics e↵ects and data contours. The figure rep-
resents the flavour ratio (⌫e : ⌫µ : ⌫⌧) of given compositions at the
source (S ), where the corners indicate pure ⌫e, ⌫µ, or ⌫⌧ composi-
tion. The blue solid and dashed lines show 68% and 95% C.L. con-
tours [11] from IceCube data. The pink region represents expected
flavour ratios from the standard astrophysical neutrino production
models, where the neutrinos at the production source are all possi-
ble combinations of ⌫e and ⌫µ with the neutrino oscillation parameter
errors given in [15]. The lines explained in the lower legend illustrate
the e↵ects of the �c(6) new physics (NP) operators. Three astrophysi-
cal neutrino production models are highlighted by� symbols, a ⌫µ
dominant source (0 : 1 : 0)S (top), a ⌫e dominant source (1 : 0 : 0)S
(bottom), and a preferred model (1/3 : 2/3 : 0)S (middle). When NP
operators are small ( m2/2E), they are distributed within the cen-
tral region. If the values of NP operators are increased, predicted
flavour ratios start to move away from the centre, and they reach to� symbols with the large NP such as �c(6) = E�2

P . For simplicity we
concentrate on real, positive new physics potentials.

we perform a likelihood analysis and report results using a
Bayesian method. Our analysis includes all of the flux com-
ponents previously discussed in the text and implements their
systematics according to the prescription given in [10]. Our
analysis likelihood includes: nuisance parameters to incorpo-
rate the flux and detector uncertainties, standard oscillation
parameters and neutrino mass di↵erences, and parameters that
incorporate the QG e↵ective operators. Appendix B includes
technical details of the fit methods and on the systematic er-
rors.

Figure 3 shows results for the dimension-six operators.
Results of other operators are summarized in Appendix C.
These represent new physics interactions and we expect the
QG-motivated physics operator to be of order E�2

P = 6.7 ⇥
10�39 GeV�2. Limits are shown on a log-scale. The right
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taus produce an isotropic emission with a slight elongation,
reflecting bursts of photon emission from the production of the
tau and its subsequent decay (double cascade). However, most
taus from CC interactions and hadronic showers from neutral-
current (NC) interactions also lead to cascades. A likelihood
function is constructed from the time and charge distributions
of DOMs to estimate the energies, directions, and flavours of
neutrinos. Charged leptons and charged anti-leptons have in-
distinguishable light emission profiles in ice.

In this analysis, we use the high-energy starting event
(HESE) sample with 7.5 years of data collection during 2010
to 2018 [10]. A total of 60 events are observed above 60 TeV.
Among them, 41, 17, and two events are classified as cas-
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distance between two cascade signals L = [10 m, 100 m] in-
stead of zenith angle bins.

The expected number of events in each bin is computed
through a Monte Carlo (MC) simulation. First, the astrophys-
ical neutrino flux is modeled as a single power-law spectrum.
This is weighted with the assumed flavour ratio at the source
and the mixing probability derived from the e↵ective Hamilto-
nian including new physics operators (Eq. 1). The foreground
flux due to atmospheric neutrinos from ⇡ and K-decays [18],
charm meson decays [19], and atmospheric muons [20], is
added to simulate the complete flux arriving at the detector.
Neutrino absorption in the Earth is modeled using a standard
Earth density profile [21]. Particles produced by neutrino in-
teractions [22] are computed using specialised MC [23] to
output photon signals.

Fig. 2 shows a comparison of the HESE 7.5-yr flavour ratio
measurement [11] with model predictions. This flavour tri-
angle diagram represents astrophysical neutrino flavour ratios
where one point in this diagram shows the energy-averaged
flavour composition at Earth. The pink region near the cen-
tre denotes the so-called standard scenarios. This represents
all possible flavour ratios at Earth from standard astrophysi-
cal neutrino production mechanisms via neutrino mixing [24].
As shown, all of the standard flavour ratios are enclosed in
the 95% confidence level (C.L.) contour, which implies that,
at this moment, all models within standard scenarios are al-
lowed. In other words, the IceCube HESE flavour measure-
ment is consistent with the standard scenarios, given current
statistics and systematic errors. However, current data ex-
cludes certain QG models that produce flavour compositions
far away from the standard region because any new structure
in the vacuum would produce detectable anomalous flavour
ratios, shown by lines in Fig. 2.

In order to make quantitative statement on these scenarios,
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resents the flavour ratio (⌫e : ⌫µ : ⌫⌧) of given compositions at the
source (S ), where the corners indicate pure ⌫e, ⌫µ, or ⌫⌧ composi-
tion. The blue solid and dashed lines show 68% and 95% C.L. con-
tours [11] from IceCube data. The pink region represents expected
flavour ratios from the standard astrophysical neutrino production
models, where the neutrinos at the production source are all possi-
ble combinations of ⌫e and ⌫µ with the neutrino oscillation parameter
errors given in [15]. The lines explained in the lower legend illustrate
the e↵ects of the �c(6) new physics (NP) operators. Three astrophysi-
cal neutrino production models are highlighted by� symbols, a ⌫µ
dominant source (0 : 1 : 0)S (top), a ⌫e dominant source (1 : 0 : 0)S
(bottom), and a preferred model (1/3 : 2/3 : 0)S (middle). When NP
operators are small ( m2/2E), they are distributed within the cen-
tral region. If the values of NP operators are increased, predicted
flavour ratios start to move away from the centre, and they reach to� symbols with the large NP such as �c(6) = E�2

P . For simplicity we
concentrate on real, positive new physics potentials.

we perform a likelihood analysis and report results using a
Bayesian method. Our analysis includes all of the flux com-
ponents previously discussed in the text and implements their
systematics according to the prescription given in [10]. Our
analysis likelihood includes: nuisance parameters to incorpo-
rate the flux and detector uncertainties, standard oscillation
parameters and neutrino mass di↵erences, and parameters that
incorporate the QG e↵ective operators. Appendix B includes
technical details of the fit methods and on the systematic er-
rors.

