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Summary of article [1] (K. Stankevich, A. Studenikin, M. Vyalkov, Generalized 
Lindblad master equation for neutrino evolution, Phys. rev. D 111, 036014 2025), 
dedicated to obtaining equation of motion for neutrino density matrix in case 
of neutrino decay on massless particle 
 
Derivation of oscillation probability in case of decay on scalar particle 
 
Calculating upper limits for coupling constants of neutrino mass states with 
scalar particle for JUNO and DUNE 
 
Comparison with existing results 

 

   Plan 
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Let’s consider mass states neutrinos with different momentum, which interact 
with environment of some sort of particles. Then all system evolves unitary  

 
𝜌𝜌 𝑡𝑡 = 𝑈𝑈 𝑡𝑡 𝜌𝜌0𝑈𝑈†(𝑡𝑡)  

 
Evolution of neutrino sub-system non-unitary described by Lindblad 
equation 

 
𝜕𝜕𝜌𝜌𝜈𝜈(𝑡𝑡)
𝜕𝜕𝜕𝜕

= 𝐾𝐾 𝜌𝜌𝜈𝜈 𝑡𝑡  ≡ [ 𝐻𝐻 𝑡𝑡 , 𝜌𝜌𝜈𝜈 𝑡𝑡  ] + ∑ 𝛾𝛾𝑖𝑖  (𝐿𝐿𝑖𝑖𝜌𝜌𝜈𝜈𝐿𝐿𝑖𝑖
†  − 1

2
{𝑖𝑖  𝐿𝐿𝑖𝑖

†𝐿𝐿𝑖𝑖 ,𝜌𝜌𝜈𝜈} )      (1) 

 
where 𝜌𝜌𝜈𝜈 - neutrino density matrix. 𝐻𝐻 – Hamiltonian of free (or unitary) neutrino 
evolution,  𝐿𝐿𝑖𝑖, 𝛾𝛾𝑖𝑖  - Lindblad dissipative operators and parametrs, form of which should 
be  determined for each specific case. (in our case – for neutrino decoherence due to 
decay)   
 

    Oscillation decoherence due to decay on massles particle [1] 
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Lindblad equation can be derived using semi-group formalism [2]: 
 

Consider a member of a dynamical semi-group Ф𝑡𝑡 
 

Considering Ф𝑡𝑡 as non-unitary evolution operator of quantum system 
requires that Ф𝑡𝑡  be completely positive (CP) (i.e. Ф𝑡𝑡 transform state into 
state) 
 
Require of CP determine the general form of semi-group generators: 

  If Ф𝑡𝑡 = exp (𝑡𝑡 ⋅ 𝐾𝐾) is CP, than:  
 

𝐾𝐾 𝑋𝑋 = ∑ 𝑉𝑉𝑗𝑗
†𝑋𝑋𝑉𝑉𝑗𝑗  − 1

2𝑉𝑉𝑗𝑗
†𝑉𝑉𝑗𝑗 ,𝑋𝑋 + 𝑖𝑖 𝐻𝐻,𝑋𝑋     (2) 

   Lindblad equation 
     Discussion of derivation 
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Most general form of Hamiltonian 𝐻𝐻(𝑡𝑡) of interaction between neutrino and 
medium of massless particles is: 

 

𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖 𝑡𝑡 = �𝑑𝑑3𝑥𝑥�𝑗𝑗𝑎𝑎 𝑥𝑥 𝐴𝐴𝑎𝑎(𝑥𝑥)
𝑎𝑎

   

 
Where 𝐴𝐴𝑎𝑎 𝑥𝑥 −  quantum field operator,  𝑗𝑗𝑎𝑎 𝑥𝑥 =  𝜈̅𝜈 𝑥𝑥 Γa𝜈𝜈(𝑥𝑥) – neutrino current 
 

Then evolution operator take form: 
 

𝑈𝑈 𝑡𝑡0, 𝑡𝑡 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 −𝑖𝑖 ∫ 𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖 𝑡𝑡′ 𝑑𝑑𝑡𝑡′
𝑡𝑡
𝑡𝑡0

    (3)  

 
𝜌𝜌 𝑡𝑡 = 𝑈𝑈 𝑡𝑡 𝜌𝜌0𝑈𝑈†(𝑡𝑡) 

 

