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One of the most common expectations of a quantum theory of gravity is that spacetime is uncertain or
fluctuating at microscopic scales, making it a stochastic medium for particle propagation. Particles
traversing this spacetime may experience fluctuations in travel times or velocities, together referred to as
lightcone fluctuations, with even very small effects potentially accumulating into observable signals over
large distances. In this work we present a heuristic model of lightcone fluctuations and study the resulting
modifications to neutrino propagation, including neutrino decoherence and arrival time spread. We show
the expected scale of such effects due to “natural” Planck scale physics and consider how they may be
observed in neutrino detectors, and compare the potential of neutrinos to y-ray astronomy. Using
simulations of neutrino mass states propagating in a fluctuating environment, we determine an analytic
decoherence operator in the framework of open quantum systems to quantitatively evaluate neutrino
decoherence resulting from lightcone fluctuations, allowing experimental constraints on neutrino
decoherence to be connected to Planck scale fluctuations in spacetime and y-ray results.
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I. INTRODUCTION

The quantum nature of gravity is one of the greatest open
questions in fundamental physics, and despite decades of
effort no complete theory of quantum gravity has been
forthcoming. A major obstacle in this endeavor has been
the paucity of experimental data constraining potential
quantum gravitational effects in any meaningful way,
which is a consequence of the incredible weakness of
gravity compared to the other known fundamental forces.
Indeed, significant quantum gravity effects are generally
only expected at the Planck scale, meaning extremely high
energies (E ~ Mpjno ~ 1.2 x 10" GeV, e.g., the Planck
mass), or small distances (L ~ Lpjyne ~ 1.6 x 1073 m,
e.g., the Planck length).

In recent years however, experimental constraints on
potential Planck scale quantum gravity effects have been
achieved using high-energy particles of cosmological
origin, exploiting observations of photons from distant
gamma ray bursts (GRBs), quasars and quiescent gas
clouds [1-7], and the high-energy astrophysical neutrinos
observed by neutrino telescopes [§—11] such as the IceCube
neutrino observatory [12]. These measurements have
achieved sensitivity to very weak effects due to the vast
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distances traversed by the observed particles, potentially
allowing even weak effects to accumulate into measurable
signals.

In the absence of an accepted model of quantum gravity,
heuristic models of the potential characteristics or effects
of quantum gravity are often invoked in experimental
searches. A common expectation of quantum gravity is
that the structure of spacetime itself could be subject to the
uncertainty principal and fluctuate at very small distance
scales [13,14]. For instance, the very geometry or curvature
of spacetime may fluctuate, in turn introducing intrinsic
uncertainty/fluctuations in defining distance and time.
Additionally, it has been conjectured that the fluctuating
nature of spacetime could manifest as virtual black holes
(VBH) [15,16], the quantum gravitational analogue of the
virtual electron-positron pairs in the well known phenome-
non of vacuum polarization in quantum electrodyamics
(QED). This uncertain/fluctuating spacetime is variously
referred to as spacetime foam, quantum foam or fuzzy
spacetime [13,17].

A direct consequence of these spacetime fluctuations are
so-called lightcone fluctuations, e.g., an intrinsic variability
in the travel distance/time—or indeed velocity—for a
particle propagating through this fluctuating spacetime
[18-21]. This variability can in principal produce measur-
able signals, such as a variability in arrival times of particles
from distant sources such as GRBs [5,8], and interference
effects between otherwise coherent wavelike phenomena
such as image degradation in p-ray astronomy [1,4]
or neutrino flavor decoherence [17,22-24]. Lightcone
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fluctuation effects have been proposed in the contexts of D-
brane recoils [25], compactified spacetimes [26], gravitons
[21] and loop quantum gravity [27].

Searches for signatures of lightcone fluctuations offer
one of only a handful (and arguably the most model
independent) avenues to experimentally probe quantum
gravity. To date, constraints on lightcone fluctuations
resulting from fluctuating spacetime largely derive from
astrophysical photon observations. Neutrino signals
however are less well explored, and offer a number of
advantages over other cosmic messenger particles. The
feeble interactions between neutrinos and matter allow
them to travel vast distances completely unhindered, unlike
photons for which the Universe is opaque at high energies.
Additionally (and relatedly), astrophysical neutrinos are
observed at energies far in excess of cosmological photon
sources, reaching PeV and potentially EeV energies (com-
pared to TeV for photons).

In a previous work [28] we investigated quantum gravity
signals resulting from neutrino interactions with VBHs,
demonstrating sensitivity to Planck scale physics is achiev-
able with atmospheric neutrinos (travelling terrestrial base-
lines). Here we instead investigate neutrino signals from
lightcone fluctuations in a heuristic model of fluctuating
spacetime, including arrival time spread and neutrino
decoherence, and consider the expected size of these
signals from ‘natural’ Planck scale physics and their
detection prospects. In particular, we for the first time
evaluate the impact of travel distance uncertainty models
employed in y-ray quantum gravity searches on neutrino
flavor measurements, determining an operator representing
decoherence from lightcone fluctuations in the formalism
of open quantum systems. This allows experimental con-
straints on neutrino decoherence to be interpreted with
respect to underlying Planck scale fluctuations, and directly
compared to y-ray results.

II. LIGHTCONE FLUCTUATIONS

Here we present a heuristic model of lightcone fluctua-
tions, specifically of the accumulated uncertainty in a
particle’s travel distance as a function of distance and
particle energy.

The fundamental parameter of this model is the distance
uncertainty, 8L, associated with a particle travelling a
reference distance, L,. The accumulation of this uncer-
tainty over a distance L is expressed as:

()=o) )" 1)

Ly

where the distance dependence is assumed to follow a
power-law characterized by the index m, which is a free
parameter of the model. m can be predicted for a given
concrete fluctuating spacetime model, or instead can be

fitted to data. Interpretation of the value of m is discussed in
Sec. ITA.

