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Neutrino decoherence from quantum gravitational stochastic perturbations
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Neutrinos undergoing stochastic perturbations as they propagate experience decoherence, damping
neutrino oscillations over distance. Such perturbations may result from fluctuations in space-time itself
if gravity is a quantum force, including interactions between neutrinos and virtual black holes. In this
work we model the influence of heuristic neutrino-virtual black hole interaction scenarios on neutrino
propagation and evaluate the resulting signals in astrophysical and atmospheric neutrinos. We derive
decoherence operators representing these effects in the framework of open quantum systems, allowing
experimental constraints on such systems to be connected to quantum gravitational effects. Finally, we
consider the energy-dependence of such Planck scale physics at energies observed in current neutrino
experiments, and show that sensitivity to Planck scale physics well below the “natural” expectation is

achievable in certain scenarios.
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I. INTRODUCTION

The mixing between neutrino mass and flavor eigen-
states produces the phenomena of neutrino oscillations,
where a neutrino produced as one flavor may be detected
some time later as another, and is well established exper-
imentally [1-3]. This is a quantum superposition effect that
is maintained over macroscopic distances due to the feeble
interactions between neutrinos and matter, allowing the
neutrino to propagate largely in isolation from its environ-
ment. Neutrino oscillations are thus generally considered to
be coherent, with the wave functions of two neutrinos of
identical energy traveling along an identical path evolving
identically.

If however there is weak (and as yet undetected)
coupling between neutrinos and the environment in which
they propagate, the neutrinos may experience stochastic
perturbations to their wave functions as they travel,
degrading or even completely destroying the coherence
over large distances." By contrast, the known modifications
of neutrino oscillation probability due to the influence of
matter® such as the Mikheyev-Smirnov-Wolfenstein effect

"This is a distinct phenomenon from wave packet decoherence
[4] produced via the separation of the neutrino mass states over
lonzg distances due to their differing masses.

Nonstandard interactions (NSI) also typically refers to coher-
ent effects on neutrino propagation resulting from interactions
between neutrinos and conventional matter via new forces.
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[5,6] and parametric resonances [7,8] are the net result of
the influence of many matter particles on a propagating
neutrino, producing consistent effects for all traversing
neutrinos and thus preserving coherence.

A stochastic environment is a frequent prediction of
quantum gravity models, with the postulated fluctuating
nature of space-time at Planck scales (often referred to as
space-time foam or quantum foam) perturbing the propa-
gating neutrino [9,10]. Searches for neutrino decoherence
thus potentially afford us a rare window on Planck scale
physics usually considered beyond the reach of current
experiments.

The goal of this work is to investigate the characteri-
stics of neutrino decoherence and other phenomena result-
ing from the influence of quantum gravity on neutrino
propagation, focusing on the promising case of neutrino
interactions with virtual black holes produced by space-
time fluctuations. To do so, we inject heuristic interaction
scenarios into a software implementation of neutrino
propagation to determine the resulting impact on neutrino
flavor transitions.

We then demonstrate how the derived phenomena can be
represented in the framework of open quantum systems,
which is commonly employed in neutrino decoherence
phenomenology and experimental searches [11-29]. This
framework is very general, making constraints on the
parameters of the open quantum system difficult to physi-
cally interpret. This work therefore allows neutrino
decoherence experimental constraints to be directly inter-
preted in terms of the underlying quantum gravitational
phenomena considered here. We also consider the energy
dependence of the physics tested, demonstrating that
current experiments are sensitive to Planck scale physics
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well below the natural expectation in some scenarios, and
compute the expected signal resulting from these effects in
both astrophysical and atmospheric neutrinos.

II. DECOHERENCE FROM STOCHASTIC
PERTURBATIONS

Neutrinos propagate as mass states, and the evolution of
a relativistic neutrino mass state can be represented as a
plane wave:

m3L

) = exp { =12 o), 1)

2FE

where |v;) is the neutrino mass state j (j = 1, 2, 3 in the 3v
paradigm) of mass m;, with E being the neutrino energy
and L the distance traveled.

Neutrino mass states can be propagated according to
Eq. (1), with the oscillation probability after a given distance
being determined by rotating the current state to the neutrino
flavor basis, as defined by the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) mixing matrix [30,31], and projecting onto
the desired final flavor state according to:

P(vy = vp) = [(tp(L)[va(0)) %, (2)

where a, f represent flavor indices (e, y, 7 in the 3v
paradigm).

Decoherence can result from stochastic perturbations
to the mass states as they propagate, for example from
perturbations to the phase of one or more of the neutrino
mass states. Such a phase perturbation can in included in
Eq. (1) as an additional term, 5¢p;(L):

lv;(L)) = exp {—i(% + 6(,{)/»(L)> }|1/j(0)>. (3)

A example of the impact of such a phase perturbation on
the propagating neutrino states is shown in Fig. 1, where
the perturbation to each mass state” is injected at a random
distance, with the perturbation strength randomly sampled
from the interval [0, 2z]. Following a perturbation, the mass
states continue to evolve as before (with the same fre-
quency and amplitude), but with a shifted phase. When
many neutrinos are considered, the probability of each
neutrino having undergone a perturbation increases with
distance, and the population becomes increasingly out of
phase. This results in damping of the average oscillation
probability with increasing distance, as shown in Fig. 2,
ultimately resulting in a total loss of coherence at large
distances. We will show in this work that this intuitive
picture of perturbed phases, as well as a range of other types

*Note that the phase perturbations must differ for each mass
state, as neutrino oscillations are invariant to a global phase shift.
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FIG. 1. Impact of a perturbation to the phase of the propagating

neutrino states, where the neutrino is initially in a pure v, state.
The neutrino mass state phase is perturbed at a randomized
distance, in this example at L ~ 10 km. The parameters defined
in Table I are used, and the mixing angle, & = 45°. Only the real
components of the flavor/mass states are shown for clarity. For
comparison, the dotted lines indicate the state evolution in the
case of no perturbation.

of stochastic perturbations, are completely captured by the
open quantum system formalism of decoherence.

