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Special	Relativity	=	Lorentz	Invariance

The	reasons	for	looking	for	Lorentz	invariance	
violation	(LIV)	come	from	the	incompatibility	of	
relativity	and	quantum	mechanics,	particularly	at	
very	small	length	scales.

One	consequence	of	LIV	can	be	a	difference	in	the	
maximum	velocities	of	particles	from	the	speed	of	
light,	e.g.,	“superluminal”	velocities,	and	changes	
in	energy	thresholds	for	particle	interactions.



Why high energy neutrinos? 
• Both high energy g-rays and neutrinos result from the decay of 

pions produced in hadronic interactions in astrophysical 
sources.

• g-rays above ~TeV energies coming from all but the closest 
extragalactic sources are annihilated by interactions with low 
energy photons emitted by galaxies. Above ~PeV energies no 
extragalactic g-rays can reach us owing to interactions with  
cosmic microwave background photons.

• Thus, there is a natural transition region above the multi-TeV 
energy range where neutrino astronomy comes into its own!

• However, neutrinos reach us from throughout the Universe. The 
cross section for neutrino interactions grows as E2 up to energies 
~100 TeV. Also, above ~100 TeV, the flux of astrophysical neutrinos 
stands out above the atmospheric foreground.



The	IceCube Neutrino	Detector	at	the	South	Pole



A	PeV n event	from	IceCube detected	by	
Cherenkov	light	of	charged	particles	
produced	by	the	n interaction



The Celestial Distribution of IceCube Astrophysical Neutrinos in Galactic Coordinates.

x:	Muon	Tracks,		<	1.5o	a.r.,	(+):	Cascades,	~15o	a.r.

Observation of Astrophysical Neutrinos in Four Years of IceCube Data C. Kopper

Figure 7: Arrival directions of the events in galactic coordinates. Shower-like events are marked with +
and those containing tracks with ⇥. Colors show the test statistics (TS) for the point-source clustering test
at each location. No significant clustering was found.

6. Future Plans

Other searches in IceCube have managed to reduce the energy threshold for a selection of start-
ing events even further in order to be better able to describe the observed flux and its properties [5],
but at this time they have only been applied to the first two years of data used for this study. We will
continue these lower-threshold searches and will extend them to the full set of data collected by
IceCube. Because of its simplicity and its robustness with respect to systematics when compared
to more detailed searches, the search presented here is well suited towards triggering and providing
input for follow-up observations by other experiments. In the future, we thus plan to continue this
analysis in a more automated manner in order to update the current results with more statistics and
to produce alerts as an input for multi-messenger efforts.
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The isotropic arrival distribution of cosmic neutrinos indicates that 
most are of extragalactic origin.



A galactic n distribution should resemble a sharper version of the 
Fermi 5 year g-ray skymap (see below), of secondary but without 

sources, since both are from secondary p decay 
(FWS 1979) .
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IceCube	PeV	Neutrinos	are	
Extragalactic!

Since	they	come	from	large	distances,	
they	are	sensitive	to	energy	loss	
processes.



Redshift Distribution of Possible Extragalactic 
Neutrino Sources

Generic Redshift 
Distribution of Possible 
Neutrino Sources 
(AGNs,GRBs,SFGs)

in the galactic plane [6], (2) At least one of the PeV
neutrinos came from a direction off the galactic plane [6],
(3) The diffuse galactic neutrino flux [23] is expected to be
well below that observed by IceCube, (4) Upper limits on
diffuse galactic γ rays in the TeV-PeV energy range imply
that galactic neutrinos cannot account for the neutrino flux
observed by IceCube [24].
Above 60 TeV, the IceCube data are consistent with a

spectrum given by E2
νðdNν=dEνÞ≃ 10−8 GeVcm−2 s−1.