Figure 3 shows results for the dimension-six operators.
Results of other operators are summarized in Appendix C.
These represent new physics interactions and we expect the
QG-motivated physics operator to be of order E�2
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10�39 GeV�2. Limits are shown on a log-scale. The right
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FIG. 3. Limits on the dimension-six new physics operator. The
QG-motivated physics signal region is defined by log10( �c(6) ·E2

P) < 0.
The hatched region is the limit obtained from the atmospheric neu-
trino data analysis on Re ( �c(6)

µ⌧ ) [9]. Limits are presented as a function
of the assumed astrophysical neutrino flavour ratio at the production
source. The leftmost scenario is ⌫µ dominant (0 :1 :0)S and the right-
most is ⌫e dominant (1 : 0 : 0)S . The preferred scenario corresponds
to (1/3 : 2/3 : 0)S (dashed vertical line). Limits on Re ( �c(6)

ee ) (orange),
Re ( �c(6)

eµ ) (red), Re ( �c(6)
e⌧ ) (green), Re ( �c(6)

µµ ) (yellow), Re ( �c(6)
µ⌧ ) (purple),

and Re ( �c(6)
⌧⌧ ) (blue) are shown.

axis incorporates an additional E2
P factor where below zero

corresponds to the QG-motivated physics signal region. For
the first time, we reach the QG-motivated signal region of
the dimension-six operator with neutrinos. The limits are a
function of the astrophysical neutrino production model at the
source. Strong limits are obtained for ⌫µ dominant (0 : 1 : 0)S
and ⌫e dominant (1 : 0 : 0)S scenarios. Weaker limits for the
preferred scenario (1/3 : 2/3 : 0)S are also obtained. This
can be inferred from Fig. 2 because (1/3 : 2/3 : 0)S with new
physics scenarios described by the green region, is almost cov-
ered by the 95% C.L. contour.

In Table I, limits obtained from Bayes factor > 31.6 are
quoted for three source flavour ratio scenarios. Although the
motivation of this analysis is to look for evidence of QG, the
formalism we have used is model-independent, and our results
can set limits on various new physics models [25]. For ex-
ample, the limits for dimension three operators shown in the
first group of Table I can be interpreted as a limit on a new
long-range force [26], neutrino-dark energy coupling [27],
neutrino-dark matter scattering [28], etc.

In summary, we have performed the seminal work using
astrophysical neutrino flavour information to search for the
footprint of QG. We have not found any evidence of QG, but
for the first time, we have reached QG-motivated parameter
space for dimension six operators. In doing so, we have placed
the strongest limits on e↵ective operators that parameterize
QG e↵ects across all fields of science.

The IceCube collaboration acknowledges the significant

dim coe�cient limit dim coe�cient limit (�i
e : �i

µ : �i
⌧)S

3 Re ( �a(5)
eµ ) 6 ⇥ 10�26 GeV 4 Re (�c(6)

eµ ) 2 ⇥ 10�31 (0 :1 :0)S

Re ( �a(5)
e⌧ ) 3 ⇥ 10�27 GeV Re (�c(6)

e⌧ ) 7 ⇥ 10�33 (0 :1 :0)S
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µµ ) 3 ⇥ 10�27 GeV Re (�c(6)
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Re ( �a(5)
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µ⌧ ) 7 ⇥ 10�34 (1 :0 :0)S

Re ( �a(3)
⌧⌧ ) 2 ⇥ 10�27 GeV Re (�c(4)

⌧⌧ ) 8 ⇥ 10�34 (1 :0 :0)S

5 Re ( �a(5)
eµ ) 3⇥10�36 GeV�1 6 Re (�c(6)

eµ ) 4⇥10�41 GeV�2 (0 :1 :0)S

Re ( �a(5)
e⌧ ) 9⇥10�39 GeV�1 Re (�c(6)

e⌧ ) 3⇥10�44 GeV�2 (0 :1 :0)S

Re ( �a(5)
µµ ) 8⇥10�39 GeV�1 Re (�c(6)

µµ ) 7⇥10�45 GeV�2 (0 :1 :0)S

Re ( �a(5)
⌧⌧ ) 3⇥10�38 GeV�1 Re (�c(6)

⌧⌧ ) 1⇥10�43 GeV�2 (0 :1 :0)S

Re ( �a(5)
⌧⌧ ) 2⇥10�35 GeV�1 Re (�c(6)

⌧⌧ ) 3⇥10�36 GeV�2 (1/3:2/3:0)S

Re ( �a(5)
ee ) 7⇥10�40 GeV�1 Re (�c(6)

ee ) 2⇥10�44 GeV�2 (1 :0 :0)S

Re ( �a(5)
µ⌧ ) 4⇥10�39 GeV�1 Re (�c(6)

µ⌧ ) 6⇥10�45 GeV�2 (1 :0 :0)S

Re ( �a(5)
⌧⌧ ) 2⇥10�38 GeV�1 Re (�c(6)

⌧⌧ ) 6⇥10�45 GeV�2 (1 :0 :0)S

7 Re ( �a(7)
eµ ) 5⇥10�46 GeV�3 8 Re (�c(8)

eµ ) 1⇥10�50 GeV�4 (0 :1 :0)S

Re ( �a(7)
e⌧ ) 4⇥10�50 GeV�3 Re (�c(8)

e⌧ ) 6⇥10�56 GeV�4 (0 :1 :0)S

Re ( �a(7)
µµ ) 4⇥10�50 GeV�3 Re (�c(8)

