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Why testing Lorentz 
invariance?

Lorentz invariance is assumed to be a fundamental symmetry of 
nature. It is rooted via the equivalence principle in GR and it is a 
fundamental pillar in the SM. The more fundamental is an ingredient 
of your theory, the more it needs to be tested observationally.

Several ideas related to quantum gravity have suggested violations 
of Lorentz invariance

This is one of the few cases in which our sensitivity can constrain 
new physics at the Planck scale, so tests of Lorentz invariance can 
be used to rule out QG models.



Why LV?

Homogeneity

Principle of 
relativity

Isotropy

Pre-causality

Lorentz 
invariance

Implies linearity of 
coordinate transformations

Implies the group structure

Implies reciprocity together
with Principle of Relativity

Implies a notion of 
past and future

Known theories of gravity rest on 
Einstein’s equivalence principle local Lorentz invariance

von Ignatowski (1910-1911)



Modified dispersion 
relations

€ 

M ≡ spacetime structure scale, generally assumed ≈ MPlanck =1019 GeV

Assuming rotation invariance 
we can expand this as

From a purely phenomenological point of view, the general form of Lorentz 
invariance violation (LIV) is encoded into the dispersion relations

Many QG models have led to modified dispersion relations

E2 = p2 + m2 + �(p, M)

…
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Theoretical frameworks

Explicit Lorentz symmetry violation Deformed/Doubly SR paradigm

Non-critical Strings

Non-commutative spacetime
Finsler geometry

EFT+LV 
Renormalizable, or higher dimension 

operators 

Of course to cast constraints on LIV using these phenomena one needs more than just 
the kinematics information provided by the modified dispersion relations, one also 

often needs to compute reaction rates and decay times, i.e. a dynamical framework…
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Introduce a preferred reference 
frame

Preserve relativity principle - 
no preferred frames



Windows on Quantum Gravity

 Cumulative effects
(e.g. color dispersion & birefringence)

 Anomalous threshold reactions 
(e.g. forbidden if LI holds, e.g. gamma decay, Vacuum Cherenkov)

 Shift of standard threshold reactions 
(e.g. gamma absorption or GZK)
new threshold phenomenology 

(asymmetric pair creation and upper thresholds)
 LV induced decays not characterized by a threshold 

(e.g. decay of particle from one helicity to the other or photon splitting)
 Reactions affected by “speed limits” 

(e.g. synchrotron radiation)

MPl~ 1019 GeV ~ 108 EUHECR 

At energies << MPl  only tiny effects are expected.

BUT  there are special situations where these tiny corrections can be 
magnified to sizable effects



Threshold reactions

Key point: the effect of the non LI dispersion 
relations can be important at energies well below 
the fundamental scale

€ 

m2

p2 ≈
pn−2

Mn−2 ⇒ pcrit ≈ m2Mn−2n   
Corrections start to be relevant when the last 
term is of the same order as the second.
If η is order unity, then 

n pcrit for νe pcrit for e- pcrit for p+

2 p ≈ mν~1 eV p≈me=0.5  MeV p≈mp=0.938  GeV

3 ~1 GeV ~10 TeV ~1 PeV
4 ~100 TeV ~100 PeV ~3 EeV

€ 

E 2 = c 2p2 1+
m2c 2

p2
+η

pn−2

Mn−2

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 
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Existence of new thresholds however can occur only with explicitly 
broken Lorentz symmetry through preferred reference frames 
(Amelino-Camelia et al, 2000-2011)



Applications: QED with LV at 
O(E/M)

Dimension 5 Standard Model Extension: include dimension 5 LV operators 
in the SM preserving gauge and rotation invariance and quadratic in the fields
Myers & Pospelov, 2003

Contribution at order p3/M to the MDR.
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Applications: QED with LV at 
O(E/M)

Dimension 5 Standard Model Extension: include dimension 5 LV operators 
in the SM preserving gauge and rotation invariance and quadratic in the fields
Myers & Pospelov, 2003

Contribution at order p3/M to the MDR.

Warning: 
CPT violated!

photon helicities have 
opposite LIV coefficients

electron helicities have independent 
LIV coefficients

Positive helicity Negative helicity
Electron η+ η-

Positron -η- -η+

correspondence relation between LV coeff
for electrons and positrons

⇥± = 2(�1 ± �2)



Astrophysical constraints: 
LV QED (n=3)

•  Lorentz violation allows the conservation of energy-momentum. 
•  Well above threshold it is very fast as the decay rate goes like Γ»E2/M. 
•  10 TeV photons would decay in approximately 10-8 seconds.
•  If we see very high energy gamma rays from distant sources at least one photon 

polarization must travel on cosmological distances. I.e. they must be below threshold. 
• If |ξ|≪|η| the constraint has the form

Gamma decay

|�±| � 6
⇥

3m2M/k3
th

• Depending on parameters one can have emission of soft or hard photon.
• Once the reaction can happen it is very fast as the rate of energy loss goes like 

dE/dt≈E3/M ⇒ 10 TeV electron would lose most of its energy in ≈10-9 seconds.

•  The observation of the propagation of some high energy electrons implies 
that at least one helicity state cannot decay in either of the photon helicities.

•  Hence the constraint can be worked out for one of the ±η± and ξ.

