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Parc Cient́ıfic de Paterna, C/ Catedrático José Beltrán, 2 E-46980 Paterna (Valencia) — Spain

E-mail: degouvea@northwestern.edu, deromeri@ific.uv.es,

chternes@ific.uv.es

Abstract: We explore how well reactor antineutrino experiments can constrain or measure

the loss of quantum coherence in neutrino oscillations. We assume that decoherence effects

are encoded in the size of the neutrino wave-packet, σ. We find that the current experiments

Daya Bay and the Reactor Experiment for Neutrino Oscillation (RENO) already constrain

σ > 1.0×10−4 nm and estimate that future data from the Jiangmen Underground Neutrino

Observatory (JUNO) would be sensitive to σ < 2.1 × 10−3 nm. If the effects of loss of
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understanding of the coherence of neutrino sources is, at least, incomplete.
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1 Introduction

Neutrino oscillations are a consequence of the fact that neutrinos are produced as coherent

quantum superpositions of the different neutrino mass eigenstates (ν1, ν2, ν3, with masses

m1,m2,m3, respectively). This, in turn, is a consequence of the fact that the charged-

current weak interactions are not diagonal in the basis of the mass eigenstates for both the

charged leptons and the neutrinos. In other words, in the basis where the charged-lepton

masses are diagonal, the neutrino interaction eigenstates (νe, νµ, ντ ) are linear superposi-

tions of the mass eigenstates: να = Uαiνi, α = e, µ, τ , i = 1, 2, 3 and Uαi, are the elements

of the unitary leptonic-mixing matrix.

That many neutrino sources are coherent is not a trivial statement. It is, ultimately, a

consequence of the fact that, compared to the typical energy and distance scales involved in

neutrino production and detection, neutrino masses are all tiny and neutrino wave-packets

are large. The coherence of neutrino sources is the subject of a lot of confusion in and

outside the neutrino physics community but has also been discussed very proficiently in

the literature, for example [1–10]. Here, we will not add to this fascinating issue.

Neutrinos from the Sun detected on the surface of the Earth are best described, for

various reasons, as incoherent superpositions of mass eigenstates. The same is expected

of, for example, neutrinos produced in supernova explosions and detected on the surface

of the Earth. On the other hand, many neutrino sources, including all terrestrial sources

and neutrinos produced in the atmosphere, are treated as perfectly coherent. To date,

this has proven to be an excellent approximation, in agreement with our best detailed

understanding of neutrino production and corroborated by the oscillations interpretation

of data from neutrino experiments.

Nonetheless, neutrino sources cannot be indiscriminately coherent. At least in princi-

ple, one can imagine circumstances that lead to neutrino sources that are “partially coher-

ent” and all neutrino “beams” are expected to lose coherence as a function of the neutrino
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proper time. To date, however, there is no experimental evidence of distance-dependent

loss of coherence for propagating neutrinos. This is the subject of this manuscript.

The loss of coherence does not prevent neutrino flavor-change but, instead, “smooths

out” the oscillatory behavior of the neutrino oscillation phenomenon as the neutrinos move

away from the source. Here, we explore whether high-resolution, high-statistics measure-

ments of the flux of antineutrinos produced in nuclear reactors are sensitive to neutrino

decoherence or can be used to place meaningful bounds on how coherent nuclear reactors

are as neutrino sources. Nuclear reactors are excellent laboratories to study neutrino co-

herence. They are a compact source of electron antineutrinos (few meters compared to the

neutrino oscillation lengths, which are of order kilometers to hundreds of kilometers), and

the neutrino energies can be measured with great precision in relatively compact detectors

(several meters in size but centimetric position resolution).

We are particularly interested in data from the Jiangmen Underground Neutrino Ob-

servatory (JUNO), currently under construction. The JUNO baseline is chosen in order to

maximize sensitivity to the neutrino mass-ordering and is much longer than the oscillation

length due to the “atmospheric” mass squared difference. Nonetheless, the energy and

position resolutions are such that “atmospheric” oscillations are visible, rendering JUNO

uniquely well suited to probe decoherence effects.

In section 2, we introduce neutrino oscillations and discuss the formalism we will

use to describe and constrain decoherence, concentrating on how it modifies the neutrino

oscillation probabilities at reactor experiments. In section 3, we analyze data from the

ongoing Reactor Experiment for Neutrino Oscillation (RENO) and the Daya Bay reactor

neutrino experiment, and discuss bounds on the wave-packet width, introduced in section 2.

