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Introduction
• So far, no convincing evidence/confirmation of 

physics beyond the standard three neutrino 
flavor framework

• It is interesting to probe/constrain some new 
physics beyond the standard framework

• It is important to test the paradigm of the 
standard three flavor framework

• As one of the examples of such new physics, in 
this talk, we consider (non-standard) quantum 
decoherence in neutrino oscillation



Introduction
• Neutrino oscillations occur due to quantum 

interference 

separation of the wave packets

• “Coherence” is needed to that happen

• Oscillation is suppressed due to “decoherence” 
effect, for example, by

matter density fluctuation

• we consider non-standard decoherence effect 
which may come from some new physics (which      
may be related to quantum gravity) assuming a 
phenomenological model

finite energy and/or spatial resolution (uncertainty)
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Quantum Decoherence: density matrix formalism

H: Hamiltonian
describes decoherence

Hermicity
(Lindbald form)

Energy Conservation

(or small enough to be neglected)

(to avoid unitarity violation)

assuming positivity 



Neutrino propagation in uniform matter

where
: mixing matrix in matter



In a more familiar way,

: effective mass squared difference in matter

For constant matter density

: decoherence parameters (see next slide)



Assumptions on the Decoherence Parameters

Following the previous works, we assume

power-law energy dependence

to have sizable effect of decoherence,

we can roughly estimate that

(but not enough condition)



For multi layers of constant matter densities

For 1 layer of constant matter density

for 2 layers

for 3 layers



3 layer approximation of the Earth matter 
density profile (mantle - core - mantle)




We consider the following 3 distinct cases

(A) Atmospheric limit: ϒ21 = 0 (ϒ32 = ϒ31 )

(B) Solar limit I:   ϒ32 = 0 (ϒ21 = ϒ31 )

(C) Solar limit II:  ϒ31 = 0 (ϒ21 = ϒ32 )



10 100
E (GeV)

0

0.2

0.4

0.6

0.8

1
P(
ν µ
→
ν µ

)

Normal ordering
(A)  γ31 = γ32
(B)  γ21 = γ31
(C)  γ21 = γ32
Standard Osc.

Some examples of oscillation probabilities



10 100
E (GeV)

0

0.2

0.4

0.6

0.8

1
P(
ν µ
→
ν µ

)

Inverted ordering
(A)  γ31 = γ32
(B)  γ21 = γ31
(C)  γ21 = γ32
Standard Osc.

Some examples of oscillation probabilities



10 100
E (GeV)

0

0.2

0.4

0.6

0.8

1

P(
ν µ
→
ν µ

)

Inverted ordering
(A)  γ31 = γ32
(B)  γ21 = γ31
(C)  γ21 = γ32
Standard Osc.

10 100
E (GeV)

0

0.2

0.4

0.6

0.8

1

P(
ν µ
→
ν µ

)

Normal ordering
(A)  γ31 = γ32
(B)  γ21 = γ31
(C)  γ21 = γ32
Standard Osc.

10 100
E (GeV)

0

0.2

0.4

0.6

0.8

1

P(
ν µ
→
ν µ

)

Normal ordering
(A)  γ31 = γ32
(B)  γ21 = γ31
(C)  γ21 = γ32
Standard Osc.

10 100
E (GeV)

0

0.2

0.4

0.6

0.8

1

P(
ν µ
→
ν µ

)

Inverted ordering
(A)  γ31 = γ32
(B)  γ21 = γ31
(C)  γ21 = γ32
Standard Osc.

Some examples of oscillation probabilities



We consider the following 3 distinct cases
(A) Atmospheric limit: ϒ21 = 0 (ϒ32 = ϒ31 )

(B) Solar limit I:   ϒ32 = 0 (ϒ21 = ϒ31 )

(C) Solar limit II:  ϒ31 = 0 (ϒ21 = ϒ32 )

there are following approximated correspondences

NO of (A) IO of (C) 
NO of (B) IO of (A) 
NO of (C) IO of (B) 

NO (IO): Normal (Inverted) mass Ordering



For higher energy (> 15 GeV) neutrinos, 
for normal mass ordering

for inverted mass ordering



To see the effect more globally 𝝂 oscillogram is useful



IceCube: Poissonian log-likelihood analysis

Analysis Procedure

DeepCore: Gaussian Maximum likelihood analysis

For each analysis, simultaneous fit on the 
parameters of 

was performed



Analysis Procedure
For IceCube, we consider the data presented in 

PhD thesis by B.J.P. Jones, available at

http://hdl.handle.net/1721.1/101327

from 400 GeV to 20 TeV, from cosθz= -1.02 to 0.24 

Source of uncertainty Value

Flux - normalization Free

Flux - ⇡/K ratio 10%

Flux - energy dependence as (E/E0)⌘ �⌘ = 0.05

Flux - ⌫̄/⌫ 2.5%

DOM e�ciency 5%

Photon scattering 10%

Photon absorption 10%

Table 1: The most relevant systematic errors used in our analysis of IceCube data,

taken from refs. [45, 47, 50].