µµ ) 5⇥10�56 GeV�4 (0 :1 :0)S

Re ( �a(7)
⌧⌧ ) 2⇥10�49 GeV�3 Re (�c(8)

⌧⌧ ) 6⇥10�55 GeV�4 (0 :1 :0)S

Re ( �a(7)
⌧⌧ ) 3⇥10�45 GeV�3 Re (�c(8)

⌧⌧ ) 3⇥10�49 GeV�4 (1/3:2/3:0)S

Re ( �a(7)
ee ) 8⇥10�51 GeV�3 Re (�c(8)

ee ) 3⇥10�55 GeV�4 (1 :0 :0)S

Re ( �a(7)
µ⌧ ) 2⇥10�49 GeV�3 Re (�c(8)

µ⌧ ) 5⇥10�55 GeV�4 (1 :0 :0)S

Re ( �a(7)
⌧⌧ ) 3⇥10�49 GeV�3 Re (�c(8)

⌧⌧ ) 8⇥10�56 GeV�4 (1 :0 :0)S

TABLE I. Limits on new physics operators extracted from this
analysis. These limits on new physics operators are derived from
Bayes factor > 31.6 which corresponds to 1 in 31.6 likelihood ratio
for an equal prior. They are for characteristic source flavour ratios;
(1 :0 :0)S and (0 :1 :0)S . We list only operators where limits are set.
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Modified dispersion relations: E = p +
m2

2 p
+ ∑

d

pd−3 (±ad − cd)

(all expressions for 
the isotropic case)

Other effects of LIV

time-of-flight measurements

Cherenkov processes

Anomalous threshold effects

Group velocity: v = 1 −
m2

2 p2
+ ∑

d

(d − 3) pd−4 (±ad − cd)

Comparison of arrival times 
with other messengers 

Decay modes that produce 
neutrinos might be forbidden

δE ≤
(mπ − mμ)2

2 p
eg, pion decay:

neutrino splitting 
pair production
photon radiation

ν2 → ν2 ν1 ν̄1
ν2 → ν2 e−e+

ν2 → ν2 γ

This can cause a cutoff in 
the high-energy spectrum

eg, relaxing the GZK suppression
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time-of-flight measurements

v = 1 −
m2

2 p2
+ ∑

d

(d − 3) pd−4 (±ad − cd) → 1 −
m2

2 p2
+ ξd (d − 3) ( p

MPl )
d−4

ΔT = (1 − v) L = ( m2

2 p2
− ξd (d − 3) ( p

MPl )
d−4

) L

time delay with respect to photons from the same source

Using neutrinos and photons 
from SN 1987A,  E~10 MeV

L →
1

H0 ∫
z

0

(1 + z)d−4

ΩΛ + Ωm (1 + z)3

!0.01–10 the range of !0! which would give "t#10"3 sec
is !0!#1.5#10"19–2#10"22. For the highest energy neutri-
nos with E0$109 GeV expected from the GRB, this would
translate into EQG%6#1028–5#1030 GeV. This should be
compared with the bounds set by the time delays of the pho-
tons observed from GRBs &13' where the tightest limit ob-
tained from the highest energy observed events is EQG
%8.3#1016 GeV &15'. In the extreme ultra-relativistic re-
gime the effect of that neutrino mass is negligible and the
dispersion of the neutrinos in the quantum space-time foam
would be almost the same as that of photons, the latter hav-
ing the advantage of being easier to detect. However ultra-
high energy photons are subject to the GZK cut-off and be-

yond that for better bounds on EQG one can use ultra-high
energy neutrinos. Bounds on EQG from non-observation of
dispersion effects of the quantum space-time foam in neu-
trino oscillations experiments is slightly stronger with EQG
$1022 GeV &25'. This upper limit may be improved in the
forthcoming long baseline experiments using neutrino super-
beams. But it should be noted that this effect will show up in
neutrino oscillations only if the dispersion due to quantum
gravity is flavor dependent. However the method using time
delays will be sensitive even if the effect is flavor indepen-
dent. Thus the observation of time delays of GRB neutrinos
is the most promising way of phenomenologically testing
quantum gravity.

C. Dark energy limits from high redshift events

Different dark energy models give different values for the
Hubble constant H(z) at a given redshift. This can have sig-
nificant impact on the time delays. Since the difference in
H(z) is maximum at the highest redshifts, we have to look at
time delays of neutrinos coming from the farthest GRB
events to probe dark energy. Since from Fig. 1 we see that
I"1 has a much better sensitivity to dark energy than I2, time
delays arising from quantum gravity would be a better probe
for the different cosmological models. Hence it is the ultra-
high energy neutrinos which would be potentially more sen-
sitive. In Fig. 8 we show a further blow-up of the time delay
plot due to quantum gravity effects, with "t between 5
#10"3 and 10"2 sec and !0! between 10"21 and 10"20. We
show the plots for z!1, 2, 4, 6 and 10. The three different
line types correspond to the three different models for the
dark energy that we have considered in this paper. The time
delay obtained depends on the redshift as well as the cosmo-
logical model. For z%3 the time delays for different red-
shifts and different cosmologies begin to overlap. This am-
biguity can be resolved by using smaller redshift events to
determine EQG , since for such events the effect of dark en-

FIG. 6. The time delay "t in seconds as a function of !0!
!E0 /EQG for redshift of z!0.01,0.02,0.05,0.1,0.2,0.5,1,10, as-
suming the cosmological constant model and taking !0!0.

FIG. 7. Variation in the quantum gravity induced time delay "t
in the millisecond region with !0!!E0 /EQG for redshift of z
!0.01,0.02,0.05,0.1,0.2,0.5,1,10, for the three different cosmologi-
cal models (taking !0!0): CONST (solid), SUGRA quintessence
(dots), INV quintessence (dashes).

