Phenomenology of Quantum Gravity
and its Possible Role in Neutrino Anomalies

Mario A. Acero and Yuri Bonder

Abstract New phenomenological models of Quantum Gravity have suggested that
a Lorentz-Invariant discrete spacetime structure may become manifest through a
nonstandard coupling of matter fields and spacetime curvature. On the other hand,
there is strong experimental evidence suggesting that neutrino oscillations cannot be
described by simply considering neutrinos as massive particles. In this manuscript we
motivate and construct one particular phenomenological model of Quantum Gravity
that could account for the so-called neutrino anomalies.

1 Introduction

To construct a theory that reconciles Quantum Mechanics and General Relativity
is one of the most challenging problems in Physics. This still unfinished theory is
called Quantum Gravity (QG), and we believe that the difficulty in building such
theory may be, in part, due to the lack of experimental guidance. Regarding particle
physics, the Standard Model of particles (SM) includes three massless neutrinos.
The Higgs mechanism [1], through which the masses of all other fermions (as well
as bosons) are generated, does not apply to neutrinos because the neutrino fields do
not have right handed components [2]. However, the experimental observation of
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neutrinos changing from one flavor to another, a phenomenon known as neutrino
oscillation, has motivated people to suggest that neutrinos are actually massive and
current research looks for an extension of the SM to include neutrino masses. The
simplest extension of the SM (but certainly not the only one, see Refs. [2-4]) is to
include right handed components of the neutrino fields, so that they acquire mass
through the same mechanism as the other particles.

Nevertheless, to include neutrino masses seems to be insufficient to account for
all observations. In this work we argue that the anomalous neutrino oscillations could
be regarded as traces of the quantum nature of gravity. More concretely, we propose
a modification to the simple extension of the SM described above motivated by a
phenomenological model of QG in order to explain all neutrino observations. Before
we continue, we warn the reader that we only present the motivation and possible
applications of a class of phenomenological models of QG to neutrinos; a deeper
study of this issue is needed to test if these models are a feasible explanation of the
neutrino anomalies.

2 Neutrino Oscillations

Neutrino oscillations are transition of a neutrino in a definite flavor state into a
neutrino with a different flavor. The basic idea is that a neutrino flavor state is a
linear combination of states with definite mass. The oscillation probability, in the
two-neutrinos approximation, is given by [2]

Am?L

Py, s (L, E) = sin*(20) sin® ( ) . a# B, (1)

where L and E are, respectively, the distance traveled by the neutrino and its energy
(both in the laboratory reference frame), and the two fundamental parameters of this
process are the mixing angle 0 and the masses-squared difference Am* = m% - m%
It is under this effective model that most of the experimental data have been ana-
lyzed, given that many experiments are not sensitive to the effects of three-neutrino
mixing [2].

Now, from observations of solar, atmospheric, reactor, and accelerator-based
neutrino-oscillation experiments, it has been possible to establish firmly the exis-
tence of three mixing angles and two separated mass-splitting parameters of order
1073 eV2 and 1073 eV?2 (for an updated combined data analysis, see [5-7]). Yet,
there are some results that cannot be explained with these parameters. The Liquid
Scintillator Neutrino Detector (LSND) [8, 9] experiment found that their oscilla-
tion data point to Am? = O(1eV?), which is much larger than the Am? found by
the experiments mentioned before [10—13]. More recently, in an attempt to check
this anomalous outcome, the MiniBooNE collaboration [14, 15] found that, with a
99 % confidence level, their analysis leads to a Am? that is consistent with that from
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LSND. Note that both experiments, LSND and MiniBooNE, produced the neutrinos
in accelerators and have the same L/E (see Eq.(1)). Additional anomalous results
have been under study and include the Reactor antineutrino anomaly [16] and the
Gallium anomaly [17, 18].

Currently, a great effort is underway to clarify these issues, both from the
theoretical and experimental point of view and a number of experiments currently
running, and different proposals for the future, are devoted to it [19-25]. On theo-
retical grounds, perhaps the most popular explanation is the existence of, at least,
one additional neutrino which has to have different properties compared to those
included in the SM. This (or these) new neutrino is known as sterile, given that it
does not take part in the weak interactions of the SM [2]. However, there is no further
evidence supporting the existence of sterile neutrinos. In this work, we take a dif-
ferent strategy where there is no need to add new particles. In contrast, we propose
that gravity, whose fundamental version is still unknown, may couple to the neutrino
fields in a non-standard way, producing the anomalous neutrino oscillations. In addi-
tion, if gravity is behind neutrino oscillations, it is conceivable that these depend on
the gravitational environment, as is suggested by the aforementioned experimental
results. In the next section, we briefly present the phenomenological model of QG
that gives rise to these couplings.

3 Lorentz Invariant Phenomenology of Quantum Gravity

The phenomenology of QG has been dominated, in the last years, by searching for
Lorentz-Invariance (LI) violations. This may be motivated by the fact that a naive
discrete spacetime structure naturally selects preferred directions. Besides the signif-
icant empirical bounds on LI violations (for the most complete collection of bounds
see [26]), Collins [27] have argued that a LI violating discrete spacetime inhabited
by quantum fields can be discarded by experiments. Essentially, the radiative correc-
tions would magnify the effects of a LI violating discrete spacetime up to the point
where they should have been observed. These arguments motivated a new type of
phenomenological models of QG [28, 29] where a LI discrete spacetime structure
is sought precisely by using the hypothesis that the symmetry of spacetime building
blocks is LI.