    Oscillation decoherence due to decay on massles particle [1] 
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After expansion of evolution operator U(t) in terms of powers of coupling constants (holding only 2 
first terms), taking the trace over environment states and making some approximation, the 
equation of motion for  𝜌𝜌𝜈𝜈  (𝑡𝑡) is obtained (“generalized Lindblad equation” which consider a 
transition between different neutrino states with change of momentum )  

 
 

𝜕𝜕𝜌𝜌𝐩𝐩(𝑡𝑡)
𝜕𝜕𝑥𝑥 =  𝐻𝐻 𝑡𝑡 ,𝜌𝜌𝐩𝐩(𝑡𝑡) −

1
2� Γ𝑖𝑖𝒑𝒑𝑑𝑑 + Γ𝑖𝑖𝒑𝒑𝑎𝑎 П𝑖𝑖𝑖𝑖 ,𝜌𝜌𝐩𝐩 𝑡𝑡 +

𝑖𝑖

 

 

+∑ ∫ 𝑑𝑑3𝑘𝑘
2 2𝜋𝜋 3𝜔𝜔

∑ ∫ 𝑑𝑑3𝑞𝑞
2 2𝜋𝜋 3𝐸𝐸𝒒𝒒𝑗𝑗

Γ𝑗𝑗𝒒𝒒→𝑖𝑖𝒑𝒑𝑑𝑑 П𝑖𝑖𝑖𝑖𝜌𝜌𝐩𝐩 𝑡𝑡 П𝑗𝑗𝑗𝑗 +𝑗𝑗: 𝑚𝑚𝑗𝑗>𝑚𝑚𝑖𝑖
∑ ∫ 𝑑𝑑3𝑞𝑞

2 2𝜋𝜋 3𝐸𝐸𝒒𝒒𝑗𝑗
Γ𝑗𝑗𝒒𝒒→𝑖𝑖𝒑𝒑𝑎𝑎 П𝑖𝑖𝑖𝑖𝜌𝜌𝐩𝐩 𝑡𝑡 П𝑗𝑗𝑗𝑗𝑗𝑗: 𝑚𝑚𝑗𝑗<𝑚𝑚𝑖𝑖𝑖𝑖          (4) 

 
 

where  Γ𝑖𝑖𝒑𝒑𝑑𝑑  – width of the decay of the neutrino stationary state |𝑖𝑖𝒑𝒑⟩ to all possible neutrino states with 

emission of massless particle, (Γ𝑖𝑖𝒑𝒑𝑎𝑎 ) – width of inverse process;  

Γ𝑗𝑗𝒒𝒒→𝑖𝑖𝒑𝒑𝑑𝑑  - width of decay 𝑗𝑗𝒒𝒒  →   𝑖𝑖𝒑𝒑 , 

 П𝑖𝑖𝑖𝑖 = ⟨ 𝑗𝑗 | 𝑖𝑖 ⟩ - is the projector on the neutrino stationary state 
 

 
 
 
 
 

 
 
 
 

 
 

 
 
 
 

    Oscillation decoherence due to decay on massless particle [1] 
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For the case of scalar particle interaction is given by Lagrangian: 
 
         Γ𝑎𝑎  → 𝑔𝑔𝑠𝑠𝟙𝟙 + 𝑖𝑖𝑔𝑔𝑝𝑝𝛾𝛾5 ,     𝐴𝐴𝑎𝑎 → 𝜙𝜙   
 

𝐿𝐿𝑖𝑖𝑖𝑖𝑖𝑖 =   𝑖𝑖𝑖𝑖�𝑔𝑔𝑖𝑖𝑖𝑖𝜈𝜈𝑖𝑖�𝜈𝜈𝑗𝑗 + 𝐻𝐻. 𝑐𝑐. 
𝑖𝑖≠𝑗𝑗

 

 
where 𝜙𝜙 – scalar field, 𝑔𝑔𝑖𝑖𝑖𝑖 - coupling constants, 𝜈𝜈𝑗𝑗 - neutrino mass state 

 
 

Then equation on  𝜌𝜌𝜈𝜈 (𝑡𝑡) take a form 
 

 
 
                                                                                                                          (5) 
                                
 
 
  
 
 
 
 

 
 

 
 
 
 

    Oscillation decoherence due to decay on massless particle [1] 
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In case of degenerate mass hierarchy ( m𝑖𝑖 ≈ 𝑚𝑚𝑗𝑗) ∶ 
 
