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Abstract We consider Lorentz- and CPT-violating dimen-
sion-5 operators to address the issue of superluminal neu-
trinos recently pointed out in OPERA experiments. We as-
sume these operators in the photon and neutrino sectors to
be coupled to Lorentz-violating backgrounds in a preferred
frame defined by a time-like direction. We show that such
operators can produce a curve with OPERA’s slope that fits
OPERA, MINOS and supernova SN1987a data.

In this letter we consider Extended Myers—Pospelov dimen-
sion-5 operators in order to consider physics in a preferred
frame with time-like direction in the presence of a Lorentz-
violating background n,, to address the issue of the superlu-
minal neutrinos detected in the OPERA’s experiments very
recently [1]—for some recent theoretical developments see,
for example [2-26]. We derive the dispersion relations as-
sociated to the effective Lagrangian for Dirac and Maxwell
terms supplemented by dimension-5 operators given in the
form
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where (---) means interacting terms, g = n/M and g =
&/M with n, £ dimensionless parameters. The dimension-5
operator in the electromagnetic sector is CPT-odd and even
under charge conjugation, whereas the dimension-5 opera-
tor in the fermionic sector breaks CPT and is even under
charge conjugation, M is the mass where new physics such
as Lorentz and CPT symmetry violation emerges and Disa
derivative operator given by
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This is the Myers—Pospelov operator [27] suitably extended
in the present study to affect the superluminality behavior at
large momenta. Note this reduces to the original operator for
light-like backgrounds, i.e., for n? = 0. The fermionic sector
with g lA)}/iy5 — —Pys reduces to CPT-odd extended QED
by Colladay and Kostelecky [28], which has been recently
considered in superluminal neutrino issues [29]. Similarly,
the electromagnetic sector with gn ub — —k, reduces to
the Maxwell and Carroll-Field—-Jackiw model [30]. How-
ever, it was shown in [31, 32] that this theory in time-like
background does not produce superluminal velocities. So at
this level one cannot expect to fit OPERA’s data [1]. Thus,
we should go to higher dimensional operators as in (1). Al-
though such operators can produce superluminal velocities
they comprise a Lorentz invariant Lagrangian except by the
appearance of the Lorentz-violating background four vec-
tor n** [27, 28], which can also be understood as a vacuum
expectation value (VEV) of a vector field [24, 25]. For the
sake of simplicity, we choose time-like backgrounds, which
is not necessarily the frame of the neutrinos.

Let us now derive the dispersion relation associated
to extended Myers—Pospelov dimension-5 operator in the
fermionic sector. The equation of motion takes the form

(i —m — gDiys)y =0. 3)

After a straightforward algebra we find that the free con-
tinuous spectrum is governed by the following dispersion
relation:

(K2 —m? = gn?P})* — 457 P} =0, 4)
where
P, = (n-k)* —n’k>. 5)

For related issues in the original Myers—Pospelov model
see, e.g., [33-35]—see also [36]. Hence, settling a time-
like direction in the Lorentz-symmetry breaking background
ny, = (ng, 0,0, 0), we have
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~ 2 -
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whose solutions are

wizzlz\/|k|2(1 + gndkl)* +m2. (7

We assume here the neutrino velocity is given by the group
velocity determined from the fermionic dispersion relation
(7), that is,

_ dwy _ k|1 gnglkD) (1 £ 23n5lk|)
AL JIk2(1 £ gn k) +m?
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Now expanding in large momenta |k|> > m%, but keeping
§n8|k| < 1 we find

my
21k|?
If we keep only linear terms in g we find (for the “plus sign”
sector)

vy = 1 +2gnd k| — (1 —48°n§1k?). )

m_lz) (10)
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Note that for massless or almost massless fermions as in the
case of neutrinos we have the possibility of superluminal ve-
locities. We can indeed estimate the Lorentz violating cou-
pling g if we know the energy E, ~ |k| and the mass m,, of
the superluminal neutrino satisfying the bound

vy — 1 ~2gnd|k| —

4gn3lk|® > m? (11)

5
As we shall see below, this is easily satisfied by OPERA’s
data [1] where & = gn} ~ (1.7 x 10° GeV)~!.

Let us now write the deviation of the neutrino velocity
from the light speed (in the vacuum) as a function of mo-
menta according to the curve with slope &

vy —C

~ 2|k, (12)

where we are choosing ¢ = 1. For OPERA experiments
v, — 1 ~ 1073 with E,, ~ |k| ~ 17 GeV we find the slope

1
G~
1.7 x 10 GeV

which sets our Lorentz-symmetry breaking parameter & to
test superluminality up to the energy 1000 TeV, the energy
scale present in primary cosmic rays originated in the explo-
sion of massive stars [37]. Now substituting (13) into (12)
we get the curve

vy —¢C _s( k|
—— ~107( —— ). (14)
c 17 GeV

Note this also agrees with MINOS experiment [38] with en-
ergy E, ~ |k| ~ 3 GeV. To compare OPERA with super-
nova SN1987a measurements [39-41] we use E, ~ |k| ~ 10
MeV to obtain

~10722 m, (13)
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which is consistent with the SN1987a bound |v — ¢|/c <
2 x 1079 [39-41]. We conclude that the above constraints on
the deviation from the light speed in superluminal neutrinos
obey a linear curve fitting as a function of the energy with
OPERA’s slope &@ ~ 0.5 x 107® GeV~!. This has also been
noticed in other recent investigations [42—44].

