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In the framework of quantum field theory, a graviton interacts locally with a quantum state
having definite mass, i.e. the gravitational mass eigenstate, while a weak boson interacts with a
state having definite flavor, i.e. the flavor eigenstate. At the quantum level an interaction of a
neutrino with an energetic graviton may trigger the collapse of the neutrino to a definite mass
eigenstate at a short time scale with a probability expressed in terms of the corresponding PMNS
mixing matrix element. Thus, gravitons induce quantum decoherence of a coherent neutrino flavor
state similarly to how weak bosons induce quantum decoherence of a neutrino in a definite mass
state.We demonstrate that such an essentially quantum gravity effect may have strong consequences
for neutrino oscillation phenomena in astrophysics due to the relatively large scattering cross section
of relativistic neutrinos off massive sources of strong gravitational fields (the quasi-classical case of
gravitational Bethe-Heitler scattering). This graviton-induced decoherence is compared to standard
sources of decoherence in the presence of the Earth MSW effect. Based on this study, we propose a
new technique for the indirect detection of energetic gravitons by measuring the flavor composition
of astrophysical neutrinos.

PACS numbers: 14.60.Pq, 14.60.Lm, 14.60.St, 26.65.4+t

I. INTRODUCTION ten referred to as nearly unobservable [3, |4]. While ob-
serving a single graviton directly may be impossible, it is
not impossible to find an indirect evidence for quantum
gravity. For an overview of potential phenomenological
opportunities for indirect signatures of quantum gravity,
see Refs. [5-8]. Nevertheless, our understanding of the
quantum nature of gravity suffers from the lack of acces-

sible sources of information.

A theoretical extrapolation of the fundamental Quan-
tum Mechanics concepts to Einstein’s gravity suffers from
major difficulties with quantization of space-time, ultra-
violet behavior and non-renormalizability of the result-
ing theory (for more details, see Ref. [1,12] and references
therein). A wealth of theoretical studies have been pre-
sented in the literature and many different quantum grav-
ity models have been developed. However, no conclusive
statement about the true quantum nature of gravity has
been made. Only a real experiment can ultimately set-
tle the longstanding confusion between the different ap-
proaches and provide guidance in developing the correct

In this paper, we propose a new approach for indi-
rect experimental studies of (local) quantum gravity in-
teractions based upon an effect of the large-angle ener-
getic gravitational Bremsstrahlung (or Gravi-strahlung,
in short) off an astrophysical neutrino passing through

underlying theory.

Typically, in the standard quantum field theory frame-
work which unifies three of four basic forces of Nature,
the quantum gravity effects are disregarded as being phe-
nomenologically irrelevant at energy scales much smaller
than the Planck scale, Mp; ~ 10'° GeV. Moreover, due
to enormous suppression, quantum gravity effects are of-
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an external classical gravitational potential on neutrino
oscillation observables. This process, known as the gravi-
tational Bethe-Heitler (GBH) process, can be considered
a quasi-classical approximation for a large angle and/or
large energy graviton emission i.e. the Born approxi-
mation is sufficient. Such a process may happen with
a rather high probability, such as in the case of an as-
trophysical neutrino scattering off a massive source of
classical gravitational field (like a star or a black hole).
In Quantum Mechanics, the latter process may serve as
a direct quantum measurement of the microscopic prop-
erties of the gravitational field at astrophysical scales.
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II. DECOHERENCE OF NEUTRINO STATE

Generically, weakly-interacting neutrinos can be con-
sidered as an efficient carrier of information across the
Universe as they are not absorbed or scattered by in-
terstellar mediums. In practice, this unique property of
neutrinos enables us to utilize them for large-scale as-
trophysical “experiments”, such as searching for possi-
ble tiny signatures of Lorentz invariance violation [9],
testing General Relativity [10] and Quantum Mechanics
[11-13], testing the equivalence principle [14, [15], test-
ing minimal length models [16, [17], etc. Ultimately, it is
possible to identify an extraterrestrial large-scale quan-
tum experiment in natural conditions where neutrinos
“change” their quantum state due to a local quantum
gravity process (in terms of local graviton coupling to
a fundamental matter particle) and further convey in-
formation about such a process unchanged through the
cosmological medium to the Earth.

A. Propagation decoherence

The traditional source of decoherence typically referred
to in astrophysical neutrino oscillations studies can be
called propagation decoherence. This is when the dis-
tance that a neutrino travels exceeds the neutrino os-
cillation length. In this case, the neutrino mass states
have separated so that they no longer interfere at large
distances from the production point. This source of de-
coherence depends on the energy resolution of the detec-
tion process, the energy of the neutrino, the masses of the
neutrino mass states, and other details of the production
and detection processes. In neutrino experiments, the
time between neutrino production and detection is nor-
mally not measured. In a real experiment, this means
that beyond the neutrino oscillation length the propa-
gating neutrino mass states no longer interfere during
the interaction process in a detector [18, [19]. In some
cases this decoherence effect is irrelevant |20].

