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The discovery of neutrino oscillations confirms neutrinos have mass and the Standard Model(SM)
of particle physics is not complete. It needs revision in order to accommodate the masses and
mixing of neutrinos, which essentially leads to beyond SM (BSM) physics. The unknown
couplings involving neutrinos, so-called the Non-Standard Interactions(NSIs) [1, 3] may appear
as a ‘new physics’ in different neutrino experiments. Neutrino NSI can have a sizable impact on
neutrino oscillation and can impact the measurements of different mixing parameters in various
neutrino experiments. The recent work on scalar NSI [4, 5], has shown a great potential to probe
it further. Unlike vector NSI, scalar NSI appears as a correction to the neutrino mass matrix rather
than acting as a matter potential. This may lead to a significantly different phenomenological
consequence in different neutrino experiments. Moreover, as scalar NSI affects the mass matrix,
it also gives a possibility of probing it further to different neutrino mass models.

In this work, we explored the effect of scalar NSI at long-baseline experiment DUNE [6]. We
point out that scalar NSI can considerably affect the neutrino oscillation in Long baseline(LBL)
experiments and can complicate the measurement of the CP phase. Also as it appears as a
correction to the neutrino mass matrix its effect is energy independent, unlike the vector NSI. We
also studied the sensitivity of different LBL experiments towards finding the effects of scalar NSI.

Also, we put up the possibility of probing it further to various neutrino mass models.
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1. Introduction

The discovery of neutrino oscillation confirms that neutrinos have masses and the neutrino
flavours mixes with one another. The phenomena of neutrino oscillation has played an important
role in our understanding of various properties of neutrinos. The SM of particle physics does not
give masses to neutrinos and it needs to be extended in order to explain the masses of neutrinos.
These kind of extension in general comes with some additional unknown couplings of neutrinos.
These coupling are beyond the scope of SM, so these interactions are generally termed as Non
Standard Interactions (NSIs). The subdominant effects due to NSIs can significantly effect the
measurement of various mixing parameters in different neutrino experiments.

The idea of NSI was first introduced by Wolfenstein in in landmark paper [2] of neutrino matter
interactions. In that paper he mentioned that even the massless neutrinos can oscillate from one
flavour to another due to NSI. Later the idea of NSI has been widely explored by different authors
and it is found that indeed understanding the effects of NSI can be crucial in our understanding of
neutrino parameters.

The coupling of neutrinos with a scalar is quite promising and exciting [4]. Unlike the
conventional vector type NSI where the interactions is mediated by a vector mediator, scalar type
NSI effects differently in the neutrino propagation. The scalar NSI appears as a correction to the
mass matrix in the neutrino Hamiltonian. Also, the effects of scalar NSI is independent of neutrino
energy, hence it is not suppressed at low energy. As, scalar NSI directly depends on the matter
density, Long Baseline (LBL) neutrino experiments are excellent candidate to probe it in neutrino
oscillations.

2. Formalism

Within the framework of SM neutrinos interact with matter very weakly via charged current
(CC) or neutral current (NC) interactions. The mediator of CC interaction and NC interactions are
W and Z boson respectively. Following the theory of SM interactions these interactions can be writ-
ten in the form (Vay“PLva)(fy,,Pf) (with f, f’ € {e, u, d} the matter fermions and P € {Py, Pgr}
the chirality projection operators. The chiral projection operators are given by Py = (1 —y5)/2 and
Pr = (1 +v5)/2). The effective Lagrangian for neutrino matter interactions can be formed as :

_4Gr
V2

Where, GF is the Fermi constant. The neutrino matter effects comes due to the forward scattering

eff _
‘Ecc -

[Ve(P3)YuPrve(p2)] [€(p1) Y PLe(pa)] (1)

of neutrinos and here only the CC current interaction will only effect the neutrino oscillations.
The effective matter potential due to CC interactions can be written as V. = Ve = \V2G Fle.
where, V.. is for neutrino case and V. is for antineutrino case and n, is the number density of
environmental electrons. The effective Hamiltonian in presence of neutrino matter effect can be
written as :
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Where E, represents the neutrino energy, M is the neutrino mass matrix and Vg; is the matter
potential due to forward scattering of neutrinos with matter. The ’+’ and the ’-’ sign before the
neutrino standard interaction potential (Vs ) corresponds to neutrino and antineutrino mode respec-
tively.

So, the neutrino matter effect appears as an extra matter potential in the neutrino Hamiltonian.
The conventional vector type NSI which comes due to introducing a vector currents from a vector
mediator or with Fierz transformation from a charged scalar also appears as a matter potential in the
neutrino Hamiltonian. Hence its effect is also matter potential. In addition there is also possibility
of neutrinos coupling with a scalar. These kind of interactions are generally termed as scalar NSI.
The Lagrangian for such scalar NSI can be framed as:

YfYaB

"

Ly = Fa(p3)ve(p2) (F(p1) f(pa)) 3)

Where, «,8 = e, u, 7 refer to the neutrino flavours, f = e, u, d indicate the matter fermions,
Yap 1s the Yukawa couplings of the neutrinos with the scalar mediator, ¢ and ys is the Yukawa
coupling of the scalar mediator ¢ with the environmental fermions f. The m is the mass of the
scalar mediator ¢. So, the effective Hamiltonian in presence of scalar NSI modifies as :

M +6M) (M +6M)T
H ~ E, + MM (MEOM)
2E,

Vst “4)

Where, the expression for 6M is defined as oM = Xy nyryy yaﬁ/mi. Here ny is the
number density of environmental fermion. So, the effect of scalar NSI appears as a correction or
addition to the neutrino mass term. The mass correction matrix can be parametrized as :

Nee MNeu MNer
OM = \JAm3, [ Nue My Mye &)
Nre MNru Mzt

The n,p parameters are complex and it quantifies the size of scalar NSI. Also, the hermicity
of the neutrino Hamiltonian requires the diagonal terms to be real and off diagonal terms to be
complex. These parameters are dimensionless and can be parametrized as:  napg = [7aple'?;
for o # .
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3. Effects on oscillation probability

In our work, we have we have checked the effects of scalar NSI on the oscillation probability
of DUNE. We have particularly checked the effects on two probability channel i. e. appearance
probability (v, — v.) and disappearance probability (v, — v,).

