Exploring the effects of scalar Non Standard Interactions
at DUNE and T2HK

Abinash Medhi,”* Debajyoti Dutta’” and Moon Moon Devi*

“Department of Physics, Tezpur University,
Napaam, Sonitpur, Assam-784028, India
bDepartment of Physics, Assam Don Bosco University,
Kamarkuchi, Sonapur, Assam-782402, India
E-mail: amedhi@tezu.ernet.in, debajyoti.dutta@dbuniversity.ac.in,

devimm@tezu.ernet.in

Abstract: The discovery of the phenomena of neutrino oscillation was the first clear evidence
of physics beyond the Standard Model (SM). It requires as extension of the SM to explain the
masses and mixing of neutrinos. The models explaining beyond SM (BSM) physics naturally
comes with some additional unknown interactions of neutrinos which are beyond the scope of
SM, often called as Non Standard Interactions (NSIs). Wolfenstein was the first to propose the
idea of NSI where he explored how neutrino coupling with a vector field can give rise to matter
effect in neutrino oscillations. Apart from that, there is also a possibility of neutrinos coupling
with a scalar field called scalar NSI. Instead of appearing as a matter potential, scalar NSI appears
as a medium dependent correction to the mass matrix, which may offer unique phenomenology
in neutrino oscillations.

In this work, we have studied the effects of scalar NSI at two proposed flagship Long Baseline
Experiments - DUNE and T2HK. As the effect of scalar NSI scales linearly with the matter
density, it can feel the matter density variations which makes LBL experiments one of the best
candidate to probe it. We have seen that the effect of scalar NSI on the oscillation probabilities of
DUNE and T2HK is significant. Moreover, scalar NSI can significantly effect the CP violation
sensitivity as well as 23 octant sensitivity of these LBL experiments. Finally, we have also done
a combined sensitivity of these experiments towards finding the effects of scalar NSI. In addition,
as the scalar NSI affects the neutrino mass term probing it to various neutrino mass models is
quite interesting and promising.
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1. Introduction

The experimental observation of the phenomena of neutrino oscillations jointly by Super
Kamiokande and Sudbury Neutrino Observatory collaboration, was the first firm experimental
evidence of physics beyond Standard Model (SM). The SM needs as extension to accommodate
mass and mixing of neutrinos. These extensions of SM usually comes with some additional
unknown couplings of neutrinos called Non Standard Interactions, as these interactions are not
incorporated within SM. The idea of NSI mediated by a vector particle was initially introduced
in [1]. Later various studies [2] have been performed to study the effects of NSI on neutrinos and put
some constrain on the NSI parameters. Also, the probing the effect of NSI on neutrino oscillations
is a well motivated phenomenological approach to explore ‘new physics’ beyond SM (BSM). In
addition there is also an intriguing possibility of coupling of neutrinos with a scalar [3, 7], which
may offer rich phenomenology in neutrino sector. These type of couplings perturb the neutrino
mass term, hence exploring this NSI opens a new window to probe physics BSM. Also scalar NSI
varies linearly with matter density. As in Long Baseline (LBL) experiments neutrinos travel a large
distance, it makes LBL experiments one of the suitable candidate to probe scalar NSI. In this work,
we have explored the effect of scalar NSI on various LBL experiments and also performed a synergy
analysis taking the combination of various neutrino experiments.

2. Scalar NSI

The effective Lagrangian for the coupling of neutrinos with a scalar may be framed as,

L = L Gapa)vs(2) (F()F (P3)). (1)

¢
Where, the subscript a, S refer to the neutrino flavours, f indicate the environmental matter fermions,

and f is for corresponding anti fermions, y gz is the Yukawa couplings of the neutrinos with the
scalar mediator, ¢, y is the Yukawa coupling of the mediator with the environmental fermions,
and m 4 is the mass of the scalar mediator.

The effective Hamiltonian in presence of scalar NSI can be framed as,

(M +6M) (M +6M)" iy

H, ~FE, +
NSI v 2Ev

2

Here, oM =), FUFYFYap / m%ﬁ, where, 1 is the number density of the environmental fermions,

Vsr = \V2G Fhe 1s the matter potential due to charge current (CC) interactions of neutrinos. The
scalar NSI matrix (6 M) may be parameterized as,

Nee MNeu TMer
OM = \JAm3) | Nue M M | 3)
Nre MNrp MNrr

where, 17,5 are dimensionless parameters and it quantifies the size of the scalar NSI. Also, the
Hermicity of the neutrino Hamiltonian requires the diagonal elements to be real and the oftf-diagonal
elements to be complex, which is represents as 74 = |naﬁ|ei¢“ﬁ ; a # .
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3. Methodology

In this study, we have explored the effects of scalar NSI at DUNE [4] (baseline = 1300km)
and T2HK [5] (Baseline = 295 km). The mixing parameter values used throughout the analysis are
listed in Table 1. The effect of diagonal scalar NSI elements, 17.¢, 17, and 1. on the oscillation
probabilities are shown in Fig. 1, Fig. 2 and Fig. 3 respectively. For all the figures left panel is for
T2HK and right panel is for DUNE. It can be seen that the effect of scalar NSI is significant on the
oscillation probabilities. The positive (negative) 7., the probabilities get enhanced (suppressed)
around the oscillation maxima. Whereas for positive (negative) non zero 1., the probabilities get
suppressed (enhanced) around the oscillation maxima i.e the effect is complimentary in comparison
with 77... However, for the case of n,,, the peaks of oscillation probabilities gets shifted towards
higher (lower) energies for positive (negative) values.