Spectra steeper than E−2
ν do not give a good fit to the

existing data in the 60 TeV to 2 PeV energy range [25].
However, no neutrino induced events have been seen above
∼2 PeV, as would be expected from extending an E−2

ν
spectrum beyond ∼2 PeV. In particular, IceCube has not
detected any neutrino induced events from the Glashow
resonance effect at 6.3 PeV. In this effect, electrons
in the IceCube volume provide enhanced target cross
sections for ν̄e’s through the W− resonance channel,
ν̄e þ e− → W− → shower, at the resonance energy Eν̄e ¼
M2

W=2me ¼ 6.3 PeV [26]. This enhancement leads to an
increased IceCube effective area for detecting the sum of
the νe’s, i.e., νe’s plus ν̄e’s by a factor of ∼10 [22]. It is
usually expected that 1=3 of the potential 6.3 PeV neutrinos
would be νe’s plus ν̄e’s unless new physics is involved.
Thus, the enhancement in the overall effective area
expected is a factor of ∼3. Taking account of the increased
effective area between 2 and 6 PeV and a decrease from an
assumed neutrino energy spectrum of E−2

ν , we would
expect about 3 events at the Glashow resonance provided
that the number of ν̄e ’s is equal to the number of νe’s. Even
without considering the Glashow resonance effect, several
neutrino events above 2 PeV would be expected if the E−2

ν
spectrum extended to higher energies. Thus, the lack of
neutrinos above 2 PeVenergy and at the 6.3 PeV resonance
may be indications of a cutoff in the neutrino spectrum.

V. CALCULATIONS OF SUPERLUMINAL
NEUTRINO PROPAGATION WITH ½d& > 4

OPERATOR DOMINANCE

We have used Monte Carlo techniques to determine the
effect of neutrino splitting and VPE on putative super-
luminal neutrinos propagating from cosmological distances
under the assumption of the dominance of Planck-mass
suppressed LIV operators with ½d& > 4. Our Monte Carlo
codes take account of energy losses by both neutrino
splitting and VPE as well as redshifting of neutrinos
emitted from sources at cosmological distances. As in
Ref. [11], we consider a scenario where the neutrino
sources have a redshift distribution that follows that of
the star formation rate [27]. This redshift distribution
appears to be roughly applicable for both active galactic
nuclei and γ-ray bursts. We assume a simple source
spectrum proportional to E−2 between 100 TeV and
100 PeV as is the case for cosmic neutrinos observed by
IceCube with energies above 60 TeV [6]. We generate
Monte Carlo events using these two distributions. Our

final results are normalized to an energy flux of
E2
νðdNν=dEνÞ≃ 10−8 GeV cm−2 s−1 sr−1, as is consistent

with the IceCube data for both the southern and northern
hemisphere for energies between 60 TeV and 2 PeV [6]. In
our Monte Carlo runs we considered VPE threshold
energies between 10 PeVand 40 PeV for the VPE process,
corresponding to values of δνe between 5.2 × 10−21 and
3.3 × 10−22. By propagating our test neutrinos including
energy losses from VPE, neutrino splitting, and redshifting
using our Monte Carlo code, we obtained final neutrino
spectra and compared them with the IceCube results.
Given that neutrinos detected by IceCube are extraga-

lactic, cosmological effects should be taken into account in
deriving new LIV constraints. The reasons are straightfor-
ward. As opposed to the extinction of high-energy extra-
galactic photons through electromagnetic interactions [28],
neutrinos survive from all redshifts because they only
interact weakly. It follows that since the universe is trans-
parent to neutrinos, most of the cosmic PeV neutrinos will
come from sources at redshifts between ∼0.5 and ∼2 [27].
Therefore, along with energy losses by VPE [17] and
neutrino splitting, energy losses by redshifting of neutrinos
and the effect of the cosmological ΛCDM redshift-distance
relation

D ¼ c
H0

Z
z

0

dz0

ð1þ z0Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩΛ þ ΩMð1þ z0Þ3

p ð23Þ

need to be included in the determination of δν.
As in Ref. [11], we assume a flat ΛCDM universe with a

