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			“Today	we	say	that	the	law	of	rela/vity	is	supposed	to	be	true	
at	all	energies,	but	someday	somebody	may	come	along	and	
say	how	stupid	we	were.	We	do	not	know	where	we	are	‘stupid’	
un/l	we	‘s/ck	our	neck	out’…And	the	only	way	to	find	out	that	
we	are	wrong	is	to	find	out	what	our	predic/ons	are.	It	is	
absolutely	necessary	to	make	constructs.”		

																																																											-	Richard	Feynman	
																																														(Feynman	lectures	in	physics)	



Planck Scale Physics and Lorentz Invariance 
Violation 
Suggestions for Lorentz invariance violation (LIV) come 
from:

•  need to cut off UV divergences of QFT & BH entropy

•  tentative calculations in various QG scenarios, e.g.

•  semiclassical spin-network calculations in Loop QG

•  string theory tensor VEVs

•  non-commutative geometry

•  some brane-world backgrounds 



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, λ. 

• To probe physics at these distance intervals, particularly 
the nature of space and time, we need to go to ultrahigh 
energies E = 1/λ. 

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

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



Theore(cal Frameworks for Lorentz 
Invariance Viola(on (LIV)


§   Effective Field Theory (EFT, SME) 

§   Deformed Special Relativity (DSR)

§   Stochastic space-time “foam” 

§   Loop Quantum Gravity (LQG)

§   String inspired models (D-branes)

§   Emergent space-time



Some Astrophysical Tests of  
Lorentz Invariance Viola(on:


§   Threshold for annihilation of γ-rays through e+e- production by        
interactions with intergalactic low energy photons and by vacuum 
decay of photons into e+e- pairs

§   Time-of-flight of γ-rays from cosmologically distant sources

§   Vacuum birefringence 

§   Modification of the “GZK” spectrum of ultrahigh energy 
cosmic rays produced by photomeson interactions with the CMB

§   Pair production by high energy superluminal neutrinos

 



Coleman-Glashow Formalism 

• For simplicity, assume rotational symmetry in a preferred rest 
frame, i.e., that of the cosmic background radiation (CBR). 
Only boosts are modified by Lorentz invariance violation.*

• Our motion with respect to the CBR is small, β = O(10-3).

• Small perturbative departures from Lorentz invariance are then 
parametrized in terms of a fixed timelike 4-vector vacuum field, 
a “spurion field” (analogous to a Higgs field) added to the 
Lagrangian and proportional to a small quantity ε. 

*Admitting rotational anisotropy involves a full tensor treatment, (see Colladay and Kostelecky 
1998).



Consider the Free Particle Lagrangian   

Add a small Lorentz violating term   

Where ! is dimensionless an  is dimensionless an 
(Note that                     is Lorentz invariant. Thus a small Lorentz violating perturbative term                    is 
equivalent to the Lorentz violating term                     containing only timelike derivatives.) 

This gives a new propagator   

So that   

Which can be rewritten in the “conventional” form   

Where   

And   

Thus the maximum attainable particle velocity has changed by !/2. 



γ-Ray Astrophysics Limits on LIV 

Let us characterize Lorentz invariance violation by the 
parameter δ = ε/2 such that 

(S. Coleman & S.L. Glashow 1999).  
 
If δ > 0, the γ-ray photon propagator in the case of pair 
production 

is changed by the quantity 

And the threshold energy condition is given by  



Since, from the threshold energy condition, 
 
 
the decay  
 
 
would be allowed for Eg > me (2/ |δ|)1/2 where δ < 0 
 
 
the observation of 50 TeV γ-rays from the Crab Nebula 
that have not decayed puts an upper limit on |δ| of  
                             |δ|  <   2 x 10-16 


(FWS & Glashow 2001). 

γ-Ray Astrophysics Limits on LIV from the Crab Nebula 

CTA Detections of γ-rays above 50 TeV would 
give better constraints on LIV ! 



CTA Will Test LIV at Higher Energies


Nepomuk Otte 3

Major sensitivity improvement & wider energy range 

               -> Factor of ~x10 increase in source population

Differential Flux Sensitivity

“Sweetspot” in sensitivity curve at multi-TeV energies 



Constraints on Lorentz invariance violation (LIV) 
from spectral observations of very high energy γ-
rays from blazars �
 
 
 



γ-ray opacity through pair production interactions with photons from galaxies: 

γ + γ  →  e+ + e-




Flaring Spectrum of Mrk 501 
(de Jager & FWS 2002)




Deabsorbed Mrk 501 Spectrum and SSC Model Fit 
(Konopelko et el. 2003) 



here, that the radio waves are created in the same region as
the high-energy photons. In this case, the parameter !max is
important, since most of the power is injected at the highest
permitted values of the Lorentz factor. The remaining
parameters are the electron compactness le and the escape
time tesc, which do not have a strong influence on the shape
of the X-ray and TeV spectra, but only on the flux levels.

Using these starting values, we find the best-fit models for
the high and low states of Mrk 421 and Mrk 501 as given in
Table 1. In each case, the differences between the optimal
parameter values and the starting values given by equations
(2) and (3) are small. The "2 values associated with these fits,
taking into account the error introduced by the uncertainty
in intergalactic absorption, are unusually small. This indi-
cates two things: (1) the SSC model provides a good fit, and
(2) the errors inferred from uncertainty in the SED of the IR
are probably too generous.Wemay conclude that the actual
value of the intergalactic absorption lies closer to the mean
of the two extreme models given by Malkan & Stecker
(2001) than those suggested by our assumption that these
represent 1 # deviations.

In Figures 3 and 4 we show the fits for both BL Lac
objects, Mrk 501 andMrk 421, in the TeV range, in the case
of Mrk 421 in both high and low states. In order to derive
the time-averaged spectrum of Mrk 501 (see also x 2), which
extends up to 17 TeV, we assume that despite the different
levels of emission, the TeV !-ray spectrum of Mrk 501
remains the same as that derived from the HEGRA data

(Aharonian et al. 1999a).1 The same models are shown
together with the X-ray data in Figures 5 and 6. The
complete SSC fits for Mrk 501 and Mrk 421 are shown in
Figures 7 and 8.

Interestingly, the !max values (see Table 1) providing the
best fit to the data are very different for Mrk 421 and Mrk
501. The position of a peak in the deabsorbed !-ray spec-
trum ofMrk 501 is at about 8 TeV, whereas forMrk 421 it is
at a noticeably lower energy of about 2 TeV. The value of
!max strongly correlates with the maximum energy of the
observed IC photons as given by, e.g., Kino et al. (2002).
We also find that the main difference between the high and
low states of Mrk 421 can be accounted for by a change
in !max (as discussed earlier by Fossati et al. 2000) and in
luminosity, which, however, is not large.

Recent observations of Mrk 421 and Mrk 501 have
revealed variability on the very short timescale of !a few
times 103 s (see x 2). Combined with the fact that the deab-
sorbed spectrum of Mrk 501 is rather flat at TeV energies
(Konopelko et al. 1999a) (so that $C;27 > 1), it is evident

1 The CAT group claimed evidence for spectral variability in the Mrk
501 !-ray spectrum during the same observational period as HEGRA
(Djannati-Atai et al. 1999). However, the CAT instrument has a substan-
tially lower energy threshold, Eth ’ 250 GeV, whereas HEGRA has an
energy threshold of about 500 GeV. Here we are interested in data around
and above 1 TeV, where spectra taken at different fluxes have similar
spectral shapes.

Fig. 7.—CombinedX-ray/TeV !-ray spectrum ofMrk 501 together with
the best-fit SSCmodel.

Fig. 8.—Combined X-ray/TeV !-ray spectrum of Mrk 421, together
with the best-fit SSCmodels for both the high and low states.