Note that even after full decoherence, flavor transitions
are still taking place in Fig. 2 (in this case P(v, — v,) ~ 0.5
due to the maximal value of @ used), but the probability
ceases to vary with time/distance. We will later show how
the fully decohered behavior of the system varies for
different forms of perturbation.
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FIG. 2. Oscillation (survival) probability for many perturbed
neutrinos, for the same system shown in Fig. 1. Each light red line
shows the probability for a single neutrino undergoing stochastic
phase perturbation, while the red dashed line shows the average
oscillation probability of the whole population. The blue line
shows the oscillation probability in the absence of perturbations.
The point in space at which the perturbation occurs is randomly
chosen according to a mean free path of 250 km.
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TABLE I. Parameters used for the propagating 2v system. The
mass states are labeled 0,1 and the flavor states @, . The
parameter values are chosen to produce clear demonstrations
of the behavior, rather than to represent realistic neutrino
parameters.

Parameter Value
# states 2
m 0.1 eV
my \/Eml
E 1 GeV
Initial flavor Vg

A. Neutrino perturbations from quantum gravity

If gravity is a quantum force subject to the uncertainty
principle, it is hypothesised that the space-time itself
fluctuates at the Planck scale [9,10,32], often referred to
as space-time foam [33,34]. Such fluctuations in space-time
curvature imply fluctuations in the travel distance/time
between two points (e.g., the space-time metric), a phe-
nomenon known as lightcone fluctuations [35,36]. In such
a scenario, one might expect fluctuations in the time taken
for neutrinos to propagate from a source to a detector, thus
varying the neutrino mass state wave function at the point
of detection. How strongly a particle is influenced by
Planck scale fluctuations would likely depend on the
particle’s energy relative to the Planck mass, e.g., how
clearly it would “see” features at this scale.

At the extreme, fluctuations in the space-time foam of
sufficient magnitude could collapse to form black holes of
Planck length scale, which would almost immediately
evaporate (at Planck time scales). These virtual black holes
(VBH) are analogous to the virtual electron-positron pairs
that form the phenomenon of vacuum polarization in
quantum electrodynamics (QED). Neutrinos encountering
these black holes may experience loss of quantum infor-
mation or other strong perturbations. As one example, a
neutrino might be absorbed by the black hole, with the
black hole subsequently evaporating/decaying to produce
new particles altogether, conserving only energy, charge,
and angular momentum (as per the no hair theorem [37])
but not baryon or lepton number. Such processes have been
proposed as a source of proton decay, where the constituent
quarks of the otherwise stable proton are absorbed by the
VBH and reemitted as other particles [38,39]. Heuristically,
the neutrino may be viewed as being stochastically
absorbed and (possibly) reemitted by these VBH encoun-
ters during propagation, with this stochasticity potentially
resulting in decoherence.

Unlike light cone fluctuations where significant effects
would be expected to accumulate over very long propa-
gation distances [34,40], v-VBH interactions could produce
significant effects over more modest distances provided
they occur with sufficient frequency due to the potentially

strong perturbation experienced by the neutrino during
even a single VBH encounter. We focus on this case in
this work.

In addition to the quantum effects considered in this
work, neutrino decoherence resulting from classical gravi-
tation has also been studied [41,42]. More mundane
sources of decoherence in neutrino oscillation measure-
ments have also previously been identified that must not be
confused with the effects of quantum gravity or other new
physics. For example, the spatial extent of the neutrino
source or other variations in the source-detector distance in
a neutrino experiment can produce decoherence effects,
and occurs for instance due to variations in the height of
cosmic ray air showers producing atmospheric neutrinos.
Additionally, conventional neutrino-matter effects feature
some degree of decoherence, for example from sub-
structure in the Earth’s internal density distribution [43]
or nonforward scattering [44]. Detector resolution also
introduces a form of decoherence into measurements [15].
The characteristics of any detected neutrino decoherence
effects must therefore be studied carefully to try to separate
different scenarios, where the strong energy-dependence
that might be expected to result from Planck scale physics
in particular may prove a useful handle for separating
quantum gravity effects.

B. Modeling »-VBH interactions

We now evaluate the influence of v-VBH interactions on
neutrino propagation and oscillations. Given the absence of
an accepted model of quantum gravity, we test a series of
heuristic scenarios designed to capture the potential micro-
physics of these interactions. Four potential cases for the
nature of the interaction/perturbation are tested:

Mass state selected: The interaction selects a single
neutrino mass state. The state is selected democrati-
cally, i.e., with equal probability for any state.

Flavor state selected: The interaction selects a single
definite flavor state, selected democratically as de-
scribed for the mass state case. Lepton number is
potentially violated in the interaction.

Large phase perturbation: The neutrino experiences
large (but otherwise unspecified) perturbations to its
mass state phases, which are essentially randomized.

Neutrino loss: The neutrino is lost in the interaction and
not observed. This could result from the neutrino
being swallowed by the black hole and either lost or
reemitted via Hawking radiation as another (non-
detected) particle type due to the lack of global
symmetry conservation. An alternative picture would
be that the outgoing neutrino is simply reemitted in a
different direction and thus not observed (particularly
for a distant source). This is the only nonunitary case
tested (where information is lost to the environment),
and is phenomenologically similar to neutrino decay
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scenarios [45,46] (although likely with differing
energy-dependence).

To determine the influence of these interactions on
neutrino flavor transitions, we propagate neutrinos as
described in Sec. II and inject the interactions described
above at randomised distances according to an interaction
mean free path. This mean free path is the lone free
parameter of the system, and is the product of the VBH
number density along the neutrino travel path and the
interaction cross section. For each interaction scenario we
propagate many individual neutrinos and compute the
average behavior of the neutrino ensemble. The resulting
neutrino survival probabilities versus distance are shown in
Fig. 3. As in Sec. II, a 2 flavor system is shown with toy
model parameters chosen for clarity. In particular, a non-
maximal mixing angle € is used. A three flavor system with
realistic parameters is shown later in Sec. IIT A.

