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Abstract

In this article, we will explore how neutrinos interact with gravity, with a particular focus on how these
particles can be used as probes to investigate the presumed quantized structure of spacetime. Indeed,
any modification to the formulation of gravitational interaction is expected to impact particle physics. We
will therefore study how neutrinos can be used to test both universal and non- universal perturbations
arising from the phenomenology of quantum gravity. We will analyze how, in a scenario of universal
modification, the flight time of particles acquires a dependence on their energy. We will also examine how
the phenomenon of oscillations is affected by the introduction of corrections dependent on the particle

eigenstate considered.
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1. INTRODUCTION

Studying the Planck-scale structure of spacetime is essential
for formulating a complete theory of quantum gravity (QG).
Various models predict different phenomenological scenarios
in this context. All these models share the prediction that QG
residual effects manifest as small perturbations that modify
the kinematics of particles, used as probes for the spacetime
Planck scale. Moreover, in this research field, the need to test
the universality of the predicted QG corrections arises. The
modifications to kinematics can be universal for every particle
species; otherwise, the corrections may depend on the type of
probe considered. The search for nonuniversal corrections can
serve as a test for violations of the Weak Equivalence Princi-
ple (WEP), induced by the anticipated perturbations. The ideal
framework for conducting research on QG is that of astropar-
ticles, due to their high energy and long propagation paths,
which allow for the accumulation of the predicted tiny per-
turbations. Neutrinos are the ideal candidates for testing these
corrections, since they enable studies across different combi-
nations of energies and baselines. Moreover, due to their ex-
tremely weak interactions, these particles can propagate over
cosmic distances, unlike other cosmic messengers, whose prop-
agation is suppressed [1, 2]. Additionally, since these parti-
cles interact weakly, they are not deflected during propagation,
which offers advantages in pinpointing the sources.

1.1. Background

In this work, we present a review of some QG theories that pre-
dict phenomenological testable effects. In some of these models
such as the Doubly Special Relativity (DSR) [3, 4, 5] and the Ho-
mogeneously Modified Special Relativity (HMSR) [6], covari-
ance and the kinematic symmetry group are amended. As a
consequence, the kinematics is modified and the main QG ef-
fects pertain to particle propagation. Under the assumption of
universal QG corrections, the first detectable effect predicted by
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these models is related to the differences in the time of flight of
particles with various energies. QG may affect the in-vacuum
dispersion relations, leading to an energy dependence of the
particle velocity. This effect can be detected in the energy spec-
trum of GRB and Supernova emitted neutrinos. Including the
nonuniversality of the perturbations, neutrinos can be used to
test the validity of the WEP [7, 8]. In fact, under the hypoth-
esis of nonuniversal corrections, QG can introduce differences
in the expected neutrino oscillation pattern. The introduction
of mass eigenstate-dependent QG perturbations may alter the
oscillation probability. In addition, CPT violations can, for in-
stance, be studied in the context of the Standard Model Exten-
sion (SME) [10, 11]. The CPT symmetry is strictly related to the
Lorentz covariance. Indeed, the violation of the CPT symmetry
implies the explicit Lorentz Invariance Violation (LIV). In the
SME scenario, the residual effects of QG manifest as an explicit
violation of Lorentz invariance, with a consequent modification
of the kinematics and the interaction of particles.

2. MAIN CONTENT

As the first step, we will illustrate some different QG models,
within the context of which the phenomenological predictions
have been obtained. We will particularly focus on DSR [3, 4,
5] and HMSR [6] that predict modifications to the kinematic
symmetry group. We will also discuss how nonuniversal cor-
rections can be incorporated into these models. Then, we will
consider LIV and then SME [10, 11], to illustrate how the CPT-
odd extension of the Standard Model in neutrino sector has a
formulation similar to Non Standard Interactions (NSI). Finally,
we will analyze the phenomenology introduced in neutrino
physics, illustrating how this particle can be used as probes for
QG different models

2.1. Theoretical Framework

The theoretical motivation underlying some of the most stud-
ied QG models is that real physics takes place in the phase
space, where the interactions of different particles are de-
scribed. The spacetime is constructed through measurements
and observations. The spacetime is therefore a momentum
space projection obtained locally by every observer. In this con-
text, we can set DSR [3, 4, 5] and HMSR [6] theories.
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2.1.1. DSR theories

In this class of QG theoretical models [3, 4], the geometry is de-
fined in the momentum space and is determined by the modi-
fied composition rules of momenta:

p1®p2 = p1+p2+ f(p1,p2) (1)

where f is an opportune function of the momenta p; and py.
The space connection is obtained as follows

]
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The momentum space curvature vanishes, but the geometry is
nontrivial since the connection’s origin is nonmetric. The un-
derlying symmetry group is the x-Poincaré s one, associated
with a Hopf algebra structure. Lorentz invariance is amended
and promoted to diffeomorphism invariance. The classical for-
mulation of Special Relativity can be obtained as the low-
energy limit of the model. In the context of DSR theories,
nonuniversality can be introduced by considering the Hopf al-
gebra formulation. Different algebras, related to different cor-
rections, can be connected by defining a projection onto a com-
mon support algebra [7, 8].