In section 4, we discuss the sensitivity of JUNO. We summarize our results in section 5,

and offer some concluding remarks.

2 Neutrino oscillations, including decoherence

Nuclear reactors produce an intense flux of electron antineutrinos with energies roughly in

the [1− 8] MeV range. These are detected some distance away from the source via inverse

beta-decay, which allows one to measure the neutrino energy on an event-by-event basis

with good precision. If the flux of electron antineutrinos is, somehow, known, reactor neu-

trino oscillation experiments can measure the survival probability of electron antineutrinos,

P (ν̄e → ν̄e), as a function of energy and baseline.

It is straight forward to compute P (ν̄e → ν̄e). Here we include, rather generally, the

effects of decoherence among the mass eigenstates. For a fixed neutrino energy E and

baseline L, the density matrix ρjk, j, k = 1, 2, 3, of the antineutrino state produced in the

nuclear reactor, in the mass basis, can be written as

ρjk(L,E) = U∗
ejUek exp[−i∆jk] exp[−ξjk(L,E)] , (2.1)

where

∆jk ≡ 2π
L

Losc
jk

≡
∆m2

jkL

2E
, (2.2)

– 2 –



J
H
E
P
0
8
(
2
0
2
0
)
0
4
9

∆m2
jk = m2

j −m2
k, and ξjk(L,E) = ξkj(L,E) quantifies the loss of coherence as a function

of the neutrino energy and the baseline. In the absence of decoherence, ξjk = 0. The

survival probability, including decoherence effects, is simply the ee element of the density

matrix and reads

P dec(νe → νe) =
∑
j,k

|Uej |2|Uek|2 exp[−i∆jk − ξjk] , (2.3)

or

1− P dec(νe → νe) = 2|Ue1|2|Ue2|2
(

1− cos

(
∆m2

21L

2E

)
e−ξ21

)
+ 2|Ue1|2|Ue3|2

(
1− cos

(
∆m2

31L

2E

)
e−ξ31

)
+ 2|Ue2|2|Ue3|2

(
1− cos

(
∆m2

32L

2E

)
e−ξ32

)
. (2.4)

It is trivial to see that we recover the standard expression for the electron antineutrino dis-

appearance when all ξjk → 0. Throughout, we will use the standard PDG parameterization

of the leptonic mixing matrix where |Ue1|2 = cos2 θ12 cos2 θ13, |Ue2|2 = sin2 θ12 cos2 θ13, and

|Ue3|2 = sin2 θ13, and, unless otherwise noted, we assume that the true values of the relevant

neutrino oscillation parameters are

∆m2
31 = 2.5× 10−3 eV2, ∆m2

21 = 7.55× 10−5 eV2,

sin2 θ13 = 0.0216, sin2 θ12 = 0.32, (2.5)

in agreement with the best-fit values obtained from the world’s neutrino data [11]. We

assume the neutrino mass-ordering is normal (∆m2
31 > 0) and assume this information is

known. We will comment on the consequences of this assumption when relevant.

Different physical effects lead to decoherence [12–24]. Here, we will concentrate on

decoherence effects that grow as the baseline grows and parameterize the decoherence

parameters as [4, 15, 19]

ξjk(L,E) =

(
L

Lcoh
jk

)2

, (2.6)

and further parameterize the coherence lengths as [4, 15, 19]

Lcoh
jk =

4
√

2E2

|∆m2
jk|
σ . (2.7)

Concretely, as discussed in [4, 15, 19], σ is the width of the neutrino wave-packet and de-

pends on the properties of the neutrino source and of the detector. The physics that leads

to this type of decoherence is the fact that the different neutrino mass eigenstates propa-

gate with different speeds and, given enough time, the wave-packets ultimately separate.