The details of the DUNE experiment used in our analysis are listed in Table 1. The details of
the true values of mixing parameters used in our analysis are listed in Table 2.

Experiment | Signal Signal Energy Runtime (yrs) | Detector Mass (Type)
Efficiencies | Resolutions v+
DUNE v$C 80% 0.15/VE 5+5 35 kton (LArTPC)
vee 85% 0.20/VE

Table 1: Simulation details like signal efficiencies, energy resolutions, total exposures and detector mass of
DUNE

Parameters | True Values

012 34.51°
013 8.44°
023 47°
§Cp -n/2

Am3, | 7.56 %107
Am3, | 243x1073

Table 2: Oscillation parameters used in probability analysis

Figure 1 and Figure 2 shows the effects of diagonal scalar NSI elements 7., and 77, on the
oscillation probabilities of DUNE. We have varied the energy from 0.5 to 10 GeV. The red line
represents the standard interaction (SI) case with zero i values. The black and blue lines are cases
with different values of n. In all the plots NH is considered as the true mass hierarchy. It can
be seen that the effects of scalar NSI on the oscillation probability is significant. 7., suppresses
the probability at the oscillation peaks whereas 7,, enhances the probability at the peaks. The
probability plots for positive and negative non zero 1 elements are symmetric around zero.

Figure 3 and 4 represents how appearance probability (P, ) is varied with different ¢ p for
DUNE at a fixed energy of 2.5 GeV. Here also the solid red line represents the SI case. From the
plot it can be seen that there is a strong correlation between NSI parameters with the d¢p and the
probabilities. It also shows the presence of various degeneracy for different values of . Here also
the probability plots for positive and negative non zero 1 elements are symmetric around zero.

4. Results and Discussions

4.1 Details of y? analysis

We have done a sensitivity analysis to check whether DUNE can distinguish the scalar NSI
effects from SI case. We have used the following definition of y? in our analysis.
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Figure 1: The effect of the diagonal scalar NSI elements, 7. and on neutrino appearance probabilities (P.)
at DUNE (baseline = 1300 km).
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Figure 2: The effect of the diagonal scalar NSI elements 7,,,, on neutrino appearance probabilities (P ) at
DUNE (baseline = 1300 km).
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Wi ) = Vi, )|

i J N;;’Jue (77)

where N ;rft . and N, f’eﬂt are the number of true and test events in the {i, j}-th bin respectively.
We have made a framework with GLoBES [7] to perform our simulation studies. For our )(2
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Figure 3: The effect of the diagonal scalar NSI elements 7, on neutrino appearance probabilities (P.) at
DUNE (baseline = 1300 km) for fixed dcp = -71/2, 6,3 = 47° and energy = 2.5 GeV.
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Figure 4: The effect of the diagonal scalar NSI elements 7, on neutrino appearance probabilities (P,.) at
DUNE (baseline = 1300 km) for fixed dcp = -71/2, 623 = 47° and energy = 2.5 GeV.

study, we have fixed all the true values of the mixing parameters and also the values of scalar NSI
parameters. All the true values of diagonal scalar NSI elements (17.¢, 7, and 17..) are set at a
fixed value of 0.01 and all the remaining off-diagonal n parameters and phases are taken as zeros.
Finally, we have marginalized all the test values of diagonal n elements in the range -0.15 to 0.15
for each plot of the fixed y? analysis.
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4.2 Analysis Results

Figure 5 represents the sensitivity of DUNE towards finding the diagonal scalar NSI parameters.
The red solid line corresponds to true 7., = 0.01 and the black and blue dotted line correspond to
true i, = 0.01 and true n- = 0.01 respectively. The plot for i, and n.+ is exactly same, only
the effect of 1., it is different. The sensitivity of finding the 7., elements is little less for DUNE is
as compared to the 17,,, and 7, elements.
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Figure 5: Fixed y? analysis for DUNE in presence of diagonal scalar NSI elements for true §cp = -/2 and
true 6,3 = 47°.

Figure 6 shows the CP sensitivity of DUNE in presence of diagonal scalar NSI elements 77.,.
The red line represents the SI case without scalar NSI. We have seen that with increase in the values
of scalar NSI parameter the CP sensitivity of DUNE gets deteriorated. For the values of r., = 0.15
and higher the CP sensitivity of DUNE lies below 30.

5. Summary and Concluding Remarks

To summarise, we found that the impact of scalar NSI on oscillation probabilities at DUNE is
significant. It is an excellent candidate to probe new physics Beyond SM . Also, the CP sensitivity
of DUNE gets spoiled due to inclusion of scalar NSI. Moreover, It is important to identify these
subdominant effects due to scalar NSI for accurate interpretation of data from various neutrino
experiments. Finally as it effects the mass term, probing it to various neutrino mass models in quite
interesting and promising.
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CP sensitivity of DUNE in presence of NSI
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Figure 6: The plot represents CP sensitivity of DUNE (baseline = 1300km) in presence of scalar NSI .
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