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At the quantum level, an interaction of a neutrino with a graviton may trigger the collapse
of the neutrino flavor eigenstate to a neutrino mass eigenstate. We will present 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 gravitational fields (the case of gravitational Bethe-Heitler
scattering). This results in a new technique for the indirect detection of gravitons by
measuring the flavor composition of astrophysical neutrinos.

A theoretical extrapolation of fundamental Quantum Mechanics concepts to Einstein’s grav-
ity suffers from major difficulties with quantization of space-time, ultraviolet behavior and non-
renormalizability of the resulting theory. Typically quantum gravity effects are disregarded
as being irrelevant at energy scales smaller than the Planck scale, Mp; ~ 10'° GeV. Due to
suppression, quantum gravity effects are referred to as unobservable [1, 2].

We propose a new approach for indirect experimental studies of (local) quantum gravity in-
teractions based upon an effect on neutrino oscillation observables of a neutrino interaction with
an energetic graviton. This may happen in large-angle energetic gravitational Bremsstrahlung
off an astrophysical neutrino passing through an external classical gravitational potential. This
gravitational Bethe-Heitler (GBH) process can be considered in the quasi-classical approxi-
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Figure 1: Differential cross section versus radiated graviton energy F¢g (left), polar angle of
the final-state neutrino 6,,, and the integrated cross section as a function of incoming neutrino
energy F, for GBH scattering of a neutrino off a massive object.
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mation for large angle and/or large energy graviton emission (Born approximation). Such a
process may happen with high probability, such as in the case of scattering off a massive source
of gravitational field (star or a black hole). The neutrino interaction serves as a direct quantum
measurement of the microscopic properties of the gravitational field at astrophysical scales.

Weakly-interacting neutrinos are an effi-
cient carrier of information at astrophysical
scales due to not being absorbed or scattered
by interstellar mediums. This property of
neutrinos enables us to utilize them for large-
scale astrophysical experiments. In the identi-
fied experiment neutrinos change their quan-
tum state due to a local quantum gravity pro-

cess (in terms of local graviton coupling to "/ v, y
a fundamental matter particle) and convey EgF—ZH E.m
information about this process through the
cosmological medium to Earth. Elementary a a
(b)

particles in the mass basis are eigenstates of
the Hamiltonian of quantum-gravitational in-
teractions similar to how leptons and quarks
are weak eigenstates in the flavor and CKM
bases. The second important neutrino prop-
erty that neutrino mass and flavor eigenstates
are not the same.

black hole

Figure 2: The quantum gravity processes which
causes the decoherence of the neutrino flavor
eigenstate (f = e, u, 7) effectively converting it
to a mass eigenstate (¢ = 1,2,3) — GBH scat-
tering of neutrino off a massive object (a), and
gravitational Compton scattering (b). The el-
Consider a relativistic neutrino propagat- lipse is a projection to a mass state and the

ing in the gravitational potential of a static circle is a classical source of gravitational field.
black hole. At the quantum level a graviton

interacts only with a definite mass state (or

gravitational mass eigenstate) a = 1,2 or 3. Expressed equivalently definite mass eigenstates
(propagating states) are conserved by the quantum gravity hamiltonian while superpositions,
such as the flavor eigenstates, are not. Astrophysical neutrinos are initially produced in electro-
weak processes in a definitive flavor state, f = e,y or 7, which are coherent superpositions of
mass eigenstates. This neutrino is quantum mechanically observed by the energetic graviton
as being in a definite mass state. This means that between the production in an astrophysical
source and the detection in an Earth based detector, the neutrino exists in a definite mass state
and has experienced quantum decoherence.

The neutrino is converted to mass state with a probability P, Fove = ¥, fﬁl,a|2, given in
terms of the corresponding wave function ¥, ,,, which projects out a flavor state v; onto a
mass state v, and is typically expressed in terms of the corresponding PMNS mixing matrix
element, ¥, ,,, = Vafefiz’%avL.

We consider the case shown in Fig. 2(a), the graviton exchange is with negative momentum
transfer squared t = —¢? < 0 in the t-channel with the propagator stretched between the
relativistic neutrino of mass m, and energy E, > m, and a massive classical gravitational
field source with mass M > FE,. The cross section has been calculated for the gravitational
scattering of scalar particles with M > m in [3]. We use their formula as a good approximation
to estimate the neutrino-solar mass cross section numerically. In this case, as an order-of-
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magnitude estimate, the GBH cross section at the Born level behaves as

M2E2
oGBH ~ 5, M > E,>my, (1)
Pl

and thus may not be very small since the Planck scale suppression can be largely eliminated
by having a mass M of a heavy classical source in numerator. In particular, for a solar mass
object M ~ 10°7 GeV, we have M2/M1§,l ~ 1 GeV™4, so there is no significant suppression of
the cross section for relativistic neutrinos.