FIG. 8. Variation in the quantum gravity induced time delay "t
in the millisecond region with !0!!E0 /EQG for high redshifts of z
!1,2,4,6,10 (from right to left) for the three different cosmological
models (taking !0!0): CONST (solid), SUGRA quintessence
(dots), INV quintessence (dashes).
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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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cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
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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
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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
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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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IC-160731, potential GRB neutrinos…
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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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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,
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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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…and neutrino-dark matter scattering 
could also produce time delays
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The detection of the high-energy neutrino event, IceCube-170922A, demonstrated that multimessenger
particle astrophysics triggered by neutrino alerts is feasible. We consider time delay signatures caused by
secret neutrino interactions with the cosmic neutrino background and dark matter and suggest that these can
be used as a novel probe of neutrino interactions beyond the standard model (BSM). The tests with BSM-
induced neutrino echoes are distinct from existing constraints from the spectral modification and will be
enabled by multimessenger observations of bright neutrino transients with future experiments such as
IceCube-Gen2, KM3Net, and Hyper-Kamiokande. The constraints are complementary to those from
accelerator and laboratory experiments and powerful for testing various particle models that explain
tensions prevailing in the cosmological data.

DOI: 10.1103/PhysRevLett.123.241102

The new era of multimessenger astroparticle physics has
started thanks to the recent detection of high-energy cosmic
neutrinos [1,2] and gravitational waves [3,4]. The detection
of the high-energy neutrino event, IceCube-170922A [5],
gave further motivation for time domain particle astro-
physics. Although the significance of the association with
the flaring blazar TXS 0506þ 056 is only ∼3σ, this flaring
blazar was observed at various wavelengths [5], including x
rays [6] and GeV-TeV γ rays [7], which demonstrated the
capability of multimessenger observations initiated by
high-energy neutrino observations.
Neutrinos have important clues to particle physics

beyond the standard model (BSM), as well as the asym-
metry between matter and antimatter. Since the discovery
of high-energy cosmic neutrinos in IceCube, not only
the properties of neutrinos but also different kinds of
BSM physics, including dark matter (DM) and non-
standard interactions, have been discussed (see, e.g.,
[8,9]). In the standard model (with a minimal extension
for finite neutrino masses), the time delay due to the finite
neutrino mass (mν) is estimated to be Δt≈m2

νD=ð2E2
νÞ≃

1.5×10−13 sðmν=0.1 eVÞ2ð0.1PeV=EνÞ2ðD=3GpcÞ, which

is much shorter than durations of known astrophysical
transients. Possible time delay between neutrinos and γ rays
have been discussed to place constraints on the weak
equivalence principle (WEP) and Lorentz invariance vio-
lation (LIV) [10–14]. A time delay of a few days was also
reported for IceCube-160731 coincident with a possible
γ-ray counterpart, AGL J1418þ 0008 [15].
Not only blazar flares but also various transients, such as

long and short γ-ray bursts (GRBs) [16,17], supernovae
(SNe) [18,19], transrelativistic SNe [20,21], and tidal
disruption events (TDEs) [22,23], are promising high-
energy neutrino emitters. It is natural that electrons and
ions are coaccelerated in these sources, and the temporal
and spatial coincidence between neutrinos and γ rays is
expected. Relevant characteristics of various extragalactic
transient sources considered in the literature are summa-
rized in Table I (see also Refs. [24,25]).
We explore delayed neutrino signatures induced by BSM

interactions (see Fig. 1) and suggest that they serve as new

FIG. 1. Schematic picture of neutrino “echoes” induced by
BSM interactions. See text for details.
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Cherenkov processes
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neutrino pair emission:  ν → ν e+ e−

E2
th =

4 m2
e

ξd (Eth /MPl)d−4

e+

e−

ν

ν

ν̄
ν

ν

ν

S. Coleman and S. L. Glashow, Phys. Rev. D59:116008, 1999

D. M. Mattingly et al., JCAP 02:007, 2010

D. M. Mattingly et al., JCAP 02:007, 2010

ν ν

γ

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.59.116008
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.181803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.181803


Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Neutrinos: Messengers of QW54

F. W. Stecker, S. T. Scully, S. Liberati and D. Mattingly, Phys. Rev. D91:045009, 2015

IceCube 3-year data

LIV for d=6 (CPT conserving)

see also F. W. Stecker and S. T. Scully, Phys. Rev. D90:043012, 2014

energy, corresponding to δνe ¼ 5.2 × 10−21, is just con-
sistent with the IceCube results, giving a cutoff effect above
2 PeV. Thus for the conservative case of no-LIVeffect, e.g.,
if one assumes a cutoff in the intrinsic neutrino spectrum of
the sources, or one assumes a slightly steeper PeV-range
neutrino spectrum proportional to E−2.3

ν , we previously
obtained the constraint on superluminal neutrino velocity,
δν ¼ δνe þ δe ≤ 1.0 × 10−20 [11].
In the case of the CPT conserving ½d$ ¼ 6 operator

(n ¼ 2) dominance, the results in Fig. 2 show a high-energy
dropoff in the propagated neutrino spectrum near the
redshifted VPE threshold energy and a pileup in the
spectrum below that energy. This predicted dropoff may
be a possible explanation for the lack of observed neutrinos
above 2 PeV (see Sec. V) as suggested previously [11].
This pileup is caused by the propagation of the higher
energy neutrinos in energy space down to energies within a
factor of ∼5 below the VPE threshold. This is indicative
of the fact that fractional energy loss from the last
allowed neutrino decay before the VPE process ceases
is 0.78 [17] and that for neutrino splitting is taken
to be 1=3. The pileup effect is similar to that of energy
propagation for ultra-high-energy protons near the GZK
threshold [29].
The pileup effect caused by the neutrino splitting process

is more pronounced than that caused by the VPE process
because neutrino splitting produces two new lower energy
neutrinos per interaction. This would be a way of distin-
guishing a dominance of ½d$ > 4 Planck-mass suppressed
interactions from ½d$ ¼ 4 interactions. Thus, with better
statistics in the energy range above 100 TeV, a significant
pileup effect would be a signal of Planck-scale physics.

