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Abstract: Neutrinos are a powerful tool for searching physics beyond the standard model of ele-
mentary particles. In this review, we present the status of the research on charge-parity-time (CPT)
symmetry and Lorentz invariance violations using neutrinos emitted from the collapse of stars such
as supernovae and other astrophysical environments, such as gamma-ray bursts. Particularly, super-
nova neutrino fluxes may provide precious information because all neutrino and antineutrino flavors
are emitted during a burst of tens of seconds. Models of quantum gravity may allow the violation
of Lorentz invariance and possibly of CPT symmetry. Violation of Lorentz invariance may cause a
modification of the dispersion relation and, therefore, in the neutrino group velocity as well in the
neutrino wave packet. These changes can affect the arrival time signal registered in astrophysical neu-
trino detectors. Direction or time-dependent oscillation probabilities and anisotropy of the neutrino
velocity are manifestations of the same kind of new physics. CPT violation, on the other hand, may
be responsible for different oscillation patterns for neutrino and antineutrino and unconventional
energy dependency of the oscillation phase or of the mixing angles. Future perspectives for possible
CPT and Lorentz violating systems are also presented.

Keywords: Lorentz invariance; CPT; neutrino; astrophysics; astroparticle physics; supernova;
symmetry violation

1. Introduction

The standard model of elementary particles, Standard Model (SM) for short, is a
quantum field theory in which symmetries play an essential role [1]. For example, the
invariance of the Poincare-Lorentz space-time symmetry guarantees that the laboratory
orientation and its velocity do not affect the experimental results. There are also discrete
symmetries, such as the time reversal (T), parity transformation (P), and charge conjugation
(C) that are crucial in the SM formulation.

However, it is of fundamental importance that P is a broken symmetry in the weak
interactions of the SM. The combination of C and P result in CP symmetry, but it is broken
in the SM quark sector. This symmetry breaking could explain the asymmetry between
matter and antimatter in the Universe. Nevertheless, it is insufficient, so that looking for
CP symmetry breaking in other sectors of the SM becomes desirable. Why the Universe
is constituted by an overwhelming abundance of matter over antimatter is still a topic
of research. Finally, the combination of the three discrete symmetries mentioned above
forms the CPT symmetry, which is invariant in flat spacetimes [2]. The SM is structured on
the pillars of CPT symmetry and Lorentz invariance [3]. If CPT symmetry is conserved,
particles and their respective antiparticles are predicted to have, for example, the same
mass and lifetime.

O. W. Greenberg proved that if CPT violation occurs, Lorentz symmetry violation
occurs [4]. However, there are other scenarios where CPT violation is found such as,
for example, when locality is broken instead of Lorentz invariance [5]. Quoting Tasson [6]:
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“there are two main reasons to consider Lorentz invariance violation (LIV): (i) considering
our current detectors and the foreseeable ones, there is always the possibility to probe new
physics at very high energy scale, the Planck scale (~10'° GeV); (ii) also it is very important
to do a very rigorous testing on the fundamental basis of our fundamental theories, such
as general relativity and the SM”.

Neutrinos may be a useful tool to explore physics on the Planck energy scale. They
are already one step beyond the standard model because neutrino flavor oscillations are
described through the interference of mass eigenstates, which are not predicted in the
original theory [7]. Furthermore, given that their mass scale is small, that their charge and
magnetic moment are robustly constrained, and that their only coupling with matter in
the standard model is the weak interaction, effects of new physics on neutrinos may be
relatively strong. Therefore, they are natural candidates to explore possible violations of
Lorentz and CPT symmetries [8]. One very general effective field theory that incorporates
the SM and general relativity and breaks Lorentz invariance, with possible violation of
CPT symmetry, is the Standard Model Extension (SME) [9].

Neutrinos have different production sources, such as the Sun, particle accelerators,
nuclear reactors, secondary reactions after cosmic ray interactions in the upper atmosphere,
relics of the Big-Bang. Together with photons and charged cosmic rays, neutrinos are in
the present a real source of data in astronomy and astrophysics. The first detection of
an astrophysical neutrino, particularly a solar neutrino, was realized by the Homestake
experiment [10]. Neutrinos are abundantly produced in extreme phenomena, such as
the collapse of stars. The first detection of supernova (SN) neutrinos happened with the
SN1987A [11-14]. The IceCube experiment, at the South Pole, detected for the first time in
history events of energy in the range TeV to PeV with astrophysical origin [15,16], rejecting
at 5.7c the atmospheric origin explanation [17].

The combination of very long distances and high energy increases the possibility of
exploring the Planck energy scale. In Ref. [18], the reader can find a review of the state-of-
the-art recent observations and challenges coming from neutrino astronomy, particularly
with neutrino telescopes.

The literature on Lorentz violation is extensive. There are numerous works discussing
model building and the use of experimental results to restrict Lorentz and CPT symmetry
violations. Various analysis frameworks are explored, from terrestrial to astrophysical
experiments [19]. For example, the neutrino sector is explored in the context of the SME in
Ref. [20]. This short review focuses on astrophysical sources of neutrinos that can provide
tests of LIV and CPT violation.