It is hard to envision a discrete spacetime structure that respects LI. However, in
order to build a phenomenological model, there is no need to have a concrete picture of
such a structure. The basic idea is that the presence of a LI discrete spacetime structure
may reveal itself when there is a mismatch between the symmetries of spacetime (at a
macroscopic scale) and the symmetries of its building blocks. As mentioned above, in
these models one assumes that spacetime building blocks are LI, thus, the mismatch
with the macroscopic symmetry would occur when the macroscopic spacetime is not
LI This, in turn, happens in curved spacetime regions, suggesting that the effects of a
LI discrete spacetime structure could manifest themselves as non-standard couplings
of curvature and matter fields.
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Studying a coupling of matter and the Ricci tensor (or the curvature scalar) is not
interesting phenomenologically because, according to Einstein’s equations, these
geometrical objects at a given spacetime point are determined by the matter at that
same point. Thus, coupling matter with the Ricci tensor can be considered at the
phenomenological level a self-coupling. Thus, the Weyl tensor W, .4, which loosely
speaking is the part of the Riemann tensor that remains when the Ricci part is sub-
tracted [30], is the object that should be coupled with the matter fields. Moreover,
the coupling must vanish in flat spacetime regions where spacetime is actually LI.

In the past, one particular model was extensively studied. It involves fermionic
matter fields that couple to the eigenvalues and eigenvectors of two Hermitian oper-
ators built out of the Weyl tensor through complicated couplings [29]. This model
has been able to produce some bounds in the neutron sector [31] and to motivate an
experiment where the effect predicted by the model was sought [32, 33] and bounds
on the electron sector were obtained. In the next section, a particular model for
neutrinos that may help explain some of the anomalies described above is presented.

4 Neutrino Effective Mass

For simplicity, we only consider Dirac neutrinos with non-vanishing masses and right
handed components. The strategy is to generate effective masses that depend on the
gravitational environment. Following the motivation discussed above, this effective
mass should be obtained through non-minimal couplings of spacetime curvature
(Weyl tensor) and the neutrino fields. This coupling should vanish in flat spacetime
regions and must respect gauge invariance to have a theory with a well posed initial
value formulation (see the discussion on that matter in Ref. [30]).

To define this coupling term we write the Lagrangian density describing Dirac
massive neutrinos in a curved background:

w Dég +ew)

s = a > = a (€3]
gg+ew =l1eviae,y Vo + leVRozeluyﬂDa VR«

—elup (VLa®vrg + VRaPVLE) » (2)

where vy, and vg are the left and right neutrinos, ¢ is (one component of) the Higgs
field, I'yp are the (dimensionless) Yukawa coupling constants, eZ are the tetrads, e is

the spacetime natural volume form and D" is the covariant derivative including
gauge interaction and gravity while D((lg) contains only the gravitational part. The
indices «, B label the neutrino flavor. The charged lepton part of the Lagrangian,
which should be included to have explicit gauge invariance, is not written since the
gauge interaction is not considered in what follows.

To respect gauge invariance, the gravity modification to the mass term must enter
into the Lagrangian density (2) though the replacement
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w
Faﬁ g Fa,B +baﬁf(m)v 3

P

where bgg are the coupling coefficients, W (x) = v/ Wapeq Wabcd apd f is a dimen-
sionless real function. The Planck mass, Mp, is introduced in such a way that the
argument of f is also dimensionless. The simplest function f that is only suppressed
by one power of Mp in the denominator is

w W
)

which is the function we consider.
Once the gauge symmetry is spontaneously broken, the gravitational part of the
Lagrangian density (2) takes the form

Ly = ieDae’y" D vig +ieirael y* D viq
VW -
—e (maﬁ +aap (VLaVRp + VRaVLS) (&)
P

where mqyg = Iy < ¢ > and agg = byg < ¢ >. Observe that the mass matrix in

this case is
VW(x)
Myp(x) = myg + agp Y (6)
P

Typically, mg generates neutrino flavor mixing. In the case we are dealing with, these
oscillations would be caused by Mg which, in all cases of phenomenological interest
can be thought as myg plus a small modulation that depends on the gravitational
environment. As neutrinos from different sources (solar, atmospheric, reactor, and
accelerator) travel in different gravitational backgrounds, according to the model
presented here, they should oscillate slightly differently.

In order to gain some intuition, we consider the effects of this model for
neutrinos traveling closely to the Earth’s surface, as happens in accelerator and reac-
tor experiments. In this case W can be taken approximately as constant given by
W = /48M/R> where R and M stand for the radius and mass of the Earth, respec-
tively. The numerical value is +/W ~ 1074 M p, which would then require aqs to
be extremely large in order to produce any measurable effect. Thus, at first sight this
model seems to be ruled out. However, let us remind the reader that the size of aug
is somehow artificial since we put in Mp by hand. Moreover, a different function f
could be chosen that could make testable predictions. In any case, a much deeper
analysis is required. In particular, one would need to try to fit the free parameters
of the model to explain the neutrino anomalies before taking these models seri-
ously. This may be particularly difficult to achieve because, in certain cases, the tidal
effects of a wall or a mountain can dominate over the effects of the entire Earth (see
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Ref. [34]), thus, a very precise knowledge of the gravitational-source distribution on
the neutrinos’ path may be needed to correctly model the neutrino oscillations. Also,
the effects of matter, which also generate neutrino oscillation [35], must be consid-
ered. An intriguing possibility is to try to mimic the well-know MSW [36, 37] effect
and search for gravitational environments where resonances could be expected.!

To conclude, we want to stress the reasons that motivated us to consider gravity as
a possible explanation for the anomalous neutrino behavior. First, we know gravity
exists, thus, we do not need to invoke new fields/particles that have not been observed
to account for the anomalies. Second, it is conceivable that QG may influence matter
in exotic ways and these effects could become manifest at scales below the Planck
regime. Third, neutrino experiments are done with particles that have traveled in
different gravitational environments, which may account, at least in part, for the
different behavior.
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