In order to test for threshold effects in the VPE process,
we employed a Monte Carlo routine to find the opening up
of phase space. We assume the same LIV parameters for
every particle but with an electron mass for two of the
outgoing states. We find that the entirety of phase space is
available when the energy reaches about 1.6 times that of
threshold. Threshold effects should, therefore, have little
impact on our results, as above this value full rates are
operative. In practice, neutrinos near threshold rarely pair
produce before dropping below this energy due to red-
shifting since their mean decay times increase with their
decreasing energy as they propagate. A Monte Carlo
exploration of phase space for neutrino splitting yields
similar results however the threshold for this reaction is in
the GeV range meaning that full rates apply throughout our
calculation. This also justifies our assumption that the
neutrino splitting and VPE rates are similar per decay
channel.
Throughout our calculation we have assumed that a

neutrino loses 0.78 of its initial energy per VPE interaction.
Equation (18) shows that the VPE rates do not differ by
more than 45% between the n ¼ 0 and n ¼ 2 cases. This
reflects the difference in the phase space factors, since the
dynamical matrix elements are the same, indicating that this
is also the maximum deviation in the fraction of energy
carried off by the neutrino in VPE. It is likely that the
deviation would be at most a third of that in a three-body
decay, viz., 15% meaning that the resulting energy fraction
for the n ¼ 2 case could be as high as 0.25. We tested this
and found that it produces no discernible difference in the
spectra. We also tested an energy fraction of 0.5 and found
that even this extreme case would generate no observational
consequences on the pileup effect.
In Fig. 3, we plot the VPE process alone (along with

redshifting) for the CPT -conserving cases n ¼ 0 and
n ¼ 2. We see that the resulting spectra are indistinguish-
able below threshold. Events above the redshifted threshold
pair produce in relatively short times compared to cosmo-
logical timescales regardless of the energy dependence,
making the spectra for n ¼ 0 and n ¼ 2 below the
redshifted threshold indistinguishable. We can only see
the expected differences in the steepening of the spectra for
energies above threshold owing to the rate differences
between n ¼ 0 and n ¼ 2 given by Eq. (18).
As can be seen in Fig. 4, the mean decay times increase

for the neutrino splitting process with increasing choice of
VPE threshold. The increased mean decay times have the
effect of reducing the pileup for increased choice of
threshold as fewer neutrino splitting events will occur.
Thus the pileup becomes a somewhat less sensitive test of
Planck-scale effects with increasing threshold energies.
Fig. 5 shows the effects of choosing different threshold
energies. The dominant process continues to be that of
neutrino splitting but with decreasing importance.

FIG. 2 (color online). Separately calculated n ¼ 2 neutrino
spectra with the VPE case shown in blue and the neutrino
splitting case shown in green. The black spectrum takes account
of all three processes (redshifting, neutrino splitting, and VPE)
occurring simultaneously. The rates for all cases are fixed by
setting the rest frame threshold energy for VPE at 10 PeV. The
neutrino spectra are normalized to the IceCube data both with
(gray) and without (black) an estimated flux of prompt atmos-
pheric neutrinos subtracted [6].

SEARCHING FOR TRACES OF PLANCK-SCALE PHYSICS … PHYSICAL REVIEW D 91, 045009 (2015)

045009-7

neutrino splitting
pair emission

both, including redshifting

B. ½d" ¼ 5 CPT violating operator dominance

In the n ¼ 1 case, the dominant ½d" ¼ 5 operator violates
CPT . Thus, if the ν is superluminal, the ν̄ will be
subluminal, and vice versa. However, the IceCube detector
cannot distinguish neutrinos from antineutrinos. The
incoming νðν̄Þ generates a shower in the detector, allowing
a measurement of its energy and direction. Even in cases
where there is a muon track, the charge of the muon is not
determined.
There would be an exception for electron antineutrinos at

6.3 PeV, given an expected enhancement in the event rate at
the W− Glashow resonance since this resonance only
occurs with ν̄e. However, as we have discussed, no events
have been detected above 2 PeV. We note that ν − ν̄
oscillation measurements would give the strongest con-
straints on the difference in δ’s between ν’s and ν̄’s [16].
Since both VPE and neutrino splitting interactions

generate a particle-antiparticle lepton pair, one of the pair
particles will be superluminal (δ > 0) whereas the other

particle will be subluminal (δ < 0) [30]. Thus, of the
daughter particles, one will be superluminal and interact,
while the other will only redshift. We have accounted for
this in our simulations.
Figure 6 shows the results in the CPT -violating n ¼ 1

case, assuming 100%, 50% and 0% initial superluminal
neutrinos (antineutrinos) and propagating the spectrum
using our Monte Carlo program and taking account of
the fact that in all cases, one of the daughter leptons is
subluminal and, therefore, does not undergo further inter-
actions. As a sanity check, we see that in the 0% case only
redshifting occurs, preserving the initial E−2 spectrum. The
other cases show the effect of VPE and neutrino splitting by
both the initial fraction of superluminal neutrinos and the
superluminal daughter neutrinos.
Thus, as opposed to the CPT -conserving n ¼ 2 case, no

clearly observable cut off is produced, with the possible
unrealistic exception of postulating that only superluminal

FIG. 3 (color online). Calculated n ¼ 0 (red) and n ¼ 2 (black,
as in Fig. 2) neutrino spectrum obtained for the VPE process only
(no neutrino splitting) simultaneously with redshifting. The rates
for all cases are fixed by setting the threshold energy for VPE
at 10 PeV.

