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SN1987A bounds on neutrino quantum decoherence
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We obtain stringent bounds on neutrino quantum decoherence from the analysis of SN1987A data.
We show that for the decoherence model considered here, which allows for neutrino loss along the
trajectory, the bounds are many orders of magnitude stronger than the ones that can be obtained from the
analysis of data from reactor neutrino oscillation experiments or neutrino telescopes.

DOI: 10.1103/4j6r-d2wx

I. INTRODUCTION

The interpretation of current neutrino oscillation data
relies on the so-called three-neutrino paradigm, where
neutrinos propagate as superpositions of different mass
or flavor eigenstates. During propagation, each component
mass eigenstate evolves with a different frequency, thus
resulting in the phenomenon of flavor conversion. In
general, the study of neutrino oscillations considers the
neutrino to be isolated from its environment, and the
oscillation effects to be coherent. However, neutrinos
may lose their quantum superposition, for example if the
neutrino system interacts with a stochastic environment,
thus resulting in a loss of coherence and in the damping of
neutrino oscillation probabilities. Indeed, the possible loss
of flavor coherence can also occur within standard quantum
mechanics due to neutrino wave packet separation [1-18].
However, here we consider nonstandard decoherence
effects, which can have different physical origins.

We work in the commonly used framework of open
quantum systems [10,19—43] assuming that neutrino propa-
gation can be affected by the interaction of the neutrino
subsystem with the environment. The fluctuating nature of
space time (the quantum foam) in a quantum theory of
gravity is a commonly cited potential source of a stochastic
background that might produce neutrino decoherence
effects [40,44-47] via interactions of neutrinos with virtual
black holes [40]. These Planck-length scale black holes
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form from extreme fluctuations in the space time foam and
almost immediately evaporate over Planck-time scales.
Neutrinos might encounter these virtual black holes along
their trajectories, which could induce a loss of quantum
information.

Reference [40] discusses several models of neutrino
quantum decoherence, in particular the so-called state-selec-
tion, phase-perturbation, and neutrino-loss models, which
will be briefly introduced below. Experimental searches and
future sensitivities for neutrino quantum decoherence have
been performed with a variety of facilities using different
neutrino sources [21,26,30,31,34,35,38,48-53]. These
searches nearly always focus on state-selection and
phase-perturbation models. The most stringent limits on
decoherence parameters with positive energy dependence
T «x E™",n > 0, see discussion below) have been obtained
using atmospheric neutrinos observed at the IceCube
Neutrino Observatory [54], while for negative dependence
they come from reactor neutrino experiments [55]. Using
these experiments, the bounds for state selection and
phase perturbation are nearly identical and it can be
expected that the bound for neutrino loss is of similar
strength, too. It should be noted, however, that very strong
bounds are also obtained from the analysis of solar neutrino
data [50], which can only be applied to state-selection
models.

In this work we calculate the bounds on neutrino
quantum decoherence from the analysis of SN1987A data
collected in the Kamiokande-II [56], Baksan [57], and
Irvine—Michigan—Brookhaven (IMB) [58] experiments for
a decoherence model where neutrino loss is possible.
Neutrinos that encounter a virtual black hole in their
trajectory might be absorbed and immediately ejected as
a different particle in a random direction, thus never
reaching the detector. The fact that we observed neutrinos
from SN1987A where neutrinos traveled a very long
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distance allows us to set very strong bounds on the
parameters for the neutrino-loss model.