TABLE 1

Summary of Physical Parameters Used for the SSCModels

Source State %
R

(cm) s !max le

B
(G) tcros=tesc "2=dof

Mrk 501 .............. . . . 50 3:5" 1015 1.60 1:2" 106 3:50" 10#5 0.04 1.2 0.90
Mrk 421 .............. High 55 4:8" 1015 1.75 5:0" 105 1:23" 10#5 0.10 1.1 0.53
Mrk 421 .............. Low 55 4:8" 1015 1.75 3:0" 105 0:82" 10#5 0.10 1.1 0.61

No. 2, 2003 MODELING THE TeV EMISSION OF BLAZARS 857

Derived Intrinsic Spectrum  
fits a standard SSC model 



γ-Ray Limit on LIV from Blazar Absorption from 
Coleman-Glashow Modified Threshold 

The pair production threshold is raised significantly if 

The existence of electron-positron pair production for γ-ray 
energies up to ~20 TeV in the spectrum of Mkn 501 
therefore gives an upper limit on δ at this energy scale of 

(FWS & S.L. Glashow 2001). 



Limit on the Quantum Gravity Scale (FWS 2003)  
For pair production, γ + γ→ e+ + e- the electron (& positron) energy Ee ~ 
Eγ / 2. Introducing an additional QG term in the dispersion relation, p3/
MQG, we find 

And the threshold energy from FWS and S. Glashow (2001) 

reduces to 

Since pair production occurs for energies of at least  
Eγ  =  20 TeV, we then find the numerical constraint on the 
quantum gravity scale    
                                          MQG > 0.3 MPlanck 
 
Biteau & Williams (2015) find MQG > 0.65 MPlanck  
 



For MQG = MPl = 1.2 x 1019 GeV/c2 
 
 • Eγ

3/8m2 = 2.9 x 1013 eV = 29 TeV 

Jacob & Piran 
2008: Fig 4 
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CTA will test LIV at higher energies ! 



			Some classes of quantum gravity models postulate or imply a photon velocity 
dispersion relation with a pertubative term which may be linear with energy and 
with no birefringence (e.g. , Amelino-Camelia et al. 1998 and the D-brane model of 
Ellis et al. 2008). 

 

																												vγ	=	c	[1	–	(Eγ/MQG)]	
	
       Constraints from blazar flares and GRBs (short GRBs are best):

                  Δt  = 20 ms (MPlanck/MQG) dGpc ΔEGeV 

                     where we might expect (MPlanck/MQG)  = ξ  = 1
 
	

γ-ray time-of-flight constraint



 Limits on LIV from  
Energy-Dependent Time Delay Limits  

from GRB 090510  

“Constraints on Lorentz  
Invariance Violation with Fermi-LAT  
Observations of GRBs” 
 
V. Vasileiou, F. Piron,  
J. Cohen-Tanugi (LUPM Montpellier) 
A.Jacholkowska,  
J. Bolmont, C. Couturier (LPNHE Paris) 
J. Granot (Open Univ. of Israel) 
F. Stecker (NASA GSFC) 
F. Longo (INFN Trieste). 
 
Phys. Rev. D, 87, 122001 (2013) 

 



LAT 

GBM 

Two Fermi instruments:    
•  Large Area Telescope (LAT)

20 MeV  -  >300 GeV
•  Gamma-ray Burst Monitor (GBM)

8 keV  -  40 MeV

Fermi γ-ray Space 
Telescope: 

The Fermi-LAT consists of three subsystems:
§ An anti coincidence detector consisting of segmented plastic 
scintillators for cosmic-ray background rejection.
§ A tracker consisting of silicon strip detectors and 
 tungsten foil converters for determining the identification and 
direction of γ-rays.
§ An imaging calorimeter consisting of cesium iodide scintillators.



31 GeV photon from GRB 090510   

31 GeV photon : 860 ms after the  
Trigger from the GBM (largest possible  
Δt gives the most conservative result) 

This is the highest energy 
observed from short GRB	

Thus, this photon can be used to 
constrain both the bulk Lorentz factor 
of the relativistic jet and Lorentz 
Invariance Violation (LIV) 
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	the Fermi  GBM/LAT  Timing Results imply 
										MQG	>	O(10)	MPlanck	
	

• But		we	would	expect	that	for	a	quantum	theory	of	
gravity		MQG	≤	MPlanck			(e.g.,	Ellis	et	al.	2008).	

• Maybe	Horava-Lifshitz	(2009)	Quantum	Gravity	(see	
Pospelov	&	Shang	2012).	

If 

vγ = c [1 – (Eγ/MQG)]




      In the effective field theory (EFT) formalism, a dimension 5 LIV Term added to 
the EM Lagrangian  that is both gauge and rotation invariant, not reducible to 
lower order, and suppressed by one power of the Planck mass  

 
 
gives dispersion relations where photons of opposite helicity propagate at 

different speeds (vacuum birefringence).  
 
 
    This results in the destruction of polarization from linearly polarized cosmic 

photon sources if the difference between the rotated angles of polarized photons 
is greater than π/2. 

EFT of LIV implying birefringence effects from E/Mpl 
scale velocity modifications (Meyers & Pospelov 2003)    

1. Introduction

Because of the problems associated with merging relativity with quantum
theory, it has long been felt that relativity will have to be modified in some
way in order to construct a quantum theory of gravitation. Since the Lorentz
group is unbounded at the high boost (or high energy) end, in principle it
may be subject to modifications in the high boost limit [1, 2]. There is also
a fundamental relationship between the Lorentz transformation group and
the assumption that space-time is scale-free, since there is no fundamental
length scale associated with the Lorentz group. However, as noted by Planck
[3], there is a potentially fundamental scale associated with gravity, viz., the
Planck scale λP l =

√

G!/c3 ∼ 10−35 m, corresponding to an energy (mass)
scale of MP l = !c/λP l ∼ 1019 GeV.

In recent years, there has been much interest in testing Lorentz invariance
violating terms that are of first order in E/MP l, since such terms vanish at
very low energy and are amenable to testing at higher energies. In particular,
tests using high energy astrophysics data have proved useful in providing
constraints on Lorentz invariance violation (LIV) (e.g., see reviews in Refs. [4]
and [5]).

2. Vacuum Birefringence

Important fundamental constraints on LIV come from searches for the
vacuum birefringence effect predicted within the framework of the effective
field theory (EFT) analysis of [6]. (See also Ref. [7]). Within this framework,
applying the Bianchi identities to the leading order Maxwell equations in
vacua, a mass dimension 5 operator term is derived of the form

∆Lγ =
ξ

MP l

naFadn · ∂(nbF̃
bd). (1)

It is shown in Ref. [6] that the expression given in Equation (1) is the only
dimension 5 modification of the free photon Lagrangian that preserves both
rotational symmetry and gauge invariance. This leads to a modification in
the dispersion relation proportional to ξ(ω/MP l) = ξ(E/MP l) 1 with the new
dispersion relation given by

ω2 = k2 ± ξ k3/MP l. (2)

1adopting the conventions ! = 1 and the low energy speed of light c = 1.
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Constraints on ξ with LIV term (ξ/Mplanck)k3

of the signal to be suppressed well below any observed value. The
difference in rotation angles for wave-vectors k1 and k2 is

Dh ¼ n k2
2 " k2

1

! "
LP=2MPl; ð4Þ

where we have replaced the propagation time tP by the propagation
distance LP from the source to the detector.

If polarization is detected from a source at redshift z, this yields
the constraint

jnj < pMPlR z
0 dz0½k2ðz0Þ2 " k1ðz0Þ2&jdLPðz0Þ=dz0j

ð5Þ

where k1,2(z0) = k1,2[1 + z0], and k1,2 ' k1,2(z0 = 0) and

dLP

dz0

####

#### ¼
c

H0

1

ð1þ z0Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XK þ ð1þ z0Þ3Xm

q : ð6Þ

Defining

D ¼
c

H0

Z z

0
dz0

ð1þ z0Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XK þ ð1þ z0Þ3Xm

q ð7Þ

it follows from Eqs. (5)–(7) and the definitions of k1,2(z0) that

jnj < pMPl

D k2
2 " k2

1

! " ; ð8Þ

with the standard cosmological values [9] of Xm = 0.27, XK = 0.73,
and H0 = 71 km s"1 Mpc"1 (1 Mpc = 3.09 ) 1022 m). Fig. 1 shows
the function DðzÞ as defined in Eq. (7).