We additionally consider the possibility that this distance
uncertainty has a dependence on the particle’s energy, given
that Planck scale physics is commonly expected to be
suppressed at energies below Mpj,,.. An intuitive picture
of this is that lower energy particles are less able to resolve
the microscopic fluctuating nature of spacetime. We there-
fore modify Eq. (1) to include a power-law energy
dependence characterized by the index n, which like m
can be either predicted or fit to data, and a reference energy

scale, Ey:
L m E n
OL(E,L)=06Ly|— — ] . 2
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Similar phenomenological forms for the energy depend-
ence of Planck scale physics have been assumed in neutrino
decoherence searches [24,28-30].

When considering Planck scale physics, a natural choice
of reference values is Ey = Mpnek and Ly = Lppancks
yielding:

L m E n
() =t ) () @
LPlanck M Planck

where dLpj,,cc then represents the uncertainty in travelling
one Planck length. This parameter can be fit to exper-
imental data, and given that the Planck length is expected to
represent the smallest measurable distance in Nature, a
‘natural’ expectation would be:

5LP]anck = Lpianck (4)

which leads to the following natural distance-uncertainty
expression:

E n
SL(E,L) = Ly L™ (M > : (5)
Planck

In the absence of energy dependence (e.g., n = 0),
Eq. (5) reduces to a form used in a number of previous
works [4,7,31,32], characterized by single free parameter a,
referred to as the accumulation parameter, which is the
equivalent of m in this work (where o = 1 —m).

We caution that the energy scale of quantum gravity may
differ from Mpy,,, and therefore experimental searches
should keep an open mind as to the value of E.

A. Interpretation of distance dependence

The distance dependence defined in Eq. (2) can be
characterized as [32]:

(i) m = 0: The distance uncertainty has no distance

dependence, e.g., does not accumulate. This implies

either that the uncertainty is fundamentally distance
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independent (e.g., one might consider that the
Planck length is the fundamental measurement
precision limit of the Universe, regardless of the
actual distance being measured), or that the fluctua-
tions experienced by the particle as it travels are fully
anti-correlated and cancel.

(ii) m = 1/2: The distance uncertainty accumulates as
SL(L) o L'/?, which is characteristic of the accu-
mulation of uncorrelated fluctuations (the so-called
random walk model).

(iii) m = 1: The distance uncertainty accumulates as
SL(L) L. Such a scenario is expected if the
fluctuations experienced by the particle are fully
correlated.

The cases m = 0 and m = 1 are therefore the bounding
cases, representing the most pessimistic and optimistic
scenarios respectively. The case m = 1/2 can be consid-
ered a relatively natural scenario, implying that fluctuations
in one region of space are independent of those in another
spatially separated region. A mildly anticorrelated scenario
consistent with the holographic principal is given by
m = 1/3 [4,33]. The m = 1/2 and m = 1 scenarios are
explicitly tested via Monte Carlo (MC) simulations in
Sec. IIT A 1.

B. Natural expectation for distance uncertainty

Figure 1 shows the accumulation of distance uncertainty
for the natural expectation defined by Eq. (5), for a range of
different accumulation scenarios (e.g., m values). The
assumed particle energy is E = Mpppe s €-g-, this is a
maximal bounding case, or alternatively represents par-
ticles of any energy if an energy independent scenario (e.g.,
n = 0) is assumed.

The distance uncertainty accumulated over large dis-
tances varies greatly depending on m. The most pessimistic

wm m =0 (fully anti-correlated)
mes m =1/2 (uncorrelated)
m— m =1 (fully correlated)
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FIG. 1. Distance uncertainty expected for the natural scenario
given by Eq. (5) for a particle with E = Mpj,,c (or n =0), as a
function of particle travel distance. A number of reference
distances are shown with dashed lines. Scenarios with differing
m are shown, with their interpretations discussed in Sec. 1T A.

case, m = 0, yields an uncertainty of Lpy,,q regardless of
distance, which is essentially unmeasurable. On the other
extreme, the optimistic scenario, m = 1, results in 6L ~ L,
which is only viable if such effects are suppressed at
energies below the Planck scale (e.g., n > 0).

For the more natural uncorrelated n = 1/2 case, the
distance uncertainty accumulated over cosmological dis-
tances is O(um-mm), even for a particle with Planckian
energy. This effect, although small, is potentially feasible to
study. However, even a weak suppression with energy
would render these effects unmeasurable at the particle
energies we are able to observe.

C. Velocity fluctuations

In addition to fluctuations in travel distance, a related
form of lightcone fluctuation that has been considered in
the context of fluctuating spacetime is velocity fluctuations
[5], also referred to as stochastic Lorentz invariance
violation, which would result from any stochastic mod-
ifications to a particle’s dispersion relation. Such a scenario
is phenomenologically similar to distance fluctuations, as
both result in fluctuations to a particle’s travel time between
two points. However, in the case of distance fluctuations,
the particle’s velocity remains unchanged from the par-
ticle’s own perspective, whereas an observer sees an
apparent fluctuation in velocity due to the fluctuating
distance. The inverse is true when velocity fluctuations
are the underlying mechanism.

A phenomenological form for velocity fluctuations
proposed in [5] is:

E\"
oV = 500 (E—O) s (6)

where dv,, represents velocity fluctuation for a particle with
energy E,, with the energy dependence characterized in a
similar manner to the distance fluctuations in Eq. (2).

From standard uncertainty propagation we see that
apparent velocity fluctuations resulting from underlying
distance fluctuations are given by:

oL
ov=v—, 7
v=o (7)

which combined with Eq. (2) gives:

SLoL™ " ([ E\"
=0 (£ )
Ly \E

The distance independent velocity fluctuation expres-
sion in Eq. (6) is recovered from Eq. (8) when m = 1 and
0Ly = L, implying vy = v in this case. This is consis-
tent with the proposed natural scenario &v(Mpyye) = €
proposed in [5].
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We therefore see that velocity fluctuations can also be
represented in terms of the distance fluctuation model
proposed in this work [e.g., Eq. (2)], even if distance
fluctuations are not the underlying mechanism, and thus
experimental constraints on the parameters of this model
constrain both velocity and distance fluctuation scenarios.