II. THE FORMALISM

We work in the open quantum systems framework. The
time-evolution of the neutrinos is described through the
Lindblad master equation [59,60]

ap, (1)
ot

= _i[vav(t)] _,DVD(Z‘)}’ (l)

where p,(#) is a Hermitian density matrix describing
the neutrino states in the mass basis and H is the
Hamiltonian of the neutrino subsystem. Vacuum propaga-
tion and standard matter effects are encoded in H. The
operator D|p, ()] describes the interaction of the neutrino
with the environment and contains therefore all possible
decoherence effects. The exact form of this operator
depends on the decoherence model of interest. In general,
it is also a Hermitian matrix which can be expressed
as [20,21,40,61]

Dip,(0] = 5 Y, (10,200} + [0, (0).O}]). ()

N[ =

where N is the dimension of the SU(N) Hilbert space
defining the neutrino system (we will assume only the
case N =3) and O; are dissipative operators which
characterize the coupling of the neutrino subsystem to
its environment. Let us notice that, while being Hermitian,
the matrix D[p,(¢)] can lead to nonunitary neutrino propa-
gation due to the interactions of the neutrino subsystem
with the environment as is the case when considering
possible neutrino loss. We can expand the operators in
Eq. (2) in terms of the generators from the SU(N)
group [20,36,37,40,61]

Dip, ()] = cxd, (3)

with p, = > pkiF and O; =Y O}A*. In the previous
expression, c; are the coefficients of the expansion, and
the index k runs from 0 to 8 (for N = 3), with 1° being the
identity matrix and 1* the Gell-Mann matrices satisfying
A% 2P = i, fapedS, fape being the structure constants of
SU(3). We can then express the decoherence term as
Dlp,(1)] = (Dyepl)a*, where p! are the coefficients of
the neutrino density matrix, and D,,p? = ¢, contains the
elements of a N> x N? matrix representing the free param-
eters of the system, which in its most general form can be
parametrized as

l—‘O ﬂOl ﬂOZ ﬁOS ﬂ04 ﬁOS ﬂ()6 ﬁ07 ﬁOS
;BOI Fl ﬂlZ ﬂl3 ﬁ14 ﬂlS ﬂl() ﬁl7 ﬁlS
:BOZ ﬁlZ Iﬁ2 ﬁ23 ﬂ24 ﬂZS ﬂ26 ﬂ27 ﬂ28
:BOB ﬁ13 ﬁ23 F3 ﬂ34 ﬂ35 ﬂ36 ﬂ37 ﬂ38
D= :BO4 ﬁ14 ﬂ24 ﬁ34 1—‘4 ﬂ45 ﬂ46 ﬂ47 ﬁ48 s
ﬂOS ﬁlS ﬁ25 ﬂ35 ﬁ45 FS ﬂ56 /7)57 ﬂSS
/)706 ﬁ16 ﬁ26 ﬁ36 ﬁ46 ﬁ56 Iﬂ6 ﬂ67 ﬁ68
ﬂ07 ﬂ17 ﬂ27 ﬂ37 ﬂ47 ﬂ57 ﬂ67 Iﬂ7 ﬁ78
ﬂOS ﬂlS ﬂ28 ﬁ38 ﬂ48 ﬂSS ﬁ68 ﬂ78 FS

(4)

where all entries are real scalars. Given the large number of
free parameters that this matrix contains, an analysis
including all parameters is realistically not practical.
Often focus is set on the diagonal parameters.1 The
abovementioned models correspond to [40]

Dypase per = diag(0.I.T, 0.1, .. T,0),  (5)
Dstate—select = dlag(o» r.o.r.r,r,1rr, F) , (6)
D,_i = diag(l, T, T, [T, T,[,I',T). (7)

It is assumed that the new parameter I" can have the
following energy dependence

- (%) (s)

where FE, is the neutrino energy and E; is a reference
energy. For easy comparison with existing literature we set
Ey = 1 GeV, even though this energy is far out of the range
of the energies of supernova neutrinos.

Notice that if we consider n = —1 the phenomenology of
neutrino decoherence is similar to that of neutrino
decay [62]. The case n = —2 can arise naturally when
considering a coupling among neutrinos and gravitational
waves [63,64]. If the loss of coherence is related to
quantum gravity, one could naturally expect n to be
positive, but some models also predict negative values.
For some concrete models, see Refs. [64-73]. For com-
pleteness and comparison with the literature, we consider
the cases n = -2,-1, 0, 1, 2.