 
 
 
 
Then we get Lindblad equation with following 𝐿𝐿𝑖𝑖 and 𝛾𝛾𝑖𝑖  : 
 
 
                                                                                 
                                                                                                                                 

         Oscillation decoherence due to decay on scalar particle [1] 
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    Solution can be obtained using expansion on SU(3) generators ( 8 Gell-Mann matricies) + unit 
matrix : 
                                                             
                                                                                                              (6) 
 
     where:    𝐹𝐹0 =  𝟙𝟙, 𝐹𝐹𝑖𝑖 = 1

2
𝜆𝜆𝑖𝑖 ,     𝜆𝜆𝑖𝑖   - Gell-Mann matricies, 𝐷𝐷𝑘𝑘𝑘𝑘  - dissipative matrix: 

 
 
 
 
 
 

         Oscillation decoherence due to decay on scalar particle [1] 
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𝑃𝑃𝛼𝛼→𝛽𝛽 𝑡𝑡 = 𝑇𝑇𝑇𝑇( 𝜌𝜌𝛼𝛼 𝑡𝑡 𝜌𝜌𝛽𝛽 0  ) = 3𝜌𝜌𝛼𝛼 𝑡𝑡 0𝜌𝜌𝛽𝛽 0 0 +
1
2�𝜌𝜌𝛼𝛼 𝑡𝑡 𝑖𝑖𝜌𝜌𝛽𝛽 0 𝑖𝑖

𝑖𝑖=8

𝑖𝑖=1

= 

 

= 𝛿𝛿𝛼𝛼𝛼𝛼  − 2�ℜ(𝑈𝑈𝛼𝛼𝛼𝛼∗

𝑗𝑗<𝑘𝑘

𝑈𝑈𝛼𝛼𝛼𝛼𝑈𝑈𝛽𝛽𝛽𝛽𝑈𝑈𝛽𝛽𝛽𝛽∗ ) 1 − cos 
Δ𝑚𝑚𝑗𝑗𝑗𝑗

2

2𝐸𝐸 ⋅ 𝑡𝑡 𝑒𝑒−Γ𝑗𝑗𝑗𝑗𝑡𝑡  

 

+2�ℑ(𝑈𝑈𝛼𝛼𝛼𝛼∗

𝑗𝑗<𝑘𝑘

𝑈𝑈𝛼𝛼𝛼𝛼𝑈𝑈𝛽𝛽𝛽𝛽𝑈𝑈𝛽𝛽𝛽𝛽∗ )s𝑖𝑖𝑖𝑖
Δ𝑚𝑚𝑗𝑗𝑗𝑗

2

2𝐸𝐸 ⋅ 𝑡𝑡 𝑒𝑒−Γ𝑗𝑗𝑗𝑗𝑡𝑡 + 

 

+
1
2 𝑈𝑈𝛽𝛽𝛽

2 −  𝑈𝑈𝛽𝛽2
2 1 − 𝑒𝑒−Γ21𝑡𝑡

1
6 − 𝑈𝑈𝛼𝛼1 2 −  𝑈𝑈𝛼𝛼2 2 +

𝑐𝑐
3 ⋅

𝑒𝑒−Γ21𝑡𝑡 − 𝑒𝑒−𝑏𝑏𝑏𝑏

Γ21 − 𝑏𝑏
1
6 − (1 − 3 𝑈𝑈𝛼𝛼𝛼 2) + 

 
+ 1

6
1 − 3 𝑈𝑈𝛽𝛽3

2 1 − 𝑒𝑒−𝑏𝑏𝑏𝑏 1
6
− (1 − 3 𝑈𝑈𝛼𝛼𝛼 2)          (7) 

 
  

where 
 

𝑏𝑏 = Γ32 + Γ31, 𝑐𝑐 = Γ21 + Γ32 − Γ31  
  

 
 

   Oscillation decoherence due to decay on scalar particle 
       Oscillation probability 
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𝑃𝑃𝜈𝜈𝜇𝜇 →𝜈𝜈𝜇𝜇 𝐸𝐸  𝑎𝑎𝑎𝑎 𝐿𝐿 = 1000 𝑘𝑘𝑘𝑘 
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Above derivation can be easily generalized to the presence of matter:  
 
one should replace vacuum mixing angle and masses on effective ones – 
because eigenstates in matter are no longer mass states, decay will occur 
between these matter  eigenstates 
 