B. Classical Dié6si-Penrose decoherence

The role of classical Einstein’s gravity effects in Quan-
tum Mechanics is under extensive consideration in the
literature, and may be sizeable under certain conditions.
As was claimed in Ref. [21], the gravity-induced quan-
tum state reduction can be tested by observing the neu-
trino flavor oscillations at cosmological distances, while
in Ref. [22] it was regarded as practically undetectable.
This classical gravity effect on real-time evolution of a
quantum state composed of several mass eigenstates was
initially considered by Diési [23] and Penrose [24]. In the
classical gravity limit, the latter can be approximated by
a change in the phase of the flavor wave function which
appears mainly due to a non-degeneracy of neutrino mass

eigenstates, i.e. Am3; = m7 —m? # 0, where m; is the

mass of the mass eigenstate j. This is caused by different
mass states traveling along different geodesics in curved
space-time and the whole effect gradually accumulates
over large cosmological distances |28]. This is the essence
of classical decoherence of a neutrino flavor state which
is typically regarded as a probe for neutrino wave func-
tion collapse models and, more generally, alternatives to
conventional (linear) Quantum Mechanics [25]. Instead,
we consider another possible decoherence mechanism of a
neutrino flavor state triggered at the quantum level by a
single local graviton-neutrino interaction. Let us discuss
this phenomenon in detail.

C. Quantum decoherence

In the limit of weak gravity, the quasi-classical approx-
imation to quantum gravity is a valid framework. In this
case, the graviton field is a correction determined on the
flat Minkowskian background and the metric operator in
the Heisenberg representation is given by §,, = 77;w+ihw-
Here, the c-number part 7, is the Minkowski metric and

huw is the graviton arising after the quantization proce-
dure. The Einstein-Hilbert action provides the mecha-
nism for virtual gravitons to propagate in the flat space-
time and to interact with one another in the quantum
case as an analog of the standard QED picture of the
Coulomb field around an electric charge. These vir-
tual gravitons should be distinguished from real gravitons
which are radiated off an accelerated massive body and
their coherent wave packets correspond to gravitational
waves in the classical limit. A “cloud” of virtual gravi-
tons around a static massive body can be reinterpreted
geometrically in terms of a deviation from the flat metric
(or curvature) in Einstein’s classical relativity [29]!.

Obviously, a graviton couples to the full energy-
momentum tensor. From the quantum-mechanical point
of view, we work in the mass eigenstate basis where the
Hamiltonian of local quantum-gravitational interactions
has a diagonal form and identify the particle mass eigen-
states with gravitational eigenstates (due to equivalence
of gravitational and inertial mass). In this approach,
higher Fock states are created by the graviton creation
operator acting on a particle mass eigenstate.

Also, we expect elementary particles in the mass ba-
sis to be gravitational eigenstates of the Hamiltonian of
quantum-gravitational interactions in the same way as
leptons and quarks are weak eigenstates in the flavor
and CKM basis, respectively. The advantage of the neu-
trino which we exploit here is that they interact via the
weak force, neutrino mass and flavor eigenstates are not

1 The background must be chosen to be flat since only in this case
is it possible to use the Casimir operators of the Poincaré group
and show that the quanta have spin two and rest mass zero, thus
being identified as gravitons.



the same, and that they propagate at cosmological dis-
tances/times. For particles whose flavor and mass eigen-
states are identical this technique would not work to iden-
tify that a graviton induced quantum mechanical inter-
action had happened, which means that the neutrino is
a unique carrier of astrophysical quantum gravity inter-
actions.

Consider first a relativistic neutrino state propagating
in the gravitational potential of a static black hole, a mas-
sive star or a binary system which not only are sources
of strong gravitational fields but could also be significant
sources of astrophysical neutrinos. Suppose now that at
the quantum level a graviton interacts only with a defi-
nite mass state (or gravitational mass eigenstate) a = 1,2
or 3. This is equivalent to saying that definite mass
eigenstates (the propagating states) are conserved by the
quantum gravity hamiltonian while superpositions, such
as the flavor eigenstates, are not. Note, the astrophysical
neutrinos are initially produced in electro-weak processes
(e.g. in SNe core) in a definitive flavor state, f = e, u
or 7, which are coherent superpositions of mass eigen-
states. In an astrophysical environment, a high-energy
graviton can interact only with a definite mass compo-
nent of the neutrino wave function thus causing quantum
decoherence of the neutrino which is in a superposition
of mass states, effectively “converting” it into a defini-
tive mass eigenstate. This neutrino is quantum mechan-
ically observed as being in a definite mass state. This
means that between the production in an AGN or Su-
perNova or other astrophysics source and the detection in
an Earth based detector, the neutrino exists in a definite
mass state. This is independent of whether it undergoes
propagational decoherence or not.

The neutrino is “converted” to mass state with a prob-
ability P, v, = [Vy,—,|*, given in terms of the cor-
responding wave function ¥, ,,, which projects out a
flavor state vy onto a mass state v, and is typically ex-
pressed in terms of the corresponding PMNS mixing ma-
trix element, \If,,f_wa = Van. The considering effect is
different from other known classical decoherence sources
emerging due to a mere propagation (without a hard ra-
diation) in classical gravitational potential and/or neu-
trino propagation in flat space-time. The effect under
consideration is a straightforward consequence of funda-
mental time-energy uncertainty relation for the real hard
Gravi-strahlung and should be taken into account in as-
trophysical neutrino oscillations.