The leading bounds on y, are obtained in Refs. [54,55],
depending on the value of n. The bounds have been
calculated for the phase-perturbation and state-selection
models, and the numerical values are very similar. It can
be expected that slightly stronger bounds would be
obtained for the neutrino-loss model, since, in addition

'Note, however, that the presence of nondiagonal parameters
can lead to very interesting phenomenology, too [36,37].
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to decoherence effects, we would observe an overall
reduction of the neutrino flux at the detector. The state-
selection and phase-perturbation models cannot be tested
using supernova neutrinos from SN1987A, because they
only lead to slightly different flux compositions, not
sufficiently different from the standard case to be
distinguished [74]. It was shown in Ref. [75] that even
future experiments could place bounds on these models
only for a relatively near supernova.

However, if neutrinos are lost along the trajectory, the
overall flux of neutrinos at the detector is reduced, and
strong bounds can be obtained from supernova data. Note
that the same behavior can be observed when comparing
the SN1987A bounds on invisible [76] and visible [77]
neutrino decay. From here on we will focus only on this
case where neutrino loss occurs. In this scenario, the
oscillation probability is simply given by [75]

P (L. E,) = PipetrolB/E), ©)

where P is the standard model oscillation probability and
L is the distance traveled by the neutrino.

III. DATA ANALYSIS

In order to provide very robust bounds we perform two
different analyses of SN1987A data. We first consider a
time-integrated (TI) analysis following the approach
described in Ref. [78] and then we perform a time-
dependent (TD) analysis based on the procedure outlined
in Ref. [79], see also Ref. [80].

TI analysis. We consider the time-integrated event rate
produced by electron antineutrinos interacting through
inverse beta decay. The expected signal R(E,) (differential
in the positron energy E,) is given by,

R(Ee) = NpO-DFp(Ev>FD€ (Ev)n(Ee)7 (10)

where E, is the neutrino energy, N, is the number of free
protons in the detector, 6 , is the inverse beta decay (IBD)
cross section [81], # is the detector dependent detection
efficiency, and F;_is the electron antineutrino fluence. We
neglect the (small) kinetic energy of the neutron in the final
state and we relate the neutrino and positron energy by
E, = E,— (m, —m,), where m, and m, are neutron and
proton masses, respectively. The number of target protons
N, is calculated by considering 2.14 kt (6.8 kt) of H,O for
Kamiokande-II (IMB) detectors and 280 tons of water
equivalent for the Baksan scintillator. For the detection
efficiencies we adopt the ones reported in Fig. 1 of
Ref. [82]. The standard model electron antineutrino flu-
ence, i.e., the time integrated neutrino flux, is assumed to be
well described by a Maxwell-Boltzmann spectrum in the
form

1 EG (Lot
~ 4zD*(E;) T[l+aq]

2 (1+a)Ey
() (11)

F3(E,)

Ve

where we set @ =2 and D = 50 kpc is the distance to
SN1987A. The two free parameters in this time-indepen-
dent data analysis are: the total energy E¢, emitted in &, and
the average 7, energy (E; ). Since the total energy and the
time-integrated average energies of v, and v, are expected
to be nearly the same, oscillations among different flavors
(or state selection and phase-perturbation decoherence) do
not alter the predicted 7, fluence at Earth. The effect of
decoherence with neutrino loss is described as

FI(E,) = F(E)e B/ (12)

where we propagated the decoherence term from the
probability [see Eq. (9)] to the fluence at Earth. The
individual likelihoods for each detector are given in this
case by

L,= e‘kﬁ [/ R(Ee)G(Ee,Ei)dEe}, (13)

where the R is the rate in Eq. (10) integrated over the total
energy range, while

1
G(Ee, Et) = mexp <

are the energy smearing functions with E; and 6E; being the
measured positron energies and uncertainties, respectively.
In a TI analysis it is not clear how to treat backgrounds and
for the present analysis we have not included them.
Following Ref. [78] we define a priori the dataset of
Kamiokande events N}, which we analyze excluding the
events below the energy threshold. The list of events for all
experiments is summarized in the Appendix.