Note that an implication of this is that the distance
independent velocity fluctuations of the form in Eq. (6) can
only be the result of distance fluctuations with m = 1, e.g.,
OL L. As discussed in Section II A, this corresponds to
the highly optimistic fully correlated distance fluctuation
scenario. Distance independent velocity fluctuations are
therefore unlikely to result from underlying distance
fluctuations, and thus some other underlying fuzzy space-
time mechanism is likely required to explain such a
phenomenon, such as interactions with the virtual black
hole or string/brane backgrounds. Such scenarios can be
constrained by placing experimental constraints on v,
and/or E.

III. NEUTRINO SIGNALS OF LIGHTCONE
FLUCTUATIONS

We now consider the influence of the lightcone fluctua-
tions described in Sec. II on neutrino propagation, and the
potential observable signals that could result. We explore
two possibilities here; neutrino decoherence and arrival
time fluctuations.

A. Neutrino decoherence

One of the major consequences of lightcone fluctuations
is the loss of coherence of wavelike phenomena due to the
variability in particle propagation distances/times, resulting
in the potentially detectable degradation of superposition
phenomena.

One of the key proposed observable consequences of
such effects is blurring/degradation of images in high
energy photons from cosmological sources. For example,
fluctuating photon propagation would degrade the wave-
front at a telescope aperture, potentially preventing the
formation of Airy disks [1,4]. More generally, lightcone
fluctuations would blur photon point source images and
ultimately render them undetectable once the fluctuations
are comparable in scale to the photon wavelength [4].
Studies of these effects have enabled distance fluctuations
to be constrained at the natural Planck scale for correlated,
uncorrelated and even some anticorrelated scenarios, albeit
only in cases where the effects are not suppressed by energy
(e.g., n=0) [4]. Similar arguments also predict the
degradation of a narrow Fell absorption line in photon
spectra, with a recent study [7] also yielding a natural
Planck scale constraint on such effects (again only for
energy independent scenarios).

Far less explored is the impact of the loss of coherence in
neutrino propagation resulting from lightcone fluctuations

in fluctuating spacetime scenarios. A neutrino propagates
as a superposition of three quantum states, known as mass
eigenstates. These are distinct from and misaligned with
respect to the states in which the neutrinos undergo
interactions via the weak nuclear force, known as flavor
eigenstates. Together with the differing masses of the mass
states, this produces the phenomena of neutrino oscilla-
tions, whereby a neutrino produced in one flavor state may
be detected as another. A neutrino therefore acts as a
quantum interferometer, and is intrinsically sensitive to the
fluctuations considered in this work.

Neutrinos propagating through fluctuating spacetime
will become increasingly and stochastically out of phase
with one another. This loss of coherence results in a
damping of neutrino oscillations over distance, in a
phenomenon known as neutrino decoherence. Neutrino
decoherence has been the subject of a number of exper-
imental searches which are often cited as sensitive to
quantum gravity, but the connections of these measure-
ments to potential underlying models (heuristic or other-
wise) is little explored. In previous work [28] we studied
neutrino decoherence resulting from neutrino interactions
with VBH, and here we instead quantitatively assess the
influence of lightcone fluctuations.

1. Simulating neutrinos propagating
in fluctuating spacetime

To test the influence of spacetime fluctuations on neu-
trino propagation and the resulting neutrino decoherence,
we implement a simulation of propagating neutrino states
and stochastically inject travel distance fluctuations. This
simulation software is also described in our previous study
of neutrino decoherence from v-VBH interactions [28]. The
neutrino mass states are propagated in discrete distance
steps, with the states given by:

2

) =esp=i(SLIL+ AL ) Iy O). ©)

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.
Our lightcone model (defined in Sec. II) specifies the
uncertainty, 6L, of each distance L travelled by a particle,
which we represent in these simulations by evolving the
neutrino states in discrete distance steps of size L;, where
the value of L, is a random number drawn from a normal
distribution with mean L, and standard deviation 6L. The
accumulated distance travelled is the sum of these steps,
given by L' = > Lj = L + AL(L), where L is the travel
distance in the absence of fluctuations and AL(L) is the
accumulated change in distance for a particular neutrino.
This expression yields standard neutrino propagation when
6Ly = 0 (and thus AL(L) = 0).

The flavor transition probability after a given distance
is determined by rotating the current state to the
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neutrino flavor basis, as defined by the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) mixing matrix [34,35], U, and
projecting onto the desired final flavor state according to:

P(vg = vp) = Poy = |{s(L)[1a (0))2. (10)

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

To probe the phenomenology of this system, we first test
a 2-state system with toy (e.g., unrealistic) parameters
chosen for clear visualization (listed in Table I). Two
fluctuation scenarios are considered. In the first case, each
distance step is fluctuated independently, e.g., the fluctua-
tions are uncorrelated as considered in the m =1/2
scenario described in Sec. II A. In the second case, the
first step is fluctuated randomly as for the uncorrelated
case, but all subsequent steps feature are fluctuated by the
same amount. This represents a fully correlated (m = 1)
distance fluctuation scenario (or equivalently a scenario
where velocity instead fluctuates).

The neutrino survival probabilities resulting from these
simulations in both the uncorrelated and fully correlated
scenarios are shown in upper and lower panels of Fig. 2
respectively. In both cases, the translucent colored lines
represent individual neutrinos, while the dashed colored
line shows the average behavior of the neutrino ensemble.
It is this average behavior which a neutrino counting
experiment is ultimately sensitive to. 6L, is chosen for
the two cases such that they have the same coherence
length (see Sec. III A 2), which in practice means a far
smaller step size fluctuation for the fully correlated case
since the accumulation effect is much stronger. In both
cases the expected damping of oscillations that is character-
istic of neutrino decoherence is clearly observed, verifying
that decoherence does indeed result from lightcone
fluctuations.