Vacuum Cherenkov
(Helicity Decay)

pth =
�
m2M/2�

⇥1/3
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LIV: end of the story?
QG phenomenology of Lorentz and CPT violations is a a success story in physics. We have 
gone in few years (1997->2010) from almost no tests to tight, robust constraints on EFT 
models.
In summary for EFT with LIV:

Photons: O(10-14) on dim 5 (no birefringence from GRB), O(10-8) on dim 6 op (CR)
Electron/Positron: up to O(10-22) on dim 4, up to O(10-5) on dim 5 op (Crab) and up to 

O(10-8) on dim 6 op (CR)
Hadronic sector:  up to O(10-46) on dim 3, O(10-27) on dim 4, O(10-14) on dim 5, up to 

O(10-6) on dim 6 op (CR)
Neutrinos oscillations: up to O(10-28) on dim 4, O(10-8) and expected up to O(10-14) on 

dim 5 (ICE3), expected up to O(10-4) on dim 6 op.   
Neutrino vs Light: Delta c/c < 10-8 at 10 MeV for electronic antineutrinos from SN1987.

If there is Lorentz violation, and it is described by the same modified dispersion relation 
at all energies then its scales seems required to be well beyond the Planck scale…



LIV: end of the story?
QG phenomenology of Lorentz and CPT violations is a a success story in physics. We have 
gone in few years (1997->2010) from almost no tests to tight, robust constraints on EFT 
models.
In summary for EFT with LIV:

Photons: O(10-14) on dim 5 (no birefringence from GRB), O(10-8) on dim 6 op (CR)
Electron/Positron: up to O(10-22) on dim 4, up to O(10-5) on dim 5 op (Crab) and up to 

O(10-8) on dim 6 op (CR)
Hadronic sector:  up to O(10-46) on dim 3, O(10-27) on dim 4, O(10-14) on dim 5, up to 

O(10-6) on dim 6 op (CR)
Neutrinos oscillations: up to O(10-28) on dim 4, O(10-8) and expected up to O(10-14) on 

dim 5 (ICE3), expected up to O(10-4) on dim 6 op.   
Neutrino vs Light: Delta c/c < 10-8 at 10 MeV for electronic antineutrinos from SN1987.

If there is Lorentz violation, and it is described by the same modified dispersion relation 
at all energies then its scales seems required to be well beyond the Planck scale…

)j(
10

Log
-10 -9 -8 -7 -6 -5

W

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

(E / eV)
10

log
18 18.5 19 19.5 20 20.5 21

)
-1

 s
r

-1
 s

-2
dN

/d
E 

(e
V 

m
2 E

-210

-110

1

10

210

310

410

510

610

(E / eV)
10

log
18 18.5 19 19.5 20 20.5 21

)
-1

 s
r

-1
 s

-2
dN

/d
E 

(e
V 

m
2 E

-210

-110

1

10

210

310

410

510

610
UHE photons
UHE protons
AUGER flux (2009)

Galaverni, Sigl, LM, Liberati

LM, Liberati, Celotti, Kirk, Ubertini



LIV: end of the story?
QG phenomenology of Lorentz and CPT violations is a a success story in physics. We have 
gone in few years (1997->2010) from almost no tests to tight, robust constraints on EFT 
models.
In summary for EFT with LIV:

Photons: O(10-14) on dim 5 (no birefringence from GRB), O(10-8) on dim 6 op (CR)
Electron/Positron: up to O(10-22) on dim 4, up to O(10-5) on dim 5 op (Crab) and up to 

O(10-8) on dim 6 op (CR)
Hadronic sector:  up to O(10-46) on dim 3, O(10-27) on dim 4, O(10-14) on dim 5, up to 

O(10-6) on dim 6 op (CR)
Neutrinos oscillations: up to O(10-28) on dim 4, O(10-8) and expected up to O(10-14) on 

dim 5 (ICE3), expected up to O(10-4) on dim 6 op.   
Neutrino vs Light: Delta c/c < 10-8 at 10 MeV for electronic antineutrinos from SN1987.

If there is Lorentz violation, and it is described by the same modified dispersion relation 
at all energies then its scales seems required to be well beyond the Planck scale…

LM, Liberati, Celotti, Kirk



LIV: end of the story?
QG phenomenology of Lorentz and CPT violations is a a success story in physics. We have 
gone in few years (1997->2010) from almost no tests to tight, robust constraints on EFT 
models.
In summary for EFT with LIV:

Photons: O(10-14) on dim 5 (no birefringence from GRB), O(10-8) on dim 6 op (CR)
Electron/Positron: up to O(10-22) on dim 4, up to O(10-5) on dim 5 op (Crab) and up to 

O(10-8) on dim 6 op (CR)
Hadronic sector:  up to O(10-46) on dim 3, O(10-27) on dim 4, O(10-14) on dim 5, up to 

O(10-6) on dim 6 op (CR)
Neutrinos oscillations: up to O(10-28) on dim 4, O(10-8) and expected up to O(10-14) on 

dim 5 (ICE3), expected up to O(10-4) on dim 6 op.   
Neutrino vs Light: Delta c/c < 10-8 at 10 MeV for electronic antineutrinos from SN1987.