 

𝜃𝜃 →  𝜃𝜃�, m𝑖𝑖  →  𝑚𝑚𝑖𝑖�   

   Oscillation decoherence due to decay on scalar particle 
       Oscillation probability 
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For all experiments simulations we use the GLoBES software [3], [4] 
 
For setting upper limits we use Feldman – Cousin method [5]: 
 
 We consider statistic: 

 

Δ𝜒𝜒2  ≝ −2 log
𝑃𝑃 𝑁𝑁 𝜃𝜃

𝑃𝑃 𝑁𝑁 𝜃𝜃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
=  𝜒𝜒2 𝜃𝜃 − 𝜒𝜒𝑚𝑚𝑚𝑚𝑚𝑚   

2    8  

 

 For sensitivity test number of observed events in experiment 

replaced by number of events, calculated in no-decay model 
 
 

 
 
 
  
 
 
 
 

 
 
 
 
 
 
 
 

   Constraints on coupling constants 
      Software and statistical methods 
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JUNO is a reactor experiment using a 20 kton liquid scintillator (LS) detector 
located approximately 52.5 km from the Taishan and Yangjiang nuclear power 
plants (NPPs) in Jiangmen City, Guangdong Province,China. 
 
JUNO designed primarily for determining neutrino mass ordering (hierarchy)  
(figure taken from [6]) 
 

 
    

   Constraints on coupling constants 
       Sensitivity test: JUNO 
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Energy resolution [7]: 

𝑅𝑅 𝐸𝐸,𝐸𝐸′ = 1
𝜎𝜎 𝐸𝐸 2𝜋𝜋

𝑒𝑒−
𝐸𝐸−𝐸𝐸′

2

2𝜎𝜎2 𝐸𝐸 ,     𝜎𝜎 𝐸𝐸 = 2.95% 𝐸𝐸 −(𝑚𝑚𝑛𝑛−𝑚𝑚𝑝𝑝 −𝑚𝑚𝑒𝑒)
1𝑀𝑀𝑀𝑀𝑀𝑀

       (9), (10) 

 

𝜎𝜎 𝐸𝐸 = 𝐸𝐸 𝑎𝑎
𝐸𝐸

2
+ 𝑏𝑏2 +  𝑐𝑐

𝐸𝐸

2
      (11) – more accurate, but we assume       

simplified form as in (10) 
 
Density 𝜌𝜌 = 2.45 𝑔𝑔/𝑐𝑐𝑚𝑚3as in [6] 

 
Exposure equal to 6.5 years 
 
 
 
 
 
 

   Constraints on coupling constants 
       Sensitivity test: JUNO. Experiment configuration 
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Systematic uncertainties are taken from [7] and [12]. They are include: 
 

IBD selection efficiency: parameterize efficiency coefficient –  ( 0.822 + 𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒) ⋅ 𝑁𝑁 
 
 Uncorrelated flux shape uncertainty: parameterize fluxes in each bin – 

1 + 𝛼𝛼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖 ⋅ 𝑁𝑁𝑖𝑖 (200 nuisance parameters) 

 
Uncorrelated reactor flux uncertainty: parameterize fluxes from each reactor  -  

1 + 𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑗𝑗 ⋅ 𝑁𝑁𝑗𝑗  (11 nuisance parameters) 

 
 Correlated reactor flux normalization: parameterize total flux –  1 + 𝛼𝛼𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 ⋅ 𝑁𝑁 
 

Calibration error due to non-linear detector energy response [12] - for neutrino 

decay sensitivity test calibration error gives change of Δ𝜒𝜒2 ≈ 0.01 and it’s 

negligible small. That’s why we don’t account for this effect in final calculations  
 

 
 
 
 

 
 

 
 

 
 
 

   Constraints on coupling constants 
       Sensitivity test: JUNO. Systematic uncertainties 
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For sensitivity test we assume, that all coupling constants are equal 
(𝑔𝑔12 = 𝑔𝑔13 = 𝑔𝑔23) 

 
For check aplying Wilks theorem we simulate 20000 experiments and  
determine Δ𝜒𝜒2 𝑔𝑔 𝑐𝑐 for C.L. = 90%.  
 
