c 2011 November 10

Pis'ma v ZhETF, vol. 94, iss. 9, pp. 731 { 733

Superluminal neutrino and spontaneous breaking of Lorentz invariance
F. R. Klinkhamer+ 1) , G. E. Volovik1)

+

Institute for Theoretical Physics, University of Karlsruhe, Karlsruhe Institute of Technology, 76128 Karlsruhe, Germany
 Low
 Landau

Temperature Laboratory, Aalto University, FI-00076 AALTO, Finland

Institute for Theoretical Physics, Russian Academy of Sciences, 142432 Chernogolovka, Russia
Submitted 10 October 2011

Generally speaking, the existence of a superluminal neutrino can be attributed either to re-entrant Lorentz
violation at ultralow energy from intrinsic Lorentz violation at ultrahigh energy or to spontaneous breaking
of fundamental Lorentz invariance (possibly by the formation of a fermionic condensate). Re-entrant Lorentz
violation in the neutrino sector has been discussed elsewhere. Here, the focus is on mechanisms of spontaneous
symmetry breaking.

be derived from Lorentz-invariant physical laws. The
order parameter of SBLI can be a vector eld b (for
example, the vector eld of Fermi-point splitting [9, 10]
or an aether-type velocity eld [11]), an emergent tetradtype eld ea [12{15], or any other eld which is covariant
but not invariant under Lorentz transformations.
If SBLI occurs only in the neutrino sector, which
interacts weakly with the charged-matter sector, then
SBLI has no direct impact on this other matter (certain indirect quantum-loop e ects can be suppressed
by near-zero mixing angles). The non-neutrino matter
essentially does not feel the existence of the preferred
reference frame. In fact, it is very well possible that
SBLI occurs only for the neutrino eld, because the other
fermions have already experienced electroweak symmetry breaking phase transitions and are too heavy for any
further type of symmetry breaking.
In condensed-matter physics, the re-entrant violation
of LI, as well as the Fermi-point splitting (FPS), follow from general topological properties of the vacuum
(ground state) in 3-momentum space. Condensed matter provides many examples of homogeneous vacuum
states, which have nontrivial topology in 3-momentum
space [6]. Among them is a class of vacua which have
Fermi points, exceptional points in 3-momentum space
where the energy of fermionic excitations is nulli ed.
Such a Fermi point (alternatively called Dirac or Weyl
point) has a topological invariant. The existence of the
Fermi point is thus protected by topology, or by the combined action of topology and symmetry. The Fermi point
is robust to small perturbations of the system. In turn,
di erent Fermi points may collide, annihilate, and split
again, but their total topological charge is conserved.
In this respect, Fermi points in 3-momentum space behave as topologically-charged 't Hooft{Polyakov magnetic monopoles in real space. The splitting or recombi-

It is possible that OPERA's claimed discovery [1] of
a superluminal muon-type neutrino does not come from
the violation of Lorentz invariance but from unknown
factors in the clock-synchronization process [2] or from a
purely statistical e ect [3]. In fact, it has been shown [4]
that OPERA's claimed value (v c)=c  10 5 is ruled
out by the expected but unobserved energy losses from
electron-positron-pair emission ( !  + e + e+), at
least, as long as there exists a preferred frame.
Still, the claim by OPERA has provided new impetus for the discussion on the possible sources of Lorentz
violation. In order to engage in this discussion, let us
assume that OPERA's result is correct qualitatively (existence of a superluminal muon-neutrino) even if not
quantitatively (most likely, jv cj=c  10 5).
Condensed-matter physics, which possesses an analog of Lorentz invariance (LI), now suggests several different scenarios of Lorentz violation (LV). Among them
are:
(1a) LI is not a fundamental symmetry but an approximate symmetry which emerges at low energies and
is violated at ultrahigh energies (cf. [5]);
(1b) intrinsic LV at ultrahigh energies gives an emergent Lorentz-invariant theory at lower energies but
ultimately, at or below an ultralow energy scale,
induces a re-entrant violation of LI (see, e.g., Sec.
12.4 of [6]);
(2) LI is fundamental but broken spontaneously (see,
e.g., [7, 8] and references therein).
In this Letter, we discuss the spontaneous breaking of
Lorentz invariance (SBLI), that is, the spontaneous appearance of a preferred frame in the vacuum, which can
1)

e-mail: frans.klinkhamer@kit.edu; volovik@boojum.hut.