In all scenarios, we observe the damping of the average
oscillation probability of the neutrino ensemble that is
characteristic of neutrino decoherence, ultimately resulting
in a distance-independent flavor transition probability at
large distances. The main difference between the cases is
the behavior at large distances, e.g., when the neutrino
population has fully lost coherence or when all neutrinos
have been lost (these differences are discussed in more
detail below). These differences could potentially be used
to discriminate between the scenarios in the event of an
experimental signal being observed.

The rate of damping is identical in all cases, as the
perturbed final states are independent of the initial states
and thus the perturbations totally eliminate coherence for
that neutrino. The damping rate is thus purely defined by
the interaction mean free path, which controls the fraction
of the neutrino ensemble that have experienced one (or
more) interactions after a given distance. All cases show
clear deviation from standard (unperturbed) oscillations,
and can therefore be searched for experimentally.

We now discuss the individual scenarios in more detail.
For the “neutrino loss” case, the neutrinos follow standard
oscillation behavior until they undergo an interaction, at
which point the neutrino is lost and the transition proba-
bility (to any flavor/state) immediately drops to 0. The long
distance behavior of both individual neutrinos and the
ensemble is thus P(vy — vy) = 0, where vy represents any
neutrino flavor. We note that although this case shares the
phenomenological characteristics of neutrino decoherence
(and we will later see it can be expressed in the same
mathematical framework), it is not strictly a form of
decoherence as neutrinos are removed from the system,
rather than losing coherence with the population.

In the “phase perturbation” scenario, once the neutrino
undergoes an interaction it becomes out of phase with the
neutrino population, but continues to oscillate. At large
distance, eventually all neutrinos have experienced an
interaction and coherence is totally lost in the ensemble,
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FIG. 3. Neutrino flavor transition probability resulting from
various v-VBH interaction scenarios. Both individual neutrinos
(translucent coloured lines) and the average behavior of the
ensemble (opaque dashed coloured lines) are shown (note that
only the ensemble behavior is observable). Note that in some
regions of the plots, many overlaid translucent lines result in solid
coloured lines. The neutrinos are initially in a pure v,, state. A two
flavor system is shown using the toy parameters in Table I, with a
nonmaximal mixing angle @ = 20°. The interaction mean free
path is 250 km.

resulting in an averaging of the oscillation behavior of the
system. The long distance flavor transition probability is
thus the averaged oscillation probability, P(v, — v4) =
> |Uq*[Ug;|* (where U is the PMNS mixing matrix),
and is mixing angle dependent.

In both the “mass state selection” and “flavor state
selection” scenarios, the result of an interaction is that the
system is forced to align with a particular state vector, in
the mass or flavor basis respectively. This can be seen in the
upper two panels of Fig. 3, where the individual neutrinos
separate into two distinct populations corresponding to the
two mass/flavor states in the system (this would be three
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populations in a three neutrino system). Neutrinos may
switch between populations as they continue to propagate
and potentially encounter further VBHs. The long distance
behavior of the ensemble in both these cases is equal numbers
of neutrinos in each population, resulting in an average
transition probability of P(vy — vy) =1 (where N is the
number of neutrino states considered, in this case N = 2),
independent of the neutrino mixing angle(s). The behavior of
the ensemble is identical regardless of whether a mass or
flavor state is selected in the interaction, and thus these cases
are indistinguishable through a neutrino oscillation measure-
ment. For the flavor state case, individual neutrinos continue
to oscillate following the interaction (although out of
phase with each other since the interaction takes place at
an random phase in the wave function evolution). For the
mass state case however, the selection of a single mass state
destroys the superposition effect caused by the coevolution of
multiple mass states that causes the time-dependent oscil-
latory characteristics of the flavor transitions. Flavor tran-
sitions are still possible for individual neutrinos though, e.g.,
P(vy = vyx) #0, 1, due to the mixing of mass and flavor
states, but in a time-independent manner.

An interesting observation from this study is that the
“phase perturbation” case can appear similar or even
identical to the other cases in certain v, — vy channels
for particular mixing angles. For example, in a two state
system with maximal mixing (0 = 45°), the phase pertur-
bation scenario produces identical ensemble damping
effects to the “mass/flavor state selection” scenarios (with
large distance behavior of P(v, — v4) = 0.5). This is a
good approximation of, e.g., high-energy atmospheric
neutrino oscillations, limiting the distinguishability of these
scenarios in such cases.

Now we have demonstrated the resulting signal for four
v-VBH interaction scenarios by injecting perturbations into
a software model of neutrino propagation, we will now look
to represent this physics in the open quantum system
formalism often used to represent neutrino decoherence.

III. DECOHERENCE IN OPEN
QUANTUM SYSTEMS

A neutrino coupled to its environment can be treated
using an open quantum system formalism. Although the
neutrino may be produced in a known state, the random
nature of the perturbations discussed in this work mean that
the observer becomes increasingly ignorant of the neutri-
no’s state as it propagates. The state can then only be
expressed as an ensemble of possible states, each with an
associated probability, known as a mixed quantum state. In
the language of open quantum systems, decoherence is thus
the transition from an initial pure quantum state to a mixed
quantum state.

Mixed (and pure) quantum states can be mathematically
expressed using the density matrix formalism, where the

density matrix, p, for a system of j states of probability p;
is given by:

pP= Zl’j|’//j><’//j|- (4)

The density matrix for a pure quantum state is thus
p = |y){y|. Density matrices are suitable for describing
both the state of a single neutrino and an ensemble.

The time evolution of an open quantum system experi-
encing decoherence is given by the Lindblad master
equation [47]:

p = —ilH.p] = Dlp]. (5)
where H is the Hamiltonian of the system and D[p] is an
operator defining decoherence in the system. Conventional
coherent matter effects appear in the Hamiltonian. The
neutrino flavor transition probability can be determined by:

P(vg = vp) = Trlpa(1)p(0)]. (6)

The form of D[p] is dependent on the underlying physics
producing the decoherence effect. A generalized form of
Dlp] is [14,48,49]:

= %Z Vk ,OV [Vkpv VZ])’ (7)

where N is the dimensionality of the SU(N) Hilbert space
defining the system (SU(3) for a system with 3 neutrino
flavors) and V are N x N complex matrices.