The amplitudes of typical quantum gravity scattering
processes which may lead to the quantum decoherence
effect under certain conditions can be represented as fol-
lows:

AGY =, L, A+ G = v+ G).
AGY2 =0, L A+ M — v+ G+ M),

Here, M is a source of strong classical gravitational fields,
such as a massive star or a black hole. The first ampli-
tude corresponds to the gravitational Compton scatter-
ing of a neutrino mass state off a real graviton in the

medium, the second amplitude represents the GBH scat-
tering of a neutrino in gravitational mass state off a classi-
cal heavy source M. Clearly, a mass eigenstate v, “pro-
duced” in this interaction due to decoherence does not
undergo oscillation until it interacts weakly with normal
matter (e.g. in an Earth detector) by means of W, Z-
exchange. Therefore, quantum decoherence may have an
non-negligible effect on neutrino oscillation observables,
along with other existing sources of classical decoherence
and medium MSW effects [32,133]. Explicitly, oscillation
characteristics of neutrinos coming from e.g. a vicinity of
the Galactic Center may differ from vacuum oscillations.
The latter case could be where a source of neutrinos is
“nearby” but where there is no massive objects between
the source and the Earth (nor significant variations in
dark matter density). Such neutrinos, if identified, could
be used as a control sample.

In a sense, the quantum gravity-induced decoherence
of a definite flavor state described above is in close anal-
ogy to the weak-induced decoherence of a definite mass
state. For example, W, Z bosons interact only with a co-
herent flavor state inducing a “conversion” of a definite
mass state into a definite flavor state. Namely, a neu-
trino in a mass eigenstate v, turns into a flavor eigenstate
vy through an interaction with the deeply virtual Z, W-
bosons propagating in the ¢-channel, i.e. four different
reactions are possible

AR = o, AN (v 1 = V),
A2 =Wy, AN (g 1 = vp £ 1)),
APS =, A (v + N = v+ X)),
AC =y, 0, A (v + N = 1y + X)),

such that W,,,, = V7 _,, . Here, a definitive mass
state which may exist due to previous hard neutrino-
graviton interaction or due to the resonance MSW ef-
fect |32,133] is “converted” back into a flavor state which
may undergo oscillation. It is important to note that be-
cause the neutrino is not likely to interact weakly between
the source and the Earth, the neutrino is likely to be
in a definitive mass state induced by the hard neutrino-
graviton scattering event when it arrives at the Earth.
The distance between a hard neutrino-graviton scatter-
ing event and detection event does not matter in this
case.

In the case of vacuum neutrino oscillations, the trav-
eling neutrino is not in a definitive mass eigenstate but
is rather in a superposition of mass eigenstates which
evolves when the neutrino travels in space-time. Then,
with respect to the weak interactions, the non-diagonal
Uy sw p transition amplitude between two flavor states

f and f’ is given by [34]
m?
Wososvp = Z Vf'jeizﬁLVf*j ) (2.1)
J

here L is the distance from where the neutrino was cre-
ated in a definite flavor eigenstate v¢, and E, is the en-



ergy of the neutrino. Analogically, for neutrino-graviton
interactions the Yy, v, transition amplitude between a
flavor state f and a mass state a can be written as

T A (2.2)
which means that the probability for a given flavor neu-

trino state f to decohere by transforming into a mass
state a due to a hard graviton-neutrino interaction, given

by PSSy, ~ A% = [0, 0, PIA@)]?, is indepen-
dent of the neutrino mass, m,, the mass splitting, Amgy,
and the distance from the neutrino source, L. The de-
pendence on the relativistic neutrino energy, F, > m,,
for a given scattering comes from the neutrino mass state
scattering amplitude squared, |A(%)|? (for more details,

see the next Section).
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FIG. 1: The quantum gravity processes which destroy the
coherence of the neutrino flavor eigenstate (f = e, p,7) at
the quantum level effectively turning it to a mass eigenstate
(a =1,2,3) — the gravitational Bethe-Heitler-type scattering
of neutrino off a massive object, e.g. a black hole (a), and
the gravitational Compton scattering (b). The dark ellipse is
a projection to a fixed mass state and the shaded circle is a
classical source of the gravitational field.

Contrary to the Penrose-Diési effect of classical deco-
herence [23, [24], the quantum decoherence of a neutrino
flavor state happens at small space-time scales, Algec,
which are much smaller than the neutrino wave length
scale: Algee < Ly, due to the quantum nature of the
(real or virtual) tree-level graviton-neutrino interaction.
An additional significant difference, the quantum deco-
herence effect is not sensitive to the mass differences of
the mass eigenstates, or to Am?j, while they are cru-
cial for and determine classical decoherence of the neu-
trino flavor state at large separations, Alge. > L,,. Most
importantly, quantum decoherence provides us with a
key for phenomenological verification of quantum grav-
ity models through measurement of neutrino oscillation
characteristics.