¨±¼¬ ¢  ²®¬ 94 ¢»¯. 9 { 10 2011

731

732

F. R. Klinkhamer, G. E. Volovik

nation of Fermi points represents a topological quantum
phase transition. This type of quantum phase transition takes place, for example, in graphene, graphite, etc.
(see, e.g., Figs. 4 and 6 in [16] for the splitting of a degenerate Fermi point into 3 and 4 elementary points,
respectively).
Figure 8 in the review [10] (which elaborates on the
discussion of the original research paper [9]) illustrates
the special role of neutrinos. From the momentum-space
topology of Fermi points, it follows that the phase transition away from the symmetric vacuum of the Standard
Model with massless fermions may occur in two ways:
either coinciding Fermi points with opposite topological
charge annihilate each other, giving rise to a Dirac mass
(the process commonly known as the Higgs mechanism),
or coinciding Fermi points do not annihilate but split in
momentum space, giving rise to Lorentz violation [9].
As mentioned above, it is possible that this FPS process
only occurs for neutrinos, since all other particles have
already obtained Dirac masses via the Higgs mechanism.
After this splitting, the energy spectra of the left- and
right-handed neutrino are given by the following expressions (the small neutrino mass can be neglected for the
conditions relevant to the OPERA experiment):
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with c the velocity of light in vacuo. In (1), we have
put a tilde on the dimensionful vector eb in order to distinguish it from the dimensionless vector b appearing
below and we allow for eb L 6= eb R .
The possible role of FPS for the (qualitative)
OPERA result has already been discussed in Ref. [17].
Here, we consider two scenarios for the spontaneous formation of a preferred reference frame. The rst scenario corresponds to the appearance of a dimensionless
4-vector (b ) = (b0 ; b) in the neutrino vacuum. This 4vector b interacts with the neutrino Dirac eld in a way
which does not violate the fundamental laws of special
relativity:
S

=

Z

d3 x c dt

b

( ir )

:

(2)

This action term corresponds to a momentum-dependent
mass term,2) M = p b =c, which modi es the spectrum
of the neutrino as follows:
2
:
(3)
p p  E 2 c2 jpj2 = c p b
2) At this stage, it is clear that the same procedure can be followed with a Majorana mass term cL m L in the action density,
simply replacing the Majorana mass m by i b r =c .

Let us, for example, take b to be a timelike vector, having (b0 )2 jbj2 > 0, and consider the particular reference
frame with b = 0. Assume jb0 j < 1. Then, the neutrino
energy spectrum becomes


(4)
E 2 1 (b0 )2 = c2 jpj2 ;
which is superluminal for b0 6= 0. The same happens
for a spacelike vector b . In the reference frame with
b0 = 0, the neutrino energy spectrum is given by
E 2 = c2 jpj2 + c2 (b  p)2 ;
(5)
which is both anisotropic and superluminal for b 6= 0.
The 4-vector eld b may emerge as the order parameter of the neutrino condensate,
( ir ) ;
(6)
b /g
in a theory with 4-fermion or multi-fermion interactions
of the following type:
Sint

=

Z

d3 x c dt f (X );

(7a)

(7b)
= g ( r )( r );
with appropriate dimensionful constants entering the
function f . This scenario gives a possible realization
of the phenomenological Coleman{Glashow model [18]
in terms of fermionic condensates [7, 8].
The second scenario involves another type of neutrino condensate, which also leads to SBLI. Speci cally,
this neutrino condensate gives rise to a tetrad-like eld
[12{15]:
a( i r ) :
(8)
ea /
The induced tetrad ea eld must be added to the original fundamental tetrad Ea(0) = diag( 1; c; c; c), and
the fermionic action becomes
X

S

=

Z

d3 x c dt Ea

a( i r

)

;

(9a)

= Ea(0) + ea :
(9b)
Using the induced tetrad eld (ea ) = diag(b0 ; 0; 0; 0) as
an example, one obtains, for 0 < b0 < 1, the superluminal neutrino velocity v = c=(1 b0 ).
The tetrad-type neutrino condensate (8) may provide a realization of the hypothetical spin-2 eld discussed in [19]. A recent paper [20] presents another
model, where a scalar- eld composite plays a similar
role as our condensate ea . Also related may be a geometric model [21], based on a particular class of Finslerspacetime backgrounds, which essentially modi es the
e ective metric entering particle dispersion relations.
Ea
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This completes our discussion of two possible scenarios of spontaneous symmetry breaking to explain a superluminal neutrino. Spontaneous breaking of Lorentz
invariance in the neutrino sector corresponds to the appearance of a preferred frame for the relevant neutrino:
LI is violated if the neutrino momentum p is transformed but not the vacuum eld b (or ea ) which is
kept at a xed value. Still, LI remains an exact symmetry of the physical laws: the invariance holds if both
excitations and vacuum are transformed, that is, if the
Lorentz transformation acts simultaneously on p and
b (or ea ).
In these SBLI scenarios, as well as in the FPS scenario [17], the vacuum remains homogeneous, which is
the reason why conservation of energy and momentum is
exact. But the energy spectrum of the neutrino is modi ed, which must certainly have consequences for reactions involving neutrinos. Hence, there must be experimental constraints on b or ea . Alternatively, the study
of neutrino-interaction processes may provide valuable
information on mechanisms proposed to explain nonstandard (e.g., superluminal) propagation properties of
the neutrinos.
The advantage of the spontaneous-symmetrybreaking scenario is that it stays fully within the realm
of standard physics, which obeys special relativity. The
multi-fermion interaction (7) can, in principle, originate
from trans-Planckian physics, but we now have bounds
[22, 23] indicating that Lorentz invariance holds far
above the Planck energy scale, i.e., ELV  EPlanck .
This suggests that, if a neutrino has superluminal
motion, it can be attributed either to re-entrant Lorentz
violation at ultralow energy due to intrinsic (built-in)
Lorentz violation at ultrahigh trans-Planckian energies (presumably with a re-entrance energy of order
(EPlanck =ELV )n EPlanck for n  1) or to spontaneous
breaking of fundamental Lorentz invariance (possibly
by the formation of a fermionic condensate).
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