TD analysis. The signal rate for each detector, triply
differential in time ¢, positron energy E, and cosine of the
positron emission angle cy, is computed according to

_LZ;E’;") ) (14)

doy
R(t» Ee’ CG) = Np dC;P (Ew CB>q)De(t7 EI/)
dE,
X f(Ca)fl(Ee)E’ (15)

where £ is the angular bias (1 for Kamiokande-II and
Baksan and 1+ 0.1¢y for IMB), and ®; is the electron
antineutrino flux. In the above equation, the neutrino and
positron energies are related via
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E,+6_

E, = R
‘ 1 - (Ee - pec€)/mp

(16)

where p, is the positron momentum and J_ =
(ma —m% —m2)/(2m,) = 1.294 MeV, with m,, m,,
and m, being the masses of the proton, neutron and
electron, respectively. Regarding the differential IBD cross
section we use the approximated formulas valid for the
energies under consideration presented in Refs. [81,83].

The electron antineutrino flux is parametrized as a pure
cooling emission phase, i.e., a thermal emission from the
neutrinosphere,

Rigy (1. T.(1))

@) (1,E,) = 17
b (L E) == s (17)
with the Fermi-Dirac spectrum
E2
s (1.T (1)) = - ; 18
w1 O = ey Y
which depends on
T.(1) =T exp(—t/(47.)). (19)

The physical parameters in this scenario are the radius of
the neutrinosphere R, the initial temperature 7. and the
time constant of the process 7... The initial flux of muon and
tau antineutrinos ®Y (7, E,) is the same as for electron
antineutrinos, but with the replacements 7. — 1.27'. and
R, — R./1.2%. This prescription implements equipartion
of emitted energy among different flavors. However, it
takes into account that, due to reduced interactions, muon
and tau neutrinos have a more internal neutrinosphere and a
slightly larger average energy than electron neutrinos.
Since emission spectra of 7, and 7, are not identical, we
need to account for possible conversions among neutrino
flavors. In the standard oscillation scenario the flux at the
detector is given by

q)%in(t, Eu) = Peeq)gL,(ty ED) + Pxeq)gx(t’ El/) (20)

The neutrino oscillation probabilities are given by P,, =
cos”6,c08?6,; and P,, =1—P,,, where we use [84]
sin @;, = 0.318 and sin?6@,5 = 0.022. Even though the
neutrino mass ordering is not definitely determined yet [85],
we consider here only normal mass ordering, slightly
preferred by the data [84-87]. Phase-perturbation
decoherence models do not alter this prediction because
they have the same effects of kinematic decoherence that is
already taken into account for supernova neutrinos. State-
selection decoherence models lead to equipartition of
flavors, corresponding to P,, = 1/3 in the above expres-
sion. The different flux composition however, due to

similarities among @gg and cng, cannot be constrained

by SN1987A data. Decoherence models with neutrino loss
can instead have observable effects, since the flux at the
detector becomes,

De(1, E,) = (1, E, ) e ProlBu/ Eo)" (21)

where we again propagated the decoherence term from the
probability, Eq. (9), to the flux at Earth.
The statistical analysis is performed by evaluating

P=-2) logL, (22)

d=K.I.B

where the individual likelihoods for each detector are
given by

. Ny
L= e a fR(f)d’ H Rt
i=1

B.
y [Euu / R(iy.E,.cy)G(E,. ENAE, |, (23)

where the product is taken over the N, events observed in
each detector, R(¢) is Eq. (15) integrated over E, and ¢y, B;
are the background rates for each detector. The quantities
with subscript i are the measured times (¢;), energies
(E; £6F;), and angles (0;) of the ith event. Finally, f,
and 7, are the live-time fraction and dead time of the
detectors. We take f; = 0.9055 (f, = 1) and 7, = 0.035 s
(ry; = 0 s) for IMB (Kamiokande-II and Baksan).