3. Previous constraints

A previous bound of jnj[ 2 ) 10"4, was obtained by Gleiser and
Kozameh [10] using the observed 10% polarization of ultraviolet
light from a galaxy at distance of around 300 Mpc. Fan et al. used
the observation of polarized UV and optical radiation at several
wavelengths from the c-ray bursts (GRBs) GRB020813 at a redshift
z = 1.3 and GRB021004 z = 2.3 to get a constraint of jnj[ 2 ) 10"7

[11]. Jacobson et al. [12] used a report of polarized c-rays observed
[13] in the prompt emission from the c-ray burst GRB021206 in
the energy range 0.15 to 2 MeV using the RHESSI detector [14] to
place strong limits on n. However, this claimed polarization detec-
tion has been refuted [15,16].

Kostelecký and Mewes [17] have shown that the EFT model
parameter n can be related to the model independent isotropic

dimension 5 standard model extension (SME) parameter kð5ÞðVÞ00.
They derive the relation

kð5ÞðVÞ00 ¼ 3
ffiffiffiffiffiffiffi
4p
p

n=5MPl; ð9Þ

which we use in this paper. Their upper limit of 1 ) 10"32 GeV"1,
obtained by assuming a lower limit on the redshift of two GRBs of
z = 0.1, then corresponds to the constraint n < 6 ) 10"14.2

More recently, Maccione have derived a constraint of
jnj[ 9 ) 10"10 using observations of polarized hard X-rays from
the Crab Nebula detected by the INTEGRAL satellite [19].

It is clear from Eq. (5) that the larger the distance of the polar-
ized source, and the larger the energy of the photons from the
source, the greater the sensitivity to small values of n. In that re-
spect, the ideal source to study would be polarized X-rays or c-rays
from a GRB with a known redshift at a deep cosmological distance
[12].

4. A new treatment

Unfortunately, despite the many GRBs that have been detected
and have known host galaxy spectral redshifts, none of these
bursts have measured c-ray polarization. However, in this paper
we take a new approach, deriving an estimated redshift for
GRB041219a. This is a GRB with reported polarization but no spec-
tral redshift measurement.

Polarization at a level of 63(+31,"30)% to 96(+39,"40)% in the
soft c-ray energy range has been detected by analyzing data from
the spectrometer on INTEGRAL for GRB041219a in the 100 to
350 keV energy range [20]. It should be noted that a systematic ef-
fect that might mimic polarization in the analysis could not defin-
itively be excluded. This GRB does not have an associated host
galaxy spectral redshift.

Useful relations have been recently obtained where known
spectral redshifts of GRBs are statistically correlated with various
observational parameters of the bursts such as luminosity, the
Band function [21] parameter Epeak, rise time, lag time and variabil-
ity of a burst (Ref. [22] and references therein). A detailed treat-
ment of these correlations is given in Ref. [22]. By deriving
updated luminosity correlations for a very large number of GRBs,
they find the tightest correlation is the luminosity-Epeak correla-
tion. Using the relation given in Ref. [22],

log L ¼ 51:75þ 1:35 log½ð1þ zÞEpeak=300 keV& ð10Þ

and the iterative method described in Ref. [23], and taking Epeak =
170 keV and a peak flueance of 5.7 ) 10"4 erg cm"2 [20], we derive
a value for z for GRB041219a of 0.23 ± 0.03. Taking a lower limit of
0.2 for the redshift and taking k2 = 350 keV/c and k1 = 100 keV/c in
Eq. (5), we find a new, most accurate cosmological constraint on jnj
of

jnj 6 2:4) 10"15; ð11Þ

more than five orders of magnitude better than the previous best
solid limit derived using polarimetric observations of the Crab Neb-
ula in the hard X-ray energy range [19].

From Eq. 9, the result given in Eq. (11) implies a constraint on
the isotropic dimension 5 SME parameter of

kð5ÞðVÞ00 6 4:2) 10"34 GeV"1: ð12Þ

Finally, it should be noted that with the redshift dependence ob-
tained from Eqs. (7) and (8), any reasonable redshift for a GRB sim-
ilar to GRB041219a and showing detectable polarization will give a

0 1 2 3 4 5 6
0

5

10

15

20

z

G
pc

Fig. 1. A linear plot of the integral D as defined in Eq. (7), given as a function of
redshift, z. 2 Ref. [18] gives a table of similar limits on kð5ÞðVÞ00 with citations.
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Vacuum birefringence constraint 

Polarized soft γ-ray emission from the region of the Crab 
Nebula pulsar yields 

   | ξ|  = <   9 x 10-10  Maccione et al. 2008

 Polarized X-rays from GRBs yield
| ξ| <  O (10-15)   FWS 2011, Laurent et al. 2011, Toma et al. 2012,  
and the latest from GRB 140206A, z = 2.74, 
| ξ| <  1 x 10-16   Goetz et  al. 2014.

                       

Sensitivity to vacuum birefringence from LIV is 
proportional to (redshift weighted) source 
distance and the square of the photon energy: 
Go to polarization detectors sensitive to higher 
energies to further test LIV! 



Photomeson Production by Cosmic  
Microwave Background Photons 
Interacting with Ultrahigh  Energy Cosmic 
Rays (UHECRs) 

γCMB + p → Δ → N + π 

produces a “GZK Cutoff” in the UHECR Spectrum 

 But Cosmic Photomeson Interactions can 
be Modified by the Effects of LIV 



UHECR Attenuation by the 2.7K CBR 
(FWS 1968) 

s ∼ ωEp 

VOLUME 21, NUMBER 14 PHYSICAL REVIEW LETTERS 30 SEPTEMBER 1968

oratory system is found from Eq. (6) to be

where Epy is the final energy of the proton. The
threshold energy for the production of N pions is
found from Eq. (2) to be

'=NM (1+NM /2M )th, Nn' m' g p
(8)

so that &th ~'= 145 MeV and the threshold inelas-
ticity is 0.126.
The collision and attenuation mean free paths

for cosmic-ray photomeson interactions are giv-
en by ~coll (~yo)eff ' and ~attn=(KPn+)eff
For the mean-free-path determinations, it is
necessary to use effective quantities because the

basic kinemetical quantity involved in interac-
tion, the quantity s, is uniquely determined by
&' through Eq. (2) whereas &' is not uniquely de-
termined by &, but is spread out over the energy
range given by Eq (.1) for -1-cos&- 1. Since P
=1 we may consider the energy range of &' to be
given by 0 «'(2&&. The thermal-photon density
spectrum ny(e)d& is of course, given by the
P lanck distribution,

(9)

where the temperature T is taken to be 2.7 K.
The lifetime of the cosmic ray against attenua-
tion by photomeson production, &(Ep), is equal
to the attenuation mean free path divided by the
cosmic-ray velocity c. It is given by the expres-
sion

OQ de 2@~7(E ) =2y~h~wmc' I de'&'o'(e')K (&')
p ( I/2 )exp(&/kT)-1 J~ i P

(10)

Recent experimental studies of photomeson
production (Ref. 5-9, and Chasan, et al. '0), have
led to the determination of v(e') and K~(t') and
these data are represented by the functions given
in Fig. 1. These values were used in Eq. (10)
for a numerical evaluation of the attenuation
mean free path &attn and characteristic lifetime
&, respectively. The results of this calculation

1p20 lpe

are shown in Fig. 2.
Figure 2 indicates that the characteristic life-

time drops sharply from 10 yr at 3&&10 GeV to
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FIG. 1. Total photomeson production cross section
and inelasticity as a function of gamma-ray energy in
the proton rest system.
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lI013
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FIG. 2. Characteristic lifetime and attenuation mean
free path for high-energy protons as a function of ener-

1017



LIV Modified Interaction Threshold 

7

obstacles to constructing a true quantum gravity theory. Among these is the problem of
renormalizablility [32]. Largranians involving operators of mass dimension greater than four
are generally not renormalizable. However, in the context of an effective field theory, one can
postulate Lagrangians containing operators of mass dimension >5 with suppression factors
as multiples of MPl [10, 33]. This leads to dispersion relations having a series of smaller and
smaller terms proportional to pn+2/Mn

Pl ' En+2/Mn
Pl, with n > 1. The astrophysical implications

of this formalism have been discussed in the literature [10], [34]–[40]. However, in relating LIV
to the observational data on UHECRs, it is useful to use the simpler formalism of Coleman and
Glashow. Given the limited energy range of the UHECR data relevant to the GZK effect, this
formalism can later be related to possible Planck scale phenomena and quantum gravity models
of various sorts (see section 6.2).