This article is organized as follows: Section 2 describes aspects of models that introduce
LIV and CPT violation, and also how the SME introduces both effects. Section 3 presents
limits on LIV and CPT violations in SN environments. Section 4 discusses limits in
astrophysical environments with higher energies when compared with SN. Section 5 states
our conclusions and future perspectives.

2. Lorentz Invariance and CPT Symmetry Violations

Even though CPT and LIV can be associated, there is the possibility of LIV without
CPT violation. In order to preserve CPT symmetry, besides preserving Lorentz invariance,
weak local commutativity is a necessary and sufficient condition, as pointed out in Ref. [19]
and demonstrated in Ref. [21]. CPT symmetry implies that §cp = dcp, where dcp represents
the parameter of CP violation in the neutrino sector and écp for antineutrinos. Besides é¢p,
other parameters in neutrino oscillation physics, that is, mass squared differences and
mixing angles, must be constrained independently for neutrinos and antineutrinos if one
considers the possibility of CPT symmetry violation.

In this sense, a few analyses were conducted looking for discrepancies between
neutrino and antineutrino correspondent parameters, with no discovery of CPT violation.
Other attempts tried to explain the so-called neutrino anomalies [22-28], such as the
LSND one.
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However, even though there is good agreement under the current experimental
uncertainties, between neutrino and antineutrino parameters, there is still room to explore
novel effects and several new analyses and previous works are relevant [29-32].

Antineutrino oscillation parameters—Ai3,, A2, 013, 012, §3—are explored mainly
by reactor, atmospheric and accelerator neutrino experiments. Reactor experiments mea-
sure the survival probability of 7, at different baselines: KamLAND, with a baseline of
approximately 100 km [33]; Daya-Bay, RENO and Double-Chooz with baselines of order
1 km [34-36]. Super-Kamiokande detected atmospheric neutrinos [37]. MINOS [38] and
T2K [39] are accelerator experiments and extracted data of the 7, disappearance for L/E
around 10% eV2.

Constraints on the neutrino oscillation parameters, on the other hand, are provided by
solar neutrino experiments [40-45], the Super-Kamiokande atmospheric neutrino data [37]
and accelerator data from MINOS [46], T2K [39] and NOvA (NuMI Off-Axis v, Appearance
Experiment) [47]. The situation of dcp, the parameter related to CP violation, is still
uncertain and the discussion of the most recent results on CP violation is not on the scope
of this article. From Ref. [48], 6cp = 197‘3%2 ’ (282?5(2)?0), for normal (inverted) ordering.
In the normal ordering the mass eigenstate vy is the lightest: m,, < m,, < m,,; for inverted
ordering v is the lightest one: m,, < m,, < my,.

Table 1 summarizes results on neutrino and antineutrino parameters obtained directly
from the above experiments or from a combined analysis of them [48,49].

Table 1. Neutrino and antineutrino mass squared differences and mixing angles.

Neutrino Anti-Neutrino
Am3, (eV?) (6.0717) x 1075 [48] (7.541013) x 1075 [33]
Am3, (eV?) (2471008) x 1073 [39] (2.507013) x 1073 [39]
tan?(612) 0457097 [48] 0.48170:932 [33]
sin?(20;3) 0.104 3021 [50] 0.0856 = 0.0029 [34]
sin®(623) 0.511908 [39] 0.431921 [39]

One of the most traditional models which introduces the break of CPT and LIV is
the Standard Model Extension (SME) [9]. This formulation guarantees the Dirac equation
and the Schrodinger equation for non-relativistic scenarios and its construction is made
preserving gauge symmetries and microcausality. A few remarks are in order to understand
the SME fundamental ideas and here we follow the notation and ideas presented in Ref. [20].
SME is an effective field theory and is constructed from the basis of General Relativity and
the Standard Model. It contains operators for Lorentz violation and these operators are
controlled by coefficients that introduce Lorentz violation, with or without CPT breaking.
Generally, in the SME we can say that the Lorentz violation terms are constructed by
coupling Standard Model operators with Lorentz violation coefficients (tensor or vector).
The SME Lagrangian density for the neutrino sector is:

1. .. A
L= E‘I’(l'yﬂ‘aa - M+ Q)Y + (hc.), 1)
where ¥ = (v, Vy, Vr, vg,vlf,vg)T represents all neutrino fields; M is the mass matrix

associated with the seesaw mechanism [51]; y* are the Dirac matrices (« = 0, 1,2, 3); Qis
the operator related to Lorentz violation:

A

Q=§+ip75+

>

~ 1.
Yo+ A" 570+ 5T Poug, )
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where Q consists of 6 x 6 matrices that can be decomposed in blocks of 3 x 3 Dirac and
Majorana components. At leading order the scalar, S, and pseudo-scalar, P, components
cannot be observed. The vector, V¥, and axial, A%, terms modify propagation and mixing
of left-handed neutrinos and right-handed antineutrinos independently by their Dirac
components. Mixing between neutrinos and antineutrinos is introduced by the Majorana
component of the tensor 7*F. Finally, 0,5 = %[7a, 7] and 75 = 7> = iny1y275.