Hubble constant of H0 ¼ 67.8 km s−1 Mpc−1 along with
ΩΛ ¼ 0.7 and ΩM ¼ 0.3. Thus the energy loss due to
redshifting is given by

−ð∂ logE=∂tÞredshift ¼ H0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωmð1þ zÞ3 þ ΩΛ

q
: ð24Þ

The decay widths for the VPE process are given by
Eqs. (19) and (20) for the cases n ¼ 1 and n ¼ 2,
respectively, while those for neutrino splitting are given
by Eqs. (21) and (22).

VI. RESULTS

A. ½d& ¼ 6 CPT conserving operator dominance

As found before [11], the best fit to the IceCube
data corresponds to a VPE rest-frame threshold energy
Eν;th ¼ 10 PeV as shown in Fig. 2. This corresponds to
δνe ≡ δν − δe ≤ 5.2 × 10−21. Noting that δe ≤ 5 × 10−21

[15], we found previously that δν ≤ 1.0 × 10−20. Should
we assume that δe is negligible compared to δν [15] then
δν ≃ δνe. We note that one cannot assume that δν and δe are
equal. Models can be constructed where δν and δe are
independent, and it has even been suggested that LIV may
occur only in the neutrino sector [20].
Values of Eν;th less than 10 PeVare inconsistent with the

IceCube data. The result for a 10 PeV rest-frame threshold
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Using	the	effective	field	theory	formalism	called	the	Standard	
Model	Extension	(SME)	that	incorporates LIV,	we	have	calculated	
the	effect	of	vacuum	pair	emission	(VPE),	neutrino	splitting,	and	
redshift on	extragalactic	superluminal neutrinos	and	compared	it	
with	the	spectral	data	from	3	years	of	observations	of	cosmic	
neutrinos	using	the	IceCube	detector	array.

Energy Loss Rates from Allowed Interactions of      
Superluminal Neutrinos in vacuo



VPE and Neutrino Splitting

c.f.,	muon	decay

CC: VPE

NC:		VPE	and	n Splitting



Assume	the	neutrino	to	be	traveling	at	a fractional	velocity	d
above	c.We	then	assume	that	the	higher	order	terms	in	SME	
Lagrangian	are	described	by	operators	of	mass	dimension	[d]	
suppressed	by	n =	[d]	– 4	factors	of	the	Planck	mass,	MPl.	Using	
the	definition	d =	kn(En/MPl)n ,	the	neutrino		energy	loss	rate	
from	VPE	above	a	threshold	energy	Eth =	ml(2/d)1/2		is	then

The	loss	rate	from	neutrino	splitting	is	three	times	larger	
(3	flavors).	

The	energy	loss	from	redshifting is

obtained in Ref. [15]. These dependences are in agreement
with those given in Refs. [17] and [18] and the only
unknown is the numerical coefficient, the calculation of
which we now address.

A. Decay by vacuum electron-positron pair emission

Above an energy threshold given by

Eth ¼ me

ffiffiffi
2

δ

r
; ð16Þ

[19] with δ≡ δνe given by Eq. (10), the rate for the VPE
process, ν → νeþe− via the neutral current (NC)
Z-exchange channel, has been calculated by [17] to be

Γ ¼ 1

14

G2
Fð2δÞ3E5

ν

192π3
¼ 1.31 × 10−14δ3E5

GeV GeV: ð17Þ

In general, the charged current (CC) W-exchange chan-
nels contribute as well. However, this channel is only
kinematically relevant for νe’s, as the production of μ or τ
leptons by νμ’s or ντ’s has a much higher energy threshold
due to the large final state particle masses (Eq. (16) withme
replaced by mμ or mτ) and our final results are highly
threshold dependent. Owing to neutrino oscillations, neu-
trinos propagating over large distances spend 1=3 of their
time in each flavor state. Thus, the flavor population of
neutrinos from astrophysical sources is expected to be
½νe∶νμ∶ντ& ¼ ½1∶1∶1& so that CC interactions involving νe’s
will only be important 1=3 of the time. We ignore CC
interactions involving νe’s in our calculations but discuss
their impact on our conclusions later.
The mean fractional energy loss due to a VPE is ∼0.78

