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Neutrino oscillation

Neutrino flavor (να) oscillations are generated by the quantum
interference of neutrino mass states (νj),

|να⟩ =
∑

j Uαj |νj⟩ .

Coherence between νj is essen-
tial for neutrino oscillations.

Neutrino system behaves as a
closed system.

Time evolution of ρ represented by Liouville-Von Neumann
equation

dρ(t)
dt = −i[H, ρ(t)] .

Pαβ(t) = Tr[ρα(t)ρβ(0)] .
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Motivation

Pαβ(t ≈ L) = Pαβ(∆m2
21, |∆m2

31|, θ12, θ13, θ23, δCP;E,L, V (x)) .

Significant opportunity to probe new physics (NP) phenomenon
with upcoming high-precision neutrino oscillation experiments.

One such interesting phenomenon is the environmentally induced
decoherence.

This effect arises in the oscillation probabilities through the damp-
ing term e−ΓL.

Fig 1. Protvino to ORCA.
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Decoherence

Neutrino system interacts with
the stochastic environment.

dρ̃m(t)
dt = −i [H, ρ̃m(t)] +D [ρ̃m(t)] .

Assumptions:
(a) complete positivity,
(b) trace preserving conditions,
(c) increasing von Neumann
entropy,
(d) average energy conservation of
the system.

Fig 2. Neutrino system as an open
quantum system.
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Oscillation probability in presence of decoherence

Pαβ(t) = Tr[ρ̃α(t)ρ̃β(0)] .

Pαβ(L) = δαβ − 2
∑
j>k

Re
(
ŨβjŨ

∗
αjŨαkṼ

∗
βk

)

+ 2
∑
j>k

Re
(
ŨβjŨ

∗
αjŨαkŨ

∗
βk

)
exp(−ΓjkL) cos

(
∆̃m2

jk

2E
L

)

+ 2
∑
j>k

Im
(
ŨβjŨ

∗
αjŨαkŨ

∗
βk

)
exp(−ΓjkL) sin

(
∆̃m2

jk

2E
L

)
.

Damping of interference terms by a factor e−ΓL in the oscillation
probability.

Energy dependency on Γ :

Γjk(Eν) = Γ0

(
Eν

GeV

)n

; n = 0,±1,±2 .
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Current upper bounds on decoherence parameters
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Bounds on Γ by IceCube experiments
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Bounds on Γ by IceCube experiments
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Bounds by reactor and accelerator experiments
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Bounds by reactor and accelerator experiments
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Bounds on Γ by MINOS and T2K experiments
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Bounds on Γ by MINOS and T2K experiments
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Our work:
arXiv:2405.03286
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Phenomenological models

Case 1: Γ21 = Γ31 = Γ32 ̸= 0

Case 2: Γ21 = Γ31 , Γ32 = 0

Case 3: Γ21 = Γ32 , Γ31 = 0

Case 4: Γ31 = Γ32 , Γ21 = 0

Γjk(Eν) = Γ0

(
Eν

GeV

)n

; n = 0,±1,±2 .

Objectives: To study

the effects of Γ on different oscillation channels.

the bounds on decoherence parameters in P2O considering Γ ∝ En
ν .

MH and CPV sensitivity considering 3σ value of Γ.
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Simulation details

Baseline 2595 km
Exposure 0.8× 1020 POT/year
Beam power 90 kW (modest) and 450 kW (upgradable)
Run time 6 years (3(ν) + 3(ν̄))
Detector mass 8 Mton (Water Cherenkov)
Matter density 3.25 gm/cm3

Fig 3. Events rate considering standard interaction in the presence of earth matter.
[1] Eur. Phys. J. C (2019) 79: 758
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Oscillation probabilities

Fig 4. The left (right) plot in the upper panel represents νe appearance (νµ disappearance)
probability and in the lower panel corresponding anti-neutrino probability. We consider a
representative case Γ21 = Γ31 = Γ32 = 2.3× 10−23 GeV.
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Analysis

We incorporated a new oscillation probability engine into GLoBES
[2,3] by taking into account the effect of decoherence on neutrino
propagation.

∆χ2
Γ = χ2(Γ(true) = 0,Γ(test) ̸= 0) .