When we convert the Lagrangian in Equation (1) into a 6 x 6 Hamiltonian, we have
two 3 x 3 diagonal blocks of matrices, h,, for neutrinos and h; for antineutrinos, where
a and b are flavor indexes. The remaining two off diagonal blocks, h,; and hz,, mix
neutrinos and antineutrinos and represent a Lorentz violation effect. The above matrices
are written as:

2
= Iplows + gyt + (an)iypa — (L) pupplp, 3)
m;l_w o 5 ap
:Ipl5ﬁg+m+( L)gpPa — (cL) 3 PaPplpl O)
and )
huE = iﬁ(eJr)lX(Ha_ _gab Pﬁ|PD (5)

In Equatlons (3) and (4), p is the momentum, m? o and m2. are the mass matrix

ab
(m - =m25). The a and c are, respectively, the CPT-odd and CPT-even Lorentz violation

coeff1c1ents. by =1land 4,5 =1fora=banda = b,0 for a # band @ # b. In Equation (5),

H o5 and gi‘f are, respectively, the coefficients for CPT-odd and CPT-even Lorentz violation
for the case where there is mixing between neutrinos and antineutrinos. See Ref. [52] for
details. The left- and right-handed coefficients for CPT-odd Lorentz violation are related
by (ar)%; = —(aL);, and CPT-even Lorentz violation are related by the following relation:

(c R)';b/5 (c L)gf . p* = (1;p) and (e )" represents the polarization state. The introduction
of operators with higher dimensions will lead to higher powers of the neutrino energy in
the Hamiltonian.

Violation of Lorentz invariance and CPT for neutrino physics provide two general
effects. The first one does not change oscillations, as opposed to the second.

Concerning the first one, in the context of SME, the neutrino velocity compared with

the speed of light, in natural units, can be expressed as:

o-1=1 '|2+2 (@ =3[P ™= TN (B) (@) — (D)) - (6
djm

In Equation (6), the sum indicates that several non-related coefficients produce the
effect of non-oscillation Lorentz violation. The m, is the real mass parameter and does not
alter the oscillation pattern in the neutrino path to the detector. The energy dependence is

(d)

contained in the neutrino momentum |p|; d is the dimension of the operators and (a, Yi ) jm

and (c(({;) )jm are, respectively, the coefficients for CPT-odd and CPT-even Lorentz violation.
o/Njm contains the orientation of the experiment related to the neutrino direction in the
Sun-centered frame. It involves the location of the detector and it is expanded in spherical
harmonics, ), (p), in the laboratory frame. The index 1 controls the harmonics of the side-
real phase wq Tg. The time dependence describes the Earth’s rotation in the Sun-centered
reference frame. For j = 0 the neutrino velocity is isotropic. When m # 0 the neutrino
velocity becomes time dependent. For d odd, neutrinos and anti-neutrinos have different
speeds. For d > 4, neutrinos have different dispersion with different energies, including
different time delays that can be explored in a variety of astrophysical phenomena.
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Concerning the second type of symmetry violation effect, the SME coefficients modify
the mixing angles and then, consequently, neutrino oscillations. For example, neutrino
appearance probability in short baseline experiments is written as:

Puysuy = L2 (ap)%Pu — (c1)F papEP, @)

where L is the baseline, E is the neutrino energy, and a # b. For antineutrinos one
substitutes (ay)% — (ap)%; and (CL)Zf — (CL)Zf *. For long baseline experiments the
probability can be described perturbatively [53], where the zero-order term is the standard

oscillation probability. The first order conversion probability can be written as:

m - _ (1) 1) ~ (1)
Py, —ZL[(PC )ah + (PA >ab sin(weTe ) + (PA >ab cos(wg Ty) 8)

(1) - (1)
+ (PB )uh sin(Qwe Te) + (PB )ab cos(2we Tg)],

where the amplitudes, P, contain Lorentz violating coefficients, important in the studies
involving neutrino energy, neutrino beam direction, and the location of the experiment.
For the complete P expressions, see [53].

In the SME, for a relativistic, oscillation-free, and CPT-even framework, the dispersion
relation for a high energy neutrino or antineutrino with energy E and momentum p is [8]:

E(p) = lpl = X [Pl Ym () (L), ©)
djm

where d = 4, 6,8 is the mass dimension of the underlying operator in the field theoretical
action, j and m are indices related to the conventional angular momentum 0 < j <
d—2,and (c((;)) jm are the coefficients directly related to Lorentz violation. This equation
introduces a new energy dependence and a possible modification depending on the particle

propagation direction. Equation (9) does not consider the contribution of 4 odd coefficients,
(agl;) )jm, related to CPT-odd operators which introduce CPT symmetry breaking. It also
neglects mass terms for the very high energy regime, for example, neutrinos detected
at IceCube.