Let us consider the photomeson production process leading to the GZK effect. Near
threshold, where single pion production dominates,

p + � ! p + ⇡. (7)

Using the normal Lorentz invariant kinematics, the energy threshold for photomeson
interactions of UHECR protons of initial laboratory energy E with low energy photons
of the CBR with laboratory energy !, is determined by the relativistic invariance of the
square of the total four-momentum of the proton–photon system. This relation, together with
the threshold inelasticity relation E⇡ = m/(M + m)E for single pion production, yields the
threshold conditions for head on collisions in the laboratory frame

4!E = m(2M + m) (8)

for the proton, and

4!E⇡ = m2(2M + m)

M + m
(9)

in terms of the pion energy, where M is the rest mass of the proton and m is the rest mass of the
pion [17].

If LI is broken so that c⇡ > cp, it follows from equations (3), (6) and (9) that the threshold
energy for photomeson is altered because the square of the four-momentum is shifted from its
LI form so that the threshold condition in terms of the pion energy becomes5

4!E⇡ = m2(2M + m)

M + m
+ 2�⇡p E2

⇡ (10)

Equation (10) is a quadratic equation with real roots only under the condition

�⇡p 6
2!2(M + m)

m2(2M + m)
' !2/m2. (11)

Defining !0 ⌘ kT CBR = 2.35 ⇥ 10�4 eV with TCBR = 2.725 ± 0.02 K, equation (11) can be
rewritten

�⇡p 6 3.23 ⇥ 10�24

✓
!

!0

◆2

. (12)

5 We assume here that protons and pions are kinematically independent entities. For a treatment of these particles
as composites of quarks and gluons, see [41].
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Modifying Photomeson Interactions with LIV 

• With LIV, different particles, i, can have different maximum 
attainable velocities ci. (S. Coleman and S. Glashow 1999) 

 

• The higher the value of δ, the higher the photon energy ω 
required for the interactions to occur. 

 

• Since s  ~ ωEp , and there is a peak in the photomeson cross 
section at a fixed value of  s corresponding to the Δ-resonance 
energy, interactions occur for higher energy CMB photons and 
corresponding lower values of  Ep near the GZK “cutoff” energy, 
but are suppressed at higher values of  Ep .                                                           



Auger spectrum with curves for various amounts of LIV  giving 
the limit: 
 
δπp < 4.5 x 10-23                   (FWS & S. Scully 2009) 
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Figure 4. Comparison of the latest Auger data with calculated spectra for various
values of �⇡p, taking �p = 0 (see text). From top to bottom, the curves give
the predicted spectra for �⇡p = 1 ⇥ 10�22, 6 ⇥ 10�23, 4.5 ⇥ 10�23, 3 ⇥ 10�23,
2 ⇥ 10�23, 1 ⇥ 10�23, 3 ⇥ 10�24 and 0 (no Lorentz violation) [44].

2. We assume that the average UHECR volume emissivity is of the energy and redshift
dependent form given by q(Ei, z) = K (z)E�0

i where Ei is the initial energy of the proton
at the source and 0 = 2.55. For the source evolution, we assume K (z) / (1 + z)3.6 with
z 6 2.5 so that K (z) is roughly proportional to the empirically determined z-dependence
of the star formation rate. K (z = 0) and 0 are normalized fit the data below the GZK
energy.

Using these assumptions, Scully and Stecker [44] have calculated the effect of LIV on
the UHECR spectrum. The results are actually insensitive to the assumed redshift dependence
because evolution does not affect the shape of the UHECR spectrum near the GZK cutoff
energy [46, 47]. At higher energies where the attenuation length may again become large
owing to an LIV effect, the effect of evolution turns out to be less than 10%. The curves
calculated in [44] assuming various values of �⇡p, are shown in figure 4 along with the Auger
data from [26]. They show that even a very small amount of LIV that is consistent with both a
GZK effect and with the present UHECR data can lead to a ‘recovery’ of the UHECR spectrum
at higher energies.

5.1. Non-protonic UHECR

Throughout this paper, we have made the assumption that the highest energy cosmic
rays, i.e. those above 100 EeV, are protons. The composition of these primary particles is
presently unknown. The highest energy events for which composition measurements have been
attempted are in the range between 40 and 50 EeV, and the composition of these events is
uncertain [48]–[50].

We note that in the case where the UHECRs with total energy above ⇠100 EeV are not
protons, both the photomeson threshold and the LIV effects are moved to higher energies
because (i) the threshold is dependent on � / E/A, where A is the atomic weight of the

New Journal of Physics 11 (2009) 085003 (http://www.njp.org/)



Constraints on δν > 0 from the Recently Reported 
IceCube Detection of Cosmic PeV Neutrinos 

Ice Cube has detected three ν induced 
shower  events  with  energies between 1  
and 2 PeV * 
 
 
 
 
 *and a recent external event with E > 2.6 PeV.     



IceCube


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 

 
 



A galactic ν distribution should resemble a sharper version of the 
Fermi 5 year γ-ray skymap (see below), of secondary but without 
sources, since both are from secondary π decay  
          (FWS 1979) . 
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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. 



Neutrino Energy Loss Processes for LIV with δν > 0 
                 (A. Cohen & S.L. Glashow 2011) 

• ν        ν		+	 ν  +		ν

• ν        ν   +  e+ +  e-

• ν         ν  +   γ

Not	relevant	even	for	different	flavors	
because	oscilla7on	data	show	that		any	
difference	in ν flavor	veloci7es	<	10-19	

	

	

Pair	emission	(Most	Important	Loss	
Process)	

	
Less	important	than	pair	emission	
since	the	rate	is	down	by	α/π, 
requiring	an	extra	e+-e-	loop.	

	



Vacuum Pair Emission (VPE)* by Superluminal 
Neutrinos 

*A  weak interaction version of Cherenkov radiation  



Neutrino Threshold and Loss Rate from VPE: 
                 (Cohen and Glashow 2011)   

With VPE, neutrinos lose ~78% of their energy per pair 
emission. 
                               ν          ν  +  e+ +  e-   

This is allowed if neutrinos are above a threshold energy 
     
                              Eν > me [2/(|δν-δe|)]1/2 ,   
 
with vν,e = cγ(1 + δν,e) 
 
The energy loss rate is given by 
 

electron mass (Note that me is the electron mass as usually
defined because no large departure from the usual Lorentz
invariant electron dispersion relation at or below the en-
ergies germane to the OPERA experiment is compatible
with experimental data). At energies significantly above
those in the OPERA domain !e is known [9] to be less than
2! 10"16. A constraint directly applicable at OPERA
energies, !e < 10"9, follows from the absence of sponta-
neous decay of photons of tens of GeV into eþe", and is
sufficient for us henceforth to ignore !e. Using the OPERA
value for ! we obtain the condition E" > 2me=

ffiffiffiffi
!

p
$

140 MeV, ensuring that process (c) is allowed throughout
the OPERA domain. It is process (c) that allows us to
constrain the OPERA anomaly and place a strong limit
on neutrino superluminality.