If there is Lorentz violation, and it is described by the same modified dispersion relation 
at all energies then its scales seems required to be well beyond the Planck scale…

LM, Liberati, Mattingly, Taylor, Saveliev, Sigl



LIV: end of the story?
QG phenomenology of Lorentz and CPT violations is a a success story in physics. We have 
gone in few years (1997->2010) from almost no tests to tight, robust constraints on EFT 
models.
In summary for EFT with LIV:

Photons: O(10-14) on dim 5 (no birefringence from GRB), O(10-8) on dim 6 op (CR)
Electron/Positron: up to O(10-22) on dim 4, up to O(10-5) on dim 5 op (Crab) and up to 

O(10-8) on dim 6 op (CR)
Hadronic sector:  up to O(10-46) on dim 3, O(10-27) on dim 4, O(10-14) on dim 5, up to 

O(10-6) on dim 6 op (CR)
Neutrinos oscillations: up to O(10-28) on dim 4, O(10-8) and expected up to O(10-14) on 

dim 5 (ICE3), expected up to O(10-4) on dim 6 op.   
Neutrino vs Light: Delta c/c < 10-8 at 10 MeV for electronic antineutrinos from SN1987.

If there is Lorentz violation, and it is described by the same modified dispersion relation 
at all energies then its scales seems required to be well beyond the Planck scale…



Neutrino LIV after Opera
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measurement also relies on a high-accuracy geodesy campaign that allowed measuring the 730 
km CNGS baseline with a precision of 20 cm. 

 
With the objective of performing further checks of the result reported here, very recently 

we have been able to conduct a measurement of the neutrino time of flight at the single 
interaction level by using a beam test with a short-bunch time-structure. 

 
 

2. The OPERA detector and the CNGS neutrino beam 
 
The OPERA neutrino detector at LNGS is composed of two identical Super Modules, 

each consisting of an instrumented target section with a mass of about 625 tons followed by a 
magnetic muon spectrometer. Each section is a succession of walls filled with emulsion film/lead 
units interleaved with pairs of 6.7 × 6.7 m2 planes of 256 horizontal and vertical scintillator strips 
composing the Target Tracker (TT). The TT allows the location of neutrino interactions in the 
target. This detector is also used to measure the arrival time of neutrinos. The scintillating strips 
are read out on both sides through WLS Kuraray Y11 fibres coupled to 64-channel Hamamatsu 
H7546 photomultipliers [8]. Extensive information on the OPERA experiment is given in [1] and 
in particular for the TT in [9].  

 

 
 

Fig. 1: Artistic view of the SPS/CNGS layout. 
 

 The CNGS beam is produced by accelerating protons to 400 GeV/c with the CERN Super 
Proton Synchrotron (SPS). These protons are ejected with a kicker magnet towards a 2 m long 



The claim by Opera
Opera “rocked the world” by announcing the detection at 6 sigma of faster than light neutrinos

No sidereal variation No energy dependence 
within errors



The claim by Opera
Opera “rocked the world” by announcing the detection at 6 sigma of faster than light neutrinos

No sidereal variation No energy dependence 
within errors

(v⌫µ � c)/c = (2.37± 0.32(stat)+0.34
�0.24(sys))⇥ 10�5



Facts about Opera
• The experiment is a time of flight measurement but 

a tricky one: the time of flight of single CNGS 
neutrinos cannot be precisely measured at the single 
interactions (first version).

• So they do it statistically by reconstructing the 
probability density distribution (PDF) of the time of 
emission of the neutrinos. 

• This measurement (first version) does not rely on 
the difference between a start and a stop signal but 
on the comparison of two event time distributions.

• The PDF can then be compared with the time 
distribution of the interactions detected in OPERA, 
in order to measure TOFν. 

• The deviation 
δt = TOFc – TOFν=1048.5 ns - 987.8 ns=

"   = (60.7 ±6.9 (stat) ±7.4 (sys)) ns 
is obtained by a maximum likelihood analysis of 
the time tags of the OPERA events with respect 
to the PDF, as a function of δt. 

Observed advance Explained advance
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their difference, which amounts to (13.4 ± 26.5) ns. This result provides no clues about a possible 
energy dependence of δt in the domain explored by OPERA, within the statistical accuracy of the 
measurement.  
 
 
9.  Test with a short-bunch wide-spacing beam 
 
 In order to exclude possible systematic effects related to the use of the proton waveforms 
as PDF for the distributions of the neutrino arrival times within the two extractions and to their 
statistical treatment, a test was performed with a dedicated CNGS beam generated by a purposely 
setup proton beam. The modified SPS super-cycle consisted of a single extraction including four 
bunches about 3 ns long (FWHM) separated by 524 ns, yielding a total of ~1.1×1012 protons per 
cycle. One typical proton extraction read out by the BCT is shown in Fig. 16, while Fig. 17 
shows an expanded view of an individual bunch waveform. This beam is similar to the one used 
for the BCT calibration discussed in section 6 and it allowed performing time of flight 
measurements at the single event level. 

 
Fig. 16: Timing structure of the four-bunch proton extraction of the dedicated CNGS bunched neutrino beam as read 
out by the BCT detector. 
 
 Running with the CNGS bunched beam lasted from October 22 to November 6, 2011 for 
a total integrated intensity of 4×1016 protons on target. A total of 35 beam-related neutrino events 
were collected by OPERA. The events were then selected and reconstructed in the same way as 
those used for the main analysis. After selection, 6 internal and 14 external events were retained. 
Within the small statistics the events are evenly distributed in the four bunches of the extraction.  
 
 Given the short bunch length and the relatively long inter-bunch distance one could 
unambiguously associate each neutrino event to its corresponding proton bunch. The price to pay 
for achieving such a high definition of the neutrino emission time is the very low beam intensity, 
on the average about 60 times lower than for normal CNGS operation. 



