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INTRODUCTION
We analytically calculate the neutrino conversion
probability Pµe ≡ P (νµ → νe) in the presence of
sterile neutrinos, with:

• exact dependence on ∆m2
41

• matter effects explicitly included.

We numerically calculate the sensitivity of DUNE
to Sterile Mass Ordering (SMO), and explain it.
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HAMILTONIAN
The Hamiltonian for the 3 + 1 neutrino system:

H3+1 =
1

2Eν
U · diag

[
(0,∆m2

21,∆m
2
31,∆m

2
41)

]
·U†

+ diag [(Ve + Vn, Vn, Vn, 0)]

• 4× 4 PMNS matrix U = U34U24U14U23U13U12.
• Some useful dimensionless quantities:

α ≡ ∆m2
21

∆m2
31

, R ≡∆m2
41

∆m2
31

, ∆ ≡ ∆m2
31L

4Eν
,

Ae ≡
2EνVe
∆m2

31

, An ≡
2EνVn
∆m2

31

.

• Expansion parameter λ ≡ 0.2 (book-keeping).

α ∼ O(λ2), s13 ∼ O(λ), s14, s24, s34 ∼ O(λ) .

ANALYTIC PROBABILITY Pµe
Cayley-Hamilton theorem (with An = −Ae/2)⇒




Pμe = 4 s213 s223
sin2[(Ae − 1)Δ]

(Ae − 1)2

+2 α s13 sin 2θ12 sin 2θ23 cos (δ13 + Δ)

× sin[(Ae − 1)Δ]
Ae − 1

sin[AeΔ]
Ae

[sin(δ′￼34)Ps34 + cos(δ′￼34)Pc34]

+4 s13 s23
sin[(Ae − 1)Δ]

Ae − 1

[sin(δ′￼24)Ps24 + cos(δ′￼24)Pc24]
+4 s13 s223 c23

sin[(Ae − 1)Δ]
Ae − 1

+O(λ4) ,

4ν

3ν

s14 s24

×

×
s14 s34

where the coefficient of sin(δ′24) is

R[ 1
2 Aec223 + (R − 1)(s223 + 1)]

×
sin [(R − 1 + Ae

2 ) Δ]
R − 1 + Ae

2

sin [(R − Ae

2 ) Δ]
R − Ae

2

+c223R sin [(R − 1− Ae

2 ) Δ]
×

sin [(R + Ae

2 ) Δ]
R + Ae

2
.

  form
sin(x)

x

Ps24 =

Here, δ′ij ≡ δij + δ13. Similar expressions for P c24,
P s34 and P c34 are derived in [1].

Expressing Pµe in the sin(x)/x form helps iden-
tify possible resonance-like regions due to sterile-
matter interplay.

STERILE MASS ORDERING AT DUNE

δPμe = Pμe(R) − Pμe(−R)

• Max. sensitivity to SMO expected 
at  GeV, 
for .

Eν ∼ (2 − 4)
∣Δm241 ∣ ∼ (10−4 − 10−2) eV2
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reproduce all salient 
features of 


• matter contribution: 



• Sterile peaks and dips 
regulated by: 

Pμe

cos[(1 ± Ae)Δ]

cos[(1 − 2R)Δ]
∆m2

21 = 7.5× 10−5 eV2, ∆m2
31 = 2.5× 10−3 eV2, θ12 = 33.56◦, θ23 ' 45◦, θ13 ' 8.46◦, δCP = −90◦,

Benchmark values θ14 = 5◦ , θ24 = 10◦ , θ34 = 0◦ , δ24 = 0◦ , δ34 = 0◦ .

SENSITIVITY TO STERILE MASS ORDERING AT DUNE

� (3.5 yr)

� (3.5 yr)

� + �

10-4 10-3 10-2
0
10
20
30
40
50
60
70

|�m412 |(true) [eV2]

�
�
SM
O

2

N-Ns � (3.5 yr)

� (3.5 yr)

� + �

10-4 10-3 10-2
0
10
20
30
40
50
60
70

|�m412 |(true) [eV2]

�
�
SM
O

2

N-Is

� (3.5 yr)

� (3.5 yr)

� + �

10-4 10-3 10-2
0
10
20
30
40
50
60
70

|�m412 |(true) [eV2]

�
�
SM
O

2

I-Ns � (3.5 yr)

� (3.5 yr)

� + �

10-4 10-3 10-2
0
10
20
30
40
50
60
70

|�m412 |(true) [eV2]

�
�
SM
O

2

I-Is

 identification of SMOΔχ2
SMO ≳ 25 ⇒ 5σ

Sensitivity dip for N-Ns and  
I-Is at: ∣Δm241 ∣≈ |Δm231 |

In general: Δχ2
SMO(ν) ≳ Δχ2

SMO(ν̄)

Increased 
sensitivity  
in  channel for 
N-Ns ( ) & 
I-Ns ( ), 
due to 
resonance-like 
behavior.

ν̄
R > 1

R < 1
 

term  higher 
sensitivity 
for N-Ns- , 
N-Is-  and 
I-Ns- , I-Is- .

sin[(Ae − 1)Δ]
(Ae − 1)⇒

ν
ν
ν̄ ν̄

Resonance-like 
behaviors due to 

 terms.sin(x)/x

• Disentangling of the complex interplay be-
tween matter effects and sterile contribution.

• Identifying the Resonance-like behavior in
the P s24 term which affects the sensitivity for
all mass ordering combinations.
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TAKE HOME MESSAGE
Within constant average density approximation,
our expressions for Pµe is valid for all long-
baseline and atmospheric ν experiments.

We show that DUNE is sensitive to Sterile Mass
Ordering for |∆m2

41 |∼ (10−4 − 10−2) eV2.