We have computed both !, the rate of pair emission by
an energetic superluminal neutrino, and dE=dx, the rate at
which it loses energy in the high-energy limit where the
electron and neutrino masses may be neglected (Our
expressions are leading order in !. We have also neglected
the vector-current coupling of the electron, putting cV ¼ 0
and cA ¼ "1=2):

! ¼ k0
G2

F

192#3 E
5!3 (2)

dE

dx
¼ "k

G2
F

192#3 E
6!3; (3)

where k and k0 are numerical constants: k ¼ 25=448, k0 ¼
1=14. These expressions, aside from the numerical factors,
follow from simple arguments. The factors of GF arise
from the low energy form of the weak interactions while
those of energy follow from dimensional analysis. The
power of ! can be related to the power of energy.
The energy and momentum of the superluminal neutrino
are related by the dispersion relation E ¼ v"j ~pj, so that the
quantity E2 " ~p2 is positive and equal to !E2. That is, the
energy and momentum of the neutrino may be collected
into a 4-vector which is timelike relative to the speed of
light and has a length-squared of !E2. Thus we may work
in the ‘‘rest frame’’ of the neutrino whose effective ‘‘mass’’
is

ffiffiffiffi
!

p
E. In this frame the powers of ! track the powers of

E2. The relativistic dilation factor needed to boost back to
the original frame is the ratio of the original energy to the
effective mass, $ ¼ 1=

ffiffiffiffi
!

p
. The usual dilation factors

applied to ! and dE=dx give our results.
Note that the mean fractional energy-loss due to a single

pair emission is E"1ðdE=dxÞ=! ¼ k=k0 ( 0:78: about
three-quarters of the neutrino energy is lost in each
emission.

We integrate dE=dx assuming ! not to vary significantly
in the relevant energy interval. We find that neutrinos with
initial energy E0, after traveling a distance L, will have
energy E as given by

E"5 " E"5
0 ¼ 5k!3 G2

F

192#3 L ) E"5
T : (4)

The steeply falling (with energy) form of dE=dx means
that neutrinos with initial energy greater than ET rapidly
approach a terminal energy, ET , which is essentially inde-
pendent of the initial neutrino energy. Using OPERA’s
baseline of 730 km and its result of ! ¼ 5! 10"5, we
find a terminal energy of about 12.5 GeV. Few, if any,
neutrinos will reach the detector with energies exceeding
12.5 GeV. Thus the CNGS beam would be profoundly
depleted and spectrally distorted upon its arrival at the
Gran Sasso. From the above expression for ! we may
also establish that any superluminal neutrino with the
velocity claimed by OPERA of any specific initial energy
much greater than 12.5 GeV has a negligible chance of
arriving at the Gran Sasso without having lost most of its
energy. OPERA’s detection of neutrinos with energies ex-
ceeding 12.5 GeV is difficult to reconcile with its claimed
superluminal neutrino velocity measurement.
Our analysis also yields strong new constraints on super-

luminal velocities of higher energy neutrinos. Super-
Kamiokande has carefully studied atmospheric neutrinos
that traverse the earth (upward-going in the detector) over
an energy range extending from 1 GeV to 1 TeV [10–12].
Upward directed neutrinos that traverse a distance of
10 000 km would experience a depletion and spectral dis-
tortion as we have described above. The observation of
such neutrinos with 1 TeV energy allows us to conserva-
tively deduce that !< 1:4! 10"8, similar to but slightly
weaker than the lower energy neutrino velocity constraint
deduced from SN1987a.
The IceCube collaboration has reported the observation

of upward-going showers with reconstructed shower ener-
gies above 16 TeV [13]. Using a neutrino energy of 16 TeV
and a minimum baseline of 500 km (appropriate for
horizontal neutrinos) we obtain a more stringent limit,
!< 3:75! 10"10. Finally, IceCube has also reported
events with energies in excess of 100 TeV. Observations
of neutrinos with this energy and a baseline of at least
500 km imply a limit of !< 1:7! 10"11, superior to the
SN1987a constraint by more than 2 orders of magnitude. A
more careful analysis of the path lengths and energies of
the highest energy events from Super-Kamiokande,
IceCube and other neutrino telescopes are likely to yield
even stronger constraints.
How might nature evade the energy-loss mechanism we

have described? The conventional assumptions of Lorentz
invariance and conservation of energy and momentum
would forbid the processes we consider. Any theory that
respects both these properties does not undergo the energy-
loss mechanism we have discussed. Another evasion might
be unconventional dispersion relations of neutrinos, elec-
trons and photons such that, in the energy domain of the
OPERA experiment, these particles travel with a common
velocity. Thus neutrinos would not be superluminal with
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Predicted ν spectrum with δ = 10-20 and EFT predic(on with [d] = 6 in black. 

           Other spectra are for δ < 10-20 and [d] = 6.  (FWS et al. 2016)




Conclusions for Neutrinos: 
(FWS & Scully 2014,  FWS et al. 2015) 


• 	Neutrino	veloci/es	cannot	exceed	c	by	more	than	1	part	in	1020.	

• 	Larger	future	neutrino	detectors	such	as	IceCube-Gen2	will	enable	more	
sensi/ve	tests	of	Lorentz	invariance	viola/on	in	the	neutrino	sector.			
	
• 	Should	future	cosmic	neutrino	observa/ons	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	indica/on	that	ν’s	are	
slightly	superluminal	and	of	a	viola/on	of	Lorentz	invariance.		



Summary: 

• The	Fermi	7ming	observa7ons	of	GRB090510	are	in	tension	with	
simple	QG	and	D-brane	model	predic7ons	of	a	retarda7on	of	photon	
velocity	propor7onal	to	E/MQG	because	they	would	require	MQG	>	MPlanck.	

		
• More	indirect	results	from	γ-ray	birefringence	limits,	the	non-decay	
of	50	TeV	γ-rays	from	the	Crab	Nebula,	and	the	TeV	spectra	of	
nearby	AGNs	place	severe	limits	on	EFT	LIV	with	[d]	=	5	dominance.	

	
• Observa7ons	of	very	high	energy	neutrinos	by	IceCube	provide	
severe	constraints	on	LIV	in	the	neutrino	sector.	

• Observa7ons	of	ultrahigh	energy	cosmic-rays	provide	extremely	
severe	constraints	on	LIV.	

• See	other	related	talks	at	this	mee/ng.	
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Everything that is not forbidden is compulsory.  
                          – Murray Gell-Mann 
 





 

			“Scien/fic	values	consist	in…extending,	or	equivalently	limi/ng	,	
the	domain	of	applicability		of	our	concepts	rela/ng	to	mader,	
space,	and	/me.”	

	
																																									-	Subramanian	Chandrasekar	



Two Telescope Opera(on




Fermi Launch: June 11, 2008 



Analysis Uses Three Methods to Obtain τn and ξn  


•  “Pair View” (PV) 

 Calculate	the	spectral	lags	between	pairs	of	photons	in	a	dataset.		
	Find	the	peak	in	the	distribu7on	of	pair	lags	as	defined	by	τn.	

 
   

 
 n  “Sharpness Maximization Method” (SMM) 
   LIV smears light curve structure decreasing sharpness. Search for 

 degree of dispersion that restores the sharpness. 
 

 
   

 
 

n  “Maximum Likelihood Analysis” (ML) 
  Derive a model of GRB data with light curve template obtained from 

 low enough energies for negligible LIV.  Calculate likelihood of 
 detecting each photon in the dataset given the model and maximize 
 the likelihood to produce the best estimate of the time lags. 

 
   

 
 



Energy Related Relative Time Delay 



95% lower limits on EQG (subluminal case) 

 
 
– We improve previous limits from time-of-flight by factor of  
– ~ 2–4 depending on LIV type and CL: 
–   from GRB 090510 

• n=1: EQG ≳ 8 EPl  
• n=2: EQG≳1.3x1011 GeV 

• Horizontal bars → our average constraint accounting for GRB-intrinsic effects 
– Still over the Planck scale for n=1: EQG≳2 EPl  

• Markers →our constraints not accounting for GRB-intrinsic effects 

Preliminary 

Linear LIV Quadratic LIV 



Uncertain(es in Lp-Ep Rela(on and thus GRB Distance 
                            (Lyu et al. 2014)


– 22 –

Table 2—Continued

Namea z log[Es(1 + z)(keV)] log [Ls(erg/s)]

aSources marked with “H” or “L” indicate the high and low states as defined
in Zhang et al. (2012a).

Fig. 1.— Relation between Lp and Ep derived from the time-integrated spectra of GRBs in
our sample. The Yonetoku relation (grey dots) is also shown with a sample of GRBs from

Yonetoku et al. (2010). Lines are the linear fit and its 3 σ confidence level to the data using
the maximum likelihood method.



