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Violations of Lorentz invariance in the neutrino sector after OPERA
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The OPERA collaboration has recently reported that neutrinos travel faster than light. We review
the theoretical situation of constraints on violations of Lorentz invariance, focusing in particular on
the compatibility between the OPERA results with both previous constraints and recently obtained
ones. We generalize to higher order operators the recent constraint provided by the absence of
neutrino energy loss, via electron-positron pair production at OPERA energies, and show that no
modified in vacuo dispersion relation within an effective field theory context is compatible with
OPERA results. We conclude that the OPERA result is incompatible with current observations,
at least without resorting to models beyond effective field theory, possibly with local environmental
effects.

I. INTRODUCTION

Lorentz symmetry is one of the grounding pillars of
special relativity and hence our present understanding of
the physical world. As such, its validity has been checked
by numerous experiments over the last century. Despite
no experimental indications of any deviations, some ap-
proaches to quantum gravity indicate that due to the
fundamental structure of spacetime Lorentz symmetry
might not be an exact symmetry of nature but rather an
approximate or emergent symmetry at low energies yet
strongly broken above some energy scale. Searches for
any violation of Lorentz symmetry (LIV) have therefore
received more and more attention over the last few years
as possible signals of physics beyond the standard model.

Regardless of any theoretical motivation, the experi-
mental constraints are very tight and so any experimen-
tal indication of a deviation from Lorentz invariance is
of high importance. Recently, the OPERA collabora-
tion reported [1] a measurement of the time delay, with
respect to speed-of-light propagation, on arrival of non-
oscillated νµ (with a contamination of ν̄µ, ν̄e and νe that
is estimated to be less than 5%) over the path length
∼ 730 km from CERN to Gran Sasso with average en-
ergy of ∼ 17 GeV. The νµ arrived earlier than light
would, by an amount

∆t = 60.7± 6.9 (stat.)± 7.4 (sys.) . (1)

No hints of energy or seasonal/sidereal dependence were
found over the energy range of the experiment. This mea-
surement can be converted into a measure of the propaga-
tion speed of the νµ’s. The resulting propagation velocity
of non-oscillated νµ [1] is

∆c

c
= (2.48± 0.28 (stat.)± 0.30 (sys.))× 10−5 , (2)
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where c is the low energy speed of light in vacuum, and
∆c = vν − c. Previously, the MINOS Collaboration re-
ported [2] ∆c/c . (5.1± 2.9)× 10−5 for 3 GeV νµ, com-
patible with 0 within 2σ.

Taken at face value, the OPERA results clash with the
first time of flight constraint on LIV in the neutrino sector
implied by observations of neutrinos and light from the
spectacular explosion of SN1987a in the Large Magellanic
Cloud.

OPERA, the supernova results, high energy neutrino
observatories, and oscillation experiments all constrain
the behavior of (almost) free propagating neutrinos. The
relevant modifications to the neutrino Lagrangian sen-
sitive to these results is the free field kinetic term, or
equivalently the particle’s dispersion relation. Below
we parametrize such LIV effects on free field propaga-
tion within an effective field theory (EFT) framework
and explain where each of the possible modifications
runs into experimental constraints. The advantage of
this procedure, with respect to other purely kinemati-
cal/phenomenological approaches, is that the structure
of the SM is preserved, and hence completely calculable.

Since no sidereal variations have been measured for
OPERA (or any other experiment) there is no experi-
mental reason we cannot assume for simplicity that the
dispersion relations for neutrinos are rotationally sym-
metric. Such an assumption picks out a preferred frame,
and the natural preferred frame is that of the cosmic mi-
crowave background. Since the boost factor of an Earth
centered frame is only ∼ 10−3 [3] with respect to the
CMB frame, any rotation breaking effects generated by
the Earth’s relative motion with respect to the CMB will
be naturally suppressed by a factor of ∼ 10−3 relative
to rotationally invariant effects. Therefore we consider
rotationally invariant dispersion relations first.

In particular, the modified dispersion relation that we
will consider for a particle of species i in the following is

E2 = p2 +m2
i + ξi

pn

Mn−2
i

, (3)

with E and p being the energy and the momentum of the
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particle respectively, m the particle mass, ξi = ± and Mi

the energy scale at which LIV appears. It is, of course,
possible that the eigenstates of the LIV terms do not cor-
respond to the energy eigenstates for neutrinos. We will
not analyze the OPERA results of such a case in detail
here since, as we shall see, existing neutrino constraints
are so tight that all neutrino states must have essentially
identical dispersion relations thereby rendering flavor de-
pendent dispersion an unnecessary complication.