The general D[p] form shown in Eq. (7) in principle
allows model-independent decoherence searches to be
performed, but in practice contains far too many free
parameters to be realistically testable. Studies have con-
sidered only a small number of nonzero parameters, either
selected for simplicity or to target some particular physics
case. Here, we seek to reproduce the effects of the »-VBH
interaction scenarios investigated in Sec. II B using this
open quantum system formalism.

It is common to expand the D|p] operator in terms of the
basis vectors, b, of the SU(N) space defining the system
[12,13,48,49]:

Dlp] = ¢, b, (8)

where ¢, = (Dlp]),, e.g., the uth coefficient of the Dip]
expansion. The Einstein summation convention is used
here.

For a 3 neutrino system, b, are given by the SU(3)
generators, the Gell-Mann matrices, and the identity
matrix:
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1 00 010
bp=|0 1 0|, b=|10 0],
00 1 000
0 —i 0 0 0
by=|i 0 0 ( 0
0 0 0 0 0
00 1 0 0 —i
b4:000,b5:000,
1 00 0 0
000 0 0
be=|0 0 1|, b;=]|0 0 —i],
010 0 i 0
1 0 0
b8%010
00 -2

To define the free parameters, we can express the
decoherence operator as:

Dip] = (Dup*)b", ©)

where p¥ are the coefficients of the system’s density
matrix expanded in the SU(N) basis (e.g., p = p,b"),
and D,, are the elements of a (N x N?) matrix whose
elements are the free parameters of the system [D,,p" = ¢,
as defined in Eq. (8)]. For a 3 neutrino system, D is
defined as*:

Lo Bor P Pos Pos Pos Pos Por Pos
Poo Tv P Pis P Pis Pis Pir Pis
Poo Pro To Pz Pos Pos Prs Par Pog
Pz Pz P T3 P Pss P Par Pss
D= Pos Pra Pou Pa Tu Pas Pas Pir Pas |,
Pos Pis Pos Pss Pas Ts Pss Psi Pss
Pos Pie P P Pas Pss e Pe1 Pes
BPor Pi1 P Ps1 Bu Psi Per 7 P
Pos Pis P Pss Pas Pss Pes Pz T

(10)

“Care must be taken when comparing D between different
studies, as the elements depend on the choice (and order) of basis
vectors in which they are defined.

where the diagonal parameters are indicated by I', and the
off-diagonal elements by f,, (all are real scalars).

Although there are a large number of free parameters
in D, fairly general conditions such as probability and
energy conservation can be imposed to reduce this matrix
[14,48,49]. For example, elements in the Oth row and
column of D (those corresponding to the identity matrix)
must be zero for a unitary system where no probability is
lost from the neutrino to the environment [12], and thus are
often omitted. Ultimately, the parameter values are chosen
to represent the particular physics case of interest, or in
some works a minimal set of nonzero parameters is (often
somewhat arbitrarily) chosen to allow the formalism to be
tested against experimental data.

A. Representing v-VBH interactions in the open
quantum system formalism

Now that we have a formalism for characterizing the
influence of the environment on neutrino propagation
within the context of an open quantum system, we seek
to represent the v-VBH interaction scenarios (specifically
the average behavior of the ensemble) examined in Sec. II
in this framework by choosing appropriate forms for D.

All v-VBH interaction scenarios tested in this work
produce exponential damping behavior of the form e~*%,
where a represents a damping constant. Inspection of
Eq. (5) therefore implies D[p] terms of the general form
ap. The damping constants will be specified in the D
matrix.

Where the scenarios differ is the large distance flavor
transition probability they tend to after full decoherence
or neutrino loss. The mass state selected and flavor state
selected cases produce identical results for the ensemble,
and thus can be represented by a single D matrix. All cases
ultimately depend on a single free parameter, the v-VBH
interaction mean free path, and thus we also seek a single
free parameter in the open quantum system description for
each case. The following three D matrices reproduce the
v-VBH interaction cases in this work:

(11)

D state selected —

S O O O O o o o o
SO O O O o o o 7 o
SO O O O o o 1 o o
SO O O o o 1T o o o
S O O O 1T o o o o
SO O O 1 o o o o o
S O 1 o o o o o O
SO H O O o o o o o
O O O O O O o O
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0O 0 0 0 0 0 0 0 O
Oor o000 0 0 0 0
O 0o Ir o o0 o0 0 0 o0
0O 0 0 0 0 0 0 0 O
Dphase perturbaion = [ 0 000 " 0 0 0 0],
00 00 0T 0 00O
00 00 0O 0T 00O
0O 0 0 0 0 0 0T o0
0O 0 0 0 0 0 0 0 O
(12)
r o oo o0 o0 0 0 O
O r oo o0 0 0 0 0
O 0o Ir 0o o0 0 0 0 0
0O 0 or o0 o0 0 0 O
Dcurinotoss =10 0 0 0 ' 0 0 0 0|,
0O 0 OO0 T 0 O0O0
0O 0 00 0 0T O0UDO 0
0O 0 0 0 0 0 o TI— o
0O 0 0 0 0 0 0 o TI
(13)

where in all cases there is a single nonzero free parameter,
I, which has units of the inverse of distance, or equivalently
energy.

To understand these D matrices, it is useful to consider
the resulting form of D[p]. Ultimately D[p] is a N x N
matrix,5 e.g., 3 x 3 for a three neutrino system. It can be
shown from Eq. (9) that I';4 determine the diagonal
elements of D[p],
diagonal elements.

In the mass basis, standard neutrino oscillations are
driven by a diagonal H (resulting from nonzero mass

.....