Advanced Energetic Pair Telescope (AdEPT) 

 Medium-energy ~5-200 MeV γ-ray telescope  

o  High sensitivity and angular resolution 
o  Significant polarization sensitivity 
o  γ-ray imaging via triplet production 

o Thus, can provide a more sensitive 
test of vacuum birefringence 

 The keystone is the electron tracker, the 
     3-D Track Imager  (Hunter, et al. 2010) 
o  Large volume, low density, gas time-projection 

chamber enabling detection of γ-rays at lower energies 
than Fermi, acting as both a γ-ray convertor and a 
detection medium.  

o  Accurate tracking of all charged particles traversing 
the volume allows for γ-ray identification and cosmic-
ray background rejection 

o  3-D track imaging eliminates need for  
massive calorimeter and anti-coincidence shield 



AdEPT Minimum Detectable Polariza(on


• Ageom=4x104	cm2,	Tobs=106	s,	ΔE=E	
• Modula7on	factor,	λ	=	0.35	



LIV Modified Proton Inelas(city for  
             δπp =  cπ– cp = 3 x 10-23


9

Figure 2. The calculated proton inelasticity modified by LIV for �⇡p = 3 ⇥ 10�23

as a function of CBR photon energy and proton energy [44].

above which protons traveling faster than light will emit light at all frequencies by the process
of ‘vacuum Čerenkov radiation’ [29, 31, 42]. This process occurs rapidly, so that the energy of
the superluminal protons will rapidly fall back to energy Emax. Therefore, because UHECRs,
assumed here to be protons, have been observed up to an upper energy of EU ' 320 EeV [25],
it follows that

�p� 6
m2

p

2E2
U

' 5 ⇥ 10�24. (18)

Our requirement that �⇡p > 0 precludes the ‘quasi-vacuum Čerenkov radiation’ of pions,
via the rapid, strong interaction, pion emission process, p ! N + ⇡ . This process would be
allowed by LIV in the case where �⇡p is negative, producing a sharp cutoff in the UHECR
proton spectrum.

The empirical constraint given by equation (18) is independent of any constraint on
�⇡p. However, we note that if �⇡ ' �p, no observable modification of the UHECR spectrum
occurs. Therefore, we will assume that �⇡ > �p at or near threshold as a requirement for clearly
observing a potential LIV signal in the UHECR spectrum. This assumption is also made in [43].
We will thus take �⇡p ⌘ �⇡ in the case where �p is small and positive as required by equation (18).
Indeed, it can be shown in this case that the dependence of the UHECR spectral shape on the
�⇡p parameter dominates over that on the �p parameter [44].

Figure 2 shows the calculated proton inelasticity modified by LIV for a value of
�⇡p = 3 ⇥ 10�23 as a function of both CBR photon energy and proton energy [44]. Other choices
for �⇡p yield similar plots. The principal result of changing the value of �⇡p is to change the
energy at which LIV effects become significant. For a choice of �⇡p = 3 ⇥ 10�23, there is no
observable effect from LIV for Ep less than ⇠200 EeV. Above this energy, the inelasticity
precipitously drops as the LIV term in the pion rest energy approaches m⇡ .

New Journal of Physics 11 (2009) 085003 (http://www.njp.org/)



Upper Limit on CPT-Even Dimension 6 LIV Viola(ng Term 
from Auger data: 
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Figure 7. Comparison of the latest Auger data with calculated spectra for
�⇡p = 4.5 ⇥ 10�23 and for �p = 0 and 0.5 ⇥ 10�23 as discussed in the text. In the
later case the cutoff from the vacuum Čerenkov effect is apparent.

We also present here, for comparison, the spectrum for a slightly positive �p� . Figure 7
shows two curves for �⇡p = 5 ⇥ 10�23. The spectrum with a vacuum Čerenkov radiation cutoff
at 300 EeV is for �p� = 0.5 ⇥ 10�23 (see equation (18)). The other curve assumes �p� = 0 as in
figure 4.

6.2. Implications for quantum gravity models

An effective field theory approximation for possible LIV effects induced by Planck-scale
suppressed quantum gravity for E ⌧ MPl was considered in [40]. These authors explored the
case where a perturbation to the energy-momentum dispersion relation for free particles would
be produced by a CPT-even dimension six operator suppressed by a term proportional to M�2

Pl .
The resulting dispersion relation for a particle of type ‘a’ is

E2
a = p2

a + m2
a + ⌘a

✓
p4

M2
Pl

◆
. (22)

In order to explore the implications of our constraints for quantum gravity, we will equate
the perturbative terms in the dispersion relation given by our equation (13), for both protons and
pions, with the equivalent dimension six dispersion relations given by equation (22). We note
that the perturbative term in equation (22) has an energy dependence, whereas our dimension
four case does not. However, since we are only comparing with UHECR data over a very limited
energy range around a fiducial energy Ef ⇠ 100 EeV, we will make the identification at that
energy.

Using this identification, we find that in most cases an LIV constraint of �⇡p < 4.5 ⇥
10�23 at a proton fiducial energy of Ef ⇠ 100 EeV indirectly implies a powerful limit on the
representation of quantum gravity effects in an effective field theory formalism with Planck
suppressed dimension six operators. Equating the perturbative terms in both the proton and
pion dispersion relations

2�⇡p ' (⌘⇡ � 25⌘p)

✓
0.2Ef

MPl

◆2

, (23)
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Figure 7. Comparison of the latest Auger data with calculated spectra for
�⇡p = 4.5 ⇥ 10�23 and for �p = 0 and 0.5 ⇥ 10�23 as discussed in the text. In the
later case the cutoff from the vacuum Čerenkov effect is apparent.

We also present here, for comparison, the spectrum for a slightly positive �p� . Figure 7
shows two curves for �⇡p = 5 ⇥ 10�23. The spectrum with a vacuum Čerenkov radiation cutoff
at 300 EeV is for �p� = 0.5 ⇥ 10�23 (see equation (18)). The other curve assumes �p� = 0 as in
figure 4.

6.2. Implications for quantum gravity models

An effective field theory approximation for possible LIV effects induced by Planck-scale
suppressed quantum gravity for E ⌧ MPl was considered in [40]. These authors explored the
case where a perturbation to the energy-momentum dispersion relation for free particles would
be produced by a CPT-even dimension six operator suppressed by a term proportional to M�2

Pl .
The resulting dispersion relation for a particle of type ‘a’ is

E2
a = p2

a + m2
a + ⌘a

✓
p4

M2
Pl

◆
. (22)

In order to explore the implications of our constraints for quantum gravity, we will equate
the perturbative terms in the dispersion relation given by our equation (13), for both protons and
pions, with the equivalent dimension six dispersion relations given by equation (22). We note
that the perturbative term in equation (22) has an energy dependence, whereas our dimension
four case does not. However, since we are only comparing with UHECR data over a very limited
energy range around a fiducial energy Ef ⇠ 100 EeV, we will make the identification at that
energy.

Using this identification, we find that in most cases an LIV constraint of �⇡p < 4.5 ⇥
10�23 at a proton fiducial energy of Ef ⇠ 100 EeV indirectly implies a powerful limit on the
representation of quantum gravity effects in an effective field theory formalism with Planck
suppressed dimension six operators. Equating the perturbative terms in both the proton and
pion dispersion relations

2�⇡p ' (⌘⇡ � 25⌘p)

✓
0.2Ef

MPl

◆2

, (23)
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FWS and S. Scully (2009) derived the relation

with  fiducial energy Ef = 1020 eV,  yielding  a limit   O(10-6) MPl
-2  on the             

dim-6 term.

A similar result was obtained by Maccione et al. (2009) using a Monte Carlo 
technique.



The IceCube Neutrino Detector at the 
South Pole 



Ice Cube PeV Neutrino Events




Fermi 5-year γ-ray Sky Map in Galac(c Coordinates with 
IceCube Event Direc(ons Superposed: PeV ν Events are in 
Green.




IceCube High Energy Neutrinos: Most or all are 
extragalac(c!