Disclaimer:

it is not the job of the theorist to 
either confirm or disprove an 

experimental fact.
In the following I will take the 

Opera result as firmly established, 
and try to sketch how many of our 

prejudices it ruins



Opera vs what we know
Let us start assuming that 

• Opera claim is not flawed (systematic error, alternative explanation, etc…)
• Once you choose a power-law dispersion relation this is it at all energies: no 

smartly “designed” Lorentz violation in finite range of energy for the moment.
•  EFT holds (no models like space-time foam ...)
• energy-momentum conservation as usual

n=2 (rot invariant SME dim 4 or Coleman-Glashow model) = constant shift in the speed of light

n=3 LIV shift = p/M   energy dependent LIV but mild scaling with energy

n=4 LIV shift = p2/M2   energy dependent LIV but faster scaling with energy

Let’s consider as a case study with n=2,3,4

We can now look at three different kinds of constraints
• Neutrino oscillations
• Time of Flight
• Threshold reactions

E2 = p2 +m2
i + ⇠i

pn

Mn�2



Time of Flight constraints
Caveat: We will attribute a definite velocity to the neutrino flavor eigenstates (like everybody does 

without questioning), although they are not energy eigenstates. However, given that we are considering 
ultra-relativistic neutrinos, for which the mass term is negligible, then we can safely discuss about the 

velocity of a neutrino flavor eigenstate. 
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III. THE ATMOSPHERIC AND ASTROPHYSICAL NEUTRINO SPECTRA

In last section we discuss the constraints on the LIV parameter of neutrinos according

to the processes of π → µ + νµ and µ → νµ + e + νe. However, these processes can only

constrain the difference of the LIV parameters between the parent particle and the daughter

5

Bi et al.
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III. THE ATMOSPHERIC AND ASTROPHYSICAL NEUTRINO SPECTRA

In last section we discuss the constraints on the LIV parameter of neutrinos according

to the processes of π → µ + νµ and µ → νµ + e + νe. However, these processes can only

constrain the difference of the LIV parameters between the parent particle and the daughter
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Bi et al.

In apparent conflict with Opera, but 
Opera has muon neutrinos, the 

SN1987a produced electron 
antineutrinos...



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

The transition probability between two flavors I,J is then ruled by the factor

Solar neutrinos: E~MeV, messy physics, no constraints
Atmospheric neutrinos: E~MeV—TeV, (Delta c/c)νμντ    AMANDA-IceCube
Reactors antineutrinos: E~MeV, (Delta c/c) νeνμ           KamLAND
Accelerators neutrinos: E>1 GeV, (Delta c/c) νeνμ  or (Delta c/c)νμντ or (Delta c/c) νeντ
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If we have LIV in neutrinos it 
must be ~ flavor independent



Neutrinos threshold 
reactions

•  Vacuum Cherenkov: 
• Too suppressed: relevant only above ~1019 eV

•  Neutrino splitting: 
•  Neutrino decay by pair creation:   
" (Idea and n=2 worked out in Cohen-Glashow 2011)
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Rests on a few assumptions:
✓ a preferred frame exists
✓ energy-momentum conservation laws are linear
✓ hamiltonian dynamics is preserved
✓ electrons are not superluminal
✓ the asymptotic electron states are free and 

on-shell in vacuum

Cohen and Glashow, 2011,
LM, Liberati, Mattingly, 2011
J. Evslin, 2011
Villante and Vissani, 2011



Constraints
MDR n=2 

• Ruled out by SN1987 if flavour independent
• Ruled out by neutrino pair creation (Cohen-Glashow) at Opera energies

• Note: this rules out n=2 even for flavor dependent LIV models with 
MDR only at Opera energies

MDR n=3 • Compatible at 2σ with SN1987 and Opera with M~1000 TeV
• Ruled out by neutrino pair creation (Cohen-Glashow) at Opera energies 

and neutrino splitting by observation 100-400 TeV 

MDR n=4 • Incompatible with the constraints on energy dependence of Opera.
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Challenges also models with non-trivial 
energy dependence (e.g. Giudice, 

Sibiryakov, Strumia, 2011)



What about pion decay?

Pion decay can be forbidden if LIV in neutrino 
sector

Gonzales-Mestres
Bi, Yin, Yu, Yuan

Klinkhamer, Altschul

p2⌫  m2
⇡(2�c(⌫))

�1 . 20 GeV if LIV as required by OPERA

Assuming subluminal muons does not solve 
(due to spontaneous photon decay)

Assuming also LIV for the pion would solve 
the issue, but would bring LIV in the 
hadronic sector, triggering cosmic ray 
constraints:
- suppression of proton flux above ~700 GeV
- suppression of gamma-ray flux above ~1 
TeV (due to proton-antiproton radiation)
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FIG. 1: The neutrino velocity constrained by the neutrino energy, for processes π(K)+ → µ+νµ,

µ(τ) → νµ(τ) + e(µ) + ν̄e(µ).
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FIG. 2: The neutrino velocity constrained by the neutrino energy for the process π+ → µ+νµ, for

different values of α.

III. THE ATMOSPHERIC AND ASTROPHYSICAL NEUTRINO SPECTRA

In last section we discuss the constraints on the LIV parameter of neutrinos according

to the processes of π → µ + νµ and µ → νµ + e + νe. However, these processes can only

constrain the difference of the LIV parameters between the parent particle and the daughter

5

Bi et al.
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Measured something 
else

Dado & Dar: measured energy deposition effects in target: the 
progressive reduction in the target effective column density during the 
pulse reduces the neutrino production rate per incident proton. 
Efficiency of late protons is reduced --> mean neutrino production time 
is advanced. A 7% effect is enough to achieve 60 ns advance.