There are models considering the possibility of Lorentz violation [54,55]. These models
can be compatible with and reconstructed using the SME formalism [56,57].

It is possible to introduce LIV without CPT violation on phenomenological grounds
through a modified dispersion relation [19]. For instance, 1. Very Special Relativity [58],
where the particle with mass m, energy E, and momentum p, interacts with the quantum
background producing the dispersion relation,

E>=p*(1+¢&) +m?, (10)

where € is the parameter accounting for the violation. 2. Doubly Special Relativity [59,60].
In this model, apart from the speed of light invariance, the Planck length is invariant. For a
particle with momentum p and mass m the modified dispersion relation becomes:

E>=p* +m® — f(p,E), (11)

where f(p,E) is a function of p and E, in contrast with a constant € in Equation (10).
3. Homogeneously Modified Special Relativity [61], where the author geometrizes the
interaction of massive particles with the background. In order to do so Lorentz symmetry
is modified and the Lorentz group changes to preserve covariance. Then,

A= (- - g
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where f(£) perturbation preserves rotation invariance and can assume different values for
different particles. Notice, however, that the aforementioned models are particular types of
quantum gravity that may predict modified dispersion relations. For other models such as
non critical strings, Finsler geometries, and so forth, we refer to the review [62].

In the next two Sections, we present some of the main results in the low energy regime
of SN and the high energy regime of other astrophysical sources, for example, gamma-ray
bursts (GRBs).

3. Limits from Supernova Events

Supernovae are among the most powerful sources of neutrino emission in the Uni-
verse. During an SN explosion, 99% of the emitted energy is released by neutrinos and
antineutrinos of all flavors. Neutrinos from these explosions have energy ranging from a
few MeV to hundreds of MeV. They play the role of astrophysical messengers, escaping al-
most freely from the SN core. The SN neutrino flux has been extensively studied as a probe
of the fundamental properties of the neutrinos and of the physics that seeks to explain the
collapse of the nucleus. Therefore, SN neutrino research represents a truly interdisciplinary
field of research encompassing particle physics, nuclear physics, and astrophysics. For a
recent review, we suggest Ref. [63].

Although SN explosions in our galaxy are rare, large existing neutrino detectors will
allow us to capture a large number of neutrino events. The detection of SN neutrinos
will be crucial to test models explaining the explosion mechanisms, providing empirical
information for the sophistication of such models. Certainly, such stellar collapse models
will be scrutinized with the data generated in the explosion. However, we can also think
about neutrino physics itself and how supernovae can contribute to the construction and
understanding of the still incomplete, but more than relevant, neutrino physics.

Originating inside the nucleus, neutrinos are affected by flavor conversions on their
way through the star mantle and envelope. In this path, the SN matter is extremely dense.
Under these conditions, neutrinos may experience, in addition to the usual interaction with
matter via the MSW effect, autointeractions causing new oscillation effects [64]. Therefore,
the neutrino fluxes arriving at the detectors may carry signatures of oscillation effects in
the deeper regions of supernovae. Such conversions also depend on the mass ordering of
the neutrino eigenstates. In this sense, the dense interior of supernovae represents a unique
laboratory for probing the mixture of neutrino flavors under high-density conditions.

Neutrinos from stellar collapse were first observed in 1987 originated in the Large
Magellanic Cloud, 51 kpc away. Two Cherenkov detectors in water of the order of kilotons
of effective mass observed the event: Kamiokande-II [14] and Irvine-Michigan-Brookhaven
(IMB) [11] observed approximately 20 neutrino events in 13 seconds. This time interval
is consistent with the optical observation of the SN1987A. Two smaller scintillator-type
detectors, Baksan [12] and Mont Blanc Liquid Scintillation Detector (LSD) [13] reported
several events.

The detection of SN1987A neutrinos is regarded as a key milestone in understanding
the phenomenon of core collapse and the associated neutrino emission [65]. The observation
of SN'1987 A allowed us to place strong restrictive limits on the exotic properties of neutrinos,
like neutrino decay [66,67]. From the other side, the total energy of the 7, and the neutron
protostar’s cooling time scale of the order of a few seconds put severe limits on the unusual
cooling mechanisms that can be associated with new particles emitted from the nucleus [68].
Even though there are good attempts to point out directions [65], given the small number of
events of SN1987A, determining, at the same time, the astrophysical parameters associated
with the SN mechanism and the parameters of neutrino physics is difficult [65].

Among the various experiments that are being prepared for the detection of stellar
collapse neutrinos, we highlight the Deep Underground Neutrino Experiment (DUNE) [69]
and the Hyper-Kamiokande [70]. Both will investigate, through different detection chan-
nels, the neutronization peak via v, and aspects of stellar cooling via 7,.
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3.1. CPT Violation Measurements from Supernovae

CPT violation impacts neutrino and antineutrino masses and mixing angles, influenc-
ing the energy spectra of the different flavors [71].
The neutrino flux after propagation from the source is [72],

F, p 0 1-p FY
E|l=( 0 p 1-p 1, (13)
4F, 1—p 1—p 24p+p) \F

where F0, F? and F? are, respectively, the fluxes of electronic neutrinos, electronic antineu-
trinos and the other neutrino flavors at the source; F., F; and Fy are the corresponding
neutrino flavor fluxes after propagation ; p and p are, respectively, the survival probabilities
for v, and 7,.