We leave the index n as a free phenomenological pa-
rameter and consider the cases n = 2, 3, 4. The case
n = 1 would produce huge effects at low energy and is
strongly constrained. We shall show that n = 4 is in
conflict with the energy independence found by OPERA
and so any n > 4 is ruled out. LIV enters only through
CPT odd operators at n = 3, while CPT invariance is
preserved if n = 2 or n = 4 (while CPT breaking im-
plies Lorentz breaking in any local EFT – see [4] – the
reverse is not true and Lorenz violation does not imply
CPT violation). Therefore coefficients for particles and
anti-particles are related by ξī = (−1)nξi [5].

Several constraints have been cast on LIV in several
particle sectors using this approach. Photon dispersion
is constrained by absence of birefringence to the level
M & 1014MPl in the case n = 3 [6], and a constraint of
order M & 108MPl for n = 4 is expected from ultra-high-
energy γ-rays [7]. Electron/positron dispersion relation
is constrained by observations of synchrotron radiation
from the Crab Nebula to a level M & 105MPl for n = 3
[8], while again ultra-high-energy cosmic ray observations
help constrain the n = 4 case to M & 108MPl [7]. Also in
the hadronic sector constraints coming from ultra-high-
energy cosmic rays are extremely strong, at the level of
M & 1010MPl (n = 3, [9]) or M & 105 (n = 4 [10]) for
protons. In the case n = 2 there no energy scale to com-
pare to and constraints are directly on the dimensionless
parameter ∆c/c. They are numerically very strong, for
example ∆c/cγe . 10−22 [11, 12].

In this note we review previous constraints on LIV in
the neutrino sector and discuss new ones. In the end,
this will allow us to draw some conclusions about what
we can say about the recent OPERA measurement.

II. RELEVANT NEUTRINO PROCESSES

As mentioned previously, the relevant constraints on
LIV in neutrino physics for OPERA come from flavor
oscillations, time of flight observations, and ultra-high
energy neutrino observatories. In this section, we give
some background on each process before moving on to
constraints.

A. Flavor oscillations

Neutrino flavor oscillations yield constraints on LIV
differences within the neutrino sector. Neutrino oscilla-

tions depend on the differences in E−p between different
neutrino eigenstates. In standard neutrino oscillations,
this difference is governed by the squared mass differences
between the energy eigenstates. With LV oscillations are
governed by the differences in the effective mass squared,
denoted N2

i = m2
i + ξip

n/Mn−2
i . Therefore, neutrino os-

cillations do not probe any absolute LIV in the neutrino
sector, but rather the differences in any LIV dispersion
relations between different neutrino states.

Let us consider [11] a neutrino produced via a particle
reaction in a definite flavor eigenstate I with momentum
p. The amplitude for this neutrino to be in a particu-
lar energy eigenstate i is represented by the matrix UIi,

where
∑
U†JiUIi = δIJ . The amplitude for the neutrino

to be observed in another flavor eigenstate J at some
distance L from the source, after some time T is then

AIJ =
∑
i

U†Jie
−i(ET−pL)UIi ≈

∑
I

U†Jie
−iLN2

i /(2E)UIi .

(4)
The transition probability can then be written as

PIJ = δIJ−
∑
i,j>i

4FIJij sin2

(
δN2

ijL

4E

)
+2GIJij sin2

(
δN2

ijL

2E

)
,

(5)
with δN2

ij = N2
i −N2

j and FIJij and GIJij are functions
of the mixing matrixes. In the standard formalism used
by experimentalists,

δN2
ij = ∆m2

ij + p2

(
∆c

c

)LIV
ij

. (6)

where now(
∆c

c

)LIV
ij

= ξi
n− 1

2

(
p

Mi

)n−2

− ξj
n− 1

2

(
p

Mj

)n−2

(7)

A nice summary of neutrino oscillation observations,
with particular attention to LIV, can be found in [13].