We see in Fig. 2 that for both scenarios the large L limit
(e.g., when coherence is completely lost at large distances)

TABLE I. Parameters used for the propagating 2-state system.
The mass states are labeled 0,1 and the flavor states a, . The
parameter values are chosen to produce clear demonstrations of
the behavior, rather than to represent realistic neutrino parame-
ters. The mass splitting Am? is chosen to give the desired
oscillation wavelength 1.

Parameter Value
# states 2
Mixing angle, 0 30°

A 200 km
Am? 0.012 eV?
E 1 GeV
Ly 1 km
Initial flavor Uy
Leon 500 km

No fluctuations
=== Envelope (from 6L)

== Averaged oscillations = 1:1 flavors
- Coherence length

Uncorrelated 6L (m=1/2)
Individual v
Average

0.0 , I S— ]

\ \

H Fully-correlated 6L (m=1
0.2 g Individual(v )
== = Average
0.0 " " : " "
0 200 400 600 800 1000
L [km]

FIG. 2. Decoherence in a MC simulation of neutrino propa-
gation in the presence of lightcone fluctuations, resulting in the
damping of neutrino oscillations. The upper panel shows an
uncorrelated fluctuation scenario while the lower panel shows
fully correlated fluctuations. In both cases 6L is chosen such that
the coherence length is the same for both. A 2-flavor system is
shown with toy parameters selected for clarity, see Table I.

is the average of the unfluctuated oscillations, given by
Pos =3 [Uqj*|Ug;|*. This is distinct from so-called
relaxation scenarios [36,37] where the limiting case is
equal populations of all flavors, as was identified in our
previous work for certain v-VBH interaction models [28].
Differences in these large L limits can in principal be used
to distinguish between decoherence scenarios should a
signal be detected.

An important distinction between the uncorrelated and
fully correlated cases is the functional form of the damping,
visualized by the purple damping envelopes shown in
Fig. 2. This is expected given the differing distance
dependence of the two scenarios. For the uncorrelated
case, the envelope follows a e~ trend, while for the fully
correlated case we instead see damping of the form e L’
This is explored further in the next section.

2. Connecting the simulations and distance
Sfluctuation parametrization

We now seek an analytic description of the decoherence
phenomenon observed in the simulations presented in
Sec. [I A 1, and by extension neutrino decoherence from
lightcone fluctuations more generally. This description
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should relate the damping effects to the underlying distance
fluctuations parametrized by Eq. (2).

The damping effect occurs as the spread in neutrino
travel distances due to lightcone fluctuations grows, and the
effect is expected to become large when L ~ A, where 4 is
the oscillation wavelength. Given that we observe e~
damping for the uncorrelated 6L « L'/? (e.g., m = 1/2)
case and e’ damping for the fully correlated 6L « L (e.g.,
m = 1) case, this implies a damping envelope of the form:

SL\ 2
——), 11
ew-(F) (1)
which given Eq. (2) yields:
SLy (L\™ [/ E\"]|2
exp—|—2 [ — — : (12)
A \Lg E,

Damping envelopes of this form are shown by purple
solid curves in Fig. 2, defined as:

P(l(l = P(I(l + (1

SL\ 2
- P(l(l) exXp — <7) ’ (13)

n

where 77 is a O(1) dimensionless constant of proportionality
defined such that the damping term is e~! when 6L = 74,
and can be thought of as defining the fraction of the
oscillation wavelength that the distance uncertainty must
accumulate to in order to produce strong decoherence
effects. The value of # will depend on the specific func-
tional form of the fluctuations, and for the normally
distributed step size fluctuations in our simulations we
find # ~ 0.23 (e.g., when dL is comparable to a quarter of
the wavelength). In common with other works [28], we
define the distance after which the damping term is e~! as
the coherence length, L.y,, which is given by:

nA\# (Eo\#
Leoh = Ly <5To> <EO> . (14)

The 5L* dependence observed in Eqgs. (11) to (13) can be
understood by noticing that distance fluctuations are
equivalent to frequency fluctuations for a sine wave,
e.g., Aw=(AL/L)w = w[L+ AL(L)] = [0+ Aw(L)]L,
where @ is the angular frequency of the wave. The sum
of an infinite series of sine waves with differing frequencies
but common amplitude and phases indeed features the
same squared damping effect, and is directly analogous to
the case of a neutrino propagating in fluctuating spacetime.

3. Analytic decoherence operator

Now that we have expressed the damping effects we
observe in these simulations in terms of our distance
fluctuation parametrization, we proceed to define a full

decoherence operator suitable for describing neutrino
propagation in fluctuating spacetime.

Neutrino decoherence is often represented using an open
quantum system formalism [24,29,30,36-58] considering
both the neutrino and its environment, and beyond neu-
trinos this formalism has also be employed to study
decoherence resulting from gravitational sources more
generally [59-61]. The stochastic processes we consider
in this work cause our knowledge of the neutrino to degrade
over time, which in the language of open quantum systems
constitutes the evolution from an initially pure quantum
state to a mixed quantum state. Both 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 y; of probability p; is given by:

P = ij|’//j><’//j|' (15)

The time (or equivalently distance) evolution of an
open quantum system is given by the Lindblad master
equation [62]:

p = —ilH.p] - Dlp] (16)

where H is the Hamiltonian of the system (in which
conventional oscillation effects are encoded) and D|p] is
a decoherence operator defining stochastic/decoherence
effects in the system. For a 3-flavor neutrino system (e.g.,
Nature as we currently know it), p, H and Dlp] are 3 x 3
matrices. The neutrino flavor transition probability for such
a system is given by:

Py = Trlpa(1)ps(0)]. (17)

The operator Dlp| encodes the decoherence effects in the
system. In many existing studies simple forms for this
operator have been assumed with manageable numbers of
free parameters to test against experimental data, although
in some cases the decoherence effects have been derived
from first principals (see e.g., [54,56,58]). In this week we
seek to determine the form of D[p] representing the distance
fluctuations we are considering, and ultimately produce the
damping effects we observe. From Eq. (12) we see the need
for a solution to Eq. (16) of the general form p o exp —L>"
implying a form DJp] & —2mL*"~!p, which once differ-
entiated yields the desired damping form. Taking into
account the full distance fluctuation parameterization
Eq. (2), for a 3-flavor system the decoherence operator is

O GarP @y
naa1)~ 1.
zm(‘SLO)szm_l E n P21 (2) Pj;
D[p] = L2m E_ (’7/121)2 (7//132)2 ’
0 0
P31 P32 0

(231> (n432)?

(18)
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where 4;; is the oscillation wavelength corresponding to the
mass splitting Amg;,
There are three wavelengths to consider here, rather than a
single wavelength for the 2-flavor system considered in
Sec. I A 2.

Equation (18) is one of the primary results of this work,
and provides an operator characterizing the general case of
neutrino decoherence from lightcone fluctuations, including
those resulting from fluctuating spacetime models. This
allows neutrino transition probabilities to be computed given
some underlying distance fluctuation parameters, e.g.,
{Ly, 8Ly, m,n}, which can then be tested against exper-
imental data. Alternatively, existing constraints on neutrino
decoherence can be reinterpreted in terms of this underlying
model, and the results compared to corresponding constraints
on spacetime fluctuations from y-ray observations [4,5,7].

To verify and demonstrate this operator, we now simulate
distance fluctuations as described in Sec. III A 2 but for a
full 3-flavor system with realistic neutrino mixing param-
eters (listed in Table II), and compare the resulting neutrino
transition probabilities with those computed using Dl[p].
Figure 3 shows these results for the v, — v, , . channels,
where the neutrino energy and baseline are chosen to be
representative of atmospheric neutrinos. Both fully corre-
lated and uncorrelated fluctuations are shown, with the
injected step size fluctuation (e.g., 6L) chosen such that
both share a common coherence length with respect to 5.
The Lindblad analytic form exactly matches the simulation
results, again with n ~ 0.23 as was the case in the 2-flavor
system.

One interesting aspect of decoherence resulting from
lightcone fluctuations is the differing coherence lengths for
different oscillation frequencies. In Fig. 3 the damping of
the higher frequency oscillations resulting from the atmos-
pheric mass splitting Am%1 P (with 4 ~ 2Lg) is clearly seen,
with an injected coherence length of L., = 3Lg.
However, the flavor transition probability still continues
to change with distance due to the lower frequency
oscillations resulting from the solar mass splitting, Am3,.

where 4;; = 4zE/Am7; in vacuum.

TABLE II. Parameters used for evaluating atmospheric neu-
trino oscillations. Neutrino oscillation parameters are taken from
NuFit 4.1 global fit results (normal mass ordering, SuperKamio-
kande data included) [63].

Parameter Value
Am3, 7.39 x 1075 eV?
Am3, 2.528 x 1073 eV?
Mass ordering Normal

01, 33.82°

0,3 8.60°

053 48.6°

dcp 221°

E 25 GeV
Leons1 3Lg

m— No fluctuations
UC fluctuations (MC)
w==FC fluctuations (MC)
Averaged oscillations

Standard oscillations (Lindblad)
= UC fluctuations (Lindblad, m=1/2)
= FC fluctuations (Lindblad, m=1)
Equally populated flavors
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FIG. 3. Decoherence in a MC simulation of neutrino propa-

gation in the presence of lightcone fluctuations for a 3-flavor
system with realistic mixing parameters in the atmospheric
neutrino parameter space (see Table II). Both uncorrelated
(UC) and fully correlated (FC) fluctuations are shown. Solid
lines show simulation results, while dotted lines show the
corresponding analytic expression computed using D[p]. The
travel distance is expressed as the number of Earth diameters,
Lg ~ 12,700 km, traversed (an atmospheric neutrino experiment
is only sensitive to neutrinos crossing a single diameter). Matter
effects are not included.

Figure 4 shows the v, survival channel over larger
distances where this second (solar) oscillation frequency
is clearly visible even after the first (atmospheric) fre-
quency has damped. Even over the larger distance these
lower frequency oscillations have not damped, although it
can be seen that the fully correlated case is damping more
quickly with distance than the uncorrelated case (despite
having identical coherence lengths for the higher frequency
oscillations), which is expected due to the differing distance

dependence of the damping terms (eX” and et respec-
tively). The large difference in coherence length between
the two oscillation frequencies is a consequence of the
orders of magnitude difference between the solar and
atmospheric mass splittings.

This difference between the coherence length of different
oscillation frequencies differs from the v-VBH interaction
case we considered in our previous work, which produced
uniform damping in all channels. This therefore provides a
potential discriminating factor between different scenarios
should a decoherence signal be discovered experimentally.
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Standard oscillations == Averaged oscillations =+ 1:1:1 flavors
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L/Lg

FIG.4. The v, survival probability as shown in the central panel
of Fig. 3, but shown over a longer distance such that the lower
frequency oscillations of resulting from Am% | can be seen. Only
the analytic Lindblad curves are shown.

Another key difference between decoherence from light-
cone fluctuations and other possible sources relates to the
energy dependence. The A{jz dependence of the damping
effects results in an intrinsic £~ dependence (since 1 « E).
This means that in the absence of any explicit energy
dependence (e.g., n # 0) in the system—for example the
suppression of 6L below the Planck scale (n > 0)—lower
energy neutrinos offer greater sensitivity to these
decoherence effects. Indeed, only in cases with n > 1
(given the E*" term) do the decoherence effects start to
grow with neutrino energy.