From a more pragmatic point of view, here σ is the single parameter that characterizes

the effects of decoherence, and has dimensions of length. Decoherence effects vanish as the

– 3 –



J
H
E
P
0
8
(
2
0
2
0
)
0
4
9

1 2 3 4 5 6 7

0.2

0.4

0.6

0.8

1.0

E [MeV]

P
(ν
e⟶

ν e
)

σ⟶∞

σ=2×10-4nm

σ=2×10-3nm

Figure 1. The electron antineutrino oscillation probability as a function of the neutrino energy

for the JUNO average baseline of L = 52.5 km for different values of the decoherence parameter

σ. The values of the standard oscillation parameters are listed in eq. (2.5). The blue, vertical line

indicates the threshold for inverse beta-decay.

coherence lengths become very long: σ → ∞, and we highlight that the different coher-

ence lengths are inversely proportional to the associated neutrino mass-squared differences.

Here, constraining neutrino decoherence assuming the data are consistent with a perfectly

coherent beam is equivalent to placing a lower bound on σ. There are other sources of

decoherence, including those associated to the production or detection of the neutrinos.

The latter, for example, are independent of the baseline L and will not be considered here.

Recent constraints are discussed in [25].

Decoherence effects in reactor experiments grow with the baseline and decrease with

the neutrino energy. Figure 1 depicts the expected ν̄e → ν̄e oscillation probability for

typical reactor neutrino energies and the JUNO average baseline L = 52.5 km, assuming

the oscillation parameters are the ones in eqs. (2.5). The green, solid curve corresponds

to standard oscillations with no decoherence effects while the red and black dashed ones

are the expected disappearance probabilities in the presence of decoherence effects with

σ = 2 × 10−4 nm and σ = 2 × 10−3 nm, respectively. Note that the fast oscillations

“disappear” first and that the effect is more pronounced at smaller neutrino energies.

3 Current constraints from RENO and Daya Bay

RENO and Daya Bay are reactor neutrino experiments in South Korea and China, re-

spectively, that measure the flux of antineutrinos from nuclear reactors at L ∼ 100 m and

L ∼ 1 km, using information from both the near and far detectors to measure P (νe → νe).

Given the typical reactor neutrino energies and the 1 km baselines, these experiments

are sensitive to ∆m2
31 and sin2 θ13 but insensitive to the “solar” parameters ∆m2

21 and

sin2 θ12. This effective-two-flavor approximation also applies to the decoherence effect since

Lcoh
12 � Lcoh

13 ' Lcoh
23 . Hence, at the relevant energies and baselines,

1− P dec(νe → νe) =
1

2
sin2 2θ13

[
1− cos

(
∆m2

31L

2E

)
exp

(
−
(

L

Lcoh
13

)2
)]

, (3.1)
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is an excellent description of electron antineutrino disappearance at RENO and Daya Bay.1

For the same reasons, data from RENO and Daya Bay are insensitive to the neutrino mass-

ordering and the results presented here do not depend on our assumption that the neutrino

mass-ordering is normal.

RENO uses a power plant with six nuclear reactors as neutrino sources and consists

of two identical detectors at two different locations. Daya Bay makes use of six nuclear

reactors located at two nearby sites. In the case of Daya Bay, there are eight identical

detectors located at three different experimental halls; two experimental halls contain two

detectors each that serve as near detectors, while the remaining four detectors are in the

third experimental hall, which is further away.

For the results presented here, we use the most up-to-date data from the two exper-

iments, corresponding to 2900 days of data from RENO [26] and 1958 days of data from

Daya Bay [27]. The necessary information on all technical details, including the base-

lines, thermal power, fission fractions, and efficiencies, is obtained from refs. [26, 28–30] for

RENO and refs. [27, 31, 32] for Daya Bay. In our statistical analyses, we account for several

sources of systematic uncertainties. We include uncertainties related to the thermal power

for each core and to the detection efficiencies, uncertainties on the fission fractions, a shape

uncertainty for each energy bin in our analyses, and an uncertainty on the energy scale.

We define the χ2 function for RENO as

χ2
RENO(~p) = min

~α


NRENO∑
i=1

RF/Ndat,i −R
F/N
exp,i(~p, ~α)

σRENO
i

2

+
∑
k

(
αk − µk
σk

)2
 . (3.2)

Here, R
F/N
i = Fi/Ni, where Fi and Ni are the event numbers in the ith energy bin at

the far and near detector, respectively. Rdat,i are the background-subtracted observed

event ratios, while Rexp,i(~p, ~α) are the expected event ratios for a given set of oscillation

parameters ~p. The uncertainty for each bin is given by σRENO
i . The last term contains

penalty factors for all of the systematic uncertainties αk with expectation value µk and

standard deviation σk. Finally the number of bins is given by NRENO.