[17].2 Using Eqs. (10) and (15) and the dynamical matrix
element taken from the simplest case (example 1) derived
in Ref. [20], we can generalize Eq. (17) to n ¼ 1 and n ¼ 2,

Γ ¼ G2
F

192π3
½ð1 − 2s2WÞ2 þ ð2s2WÞ2&ζnκ3n

E3nþ5
ν

M3n
Pl

; ð18Þ

where sW is the sine of the Weinberg angle (s2W ¼ 0.231)
and the ζn’s are numbers of order 1 [20].
For the n ¼ 1 case we obtain the VPE rate,

Γ ¼ 1.72 × 10−14κ31E
5
GeVðE=MPlÞ3 GeV; ð19Þ

and for the n ¼ 2 case we obtain the VPE rate,

Γ ¼ 1.91 × 10−14κ32E
5
GeVðE=MPlÞ6 GeV: ð20Þ

B. Decay by neutrino pair emission (neutrino splitting)

The process of neutrino splitting in the case of super-
luminal neutrinos, i.e., ν → 3ν is relatively unimportant in
the ½d& ¼ 4, n ¼ 0 case considered in Ref. [11] because
neutrinos of comparable energy but different flavor travel at
virtually the same velocity, as indicated by neutrino
oscillation experiments [16,17]. In the presence of
½d& > 4 (n > 0) terms in a Planck-mass suppressed EFT,
the energy-dependent velocity differences in the n > 0
cases become significant [18]. Superluminal neutrino
splitting becomes kinematically allowed because of the
dependence of velocity on energy. The daughter neutrinos
travel with a smaller velocity. The velocity-dependent
energy of the parent neutrino is, therefore, greater than
that of the daughter neutrinos. We, therefore, consider the
n ¼ 1 and n ¼ 2 scenarios in this paper with particular
regard to using the IceCube neutrino observations [6] to
place constraints on superluminality in the neutrino sector.
The neutrino splitting is an NC interaction. The total

neutrino splitting rate obtained is, therefore, three times that
of the NC-mediated VPE process above threshold. We
assume that the three daughter neutrinos each carry off
approximately 1/3 of the energy of the incoming neutrino.
Therefore, for the n ¼ 1 case we obtain the neutrino
splitting rate

Γ ¼ 5.16 × 10−14κ31E
5
GeVðE=MPlÞ3 GeV; ð21Þ

and for the n ¼ 2 case we obtain the neutrino splitting rate

Γ ¼ 5.73 × 10−14κ32E
5
GeVðE=MPlÞ6 GeV: ð22Þ

The threshold energy for neutrino splitting is propor-
tional to the neutrino mass and is, in any case, much
smaller than 100 TeV. We can, therefore, assume that we
are always above threshold when comparing with the
IceCube data.

IV. THE NEUTRINOS OBSERVED BY ICECUBE

As of this writing, the IceCube Collaboration has
identified 87þ14

−10 events from neutrinos of astrophysical
origin with energies above 10 TeV, with the error in the
number of astrophysical events determined by the modeled
subtraction of both conventional and prompt atmospheric
neutrinos and also penetrating atmospheric muons, par-
ticularly at energies below 60 TeV [21]. Neutrinos iden-
tified to be of astrophysical origin and having energies
above 60 TeV were found to have an energy spectrum
proportional to E−2

ν [6,21,22].
There are four indications that the bulk of cosmic

neutrinos observed by IceCube with energies above
0.1 PeV are extragalactic in origin: (1) The arrival dis-
tribution of the 37 reported events with E > 0.1 PeV
observed by IceCube above atmospheric background is
consistent with isotropy, with no significant enhancement