Four Indications:

(1) The arrival distribution of the observed 37 neutrinos is consistent with
isotropy.

(2) The arrival distribution of galactic PeV neutrinos should be strongly confined
to the galactic plane (Stecker 1979).

(2) The diffuse galactic ν flux (Stecker 1979) is expected to be well below that
observed by IceCube.

(3) At least one of the ∼1 PeV ν’s observed by IceCube (dubbed ”Ernie”) came
from a direction off of the galactic plane. The highest energy ν gives the best
constraint on superluminality.

(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

(Ahlers and Murase 2014).

1



Vacuum Pair Emission (VPE)* by Superluminal 
Neutrinos 6

suggest an astrophysical origin for these energetic neutri-
nos, tight constraints on di↵erent coe�cients for Lorentz
violation can be obtained even in the conservative in-
terpretation of these neutrino events having atmospheric
origin [81]. The observation of PeV neutrinos created
by the decay of heavy mesons in the upper atmosphere
has been used to implement the threshold condition (13),
leading to sensitive limits in several isotropic coe�cients
of dimension d = 4, 6, 8 and 10 [81].

C. Čerenkov radiation

In same way as some processes can be forbidden above
certain energies, the e↵ects of Lorentz violation can also
open particular decay channels that would be otherwise
forbidden. In particular, coe�cients leading to v⌫ > 1
in (11) can produce Čerenkov emission of one or more
particles [32, 57, 82–91]. Čerenkov radiation makes neu-
trinos lose energy, which distorts the spectrum in long-
baseline experiments using accelerator and atmospheric
neutrinos. This feature provides another method to
search for Lorentz violation. The observation of high-
energy neutrinos after propagating a distance L sets
a lower value for the characteristic distortion distance
D(E) = �E/(dE/dx) in the form L < D(E). The de-
termination of the characteristic distance for the spec-
tral distortion caused by the isotropic Lorentz-violating

operator of dimension four (c(4)
of

)
00

is described in Refs.
[57, 82–91]. The general calculation including direction-
dependent e↵ects for operators of arbitrary dimension
can be found in Ref. [32].

Using the PeV neutrinos observed by IceCube [79],
the limits obtained using threshold conditions can be im-
proved by one order of magnitude by determining spec-
tral distortion produced by Čerenkov radiation [81]. For
instance, the emission of electron-positron pairs in the
form ⌫ ! ⌫+e�+e+ is characterized by a rate of energy
loss given by [32, 81]

dE

dx
= �C

8

Z
002

(2 �M2

Z)
2

@|0|
@

0

q · k q0 · k0
q
0

k
0

q0
0

k0
0

d3p0 d⌦0 ,

(14)
where C is a constant, the auxiliary 4-vectors  = k+ k0

and 0 = k � k0 have been defined in terms of the mo-
mentum of the electron and the positron, and q/q

0

=
(1, p̂pp), q0/q0

0

= (1, p̂pp0), following the conventions in Fig.
3. Several orders of magnitude in sensitivity can be
gained when using an astrophysical interpretation for the
PeV neutrinos in IceCube. After travelling astrophysical
distances these neutrinos would rapidly fall below the
threshold energy for Čerenkov emission. The observa-
tion of these neutrinos with PeV energies implies that
this threshold energy lies above 1 PeV, leading to strin-
gent limits on isotropic Lorentz violation of dimension
d = 4, 6, 8 and 10 [81]. Similar studies for the case d = 4
can be found in Refs. [92, 93].

Direction-dependent e↵ects using high-energy neutri-

FIG. 3: Electron-positron pair emission as neutrino Čerenkov
radiation.

nos require several events. The recent observation of 26
new energetic events in IceCube [80] distributed in the
sky allows the search of space anisotropy for operators
of dimension d = 4, 6 [81]. The simultaneous study of
several coe�cients producing direction-dependent e↵ects
allows two-sided bounds, more restrictive than the very
particular case of isotropic Lorentz violation considering
superluminal velocity that allows one-sided limits only.
In the future, the observation of more events should al-
low a detailed study of operators of higher dimension.

VI. BETA DECAY

The interferometric nature of neutrino oscillations
make them an ideal type of experiment to search
for minute deviations from exact Lorentz symmetry.
Nonetheless, the e↵ects that modify the kinematics of
all neutrino flavors in the same manner are unobservable
in oscillation experiments, which makes the studies de-
scribed in Sec. V an important complement to oscillation
searches. The enhancement of Lorentz-violating e↵ects
with the neutrino energy makes also the study of neu-
trino velocity and Čerenkov radiation a sensitive probe
of Lorentz invariance with high-energy neutrinos. Never-
theless, it has been shown that low-energy experiments
can also play a key role in the study of Lorentz invari-
ance. In particular, signals of oscillation-free operators

of dimension three (a(3)
of

)jm are not only unobservable in
oscillations but also produce no e↵ects in the neutrino
velocity (11).
The experimental signatures of the coe�cients associ-

ated to these so-called countershaded operators [16, 94,
95] motivate the study of weak decays. The e↵ects of
these operators are una↵ected by the neutrino energy,
giving low-energy experiments a competitive sensitivity
to signals of Lorentz violation. It is important to empha-
size that Lorentz-violating e↵ects appear as kinematical
e↵ects modifying the neutrino phase space; nevertheless,
modifications of the spinor solutions must also be taken
into account. Beta decay in the context of Lorentz vio-
lation in sectors other than neutrinos have recently been
studied theoretically [96, 97] and experimentally [98].

*A neutral current weak interaction version of Cherenkov radiation  



µ Decay: Γ ~ γ-1GF
2mµ
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Dependence of VPE Rate on Eν and δνe
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The decay would take place rapidly, so that photons
with energies exceeding Eγ,max could not be observed
either in the laboratory or as cosmic rays. From the
fact that photons have been observed with energies Eγ ≥
80 TeV from the Crab nebula [35], we deduce for this
case that Emax ≥ 80 TeV, or that the magnitude of the
negative value for |δe| is less than 8× 10−17.
In this case then, with δνe less than ∼ 5.6 × 10−19 as

determined from eq. (1), we find

δν = δνe + |δe| ≃ |δe| = 8× 10−17. (34)

V. LIMITS FROM NEUTRINOS

In this section we consider the constraints on the LIV
parameter δν which, in the SME formalism, is the same
as −c̊(4). The best constraints are derived from the ob-
servation of extraterrestrial PeV scale neutrinos by the
ICeCube collaboration [36].
IceCube observation of cosmic neutrinos with Eν > 60

TeV, most of which are likely of extragalactic origin, al-
lows one to severely constrain Lorentz invariance viola-
tion (LIV) in the neutrino sector, allowing for the possi-
ble existence of superluminal neutrinos. The subsequent
superluminal neutrino energy loss by vacuum e+e− pair
emission (VPE) is strongly dependent on the strength of
LIV [37].
Let us consider the decay rate for the VPE process in

terms of dimensional analysis. For this analysis, we can
make an analogy with the Fermi theory of weak interac-
tions for muon decay.
For muons with a Lorentz factor γµ in the observer’s

frame the decay rate is

Γ ∝ γµ
−1G2

FM
5
µ (35)

where GF is the Fermi constant equal to 1.16637 ×
10−5 GeV−2.
We can look at the right hand side of equation (4) as

an effective energy-dependent mass-squared term in the
dispersion relation. It then follows from equation (4),
with δνe = ϵ/2, that by making the substitutions

M2
µ → 2δνeE

2
ν (36)

and

γ2
µ →

E2
ν

2δνeE2
ν
= (2δνe)

−1 (37)

the rate for the VPE process is then

Γ ∝ (2δνe)
1/2G2

F (2δνeE
2
ν )

5/2 (38)

which gives the proportionality

Γ ∝ G2
F δ3νeE

5
ν (39)

showing the strong dependence of the VPE rate on both
δνe and Eν .
The rate for the VPE process, ν → ν e+ e−, has been

fully calculated and is given by [37]

Γ =
1

14

G2
F (2δνe)