Similarly, for Daya Bay, we define

χ2
DB(~p) = min

~α

{
NDB∑
i=1

RF/N1

dat,i −R
F/N1

exp,i (~p, ~α)

σ
F/N1

i

2

+

NDB∑
i=1

RN2/N1

dat,i −R
N2/N1

exp,i (~p, ~α)

σ
N2/N1

i

2

+
∑
k

(
αk − µk
σk

)2
}
. (3.3)

Here, we take the ratios between the far and the first near detector and between the two

near detectors, as was done in ref. [33]. To calculate the expected number of events and

the χ2 functions for each experiment, we use GLoBES [34, 35]. We use reactor fluxes

as parameterized in ref. [36] and the inverse beta-decay cross section from ref. [37]. We

1In our numerical calculations, we use the full three-neutrino description, eqs. (2.4), (2.6) and (2.7).
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Figure 2. 90 and 99% CL (2 d.o.f.) allowed regions in the sin2 θ13-∆m2
31 plane for RENO (left),

Daya Bay (center) and the combination of both experiments (right). Filled regions correspond to the

analyses assuming a perfectly coherent source, while black lines are obtained after marginalizing

over σ. The best-fit points from the standard analyses are indicated with a red star, while the

best-fit values from the analyses including σ are denoted by black dots.

analyze the data from each experiment independently and also perform combined analyses,

where we use

χ2
COMB(~p) = χ2

RENO(~p) + χ2
DB(~p) . (3.4)

In order to validate our treatment of the two data sets, we first assume a perfectly co-

herent source and compare our results to those published by RENO and Daya Bay. Hence,

we first consider the case ~p = (∆m2
31, θ13). The solar parameters are fixed to sin2 θ12 = 0.32

and ∆m2
21 = 7.55× 10−5 eV2 [11]. As already mentioned, this choice is inconsequential for

the results presented here. The grey and blue ellipses in figure 2 correspond to the region

of the oscillation parameter space consistent, at the 90 and 99% CL respectively (for two

degrees of freedom), with data from RENO (left) and Daya Bay (center), along with the

combined result (right). The combined analysis is clearly dominated by the Daya Bay data.

These results agree quantitatively very well with those presented in refs. [30] and [27].

Next, we allow for the possibility that the wave-packet width σ is not infinite, and

extend the set of model parameters: ~p = (∆m2
31, θ13, σ). Marginalizing over σ, the regions

of the sin2 θ13-∆m
2
31 parameter space consistent with the different data sets are depicted

in figure 2 as closed, empty contours (solid at the 99% CL, dashed at the 90% CL). Not

surprisingly, the allowed regions on the ∆m2
31-sin

2 θ13 plane are larger once one allows

for finite σ values. The region of parameter space in the “combined” case is noticeably

smaller than that allowed by Daya Bay data. This is a consequence of the fact that the

L/E values probed by RENO and Daya Bay are slightly different and the shapes of the

allowed regions are slightly different. In particular, the best-fit point in the case of Daya

Bay shifts more than that of RENO once finite values of σ are allowed. The result depicted

in figure 2 (center) is in qualitative agreement with the results obtained by the Daya Bay

collaboration in ref. [25] using a smaller data set [38]. (Note that our definition of σ (in

coordinate space) is consistent with that of σx in ref. [25].)

Figure 3 (left) and figure 3 (right) depict the allowed regions of the σ-sin2 θ13 and σ-

∆m2
31 parameter spaces, respectively, marginalizing over the absent parameter. For small

enough values of σ, there is a clear (anti)correlation between σ and ∆m2
31 (sin2 θ13). These

– 6 –
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Figure 3. 90 and 99% CL (2 d.o.f.) allowed regions in the σ-sin2 θ13 (left) and σ-∆m2
31 (right)

planes for RENO (blue lines), Daya Bay (red lines) and the combination of the two (filled regions).

Stars denote the best-fit values from the analysis of a single experiment on its own (the best-fit

value for RENO lies at σ ∼ 10−2 nm), while the black dot is the best-fit point obtained from the

combined analysis.

correlations are also manifest in the anticorrelation between ∆m2
31 and sin2 θ13 observed in

figure 2.