In each bin, the number of events is computed as

Ni(E
rec

, ✓
rec
z ) =

X

±,↵,�

Z
dE d cos ✓z �

atm

↵,±(E, ✓z)P
±
↵�(E, ✓z)A

e↵

i,±,�(E, ✓z, E
rec

, ✓
rec
z )

+Ni,µ(E
rec

, ✓
rec
z ). (4.2)

Unlike for IceCube, at DeepCore muon tracks can be produced from ⌫µ ! ⌫µ and

⌫e ! ⌫µ events4. Moreover, the track-like event distributions at DeepCore will also

receive partial contributions from cascades which are mis-identified as tracks: hence

the sum over � = e, µ, ⌧ in eq. (4.2). Therefore, here �
atm

↵,± stands for the atmo-

spheric flux for neutrinos/antineutrinos of flavor ↵ (where we have used the fluxes

from ref. [52]), and P
±
↵� refers to the neutrino/antineutrino oscillation probability in

the channel ⌫↵ ! ⌫� for neutrinos (+) (or ⌫̄↵ ! ⌫̄�, for antineutrinos (-)). The rejec-

tion e�ciencies for the contamination are included in the detector response function

A
e↵

i,±,�, which now depends on the flavor � of the interacting neutrino. Finally, an

estimate of the atmospheric muons that overcome the selection criteria (taken from

refs. [44, 50]) is also added for each bin in reconstructed variables, Ni,µ.

Figure 4 shows the expected number of events for DeepCore obtained from our

numerical simulations including decoherence, for �21 = �31 = 2.3 · 10�23 GeV (solid

blue lines) and �21 = �31 = 10�22 GeV (dot-dashed green lines), as a function of

cos ✓recz , for events in di↵erent reconstructed energy ranges. For simplicity, we have

considered the n = 0 case (that is, �ij independent of the neutrino energy). The

expected result without decoherence is also shown for comparison (dashed red lines),

while the observed data [44] are shown by the black dots.

In this work a Gaussian maximum likelihood is used to analyze the DeepCore

data, performing a simultaneous fit on the following parameters: �m
2

32
, ✓23 and �ij.

The rest of the oscillation parameters have been kept fixed to their current best-fit

4The flux from ⌫⌧ can be considered negligible at these energies.

– 18 –

systematic errors for IceCube data
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Analysis Procedure

For DeepCore we consider the data presented in 

Aartsen et al., PRL117, 071801 (2016)

from ～10 GeV to ～1 TeV, 8 bins below cosθz= 0

systematic errors for DeepCore data
Source of uncertainty Value

Flux - normalization Free

Flux - energy dependence as (E/E0)⌘ �⌘ = 0.05

Flux - (⌫e + ⌫̄e)/(⌫µ + ⌫̄µ) ratio 20%

Background - normalization Free

DOM e�ciency 10%

Optical properties of the ice 1%

Table 2: Systematic errors used in our analysis of DeepCore data, taken from

refs. [44, 48].

5 Results

Following the procedure described in sec. 4 we have obtained the �2 for every point in

the parameter space. Marginalizing over the relevant mixing and mass parameters,

namely, �m
2

32
and ✓23, the sensitivity of the data to �ij parameters is determined by

evaluating the
p
��2, with ��

2
⌘ �

2
� �

2

min
, where �

2

min
is the value at the global

minimum.

In this section we will only show the results obtained for NO, since we have

checked that extremely similar results are obtained for IO after applying the mapping

given in eq. (3.8). Nevertheless, in sec. 6 we will also provide the 95% confidence

level (CL) bounds obtained in our numerical analysis for the IO case. The bounds

obtained are in very good agreement with the mapping given in eq. (3.8).