Each p and p are functions that depend on the values of the elements U,; of the
Pontecorvo-Maki -Nakagawa—-Sakata (PMNS) mixing matrix [7], on the values of the
transition probabilities at the high and low level crossings, Py and Py, respectively, and on
the mass ordering. Level crossings refer to the transition probability of one mass eigenstate
into another. In the SN environment, Py is the high resonance probability linked to the
Am3, scale and P is the low resonance probability linked to Am3, scale.

Figure 1 represents the evolution of the mass eigenstates for antineutrinos inside
the star. There are several possibilities when considering CPT violation, besides the
usual normal ordering and inverted ordering. In this Figure 1 we can notice the low
density, ny, and high density, ny, level crossings for mass eigenstate transitions in SN
environment. Figure la corresponds to normal ordering (N), Amgl > 0, and Am%l >
0; Figure 1b corresponds to inverted ordering (I), Am%l < 0, and Am%l > 0; Figure 1c
corresponds to normal ordering (N), Am3, > 0, and Am3; < 0; and Figure 1d corresponds
to inverted ordering (I), Am3; < 0 and Am3; < 0. For the usual neutrino level crossing
diagram with normal and inverted ordering see Figure 5 of Ref. [72].

For neutrinos and normal ordering, we have [71]:

p = |Ue1 |*PyPr + |Uea|*Pr (1 — Pp) + |Ues*(1 — Py) . (14)

For the Am? = Am%l ~10~2 eV2 under consideration, P; = P; = 0, since the level crossings
are adiabatic. Then Equation (14) simplifies to p = |U,|?Py (1 — Pr) + |Us|?(1 — Py).

For antineutrinos there are two different orderings for the mass eigenstates 1 and 2:
my < 1y and My > 1p. Then, for each of these orderings, there are different transitions
probabilities: pnp1 (711 < 1i1) and P12 (17 > 1712), where N stands for normal ordering
and is related to the fact that /i3 > 1717. See Figure 1. Then pny1 and py1p are represented
by the following:

Pt = |Ua |, (15)
pn12 = |Ua PP + [Up (1 — PL). (16)

Equations (14)—(16) above show the possibility to probe CPT violation with SN neu-
trinos. With different p and p it would be possible, for different eigenstate orderings,
to generate distinctive neutrino and antineutrino signals.
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H H
— 1
-——2
—— 3
Ne M Ne
(a) Normal ordering and Anﬁ%l > 0. (b) Inverted ordering and Am%l > 0.
H H
— 1 [Tl —1
——-2 T . —— 2
- 3 “‘-.._~ —— 3
~— -‘-."'ﬁ___
ne ~‘—__~[LE‘ ne Ny Ne
(c) Normal ordering and Aﬁi%l < 0. (d) Inverted ordering and Aﬁi%l < 0.

Figure 1. Level crossing diagrams for mass eigenstates transitions in SN environment for antineu-
trinos. The vertical axes, H, represent the eigenvalue of the eigenstates (1,2,3) from the evolution
Hamiltonian as a function of the electronic density, 1., of the medium. ny and n} are the high and
low resonance densities, respectively. Figure adapted from Ref. [71].

We can write the survival probabilities for all these situations now considering the
inverted ordering, ms < mj. For neutrinos:

p1 = |Ue1 |*PL + [Up|*(1 — Py). (17)

For antineutrinos—see Figure 1—where I stands for 113 < 1711 and p1 (Pr12) repre-
sents the transition probability when 1 < 11, (11 < #17).

prn = |Ue1|*Py + |Ues|*(1 — Pry), (18)

P2 = Ut [*PuPy + [Ue|*Pr (1 — PL)|Ues (1 — Ppy). (19)

We do not take into account the Earth matter effects, because they are very small and
cannot disentangle the degeneracy between CPT-odd and CPT-even [71,72].

However, as pointed out by Minakata and Ushinami, the investigation has a “flux
model dependence” and “a concern with its weakness at the precision test” [71]. Be-
cause the test is based on the difference between Am? and mixing angles, it is important
that SN neutrino detection is sensitive to those parameters.

3.2. LIV Measurements from Supernovae

The main constraints on CPT-conserving LIV from SN are related to modifications of
the dispersion relation in a phenomenological framework. This is related to the fact that
spacetime should have a foamy structure due to quantum-gravitational effects [73,74]. The
fundamental idea is that matter particles interact with the spacetime foam medium and this
affects the dispersion relation. This happens in string models, where electrically neutral
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particles, such as neutrinos and photons, recoil in the presence of a space-time defect. It is a
non-usual interaction with the open-string which is a particle excitation in a brane universe.
For example, photons feel a different refractive index in vacuum and have a subluminal
propagation. Something similar happens with neutrinos due to their small masses.