Qp + Q3 + Qg
I'Re{pg } + ilIm{po}

Dlp] =

TyRe{pp} +il'sIm{pyy} TeRe{pin} + il Im{py}

where the Q, terms are given by:

I Re{pg } —

splittings). These oscillatory terms appear as off-diagonal
elements in the standard evolution term i[H, p] in Eq. (5),
and thus oscillations cause time-dependence in the off-
diagonal elements of p. These off-diagonal p elements are
oscillations but preserving the diagonal p elements that
yield the PMNS matrix dependence of the large distance
behavior observed in the phase perturbation scenario.
Nonzero I';g instead produce damping in the diagonal
(nonoscillatory) p elements, which tend to the value 1/N.
In combination with the damped off diagonal elements
large distance behavior observed for the “state selection”
cases.’ Finally, the addition of nonzero I'; causes the
diagonal p elements to damp to O (instead of 1/N). In
this case, all p elements tend to 0O, resulting in the
nonunitary “neutrino loss” scenario.

More generally, we note that the state selection case will
represent state selection in any basis, as for unitary mixing
an equal population of mass states must correspond to equal
populations of the mixed states. This scenario is thus also
sensitive to interactions selecting any new neutrino basis
states (unrelated to the weak nuclear force) resulting from
new physics.

It is useful to note that the D[p]| operator resulting from
Eq. (12) is

0 Ipio Tpao
Dip] = | Tpo 0  Ipy |, (14)
Ipoo T'pin 0

which is a common form that has been explored in the
literature [11,16,17], and so these limits can be interpreted
in terms of the v»-VBH ‘phase perturbation’ interactions
considered here. More generally, the mapping of a diagonal
D matrix to D[p] when expressed as an N x N matrix is
given by:

iTIm{po} TyRe{pp} — ilsIm{pyo}
Qp — Q3 + € TsRe{ppp} — il7Im{py} |, (15)
Qy — 2Qq

ThlS is can be seen in Eq. (5), where it is evident that D[p| has the same dimensions as H and p.
®The damping of nonoscillatory elements of p is sometimes referred to as neutrino relaxation in the literature [25,28].
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FIG. 4. Oscillation probability resulting from v-VBH inter-
actions, computed both by perturbing propagating neutrinos and
using the Lindblad open quantum system formalism. A 3 neutrino
system is shown in vacuum with the oscillation parameters in
Table II. Lg is the diameter of Earth. Both the v-VBH interaction
mean free path and 1/T" are set to 3Lg,.

Iy
Q= (Poo + P11+ P2n)

Q3 = (ﬂoo _pll)

Qg = (/’00 + P11 = 202). (16)

3
I;
2
I'g
6

This mapping’ is useful for comparing forms of Dp]
expressed with and without the SU(N) expansion
described in Sec. IIL.

The D matrices given by Egs. (11) to (13) produce
damping terms of the form e~'’. To attribute physical
meaning to the value of I', we define the coherence length,
L., of the ensemble as the distance at which damping
terms have reached e~!, which implies:

1
Lcoh = F (17)

F03 s =0, in addmon o the properties Re{p,/} Re{pﬂ} and
Im{pl]} - Im{/)jl}

Since the v-VBH interaction cases considered in this
work produce a total loss of coherence after a single
interaction (e.g., the final state is independent of the initial
state), L., 1s equal to the interaction mean free path, and
experimental constraints on I" (and thus L.,) can therefore
be directly interpreted as constraints on the mean free path
of v~-VBH interactions.

To verify the D matrices in Egs. (11) to (13) and also the
assertion that L. can be interpreted as the v-VBH
interaction mean free path, in Fig. 4 we show the oscillation
probabilities computed using both the open quantum
system formalism and by injecting perturbations into our
neutrino propagation model (as described in Sec. [IB). A 3
neutrino system with realistic oscillation parameters is
shown, with the injected coherence length shown being
of relevance to quantum gravity searches with atmospheric
neutrinos. We observe perfect agreement between the
two approaches in all cases, and conclude that the open
quantum system models presented in this section do indeed
correctly represent the v-VBH interaction scenarios inves-
tigated, and can be used to experimentally search for
quantum gravity. The open quantum system model is
implemented in the nuSQuIDS software package [50,51],
and is solved numerically.

IV. ENERGY-DEPENDENCE OF DECOHERENCE
FROM PLANCK SCALE PHYSICS

The general open quantum system approach outlined in
Sec. III does not implicitly consider the energy dependence
of the physics producing the decoherence effects, i.e., the
v-VBH interactions in this work. This can be introduced
however by defining the energy-dependence of the free
parameters in D. As previously stated, there is currently no
generally accepted theory of quantum gravity, and so we
instead take a phenomenological approach and introduce a
general form for the energy-dependence of the I" parameter
controlling the decoherence effects. A common approach in
the literature has been to assume a power-law energy-
dependence [14,23,25,28]:

TABLE II. Neutrino oscillation parameters used for evalu-
ating atmospheric neutrino oscillations, taken from NuFit 4.1
global fit results (normal mass ordering, SuperKamiokande data
included) [52].

Parameter Value
Am3, 7.39 x 1075 eV?
Am3, 2.528 x 1073 eV?
012 33.82°
0,3 8.60°
03 48.6°
Scp 221°
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r(e) -1 ) (18)

where E is a reference energy pivot and n is the power-law
index. Studies often test multiple cases for n, rather than
assuming a specific model.

As an aside, an interesting observation is that the case of
n = —1 coupled with the neutrino loss D matrix shown in
Eq. (13) produces a signal that is phenomenologically
identical to neutrino decay with invisible decay products
(where the energy-dependence results from time dilation).

Noting that I has units of energy, Eq. (18) can be
rewritten to express the I parameters with respect to an
arbitrary energy scale, A:

En

F(E> :CF’

(19)
where { is a dimensionless constant, and is a free parameter
characterizing the strength of the decoherence effects.