1. Solar neutrinos

Neutrinos produced by the Sun at ∼MeV energies
yielded the first hint of neutrino oscillations. In the LI
framework, their flux can be understood after account-
ing for oscillations with ∆m2

� ' 7.58×10−5 eV2 [14, 15].
In principle solar neutrinos can also be used to constrain
LIV effects. However, in this case the MSW effect [16, 17]
must also be taken in to account and so any constraint
is less clean than others. Since we do not need solar neu-
trinos to establish the difficulties the OPERA result has
with other constraints, we shall ignore solar neutrinos,
although in principle the analysis could be done.
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2. Atmospheric neutrinos

Muon neutrinos and antineutrinos are produced in in-
teractions of cosmic rays with the Earth atmosphere. Ex-
periments detect preferentially νµ and ν̄µ. In this case,
the survival probability is

Pνµ,νµ ' 1−sin2(2θ23) sin2

(
∆m2

atmL

4E
+

(
∆c

c

)LIV
atm

EL

4

)
,

(8)
where θij are mixing angles of the neutrino mixing ma-

trix. Best fit values (without LIV) are: sin2(θ23) = 0.42
and ∆matm ' 2.35× 10−3 eV2 [14, 15].

3. Reactor antineutrinos

Electronic antineutrinos produced by nuclear reactors
with ∼MeV energy can be used to understand the oscil-
lation scenario.

Long baseline: The survival probability for long base-
line experiments (e.g. KamLAND [18], with a base-
line of about 180 km) is

Pν̄e,ν̄e ' 1−sin2(2θ12) sin2

(
∆m2

�L

4E
+

(
∆c

c

)LIV
long

EL

4

)
.

(9)
Best fit values obtained in the standard LI frame-
work are: sin2(θ12) ' 0.3 and ∆m2

� = 7.58 ×
10−5 eV2 [14, 15].

Short baseline: Evidence of electron antineutrino dis-
appearance was sought on much shorter baseline
(L < 1 km). In this case the survival probability is
ruled by a different set of parameters [15]

Pν̄e,ν̄e ' 1−sin2(2θ13) sin2

(
∆m2

atmL

4E
+

(
∆c

c

)LIV
short

EL

4

)
.

(10)
Experiments reported so far null results so far
(i.e. no disappearance), indicating θ13 � 1 (in
facts, hints of sin2(θ13) ' 0.02 were discussed in
[14]). This also means that this observable is not
sensitive (yet) to modified kinematics, because the
small amplitude of the oscillation is controlled by
θ13 � 1.

4. Accelerator neutrinos

At energy & 1 GeV various experiments with short
baseline L ' 1 km searched for various conversions:
νµ → νe, νµ → ντ , νe → ντ and their conjugated. The
T2K Collaboration, with longer baseline, reported re-
cently evidence for oscillation νµ → νe [19] at∼ 600 MeV.

This process is ruled, similarly to the short baseline re-
actor case, by the small angle θ13 [15], hence it cannot
be used to cast constraints on (∆c/c)LIV . Also Mini-
BooNE reported appearance of νe. Interestingly, Mini-
BooNE finds a 3σ excess at 300-500 MeV of νµ → νe but
only a 1.3σ excess in the conjugated channel [20], hinting
perhaps at CPT violation. MiniBooNE also searched for
sidereal dependence of the νe signal, placing strong con-
straints on some combination of SME parameters [21].

5. Constraints

The best constraint to date comes from survival of at-
mospheric muon neutrinos observed by the former Ice-
Cube detector AMANDA-II in the energy range 100 GeV
to 10 TeV [22], which searched for a generic LIV in the
neutrino sector [23] and achieved (∆c/c)ij ≤ 2.8× 10−27

at 90% confidence level assuming maximal mixing for
some of the combinations i, j. Given that IceCube
does not distinguish neutrinos from antineutrinos, the
same constraint applies to the corresponding antiparti-
cles. The IceCube detector is expected to improve this
constraint to (∆c/c)ij ≤ 9×10−28 in the next years [24].
Lacking of sidereal variations of the atmospheric neutrino
flux led also to comparable constraints on some combi-
nations of SME parameters [25].

B. Time of flight

We caution the reader before starting this section:
From here on out we attribute a definite velocity to the
neutrino flavor eigenstates, although they are not energy
eigenstates (or even perhaps LIV states). However, given
the above mentioned constraints on the LIV differences
between neutrino energy eigenstates, and given that we
are considering ultra-relativistic neutrinos, for which the
mass term is negligible, then we can safely refer to the
velocity of a flavor eigenstate over the CERN to OPERA
distance.

