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Plan	of	the	talk
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• Origin	of	 	mass?	

• Ordering	of	 	masses?		

• Matter-antimatter	asymmetry?	 	

• 	

ν

ν

(δ ≠ 0,π?)

θ23 < π/4	or	 > π/4?

• Nonstandard	 	interaction	(NSI)?	

• Sterile	 ?	

• Lorentz	Invariance	Violation?	

• 	from	astrophysical	sources	
…………

ν

ν

ν

Unresolved	issues
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LSND:hep-ex/0104049

Measures  osc.νμ → νe

MiniBooNE:1805.12028

Hints	for	new	physics?



Current	bound	on	sterile	neutrinos

Pαβ ≈ P3+0
αβ + |Uα4 |2 |Uβ4 |2 sin2 Δ41 (α ≠ β)

Pαα ≈ P3+0
αα − |Uα4 |2 (1 − |Uα4 |2 )sin2 Δ41
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Current	bound	on	sterile	neutrinos

Pαβ ≈ P3+0
αβ + |Uα4 |2 |Uβ4 |2 sin2 Δ41 (α ≠ β)

Pαα ≈ P3+0
αα − |Uα4 |2 (1 − |Uα4 |2 )sin2 Δ41

Dentler, Cabezudo, Kopp, Machado, Maltoni, Soler, Schwetz (2018) 

sin2 θ14 ≲ 0.01, sin2 θ24 ≲ 0.008, sin2 θ34 ≲ 0.12



Current	bound	on	sterile	neutrinos

sin2 θ14 ≲ 0.01, sin2 θ24 ≲ 0.008, sin2 θ34 ≲ 0.12

We want to see whether DUNE is capable of improving these limits 

First, we need to have some idea about how active-sterile mixing angles  
impact the probabilities for different channels 

A relevant quantity is ΔPαβ = P3+1
αβ − P3+0

αβ
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Variation	of	Pμe

• Heatplots for  

• Monotonically increasing with  and  

•  

 

 

 
Very small dependence on  at leading 
order 

• Mild kink at  Gev due to matter effect

|ΔP |
P

=
|P3+1 − P3+0 |

P3+0

θ14 θ24

ΔP
P

(θ14) ≃ sin2 θ14

ΔP
P

(θ24) ≃ sin2 θ24

θ34

1
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Variation	of	Pμμ

• Practically no dependence on  for  

•  

 
 

 
 
    + (matter effects) 
 

•  increases  only around the oscillation 
maxima

θ14 Pμμ

ΔP
P

(θ24)

≃

θ34 |ΔPμμ |
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Variation	of	PNC

•  

• Practically no dependence on  for  

•  

 
+ (matter effects) 
 

•

PNC = Pμe + Pμμ + Pμτ = 1 − Pμs

θ14 PNC

ΔP
P

(θ24) ≃

ΔP
P

(θ34) ≃

10



11

Analysis	configurations

• 13 yrs. runtime, low energy (LE) 
beam, FD, CC 

• 10 yrs. LE + 3 yrs. ME beam, FD, 
CC 

• 13 yrs. LE, FD, CC + NC 

• 13 yrs. LE, FD + ND
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Simulation and analysis using GLoBES: Δχ2 ∼ ∑
(N3+1

fit − N3+0
data)2

N3+0
data

+ prior + systematics

energy and channels∑ →



12

Excluded	regions	in	 	space(θ23 − sin2 θi4)

• Regions outside the contours are excluded at C.L. 

• Constraints on   are much stronger than  
while  is constrained better than 

90 %

sin2 θ14 &  sin2 θ24 sin2 θ34
sin2 θ24 sin2 θ14
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Excluded	regions	in	 	space(θ23 − sin2 θi4)

≲ 0.003

≲ 0.0001

≲ 0.25

• Regions outside the contours are excluded at C.L. 

• Constraints on   are much stronger than  
while  is constrained better than 

90 %

sin2 θ14 &  sin2 θ24 sin2 θ34
sin2 θ24 sin2 θ14
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Excluded	regions	in	 	space(θ23 − sin2 θi4)

• Regions outside the contours are excluded at C.L. 
 

• Use of higher energy beams improves the constraints on  very slightly,  
but has no impact on  
— Since  increases with  but not impacted by 

90 %

sin2 θ24
sin2 θ14

ΔPμμ θ24 θ14
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Excluded	regions	in	 	space(δ13 − sin2 θi4)

• Regions outside the contours are excluded at C.L. 

• Constraints on   are much stringent than  
while  is constrained better than 

90 %

sin2 θ14 &  sin2 θ24 sin2 θ34
sin2 θ24 sin2 θ14
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Excluded	regions	in	 	space(Δm2
41 − sin2 θi4)

• Regions to the right of the contours are excluded at C.L. 

• ND has no impact for   
ND offers the most improvement for  

• A Caveat: This is an optimistic analysis ignoring the shape-related systematic  
uncertainties at ND.  
ND sensitivity is expected to slightly with a more sophisticated  
covariance-matrix-  like analysis. Needs modification of GLoBES

90 %

Δm2
41 ≲ 0.03 eV2

Δm2
41 ≳ 1 eV2

Δχ2
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Excluded	regions	in	 	space(Δm2
41 − sin2 θi4)

• Rough comparative estimation of FD and ND: 
 

 FD  for  GeV 

 

ND  

•  for  

• ND is max when 

∼ sin2(1.27 *
Δm2

31[eV2]LFD[km]
E[GeV] ) ∼ 1 E ∼ 2 − 3

∼
MND
MFD ( LFD

LND )
2

sin2(1.27
Δm2

41[eV2]LND[km]
E[GeV] ) ∼ 8.7 × 103 sin2(0.6

Δm2
41

E )
ND ≲ FD/10 ⟹ Δm2

41 ≲ 0.01E ≲ (0.02 − 0.03) eV2 E = 2 − 3 GeV

Δm2
41 ∼ 2.7E ∼ 6 − 8 GeV

LND = 0.057 km

LFD = 1300 km

40 kt FD

0.067 kt 
ND

 b
ea

m
ν



18

Summary

•  can be constrained much better than  
 (by more than one order of magnitude) at DUNE  
 

• Constraints on  are stronger than  
 

• Higher energy beam tunes improve the sensitivity slightly for  
 

• NC offers slight improvement for both  
 

• Addition of ND offers the most stringent constraints on  
active-sterile mixing angles

sin2 θ14 and  sin2 θ24 sin2 θ34

sin2 θ24 sin2 θ14

sin2 θ24

θ14, θ24

Thank	You!
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Backup

MiniBooNE:1805.12028
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Backup

Dentler et al (2018)