It is straight forward to understand qualitatively the allowed regions in figure 3 (left)

and figure 3 (right). Both RENO and Daya Bay probe L/E values that include the first

oscillation maximum associated to ∆m2
31 while all other maxima are outside the reach

of the two experiments. Decoherence effects “flatten” the oscillation maximum, an effect

that can be partially compensated by increasing sin2 θ13. Hence, for smaller values of

σ (stronger decoherence), one can obtain a decent fit to the data by increasing sin2 θ13
relative to the value obtained in the perfectly-coherent hypothesis. Decoherence effects

also shift the position of the first oscillation maximum to smaller L/E values. This is

simple to understand and is well illustrated in the red, dashed curve in figure 1. This can

be compensated by lowering the size of ∆m2
31 (longer wave-length). Hence, for smaller

values of σ (stronger decoherence), one can obtain a decent fit to the data by decreasing

∆m2
31 relative to the value obtained in the perfectly-coherent hypothesis. When σ is large

enough, decoherence effects are outside the reach of Daya Bay and RENO and hence the

horizontal allowed regions in figure 3 (left) and figure 3 (right) extend to arbitrarily large σ.

Marginalizing over ∆m2
31 and sin2 θ13, we extract the reduced χ2(σ), depicted relative

to its minimum value in figure 4; the minimum corresponds to σ = 2.01 × 10−4 nm.

Arbitrarily large values of σ are allowed at better than the 90% CL and we translate the

information in figure 4 into the lower bound σ > 1.02×10−4 nm at 90% CL, combining data

from RENO and Daya Bay. For E = 3 MeV and ∆m2
31 = 2.5 × 10−3 eV2, this translates

into Lcoh
13 > 1.8 km. This is consistent with the naive expectation that RENO and Daya

Bay should be sensitive to Lcoh
13 . O(1 km).

– 7 –
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Figure 4. The reduced χ2 as a function of σ relative to its minimum value, obtained from the anal-

ysis of RENO (blue), Daya Bay (red) and from the combined analysis of both experiments (green).

4 Sensitivity of the JUNO experimental setup

In this section we study the sensitivity of the future JUNO experiment [39] to constrain or

measure the neutrino wave-packet width σ. We first estimate the sensitivity of JUNO to

σ assuming future JUNO data are consistent with no decoherence effects, σ → ∞. Next,

we check the potential of JUNO to establish and measure the presence of decoherence

assuming the future JUNO data are consistent with σ = 2.01× 10−4 nm, the best-fit value

of σ from current reactor data, discussed in the previous section.

In order to simulate JUNO data, we make use of information from ref. [40]. In partic-

ular, we assume the 10-reactor configuration. Thermal powers and baselines can be found

in ref. [39] while fluxes, cross sections, and fission fractions are fixed to the ones we used

in our analyses of Daya Bay data. When computing oscillation probabilities, we ignore

matter effects, which are subdominant. For more details, we refer readers to refs. [41, 42].

There, it was demonstrated that, when pursuing oscillation analyses, matter effects primar-

ily impact, very slightly, the extraction of best-fit values but are negligible when it comes

to uncertainties and the sensitivity to other effects, including the mass ordering [41, 42].

Our statistical analyses are performed with

χ2
JUNO(~p) = min

~α

{
NJUNO∑
i=1

(
Ndat,i −Nexp,i(~p, ~α)

σJUNO
i

)2

+
∑
k

(
αk − µk
σk

)2
}
. (4.1)

We assume JUNO will run for 6 years, corresponding to 1800 days of data taking [40]

and we do not assume the existence of a near detector. The systematic uncertainties are

virtually the same as the ones discussed in the last section but, in order to account for

the absence of a near detector, we include an overall flux-normalization uncertainty due to

unknowns in the reactor flux spectrum.

When simulating data, unless otherwise noted, we assume the true values of the oscil-

lation parameters to be those spelled out in eq. (2.5) and, as discussed earlier, assume the

mass-ordering is known to be normal. We expect very similar results if it turns out that
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Figure 5. 90 and 99% CL (2 d.o.f.) allowed regions in the σ-mixing angle (left) and σ-∆m2 planes

obtained by analyzing simulated JUNO data consistent with no decoherence (σ → ∞) . The red

(blue) contours have to be compared with the red (blue) axes in both panels. The input values for

the standard oscillation parameters are listed in eqs. (2.5).

the mass-ordering is known to be inverted when JUNO takes data. Furthermore, since the

impact of the mass-ordering on JUNO data is very different from the effects of non-trivial

decoherence, we also expect similar results if one were to assume, in the data analysis, that

the mass-ordering is not known. We do not pursue this line of investigation further as it

combines different goals of JUNO in a complicated, and not especially illuminating, way.

