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We consider the standard three-generation framework augmented by an extra sterile neutrino in
the mass range (Δ𝑚2

41 = 104 : 1 eV2). In this picture, four mass spectrums are possible due to
unknown signs of the atmospheric(Δ𝑚2

31) and sterile(Δ𝑚2
21) mass-squared differences. We study

how the sensitivity to the ordering of the active states and the octant of mixing angle 𝜃23 get
affected in this scenario. We also discuss the possible determination of the sign of Δ𝑚2

41. This
analysis is done in the context of a liquid argon detector using beam neutrinos traveling a distance
of 1300 km and atmospheric neutrinos propagating through a distance (10 : 104) km, allowing
resonant matter effects. We present separate results from these sources, do a combined study,
and probe the synergy between these two to give an enhanced sensitivity. We also discuss the
implications for cosmology, beta decay, and neutrinoless double beta decay in presence of a sterile
neutrino.
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Enhancing Octant, Mass Ordering sensitivity in presence of a sterile neutrino Supriya Pan

1. Introduction

In the quest for understanding neutrino oscillations, current challenges lie in the discovery of
the octant of 𝜃23, sign of Δ𝑚2

31 and 𝛿𝐶𝑃 . The anomalous signatures of oscillation at short baseline
experiments in LSND, MinBooNE, and Gallium-based experiments GALLEX, SAGE, and BEST
have led to a common possible conjecture of the presence of an extra light sterile neutrino state
(𝜈𝑠) with eV-sale mass. The unobserved upturn of solar neutrino events below 8 MeV has been
explained by adding a 𝜈𝑠 of mass ∼ 10−5 eV2. The conflict between the best-fit results of 𝛿𝐶𝑃 in
T2K and NO𝜈A experiment has been shown to decrease when a sterile state of mass 10−5 : 0.1
eV2 is introduced. These scenarios have been the motivation to check the effects of an eV/sub-eV
mass 𝜈𝑠 state in the discovery of octant and MO. In this article, with a brief introduction the 3+1
framework in section 2, the discussion has been focused in section 3 on the sensitivity to oscillation
parameters in presence of a sterile neutrino with a mass in the range of 10−4 : 1 eV2.

2. Analytical 3+1 framework of oscillation

The addition of a sterile neutrino state leads to a new 4 × 4 mixing matrix with three new
mixing angles 𝜃14, 𝜃24, 𝜃34 and two CP phases 𝛿14, 𝛿34 apart from the sterile mass-squared difference
Δ41 ≡ Δ𝑚2

41. The ordering of the mass-states depends on both atmospheric mass-squared difference
Δ31 ≡ Δ𝑚2

31 and sterile mass-squared difference Δ41, giving four possible scenarios SNO-NO,
SNO-IO, SIO-NO, SIO-IO where "SNO(SIO)" means Δ41 > 0(< 0) and "NO(IO)" suggests
Δ31 > 0(< 0). In our works, for simplicity, we have considered 𝜃34 = 0, leading to 𝛿34 = 0.
Although sterile neutrino doesn’t interact with matter, we get an effective matter-potential term for
sterile neutrino as we subtract the contribution of neutral current interaction (−𝐴/2) present for all
three active neutrino flavors. The total Hamiltonian in the 3+1 framework is given as,

𝐻 =
1

2𝐸𝜈

𝑈


0 0 0 0
0 Δ21 0 0
0 0 Δ31 0
0 0 0 Δ41


𝑈† + 1

2𝐸𝜈


𝐴 0 0 0
0 0 0 0
0 0 0 0
0 0 0 𝐴

2


(1)

where 𝑈 = 𝑅24(𝜃24) 𝑅̃14(𝜃14, 𝛿14)𝑅23(𝜃23) 𝑅̃13(𝜃13, 𝛿13) is the new mixing matrix and 𝐴 = 7.6 ×
10−5𝜌(g/cc)E𝜈 (GeV) is the matter potential in eV2. Here, we consider accelerator neutrinos at 1300
km baseline and atmospheric neutrinos, and the matter effect plays a significant role in governing
their oscillations.

3. Sensitivity to oscillation parameters

We consider the analysis of the accelerator neutrino beam of 1.2 MW at a baseline of 1300 km
and the atmospheric neutrino being detected by a liquid argon detector similar to the proposed one
for the DUNE experiment[1]. The sensitivity has been computed using configurations mentioned
in [2], using GLoBES[3]. Hence we evaluate the modified 𝜒2 as,

𝜒2(𝜉𝑘) =
∑︁
𝑖, 𝑗

[
𝑁 th
𝑖 𝑗
(std) +∑npull

k=1 ck
ij𝜉k − Nex

ij

]2

𝑁𝑒𝑥
𝑖 𝑗

+
npull∑︁
𝑘=1

𝜉2
𝑘 , (2)
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where the additional 𝜉2
k-dependent term is added due to the penalty imposed for moving the value

of the kth input away from its standard value by 𝜎k 𝜉k. 𝜒2 in the case of the standard LArTPC
detector and for a detector with change id for muons are evaluated as,

𝜒2
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 = 𝜒2

𝜇−+𝜇+ + 𝜒2
𝑒−+𝑒+ ;𝜒

2
charge−id = 𝜒2

𝜇− + 𝜒2
𝜇+ + 𝜒2

e−+e+ (3)

The 𝜒2 with pulls, which includes the effects of all theoretical and systematic uncertainties, is
obtained by minimizing 𝜒2(𝜉k) with respect to all the pulls 𝜉k.