The dispersion relation (3) implies, assuming Hamilto-
nian dynamics, that the propagation speed of a particle
is

v(p) ' 1− m2

2p2
+ ξ

(
n− 1

2

)( p
M

)n−2

. (11)

In turn the time delay (or advance) upon arrival over a
path length L, with respect to a light ray traveling at
c ≡ 1, is

∆T (p) =
v(p)− c

c

L

c
. (12)

We can define

∆c

c

TOF

(n)
=
v(p)− c

c
= −m

2

2p2
+ ξ

n− 1

2

( p
M

)n−2

(13)
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Given that the standard convention is to include all
the factors (n− 1)/2 into M , we do the same in the fol-
lowing formulae, that can then be derived from Eq. (13)
by replacing Mn−2 →Mn−2/(n− 1)/2. For n = 2, ∆c/c
is a parameter entering directly the modified dispersion
relation. Given that ∆c/c is the quantity “directly” ac-
cessible to the experiments at a given energy, we relate
the mass scale M to ∆c/c as

M = p×

(
∆c

c

TOF

(n)
+
m2

2p2

)−1/(n−2)

, (14)

where the sign factor ξ has been absorbed in the defini-
tion of ∆c/c to be positive. It is clear that the constraint
placed on M by a TOF measurement depends on the
energy and distance at which the measurement is per-
formed.

1. Constraints

Unfortunately we have to date only a single astrophys-
ical event for which TOF constraints can be effectively
cast on (∆c/c)TOF . The explosion of SN1987a was a pe-
culiar event which allowed to detect the almost simul-
taneous (within a few hours) arrival of electronic an-
tineutrinos and photons. Although only a handful of
electronic antineutrinos at MeV energies was detected
by the experiments KamiokaII, IMB and Baksan, it was
enough to establish a constraint (∆c/c)TOF . 10−8 [26]
or (∆c/c)TOF . 2 × 10−9 [27] by looking at the differ-
ence in arrival time between antineutrinos and optical
photons over a baseline distance of 1.5× 105 ly. Further
analyses of the time structure of the neutrino signal, in
particular using the fact that the least energetic neutrino
in the signal (at 7.5 MeV) was detected within 10 s from
the most energetic one (at 30 MeV), strengthened this
constraint down to ∼ 10−10 [28, 29].

Let us stress that the scarcity of the detected neutrino
did not allow the reconstruction of the full energy spec-
trum and of its time evolution. We remark that in SN
models two main effects are present and lead to the fi-
nal time-energy structure of the spectrum: on the one
hand, the SN is globally cooling, hence the average neu-
trino energy decreases with time; on the other hand, neu-
trino diffusion in the SN medium depends strongly on
the energy of the neutrino, which then determines its es-
cape time. Given these uncertainties, we find constraints
purely based on the difference in the arrival time with
respect to photons more conservative and robust.

Hence, adopting ∆c/c . 10−8, the SN constraint im-
plies M & 108 × 10 MeV ' 10−13 MPl for n = 3 or
Mν & 10 TeV ' 10−15 MPl for n = 4.

C. Pure LIV effects

LIV introduces, within an EFT description, new pro-
cesses that a neutrino can undergo. Since neutrinos cou-
ple to gravity and photons (via their magnetic moment
and charge radius couplings), superluminal neutrinos will
emit photon and graviton Čerenkov radiation in vacuum.
In addition, high energy superluminal neutrinos will emit
a neutrino/antineutrino pair via a neutral current inter-
action if n > 2. The detailed rate computation for these
reactions can be found in [9, 30], we merely summarize
below.

• Čerenkov radiation in vacuum (photon emission):
ν → νγ. This possibility has been already investi-
gated for renormalizable operators [31]. Although
the rate of this reaction has always been considered
too small to produce significant effects even on cos-
mogenic neutrinos at 1020 eV, we remark that the
effects implied by OPERA are at much lower scales
than MPl. Therefore, the rate can be strongly en-
hanced. The energy loss rate was computed in [9]
and found to be

τνγ '
(
M

MPl

)2(
E

1 PeV

)−(2n+1)

1026n−86 s . (15)

Gravitational Čerenkov radiation can in principle
be considered. However, it is highly suppressed and
can possibly be an effective energy loss process only
for GZK neutrinos with E & 1019 eV [34].