The proposed effect is also different from the standard
propagation decoherence. In propagation decoherence,
the neutrino mass states are separated in time and/or

space and so the local weak interaction (the detection
process) observes an incoherent sum of the propagating
mass states in a given space-time point. In quantum de-
coherence, the neutrino exists only within a given mass
eigenstate after being “observed” by the hard graviton
(e.g. in the quantum processes of hard GBH or Comp-
ton scattering, see below). This difference is important.
Indeed, while a flux of neutrinos which have undergone
the quantum decoherence is observed by a weak inter-
action in an Earth-based detector as an incoherent sum
of the mass states, they do not experience a change of
potential induced by matter (the MSW effect) as an
incoherent sum of mass states. Namely, the neutrino
which has not undergone the quantum decoherence ex-
periences matter coherently, while the neutrino which
has undergone the quantum decoherence would not ex-
perience matter coherently. Also, it is possible that a
neutrino passing through densities which change non-
adiabatically might demonstrate interference phenomena
as presented in Ref. [20]. As we will explicitly demon-
strate below, such a difference between the quantum and
propagational decoherences in the presence of the Earth
MSW effect may be observable and is important in stud-
ies of astrophysical neutrino oscillations.

III. GRAVITON-NEUTRINO SCATTERING

Now consider which quantum gravity processes the
neutrino could possibly experience so as to experience the
quantum decoherence effect in the astrophysical medium.

As is known the Coulomb field is measured by insert-
ing a charged probe into it. From the quantum elec-
trodynamics (QED) point of view, an electromagnetic
scattering of a charged particle off the Coulomb field is
due to an exchange of virtual photons (with small neg-
ative momentum transfer squared —¢? = Q2 > 0 in the
t-channel) between the probe and the source. Analogi-
cally, it is correct to discuss multiple exchange of virtual
t-channel gravitons in a scattering event as a signature of
non-zeroth curvature itself (for more detailed discussions
of the principles, see e.g. Ref. [36]).

Generically, in quantum electrodynamics (QED) the
virtual photons may become real (produced on-mass-
shell) if one disturbs the field pumping energy into it.
This is the physical reason for photon Bremsshtrahlung
in QED. Specifically, the standard Bethe-Heitler scatter-
ing in electrodynamics demonstrates that only an accel-
erated charge emits real photons (corresponding to elec-
tromagnetic wave in the classical limit of multiple soft
photon radiation). Likewise, in the quasi-classical grav-
ity framework, the virtual graviton, as a quantum of the
gravitational field of a static massive object, may turn
into the real one (corresponding to gravitational wave
in the classical limit of multiple soft graviton radiation)
if the source of the gravitational field is accelerated or,
in general, when the energy-momentum tensor experi-
ences disturbances. Possible sources of real gravitons in



the Universe include: active galactic nuclei (AGN), bi-
nary systems, supernovae explosions (SNe), primordial
black holes collisions, compact star/black holes binaries,
quantum bremsstrahlung of gravitons of particles scat-
tering off a massive object, black hole (BH) evaporation,
relic isotropic gravitational background from the early
universe, inflation, phase transitions in the primordial
plasma, the decay or interaction of topological defects
(e.g. cosmic strings), etc. For details and references, see
Ref. [37].

Consequently, in the cosmological medium a neutrino
can scatter either off a classical gravitational potential
with accompanying radiation of an energetic real graviton
off the scattered neutrino (e.g. Bethe-Heitler-type scat-
tering) or off real graviton in the astrophysical medium
(e.g. Compton-type scattering). Let us consider both
cases and conditions for initiation of the quantum neu-
trino decoherence in more detail.

A. Gravitational Bethe-Heitler scattering

In fact, all elementary particles, including neutrinos,
when traveling in the vicinity of massive objects (sources
of classical gravitational field) can emit real gravitons
with a certain energy spectrum. This process has a
straightforward QED analog of a photon mission in rel-
ativistic electron scattering off the Coulomb field of a
heavy nucleus mentioned above, the Bethe-Heitler pro-
cess at the Born level. Even though the energy spec-
trum of radiated real gravitons is indeed peaked in the
forward direction and in the infrared limit (correspond-
ing to forward radiation of classical gravitational waves),
there is a non-negligible probability to radiate hard or
energetic gravitons, namely, with energies comparable to
the incoming relativistic neutrino energy. The quantum-
mechanical uncertainty tells us that the latter process can
trigger a dramatic decoherence of an incoming neutrino
flavor state at the quantum level during a very short time
scale inversely proportional to the energy of the radiated
hard graviton.

Indeed, the neutrino decoherence at the quantum level
can only be initiated by hard energetic interactions with
relatively hard gravitons whose energies exceed the mass
difference between different mass states Eq 2 Am;; and
therefore requires a hard real graviton emission. In this
case, the hard graviton probe has a small wave length
and thus can resolve separate mass states in a coherent
neutrino flavor state in a quantum-mechanical sense?.