2.1.2. HMSR theory

In this model [6], QG is associated with a modification of the
dispersion relations. The modified dispersion relations (MDR)
are defined using homogeneous functions to guarantee their
geometric origin in the context of Finsler geometry:

B - 50 - () ®
Lorentz invariance is modified, that is the Poincare group is
altered to preserve the MDR structure. The perturbations are
conceived as dependent on the particle species. Each particle
probes a spacetime whose geometry acquires an explicit depen-
dence on its energy. The interaction of different particle species
can be described using a support space, on which the different
spacetimes are projected. In this context, a minimal extension
of the Standard Model of particle physics can be obtained, pre-
serving the usual SU(3) x SU(2) x U(1) gauge symmetry. The
high-energy limit of this model is compatible with the original
formulation of the Coleman-Glashow modified relativity [9].

2.1.3. SME

In string theory, the interaction can lead to explicit LIV by intro-
ducing vacuum expectation values different from zero for some
string operators. The SME is formulated following this idea, in-
cluding all possible operators that extend the Standard Model
(SM) [10]. In this context, operators can be introduced which
are either renormalizable or not, and preserve or violate CPT
symmetry [11]. The extension of the SM preserves the usual
gauge symmetry, and no exotic particles are introduced or re-
quired. In this case, Lorentz symmetry is simply violated and
not amended, meaning spacetime isotropy is no longer guar-
anteed. For instance, the LIV terms in the Lagrangian formu-
lation can be constructed coupling the usual terms with fixed
background ad hoc introduced objects. The first resulting ef-
fect is the introduction of preferred directions in spacetime. As
a consequence, for every experiment, the need of introducing
a privileged reference frame arises and a sidereal and annual
variation in the results is expected.

2.2. Phenomenology in the neutrino sector

Neutrinos emerge as ideal candidates for multimessenger as-
troparticle research [5, 7, 8]. These particles interact very
weakly, making the Universe transparent to their propagation.
Moreover, neutrinos detected on Earth span a wide range of
energies and propagation lengths, furnishing some advantages
for the search of the presumed QG perturbations. Besides, these
particles offer the advantage of being able to point back to their
sources, as they interact weakly and are minimally disturbed
during propagation

2.2.1. Neutrinos and classical gravity
The interaction between neutrinos and gravity is also predicted
in the classical General Relativity framework [7]. Here, we con-
sider how neutrinos can be affected by the presence of a gravi-
tational field in the classical context. As a result, the oscillation
pattern is modified. The oscillation probability is defined as fol-
lows :

Ploy +up) = | (0ploa (L)) @

where the evolution of an « flavor state is projected on a state
of flavor B. The evolution after a propagation length L is com-
puted using the Schrodinger equation as follows:
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where Ny 18 the Minkowski metric and h;,, is the perturbation
term. The General Relativity (GR) modified phase, ruling the
oscillation between j and k mass eigenstates, is obtained sum-
ming the standard phase with a gravity perturbation term:

ik = P + D" ©)

For instance, considering the Schwarzschild spacetime, the per-
turbation term acquires the following form :

GRiAm]Z'k G-M G-M
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where Amjzk = mJZ — m2 is the usual difference of the squared

mass eigenstates. r4 and rp are the radial distances of the ini-
tial propagation point A and the final one B from the refer-
ence frame origin. M is the mass generating the Schwarzschild
spacetime, and G is the gravitational constant. The classical
gravity perturbations can modify the oscillation pattern and
must be disentangled from the modification induced by the
supposed different QG scenarios.

2.2.2. Modified dispersion relations

The main phenomenological effect introduced by QG pertains
to the modification of the dispersion relations [5, 7, 8, 12]. It is
not necessary to request nonuniversal modifications to intro-
duce this effect. The kinematics of the free particle acquires an
explicit dependence on the energy of the particle itself. For ex-
ample, in the case of DSR models, the MDR becomes

E? — 2P0 [p|* ~ m? ®)

and introducing the Planck mass My as a suppression factor,
the MDR can be written as follows :
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where A = n% is the constant encoding the nontrivial-trivial
p

geometric structure of the momentum space. Applying the

Hamilton’s equation to the eq. (9), the particle velocity that de-

pends on the particle energy can be computed:

pZ

m
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JF Pt
v(E) = — =
(E) p
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As a result, the positive values of the correction factor § im-
ply particles that can propagate faster than light, whereas a
negative correction is compatible with a subluminal maximum
speed of propagation. In this work the positive correction is
ruled out and not considered, since only subluminal particles
are examined.