Experiments are simulated assuming, that number of events in each bin 𝑛𝑛𝑖𝑖   
distributed normally with 𝜇𝜇 = 𝑛𝑛𝑖𝑖 𝜃𝜃  and  𝜎𝜎 = 𝑛𝑛𝑖𝑖 𝜃𝜃  

 

   Constraints on coupling constants 
       Sensitivity test: JUNO. Upper limits 

17 



We’ve got result: 
Δ𝜒𝜒2 = 2.472 𝑓𝑓𝑓𝑓𝑓𝑓 90.14% 𝐶𝐶. 𝐿𝐿. 

 
This gives next upper limits: 

𝒈𝒈 <  𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎 
 

In terms decay widths (for 𝐸𝐸𝜈𝜈 = 1𝐺𝐺𝐺𝐺𝐺𝐺) 
 

 𝜞𝜞𝟑𝟑𝟑𝟑 <   𝟏𝟏.𝟒𝟒𝟒𝟒 ⋅ 𝟏𝟏𝟏𝟏−𝟐𝟐𝟐𝟐𝑮𝑮𝑮𝑮𝑮𝑮,    𝜞𝜞𝟐𝟐𝟐𝟐<  𝟒𝟒.𝟑𝟑 ⋅ 𝟏𝟏𝟏𝟏−𝟐𝟐𝟐𝟐𝑮𝑮𝑮𝑮𝑮𝑮, 𝜞𝜞𝟑𝟑𝟑𝟑 < 𝟏𝟏.𝟒𝟒𝟒𝟒 ⋅ 𝟏𝟏𝟏𝟏−𝟐𝟐𝟐𝟐𝑮𝑮𝑮𝑮𝑮𝑮 
 

In terms of value 𝛼𝛼 = 𝐸𝐸 ⋅ Γ: 
 

𝛼𝛼31 < 1.44 ⋅ 10−7𝑒𝑒𝑉𝑉2,   𝛼𝛼21< 4.3 ⋅ 10−9𝑒𝑒𝑉𝑉2,    𝛼𝛼32< 1.41 ⋅ 10−7𝑒𝑒𝑉𝑉2  

 
 

   Constraints on coupling constants 
       Sensitivity test: JUNO. Upper limits 
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DUNE – is a neutrino beam experiment, comprises three central components: 
(1) high-intensity neutrino source generated from a megawatt-class proton 
accelerator at Fermilab 
(2) a massive far detector (FD) situated 1.5km underground at the San ford 
Underground Research Facility (SURF) in South Dakota 
 (3) a composite near detector (ND) installed just downstream of the neutrino 
source [14] 
 
 

   Constraints on coupling constants 
       Sensitivity test: DUNE. [13], [14] 
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For DUNE simulation we use GLoBES configuration, provided by DUNE 
collaboration [13], [14] (but 𝜈𝜈𝜏𝜏  cross sections are set to zero) 
 
 

   Constraints on coupling constants 
       Sensitivity test: DUNE. Experiment configuration [13],[14]. 
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We again assume all coupling constants to be equal 
 

We assume that Wilk’s theorem is holding. In this case, 𝜒𝜒𝑚𝑚𝑚𝑚𝑚𝑚
2 = 0 and 

Δ𝜒𝜒2 ≡ 𝜒𝜒2 𝜃𝜃   follows 𝜒𝜒2 distribution with 1 d.o.f. Then 90% C.L. is reached 
at Δ𝜒𝜒2 ≈ 2.7  

 
 
 
 

 
 
 
 

 

   Constraints on coupling constants 
       Sensitivity test: DUNE. Upper limits 
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In above assumptions we’ve got result: 
 

𝒈𝒈 <  𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎   𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘 𝟗𝟗𝟗𝟗.𝟐𝟐 % 𝑪𝑪.𝑳𝑳. 
 