Of course, a soft graviton with a large wave length
exceeding the space-time spreading of a neutrino fla-

2 Likewise a hard enough photon can resolve an internal substruc-
ture of the proton wave function and interacts with separate
quarks it is composed of while a soft one “sees” a proton as a
whole only.

vor state as a coherent superposition of mass eigenstates
will not resolve individual mass eigenstates in this su-
perposition and will instead couple to the whole energy-
momentum tensor of the flavor state, non-locally, which
is the classical General Relativity limit. In the latter
case, the quantum decoherence is not triggered.

The Born-level calculation is good enough in the case
of off-forward hard graviton emissions at large angles rel-
evant for the quantum decoherence effect — this is the
reason why one can disregard higher-order radiative cor-
rections which are highly suppressed in this case (by extra
powers of the Planck mass) as long as one cuts off the
problematic but uninteresting infrared /collinear parts of
the phase space. Indeed, as was previously shown in
Ref. |31)], the radiative corrections can only be relevant
in the deep infrared limit of soft real gravitons Eg — 0
emitted in the forward direction where they will cancel
the soft/collinear divergences. The latter classical limit
represents classical gravitational waves emitted off a neu-
trino state without or very small impact on it.

In the considering GBH case, shown in Fig. [[{a), one
deals with the graviton exchange with negative momen-
tum transfer squared ¢ = —¢? < 0 in the ¢-channel with
the propagator stretched between the relativistic neu-
trino of mass m, and energy E, > m, and a massive
classical gravitational field source with mass M > E,.
The wave function, ¥, + v, describes a projection of a
given flavor state f onto a fixed mass state a is denoted
as a dark ellipse, while the heavy classical source of the
gravitational field is shown by a shaded circle.

The GBH cross section has initially been calculated
for the gravitational scattering of scalar particles with
M > m in Ref. [31]. In the soft graviton limit, the
graviton-neutrino coupling is not sensitive to the spin of
an incident relativistic particle to leading order, while the
classical non-relativistic source can be considered to be
spinless in this first discussion for simplicity (in principle,
a helicity dependence of hard graviton-neutrino interac-
tions can be a relevant topic for further studies). We
therefore use their formula as a sufficiently good approx-
imation to estimate the neutrino-black hole cross section
numerically. In this case, as an order-of-magnitude es-
timate the GBH cross section at the Born level behaves
as

MZ2E?

IM >> El/ >> m
7‘[6 I v
Pl

(3.1)

and thus may not always be very small since the Planck
scale suppression can be largely eliminated by having a
huge mass M of a heavy classical source in numerator.
In particular, for a Solar-mass object M ~ 10°7 GeV
we have M2/M$, ~ 1 GeV~%, so there is no significant
suppression of the cross section for relativistic neutrinos.

In Fig. Pl we have presented the differential (in radi-
ated graviton energy F¢ and neutrino angle 6,) and in-
tegrated cross sections of the GBH process for typical
MeV-scale astrophysical neutrinos and a solar mass scale
source of the gravitational field. As expected, the main
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FIG. 2: Differential cross section of the gravitational Bethe-Heitler scattering of neutrino off a massive object e.g. a black hole
(BH) in radiated graviton energy E¢ (left), in polar angle of the final-state neutrino 6,, and the integrated cross section as a
function of incoming neutrino energy F, typical for astrophysical sources, e.g. see Ref. |38] (right).

bulk of the cross section comes from the soft gravitons
(gravitational waves) emission in the forward limit. It
is remarkably important, however, that there is a long
non-negligible tail in the differential distributions of the
GBH cross section in the single real graviton energy Fg
and emission angle #. It turns out that such a tail to
harder /off-forward gravitons is not very strongly sup-
pressed — typical GBH scattering cross sections for SNe
neutrino energies of E, ~ 10 — 100 MeV and a Solar-
mass classical source are found to be around o ~ 0.1—10
millibarns, which are some 16 — 18 orders of magnitude
larger than typical neutrino-electron scattering cross sec-
tions which are less than an attobarn at the same ener-
gies.

This observation strongly suggesting the importance of
the quantum decoherence initiated by interactions with
such energetic real gravitons. The latter source of deco-
herence does not have a classical interpretation. As we
have already mentioned, due to a quantum-mechanical
nature of a single hard graviton emission at energies Eg 2
Amy; (with local coupling to a gravitational mass eigen-
state) and universal quantum-mechanical time-energy
uncertainty arguments the considered effect of neutrino
flavor decoherence as a purely quantum effect. The hard
Gravi-strahlung effect is thus relevant for a broad range of
neutrino energies, and one can utilize the SNe neutrinos
as a clear sample since (1) fluxes of SNe neutrinos are
the largest among astrophysical neutrinos and (2) SNe
neutrino emission mechanisms are the best understood
among other possible astrophysical sources.

Of course, the t-channel gravitons are extremely soft
and form classical gravitational potential of a classical
massive source and they do not trigger a decoherence of
the neutrino state — only the hard real graviton emissions
are relevant here.