Did OPERA take into account the motion and geology of the Earth? 
Clearly, the Earth is spinning so the target was not stationary. Moreover, the beam travelled 
underground.
Markus G. Kuhn 
C. S. Unnikrishnan
R. A. J. van Elburg  
Dominique Monderen 
Jean-Paul Mbelek
Juan Manuel Garcia-Islas 

Did OPERA synchronize the clocks properly?

How about the statistical analysis?
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Environmental effects

extra-field sourced (e.g.) by the Earth
- must have spin-2
- must have non-universal coupling
-

Most LIV tests/computations are done in vacuum, 
but Opera neutrinos propagate in Earth (dense medium)

Dvali & Vikman

10�10 MPl < M⇤ < 10�6 MPl

However it does not 
solve automatically 
the CG problem 

(check the couplings)

Basically boils down to 
bimetric theories 

(J. Moffat, several papers)

hµ⌫



Deformed special 
relativity?

Amelino-Camelia, Freidel, Kowalski-Glikman, Smolin et al.
Huo, Li, Nanopoulos et al.

energy-momentum relations and 
conservation laws and Poincare’ 
transformations get non-linear, 
in such a way that relativity of 
inertial frames is preserved

Hence stable particles 
cannot “decay” because of 
superluminality : threshold 
energy would be infinite

5

relativity of inertial frames, at the cost of modifying the action of boosts on momenta. Then in such theories both the velocity
scale c (here mute only because of the choice of dimensions) and the length/inverse-momentum scale ! play the same role [1]
of invariant scales of the relativistic theory which govern the form of boost transformations.
Several examples of boost deformations adapted in the DSR sense to modified on-shell relations have been analyzed in some
detail (see e.g. Refs. [1–7] and references therein). Clearly these DSR-deformed boosts N j must be such that

[N j, p20−p2+Δ(E,p;M∗)] = 0 . (4)

This requirement (4) of DSR-relativity is completely analogous to the corresponding ones of Galilean Relativity and Special
Relativity: of course in all these cases the on-shell relation is boost invariant (but respectively under Galilean boosts, Lorentz
boosts, and DSR-deformed Lorentz boosts); for Special Relativity the action of boosts evidently must depend on the speed
scale c and boosts must act non-linearly on velocities (since they must enforce observer-independence of c-dependent laws),
and for DSR relativity the action of boosts evidently must depend on both the scale c and the scale !, with boosts acting
non-linearly both on velocities and momenta, since it must enforce observer-independence of c-dependent and !-dependent
laws.
Actually much of the logical structure of the conjectured transition from Special Relativity to a DSR theory can be un-

derstood in analogy with the transition from Galilean Relativity to Special relativity. Famously, as the Maxwell formulation
of electromagnetism, with an observer-independent speed scale “c", gained more and more experimental support (among
which one should count the Michelson-Morley results) it became clear that Galilean relativistic symmetries could no longer
be upheld. From a modern perspective we should see the pre-Einsteinian attempts to address that crisis (such as the ones of
Lorentz) as attempts to “break Galilean invariance", i.e. preserve the validity of Galilean transformations as laws of transfor-
mation among inertial observers, but renouncing to the possibility that those transformations be a symmetry of the laws of
physics. The “ether" would be a preferred frame for the description of the laws of physics, and the laws of physics that hold
in other frames would be obtained from the ones of the preferred frame via Galilean transformations. Those attempts failed.
What succeeded is completely complementary. Experimental evidence, and the analyses of Einstein (and Poincaré) led us
to a “deformation of Galilean invariance": in Special Relativity the laws of transformation among observers still are a sym-
metry of the laws of physics (Special Relativity is no less relativistic then Galilean Relativity), but the special-relativistic
transformation laws are a c-deformation of the Galilean laws of transformation with the special property of achieving the
observer-independence of the speed scale c.
This famous c-deformation in particular replaces the Galilean on-shell relation E = constant+ p2/(2m) with the special-
relativistic version E =

√

c2p2+ c4m2 and the Galilean composition of velocities u⊕v= u+v with the much more complex
special-relativistic law of composition of velocities.
This interplay between c-deformation of Galilean transformations and the associated deformations of the law of composition
of velocities, is analogous to the interplay between the DSR-type !-deformation of Lorentz transformations and the associated
deformations of the law of composition of momenta.

III. A KNOWN EXAMPLE OF DSR SETUPWITH UNIVERSALITY

I shall now give more tangibility to the brief review of DSR concepts contained in the previous section, by discussing a
known DSR setup and highlighting the connection between deformation of the on-shell relation and deformation of the laws
of momentum conservation.
The specific DSR setup reviewed in this section will also provide the starting point for the generalization introduced in this
manuscript. The one that I review in this section, following mainly the results of Ref. [11], still is a standard DSR setup with
“universal effects", i.e. the deformation of Lorentz symmetry affects all particles in exactly the same way. Then in the next
sections I will take the DSR setup of this section as starting point for adding the possibility of “nonuniversal effects", i.e. cases
where the deformation of Lorentz symmetry affects different types of particles in different ways.
The DSR setup on which I focus in this section was analyzed from the perspective here relevant in the recent Ref. [11],

and more preliminarily in previous DSR studies (some comments on it were already in Ref. [1]). It is centered on a choice of
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String theory to rescue?
Ellis, Mavromatos, Li, Nanopoulos et al.4
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FIG. 1: A D-brane model of space-time foam in the context
of Type-1A string theory. The model consists of appropriate
stacks (upper panel) of D-branes, some of which are moving in
a higher-dimensional bulk space-time, which is punctured by
point-like D-brane defects (D-particles). Thanks to relative
motions between the D3-brane describing our Universe (lower
panel) and these D-particles in the bulk, the latter cross the
brane world and appear to an observer on the D3-brane as
space-time foam defects that ‘flash’ on and off. The effect
is ‘classical’ from the bulk space-time viewpoint, but appears
quantum-mechanical from the viewpoint of an observer on the
D3-brane. Photons are represented as open strings on the D3-
brane, and interact with these defects via absorption and re-
emission, generating a non-trivial refractive index. Charged
particles do not interact with the D-particle foam, because they
cannot be absorbed by the uncharged D-particles.

