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NEUTRINO OSCILLATION FRAMEWORK

  are massless in SM.

 Charge neutral, spin-half particles.
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Figure 1: Feynman diagrams of neutrinos undergoing neutral current (left) and
charge current (middle and right) interaction
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Source: Internet



CHALLENGES IN NEUTRINO PHYSICS
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[Minakata, Nunokawa, 
JHEP 10 (2001) 001]

[Gandhi, Ghoshal, Goswami, 
Shankar, hep-ph/0506145 ]

Pμe(θ23[HO], δ13) = Pμe(θ31[LO], δ′ 13)

Pμe(Δ31[NO], δ13) = Pμe(Δ31[IO], δ′ 13)

Hierarchy-δ13

Octant-δ13

NO IO

NSI, LIV, Sterile neutrino, neutrino decay,..

https://arxiv.org/abs/hep-ph/0506145


INVISIBLE NEUTRINO DECAY [ ]νi → ν + X
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[Chattopadhyay, Chakraborty, Dighe, Goswami; JHEP 2023, 51 (2023)]



INVISIBLE NEUTRINO DECAY [ ]νi → ν + X

H =
1

2Eν
U(

0 0 0
0 Δ21 0
0 0 Δ31

+
0 0 0
0 0 0
0 0 −iα3

)U† +
A/2Eν 0 0

0 0 0
0 0 0

α3 = m3/τ3

τ3/m3 > 9 × 10−11s/eV

 Pμe = s2
13s

2
23 (1 + e−4κ3 − 2e−2κ3 + 4e−2κ3 sin2[( ̂A − 1)Δ]) α2

3 + Δ2
31

Δ2
31( ̂A − 1)2 + α2

3

+ αs13 sin 2θ12 sin 2θ23
sin ̂AΔ

̂A
×

[(sin[( ̂A − 1)Δ + δCP − Δ]e−2κ3 + sin[ ̂AΔ − δCP]) Δ2
31( ̂A − 1) − α2

3

Δ2
31( ̂A − 1)2 + α2

3

+ (cos[ ̂AΔ − δCP] − cos[( ̂A − 1)Δ + δCP − Δ]e−2κ3) Aα3

Δ2
31( ̂A − 1)2 + α2

3 ]

 Pμμ = 1 −
1
2

sin2 2θ23[1 + 2 sin2 Δe−2κ3 − e−2κ3] − s2
23(1 − e−4κ3) − κ3(4s4

23 + sin2 2θ23 cos 2Δ) − 4s2
13s

2
23

sin2[( ̂A − 1)Δ]
( ̂A − 1)2

−
2
̂A − 1

s2
13 sin2 2θ23(sin Δ cos[ ̂AΔ]

sin[( ̂A − 1)Δ]
̂A

−
̂A

2
Δ sin[2Δ]) + αc2

12 sin2 2θ23Δ sin[2Δ] + κ2
3(8s4

23 + sin2 2θ23 cos 2Δ)

4

κ3 = α3L/E

[Chattopadhyay, Chakraborty, Dighe, Goswami; JHEP 2023, 51 (2023)]



EXPERIMENTAL SPECIFICATIONS

1300 km (DUNE)2588 km (P2O)

5

Water Cherenkov detector: 4 M ton

Beam: 90 kW, POT: 

Average density: 3.8 g/cc

2588 km is close to bimagic baseline

Runtime: 3 yr( ) + 3 yr( )

Peak energy: 2-3 GeV

Relatively large background 

4 × 1020/yr

ν ν̄

Liquid Argon detector: 40 k ton

Beam: 1.2 MW, POT: 

Average density: 2.85 g/cc

1300 km baseline

Runtime: 3.5 yr( ) + 3.5 yr( )

Peak energy: 4-5 GeV

Lesser background

10 × 1020/yr

ν ν̄

Accelerator νμ



DEGENERACY RELATED TO MASS ORDERING

Lowering of NH band in decreased sensitivity

Broadening of bands at minimum energy 
corresponding to NH, IH in  (inset). This effect 
leads violation of bimagic conditions at 2588 km.

Bands of NH, IH both lowered in   separation 
between bands stays similar  unchanged 
sensitivity 

Pμe⇒

Pμe

Pμμ ⇒
⇒
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MASS ORDERING SENSITIVITY
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Decrease for decay
 in IH has max  σ ∼ 46∘

 is const in IH σ
44∘ − 48∘

Decrease for 
decay



MASS ORDERING SENSITIVITY
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MASS ORDERING SENSITIVITY
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Decrease for decay
 in IH has max  σ ∼ 46∘

 in IH has max  σ ∼ 45∘

 decreases with σ θ23

 increases with σ θ23
 is const in IH σ
44∘ − 48∘

 is minimum in 
IH 

σ
44∘ − 47∘

Decrease for 
decay



DEGENERACY RELATED TO OCTANT OF θ23
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Separation b/w HO band and  curve around 4 
GeV smaller in decreased sensitivity

Separation between in  is higher for decay 
around  4 GeV increased sensitivity

41∘

Pμe⇒

Pμμ
⇒



DEGENERACY RELATED TO OCTANT OF θ23
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Decrease in  for lowering  and higher 
value of decay  New degeneracy b/w 

Pμe, Pμμ θ23
⇒ θ23 − α3



DEGENERACY RELATED TO OCTANT OF θ23
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Separation b/w HO band and  curve around 2.5 
GeV smaller in decreased sensitivity

Separation between in  is higher for decay 
around  2.5 GeV increased sensitivity

41∘

Pμe⇒

Pμμ
⇒



DEGENERACY RELATED TO OCTANT OF θ23
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Decrease in  for lowering  and higher 
value of decay  New degeneracy b/w 

Pμe, Pμμ θ23
⇒ θ23 − α3



OCTANT SENSITIVITY
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Increase for decay

Decrease for decay

Increase for decay

Small increase for 
decay

 contributes moreνμ

 contributes moreνμ

 contributes 
more

νe

 contributes 
more

νe



EVENTS SPECTRUM
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SENSITIVITY IN  PLANEθ23 − δCP

Dot-dashed, dashed, and solid lines 
correspond to P2O, DUNE and 
P2O+DUNE combined analysis. 
Orange and blue colours stand for 
5σ, 3σ contours.

DUNE+P2O removes all the 
wrong octant, wrong  
solutions

δCP



CONCLUSIONS
Sensitivity to mass ordering reduces for decay in both baselines.

MO sensitivity shows different dependance with  in IH. In 
2588 km it is due to  channel

Sensitivity to octant increases for decay in 2588 for  in both 
HO and LO

Octant sensitivity increases when  in LO and decreases for 
 in HO for decay

Contribution of  channel in octant sensitivity is higher in 
2588 km (1300 km).

Joint analysis of DUNE, P2O removes wrong , wrong  
solutions.
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