The modification of the particle velocity in this context can be described by:

v E \"
- =14+ — 2
Cc (MQG> ! (0)

where v is the particle velocity, c is the speed of light, E is the energy of the particle and
Mg is the mass of the quantum gravity scale. The + and — signal represents, respectively,
superluminal and subluminal particle propagation.

From SN1987A, Stodolsky compared the delay of a few hours between -y and v and ob-
tained a bound of (v — ¢)/c < 10712 [75]. Using Equation (20), for n = 1, Mgg > 10° GeV
and for n = 2, Mg > 10° GeV, considering E = 10 MeV a representative energy for
SN neutrinos.

In Ref. [76], the neutronization burst with a peak of duration 25 ms is explored.
The presence of LIV spread the time of the expected events related to the SN luminos-
ity curve when no LIV effects are taken into account - see Equation (20). Then, for a
Mton Cerenkov detector and a galactic SN at 10 kpc Ref. [76] find a sensitivity of around
MQGN1012 GeV for a linear effect, n = 1 in Equation (20), and MQG~105 GeV for a
quadratic effect, n = 2 in Equation (20), either for superluminal or subluminal neutrinos
and independent of the mass ordering.

The experimentally observed duration of SN1987A was approximately 10 seconds.
Considering the signal of Kamiokande-II [14], Irvine-MichiganBrookhaven (IMB) [11] and
Baksan detectors [12], Ellis et al [77] found for n = 1, Mg > 2 X 10'° GeV and for n = 2,
Mgg > 4 x 10* GeV, at 95% of C.L. Also they considered a Super-Kamiokande-type of de-
tector, with 22.5 kton and for a SN distance of 10 kpc, and estimated, for subluminal (super-
luminal) neutrinos and n = 1; Mg > 2(4) x 101 GeV, for n = 2, Mg > 2(4) x 10° GeV,
taking into account neutrino oscillation, but with the same LIV effect for all flavors.

Quantum gravity models predict a modification of the neutrino group velocities
given by Equation (20). In Ref. [78], considering a scale of millisecond, differences in
time variations from 2D simulations, limits with two orders of magnitude better could
be obtained comparing to the previous ones found in Ref. [77]. However, this small
millisecond differences could be detected only in SN simulation for a distance of 2 kpc [79].

In Ref. [78], an effect induced by quantum-gravity foam models, the spread of the
wave packet width, is analysed using the wavelet technique. The spread is dependent on
the neutrino energy and arises from energy-dependent neutrino group velocity.

The spread of the wave packet, with Gaussian shape, Ax, is given by,

w22
Ax| = A 1+ -—, 21
| x‘ X0 + (AXQ)4 (21)

where Ax is the spread at t = 0s, « = 1|d?w/dk?, where k is the amplitude of the spatial
momentum and it is related to the dispersion relation w(k). A few comments about «
are in order. If neutrinos are massless, linear order corrections are independent of the
neutrino energy. However, if neutrinos have a small mass (m << k), a contributes in the
formof o = ’;{1—32 Hence, there will be a competition between this term and the term that
corresponds to quantum gravity effects: the former decreases with neutrino energy, while
the latter may be constant or increase with energy, as it depends on whether the refractive
index is linear or quadratic in energy. The spread in & can be parameterized as:

m2 k(-1
a=——1(1+1) p (22)
K3 Mbc
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wherel =1orl =2.

An stochastic process at fixed energy could reproduce the effects above, such as the
spread of the wave packet, however, distinct from the spread caused by the modification of
the refractive index.

These fluctuations have the form,

» E

(5C~8gsW,

(23)
where M is related to the string scale, g is the string coupling constant, E is the average
energy of the massless particle, or with very small mass. In this particular case there is a
spread in the arrival times of photons and neutrinos of the order,

L

At = JE , (24)
where L is the distance of the detector to the source and A = %, where Jc is defined in
Equation (23). These fluctuations can be thought as a time independent spread in the wave
packet. With the wavelet technique in the two dimensional SN simulation that exhibit
signal variation of a few milliseconds in time, Ellis et al. obtained, at 95% confidence
level, sensitivities to the quantum mass gravity scale of Mog~2 x 10! GeV (n = 1) and
Mgg~1 % 10° GeV (n = 2) [78].

For SN1987A data, in the context of the SME, there are several coefficients to be
constrained. For example, for operators with dimension d = 4, (c((:;) )jm is related to LIV
with CPT-even coefficients. These are non isotropic coefficients and have dependence on
propagation direction. For the isotropic case, the isotropic coefficient is represented by ¢(4).
We list on Table 2 a few upper limits on dimension d = 4 operators for renormalizable
model [8]. For more details, see Ref. [80], where measured and derived limits on coefficients
of Lorentz and CPT violation in the SME are presented.

Table 2. Neutrino upper bounds on LIV from SN1987A for SME with dimension four operators. Data
from [8].