• Neutrino splitting (ν → ννν̄) was studied in the
context of ultra-high-energy cosmogenic neutrinos
[30]. While the calculation was done for n = 4, the
methodology is readily adapted to any n > 2. In
a LI scenario the energy threshold for ν-splitting
would be infinite. However, with LIV there is in-
stead a finite energy above which this reaction can
happen. The threshold equation for this reaction
is analytically solvable when all the neutrinos in-
volved are in the same mass eigenstate, for which
the rate is maximal. In this case the energy thresh-
old goes as Eth = (m2

νM
n−2)1/n. If the outgoing

neutrino/anti-neutrino pair are in a different eigen-
state, then the threshold will change slightly but
can still be solved for numerically.

Using the well known relation ξν̄ = (−1)nξν , the
typical energy loss rate for a high energy neutrino
with energy well above the threshold energy scales
as

τν−splitting '
m4
Z cos2 θw
g4E5

(
M

E

)4(n−2)

, (16)

with mZ the Z boson mass, g the weak coupling
and θw the Weinberg’s angle. For example, for the
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lowest n for which this reaction is allowed, n = 3,
this corresponds to

τ ' 1058

(
M

MPl

)4(
Eν

10 GeV

)−9

s . (17)

We caution the reader that there are O(100) phase
space factors which vary for each n, so that the
lifetime is only approximate. However, since the
scaling with M is so strong, these phase factors are
largely irrelevant as they change M by only an O(1)
factor.

• Neutrino pair production (ν → νe+e−) has been
recently proposed in [32]. The calculation was
focused on the case n = 2 as δ was considered
constant when computing the terminal energy for
Opera, although much of the calculation and re-
sult extends to higher n with only slight modifi-
cations. The threshold energy will in general de-
pend on n, and can be recovered from a scaling
δ → ξν(E/M)n−2 only up to O(1) numerical fac-
tors. The threshold equation reads (for electron-
positron pair of opposite helicity)

pn

Mn−2

[
ξ(n)
ν (1− xn−1)− ξe(yn−1 + (−1)ntn−1)

]
= m2

ν

1− x
x

+m2
e

(
1

y
+

1

t

)
, (18)

where x,y and t are the fraction of initial momen-
tum p carried respectively by the outgoing ν, by e−,
and by e+, t = 1 − x − y and 0 < x, y, t < 1. The
computation of the threshold is straightforward but
the general solution is quite cumbersome. Hence-
forth, we shall provide here only the form of the
threshold energy for n = 3 and furthermore as-
suming mν ≈ 0. We also assume no violation in
the electron sector ξe = 0. This is justified be-
cause using only the constraints that can be cast
on LIV in the electron-positron sector at OPERA
energies, any LIV in the electron sector must be
much smaller that the one reported by OPERA,
at least for n = 2, 3. With these assumptions, the
electron/positron pair takes most of the total mo-
mentum, so that x ' 0 at threshold. This implies
that the form of the threshold does not depend on
n, apart from the scaling of the term pn/Mn−2. As
a result the following general scaling holds

E2
th,(n) =

4m2
e

δ(n)
, (19)

with the replacement δ(n) = ξν(Eth/M)n−2.

In addition the rate of this reaction as computed
in [32] is general for any n up to numerical factors
once one performs the same substitution as before
with generic energy δ → ξν(E/M)n−2. The generic
energy loss time-scale then reads

τν−pair '
m4
Z cos2 θw
g4E5

(
M

E

)3(n−2)

, (20)

where we dropped the purely numerical factors. By
integrating the energy loss rate over the distance
CERN-Gran Sasso L we obtain

E−3n+1 − E−3n+1
0 = (3n− 1)ξνE

−3(n−2)
ref k

G2
F

192π3
L ≡ E−3n+1

T , (21)

where E is the energy on a neutrino starting with
energy E0 after propagation over the distance L
and Eref is the energy at which we normalize the
parameter ξν . For Opera, ξν ∼ 5 × 10−5 for
Eref ∼ 10 to 30 GeV. We do this in order to
have a direct connection with the observed values.
The factor k = 25/448 was computed in [32]. The
“termination” energy ET corresponds to the energy
that a neutrino would approach after propagation

over a distance L if it started with E0 � ET . We
remark here that the termination energy ET is a
mildly varying function of n and of the energy scale
Eref .

This process is less suppressed than neutrino split-
ting, by exactly one power of E/M , due to the
fact that the weak interaction couples solely to left-
handed neutrinos but any handedness of electrons.
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1. Constraints

Whereas the oscillation and time of flight supernova
constraints are reasonably self-contained, the decay rate
constraints are much more tightly tied to the exact char-
acteristics of OPERA and so we devote a larger section
to the combined constraints.