Figure 5 shows the obtained
p

��2 as a function of �0 for the three limiting cases

defined in sec. 3: (A) atmospheric limit, �0 = �
0

32
= �

0

31
(red curve); (B) solar limit I,

�0 = �
0

21
= �

0

31
(green curve); and (C) solar limit II, �0 = �

0

21
= �

0

32
(blue curve). In

all cases, the solid (dashed) lines correspond to the results obtained from our analysis

of the IceCube (DeepCore) data, and each panel shows the results obtained assuming

a di↵erent energy dependence for the decoherence parameters, see eq. (2.14): n = 0

(top panel), n = 1 (middle panel) and n = 2 (bottom panel). The shaded regions

are disfavored by previous analysis of SK [7] (90% CL) and KamLAND [15] data

(95% CL). As explained in sec. 3, the KamLAND constraints derived in [15] apply

to �
0

12
(solar limits) while it is not clear to which �ij the bounds from SK obtained

in [7] would apply, since this depends on the true neutrino mass ordering (which is

yet unknown).

Note that the size of the atmosphere has been neglected in our calculations (see

app. A for details). This is a good approximation for small values of the decoherence

parameters, but it starts to fail if the decoherence e↵ects are large enough to a↵ect

neutrinos with cos ✓z > 0. Therefore, in the case of Icecube we have shown our results

only in the region where this approximation holds. In the case of DeepCore, due to

– 20 –
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Bounds from IceCube and DeepCore
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Figure 5: Values of the
p
��2 as a function of the decoherence parameter for

the Atmospheric limit (red), Solar limit I (green) and Solar limit II (blue) defined

in sec. 3. The results obtained from our analysis of IceCube (DeepCore) data are

denoted by the solid (dashed) lines. The three panels have been obtained for NO,

assuming a di↵erent dependence on the neutrino energy: n = 0 (top panel), n = 1

(middle panel) and n = 2 (bottom panel). The shaded regions are disfavored by

previous analysis of SK [7] and KamLAND [15] data, see text for details. The

horizontal black line indicates the value of the
p
��2 corresponding to 95% CL for

1 degree of freedom.

the smaller energies considered, our approximation has no impact on the results

even for large values of the decoherence parameters. Therefore, the approximation
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Summary of Bounds we obtained

we find these to be in reasonable agreement, given our naive estimation of E0 as the

mean energy for each experiment.

6 Summary and Conclusions

N
or
m
al

O
rd
er
in
g

n = �2 n = �1 n = 0 n = 1 n = 2

IceCube (this work)

Atmospheric (�31 = �32) 2.8 · 10�18 4.2 · 10�21 4.0 · 10�24 1.0 · 10�27 1.0 · 10�31

Solar I (�31 = �21) 6.8 · 10�19 1.2 · 10�21 1.3 · 10�24 3.5 · 10�28 1.9 · 10�32

Solar II (�32 = �21) 5.2 · 10�19 9.2 · 10�22 9.7 · 10�25 2.4 · 10�28 9.0 · 10�33

DeepCore (this work)

Atmospheric (�31 = �32) 4.3 · 10�20 2.0 · 10�21 8.2 · 10�23 3.0 · 10�24 1.1 · 10�25

Solar I (�31 = �21) 1.2 · 10�20 5.4 · 10�22 2.1 · 10�23 6.6 · 10�25 2.0 · 10�26

Solar II (�32 = �21) 7.5 · 10�21 3.5 · 10�22 1.4 · 10�23 4.2 · 10�25 1.1 · 10�26

In
ve
rt
ed

O
rd
er
in
g

IceCube (this work)

Atmospheric (�31 = �32) 6.8 · 10�19 1.2 · 10�21 1.3 · 10�24 3.5 · 10�28 1.9 · 10�32

Solar I (�31 = �21) 5.2 · 10�19 9.2 · 10�22 9.8 · 10�25 2.4 · 10�28 9.0 · 10�33

Solar II (�32 = �21) 2.8 · 10�18 4.2 · 10�21 4.1 · 10�24 1.0 · 10�27 1.0 · 10�31

DeepCore (this work)

Atmospheric (�31 = �32) 1.4 · 10�20 5.8 · 10�22 2.2 · 10�23 7.5 · 10�25 2.3 · 10�26

Solar I (�31 = �21) 8.3 · 10�21 3.6 · 10�22 1.4 · 10�23 4.7 · 10�25 1.3 · 10�26

Solar II (�32 = �21) 5.0 · 10�20 2.3 · 10�21 9.4 · 10�23 3.3 · 10�24 1.2 · 10�25

Previous Bounds

SK (two families) [7] 2.4 · 10�21 4.2 · 10�23 1.1 · 10�27

MINOS (�31, �32) [32] 2.5 · 10�22 1.1 · 10�22 2 · 10�24

KamLAND (�21) [15] 3.7 · 10�24 6.8 · 10�22 1.5 · 10�19

Table 3: DeepCore/IceCube bounds on �
0

ij in GeV (�ij = �
0

ij(E/GeV)n), at the

95% CL (1 degree of freedom), for both normal and inverted ordering as indicated.