When considering decoherence from quantum gravity,
the energy scale of interest is the Planck mass, A~
Moppanek = 1.2 x 101° GeV, and thus T" can be expressed
relative to the Planck scale as [20]:

En

F(E) = CPlanck aAn—1 (20)
MPlalllck

Using Eq. (17), Eq. (20) can also be expressed as an
energy-dependent coherence length relative to the Planck
length, Lpjanek:

LPlanck M Planck "
LhWE)=————] . 21
coh ( ) CPlanck E ( )

Equation (21) yields physical insight into this energy-
dependence parameterisation. From it, we see that a
neutrino with £ = Mpy,,c would have a coherence length
of ¢l . Planck lengths, regardless of n. {pl , can thus be
interpreted as the neutrino coherence length at the Planck
scale, while the (Mpjaq/E)" term encodes the suppression
of the decoherence effects at neutrino energies below from
the Planck scale. In general, theories of quantum gravity
predict significant effects at the Planck scale with large
suppression at lower energy scales, which can be repre-
sented using Egs. (20) and (21) when n > 0. As such only
positive n are considered for the remainder of this section.

A natural Planck scale theory is expected to have
Chranck ~ O(1) [20]. Figure 5 shows the coherence length
as a function of neutrino energy predicted by Eq. (21) under
this assumption of naturalness for a range of n. For all n
tested, coherence length decreases with increasing neutrino
energy as the suppression of Planck scale effects at low
energies diminishes, and ultimately all cases converge at
the Planck scale, where the coherence length ~Lpp,ck-

mem= =1 === Earth diameter
n=2 === Earth-Sun distance
— =3 Milky Way diameter
— =4 Observable Universe
1040
1030 p
1020 i
A 1010 4 NS—S
‘: 100 p
S
. 10—10 i
10_20 | MPIanck
1073 -
LPIanck
10—40 : ' ' ' !
10° 10° 10%2 1018 1024 103°
E [eV]
FIG. 5. Neutrino coherence length versus neutrino energy

resulting from a “natural” ({panex = 1) Planck scale source of
decoherence, for a range of possible n cases. Reference distance
scales are shown for comparison.

Lower n produces smaller coherence lengths (e.g., stronger
decoherence effects) at any given sub-Planck energy, as
lower n represents weaker suppression.

A number of reference distances are shown for com-
parison to the predicted natural coherence lengths in Fig. 5.
We see that the weakest suppression, i.e., n = 1, case
predicts microscopic coherence lengths for all energies
probed by neutrino experiments, and is thus strongly
excluded at this natural scale by the nondetection of
neutrino decoherence in any experiment to date. Note that
exclusion at the natural scale does not exclude the model
outright, but constrains it to {pjex < 1 (by many orders of
magnitude in this case). At the other extreme, if n = 4 then
neutrinos of up to ~TeV energies have natural coherence
lengths larger than the observable Universe, making
decoherence effects essentially unobservable. However,
significant decoherence would occur for the high-energy
extragalactic neutrino flux observed by neutrino telescopes
such as IceCube [53] that extends into the PeV and even
EeV range (detectable by radio neutrino detectors and
cosmic ray air shower detectors in the case of Earth
skimming neutrinos).

The case of n = 2 is of particular interest as this energy-
dependence has been predicted by work probing quantum
decoherence effects in string theory models, including for
particles encountering black holes in four dimensions [54]
and D-brane foam backgrounds [55,56]. We see from
Fig. 5 that a natural n = 2 Planck scale theory predicts a
neutrino coherence length smaller than the Earth’s diameter
for EZ 10 MeV, and ~1 km at 1 GeV. Such strong
decoherence effects have not been observed by long
baseline accelerator and atmospheric neutrino experiments,
constraining any such theory well below the natural
scale (gPlanck < 1)
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We can comment on what a notional natural theory really
represents in the case of the v-VBH interactions considered
in this work. From Eq. (21), the natural case of {pppe ~ 1
implies Lo, ~ Lpianek for a neutrino with Planck scale
energies, which according to the conclusions derived in
Sec. III A implies a v-VBH interaction occurs, on average,
every Planck length travelled by a Planck scale neutrino. If
v-VBH interactions are less frequent than this, it would
imply {pnek < 1 and thus weaker signals at the energies
probed by neutrino experiments, potentially evading
detection thus far.

Ultimately, {pnec 1S a free parameter that must be
measured or constrained using experimental data.
Experimental constraints on I'(E,) from analyses using
the energy-dependence parametrization given by Eq. (18)
can be converted to {pjnek as follows:

n—1
MP]anck

gPlaan = F(EO) En (22)
0

For example, the limit® of ['(E,) < 0.9 x 10727 GeV
(n = 2) derived using data from the SuperKamiokande
experiment [14] corresponds to Cpianer < 1.1 x 1078,

V. DECOHERENCE IN ASTROPHYSICAL
AND ATMOSPHERIC NEUTRINOS

Now that we have mathematical definitions for neutrino
decoherence and other effects resulting from »-VBH
interactions, including their energy-dependence, we can
evaluate the resulting potential signals in neutrino detec-
tors. Given that decoherence effects accumulate over
distance (until coherence is fully lost) and that Planck
scale physics is expected to be suppressed at energies below
the Planck scale, decoherence effects from quantum gravity
are expected to manifest most strongly in neutrinos with
high energies and long propagation baselines.

The diffuse extragalactic high-energy neutrino flux
discovered by the IceCube neutrino observatory [53]
initially seems an ideal hunting ground for such physics.
Neutrinos of up to ~PeV energies have been observed, and
evidence has been found of neutrinos travelling ~Gpc
distances [57,58]. The very fact that neutrinos from such
distances have been observed at all significantly constrains
the neutrino loss scenario considered in this work, but
quantitative statements are however difficult without a
detailed knowledge of the nature and distribution of
sources, not to mention the neutrino flux they produce.