[(c5 ool 7.1 x 1079
(4) -9
[(co¢ )10l 44 %10
[Re(chy | 7.7 x 1078
[tm (e )| 82x 1077
[(ch? )20l 3.9 %1079
[Re(cty)an | 3.7 x 1078
[tm(c )| 39 x107°
[Re(cty)za| 21x10°8
[tm (e )z 9.8 x 10°8
lc®)| 20x107°

4. High Energy Astrophysical Environments

Neutrinos with energies higher than GeV, from astrophysical sources, are good tools
to probe the Planck scale. These neutrinos can be produced from GRBs, Active Galactic
Nuclei (AGN), microquasars, SN remnants, star clusters, and X-ray binaries. The most
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relevant experiment and the only one that collected high energy neutrino data is IceCube.
It has observed extragalactic neutrinos [15,16] and is an important source of studies on
Lorentz and CPT violation symmetry. The large astrophysical distances allow in general the
effects of new physics to be maximized. Furthermore, the higher the energies of neutrinos
the better is to investigate the symmetry-breaking scale.

High energy neutrinos are important tools for testing Lorentz violation models. Con-
sidering an effective theory, non-renormalizable operators that violate Lorentz symmetry
may or may not violate the CPT symmetry, which may be CPT event or CPT odd. These
operators cause deviation from the maximum attainable velocity c that a standard model
particle may achieve. Superluminal neutrinos can lose their energy, during vacuum propa-
gation, via vacuum pair emission or neutrino splitting.

4.1. LIV Limit Measurements

In addition to studies that involve modification in the dispersion relation, we can have
new processes that are not allowed in standard physics. This can be explored when we
join high energy neutrinos and astrophysical sources. Typical studies of isotropic events
can be extended to explore effects that depend on the direction between production and
detection [81]. In this section we present some of these studies in astrophysical sources and
very high energy regime.

In GRBs, ultra high energy protons are accelerated in shock waves on which they
photoproduce pions which in turn decay in muons and neutrinos, and the muons decay in
electrons and neutrinos, from where the high energy neutrinos come. GRBs are natural
sources of very high energy neutrinos [82,83], that can reach energies from dozens of
TeV until dozens of PeV. Ref. [84] considered the generic context of LIV introduced in
the time-of-flight (Equation (20)) comparing the neutrino arrival time with the prompt
low-energy photons emitted from the redshift z = 1 GRB. They obtained Mgg > 10% eV,
for n = 1, and Mgg > 10" eV, for n = 2. A possible time-of-flight difference between
the PeV neutrino and gamma-ray photons from blazar flares PKS B1424-418 at redshift
z = 1.522 was analyzed considering LIV and the following constraints on the LIV energy
scale were obtained: Mg 2, 0.01Mpy, for n =1, and Mg 2, 6 X 10~8Mp for n = 2 [85].

Neutrinos traveling with a superluminal speed can suffer new effects that would
not be kinematically allowed with standard speed in vacuum [86]. There are three main
effects: (i) Cherenkov radiation (v — vv) [87]; (ii) neutrino splitting (v — vv?) [88]; and
(iii) bremssthralung of electron-positron pairs (v — ve~e™) [89]. They all cause a depletion
in neutrino fluxes.

For the bremsstrahlung of electron-positron pairs the energy loss per unity of length
can be written, in natural units, as [89]:

dE 25 GZE®6,

6
T = e g =17 % 1057< E ) 53, PeVGpc™!, (25)

1PeV

where Gra~1.2 x 107> GeV 2 is the Fermi coupling constant, é,e ( 6ye = 6y — J¢) is the
speed deviation of neutrinos and electrons, where J, is the deviation from the speed of
light (c = 1), represented generically by 6, = v, — 1. The same representation can be used
for electrons: 6, = v, — 1 [90]. This J,, with a LIV parameter related to a quantum gravity
mass scale Mg, can be represented in the following equation:

1 E \"

In order to lose energy and attain a terminal energy, ET, after traveling a distance, L,
a superluminal neutrino must satisfy L < E/(dE/dx)|g—g,. Then,

5
Er \ 3/ L \~
<8. 20 =T .
Ove < 8410 <1PeV> <1Gpc> @7

=
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From the neutrino event IceCube-170922A, which can be associated with blazar TXS
0506056, considering the v — ve~ et process in Equations (25)—(27), Wang et al. con-
strained Mg > 5.7 x 103Mpy, for n = 1, and Mg > 9.3 x 107®Mp, for n = 2, where
M, =1.22 x 10% eV [91].

With the first two neutrino-induced events detected at IceCube [15] with estimated
energies of 1.04 4+ 0.16 PeV and 14.14 £ 0.17 PeV, 6, <O(1071) [90] was obtained. Later,
this limit improved to J, 5(9(10_20) [92], where the authors assumed that the distribution
of the star formation rate dictates the distribution of neutrino sources. For the two PeV scale
IceCube events, Ref. [93] obtained J, §O(10’18) and using Equation (26), Mgc 2 10° Mpy,
forn =1, and MQG210_4MPZ, forn = 2.