Similarly we can find the dispersion relation for the elec-
tromagnetic sector through its corresponding equation of
motion

_ 1073
i C~10—5<0—>, (15)

(9*n"" — 39" — 2g D" n;3,) A, =0. (16)

The photon dispersion relation in the time-like Lorentz-
violating background is then given by

(? — [k?)? — 4g%n§|K|° =0. (17)

Solving this equation we obtain the following solutions:

w+ (k) = £|k|\/1 £ 2gn]|k|. (18)

The group velocity here determines the photon velocity

dwy  1E3gnllk|

vy, = = .
Mkl /1 & 2gn3 k|

For large momenta but keeping |2gn(3)k| <« 1 we find (for the
“plus sign” sector)

19)

v, — 1 =2gn}k|. (20)

Let us now use the group velocity for the photon given in
(20) to write the deviation of the neutrino velocity from the
light speed (in the presence of the Lorentz-violating back-
ground) as a function of momenta (up to linear terms)

Uy — Uy

~2(a —a)lk|. 21
Vy

Recall that @ = gng, o= gng, g=n/M and g =&/M,

where we shall assume no = 1 from now on. The expected

superluminality of the neutrino (with mass m, ~ 0.2 eV and

energy E, ~ |k| ~ 17 GeV) is negligible

7% o2, 22)
Vy

By using (21) allows us to set a bound to the couplings n

and £ that measure the strength of the time-like Lorentz-

violating background acting into the neutrino and photon

sectors. Thus, at the Planck scale M ~ 1012 GeV it follows

that

. 10721 pm
TS = 5 17Gev

The bound for 7 can be found through the bound & ~ 10~°
for photons as follows:

~25%x 1074 (23)
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n_ 2.5><10_4N )

£ 1+ : 107, (24)
which corresponds to 7 ~ 10™* for neutrinos. This means
that at the Planck scale the neutrino interacts with the
Lorentz violating background about 100 times as much
as the photon interacts. Up to one order of magnitude
these bounds approach those derived from renormalization
group equations [27]—see also [45] for other bounds via
dimension-4 operators in purely space-like backgrounds.

If the couplings  and & change with energy keeping the
difference n — £ then we consider it as the slope of the curve
VT Vy LIS —a Ikl

0, _Z(n—E)M 5x10 R (25)
It is interesting to note that if we bring the Planck scale to
the TeV scale, i.e., M = Mgan ~ 1 TeV and |k| ~ 17 GeV
one finds the OPERA’s result, i.e., about v, ~ 107>, for
the deviation of the neutrino velocity from the light speed.
Furthermore, for the scale M = Mo > 1000 TeV it is
sufficient to avoid astrophysical constraints since one can
readily find dv, < 10~2. This is in accord with [25] since
in the latter case the strength of the Lorentz-violating back-
ground Gagyo ~ 1/ Masyro 1S about 10* times smaller than
OEarth ~ 1/ Mgan in the former case. One should note that
the formula (25) can also be readily applied to electrons. Fi-
nally, noticed that for photons one makes use of (20) and
g ~ g (¢ ~n) on the Earth—this is consistent with (23)—to
find that v, ~ 107 at |k| ~ 17 GeV, a result also found in
[25].

To bring the Planck scale to lower scales one should
consider extra dimensions. In the five-dimensional Randall-
Sundrum scenario [46] one finds M5 &~ Mpjanck for the warp
factor e*L about 10'° and M = M5e_kL ~1 TeV on the TeV
(i.e., IR or Standard Model) brane.

Our Lagrangian is Lorentz invariant except by the ap-
pearance of the Lorentz-violating background four vector
n*. This is in the same class of the theories [24, 25, 27,
28]. As such, we can always choose a rest frame for the
neutrino to study its decay to other particles. Because of
the Lorentz invariance the energy-momentum is localy con-
served and decay of highly energetic neutrinos into neu-
trinos and other particles with lower energies is forbidden
[24]. This should be enough to evade the Cohen—Glashow
bound [26]. Furthermore, we can fine tune £ and 7 in order
to make the Lorenz-violating background much stronger on
the Earth than interstellar scale to avoid all the astrophysical
constraints on Lorentz violation and Cohen—Glashow bound
as well discussed in [25].
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