4. Sensitivity to natural Planck scale effects

We have established that neutrino decoherence results
from lightcone fluctuations, and shown that the resulting
damping effects become large when SL(L) ~ 4;;. We now
consider the energies and baselines of neutrinos observed
from various sources to determine where a potential signal
would be expected to be strongest. Given that evidence of
fluctuating spacetime has not yet been observed, such
effects likely only manifest over very large distances, and/
or are suppressed at energies below the Planck scale.

Figure 5 shows the underlying model parameters
required to produce strong decoherence effects for a variety
of neutrino sources. Damping of both the higher (atmos-
pheric) and lower (solar) frequencies are shown. The upper
panel considers the case of energy independent uncorre-
lated distance fluctuations, for which sensitivity to natural
Planck scale effects (e.g., 6Ly = Lpunck) has been achieved
using astrophysical photon observations [4,7]. The y axis
indicates the size of fluctuations required for each Planck
length traveled to produce strong decoherence effects,
which is inversely proportional to energy in this case
due to the wavelength-dependence. We see that for all
neutrinos sources tested, even those with cosmological
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FIG. 5. Underlying model parameters producing strong
decoherence effects for neutrinos from a range of sources. The
upper panel shows the travel distance fluctuation requirement for
each Planck length traversed in the case of uncorrelated, energy
independent distance fluctuations. The lower panel shows the
new physics energy scale required to produce strong decoherence
effects in a velocity fluctuation scenario with energy suppression
& E/Mpjane- Upper limits for travel distance are assumed, e.g.,
one Earth diameter for atmospheric neutrinos, etc.

baselines, the required fluctuations is orders of magnitude
larger than the natural expectation, giving little prospect of
a signal detection unless lightcone fluctuations signifi-
cantly exceed this natural expectation. This is a conse-
quence of the macroscopic oscillation wavelengths,
whereas the microscopic wavelengths of high energy
photons makes them more susceptible to the effects of
lightcone fluctuations. The prospects for a neutrino signal
would be further reduced in the case of any energy-
suppression (n > 0) of the effects.

The lower panel of Fig. 5 instead shows the case of
distance independent velocity fluctuations as discussed in
Sec. II C, suppressed by a single energy power (n = 1).
Natural Planck scale limits for such a scenario have been
achieved by constraining the arrival time spread of high
energy photons from a short GRB [5] (see Sec. III B). In
this case we vary the energy scale E, of the new physics
producing the velocity fluctuations, where the natural
expectation for quantum gravity is Eq = Mpjye. We see
that significant decoherence effects are indeed expected in
this scenario for neutrinos travelling cosmological and
possibly even galactic baselines, yielding a possible detec-
tion channel.

However, there are major challenges in observing such a
signal. The majority of high energy astrophysical neutrinos,
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observed by the IceCube neutrino observatory [64], have
not been associated with a particular source, but instead
appear as an approximately isotropic diffuse flux. This flux
likely results from many individual sources at unknown
distances, and is thus incoherent even in the absence of
lightcone fluctuations, producing an oscillation averaged
flavor composition at the Earth exactly as would be
expected in the lightcone fluctuation signal case.' This is
further compounded by the finite energy resolution of
IceCube and other neutrino telescopes, which also degrades
and averages the oscillation signal [44]. The only hope for
detecting such a signal would therefore be the observation
of neutrinos from a coherent astrophysical source (e.g.,
with a compact emission region compared to the oscillation
wavelength).

We therefore see that the prospects of detecting neutrino
decoherence from natural Planck scale lightcone fluctua-
tions via flavor-based measurements do not look promis-
ing, given the macroscopic scale of oscillation wavelengths
and challenges in observing decoherence in astrophysical
neutrinos. We now also consider an alternative potential
detection channel.

5. Comparison to other studies

In this work we have considered scenarios where the
consequence of fluctuating/uncertain spacetime is fluctua-
tions in the travel distance/time between two points, and the
resulting decoherence effects in propagating neutrinos. In
[41], an alternative but comparable model is studied
where the spacetime metric itself experiences fluctuations,
also resulting in lightcone fluctuations and neutrino
decoherence. An analytic treatment is applied to quantify
the average damping effects, as opposed to the simulation-
based methods employed here.

The study considers fluctuations of a (1 + 1)D metric
tensor (one time dimension and one spatial dimension,
aligned with the particle travel direction) of the form:

g = 0g0", (19)

0:<a1+1 a ) )

as (14+1

where a; represent perturbations to the metric, which are
Gaussian random variables with an average value of zero
and standard deviation o;. o; are free parameters character-
izing the fluctuations and can be considered the analogue of
8Ly in our work. g and ¢ are the unfluctuated and
fluctuated metric tensors respectively, with g being taken
as the Minkowski metric representing flat spacetime.

"This is contrary to decoherence scenarios resulting in equal
flavor populations, which can in principal be distinguished even
with an incoherent source [28].

The case 61 = 0, = 63 = 0, 64 > 0 corresponds to pure
distance fluctuations along the particle direction of travel,
which is directly comparable to the model we have
proposed in this work. The resulting damping term (in
the two flavor neutrino system considered) has the form”:

2)2 1
2 2
CXP—FO’4L ~exp—/1—20'4L . (21)
This is very similar to the damping term in the two flavor
scenario derived in this work in the case where m = 1 (and
n = 0, since [41] does not consider energy-dependence in
the fluctuations), where Eq. (12) becomes:

1 (8Ly\2
eXp——3 <—0> L2 (22)

We thus seem that both approaches (distance vs metric
fluctuations, simulation vs analytic methods) produce
qualitatively the same neutrino decoherence effects, with
exp—L? damping3 dependent on 1/4%> and a parameter
characterizing the uncertain/fluctuating spacetime. This
agreement serves to verify both approaches.