III. CAN WE RECONCILE OPERA WITH
CURRENT CONSTRAINTS?

A. Energy dependent LIV

It is clear that an obvious problem is to reconcile the
OPERA result with the SN constraints, as they are both
TOF limits, so they effectively constrain the energy scale
at which possible LIV might be found. ∆c/c < 10−8 at
∼10 MeV is incompatible with ∆c/c ' 10−5 at ∼10 GeV
if LIV is energy independent, as this would be a CPT
invariant scenario and LIV differences between various
states are so tightly constrained from oscillation data.
This alone completely rules out n = 2 modified disper-
sion relation if it has to be valid at all energies, and has
additionally been clearly ruled out at OPERA energies
alone by [32].

On the other hand, we are also forced to impose n < 4.
The reason is the following: the OPERA collaboration
also measured the neutrino propagation time by divid-
ing the sample of “internal” events, for which it is pos-
sible to measure the neutrino energy, in two subsam-
ples with different average energies 〈E1〉 = 13.9 GeV,
〈E2〉 ' 42.9 GeV. No statistically significant differ-
ences were found in the time delays of the two sam-
ples: ∆t1 = 53.1± 18.8 (stat.)± 7.4 (sys.), ∆t2 = 67.1±
18.2 (stat.)±7.4 (sys.). If we now compute the time delay
on a baseline of ∼ 730 km assuming n = 4 we find time
delays incompatible with the observations, as shown in
Fig. 1.

Therefore, we are left only with n = 3, which, accord-
ing to Fig. 1, can possibly explain all the time of flight
constraints assuming M ∼ 10−13 MPl. The agreement
with OPERA data is however achieved only at the 2σ
level. A better agreement might be achieved if we could
convolve the energy dependent TOF prediction with the
actual OPERA neutrino spectrum. Notice that, as we
mentioned in the Introduction, the case n = 3 includes
CPT odd LIV, which implies ξν = −ξν̄ . Therefore su-
perluminal neutrinos imply subluminal antineutrinos. If
moreover we assume flavor independence, we do not al-
ter flavor oscillations. In the n = 3 case, the absence
of significant energy dependence is interpreted as due to
poor statistics. It is an easy exercise to verify that in the
n = 3 case the SN constraint ∆c/c . 10−8 is respected.

However, superluminal neutrinos can possibly emit
e+e− pairs, or they can split according to ν → ννν̄,
thereby losing energy. According to Eq. (21), in the
case n = 3 the argument by [32] applies albeit with

E (GeV)
10 20 30 40 50 60

t (
ns

)
∆

40

50

60

70

80

90

100

FIG. 1. Interpretation of time delays with energy dependent
LIV. Blue: n = 4 LIV, with M = 3.5 TeV. Red: n = 3 LIV.
Solid: lines drawn to reproduce the time advance obtained
with the full sample of average energy 17 GeV (and with
M = 700 TeV for the n = 3 case. Dashed: attempt of a fit
with n = 3 that might reproduce also the measurement at
the 2 different energies, with M = 103 TeV. In the n = 4
case the fit is basically impossible. Errors on the x-axis are
inferred from the characteristics of the sample, not given by
the experimental Collaboration.

Eth ' 1.5 GeV and terminal energy ET ' 15 GeV, which
again rules out at OPERA energy also the most mildly
energy dependent dispersion relation n = 3.

Furthermore, according to Eq. (16), atmospheric muon
neutrinos (antineutrinos are not affected as they are sub-
luminal in this description) at 10 TeV would have a typ-
ical mean free path of about 10−9 cm (the mean free
path implied by Čerenkov is 3 × 10−10 cm, see Eq. 15)
for M ∼ 10−13 MPl, too short to be compatible with the
observation of upward-going atmospheric neutrinos up to
400 TeV by IceCube. 1

Therefore, LIV in EFT with any energy dependence
does not seem a viable scenario.

B. Flavor dependent LIV

Given that the flavor independent LIV scenario has
problems, one might be tempted to increase the degrees
of freedom of the problem and reconsider a form of LIV
that depends on flavor. In this way, the SN constraint
does not need be necessarily respected by OPERA neu-
trinos, because it is cast on ν̄e, while OPERA observes
νµ. However, the constraints on n = 2 [32] and on n = 3
just seen in the previous section still apply also in the

1 While submitting this paper we found that a similar remark was
also made in [33].
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FIG. 2. Survival probability Pν̄e,ν̄e for different values of
(∆c/c)LIV . The red solid curve is the standard LI case with
solar neutrino parameters. Green dotted and black dashed
curves are for (∆c/c)LIV = 10−16 and 5× 10−16 respectively.

flavor dependent case. Hence flavor dependence cannot
be considered a solution.