However, there is another fundamental limitation in
observing v-VBH interactions from the diffuse astrophy-
sicical neutrino flux. Due to the large and unknown travel
distances, as well as broad energy distributions and finite
detector resolution, the neutrinos are observed at Earth in

¥Note that this result considers only 2 neutrino flavors.

an oscillation-averaged state [59]. This however is also
precisely the long distance result of the phase perturbation
v-VBH interactions described in this work. A fully deco-
hered diffuse astrophysical neutrino flux is thus indistin-
guishable from the no-decoherence expectation. This is
shown in Fig. 6, which shows the expected terrestrial
neutrino flavor ratio (presented as a flavor triangle) for a
number of different source flux cases.

Figure 6 also demonstrates a major challenge in meas-
uring the mass/flavor state selection v-VBH interactions
described in this work with diffuse astrophysical neutrinos.
The long range behavior in this case is equally populated
neutrino flavors, which produces a 1:1:1 flavor ratio at the
Earth (assuming democratic flavor selection and full loss of
coherence) regardless of initial flux. This is almost identical
to the standard oscillation expectation for a pion decay
source, and thus this case is also indistinguishable from the
standard expectation with our present level of uncertainty
as to the mechanisms producing the astrophysical neutrino
flux. More differentiable signals could exist for coherence
lengths approximately commensurate with the neutrino
propagation distance, where coherence would not be
completely lost at the Earth, or for undemocratic flavor
scenarios.

Neutrinos from identified astrophysical objects (point
sources) could in principal offer sensitive searches for
neutrino decoherence, provided that they have a well

—_— (1:0:0) (@)
(1:2:0) +
= (0:1:0) O

Standard oscillations
v-VBH: Phase perturbation
v-VBH: State selection

40 . 60
Ve fraction [%]

FIG. 6. Astrophysical neutrino flavor triangle showing the
ratios of each neutrino flavor expected at Earth from the diffuse
astrophysical neutrino flux, for a range of possible initial source
flux flavor ratios. Three different possible source flavor ratios are
shown: (v,:v,:v,) = (1:0:0) (neutron decay), (1:2:0) (pion
decay), and (0:1:0) (muon-damped pion decay). Both the
standard oscillation expectation and v-VBH decoherence cases
are shown. Oscillation parameters from Table II are used.

115003-10



NEUTRINO DECOHERENCE FROM QUANTUM GRAVITATIONAL ...

PHYS. REV. D 102, 115003 (2020)

understood initial neutrino flux, a well measured distance,
and have a compact neutrino emission region. However,
the identification of such sources at high energies, either
galactic or extragalactic, is still in its infancy, with only a
single source being identified thus far with O(10) neutrinos
associated with it [57]. Additionally, neutrinos identified as
originating from distant pointlike sources are typically v,
events producing long muon tracks in detectors in charged-
current interactions, as only these have sufficient direction
resolution. Neutrino source identification is thus not
sensitive at present to other neutrino flavors, unless
observed via time coincidence with a short time-scale
flaring event. Coupled with the large uncertainties in
modeling the source neutrino flux (both steady-state and
in transient flaring emission periods) and finite detector
resolution, it is not yet possible to do robust quantitative
searches for new physics based on the flavor composition
of neutrino point source emission. Upper bounds on the
mean free path of the neutrino loss scenario however can be
derived from the fact that neutrinos are observed at all from
a source of known distance [60].

The Sun or galactic supernovae both represent other
astrophysical neutrino source candidates, but have neutrino
emission of O(MeV), limiting sensitivity to Planck scale
effects. Solar atmospheric neutrinos [61-65] are higher
energy, but again their study is in its infancy.

Closer to home, atmospheric neutrinos do offer a
compelling source for neutrino decoherence studies.
They offer a copious and relatively well understood flux
of neutrinos reaching TeV energies, travel distances of up to
~12700 km (the Earth’s diameter, Lg)—more than an
order of magnitude greater than any existing accelerator
experiment—and high statistics samples can be collected
by large underground detectors. The range of baselines
and energies detected also allows the damping or energy-
dependence of any detected signal to be explored. While
the distances involved are unlikely enough to produce
detectable effects from, e.g., light cone fluctuations due to
the fluctuating space-time metric, if some fraction of the
neutrinos detected encounter VBHs as they cross the Earth
a measurable signal could be produced.

Figure 7 shows the C{ppnk Vvalue that produces
decoherence with an Earth diameter scale neutrino coher-
ence length, for a range of neutrino energies relevant for
atmospheric neutrino experiments up to ~100 TeV where
the astrophysical flux starts to dominate.” We see that
atmospheric neutrinos are sensitive to Planck scale physics
many orders of magnitude below the natural expectation for

"We note that inverting the self-veto techniques [66,67] used to
remove atmospheric neutrinos from astrophysical neutrino
searches in neutrino telescopes could provide an enriched
high-energy atmospheric neutrino sample above 100 TeV for
decoherence studies.
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FIG. 7. {puanex producing Earth diameter scale coherence
lengths, shown for neutrinos energies relevant for atmospheric
neutrinos and for a range of possible n cases.

the n = 1, 2 energy-dependence cases, and have limited
sensitivity to n = 3 too at the highest energies.

The atmospheric neutrino oscillation probability in the
presence of state selection v-VBH interactions is shown in
Figure 8 for the well-motivated n = 2 case. The dominant

1.00 1.0
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0.50 Oscillations 0.8
’% 0.25 Earth absorption 0.6 ’;1
& 0.00 T
7 2>
S -0.25 04g
-0.50
0.2
-0.75
10° 0.0
E [GeV]
1.00 1.00
0.75 0.75
0.50 0.50
< 0.25 025 3
ES =
& 0.00 000 &
A T
0 -0.25 -0.254
-0.50 -0.50
—0.75 -0.75
-1.00 T —-1.00
10! 10? 103 10°

E [GeV]
FIG. 8. Upper: atmospheric v, survival probability in the presence
of flavor randomizing v-VBH interactions with L., (1 TeV) = Lg,
and n = 2. Oscillation parameters from Table II are used. Lower:
the difference in oscillation probability with respect to the standard

(no decoherence case), AP = P geconerence — Pstandard-
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v, disappearance channel is shown, as a function of the
neutrino energy and (cosine of the) zenith angle; a proxy
for atmospheric neutrino baseline. The oscillation param-
eters used throughout this section are given in Table II.
Conventional matter effects are included as a potential in
the Hamiltonian, with the matter density defined according
to the preliminary reference Earth model (PREM) [68].
The neutrino evolution is solved in the mass basis (using
nuSQuIDS), and thus is not subject to issues introduced by
approximations employed in other works (see [19] for
details).