FIG. 4 (color online). Mean decay times for neutrino splitting
process in the n ¼ 2 case obtained by setting the threshold energy
for VPE at 10 PeV (black), 20 PeV (green), and 40 PeV (blue).

FIG. 5 (color online). Calculated n ¼ 2 spectra taking into
account of all three processes (redshifting, neutrino splitting, and
VPE) occurring simultaneously for rest frame VPE threshold
energies of 10 PeV (black, as in Fig. 2), 20 PeV (green), and
40 PeV (blue). The IceCube data are as in Fig. 2 [6].

FIG. 6 (color online). Calculated n ¼ 1 neutrino spectra assum-
ing 100% (black), 50% (blue) and 0% (red) initial superluminal
neutrinos (antineutrinos). The neutrino spectra are normalized to
the IceCube data [6].

STECKER et al. PHYSICAL REVIEW D 91, 045009 (2015)
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energy, corresponding to δνe ¼ 5.2 × 10−21, is just con-
sistent with the IceCube results, giving a cutoff effect above
2 PeV. Thus for the conservative case of no-LIVeffect, e.g.,
if one assumes a cutoff in the intrinsic neutrino spectrum of
the sources, or one assumes a slightly steeper PeV-range
neutrino spectrum proportional to E−2.3

ν , we previously
obtained the constraint on superluminal neutrino velocity,
δν ¼ δνe þ δe ≤ 1.0 × 10−20 [11].
In the case of the CPT conserving ½d$ ¼ 6 operator

(n ¼ 2) dominance, the results in Fig. 2 show a high-energy
dropoff in the propagated neutrino spectrum near the
redshifted VPE threshold energy and a pileup in the
spectrum below that energy. This predicted dropoff may
be a possible explanation for the lack of observed neutrinos
above 2 PeV (see Sec. V) as suggested previously [11].
This pileup is caused by the propagation of the higher
energy neutrinos in energy space down to energies within a
factor of ∼5 below the VPE threshold. This is indicative
of the fact that fractional energy loss from the last
allowed neutrino decay before the VPE process ceases
is 0.78 [17] and that for neutrino splitting is taken
to be 1=3. The pileup effect is similar to that of energy
propagation for ultra-high-energy protons near the GZK
threshold [29].
The pileup effect caused by the neutrino splitting process

is more pronounced than that caused by the VPE process
because neutrino splitting produces two new lower energy
neutrinos per interaction. This would be a way of distin-
guishing a dominance of ½d$ > 4 Planck-mass suppressed
interactions from ½d$ ¼ 4 interactions. Thus, with better
statistics in the energy range above 100 TeV, a significant
pileup effect would be a signal of Planck-scale physics.

In order to test for threshold effects in the VPE process,
we employed a Monte Carlo routine to find the opening up
of phase space. We assume the same LIV parameters for
every particle but with an electron mass for two of the
outgoing states. We find that the entirety of phase space is
available when the energy reaches about 1.6 times that of
threshold. Threshold effects should, therefore, have little
impact on our results, as above this value full rates are
operative. In practice, neutrinos near threshold rarely pair
produce before dropping below this energy due to red-
shifting since their mean decay times increase with their
decreasing energy as they propagate. A Monte Carlo
exploration of phase space for neutrino splitting yields
similar results however the threshold for this reaction is in
the GeV range meaning that full rates apply throughout our
calculation. This also justifies our assumption that the
neutrino splitting and VPE rates are similar per decay
channel.
Throughout our calculation we have assumed that a

neutrino loses 0.78 of its initial energy per VPE interaction.
Equation (18) shows that the VPE rates do not differ by
more than 45% between the n ¼ 0 and n ¼ 2 cases. This
reflects the difference in the phase space factors, since the
dynamical matrix elements are the same, indicating that this
is also the maximum deviation in the fraction of energy
carried off by the neutrino in VPE. It is likely that the
deviation would be at most a third of that in a three-body
decay, viz., 15% meaning that the resulting energy fraction
for the n ¼ 2 case could be as high as 0.25. We tested this
and found that it produces no discernible difference in the
spectra. We also tested an energy fraction of 0.5 and found
that even this extreme case would generate no observational
consequences on the pileup effect.
In Fig. 3, we plot the VPE process alone (along with

redshifting) for the CPT -conserving cases n ¼ 0 and
n ¼ 2. We see that the resulting spectra are indistinguish-
able below threshold. Events above the redshifted threshold
pair produce in relatively short times compared to cosmo-
logical timescales regardless of the energy dependence,
making the spectra for n ¼ 0 and n ¼ 2 below the
redshifted threshold indistinguishable. We can only see
the expected differences in the steepening of the spectra for
energies above threshold owing to the rate differences
between n ¼ 0 and n ¼ 2 given by Eq. (18).
As can be seen in Fig. 4, the mean decay times increase

for the neutrino splitting process with increasing choice of
VPE threshold. The increased mean decay times have the
effect of reducing the pileup for increased choice of
threshold as fewer neutrino splitting events will occur.
Thus the pileup becomes a somewhat less sensitive test of
Planck-scale effects with increasing threshold energies.
Fig. 5 shows the effects of choosing different threshold
energies. The dominant process continues to be that of
neutrino splitting but with decreasing importance.