Note that the Bethe-Heitler calculation in QED to first order gives the correct cross section
for photon Bremsshtrahlung for extended objects such as a nucleus as shown in Ref. [4]. Simi-
larly, we expect that the GBH result for a point-like classical source should be roughly correct
to first order for extended objects, like a star or dark matter distribution.

The traditional source of decoherence typically referred to in astrophysical neutrino os-
cillations studies can be called propagation decoherence. Here the neutrino mass states have
separated or dispersed so that they no longer interfere at large distances from the production
point. This source of decoherence depends on the energy resolution of the detection process,
the energy of the neutrino, the masses of the neutrino mass states, and details of the production
and detection processes. Beyond the characteristic length the propagating neutrino mass states
no longer interfere during the interaction process [5].

Note that while the flux due to quantum
decoherence is a flux of pure mass eigenstates,
that in the propagation decoherence case the
flux is not of pure mass eigenstates, but rather
decoherent (spatially separated) mass eigen-
states. No quantum measurement of the state
of these neutrinos has taken place, and the
neutrino still exists as a superposition of mass
states. These two situations are the same
when detected in the case where the flux does
not pass through matter; in the case where
the flux passes through matter, the effect due
to matter is different for the two cases. In the
quantum decoherence case, the neutrino flux
experiences regeneration as fluxes of neutri-
nos in pure mass eigenstates. In the propa-
gation decoherence case, the neutrino flux experiences regeneration as a superposition of mass
eigenstates.

The theory of neutrino propagation, including neutrino propagation in medium and neutrino
propagation where the neutrino experiences propagation decoherence, is well presented in [5] [6].
These papers give the essentials of neutrino propagation in matter and propagation decoherence,
but no explicit formula is given for a neutrino which undergoes propagation decoherence and
then experiences the Earth matter effect.

For simplicity consider just two regimes, the vacuum and the earth (with constant density)
and two neutrino flavors. Due to the discontinuity at the earth’s surface, the flavor amplitudes
should be matched at the border between the two regimes. The flavor at the point before the
density jump is used to determine the initial state [6].

Ratio (shifted)

Figure 3: Ratio for neutrinos which have under-
gone propagation decoherence (blue) and neu-
trinos which have undergone graviton induced
decoherence (black).
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The condition for the wave packet separation to be complete is given explicitly by [7]. They
note that this is different than the effect due to averaging (Section 2.1) over the energy, despite
the effect being computationally the same for vacuum[5]. We expect significant (> 1 km) wave
packet separation for supernova more than 10 kpc distant.

The amplitude of the state at the boundary between regimes can be given by A

cos? (0) ¢ + sin? () e and A%c = sin (6) cos (6) (e*i%r — i

dec __
ee -

o These give the flavor
amplitudes of a neutrino produced in a v, state which has travelled through vacuum and
experienced wave packet separation when it reaches the Earth vacuum transition. An amplitude
which depends on the phase between the wave packets would be incorrect for large wave packet
separations. This amplitude is then projected to the new matter basis.

The ratio of neutrinos which have undergone propagation decoherence and at the same time
propagated through a region of constant density to those which have only propagated through
the vacuum is given by the following expression

R, = (COS (2m)? (3 4 cos (40)) + (2 + cos (40, — 86) + cos (40, — 46)) sin (z, )
—  2sin (22, ) sin (26,, — 26) sin (20) )/(3 + cos (46)) . (2)

Analogically, the ratio of neutrinos which have undergone quantum decoherence in the pres-
ence of the matter effect (medium of constant density) to those which have propagated through
the vacuum takes a different form

5+ cos (40,,) 4 cos (46, — 40) + cos (40) + 4 cos (22,,) cos (20) sin (20,,, — 20)
N 6 + 2 cos (46) '

Ry (3)
A difference between the ratios R, and R, could be measurable and indicates the difference
between propagation decoherence and quantum decoherence in the presence of the matter effect.
Measurement of such a difference could serve as a clear example of graviton detection. In
the presence of an additional jump in matter density the corresponding numerical results are
presented in Fig.3, demonstrating that measurement of graviton induced decoherence is possible.

More details of this work can be found at [8] and this research was supported in part by
the National Science Foundation under Grant No. NSF PHY11-25915 and by PROYECTO
BASAL FB 0821 CCTVal and by Fondecyt (Grant No. 11130133).
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