The n > 0 cases motivated by Planck scale physics
produce the strongest signals at higher energies, as can be
seen for the n = 2 cases in Fig. 8. In this example, {pjnex 1S
chosen such that a 1 TeV neutrino has a coherence length of
one Earth diameter, producing a strong signal in a neutrino
telescope such as IceCube and no significant signal in
lower energy atmospheric or long baseline accelerator
experiments. Full decoherence—in this case equally popu-
lated flavors, i.e., P(v, = v,,.) = +—results at high ener-
gies, even for down-going neutrinos (cos(@,um) = 1)

1.00 1.0
0.75
0.8
0.50
¥ 0.00] 1
S -0.25 0.4
-0.50
0.2
-0.75
~1.00 & 0.0
10
1.00 1.0
0.75
0.8
0.50
’:.g 0.25 0.6:1
¥ 0.00 1
S -0.25 0.4
-0.50
0.2
~0.75
-1.00 0.0
101 10! 103 10°

E [GeV]

FIG. 9. Atmospheric v, survival probability in the presence of
phase perturbation (upper) and neutrino loss (lower) v-VBH
interactions with Lo, (1 TeV) = Lg and n = 2 (same parameters
as for Fig. 8).

traveling only O(10). In IceCube this would result in a
large fraction of the dominant v, flux [69] at > 1 TeV
energies (observed as long muon tracks) being instead
detected as v, , events (observed as more spherical showers
of light referred to as “cascades”), producing a clearly
measurable signal given the high statistics neutrino samples
IceCube has accumulated; O(10°) v, at O(TeV) [70].
IceCube would thus be sensitive to decoherence signals
even significantly weaker than this example. Note however
that at the highest energies and longest distances, Earth
absorption becomes significant, reducing the sensitivity to
decoherence in precisely the region at which the signal
would be strongest.

For comparison, the phase perturbation and neutrino loss
v-VBH interaction cases for atmospheric neutrinos are
shown in Fig. 9. As expected, similar trends are seen to
the mass/flavor state selection case but with differing
P(v, = v,) once full decoherence is reached, as was seen
in Fig. 4 in 1-dimension. Distinguishing between the
different v-VBH cases may be difficult, as they produce
similar signatures to each other, although with different
apparent strengths. In particular the phase perturbation and
state selection cases are similar due to maximal mixing in
the atmospheric sector.
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FIG. 10. Plot analogous to Fig. 8 but with n =0 (energy-
independent decoherence) and Ly,(V E) = Lg,.
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FIG. 11. v, survival (upper) and v, appearance (lower) prob-

ability versus neutrino energy at the NOvA experiment, shown
for various v~-VBH interactions decoherence cases with L., =
Lg and n = 0 (energy-independent). Parameters from Table II are
used, and the experiment’s baseline is 810 km. Constant matter
density of 2.84 g/cm? is assumed [73].

Varying n changes the energy at which the decoherence
effects become significant. For comparison, in Fig. 10 we
also show the decoherence signal resulting from energy-
independent decoherence. Here the effects present most
strongly at long baselines but across all energies, resulting
in weaker oscillations in the standard oscillation region but
introducing flavor transitions at higher energies where there
are none in the standard picture.

This energy-independent case could in principle also
produce measurable signals in long baseline accelerators
(which operate at lower energies than, e.g., IceCube),
although the short baselines of these experiments compared
to atmospheric neutrino experiments will result in signifi-
cantly weaker effects. Figure 11 shows the oscillation
probabilities for the NOvA experiment [71] corresponding
to the atmospheric case shown in Fig. 10, where the
difference in oscillation probability with respect to standard
oscillations being more than an order of magnitude smaller.
The relative effect on the sub-leading v, appearance
channel is of approximately the same scale as variations
due to the value of §-p or uncertainty in 63 however [72].
These energy-independent decoherence scenarios are not
well motivated for quantum gravity searches however, and
atmospheric neutrinos remain the most promising search
arena.

VI. SUMMARY AND CONCLUSIONS

In this work we have seen that perturbations to propa-
gating neutrino states can cause neutrino decoherence and
other modifications to neutrino flavor transitions, with
stochasticity of the perturbation being a key ingredient
for decoherence. Quantum gravity is postulated to provide
a fluctuating environment that could induce such effects in
neutrino propagation, and we have evaluated the impact of
a range of heuristic -VBH interaction scenarios, showing
varied and potentially detectable and differentiable mod-
ifications to neutrino oscillation probability.

We have shown how the v-VBH interaction scenarios
considered can be represented in the formalism of open
quantum systems, allowing experimental decoherence
constraints to be directly interpreted in terms of the mean
free path of v-VBH interactions. In turn such results
can constrain the VBH number density and the v-VBH
interaction cross section. The heuristic interaction cases
considered are relatively simple, and can potentially re-
present other new physics affects producing perturbations
to propagating neutrino phases and other properties.
Tantalizingly, we see that depending on the energy-
dependence of the suppression of Planck scale physics
at the energies our experiments operate at, sensitivity to
Planck scale theories well below the natural scale can be
achieved with current experiments, motivating further
experimental searches.

Finally we have shown that high-energy diffuse astro-
physical neutrinos are (counterintuitively) of somewhat
limited use in the search for v-VBH interactions via flavor
transitions due to degeneracies with the standard flux
expectation at the Earth, but that atmospheric neutrinos
do however still offer power to probe decoherence signals
many orders of magnitude below the natural Planck scale
for cases motivated by string theory. With a new generation
of atmospheric neutrino experiments currently under con-
struction [74-76], the prospects for Planck scale exper-
imental physics are looking bright.
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