they are moving slowly back towards the stack of branes
from which they emanated. As a result of this motion,
the population of D-particles in the bulk cross the D-
brane worlds and interact with the stringy matter par-
ticles moving on them. To an observer on the D-brane,
the space-time defects appear to be ‘flashing’ on and off.

Since this model involves eight-dimensional D-branes,
it requires an appropriate scheme for compactification
to three spatial dimensions, e.g., by using manifolds
with non-trivial higher-dimensional magnetic fluxes (un-

related to conventional magnetic fields). The differ-
ent couplings of fermions and bosons to such external
fields break target-space supersymmetry, and the con-
sequent induced mass splittings [31, 32] between partner
fermionic and bosonic excitations on the D-brane world is
proportional to the intensity of the flux field. In this way,
one may obtain phenomenologically realistic mass split-
tings in the excitation spectrum (at the TeV or some
higher energy scale), as a result of supersymmetry ob-
struction. This model may lead to a value of the dark-
energy contribution to the energy budget of the observ-
able Universe which is in agreement with current observa-
tions. For details of this and other aspects of the model,
we refer the reader to the relevant literature [12, 33, 34].

IV. A D-BRANE MODEL FOR THE VACUUM
REFRACTIVE INDEX

We now consider the non-trivial interaction of an open
string representing a photon with a D0-brane travers-
ing our D3-brane world. This interaction is described
schematically in Fig. 2. It involves the capture of the
open string by the D-particle defect, which becomes ex-
cited, and subsequently re-emits the photon. This pro-
cess is very analogous with the mechanism for generating
a refractive index in a material medium via the interac-
tion of a photon with an electron in an atom. Since there
are no charged D-particle excitations, the conservation
of electric charge prevents charged excitations, such as
electrons, from participating in such processes. For this
reason, in the model of [12] only photons [13] and possi-
bly neutrinos [33] may interact non-trivially with the D-
brane foam. It is this non-universality of the D-particle
foam that allows, as already mentioned, the avoidance
of the stringent synchrotron radiation constraints of [8],
which would otherwise exclude time delays proportional
to the photon energy that are suppressed by a single
power of a mass scale of the order of the reduced Planck
mass m̂P . This is close to the sensitivity exhibited by
the MAGIC data on the AGN Mk501 [6, 7], and leaves
open the possibility of a refractive index that depends
linearly on the photon energy and is suppressed by a sin-
gle power of the string scale, that might be accessible to
observation.

We now describe in more detail the analogous stringy
physics underlying our model of the the refractive in-
dex generated by space-time foam. We note first that
it is adequate to consider the D-particles in the foam
as static, compared to the photon. This is because the
ends of the open string representing the photon move on
the D3-brane world with (essentially) the speed of light
in a conventional vacuum: c → 1 in our units. In con-
trast, the characteristic velocities of D-particles relative
to the brane world are necessarily lower and as discussed
in [30], in order to reproduce the spectrum of primor-
dial density fluctuations in this brane-world model, the
speed of the D3-brane representing our Universe should
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FIG. 2: Schematic view of the capture by a D-particle of an
open-string state propagating on a D3-brane world, represent-
ing a photon. The possible intermediate string states (indi-
cated by the thick wavy lines) that are created by the capture of
the end(s) of the open photon string by the D-particle, stretch
between the D-particle and the brane world. They oscillate in
size between 0 and ∼ α

′
p
0, where p

0 is the energy of the in-
cident photon. They subsequently decay by emitting outgoing
photon waves during the re-emission process. The interme-
diate string state provides the restoring force that keeps the
D-particle in its ground-state configuration after the scatter-
ing of the photon string state.

be smaller than 10−4c.
Because of the conservation of the characteristic fluxes

of D-branes [20] due to stringy symmetries, there are
no isolated D-particles. They must always be connected
by strings stretched to either a D3-brane or another D-
particle [25]. The tension of these flux-carrying strings
corresponds in this stringy quantum-gravity model to
the atomic interactions in conventional media. It is be-
cause of these interactions that the analogy holds of the
D-particles with the electrons in the simple-harmonic-
oscillator model [19] for the conventional refractive in-
dex. The flux-carrying interactions play the rôle of the
restoring force in that model.