3E5
ν

192 π3
= 1.3× 10−14δ3νeE

5
GeV GeV (40)

The mean decay time is then just 1/Γ. To obtain the
numerical value of the mean decay time for VPE, we
note that in units where h̄ = 1, 1 GeV = 6.58 × 10−25

s−1. The mean fractional energy loss due to a single pair
emission of ∼ 0.78 [37].
There are four indications that the cosmic neutrinos

observed by IceCube are extragalactic in origin: (1) The
celestial distribution of the 37 reported cosmic events is
consistent with isotropy, with no significant enhancement
in the galactic plane [36]. (2) A possible cutoff in the
energy spectrum of these neutrinos may be indicative of
photopion production followed by pion decay [38] such
as expected in AGN cores [39], or GRBs [40]. (3) The
diffuse galactic neutrino flux [41] is expected to be well
below that observed by Ice Cube. (4) At least one of the
∼1 PeV neutrinos observed by IceCube (dubbed ”Ernie”)
came from a direction off of the galactic plane.
Given that neutrinos detected by IceCube are extra-

galactic, cosmological effects should be taken into ac-
count in deriving new LIV constraints. The reasons are
straightforward. As opposed to the extinction of high en-
ergy extragalactic photons through electromagnetic in-
teractions [42], neutrinos survive from all redshifts be-
cause they only interact weakly. Stecker and Scully [43]
consided a scenario where the neutrino sources have a
redshift distribution that follows that of the star forma-
tion rate [44], as appears to be roughly the case for both
active galactic nuclei (AGN) and γ-ray bursts (GRBS).
Since the universe is transparent to neutrinos, most of
the cosmic PeV neutrinos will come from sources at red-
shifts between ∼0.5 and ∼2 [39]. Therefore, along with
energy losses by vacuum pair emission [37], energy losses
by redshifting of neutrinos and the effect of the cosmo-
logical ΛCDM redshift-distance relation

D =
c

H0

z
∫

0

dz′

(1 + z′)
√

ΩΛ + ΩM(1 + z′)3
(41)

need to be included in the determination of δν .
For a flat ΛCDM universe the energy loss owing to

redshifting is given by

−(∂ logE/∂t)redshift = H0

√

Ωm(1 + z)3 + ΩΛ. (42)

The results of the full calculation yield the best con-
straints LIV in the neutrino sector to date, viz., δνe =
δν − δe ≤ 5.2× 10−21 [43]. This result corresponds to a
rest-frame threshold energy

Eν,th = me

√

2/|δνe| . (43)
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Threshold Energy (PeV) 1 2 4 10 20 40

Mean Propagation Time (Gyr) .011 .022 .045 .11 .22 .45

TABLE I. Mean propagation time at the threshold energy for
the threshold energies considered.

V. THE ICECUBE RESULTS

The IceCube data [5] are plotted in Figure 3. They
are consistent with a spectrum given by E2

ν (dNν/dEν) ≃
10−8 GeVcm−2s−1sr−1 up to an energy of ∼2 PeV, the
energy of the so-called ”Big Bird” event. No neutrino
induced events have been seen above 2 PeV. [22]
IceCube has not detected any neutrino induced events

from the Glashow resonance effect. In this effect, elec-
trons in the IceCube volume provide enhanced target
cross sections for electron antineutrinos through the W−

resonance channel, ν̄e + e− → W− → shower, at the
resonance energy Eν̄e = M2

W /2me = 6.3 PeV [23]. 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 [6]. It is usually expected that 1/3 of the
potential 6.3 PeV neutrinos would be νe’s plus ν̄e’s un-
less new physics is involved [24]. 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 en-
ergy 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 consider-
ing 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 PeV energy and at the 6.3 PeV resonance may be
indications of a cutoff in the neutrino spectrum. Hope-
fully, the acquisition of more data will clarify this point.
In the next section we consider the physics implications
of both the cutoff and no-cutoff scenarios for the neutrino
spectra.

VI. CONCLUSIONS AND DISCUSSION

The results of our calculations show that there is a
high-energy drop off in the propagated neutrino spectrum
resulting from the opening of the VPE channel above
threshold. Furthermore, the redshifting effect pushes the
cutoff in the energy spectrum below the non-redshifted
rest-frame threshold energy. As discussed before, we as-
sume that the neutrino production rate follows the star
formation rate in redshift space. This rate peaks at a
redshift between 1 and 2. The neutrinos emitted during
this past era of enhanced stellar and galactic activity are
then redshifted by a factor of 2 to 3. The redshifting
effect dominates the shape of the resulting spectra re-
gardless of threshold energy. This is because the mean
propagation time is very short compared with the total
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FIG. 3. Calculated neutrino spectra with VPE and redshift-
ing compared with the IceCube data both including a sub-
traction of atmospheric charm ν’s at the 90% C.L. (cyan)
and omitting such a subtraction (black) [5]. Curves from left
to right are spectra obtained with rest-frame threshold ener-
gies of 1, 2, 4, 10, 20 and 40 PeV. The corresponding values
of δνe are given by equation (3).

travel time with the exception of rest-energy thresholds
greater than 10 PeV as follows from equations (1) - (3)
(See table I). Furthermore, the mean propagation time
is also short for all energies greater than the threshold,
with the exception of only those very near threshold, as
illustrated in Figure 2 for a rest-energy threshold of 10
PeV. In the case of rest-energy thresholds greater than
10 PeV, the particles very near threshold will simply red-
shift below it without decay. This has little impact on
their final observed energies at z = 0.
Our calculated neutrino spectra follow our assumed

E−2 power-law form below ∼0.2 of the the redshifted
VPE threshold, have a small pileup effect up to the red-
shifted threshold energy, and have a sharp high energy
cutoff at higher energies, as shown in Figure 3. The
pileup is caused by the propagation of the higher energy
neutrinos in energy space down to energies within a fac-
tor of ∼5 below the threshold. This is indicative the fact
that fractional energy loss from the last allowed neutrino
decay before the VPE process ceases is 0.78 [2]. The
pileup effect is similar to that of energy propagation for
ultrahigh energy protons near the GZK threshold [25].
Our results yield the best constraints LIV in the neu-

trino sector to date, viz., δνe = δν − δe ≤ 5.2 × 10−21.
This is because our results for our rest-frame thresh-
old energy cases below 10 PeV as shown in Figure 3
are inconsistent with the IceCube data. Our result
for a 10 PeV non-redshifted threshold, corresponding to
δνe = 5.2 × 10−21, is just consistent with the IceCube
results, giving a cutoff effect above 2 PeV. We note that
the present best upper limit on δe is 5× 10−21 [7]. Thus
for the conservative case of no-LIV effect, e.g., if one
assumes a cutoff in the intrinsic neutrino spectrum of
the sources or one assumes a steeper assumed PeV neu-
trino spectrum proportional to E−2.3

ν [5, 24], we find



Two interpretations of the cutoff in the 
neutrino spectrum 

δν   =   (0.5 – 1) x 10-20 

  
This would be an 
exciting result if the 
cutoff in the spectrum 
between 2 and 3 PeV 
is due to a very small 
amount of Lorentz 
invariance violation.  

   δν < (0.5 – 1) x 10-20 
 

    This is the most 
conservative result 
since cutoff in the 
spectrum between 2 
and 3 PeV can be 
caused by something 
else, e.g., a cutoff in 
the source spectrum. 



				Our	calcula/ons	either	put	the	most	stringent	constraints	
by	far	to	date	on	Lorentz	invariance	viola/on	in	the	neutrino	
sector	or	may	possibly	indicate	the	existence	of	very	slightly	
superluminal	neutrinos	and	a	correspondingly	small	amount	
of	Lorentz	invariance	viola/on.	



Neutrino LIV Conclusions  
(FWS & Scully 2014, Phys. Rev. D 90, 043012) 


For a rest-frame threshold energy of  > 4 PeV 
from the IceCube event spectrum, as shown in 
the previous slide and with δe < 5 x 10-21*, we 
then find 
   
                         δν   <  (0.5 – 1) x 10-20 

*From Fermi observations of the  Crab Nebula 



A PeV ν event from IceCube 