FIG. 2 (color online). Separately calculated n ¼ 2 neutrino
spectra with the VPE case shown in blue and the neutrino
splitting case shown in green. The black spectrum takes account
of all three processes (redshifting, neutrino splitting, and VPE)
occurring simultaneously. The rates for all cases are fixed by
setting the rest frame threshold energy for VPE at 10 PeV. The
neutrino spectra are normalized to the IceCube data both with
(gray) and without (black) an estimated flux of prompt atmos-
pheric neutrinos subtracted [6].
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B. ½d" ¼ 5 CPT violating operator dominance

In the n ¼ 1 case, the dominant ½d" ¼ 5 operator violates
CPT . Thus, if the ν is superluminal, the ν̄ will be
subluminal, and vice versa. However, the IceCube detector
cannot distinguish neutrinos from antineutrinos. The
incoming νðν̄Þ generates a shower in the detector, allowing
a measurement of its energy and direction. Even in cases
where there is a muon track, the charge of the muon is not
determined.
There would be an exception for electron antineutrinos at

6.3 PeV, given an expected enhancement in the event rate at
the W− Glashow resonance since this resonance only
occurs with ν̄e. However, as we have discussed, no events
have been detected above 2 PeV. We note that ν − ν̄
oscillation measurements would give the strongest con-
straints on the difference in δ’s between ν’s and ν̄’s [16].
Since both VPE and neutrino splitting interactions

generate a particle-antiparticle lepton pair, one of the pair
particles will be superluminal (δ > 0) whereas the other

particle will be subluminal (δ < 0) [30]. Thus, of the
daughter particles, one will be superluminal and interact,
while the other will only redshift. We have accounted for
this in our simulations.
Figure 6 shows the results in the CPT -violating n ¼ 1

case, assuming 100%, 50% and 0% initial superluminal
neutrinos (antineutrinos) and propagating the spectrum
using our Monte Carlo program and taking account of
the fact that in all cases, one of the daughter leptons is
subluminal and, therefore, does not undergo further inter-
actions. As a sanity check, we see that in the 0% case only
redshifting occurs, preserving the initial E−2 spectrum. The
other cases show the effect of VPE and neutrino splitting by
both the initial fraction of superluminal neutrinos and the
superluminal daughter neutrinos.
Thus, as opposed to the CPT -conserving n ¼ 2 case, no

clearly observable cut off is produced, with the possible
unrealistic exception of postulating that only superluminal

FIG. 3 (color online). Calculated n ¼ 0 (red) and n ¼ 2 (black,
as in Fig. 2) neutrino spectrum obtained for the VPE process only
(no neutrino splitting) simultaneously with redshifting. The rates
for all cases are fixed by setting the threshold energy for VPE
at 10 PeV.

FIG. 4 (color online). Mean decay times for neutrino splitting
process in the n ¼ 2 case obtained by setting the threshold energy
for VPE at 10 PeV (black), 20 PeV (green), and 40 PeV (blue).

FIG. 5 (color online). Calculated n ¼ 2 spectra taking into
account of all three processes (redshifting, neutrino splitting, and
VPE) occurring simultaneously for rest frame VPE threshold
energies of 10 PeV (black, as in Fig. 2), 20 PeV (green), and
40 PeV (blue). The IceCube data are as in Fig. 2 [6].

FIG. 6 (color online). Calculated n ¼ 1 neutrino spectra assum-
ing 100% (black), 50% (blue) and 0% (red) initial superluminal
neutrinos (antineutrinos). The neutrino spectra are normalized to
the IceCube data [6].
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energy, corresponding to δνe ¼ 5.2 × 10−21, is just con-
sistent with the IceCube results, giving a cutoff effect above
2 PeV. Thus for the conservative case of no-LIVeffect, e.g.,
if one assumes a cutoff in the intrinsic neutrino spectrum of
the sources, or one assumes a slightly steeper PeV-range
neutrino spectrum proportional to E−2.3

ν , we previously
obtained the constraint on superluminal neutrino velocity,
δν ¼ δνe þ δe ≤ 1.0 × 10−20 [11].
In the case of the CPT conserving ½d$ ¼ 6 operator

(n ¼ 2) dominance, the results in Fig. 2 show a high-energy
dropoff in the propagated neutrino spectrum near the
redshifted VPE threshold energy and a pileup in the
spectrum below that energy. This predicted dropoff may
be a possible explanation for the lack of observed neutrinos
above 2 PeV (see Sec. V) as suggested previously [11].
This pileup is caused by the propagation of the higher
energy neutrinos in energy space down to energies within a
factor of ∼5 below the VPE threshold. This is indicative
of the fact that fractional energy loss from the last
allowed neutrino decay before the VPE process ceases
is 0.78 [17] and that for neutrino splitting is taken
to be 1=3. The pileup effect is similar to that of energy
propagation for ultra-high-energy protons near the GZK
threshold [29].
The pileup effect caused by the neutrino splitting process

is more pronounced than that caused by the VPE process
because neutrino splitting produces two new lower energy
neutrinos per interaction. This would be a way of distin-
guishing a dominance of ½d$ > 4 Planck-mass suppressed
interactions from ½d$ ¼ 4 interactions. Thus, with better
statistics in the energy range above 100 TeV, a significant
pileup effect would be a signal of Planck-scale physics.