B. Probability for quantum gravitational
decoherence

The cross section of the considering GBH process can
be strongly enhanced for e.g. a supermassive black hole

in the Galactic Center whose mass is about ~ 105 — 10?
Solar masses, as well as for ultra-relativistic neutrinos
which are potentially detectable at neutrino observato-
ries such as IceCube and Super-K. As is our main re-
sult, we notice that the GBH scattering may cause the
quantum decoherence of astrophysical neutrinos and this
effect can be measured via neutrino flavor composition
measurements. A massive classical source of the gravita-
tional field may not necessarily be a black hole, but any
compact star or, in general, any bound gravitational po-
tential induced by continuous matter distribution in the
Galactic disk and Halo.

Due to rather large cross sections it is likely that most
of the astrophysical neutrinos which are observed at the
Earth from a given direction and have passed in close
vicinity of a massive object would have experienced the
quantum decoherence due to a graviton-induced scatter-
ing. In other words, the probability for a given neutrino
in a superposition of mass states f to decohere, being
“transformed” into one of the mass states a = 1,2 or
3 in the GBH process, Py ~ |A(©)|2, is expected to be
large for typical (massive) astrophysical sources of clas-
sical gravitational fields, i.e.

NGV
Ninit

Ps = ~1 (3.2)

where Ng, is the number of neutrinos which have been
scattered off a massive object via at least one graviton
exchange?, and Ni,j; is the total number of neutrinos
which have been emitted off an astrophysical source. As
we will demonstrate below, the P value can be measured
via neutrino flavor composition observations leading to a
promising opportunity for experimental tests of quantum
gravity induced interactions.

3 On the way to the Earth, a produced mass state may experi-
ence more graviton-mediated rescatterings which do not affect
the coherence of the neutrino state any longer, but may cause an
additional energy loss of the propagating neutrino into gravita-
tional radiation.



A precise theoretical calculation for Pg is influenced
by many potentially relevant aspects. First, it depends
on a quantum gravity model through model-dependent
local neutrino-graviton couplings thus offering a good
opportunity for experimental tests of quantum grav-
ity.  Second, it may be influenced by yet unknown
higher-order corrections and by multiple rescatterings
of a neutrino off a massive source, multiple massive
sources, or a diffuse source such as the dark matter
halo which the neutrino passes through on its path to
the Earth (in this case, the eikonal approximation for
neutrino-graviton rescattering can be used [39]). Thus,
the actual cross sections may significantly vary depend-
ing on environment a neutrino propagates in. Thirdly,
the astrophysical neutrino flavor composition may
depend on production processfes which may currently be
unknown (unless we deal with a well-known “standard
candle” emitter like a SNe). Also, an energy loss of the
neutrino due to the hard graviton Bremsstrahlung in
each scattering event should be taken into consideration,
together with other effects which change the coherence
of the neutrino state. Finally, including possible dense
astrophysical media might be important as the neutrino
may have additional weak rescatterings off normal
matter acting on the neutrino leaving leaving the
neutrino in a superposition of mass eigenstates when it
arrives at the earth. Therefore, additional astrophysical
information is desired to constrain these uncertainties.
All of the above aspects are the major unknowns in
making predictions for the Pg quantity which require
a further effort of the quantum gravity, neutrino and
astrophysics communities.

C. Gravitational Compton scattering

Another possibility for quantum gravity induced inter-
actions with neutrino participation is shown in Fig. [Ii(b).
This is the (tree level) gravitational Compton scattering
of a neutrino off a real graviton (or a gravitational wave)
in cosmological medium. The latter process has been
previously studied in Ref. [35] and in many other papers.
The cross section in this case is always extremely small
o ~ E2/M3, for a MeV neutrino, and real graviton fluxes
are not expected to compensate for such a huge suppres-
sion. This process seems less interesting when applied
to astrophysical neutrino flavor composition. Hypothet-
ically, this effect could be considered in exotic cases of
ultra-relativistic neutrinos and/or in the very early Uni-
verse where the graviton fluxes might have been rather
intense.

D. Quantum Gravity measurement proposal

As presented above, the neutrino in a mass eigenstate
does not oscillate unless it scatters off ordinary matter via

a weak channel which brings it back to a flavor eigenstate
or to a lepton. It is likely that the Z, W-mediated scatter-
ing happens only in the Earth-based detector enabling us
to access information about the graviton-neutrino scat-
tering which might have happened far away from the
solar system. In the considered situation, the neutrino
plays an analogical role of an electric charge in a quan-
tum measurement of the microscopic Coulomb field prop-
erties. From the quantum mechanical point of view, a
black hole vicinity can then be viewed as a macroscopic
“detector” of gravitons. The neutrino scattering off a
black hole by means of the graviton-neutrino coupling
would be considered as an elementary act of quantum
mechanical measurement, and the neutrino conveys the
quantum information about the act of graviton measure-
ment to the Earth. The neutrino does not undergo oscil-
lation or demonstrate properties consistent with being a
superposition of mass eigenstates since it is in a definitive
mass state during the propagation and graviton interac-
tion. That the neutrino does not interact weakly as it
travels is considered to be a good approximation due to
extremely weak interactions of neutrinos with ordinary
matter. Then an Earth-based detector will “read off” the
results of the “graviton measurement” which has taken
place at a black hole or massive object. In experimental-
ist jargon, the vicinity around a black hole is the “detec-
tor”, and the neutrino is the “cabling”, and the neutrino
detector at the Earth is a “data acquisition system” or
“classical observer” — the analogy is rather close.