IV. RESULTS AND DISCUSSION

The bounds on the decoherence parameter y, are
obtained by marginalizing over the parameters used to
describe SN1987A neutrino emission. Specifically, the
total energy and the average energy of emitted electron

antineutrinos, E. and (E,), are considered in the TI
analysis, while the radius and temperature of neutrino-
sphere, R. and T, and the timescale z. for supernova
cooling are adopted in the TD analysis. These parameters
are varied in very conservative ranges. For the TI analysis
the total energy emitted in 7, is bounded to be smaller than
the neutron star binding energy, i.e., E;5 <5 x 10> ergs,
while the average energy of 7, is constrained to be
(E,) <90 MeV. Note that the upper limit for E, corre-
sponds to the extreme assumption that all available
energy is radiated in electron antineutrinos. For the TD
analysis, we assume the following priors, R, < 100 km,
2MeV <T.<8MeV, and 1s <7, <10s, based on
general expectations from supernova theory and recent
simulations [78,88,89].

The 90% confidence level (CL) bounds on the
decoherence parameter y, obtained with the TI and the
TD approach are shown in Fig. 1 and Table I. Since our
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FIG. 1. y? profiles for the decoherence parameter y, for
different values of n as indicated in the legend. The solid
(dashed) lines correspond to the TI (TD) analyses.

reference energy in Eq. (8) is Ey = 1 GeV while the average
energy of supernova neutrinos is ~10 MeV, we find the
strongest bound on y,, for n = —2, becoming then weaker as
n increases. The bound from SN1987A is for all » many
orders of magnitude larger than the previous bounds for
which we only indicate an order of magnitude estimate,”
since Refs. [50,54,55] did not consider neutrino-loss models.
The agreement between the results obtained by using
different approaches is striking and shows us that the adopted
parametrization for the supernova emission is not relevant for
the final results. Indeed, the TI approach is mainly based on
the spectral shape of the supernova signal observed in the
numerical simulation without taking into account the tem-
poral evolution of the emission and the temporal distribution
of the observed events. Since the neutrino average energy can
be constrained by the observed signal, the total number of
observed events translates into a constraint on y,, once an
upper limit on the total energy emitted in electron antineu-
trinos is given. This, however, can be conservatively esti-
mated as E;g, < 5 x 107 ergs, as was explained above. The
number of free parameters in this analysis is smaller (only 3);
however, background rejection is not possible, requiring that
a reduced dataset (where background events are expected to
be absent) is defined “a priori.”” On the other hand, the TD
analysis is more complex. The signal is parametrized
according to a phenomenological description of the neutrino
emission during the cooling phase and the number of free
parameters is larger (4). However, the time (and angular)
distribution of the expected supernova neutrino events can be
used to separate signal and background contributions. In this
case, considering that the energy and time distribution of
observed events can be used to constrain 7. and 7z,

“We have numerically verified by using the analysis method of
Ref. [55] that bounds for neutrino-loss are only about a factor 4-5
stronger than the bounds for the phase-perturbation model,
justifying the order-of-magnitude estimate.

TABLE I. Bounds on the decoherence parameter y, in GeV at
90% CL obtained in this paper with the TI and the TD approach.
For comparison we also show an order-of-magnitude estimate
from the leading bounds from other experiments, Ref. [55] for
n < 0, Ref. [50] for n = 0, and Ref. [54] for n > 0.

n Previous bound This work (TT) This work (TD)
-2 0(107%7) 3.1 x 107 6.4 x 10741
-1 O(10724) 32x107% 55x107%
0 0(107%) 3.1x 107 5.0x 1077
1 0O(10728) 1.5 % 107% 1.8 x 107%
2 0(10732) 23 %107 32x 107

parameters, the bound on y, is connected with the assumed
radius of the neutrinosphere, for which the very conservative
upper bound R, < 100 km is adopted. We checked that the
best-fit obtained in absence of decoherence is in perfect
agreement with the ones obtained in previous analysis of
SN1987A,i.e., Ref. [78] for the T approach and Ref. [ 79] for
the TD analysis. Note that, a future observation of a super-
nova can further improve the bounds obtained here. In
Ref. [75] it was shown that future detectors could achieve
a similar bound to ours for a supernova already at less than
10 kpc distance.