In order to test for threshold effects in the VPE process,
we employed a Monte Carlo routine to find the opening up
of phase space. We assume the same LIV parameters for
every particle but with an electron mass for two of the
outgoing states. We find that the entirety of phase space is
available when the energy reaches about 1.6 times that of
threshold. Threshold effects should, therefore, have little
impact on our results, as above this value full rates are
operative. In practice, neutrinos near threshold rarely pair
produce before dropping below this energy due to red-
shifting since their mean decay times increase with their
decreasing energy as they propagate. A Monte Carlo
exploration of phase space for neutrino splitting yields
similar results however the threshold for this reaction is in
the GeV range meaning that full rates apply throughout our
calculation. This also justifies our assumption that the
neutrino splitting and VPE rates are similar per decay
channel.
Throughout our calculation we have assumed that a

neutrino loses 0.78 of its initial energy per VPE interaction.
Equation (18) shows that the VPE rates do not differ by
more than 45% between the n ¼ 0 and n ¼ 2 cases. This
reflects the difference in the phase space factors, since the
dynamical matrix elements are the same, indicating that this
is also the maximum deviation in the fraction of energy
carried off by the neutrino in VPE. It is likely that the
deviation would be at most a third of that in a three-body
decay, viz., 15% meaning that the resulting energy fraction
for the n ¼ 2 case could be as high as 0.25. We tested this
and found that it produces no discernible difference in the
spectra. We also tested an energy fraction of 0.5 and found
that even this extreme case would generate no observational
consequences on the pileup effect.
In Fig. 3, we plot the VPE process alone (along with

redshifting) for the CPT -conserving cases n ¼ 0 and
n ¼ 2. We see that the resulting spectra are indistinguish-
able below threshold. Events above the redshifted threshold
pair produce in relatively short times compared to cosmo-
logical timescales regardless of the energy dependence,
making the spectra for n ¼ 0 and n ¼ 2 below the
redshifted threshold indistinguishable. We can only see
the expected differences in the steepening of the spectra for
energies above threshold owing to the rate differences
between n ¼ 0 and n ¼ 2 given by Eq. (18).
As can be seen in Fig. 4, the mean decay times increase

for the neutrino splitting process with increasing choice of
VPE threshold. The increased mean decay times have the
effect of reducing the pileup for increased choice of
threshold as fewer neutrino splitting events will occur.
Thus the pileup becomes a somewhat less sensitive test of
Planck-scale effects with increasing threshold energies.
Fig. 5 shows the effects of choosing different threshold
energies. The dominant process continues to be that of
neutrino splitting but with decreasing importance.

FIG. 2 (color online). Separately calculated n ¼ 2 neutrino
spectra with the VPE case shown in blue and the neutrino
splitting case shown in green. The black spectrum takes account
of all three processes (redshifting, neutrino splitting, and VPE)
occurring simultaneously. The rates for all cases are fixed by
setting the rest frame threshold energy for VPE at 10 PeV. The
neutrino spectra are normalized to the IceCube data both with
(gray) and without (black) an estimated flux of prompt atmos-
pheric neutrinos subtracted [6].
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B. ½d" ¼ 5 CPT violating operator dominance

In the n ¼ 1 case, the dominant ½d" ¼ 5 operator violates
CPT . Thus, if the ν is superluminal, the ν̄ will be
subluminal, and vice versa. However, the IceCube detector
cannot distinguish neutrinos from antineutrinos. The
incoming νðν̄Þ generates a shower in the detector, allowing
a measurement of its energy and direction. Even in cases
where there is a muon track, the charge of the muon is not
determined.
There would be an exception for electron antineutrinos at

6.3 PeV, given an expected enhancement in the event rate at
the W− Glashow resonance since this resonance only
occurs with ν̄e. However, as we have discussed, no events
have been detected above 2 PeV. We note that ν − ν̄
oscillation measurements would give the strongest con-
straints on the difference in δ’s between ν’s and ν̄’s [16].
Since both VPE and neutrino splitting interactions

generate a particle-antiparticle lepton pair, one of the pair
particles will be superluminal (δ > 0) whereas the other

particle will be subluminal (δ < 0) [30]. Thus, of the
daughter particles, one will be superluminal and interact,
while the other will only redshift. We have accounted for
this in our simulations.
Figure 6 shows the results in the CPT -violating n ¼ 1

case, assuming 100%, 50% and 0% initial superluminal
neutrinos (antineutrinos) and propagating the spectrum
using our Monte Carlo program and taking account of
the fact that in all cases, one of the daughter leptons is
subluminal and, therefore, does not undergo further inter-
actions. As a sanity check, we see that in the 0% case only
redshifting occurs, preserving the initial E−2 spectrum. The
other cases show the effect of VPE and neutrino splitting by
both the initial fraction of superluminal neutrinos and the
superluminal daughter neutrinos.
Thus, as opposed to the CPT -conserving n ¼ 2 case, no

clearly observable cut off is produced, with the possible
unrealistic exception of postulating that only superluminal

FIG. 3 (color online). Calculated n ¼ 0 (red) and n ¼ 2 (black,
as in Fig. 2) neutrino spectrum obtained for the VPE process only
(no neutrino splitting) simultaneously with redshifting. The rates
for all cases are fixed by setting the threshold energy for VPE
at 10 PeV.

FIG. 4 (color online). Mean decay times for neutrino splitting
process in the n ¼ 2 case obtained by setting the threshold energy
for VPE at 10 PeV (black), 20 PeV (green), and 40 PeV (blue).

FIG. 5 (color online). Calculated n ¼ 2 spectra taking into
account of all three processes (redshifting, neutrino splitting, and
VPE) occurring simultaneously for rest frame VPE threshold
energies of 10 PeV (black, as in Fig. 2), 20 PeV (green), and
40 PeV (blue). The IceCube data are as in Fig. 2 [6].

FIG. 6 (color online). Calculated n ¼ 1 neutrino spectra assum-
ing 100% (black), 50% (blue) and 0% (red) initial superluminal
neutrinos (antineutrinos). The neutrino spectra are normalized to
the IceCube data [6].
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Conclusions

The weakness of their interactions is the 
strength of their sensitivity to search for 

new physics signatures

Neutrino oscillations, albeit some anomalies,   
are well established: neutrinos have mass ➛  

evidence of physics beyond the SM

In particular, neutrinos of different energies 
set very competitive limits on QG scenarios

A very broad energy and baseline range 
explored by numerous experiments


