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1. Introduction

Neutrino oscillation is an important field of research which have established the paradigm of
the three-flavour neutrino oscillations. The neutrino mass hierarchy, the octant of 6,3 and dcp are
expected to be determined in the near future with the currently running and proposed high statistics
experiments. Additionally, it is interesting to study the capabilities of these experiments to explore
the new physics scenarios like light sterile neutrinos, non-unitarity of the neutrino mixing matrix,
non-standard interactions of the neutrinos etc.

The LSND results [1] led to the postulation of existence of light sterile neutrinos. The
experiment reported signals of v, — v, which could be accounted to neutrino oscillations with
mass-squared difference of the order of eV2. The result was seconded by MiniBooNE [2] and then
subsequently by the gallium and reactor anomalies [3]. The 3+1 neutrino mixing scenario provides
an acceptable fit to the data [4]. But, there exists a between disappearance and appearance data which
is driven mainly by v,, disappearance data and the LSND appearance data [5] with contribution also
coming from MiniBooNE appearance although it is subleading. The contribution for the tension in
disappearance data comes from from CDHS [6], MINOS/MINOS+ [7], SK [8], IceCube DeepCore
[9], MiniBooNE, NOvA [10]. Hence, it is essential to probe such new physics scenarios in present
and future high statistics experiments. In this regards nuSTORM [11, 12] facility provides a unique
perspective due to its beam originating from muon decay process: u* — e*v,v, with 50% v, and
50% v,, which can give e”. The scenarios regarding sterile neutrinos and non-unitary neutrino
mixing has been explored in [13].

2. Experimental and Simulation Details

The experiment has been simulated by following the configuration and detector simulations
from [11, 12]. We performed simulation using the General Long Baseline Experiment Simulator
(GLoBES) package[14, 15]. The flux in fig.1 is obtained from the decay u* — e* + v, + v, witha
neutrino beam containing 50 GeV protons with 2 x 10?! protons on target over the duration of 10
years. Pions of 5 GeV are injected into the muon storage ring. Muons with energy of the order 3.8
GeV subsequently decay to give v, and v,,. The v, flux peaks at 2.5 GeV whereas the v,, flux peaks
at 3 GeV. nuSTORM is simulated as described in [11, 12] .

The detector chosen is a 1.3 kt magnetized iron-scintillator calorimeter which has excellent
charge selection and detection characteristics for muons. The channels relevant to the experiment
are v, — v, appearance channel and v, — v, disappearance channel. The events in i energy
bin are calculated as
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where, E denotes the true neutrino energy and E’ denotes the measured neutrino energy. R¢(E, E”)
denotes the smearing matrix, which relates the true and the measured energy.
The statistical x2,, is calculated assuming Poisson distribution,
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Figure 1: The unoscillated v, and v, flux extracted from the storage ring. The flux is evaluated for (3.8+0.38)
GeV/c muon decay at a distance of 2 km[11].

Here, ‘i’ stands for the number of bins and Nl.te“ ,N f rue stands for total number of test and true
events respectively.

3. Results

Sterile Neutrino : Since we are in the short baseline regime with distance of ~2 km and E ~
3 GeV, the “One Mass Scale Dominance" (OMSD) approximation is valid. The system is and an
effective two-generation where the oscillation probabilities can be obtained as,
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The fig.2 presents the 614, 624 and 634 bounds predicted from nuSTORM. We can conclude
from this study that nuSTORM will be capable to test 64, 624 upto 6° and 7.5° respectively. It is
clear from the figure that the inclusion of NC events can put stringent bounds on both 614 and 4.
The second and third plots in the figure describes the effect of nuSTORM to constrain 614 and 624
with respect to 634. Taking all the channels into account both 814 and 6,4 can be approximately
constrained upto 4° at nuSTORM. In both the plots it is clear that the charged current interaction
are independent of 634 which is also understood from the expressions of P, and Pj;;. The only
dependence on 634 can come from the neutral current channel. But P, + Pg; o cos? 034 as a
result of which there is weak dependence of 634 on the neutral current events hence 634 cannot be
constrained by neutral current events in nuSTORM.
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Figure 2: The testable regions for sterile neutrinos as predicted by nuSTORM for Amil = lev? and baseline
of 2 km in terms of 614, 624 and 634 bounds. The first, second and third plots present the 64 (test) vs 64 (test),
014 (test) vs B34(test) and Oo4(test) vs G34(test) contours respectively. Each plot consists of 5 contours of 99%
confidence level significance exclusion regions for various channels as labeled in the plots.

Non-Unitary Mixing : In the framework of non-unitary neutrino mixing the mixing matrix
N can be parametrized as:

a1 0 0
N=NNPy = ay; ax»n 0 |U; (6)

@3] @32 @33

where U is the PMNS matrix, NV ¥ is the left triangle matrix which portrays non unitarity. The
diagonal elements in the matrix NV ¥ are real but the off diagonal elements are allowed to be
complex.
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The first plot in the Fig.3 presents the sensitivity of nuSTORM to probe the parameter a;;
keeping |a»;| and a fixed at 0.1 and 1.0 respectively. In the Fig.3 the y2 vs |a;| sensitivity has
been studied considering both the other non unitarity parameters to a;; and ay; taken to be unity.
Under such conditions P, just reduces to |az; |> due to which we get the quadratic dependence
of the y? vs |ani|. From the figure we can conclude that the sensitivity is not conclusive for
lower values of |ay;| but as we proceed towards higher |a;| values the sensitivity improves and
reaches 30 for |ap;| ~ 0.3 for the combined case of CC+NC. Similarly, if analyze the right panel
of the Fig.3, representing y? vs a3, at nuSTORM. This analysis has been performed considering
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Figure 3: The figure shows the sensitivity to nuSTORM for the non unitarity parameters a1, |@z1| and a;.
The y-axis in the plots represent y2, while the x-axis denotes a;, || and @, for plots respectively. In
each plot the dashed lines are for the contribution of only charge current interactions while the solid lines are

for the combination of charge current and neutral current. The magenta, green and blue curves represent the
sensitivities at the baseline of 100 m, 1 km and 2 km respectively.

;1 = 1.0 and |az;| = 0.2. In this case the sensitivity solely comes from the P, channel, and
for small values for |az1|, Py ~

a‘2‘2. The a», sensitivity is low for values of a», close to unity
and it increases as @y deviates from the unitarity condition, with /\(2 reaching 30 for ay; ~ 0.96.

4. Conclusions

nuSTORM will prove to be crucial in investigating the LSND/MiniBOONE anomalies. The
experiment will have the capability to study P, P;; channels with the proposed MIND detector.
The Charged Current interactions to detect the appearance and disappearance channels can constrain

the mixing angles 614 and 6,4. Introduction of neutral current enhances the capability of nuSTORM
to probe the parameters. Especially we observe that for non-zero values of 6,4, the constraint on

014 also improves with inclusion of NC events. nuSTORM can probe the non-unitarity parameters
a1, |az1| and ag. 30 sensitivities for aq;, |az1| and @y, are obtained at 0.995, 0.06 and 0.97
respectively for 2 km baselines combining both CC and NC events.
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