6. Comparison to wave packet decoherence

Neutrino mass states propagate as wave packets, which
physically separate over large enough distances due to their
differing masses, degrading the superposition producing
neutrino oscillations and resulting in the damping of flavor
transitions and neutrino decoherence [65]. The coherence
length of neutrinos in current neutrino oscillation experi-
ments is expected to far exceed the measurement baselines
however, meaning such effects can typically be neglected.

It is however interesting to compare the decoherence
resulting from lightcone fluctuations considered in this
work to the case of wave packet decoherence, where the
damping can be expressed as [66]:

1
L2, (23)
O

where o, is the spatial width of neutrino wave packet along
the direction of travel. Wave packet decoherence in curved
spacetime can also be considered, which for the case of a
neutrino propagating along radial geodesics in the
Schwarzschild metric yields nearly identical effects to
the flat spacetime case except that the travel distance is

’[41] also considers possible matter effects resulting from
neutrinos interacting with a VBH background, characterized by a
potential, V. This is a distinct effect from the model considered in
this article, and we neglect these terms in this comparison (e.g.,
set V =0). These effects can however be compared to our
previous study on neutrino-VBH interactions [28].

*Referred to as Gaussian damping in [41].
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increased due to the spacetime curvature, enhancing the
damping effects [67].

Comparisons between Eqgs. (23) and (22) indicate that
wave packet decoherence is phenomenologically similar to
the lightcone fluctuation decoherence considered in this
work in the case of m =1 (e.g., fully correlated fluctua-
tions), with the damping term depending on both L? and
1/4%. Notably however, wave packet decoherence features
an intrinsic 1/E? dependence (in addition to the energy-
dependence from the 1/4? term) not present in the lightcone
fluctuation scenario. The wave packet and lightcone fluc-
tuation cases therefore become largely degenerate when the
size of the lightcone fluctuations are assumed to have an
extrinsic n = —2 energy-dependence, and the two scenar-
ios cannot easily be separated. However, such an inverse
energy-dependence is not typical of Planck scale physics
scenarios, where effects are instead expected to be sup-
pressed at lower energies (n > 0).

We therefore see that despite some phenomenological
similarities, wave packet decoherence and lightcone fluc-
tuation decoherence from Planck scale physics can in
principal be distinguished via their energy- and distance-
dependence, aside from the special case where m =1,
n = —2 for the lightcone fluctuations.

B. Propagation time fluctuations

Fluctuations in neutrino travel distance would corre-
spondingly produce fluctuations in a particle’s propagation
time between two points, given by:

AL
==

ot (24)

Variations in the arrival time of cosmic messenger
particles (mainly high energy photons) from cosmological
sources have been searched for extensively in an effort to
detect possible quantum gravity signals [2,3,5,6,8-11],
with no signal observed to date. Searches have mainly
focused on deterministic variations in particle velocity via
modified dispersion relations, typically motivated by the
prospect that Lorentz invariance symmetry or the weak
equivalence principal is violated in quantum gravity.
Neutrino-based constraints [9—11] have more recently been
derived from the multi-messenger observations of the first
identified astrophysical high energy neutrino point source,
the flaring blazar TXS 0506 + 056 [68,69].

Stochastic modifications to particle propagation times as
would result from lightcone fluctuations are less well
explored. Planck scale constraints of velocity fluctuations
have been derived [5] from the arrival times of y-rays from
the distant GRB 090510 [70] in a weakly energy-
suppressed scenario (n = 1), but no limits of this kind
exist for neutrinos.

Short GRBs are a powerful probe of particle travel time
variations [71,72], since they have been detected at

cosmological distances, display high energy photon emis-
sion in the keV-TeV energy range and crucially feature an
initial prompt emission period of O(1 s). The duration of
the observed emission in this prompt phase constrains
variations in travel time due to lightcone fluctuations. The
prompt emission additionally shows evidence of temporal
sub-structure of O(us-ms) [5,70] which can in principal
yield even tighter constraints.

GRBs are a candidate production site of high energy
neutrinos [73], although to date there has been no signifi-
cant correlation of GRBs with neutrinos. Neutrino
astronomy is still a new field however, and GRB neutrino
emission, if detected, offers a number of advantages in
searches for Planck scale physics compared to photons.
Astrophysical neutrinos are observed at energies far in
excess of that seen for photons, up to PeV [74] and
potentially EeV, and can therefore better overcome any
suppression of quantum gravity effects below the Planck
scale. Unlike neutrinos, high energy photons have a limited
range due to absorption by the cosmic microwave back-
ground (CMB) [75]. Additionally, the highest energy
O(TeV) photon emission observed from GRBs is typically
not detected during the initial burst, but instead from
subsequent longer duration processes (the so-called after-
glow) [76,77]. This is a consequence of the small field of
view of the imaging atmospheric Cherenkov telescopes
(IACT) used in these observations, meaning that they
typically only observe GRBs when triggered by other
telescopes with larger fields of view such as Fermi-LAT
[78] (sensitive only to lower energy emission). The prompt
emission is missed during the time taken to respond to the
alert and point the telescopes, which is O(1) min. This
longer time scale emission is far less powerful in con-
straining arrival time fluctuations. Neutrino telescopes
however typically observe the entire sky continuously,
meaning that even prompt neutrino emission can be
detected.

To ascertain the potential of neutrino arrival time fluc-
tuation searches to quantum gravity effects, Fig. 6 shows the
scale of time fluctuations vs particle travel distance in the
natural Plank scale distance fluctuation scenario discussed
in Section II B. This is the time analogue of the distance
fluctuations shown in Fig. 1, and shows the case of a
neutrino with Planck scale energy, or equivalently an energy
independent (n = 0) scenario. This is an upper limit on the
size of the effects in energy-suppressed scenarios.