2The vacuum Čerenkov emission (VCE) process, ν → νþ γ, is
also kinematically allowed for superluminal neutrinos. However,
since the neutrino has no charge, this process entails the neutral
current channel production of a virtual electron-positron pair
followed by its annihilation into a photon. Thus, the rate for VCE
is a factor of α lower than that for VPE.
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in the galactic plane [6], (2) At least one of the PeV
neutrinos came from a direction off the galactic plane [6],
(3) The diffuse galactic neutrino flux [23] is expected to be
well below that observed by IceCube, (4) Upper limits on
diffuse galactic γ rays in the TeV-PeV energy range imply
that galactic neutrinos cannot account for the neutrino flux
observed by IceCube [24].
Above 60 TeV, the IceCube data are consistent with a

spectrum given by E2
νðdNν=dEνÞ≃ 10−8 GeVcm−2 s−1.

Spectra steeper than E−2
ν do not give a good fit to the

existing data in the 60 TeV to 2 PeV energy range [25].
However, no neutrino induced events have been seen above
∼2 PeV, as would be expected from extending an E−2

ν
spectrum beyond ∼2 PeV. In particular, IceCube has not
detected any neutrino induced events from the Glashow
resonance effect at 6.3 PeV. In this effect, electrons
in the IceCube volume provide enhanced target cross
sections for ν̄e’s through the W− resonance channel,
ν̄e þ e− → W− → shower, at the resonance energy Eν̄e ¼
M2

W=2me ¼ 6.3 PeV [26]. This enhancement leads to an
increased IceCube effective area for detecting the sum of
the νe’s, i.e., νe’s plus ν̄e’s by a factor of ∼10 [22]. It is
usually expected that 1=3 of the potential 6.3 PeV neutrinos
would be νe’s plus ν̄e’s unless new physics is involved.
Thus, the enhancement in the overall effective area
expected is a factor of ∼3. Taking account of the increased
effective area between 2 and 6 PeV and a decrease from an
assumed neutrino energy spectrum of E−2

ν , we would
expect about 3 events at the Glashow resonance provided
that the number of ν̄e ’s is equal to the number of νe’s. Even
without considering the Glashow resonance effect, several
neutrino events above 2 PeV would be expected if the E−2

ν
spectrum extended to higher energies. Thus, the lack of
neutrinos above 2 PeVenergy and at the 6.3 PeV resonance
may be indications of a cutoff in the neutrino spectrum.

V. CALCULATIONS OF SUPERLUMINAL
NEUTRINO PROPAGATION WITH ½d& > 4

OPERATOR DOMINANCE

We have used Monte Carlo techniques to determine the
effect of neutrino splitting and VPE on putative super-
luminal neutrinos propagating from cosmological distances
under the assumption of the dominance of Planck-mass
suppressed LIV operators with ½d& > 4. Our Monte Carlo
codes take account of energy losses by both neutrino
splitting and VPE as well as redshifting of neutrinos
emitted from sources at cosmological distances. As in
Ref. [11], we consider a scenario where the neutrino
sources have a redshift distribution that follows that of
the star formation rate [27]. This redshift distribution
appears to be roughly applicable for both active galactic
nuclei and γ-ray bursts. We assume a simple source
spectrum proportional to E−2 between 100 TeV and
100 PeV as is the case for cosmic neutrinos observed by
IceCube with energies above 60 TeV [6]. We generate
Monte Carlo events using these two distributions. Our

final results are normalized to an energy flux of
E2
νðdNν=dEνÞ≃ 10−8 GeV cm−2 s−1 sr−1, as is consistent