In terms decay widths (for 𝐸𝐸𝜈𝜈 = 1𝐺𝐺𝐺𝐺𝐺𝐺) 
 
𝜞𝜞𝟑𝟑𝟑𝟑 <   𝟐𝟐.𝟑𝟑𝟑𝟑 ⋅ 𝟏𝟏𝟏𝟏−𝟐𝟐𝟐𝟐𝑮𝑮𝑮𝑮𝑮𝑮,    𝜞𝜞𝟐𝟐𝟐𝟐< 𝟔𝟔.𝟖𝟖𝟖𝟖 ⋅ 𝟏𝟏𝟏𝟏−𝟐𝟐𝟐𝟐𝑮𝑮𝑮𝑮𝑮𝑮,    𝜞𝜞𝟑𝟑𝟑𝟑< 𝟐𝟐.𝟐𝟐𝟐𝟐 ⋅ 𝟏𝟏𝟏𝟏−𝟐𝟐𝟐𝟐𝑮𝑮𝑮𝑮𝑮𝑮 

 
In terms of value 𝛼𝛼 = 𝐸𝐸 ⋅ Γ: 

 
𝛼𝛼31 < 2.32 ⋅ 10−6𝑒𝑒𝑉𝑉2,   𝛼𝛼21< 6.89 ⋅ 10−9𝑒𝑒𝑉𝑉2,    𝛼𝛼32< 2.25 ⋅ 10−6𝑒𝑒𝑉𝑉2  

 

   Constraints on coupling constants 
       Sensitivity test: DUNE. Upper limits 
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Upper limits for DUNE are worse than for JUNO, because of DUNE works on 

the GeV scale and JUNO on MeV, and decoherence effect is bigger for smaller 

energies due to inverse energy dependence of decay width 
 
 

   Constraints on coupling constants 
       Sensitivity test: DUNE. Upper limits 
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In work [15] was considered case of neutrino decay to Majoron (massles 
scalar particle) in assumption, that there is only 𝜈𝜈3 → 𝜈𝜈1 decay without 
change of momentum. This result based on T2K + MINOS data analysis 

 
𝛼𝛼 ≲ 7.8 ⋅ 10−5 𝑒𝑒𝑉𝑉2 

 
In work [16] was considered model independent approach, when dissipative 
matrix is diagonal. From this article we compare with their case, when all 
Γ𝑖𝑖𝑖𝑖  are equal and    Γ𝑖𝑖𝑖𝑖 ~ 1

𝐸𝐸𝜈𝜈 
. Then for JUNO there was obtained upper limit: 

 
𝛼𝛼 ≲ 4.52 ⋅ 10−7 𝑒𝑒𝑉𝑉2 

   Constraints on coupling constants 
       Comparison with existing results 
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Oscillation probability of neutrino in model of decay to massless scalar partical in 
case of degenerate mass hierarchy, based on work [1], was calculated 
 
Sensitivity of two future experiments – JUNO and DUNE – to neutrino decay was 
estimated: 
 

          JUNO :    𝜞𝜞𝟑𝟑𝟑𝟑 <   𝟏𝟏.𝟒𝟒𝟒𝟒 ⋅ 𝟏𝟏𝟏𝟏−𝟐𝟐𝟐𝟐𝑮𝑮𝑮𝑮𝑮𝑮,    𝜞𝜞𝟐𝟐𝟐𝟐<  𝟒𝟒.𝟑𝟑 ⋅ 𝟏𝟏𝟏𝟏−𝟐𝟐𝟐𝟐𝑮𝑮𝑮𝑮𝑮𝑮, 𝜞𝜞𝟑𝟑𝟑𝟑 < 𝟏𝟏.𝟒𝟒𝟒𝟒 ⋅ 𝟏𝟏𝟏𝟏−𝟐𝟐𝟐𝟐𝑮𝑮𝑮𝑮𝑮𝑮 
 

           DUNE:   𝜞𝜞𝟑𝟑𝟑𝟑 <   𝟐𝟐.𝟑𝟑𝟑𝟑 ⋅ 𝟏𝟏𝟏𝟏−𝟐𝟐𝟐𝟐𝑮𝑮𝑮𝑮𝑮𝑮,    𝜞𝜞𝟐𝟐𝟐𝟐< 𝟔𝟔.𝟖𝟖𝟖𝟖 ⋅ 𝟏𝟏𝟏𝟏−𝟐𝟐𝟐𝟐𝑮𝑮𝑮𝑮𝑮𝑮,    𝜞𝜞𝟑𝟑𝟑𝟑< 𝟐𝟐.𝟐𝟐𝟐𝟐 ⋅ 𝟏𝟏𝟏𝟏−𝟐𝟐𝟐𝟐𝑮𝑮𝑮𝑮𝑮𝑮 
 

 

   Summary 
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