A tracklike neutrino event, IceCube-170922A, with energy 290 TeV in coincident
with the blazar TXS 05064056 with redshift za0.3365 [94,95] was used in several works
to constraint neutrino velocity, and, as consequence, constrain also LIV. The IceCube-
170922A event was also used to put constraints on LIV parameters using directly the
time-of-flight [96-98]: 6v 4.2 x 10712 [96]; M6 >3 x 10 GeV [97]; and Mg > 3.2 x 101°-
3.7 x 101 GeV (n = 1) and Mg > 4.0 x 10" — 1.4 x 10! GeV (n = 2) [98].

Very high energy neutrinos observed by IceCube were analyzed in the context of
SME [81] using Equation (9) to constrain the coefficients with dimension 4, (c((jf) ) jm), related
to LIV but CPT even. They are non isotropic coefficients and have dependence on propa-
gation direction. For the isotropic case, the isotropic coefficient is represented by c(*). See
Table 3 for several constraints on these operators. They are obtained in Ref. [81], except for
the last two lines, which are from [99,100]. For other constraints on other coefficients of
higher dimension and also nonrenormalizable SME models, see [80].

Table 3. IceCube neutrino bounds on LIV for dimension four operators from the SME. Limits
extracted from Ref. [81], except where noted.

[(c§? ool >—4x107"
(e ol (-1¢4)x1077
[Re(ch )| (~3¢2)x 1077
[tm(cyy (~24>2) x 1077
[(c67 )20l (-1¢7)x1077
[Re(cgg )an| (-26:3)x 1077
\Im(c(()?)zﬂ (=24 5) x107"
[Re(cfy)n| (=5« 2) x 10717
[tm(cgy )| (~3 ¢ 4) x 107V
|c@)] >—5.2 x 1072 [99]
c®)| >—3.0 x 107 [100]

4.2. CPT Limit Measurements

To our knowledge, the production of articles involving only CPT violation and high
energy neutrinos is not very extensive. We point out Ref. [101], where the CPT violation
bound is obtained from the loss of unitarity that leads to quantum decoherence, a damping
factor in oscillation probabilities.

In this context, space-time has a topologically discrete nature and there will be creation
of quantum black holes in vacuum. These black holes have a radius of dimension of the
Planck scale. They are created and evaporate continuously, leaving a trace of space-time that
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has a foamy nature. In nonstandard models that involve quantum mechanics, some pure
quantum states may evolve into mixed quantum states because of the loss of information
in these black holes.

The creation of these mixed quantum states modifies the standard mixing of neutrinos,
and this can modify the flavor ratios of neutrinos in very high energy regimes. The CPT
violation associated with the quantum decoherence, regardless of the source of emission,
result in a flavor ratio of ve:vy:vy = 1/3:1/3:1/3 [101]. For more on CPT violation with
decoherence effects see [102].

5. Outlook and Future Perspectives

This review presented a brief description of some aspects of the research in LIV and
CPT violation in astrophysical environments. Astrophysical environments offer effective
possibilities for the discovery of new physics in the Planck scale, since they combine
large distances and high energies. Neutrinos are emitted in sources such as supernovae,
and higher energy sources like GRBs or active galactic nuclei. Neutrinos are excellent
candidates for new physics search, since there are possibly many neutrino properties yet to
be discovered, besides the ones currently under scrutiny.

We present, besides the SME, other phenomenological approaches on LIV and CPT
violation, based on, for example, quantum gravity effects that lead to superluminal or
subluminal neutrinos. In the very high energy regime, new experiments of neutrinos, such
as KM3NeT [103] and IceCube-GEN2 [104], will be very important to improve sensitivities
in Planck scale searches. Ref. [52] shows an overview of searches related to neutrinos from
astronomical and astrophysical origin, performed within the framework of the SME.

Concerning CPT violation, it can also be obtained from the loss of unitarity that leads
to quantum decoherence, as mentioned in Section 4.2. Neutrino telescopes can be excellent
instruments for investigating this kind of new physics in very high energy regimes [105,106].
For a low energy regime, a limit was obtained from SN1987A, which is at a distance of
50 kpc. In this case, the damping decoherence parameter found is 10740 GeV [107].

The detection of the next galactic SN with a real time structured events and the total
characterization of the neutrino flavors with the DUNE far detector [108] and Hyper—
Kamiokande [70] will provide more hints on possible differences in oscillation channels for
the neutrinos and their respective antineutrinos, showing possible effective hints of CPT
violation. Concerning LIV only effects, the precise characterization of time delays in future
detectors can provide valuable information about the nature of this new physics. However,
the complication in modeling astrophysical aspects of neutrinos and antineutrinos emission
and the stellar collapse can impair the perception of the new physics introduced either by
LIV or CPT violation.
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Abbreviations

The following abbreviations are used in this manuscript:

SM The Standard Model of Elementary Particles
SME Standard Model Extension

LIV Lorentz Invariance Violation

PMNS Pontecorvo-Maki-Nakagawa—Sakata

SN Supernova

GRB Gamma-Ray Burst
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