with the IceCube data for both the southern and northern
hemisphere for energies between 60 TeV and 2 PeV [6]. In
our Monte Carlo runs we considered VPE threshold
energies between 10 PeVand 40 PeV for the VPE process,
corresponding to values of δνe between 5.2 × 10−21 and
3.3 × 10−22. By propagating our test neutrinos including
energy losses from VPE, neutrino splitting, and redshifting
using our Monte Carlo code, we obtained final neutrino
spectra and compared them with the IceCube results.
Given that neutrinos detected by IceCube are extraga-

lactic, cosmological effects should be taken into account in
deriving new LIV constraints. The reasons are straightfor-
ward. As opposed to the extinction of high-energy extra-
galactic photons through electromagnetic interactions [28],
neutrinos survive from all redshifts because they only
interact weakly. It follows that since the universe is trans-
parent to neutrinos, most of the cosmic PeV neutrinos will
come from sources at redshifts between ∼0.5 and ∼2 [27].
Therefore, along with energy losses by VPE [17] and
neutrino splitting, energy losses by redshifting of neutrinos
and the effect of the cosmological ΛCDM redshift-distance
relation

D ¼ c
H0

Z
z

0

dz0

ð1þ z0Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩΛ þ ΩMð1þ z0Þ3

p ð23Þ

need to be included in the determination of δν.
As in Ref. [11], we assume a flat ΛCDM universe with a

Hubble constant of H0 ¼ 67.8 km s−1 Mpc−1 along with
ΩΛ ¼ 0.7 and ΩM ¼ 0.3. Thus the energy loss due to
redshifting is given by

−ð∂ logE=∂tÞredshift ¼ H0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωmð1þ zÞ3 þ ΩΛ

q
: ð24Þ

The decay widths for the VPE process are given by
Eqs. (19) and (20) for the cases n ¼ 1 and n ¼ 2,
respectively, while those for neutrino splitting are given
by Eqs. (21) and (22).

VI. RESULTS

A. ½d& ¼ 6 CPT conserving operator dominance

As found before [11], the best fit to the IceCube
data corresponds to a VPE rest-frame threshold energy
Eν;th ¼ 10 PeV as shown in Fig. 2. This corresponds to
δνe ≡ δν − δe ≤ 5.2 × 10−21. Noting that δe ≤ 5 × 10−21

[15], we found previously that δν ≤ 1.0 × 10−20. Should
we assume that δe is negligible compared to δν [15] then
δν ≃ δνe. We note that one cannot assume that δν and δe are
equal. Models can be constructed where δν and δe are
independent, and it has even been suggested that LIV may
occur only in the neutrino sector [20].
Values of Eν;th less than 10 PeVare inconsistent with the

IceCube data. The result for a 10 PeV rest-frame threshold
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This process increases dramatically with 
energy and with the energy loss occurring over 
extragalactic distances.

The very existence of PeV neutrino events 
can place dramatic limits on the velocity of 
superluminal neutrinos and the violation of 
Lorentz invariance.

This is because even very slightly 
superluminal neutrinos will lose energy by the 
Cherenkov radiation of lepton pairs in vacuo.



Predicted	neutrino	spectrum	with	d =	10-20	shown	in	black.	Other	spectra	are	for	d <	10-20.



At 6.3 PeV, there is a “Glashow resonance” for high energy 
electron antineutrinos interacting with electrons in the ice,

If the neutrino spectrum extended to this energy without a cutoff, 
3 to 4 events of 6.3 PeV energy should have been seen. No events 
at this energy have been seen by IceCube, supporting the cutoff 
effect.

in the galactic plane [6], (2) At least one of the PeV
neutrinos came from a direction off the galactic plane [6],
(3) The diffuse galactic neutrino flux [23] is expected to be
well below that observed by IceCube, (4) Upper limits on
diffuse galactic γ rays in the TeV-PeV energy range imply
that galactic neutrinos cannot account for the neutrino flux
observed by IceCube [24].
Above 60 TeV, the IceCube data are consistent with a

spectrum given by E2
νðdNν=dEνÞ≃ 10−8 GeVcm−2 s−1.