One of the main goals of JUNO is to determine the neutrino mass-ordering by perform-

ing an exquisite measurement of the oscillation probability as a function of energy with a

baseline that is long enough so both ∆m2
21 and ∆m2

31 effects can be observed. Allowing

for the hypothesis that σ is finite will, of course, render such an analysis more challenging.

Determining how much more challenging is outside the aspirations of this manuscript.

4.1 Ruling out decoherence

Here, we simulate data consistent with no decoherence (σ → ∞) and analyze them as

discussed above. Figure 5 depicts the allowed regions of the σ-mixing angles (left) and

σ-∆m2’s (right) parameter spaces. When generating these two-dimensional regions, we

marginalize over all absent parameters. Figure 5 reveals that the precision with which

JUNO can measure the different oscillation parameters is not significantly impacted by

allowing for the possibility that σ is finite. The reason for this is that JUNO is sensitive

to several oscillation maxima and minima associated to the short oscillation lengths and

the degeneracies observed in Daya Bay and RENO are completely lifted. Furthermore,

the absence of decoherence effects associated with Lcoh
13 and Lcoh

23 preclude observable Lcoh
12

effects since Lcoh
12 /L

coh
13 ∼ 30 and sin2 θ13 effects are clearly visible. Figure 6 depicts the

reduced χ2(σ), obtained upon marginalizing over all four oscillation parameters. These

data would translate into σ > 2.11× 10−3 nm at the 90% CL. This is more than a factor

of 20 stronger than the current bound from RENO and Daya Bay, obtained in the last

section.
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simulated JUNO data consistent with no decoherence (σ →∞) and marginalizing over the remain-

ing four neutrino oscillation parameters. The input values for the standard oscillation parameters

are listed in eqs. (2.5).

4.2 Observing and measuring decoherence

Here, we simulate data consistent with the solar parameters from eq. (2.5) and the best-fit

value obtained from the analysis of Daya Bay and RENO data performed in the last sec-

tion. For the decoherence parameter we set σ = 2.01 × 10−4 nm, while for the standard

neutrino oscillation parameters we have ∆m2
31 = 2.63 × 10−3 eV2 and sin2 θ13 = 0.0231.

Figure 1 reveals that the impact of decoherence is very strong in JUNO, and we expect the

no-decoherence hypothesis to be completely ruled out. Furthermore, the short-wavelength

oscillations are completely erased, rendering the measurements of ∆m2
31 and ∆m2

32 impos-

sible. It is very clear that, under these circumstances, JUNO is completely insensitive to

the mass ordering.2

Figure 7 depicts the allowed regions of the σ-mixing angles (sin2 θ12 on the top, left and

sin2 θ13 on the top, right) and σ-∆m2’s (∆m2
21 on the bottom, left and ∆m2

31 on the bottom,

right) parameter spaces. When generating all two-dimensional regions, we marginalize over

all absent parameters. As advertised, there is no sensitivity to ∆m2
31 (figure 7 [bottom,

right]). Nonetheless, averaged-out effects of the short-wavelength oscillations remain and

one can measure sin2 θ13 with finite, albeit poorer, precision, since now sin2 θ13 = 0 remains

allowed at 99% CL (cf. figure 5 [left]). Long-wavelength effects are still present and hence

both ∆m2
21 and sin2 θ12 can be measured, see figure 7 (left). Similar to what we observe

for RENO and Daya Bay, measurements of the oscillation frequency and amplitude are

strongly correlated with those of σ. Smaller sigma translate into larger sin2 θ12 in order to

compensate for the flattened-out oscillation probability while smaller sigma translate into

smaller ∆m2
21 in order to compensate for the shift of the oscillation maximum to larger

energies (smaller L/E). These degeneracies lead to a less precise determination of the solar

parameters (cf. figure 5).