For the wuncorrelated distance fluctuation case
(m = 1/2), even over cosmological propagation distances
the distance fluctuations only accumulate to < O(ps) in

“It has been show that GRBs can at most account for a small
fraction of the diffuse astrophysical neutrino flux observed by the
IceCube neutrino observatory [73]. The source of the majority of
this flux remains unknown. An alternative possibility is that
lightcone fluctuations have prevented associations of y-rays and
neutrinos of GRBs in these studies due to arrival time fluctuations.
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FIG. 6. Propagation time variation expected for the natural
scenario given by Eq. (5) for a particle with E = Mpj,,c (Or
n = 0), as a function of particle propagation distance. A number
of reference distances are shown with dashed lines. Scenarios
with differing m are shown, with their interpretations discussed in
Sec. ITA.

scale, even before any possible energy-suppression is
considered at observable particle energies. Since no source
of high energy neutrino emission with such a short time
scale is known, there are currently no real prospects of
detecting such a scenario via arrival time fluctuations.

However, in velocity fluctuation (m = 1) or correlated
distance fluctuations (m > 1/2) scenarios, the prospects
are much improved. Figure 7 shows the arrival time
fluctuations expected when m = 1 as a function of particle
energy for two energy-suppressed scenarios, n = 1, 2. For
particle travel distance the source is assumed to be GRB
090510 (redshift, z =0.903 [79]), which has been the
subject of a number of quantum gravity motivated arrival
time studies [2,5] and has O(ms) sub-structure in its
prompt photon time distribution which would be degraded
and ultimately unresolved if travel time fluctuations exceed
this scale.

From Fig. 7 we see that travel time fluctuations would
exceed this O(ms) scale for ZGeV particles in the natural
scenario shown when the energy suppression is E/Mpjancx
(n = 1), which has enabled Planck scale limits on velocity
fluctuations to be set using O(GeV) y-rays from this GRB
[5]. Should Z TeV neutrino emission be eventually
detected from distant GRBs, we see that the sensitivity
to Planck scale physics will significantly exceed that
currently available from GeV photon observations,
allowing the possible detection of quantum gravity effects
beyond the reach of current measurements (for example if
the energy scale of quantum gravity exceeds Mopjy,c, OF
0Ly < OLpianek)- In fact, even longer duration sources
(seconds or minutes) could still yield Planck scale physics
signals for >TeV particles. Combined analyses of neutrino
emission from multiple GRBs and multiple neutrino tele-
scopes could be used to help overcome the low statistics

10°
106 ] —n =1
103 | m—n =2
10°4
1073
107%4
10791
10—12<
10—15<
10—18<
10—21<

10—24 | T
GeV TeV PeV EeV

E

At = ms

6t [s]

GRB 090510 (z = 0.903)
m =1 (fully correlated)

FIG. 7. Propagation time variation expected for the natural
scenario given by Eq. (5) for a particle traveling from GRB
090510 to Earth, as a function of particle energy. Fully correlated
(m = 1) distance fluctuations or equivalently distance indepen-
dent velocity fluctuations are assumed. Both E/Mpp,.q (e.g.,
n=1) and (E/Mpjpe)? (e.g., n = 2) energy suppression sce-
narios are shown. The horizontal grey line indicates the approxi-
mate time substructure in the time profile of the prompt emission
from the GRB, with 6t above this line yielding sensitivity to
natural Planck scale physics.

inherent in neutrino point source observations when com-
pared to y-rays.

For the (E/Mpime)? (n = 2) energy suppression sce-
nario, the prospect of detecting Planck scale physics is far
weaker, requiring observations of multiple EeV neutrinos
from GRBs (for example by future large scale radio
neutrino observatories). Since the Universe is opaque to
photons at these energies however, neutrinos still offer the
best detection prospect in this scenario.

Aside from the potential gains from the high energies
observed in astrophysical neutrinos, constraining Planck
scale physics with different messenger particles is also
inherently desirable, as it is also possible that the effects
of fluctuating spacetime differ for different particle
types [80-82].

IV. SUMMARY AND CONCLUSIONS

In this work we have presented a heuristic parametriza-
tion of particle propagation distance fluctuations, with the
aim of probing the expectation that spacetime fluctuates if
gravity is a quantum force. This parametrization accounts
for both distance and energy dependence, unlike previous
work that has considered only one or the other individually,
and has also been shown to representative of velocity
fluctuation scenarios.

The influence of these lightcone fluctuations on neutrino
propagation was studied, considering both the loss of
neutrino coherence (and corresponding damping of neu-
trino oscillations), and the broadening of neutrino arrival
times from short duration distant astrophysical sources.
Using simulations of propagating neutrino states in the
presence of distance fluctuations, we have quantified the

056007-11



THOMAS STUTTARD

PHYS. REV. D 104, 056007 (2021)

decoherence effects resulting from lightcone fluctuations,
and determined an operator representing these effects in the
framework of open quantum systems. This operator allows
experimental searches for neutrino decoherence to be
connected to potential underlying fluctuations in space-
time, and compared to results from y-ray astronomy.
Due to their macroscopic oscillation wavelengths, we
have seen that neutrinos only experience significant
decoherence effects in a small number of (optimistic)
lightcone fluctuation scenarios, and even then only over
cosmological or perhaps galactic distances. The incoherent
nature of the diffuse astrophysical neutrino flux is however
unfortunately not well suited to constraining such effects,
further limiting the potential of neutrino decoherence
measurements to constrain natural Planck scale physics.
However, we have seen that should >TeV neutrinos be
detected in association with GRBs, sensitivity to lightcone
fluctuations via the arrival time spread of the observed
particles (neutrinos, y-rays, ...) can likely be significantly

enhanced beyond present limits from y-ray observations,
potentially even far beyond the Planck scale. Current or
next generation neutrino telescopes like IceCube, IceCube-
Gen2 [83] and KM3Net [84] may therefore make crucial
contributions in the ongoing search for a quantum theory of
gravity.
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