Spectra steeper than E−2
ν do not give a good fit to the

existing data in the 60 TeV to 2 PeV energy range [25].
However, no neutrino induced events have been seen above
∼2 PeV, as would be expected from extending an E−2

ν
spectrum beyond ∼2 PeV. In particular, IceCube has not
detected any neutrino induced events from the Glashow
resonance effect at 6.3 PeV. In this effect, electrons
in the IceCube volume provide enhanced target cross
sections for ν̄e’s through the W− resonance channel,
ν̄e þ e− → W− → shower, at the resonance energy Eν̄e ¼
M2

W=2me ¼ 6.3 PeV [26]. This enhancement leads to an
increased IceCube effective area for detecting the sum of
the νe’s, i.e., νe’s plus ν̄e’s by a factor of ∼10 [22]. It is
usually expected that 1=3 of the potential 6.3 PeV neutrinos
would be νe’s plus ν̄e’s unless new physics is involved.
Thus, the enhancement in the overall effective area
expected is a factor of ∼3. Taking account of the increased
effective area between 2 and 6 PeV and a decrease from an
assumed neutrino energy spectrum of E−2

ν , we would
expect about 3 events at the Glashow resonance provided
that the number of ν̄e ’s is equal to the number of νe’s. Even
without considering the Glashow resonance effect, several
neutrino events above 2 PeV would be expected if the E−2

ν
spectrum extended to higher energies. Thus, the lack of
neutrinos above 2 PeVenergy and at the 6.3 PeV resonance
may be indications of a cutoff in the neutrino spectrum.

V. CALCULATIONS OF SUPERLUMINAL
NEUTRINO PROPAGATION WITH ½d& > 4

OPERATOR DOMINANCE

We have used Monte Carlo techniques to determine the
effect of neutrino splitting and VPE on putative super-
luminal neutrinos propagating from cosmological distances
under the assumption of the dominance of Planck-mass
suppressed LIV operators with ½d& > 4. Our Monte Carlo
codes take account of energy losses by both neutrino
splitting and VPE as well as redshifting of neutrinos
emitted from sources at cosmological distances. As in
Ref. [11], we consider a scenario where the neutrino
sources have a redshift distribution that follows that of
the star formation rate [27]. This redshift distribution
appears to be roughly applicable for both active galactic
nuclei and γ-ray bursts. We assume a simple source
spectrum proportional to E−2 between 100 TeV and
100 PeV as is the case for cosmic neutrinos observed by
IceCube with energies above 60 TeV [6]. We generate
Monte Carlo events using these two distributions. Our

final results are normalized to an energy flux of
E2
νðdNν=dEνÞ≃ 10−8 GeV cm−2 s−1 sr−1, as is consistent

with the IceCube data for both the southern and northern
hemisphere for energies between 60 TeV and 2 PeV [6]. In
our Monte Carlo runs we considered VPE threshold
energies between 10 PeVand 40 PeV for the VPE process,
corresponding to values of δνe between 5.2 × 10−21 and
3.3 × 10−22. By propagating our test neutrinos including
energy losses from VPE, neutrino splitting, and redshifting
using our Monte Carlo code, we obtained final neutrino
spectra and compared them with the IceCube results.
Given that neutrinos detected by IceCube are extraga-

lactic, cosmological effects should be taken into account in
deriving new LIV constraints. The reasons are straightfor-
ward. As opposed to the extinction of high-energy extra-
galactic photons through electromagnetic interactions [28],
neutrinos survive from all redshifts because they only
interact weakly. It follows that since the universe is trans-
parent to neutrinos, most of the cosmic PeV neutrinos will
come from sources at redshifts between ∼0.5 and ∼2 [27].
Therefore, along with energy losses by VPE [17] and
neutrino splitting, energy losses by redshifting of neutrinos
and the effect of the cosmological ΛCDM redshift-distance
relation