𝜒2
pull = Min𝜉k

[
𝜒2(𝜉k)

]
. (4)

Finally, Δ𝜒2 is marginalized over the oscillation parameters as mentioned in Table 1.

Parameter True Value Marginalization Range
𝜃12 33.47◦ N.A.
𝜃13 8.54◦ N.A.

𝜃23 (Octant) 49◦(41◦) 39◦ : 44◦(46◦ : 51◦)
𝜃23 (MO, SMO) 45◦ N.A.

𝜃14, 𝜃24 7◦ 3◦ : 9◦

Δ21 7.42 × 10−5 eV2 N.A.
Δ31 (Octant, SMO) 2.515 × 10−3 eV2 N.A.

Δ31 (MO) 2.515 × 10−3 eV2 [2.42 : 2.62] × 10−3 eV2

Δ41 (Octant, MO) [10−4 : 1] eV2 N.A.
Δ41 (SMO) [10−4 : 1] eV2 ±15% of −Δ41

𝛿13, 𝛿14 many −180◦ : 180◦

Table 1: True values of all the oscillation parameters and their range of marginalization.

3.1 Sensitivity to octant of 𝜃23

The octant sensitivity plots in figure 1 show that contributions of atmospheric neutrinos
(blue/violet) are significant, leading to ∼ 3𝜎 − 4𝜎 sensitivity in the combined case (green/orange)
of beam and atmospheric. Figure 2 sheds more light on how the 𝜈𝑒, 𝜈𝜇 channels of beam and
atmospheric neutrinos contribute to the combined sensitivity. The synergy, i.e., enhanced sensitivity
from different channels/sources, happens due to the marginalization in oscillation parameters. In
both panels, we see that the nature of the electron and muon channels are different w.r.t. test values
of 𝜃23, thus leading to the minima of the combined curve (green) being much higher than the
individual curves. Similarly, minima of the combined curve in beam and atmospheric neutrinos
occur at different test values of 𝜃23, resulting in higher minima for the combined scenario. We can
see with the charge identification (charge-id) from the atmospheric neutrinos that the sensitivity
increases further.

Now, we study the octant sensitivity with |Δ41 | as depicted in figure 3 for true mass ordering
SNO-NO. Apart from higher sensitivity in the combined analysis of beam and atmospheric neutrinos
(solid curves), we also see a significant change in sensitivity with true 𝛿14. There is also a minima of
octant sensitivity aroundΔ41 = Δ31 = 2.5×10−3 eV2 and maximum sensitivity aroundΔ41 = 5×10−3

3
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eV2. However, irrespective of the variation of octant sensitivity with |Δ41 |, we always got more
than 3𝜎 sensitivity in the combined scenario.
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Figure 1: Sensitivity to octant of 𝜃23 versus true 𝛿13 for true 𝜃23 = 41◦ (left), 49◦ (right) and Δ41 = 1 eV2.
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Figure 2: Sensitivity to octant of 𝜃23 versus test 𝜃23 for beam (left) and atmospheric (right) neutrinos and
true Δ41 = 1 eV2, true 𝜃23 = 41◦, 𝛿13 = −90◦, 𝛿13 = 90◦.
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Figure 3: Sensitivity to octant of 𝜃23 versus true |Δ41 | for true 𝜃23 = 49◦ (left), 41◦ (right) in true SNO-NO.
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3.2 Sensitivity to atmospheric mass ordering

This section explores sensitivity to the atmospheric mass ordering (MO) in the presence of a
sterile neutrino. Firstly, we see in figure 4 that although the sensitivity from atmospheric neutrinos
is relatively small w.r.t contribution from beam, around 3𝜎, in the combined case with beam, the
sensitivity gets a boost lifting the minimum sensitivity from ∼ 7𝜎 to 12𝜎 due to synergy as seen in
previous section. Figure 5 shows the sensitivity curves of atmospheric mass ordering for different
true values of Δ41. The major observation is the maxima and minima of the sensitivity changes and
occurs at different 𝛿13 with different Δ41, e.g., the lowest minimum sensitivity is obtained for 10−3

eV2 at 𝛿13 ≃ 90◦ (SNO-NO) and −90◦ (SNO-IO). More detailed discussions can be found in [4].
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Figure 4: Sensitivity to atmospheric mass ordering versus 𝛿true
13 for true NO (left), IO (right), Δ41 = 1 eV2.
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Figure 5: Sensitivity to the atmospheric mass ordering of 𝜃23 versus true 𝛿13 for true mass ordering SNO-NO
(left), SNO-IO (right) and Δ𝑚2

41 = [0.1 : 5 × 10−4] eV2.

3.3 Sensitivity to sterile mass ordering

Now, we show how combined and separate analysis of beam and atmospheric neutrinos affect
the sensitivity of the sterile mass ordering (SMO) as a function of the true Δ41 for the true value
of phases 𝛿13 = −90◦, 𝛿14 = 90◦ in figure 6. In all the panels, it is observed that the sensitivity to
SMO in combined analysis is above 3𝜎 for values of Δ𝑚2

41 up to 10−2 eV2 as a result of synergy
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between beam and atmospheric neutrinos. However, for higher values of Δ41, combined sensitivity
of 1.5𝜎 − 2𝜎 is obtained. There is also dip in SMO sensitivity for Δ41 = Δ31 in SNO-NO and
SIO-IO and rise in sensitivity in SNO-IO and SIO-NO.
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Figure 6: Sensitivity to sterile mass hierarchy versus true |Δ41 | for different mass-orderings.
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