Previously, in Ref. [4], it has been claimed that it is
not possible to detect a single graviton with a planet-
scale detector. Our proposal is to measure the described
graviton-neutrino scattering effect (specifically, the grav-
itational Bethe-Heitler scattering of neutrino off a black
hole or off any other massive object) experimentally,
which is the best possibility for indirect graviton detec-
tion proposed. Remarkably, we consider a black hole-
scale or a star-scale “detector” of gravitons, with neutri-
nos serving as the most efficient carrier of the information
about such a measurement to the Earth.

IV. QUANTUM GRAVITATIONAL
DECOHERENCE EFFECT ON NEUTRINO
OSCILLATIONS

Here we consider a very massive source of strong grav-
itational fields like the Supermassive Black Hole (SMBH)
in the center of our Galaxy as a good example of the clos-
est and one of the most efficient graviton “detectors”.
This Section provides predictions for such an extreme
large-scale quantum-gravity measurement.

As we have demonstrated above, the probability of
an individual (elementary) act of the “quantum grav-
ity measurement” defined by the graviton-neutrino cross
section can be rather large due to a large GBH cross sec-
tion and cannot be neglected. Especially, utilizing the
SMBH in the Galactic Center as our “graviton detec-



tor” in the above sense, one could expect that a signif-
icant fraction of neutrinos passing by the SMBH would
have experienced the GBH scattering. Then since most
of the neutrinos are now in a mass eigenstate, they will
no longer undergo flavor oscillation. The process is irre-
versible with respect to gravitational interactions, so the
resulting mass eigenstate will not “transform” any fur-
ther due to subsequent graviton-neutrino re-scattering.
Depending on the astrophysical process, one might favor
relatively low energies of neutrinos where the neutrino
oscillation may not be suppressed due to matter effects
where the neutrino exists in a single mass eigenstate, so
that the graviton-induced effect would be cleaner. We
suggest that this effect could be tested in neutrino tele-
scopes and observatories by looking at the Galactic Cen-
ter neutrino flavor composition and comparing it to the
composition expected without quantum gravitational de-
coherence. It might be possible that close, “standard can-
dle”, neutrino emitters in other parts of the sky provide
a flux of neutrinos which have not undergone quantum
gravitational decoherence?.

The general formula for the number of electron type
neutrinos observed from an electron type source in the
vacuum is:

NC €
A P (1= Pe) +Pa Y. VaViVaVis. (4.1)
e,init =123
Here P2, is the standard vacuum oscillation probabil-

ity (|34]) far away from the neutrino source and Pg is
the probability for neutrino in a flavor state to interact
with at least one graviton ([8.:2]) which will depend on the
graviton-neutrino scattering cross section. Naively, every
mass eigenstate of the (relativistic) neutrino shares the
same energy so Pg takes the same value.

If all neutrinos have interacted with at least one gravi-
ton, i.e. fixing Pg = 1, than the expression for the total
Ve — Ve transition probability becomes

Pece; = cos® 015 cos* 013 + cos® 013 sin® 015 + sin? 013 (4.2)

where 612, 013, and 653 are the standard neutrino vac-
uum mixing angles. Unlike for propagation decoherence
this prediction is independent of (non-adiabatic) matter
effects such as the earth MSW effect [20]. This basic for-
mula is our main prediction for the “maximal decoher-
ence” scenario valid for P ~ 1. In the standard Large
Mixing Angle (LMA) global fit with sin®#;3 = 0.025,
sin? 015 = 0.31, and sin® fo3 = 0.60 [43], the value for the
transition probability in this case is PS¢ = 0.544. The dif-
ference between the predictions for Po = 1 and Pg =0
is that for the Pg = 0 case the neutrino will not behave
decoherently when traveling through the earth giving an
approximately 3% change in the survival probability at

4 Note, a very similar effect should take place in flavor oscillations
in the neutral kaons K;, K system as well.

10 MeV. This can be seen in Fig. Bl here the simula-
tion for neutrino propagation in matter and vacuum was

based on [47].
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FIG. 3: Here is plotted the difference due to the Earth MSW
effect in the observed number of electrons (assuming an ini-
tial flux that only contains electron neutrinos). Shown are
two curves, blue for Po = 0 (propagation decoherence case)
and red for the P = 1 (quantum decoherence case). This
calculation was done with a uniform distribution of electron
neutrinos. Shown is an expected energy resolutions of 2 MeV
and the expected MSW effect on the order of 3%. In the case
of Pg = 1, the flavor composition of the neutrino flux will not
be affected by the earth.