When the end(s) of the open-string photon state is
(are) attached to the D-particle, as in Fig. 2, an in-
termediate string state is formed, thanks to the above-
mentioned flux conservation. This stores the incident en-
ergy p0 of the photon as potential energy, and is stretched
between the D-particle and the D3-brane. The string
grows in size to a length L that is determined by the
requirement of energy minimization, as we now discuss.
We assume that, in addition to simply stretching to a
length L, the intermediate string state may also acquire
N internal oscillator excitations. This implies that the
energy may be written in the form:

p0 =
L

α′
+

N

L
. (5)

Minimizing the right-hand side determines N , which then
is substituted back to the equation to yield the required
maximal length L:

Lmax =
1

2
α′p0. (6)

Since the end of the stretched string state that remains
attached to the D3-brane moves with the speed of light
in (normal) vacuo, c = 1, the time taken for the inter-
mediate string state first to grow to this maximal length
and then to shrink again to its minimal size is:

∆t ∼ α′p0 (7)

This describes the time delay experienced by a photon
propagating through D-particle foam, whereby the for-
mation of the intermediate composite string state be-
tween D-particles and the photon shown in Fig. 2 re-
sembles the excitation of internal degrees of freedom in
a conventional medium [19]. We now note several signif-
icant features of this result.
• Photon propagation in our D-particle model of

quantum-gravitational space-time foam is necessarily
subluminal, avoiding any potential problems with gravi-
tational Čerenkov radiation.
• The time delay (7) is independent of the photon po-

larization, and hence the capture process of fig. 2 leads
to no birefringence. For this reason, our D-particle foam
model avoids the stringent constraints coming from as-
trophysical observations [10, 11].
• The derivation of the delay (7) does not rely on a

local effective Lagrangian description of the effect. This
is an important feature of our stringy approach, differ-
entiating it from models that attribute time delays to
modified dispersion relations obtained from a local effec-
tive lagrangian, such as the modified QED Model of [5].
• The effect is absent for particles carrying conserved

charges, such as electrons, because there are no charged
D-particles in our model. Thus, the speeds of ener-
getic particles do not become universal in the high-energy
limit, causing a breakdown of the equivalence princi-
ple, as well as Lorentz invariance. An energetic gravi-
ton would propagate subluminally, like a photon, but
the quantum-gravitational refractive index might differ in
magnitude. In a supersymmetric extension of this model,
the photino (a Majorana particle) would experience an
effect similar to that on the photon. If neutrinos are Ma-
jorana particles, they might also propagate subluminally
at high energies, but not necessarily at the same speed
as photons with the same energies.

The above discussion was in the Dirichlet picture, de-
scribing the attachment of the ends of the strings on D-
branes. In the Neumann picture, the above situation
is described by the scattering of wave-packets of string
states [23], where again an intermediate stretched string
state is formed, when the packets lie close to each other,.
This grows in size from zero to a maximal length α′p0,
determined by the above-described energy minimization
procedure (5). In such a case both ends of the intermedi-
ate string state move with the speed of light, which again
gives a delay of the form (7) in order of magnitude. Such
delays for wave-packets are perfectly consistent with the
string uncertainty principles, as we discuss below.

We now remark that, in the case of Neumann strings
in the presence of a constant electric field, with intensity

QG medium as oscillators that absorb and emit photons/neutrinos
Oscillators are D-particles flashing in the space-time
Photon/neutrino absorption and re-emission: D-particles and 
photons form a compound state that stretches in between D3-branes 
and D-particles, and eventually decays. The D-particle recoils
D-particles are neutral: charged particles do not feel their 
presence.
Adding specific derivative couplings to background (axial) vectors 
leads to superluminal propagation

these models may exhibit superluminal fermions, as well as other dramatic signatures
highlighted below. These models are concrete realizations of the ideas of [17], where the
phenomenology of Lorentz violation has been discussed in models where the maximal
speeds for various particles depend on the species.

A minimal Lorentz-violating (LV) extension of massless Quantum Electrodynamics
(QED) was proposed in [18], in which higher-order spatial derivatives were introduced for
the photon field, and fermions remained minimally coupled to the photon. This theory
has the features that the light-cone ‘seen’ by fermions differs from that ‘seen’ by the
photon. Specifically, in the theory of [18] (i) the photon always travels at the conventional
speed of light, (ii) fermions travel subluminally, and (iii) fermion masses may be generated
dynamically in such a framework, as an alternative to the Higgs mechanism. We will show
that similar theories with a background vector or axial U(1) field (see also [7]) may lead to
superluminal fermion propagation, albeit with no mechanism for fermion mass generation.

The Lagrangians of the models read:

LV,A = −
1

4
Gµν

(

1−
∆

M2

)

Gµν + ψ (i /∂ − gV,A /BΓτ)ψ −mψψ , (13)

where Gµν ≡ ∂µBν − ∂νBµ and Bµ is a gauge field with either a vector coupling gV or
an axial coupling gA, depending whether Γ = 1 or γ5, respectively. The presence of an
axial γ5γµ fermion/gauge boson vertex would introduce the possibility of chiral anomalies,
which could be cancelled by suitable choices of the couplings to the different fermion fields
ψ = (ψ1, · · · ,ψn), represented here by the matrix τ with the property:

tr{τ} = 0 . (14)

In the case of a doublet of fermions, for definiteness, one could use

ψ =

(

ψ1

ψ2

)

, τ ≡
1√
2
τ 3 =

1√
2

(

1 0
0 −1

)

, tr(τ 2) = 1 , (15)

although other choices can be made [19], as long as the anomaly-free condition (14) is
satisfied. It should be noted that no higher-order spatial derivatives are introduced for the
fermion fields because, in order to respect gauge invariance, such terms would need to be
of the form

1

Mn−1
ψ(i %D5 · %γ)nψ n ≥ 2, (16)

whereby D5 denotes the axial-gauge-field fermion covariant derivative, which would intror-
duce new, non-renormalizable couplings. The Lorentz-violating modification proposed in
the Lagrangian (13) does not alter the photon dispersion relation, which remains rela-
tivistic, but does modify the fermion propagator, as we discuss below.