Finally, we comment on the specific case of n = 2: the I’
parameter can be expressed relative to the Planck scale as
T = Eppanak E" /ML with Mppg =~ 1.2 x 10" GeV and
Epanck being a relative strength for v-virtual black hole
interactions [40]. Our bound on y, can be converted into a
limit on this strength, giving Epne < 2.8 x 10715 (to be
compared with the ones reported in [54] from IceCube
of Eppanck < 1.2 x 10713).

For even larger values of n than those considered here,
the bound from Ref. [54] becomes stronger than the bound
from SN1987A, since in these cases the shorter distance of
atmospheric neutrinos becomes compensated for by their
much larger energies. In principle, the strongest bounds
could be obtained by looking at extremely high energy
events from far away sources. However, since sources are
not easily identified (or modeled), we chose to discuss
SN1987A here, for which we have a clear theoretical
description. We will discuss the case of high-energy
neutrinos in a future work.
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APPENDIX: SN1987A EVENTS

We summarize the experimental data used in the analysis of the present paper in Table II for Kamiokande-II, in Table III
for Baksan, and in Table IV for IMB.

TABLE II. The Kamiokande-II data set. For the TI data analysis only the data indicated with a * are considered,
while in the TD analysis we include the entire data set. Energies are given in MeV and times are relative times with
respect to the bounce in seconds.

5t; E; £ 6E; 0; + 56, B;

0.0* 20.0 2.9 18 + 18 1.0 x 1075
0.107* 13.5+32 40 + 27 541074
0.303* 75420 108 + 32 3.1x 1072
0.324* 92427 70 + 30 8.5x 1073
0.507* 12.8+29 135423 53x 1074
0.686 63+1.7 68 +£77 7.1 x 1072
1.541% 354+8.0 32416 5.0x 10
1.728* 21.0+42 30+ 18 1.0x 1073
1.915* 19.8+3.2 38 +£22 1.0 x 107
9.219* 8.6+27 122 +£30 1.8 x 1072
10.433* 13.0+2.6 49 4+ 26 4.0x 1074
12.439* 89+19 91 +39 1.4 %1072
17.641 65+1.6 103 4+ 50 7.2 %1073
20.257 54+14 110 + 50 5.2x 1072
21.355 46+13 120 £ 50 1.8 x 1072
23.814 6.5+1.6 112450 7.3 x 1072

TABLE III. The Baskan data set. No information on the angle was provided and it is assumed to be 90° for all

events.

5t; E; £ 6E; 0; + 56, B;

0.0 12.0+2.4 90+ 0 8.4 x 10~
0.435 179 +3.6 90+ 0 1.3%x 1073
1.710 23.5+4.7 90+ 0 1.2x1073
7.687 17.5+3.5 90+ 0 1.3x 1073
9.099 20.3 +4.1 90+ 0 1.3%x 1073

TABLE IV. The IMB data set. The background is assumed to be negligible.

st; E, £ E, 0, + 50, B
0.0 38.0 £ 7.0 80 £ 10 0
0.412 37.0 £ 7.0 44415 0
0.650 28.0 + 6.0 56 420 0
1.141 39.0 +7.0 65 + 20 0
1.562 36.0 +9.0 33415 0
2.684 36.0 + 6.0 52410 0
5.010 19.0£5.0 42 20 0
5.582 22.0+5.0 105 + 20 0
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