In general, the Pg value can be considered as an ob-
servable and extracted from the flavor composition data
and further compared to theoretical calculations. Possi-
ble sources of neutrinos in extreme astrophysical environ-
ments include the aforementioned SMBH, but also SNe,
GRB, AGN, and other galactic or extragalactic sources.
Quantum gravity models should aim at predicting the
Pg in these extreme environments so that favored mod-
els can be constrained by the neutrino flavor data.

The neutrino flux spectrum from astrophysical sources
is still being modelled [40-42]. By comparing observed
neutrino flavor composition for neutrinos passing through
the earth to that of neutrinos which have not passed
through the earth the flux can be divided out and a 3%
effect (See Fig. B) may be observed (for the above LMA
global fit). This could be visible in flavor data at large
statistics. However, for other fits larger differences may
be possible possible.

This is our basic prediction for the quantum gravity-
induced effect on the detected flavor composition in the
“maximal quantum decoherence” scenario. Since numer-
ically the effect is at the percentage level, one would
certainly need to have a good understanding of all the
other statistical and systematical uncertainties to a bet-
ter than percent level for the predicted signal to be sig-
nificant. Current generation neutrino observatories can
observe ten thousand total events from nearby (~ 10
kpc) SNe, however, next generation neutrino observa-
tories (such as Hyper-K) are needed to provide enough
statistics to reduce systematical uncertainties |44]. Ad-



ditionally, improvements are needed in current neutrino
flavor reconstruction technologies, which can reconstruct
the neutrino flavor to the level of ~ 3% [45]. It has been
pointed out that sensitive neutrino detectors should be
placed in North America (Sudbury), Japan (Hyper-K),
Chile (ANDES), and Antarctica (Beyond DeepCore) to
best observe SNe neutrinos and the effect that the Earth
has on SNe neutrinos [4§].

V. CONCLUSION

In conclusion, we have considered a quantum gravity
process, the gravitational Bethe-Heitler scattering of a
neutrino off a massive object, which can have a rather
large cross section proportional to the mass squared of
the classical source and enhanced at small angles. Due
to gravitons interacting with a neutrino mass eigenstate
only, opposite to weak bosons which interact with a flavor
eigenstate only, the considered process is a measurement
of the incoming neutrino at the quantum level, causing
decoherence in a different manner than propagation de-
coherence or other sources of decoherence. This quan-
tum decoherence affects astrophysical neutrino behavior.
Namely, quantum decoherene can be considered as a spe-
cific quantum measurement of the neutrino propagating
state, which changes the behaviour of the neutrino in the
presence of a potential (such as the Earth MSW Effect),
which can be observed in the neutrino flavor composition
in an Earth based detector.

This enables the utilization of neutrinos traveling
across the Galaxy as a source of information about the
graviton-induced interactions they might have experi-
enced on their journey to Earth. Specifically, the mea-
sured probability to find a given flavor component in the
neutrino flux coming from a vicinity of a black hole or
another compact massive object will be different from the
corresponding probability measured from a source of neu-
trinos where the neutrinos never pass near a massive sys-
tem. In the case where no astrophysical neutrinos can be
identified which have not interacted with a gravitational
potential, the flavor composition can be compared to the
expectation for the earth MSW effect which can be deter-
mined using reactor, atmospheric, and accelerator neutri-
nos. We have explicitly demonstrated that the maximal
difference corresponding to an assumption that all of the
detected neutrinos have experienced an interaction with
a graviton, i.e. Ps = 1, is at the percentage level and can

be measurable at high statistics. This would provide a
first measurement of quantum gravity. Further discrim-
ination of quantum gravity models would require more
statistics and detailed calculations using these models.

Thus, the probability for a neutrino state to interact
with at least one graviton, Pg, is considered to be a new
observable containing information about the quantum
gravity scattering process. An estimate of the Pg value
from neutrino flavor composition data with good angular
resolution would provide an important experimental test
for quantum gravity models. This is the major proposal
we make in our paper. A realistic theoretical estimate for
Pg depends on many factors and is not well-constrained
yet.

Having all that in mind, as a natural starting point
in this very first and short paper we would like to
present the basic concept/idea of quantum decoherence
due to large angle neutrino-graviton interactions (gravi-
strahlung) in strong gravitational fields and its possible
effect on neutrino flavor observables. In this paper we re-
port on our preliminary study of such a graviton-induced
effect on neutrino oscillations and motivate future stud-
ies in this direction. We will improve our simulation with
fluxes and the astrophysical medium in a future study.
The possibility that Pg is not zero in the vicinity of the
Sun should be considered as well. Explicitly the length
and energy dependence of neutrino flavor oscillation will
depend on the relative strengths of the graviton-neutrino
interactions, the matter properties, and the vacuum os-
cillations. Inclusion of these possibilities in the global
neutrino oscillation parameter fit will be left for a later
paper. Additionally, extragalactic neutrinos should be
considered with additional care as GBH scattering of the
neutrino off the diffuse dark matter Halo may play a role.
Finally, the issue of coherent production of neutrinos is
not considered in this study and should be considered in
a future study.
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