It was observed in [20] that models of this type can be obtained by considering the prop-
agation of photons and charged fermions in a D-particle model of space-time foam [21],
according to which our world is viewed as a 3-brane propagating in a higher-dimensional
bulk space that is punctured by point-like D0-brane defects (D-particles). Such models my

7



 1 

Can apparent superluminal neutrino speeds be explained 

as a quantum weak measurement? 

 

M V Berry
1
, N Brunner

1
, S Popescu

1
 & P Shukla

2 

1
H H Wills Physics Laboratory, Tyndall Avenue, Bristol BS8 1TL, UK 

2
 Department of Physics, Indian Institute of Technology, Kharagpur, India 

 

Abstract 

Probably not. 

 

 

Keywords: quantum measurement, interference, neutrino oscillations  

PACS numbers: 03.65.Ta, 03.65.Xp, 14.60.Pq 

Published: November 11 2011, J.Phys.A 44 492001 

 



 1 

Can apparent superluminal neutrino speeds be explained 

as a quantum weak measurement? 

 

M V Berry
1
, N Brunner

1
, S Popescu

1
 & P Shukla

2 

1
H H Wills Physics Laboratory, Tyndall Avenue, Bristol BS8 1TL, UK 

2
 Department of Physics, Indian Institute of Technology, Kharagpur, India 

 

Abstract 

Probably not. 

 

 

Keywords: quantum measurement, interference, neutrino oscillations  

PACS numbers: 03.65.Ta, 03.65.Xp, 14.60.Pq 

Published: November 11 2011, J.Phys.A 44 492001 

 



Way out of the puzzle?



Way out of the puzzle?

?



Way out of the puzzle?

As theorists, we know that if the 
experimental result will be confirmed 
experimentally, we will have no other 
way than rethinking the fundaments 

of our theories



How?

Study bimetric theories (and Finsler 
geometry and so on...)
Study deformed special relativity
String theory?
Go for preferred frame, but find some 
smart way to avoid the CG effect
...............



G. Galilei, Dialogo de Cecco Ronchitti da Bruzene in perpuosito de la Stella Nuova

“Che ha a che fare la filosofia col misurare? Che importa al matematico se il
cielo sia corruttibile e generabile? Se anche la nuova stella fosse di polenta, chi
vieta ai matematici di osservarla e misurarla? Canchero, l’ha avuto torto questa
stella a rovinare così la filosofia di costoro”

Galileo gave a course of three lectures in Padua upon SN 1604 to a great
audience. The main point he brought out concerning the new star was that it upset
the received Aristotelian doctrine of the immutability of the heavens.

courtesy, A. Mirizzi



Backup



Superluminal 
propagation and time 

machines
Faster-than-c signals, special relativity, and causality 12
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Figure 2: A causal paradox using tachyons. The dotted line represents the set of events which
are simultaneous with E1 according to the reference frame K′. The tachyonic signal from E1 to
E2 travels to the future with respect to K′, and to the past with respect to K.

should not be more disturbing than the jet lag experienced by travellers because of the
peculiar way clocks are set on the Earth.15 Note, however, that if E1 causes E2, there is
always at least one frame in which E2 does not happen earlier than E1.

The inversion of the time ordering for two events connected by the propagation of
a tachyon is therefore not, by itself, a difficulty. However, unless some restriction is
imposed on the type of propagation, it is potentially a source of paradoxes, as it can lead
to situations where two events are timelike related, and yet the cause follows the effect. A
typical argument is the following, sometimes picturesquely referred to as the “tachyonic
anti-telephone” [44].

Suppose that, in an inertial frame K, a tachyon is emitted at t0 = 0, x0 = 0 (event
E0 in figure 2), and received at an event E1 with t1 > 0. It is always possible to find
another inertial frame K′, in the configuration considered in section 2.1, such that t′0 = 0,
x′

0 = 0, and t′1 < 0. Now, suppose that at the event E1 a second tachyon, that travels
to the future with respect to K′ and to the past with respect to K, is sent toward the
origin. This reaches the spatial origin of K (event E2) at a time t2 < 0. We can arrange
the experiments in such a way that E0 causes E1 which, in turn, causes E2. Therefore,
E0 causes E2, which is a paradoxical result because, since these two events are timelike
related and t0 > t2, E0 follows E2 in all reference frames. More elaborate versions of this
paradox, based on the particular use of Scharnhorst photons, have been presented in [20].

It is obvious from the description above that paradoxes of this type require not only
that tachyons exist, but also that, given an arbitrary reference frame, it is always possible
to send a tachyon backward in time in that frame. Obviously, there can be no paradox
if, in one particular reference frame, tachyons can only propagate forward in time.16 This

15The only case in which an inversion of the time ordering could really be problematic for causality
is when the events happen at the same place in one reference frame. This possibility is excluded for
transformations that fulfill the pre-causality condition of section 2.1, including of course the Lorentz
ones.

16Of course such a restriction is anathema in the standard approach to special relativity since it picks

Liberati, Sonego, Visser, 2001

At 0 a tachyon is sent to 1. In the 
primed reference frame t1 < t0. Now 1 
sends back a tachyon to 0. This 
tachyon will arrive at 2, where t2 < 
t0.

However, to cause a trouble, tachyons 
must be able to travel backward in 
time in arbitrary reference frames.
No trouble if in ONE reference frame 
there are tachyons moving only 
forward in time. This picks out a 
preferred reference frame.