Marginalized over θ23 and δCP , (∆m2
31)NH .

∆χ2
MH = χ2

true(Γ ̸= 0,∆m2
31 > 0)− χ2

test(Γ = 0,∆m2
31 < 0) .

Marginalized over θ23 and δCP .

∆χ2
0 = χ2

true(δCP (true),Γ ̸= 0)− χ2
test(δCP = 0,Γ = 0) ,

∆χ2
π = χ2

true(δCP (true),Γ ̸= 0)− χ2
test(δCP = π,Γ = 0) ,

∆χ2
CPV = min[∆χ2

0,∆χ2
π] .

Marginalized over θ23, (∆m2
31)NH .

[2] Comput. Phys. Commun. 167 (2005) 195 , [3] Comput. Phys. Commun.

177 (2007) 432–438 .
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Results

Fig 5. Case 1: Γ21 = Γ31 = Γ32 ̸= 0. Upper and lower panel are the results of 90 kW and
450 kW beam respectively.
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Contd...

Fig 6. Case 2: Γ21 = Γ31 , Γ32 = 0. Upper and lower panel are the results of 90 kW and
450 kW beam respectively.
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Summary table

n CL
90 kW 450 kW

Case 1 Case 2 Case1 Case 2

n = −2 90%
3σ

8.06× 10−23

1.15× 10−22
6.0× 10−23

1.11× 10−22
6.4× 10−23

9.0× 10−23
3.9× 10−23

7.6× 10−23

n = −1 90%
3σ

1.8× 10−23

2.55× 10−23
1.36× 10−23

2.46× 10−23
1.4× 10−23

2.1× 10−23
8.5× 10−24

1.75× 10−23

n = 0 90%
3σ

3.76× 10−24

5.3× 10−24
2.76× 10−24

5.18× 10−24
3.1× 10−24

4.2× 10−24
1.89× 10−24

4.0× 10−24

n = 1 90%
3σ

7.4× 10−25

1.04× 10−24
5.4× 10−25

1.02× 10−24
6.2× 10−25

8.5× 10−25
3.6× 10−25

7.7× 10−25

n = 2 90%
3σ

1.24× 10−25

1.79× 10−25
9.07× 10−26

1.87× 10−25
7.8× 10−26

1.5× 10−25
5.87× 10−26

1.4× 10−25

Table 1: Upper bounds on Γ0 (GeV) obtained for different power law dependencies.
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Conclusions

1 The upper bounds on Γ are comparatively stronger for n ≥ 0.

2 Similar conclusion can be drawn for upgraded 450 kW beam.

3 Case-2 (Γ21 = Γ31 , Γ32 = 0) poses strong constraints for n = 0
on Γ ≤ 2.76 × 10−24 GeV for P2O and Γ ≤ 1.89 × 10−24 GeV for
P2O-upgrade.

4 MH sensitivity does not vary significantly w.r.t SM.

5 In the presence of decoherence, CP conserving values (δCP = 0,±π)
also show nonzero δCP
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Peak explanation
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Cont...

Cµe = −2
∑
i<j

Re
[
Ũ∗
µiŨeiŨµjŨ

∗
ej

]

Iµe = 2
∑
i<j

Re
[
Ũ∗
µiŨeiŨµjŨ

∗
ej

]
cos ∆̃ij

−2
∑
i<j

Im
[
Ũ∗
µiŨeiŨµjŨ

∗
ej

]
sin ∆̃ij

https://doi.org/10.1103/PhysRevD.100.055023
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Events rate

NH, δCP = π/2; 90 kW beam power.

Signal events νe νµ ν̄e ν̄µ

SM (Γ = 0) 2115 4746 160 1473

Γ = 1.79× 10−25 GeV (n = 2) 2390 5160 154 1623

Γ = 1.15× 10−22 GeV (n = −2) 2139 5039 159 1567

Bkg in νe app channel νµ NC ντ

SM (Γ = 0) 2362 1190 876

Γ = 1.79× 10−25 GeV (n = 2) 2596 1190 852

Γ = 1.15× 10−22 GeV (n = −2) 2370 1190 868
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