D ¼ c
H0

Z
z

0

dz0

ð1þ z0Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩΛ þ ΩMð1þ z0Þ3

p ð23Þ

need to be included in the determination of δν.
As in Ref. [11], we assume a flat ΛCDM universe with a

Hubble constant of H0 ¼ 67.8 km s−1 Mpc−1 along with
ΩΛ ¼ 0.7 and ΩM ¼ 0.3. Thus the energy loss due to
redshifting is given by

−ð∂ logE=∂tÞredshift ¼ H0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωmð1þ zÞ3 þ ΩΛ

q
: ð24Þ

The decay widths for the VPE process are given by
Eqs. (19) and (20) for the cases n ¼ 1 and n ¼ 2,
respectively, while those for neutrino splitting are given
by Eqs. (21) and (22).

VI. RESULTS

A. ½d& ¼ 6 CPT conserving operator dominance

As found before [11], the best fit to the IceCube
data corresponds to a VPE rest-frame threshold energy
Eν;th ¼ 10 PeV as shown in Fig. 2. This corresponds to
δνe ≡ δν − δe ≤ 5.2 × 10−21. Noting that δe ≤ 5 × 10−21

[15], we found previously that δν ≤ 1.0 × 10−20. Should
we assume that δe is negligible compared to δν [15] then
δν ≃ δνe. We note that one cannot assume that δν and δe are
equal. Models can be constructed where δν and δe are
independent, and it has even been suggested that LIV may
occur only in the neutrino sector [20].
Values of Eν;th less than 10 PeVare inconsistent with the

IceCube data. The result for a 10 PeV rest-frame threshold

STECKER et al. PHYSICAL REVIEW D 91, 045009 (2015)

045009-6



Conclusions

•We	have	shown	that	neutrino	velocities	cannot	exceed	c by	more	
than	1	part	in	1020.

• Larger	future	neutrino	detectors	such	as	IceCube-Gen2	will	enable	
more	sensitive	tests	of	Lorentz	invariance	violation	in	the	neutrino	
sector.	

• Should	future	cosmic	neutrino	observations	confirm	a	cutoff in	the	
neutrino	spectrum	at	PeV	energies	and find	a	significant	bump	in	the	
spectrum	just	below	the	cutoff,	this	would	be	an	indication	that	n’s
are	slightly	superluminal	and	of	a	violation	of	Lorentz	invariance.	
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Why use high energy astrophysical observations 
to search for Lorentz invariance violation?

• Lorentz invariance implies scale-free spacetime.
• The group of Lorentz transformations is unbounded.
• Very large boosts probe physics at ultra-short distance 

intervals, l.
• To probe physics at these distance intervals, particularly 

the nature of space and time, we need to go to ultrahigh 
energies E = 1/l.

• Cosmic g-rays, neutrinos, and cosmic rays provide the 
highest observable energies in the universe.

• Planck scale (1/Mpl= 10-35 m) physics such as quantum 
gravity may lead to the breaking or deformation of 
Lorentz invariance with traces at high energy.



Superluminal Neutrinos:
One Test of Lorentz Invariance 

Violation

“Superluminal Neutrinos”, i.e., neutrinos 
traveling faster than c, thus violating 
Lorentz invariance (LIV), have been a topic 
of interest, particularly since a false report 
of them some years ago.



IceCube Array

Digital Optical Module (DOM)

• 5160	optical	sensors
between	1.5	~	2.5	km

• detects	>	200	neutrino-
induced	muons	and	
~	2	x108	cosmic	ray
muons	per	day



Case with n = 1 dominance (CPT odd), no pronounced cutoff

Blue	is	a	50-50	mix	of	neutrinos	and	antineutrinos.	Other	curves	are	0%	and	
100%	of	one	kind	of	superluminal	neutrinos.	If	one	kind	is	superluminal,	the	
other	kind	is	subluminal	because	of	CPT	violation.	