Previous constraints are also provided for comparison, and the dominant limit in

each case is highlighted in bold face (notice that we considered the most conservative

bound from the two solar limits).

In this work, we have derived strong limits on non-standard neutrino decoherence

parameters in both the solar and atmospheric sectors from the analysis of IceCube

– 24 –
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Conclusions

• We found that the bounds and/or sensitivities depend 
strongly on the neutrino mass ordering and matter 
effect is important 

• For neutrinos, the decoherence effect is mainly driven by 
ϒ21 (ϒ31) for normal (inverted) mass ordering

• For antineutrinos, the decoherence effect is mainly driven 
by ϒ32 (ϒ21) for normal (inverted) mass ordering

• We obtained better (improved) bounds for most of the

      cases except for n = -1

• We revisit the quantum decoherence in the context 
neutrino oscillation with full 3 flavor framework

• 3 flavor analysis is required to interpret correctly the 
bounds on the decoherence parameters 



Thank you very much 
for your attention!
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Neutrino propagation in non-uniform matter: adiabatic regime

after averaging out, finally we have

relevant for solar 8B neutrinos



but very accurate analytical expressions for the standard oscillation probabilities in

presence of constant matter density were derived. For the ⌫µ ! ⌫µ oscillation channel

including decoherence e↵ects, using the same parametrization as in ref. [40], we find:

Pµµ = 1� A21

h
1� e

��21L cos �̃21

i
� A32

h
1� e

��32L cos �̃32

i
(2.16)

� A31

h
1� e

��31L cos �̃31

i
,

where

Aij ⌘ Aij(✓23, ✓̃12, ✓̃13, �) = 2|Uµi(✓23, ✓̃12, ✓̃13, �)|
2
|Uµj(✓23, ✓̃12, ✓̃13, �)|

2
, (2.17)

and the e↵ective mass splittings and mixing angles in matter can be expressed as [40]:

cos 2✓̃13 =
cos 2✓13 � a/�m

2

eep
(cos 2✓13 � a/�m2

ee)
2 + sin2 2✓13

,

cos 2✓̃12 =
cos 2✓12 � a

0
/�m

2

21q
(cos 2✓12 � a0/�m

2

21
)2 + sin2 2✓12 cos2(✓̃13 � ✓13)

,

�m̃
2

21
= �m

2

21

q
(cos 2✓12 � a0/�m

2

21
)2 + sin2 2✓12 cos2(✓̃13 � ✓13),

�m̃
2

31
= �m

2

31
+ (a�

3

2
a
0) +

1

2
(�m̃

2

21
��m

2

21
),

�m̃
2

32
= �m̃

2

31
��m̃

2

21
. (2.18)

Here, a ⌘ 2
p
2GFneE, where GF is the Fermi constant and ne is the electron number

density along the neutrino path, �m
2

ee ⌘ cos2 ✓12�m
2

31
+ sin2

✓12�m
2

32
, and a

0 =

a cos2 ✓̃13 +�m
2

ee sin
2(✓̃13 � ✓13). The corresponding probability for antineutrinos is

obtained simply replacing a ! �a and � ! ��, where � denotes the Dirac CP phase.

2.2 Neutrino propagation in non-uniform matter: adiabatic regime

Equation (2.13) applies for constant density profiles (which is a very good approxi-

mation in the case of long-baseline neutrino oscillation experiments such as T2K or

NOvA), but if the matter density is not constant the analysis becomes more com-

plicated. Nevertheless, when the adiabaticity condition dŨ/dt ⌧ 1 is fulfilled, as in

the solar neutrino case, the solution of the evolution equations given by eqs. (2.9)

and (2.10) is still a good approximation. In such a case, the oscillation probability

is given by

P↵� = h⌫�|⇢̂
(↵)(t)|⌫�i =

X

i,j

⇢̃
(↵)
ij (0)e�[�ij�i�h̃ij]th⌫�|⌫̃

eff
i ih⌫̃

eff
j |⌫�i, (2.19)

where ⌫
eff
i denotes the e↵ective mass eigenstates at time t. In the case of solar

neutrinos, the initial flux of ⌫e is produced in the solar core and the initial conditions

are given by:

⇢̃
(e)
ij (0) = Ũ

0⇤
ei Ũ

0

ej, (2.20)
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where
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