2.2.3. Time of flight

The dependence of propagation velocity on energy implies that
particles can accumulate a time delay depending on their en-
ergy [5, 7, 8, 12, 13]. As a consequence, one of the main chan-
nels for detecting QG signatures involves measuring the time of
flight of astroparticles, with neutrino as the ideal probe. In the
DSR framework the contribution to the flight time as a function
of the energy can be computed:

A= ﬂE / ‘
Mpl 0 H()
where Hy, QpQy; denote the Hubble, the cosmological con-
stant, and the matter fraction, respectively. Z is the redshift pa-
rameter associated with the astroparticle source, and ¢ is the
proportional coefficient encoding the QG geometry structure.
In the following table, we report the computation of some time
delay values as a function of the neutrino energy, computed for
a QG perturbation constant |§| = 1 for neutrinos accelerated at
a distance given by the redshift parameter Z = 1:
E,(TeV) At(s)
1 0.5 x102
10 0.5 x103
50 2.5 x10*
The time delay is linearly proportional to the particle energy.
This dependence of the time of flight can be detected in the
energy spectrum of:

1+¢
Qp +Qu(1+)

(11)

1. GRB candidate accelerated neutrinos
2. Supernova emitted neutrinos

To quantify the time delay, the source distance and neutrino
beam energy are chosen to maximize the visibility of this effect.
For a propagation path corresponding to a redshift parameter
Z = 1, the vast distance of approximately 10'°light years re-
sults in a time delay accumulation of about 10® -10* seconds,
which can be detected in the presence of QG corrections using
high- energy neutrino fluxes on the order of tens up to hun-
dreds of TeVs [7, 8, 12, 13, 14].

2.2.4. Neutrino oscillations

In the context of DSR, HMSR, and SME models, nonuniversal
QG perturbations can be predicted. Introducing QG modifica-
tions that depend on the mass eigenstates can alter the oscilla-
tion phenomenon [7, 8, 15, 16, 17, 18]. The modified phase gov-

erning the oscillation pattern can be computed, for instance, in
the context of the DSR theory :

Amlzk 2
¢jk = OF jkE L (12)
while for the HMSR model:
Amjz.k
b=\ g —9kE|L (13)

where ;= 4; — J is the difference of the QG perturbation
parameters related to the masse eigenstates j and k respec-
tively.Using the modified phase the integrated probability can
be computed:

JEm™ ¢o(E)Poy — ve) EAE
e (E)E

This effect implies a modification of the expected events for dif-
ferent flavor neutrino beams, depending on the QG perturba-
tion magnitude, and can be detected in the atmospheric sector.
Indeed, atmospheric neutrinos have a long baseline and high
energy, which allow for the accumulation of the predicted QG
corrections.Calculating the integrated probability in an energy
range of interest for the atmospheric sector, it is possible to pose
constraints on the QG predicted perturbations. For instance, us-
ing the energy range from 300 MeV to 5 GeV, it is possible to
consider as perturbation coefficients Jj < 10723 in the context

of HMSR theory and dj < 10732 in the context of DSR model.

(14)
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2.2.5. CPT violation

In the SME, also the search for CPT violation can be set, investi-
gating CPT-odd LIV perturbations [10, 18, 19]. In the Hamilto-
nian picture, the total operator ruling the neutrino propagation
can be written as follows:

Hsye = Ho + H(L:gg"feven + HéII";"—odd (15)

The CPT-odd Hamiltonian has the same form of the NSI effec-
tive Hamiltonian:

LIV €ee  €ey  €er
HCPTfodd = 2\/§GF €y €up €er (16)
€t €yt €t

The perturbations induced by supposed NSI can mimic the
effect of CPT-odd QG Lorentz-violating contributions. From
this observation emerges the necessity of complementary stud-
ies to disentangle the different contributions caused by QG
from other beyond the Standard Model scenarios. Disentan-
gling these contributions is crucial but challenging within a
single experiment. A viable approach involves complementary
studies using data from different detectors, such as comparing
day/night asymmetry in neutrino interactions with NSI effects
in the solar sector, while considering LIV constraints [7].

3. CONCLUSION

Some phenomenological models of QG such a DSR, HMSR,
and SME, offer the possibility of being tested in the astropar-
ticle sector. For instance, in the context of these models, both
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universal and nonuniversal perturbations can be searched for
testing QG and potential violations of the WEP. Neutrinos can
serve as ideal probes for Planck-scale physics in a multimessen-
ger approach within the context of astroparticle physics. The
neutrino sector is particularly suited for testing the presumed
QG perturbations in dispersion relations, searching for mod-
ifications to the time of flight, and the resulting spectrum of
candidate GRB and Supernova neutrinos. Moreover, the atmo-
spheric sector provides an opportunity to test the universality
of QG modifications by studying the oscillation pattern. Finally,
in this physical sector, CPT symmetry can be tested by search-
ing for modifications to neutrino-matter interactions, such as in
the day-night asymmetry of the solar neutrino flux. Challenges
remain in distinguishing QG-induced perturbations from other
causes, such as NSI and classical gravitational interaction, as
foreseen in General Relativity. Complementary analysis strate-
gies to compare the results of various experiments seem neces-
sary to achieve the goal of distinguishing the different contribu-
tions. This objective can be obtained through complementary
studies that incorporate data from different detectors. For in-
stance, comparing the results of day/night asymmetry in neu-
trino matter interactions with those from NSI in the solar sec-
tor, while also considering the constraints imposed on QG, can
provide valuable insights
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