Nonetheless, we want to briefly show here that even
forgetting the above mentioned constraints, it is still pos-
sible to rule out both n = 2 and n = 3 possibilities simply
on the basis of neutrino flavor oscillations.

First of all, given the atmospheric neutrino constraints
reported in section (II A 5), we have to demand that the
LIV parameters be closer than 10−27 for n = 2, or 10−31

for n = 3 (see Eq. 7) if M ' 10−13 MPl for νµ − ντ and
ν̄µ − ν̄τ oscillations.

We now consider reactor antineutrinos. For our pur-
pose we can use Eq. (9) to understand what happens in
the LIV case. In Fig. 2 we show how even a tiny modifica-
tion ∆c/c ' 10−16 would lead to large unacceptable de-
partures from the LI case. Indeed, KamLAND observed
[18] the first 2 humps of the survival probability at val-
ues L/E ∼ 30 to 50 km/MeV, in clear disagreement with
the 4 humps present for ∆c/c ∼ 10−16. Given the TOF
constraints, in the computation of LIV effects on oscilla-
tions we have to require (∆c/c)LIVlong ' 10−5 for n = 2 and

(∆c/c)LIVlong ' 10−8 for the CPT odd n = 3 scenario at
MeV energies. Hence, these values are by far too large to
be compatible with the observed oscillations. Therefore
the flavor dependent LIV case is strongly disfavored.

IV. CONCLUSIONS

In this note we discussed the OPERA results. Our
conclusions, in agreement and complementing other sim-
ilar analyses [32, 35, 36], are that these results are not
compatible with other observations and derivable con-
straints within EFT framework (even models predicting
modified dispersion relations on finite energy ranges, in-
cluding OPERA energies [36]).

Of course, an experiment is not proved wrong by the
theoreticians’ inability to come up with viable explana-
tions, and the last word on the reliability of OPERA mea-
surement lays in the hands of forthcoming experiments
aimed at reproducing such results. However, we think
that taken at face value, this analysis (and the above
mentioned similar ones) should be taken as a strong case
for being cautious in developing freely new exotic models
aimed at fitting OPERA data, or at least as guidance
about what these models should actually provide.

It is difficult to envisage which models can escape
the wealth of constraints here presented, in particular
the one provided by the absence of pair production by
OPERA neutrinos. One example could be models like
Deformed Special Relativity (DSR) which do not lead to
new threshold reactions [37]. 2

Alternatively, one can envisage the possibility that in
vacuo neutrino propagation is not affected itself by LIV,
while some LIV interaction can be the source of OPERA
anomaly. In the past there have been models, most no-
ticeably the so called space-time foam ones, like [39], pre-
dicting a modified propagation only in some SM sector
(photons and neutrinos in [39]) and only on average, not
instantaneously, due to many interactions with some hid-
den sector of the theory (in the case of [39], string the-
ory D-branes). Averaging over many of these interaction
events leads to features not predictable via standard EFT
reasoning. However the model described in [39] predicts
subluminal propagation of photons and neutrinos 3, and
hence it is not amenable to explain Opera results, al-
though it is possible that different implementations of
the idea that lead to superluminal neutrinos may yield a
workable proposal.

Models of this kind could possibly evade most if not all
the constraints based on particle interactions (see how-
ever [40] for a constraint on a possible incarnation of the
framework discussed in [39]) and still lead to modified
propagation on sufficiently long distances. Furthermore,
the “hidden” fields can be homogeneously distributed in
the Universe, or highly clumped, e.g. around the Earth’s
position. This could perhaps play an important role, like
for example in the model of [41]. If OPERA is confirmed,
there is a long road ahead for model builders trying to
match all the existing constraints. However, precisely
because of this wealth of data we have, there is a lot
of experimental guidance on how one can deviate from
special relativity.

2 Unfortunately, the various DSR candidates face in general major
problems regarding their physical interpretation and a working
model is not yet available (see however [38] for recent attempts
in new directions).

3 Note however that in this model LIV is present for Majorana
neutrinos, while we considered here only Dirac-type neutrinos.
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