2Qualitatively, we estimate that capability of JUNO to determine the mass ordering is negatively im-

pacted by decoherence effects if σ turns out to be, roughly, a few times 10−3 nm or smaller. For these
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Figure 7. 90 and 99% CL (2 d.o.f.) allowed regions in the σ-sin2 θ12 (top,left), σ-∆m2
21 (bot-

tom,left), σ-sin2 θ13 (top,right), and σ-∆m2
31 (bottom, right) planes, obtained by analyzing simu-

lated JUNO data consistent with strong decoherence (σ = 2.01 × 10−4 nm). The input values for

the standard solar oscillation parameters are listed in eqs. (2.5) while ∆m2
31 = 2.63× 10−3 eV2 and

sin2 θ13 = 0.0231. See text for details.

Figure 8 depicts the reduced χ2(σ), relative to the minimum value. A clear measure-

ment of the neutrino-wave-packet width can be extracted: σ =
(
2.01+0.16

−0.14

)
×10−4 nm. The

no-decoherence hypothesis is ruled out at more than ten σ.

5 Conclusions

Neutrinos observed in all neutrino oscillation experiments, to date, can either be treated as

perfectly incoherent — e.g., solar neutrino experiments modulo Earth matter-effects — or

perfectly coherent — e.g., Daya Bay and RENO — superpositions of the mass eigenstates.

The position-dependent loss of coherence expected, in principle, of neutrinos produced and

detected under any circumstances, has never been observed.

Here, we explore how well reactor antineutrino experiments can constrain or measure

the loss of coherence of reactor antineutrinos. For concreteness, we assume that decoherence

effects are captured by the size of the neutrino wave-packet, σ. A perfectly coherent

neutrino beam corresponds to σ →∞ while an incoherent superposition of mass eigenstates

is associated to σ = 0. We expect reactor neutrino experiments to be excellent laboratories

to study decoherence given the high statistics, the compactness of sources and detectors,

values, decoherence effects are non-trivial in JUNO, see figure 5.
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Figure 8. The reduced χ2 as a function of σ relative to its minimum value, obtained by analyzing

simulated JUNO data consistent with strong decoherence (σ = 2.01× 10−4 nm) and marginalizing

over all oscillation parameters. The input values for the standard solar oscillation parameters are

listed in eqs. (2.5) while ∆m2
31 = 2.63× 10−3 eV2 and sin2 θ13 = 0.0231. See text for details.

including good position resolution, excellent event-by-event energy reconstruction, and very

long baselines.

We find that current reactor data from Daya Bay and RENO constrain σ > 1.0 ×
10−4 nm while future data from JUNO should be sensitive to σ < 2.1× 10−3 nm, a factor

of 20 more sensitive than the current data. If σ ∼ few×10−4 nm, in perfect agreement with

current reactor neutrino data, we expect decoherence effects to be clearly visible in JUNO,

as illustrated in figure 1. In this case, σ should be measured in JUNO with good precision.

One can naively estimate that, for neutrinos produced in nuclear reactors and detected

via inverse beta-decay, σ should be, at least, of order of the typical interatomic spacing that

characterizes the fuel inside the nuclear reactor, which we anticipate is safely outside the

sensitivity of JUNO. For the sake of reference, for pure, solid uranium, lattice parameters

are of order 0.1–1 nm. JUNO is, however, sensitive to other distance scales associated

with electron antineutrinos from beta-decay, including the typical size of the beta-decaying

nuclei — around 10−5 nm — or the inverse of the neutrino energy, 1/E ∼ 10−4 nm. The

discovery of nontrivial decoherence effects in JUNO would indicate that our understanding

of the coherence of neutrino sources (or quantum mechanics?) is, at least, incomplete.

Outside of the decoherence effects discussed here, other new phenomena can impact

the survival probability of reactor antineutrinos, including very fast neutrino decay into

lighter neutrinos or new, very light particles [43, 44] and a variety of new-physics effects [45–

50]. These new-physics effects modify the survival probability in a way that is qualitatively

different from the decoherence effects discussed here so we do not expect, assuming the data

are not consistent with the standard three-neutrino paradigm, that it would be difficult

to distinguish strong decoherence in neutrino propagation from other new physics. A

quantitative study of how well one can distinguish different, new phenomena with JUNO

is outside the scope of this manuscript.
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