sin20]2 sin2913 sin2023 5cp Am%l(evz) Am%l(evz)
0.308 | 0.0234 | 0.5348 | -m/2 | 7.54x107> | 2.43x1073

Table 1: Benchmark values of oscillation parameters.
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Figure 1: The effect of the scalar NSI element, 7., on neutrino appearance probabilities (P,.). The left
(right) plot is for T2HK (DUNE) for fixed 6cp = -n/2 and 6,3 = 47°.
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Figure 2: The effect of the scalar NSI element, 7,,, on neutrino appearance probabilities (P.). The left
(right) plot is for T2HK (DUNE) for fixed 6cp = -n/2 and 6,3 = 47°.
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Figure 3: The effect of the scalar NSI element, 1., on neutrino appearance probabilities (P.). The left
(right) plot is for T2ZHK (DUNE) for fixed 6cp = -7/2 and 653 = 47°.

We have also performed a statistical y? test to obtain the sensitivity of the LBL experiments
towards the CP violation (CPV). We have constructed the y? function as follows to check the CPV
sensitivity of the experiments,

Ni,j Ni’j

2
] [true_ test]
= min 3 3 e~ M) @
n L& N

true

where, N ;';{w and N, f;f;l are the number of true and test events in the {7, j}-th bin respectively. For
the simulation studies we have used GLOBES [6] package. The modified scalar NSI Hamiltonian

is used to probe the effects of scalar NSI.

4. Result and Discussion

The CPV sensitivities of DUNE and DUNE+T2HK in presence of scalar NSI elements, 7.,
Nuu and 7.+ is shown in Fig. 4, Fig.5 and Fig. 6 respectively. For all the plots, the left and right plot
shows the CPV sensitivities of DUNE and T2HK+DUNE combined. The solid red line is for SI
case whereas other colours solid (dashed) lines are for cases with non zero positive (negative) NSI
elements. It can be seen that positive (negative) eta.. the sensitivity gets enhanced (suppressed).
Whereas for the negative non zero n,, and n77 the sensitivity gets suppressed. However, for
positive 17, and n7t7 the effect on CPV sensitivities is not significant. There is an additional
improvement in the sensitivities when we take combination of both T2HK and DUNE. In Figure
?? the CP precision measurement capability of DUNE in presence of scalar NSI is shown. The left
(right) plot represents the cases with non zero 7., (17,,) element. The true value of the 6cp is kept
fixed at -90°. It is observed that in presence of 7., the experiment’s capability to constrain the ¢ p
phase degrades as compared to the 7,,,,. With increasing values of 17, the precision measurement
capability improves for DUNE.

5. Concluding Remarks

The study of subdominant effects and its impact on the sensitivity of the various neutrino
experiments is highly crucial for accurate interpretation of data from the experiments. The current
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Figure 4: The plot represents CP violation sensitivity in presence of scalar NSI element 77,.. The left (right)
plot is for DUNE (T2ZHK+DUNE).
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Figure 5: The plot represents CP violation sensitivity in presence of scalar NSI element 77,,,,. The left (right)
plot is for DUNE (T2HK+DUNE).
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Figure 6: The plot represents CP violation sensitivity in presence of scalar NSI element 17, . The left (right)
plot is for DUNE (T2HK+DUNE).

precision of ongoing and proposed future neutrino experiments requires to constrain these NSI
parameters. In this study we have seen that the scalar NSI can significantly effect the sensitivities of
various LBL experiments. It is necessary to explore this kind of NSI effects in various experiments
as well to contrain the parameters. A global effort of all the experiments is necessary to put some
constrain on these parameters.



Scalar NSI Abinash Medhi

Acknowledgement

AM would like to acknowledge the support of the Research and Innovation grant 2021
(DoRD/RIG/10-73/ 1592-A), Tezpur University and MMD would like to acknowledge the sup-
port of DST SERB grant EMR/2021/002961 for this work. We also acknowledge the support of the
DST FIST grant SR/FST/PSI-211/2016(C) of the Department of Physics, Tezpur University.

References

[1] L. Wolfenstein, Phys. Rev. D 17 (1978), 2369-2374 doi:10.1103/PhysRevD.17.2369

[2] Y. Farzan and M. Tortola, Front. in Phys. 6 (2018), 10 doi:10.3389/fphy.2018.00010
[arXiv:1710.09360 [hep-ph]].

[31S. F.. . Ge and S. J. Parke, Phys. Rev. Lett. 122 (2019) no.21, 211801
doi:10.1103/PhysRevLett.122.211801 [arXiv:1812.08376 [hep-ph]].

[4] B. Abi ez al. [DUNE], JINST 15 (2020) no.08, T08010 doi: 10.1088/1748-0221/15/08/T08010
[arXiv:2002.03010 [physics.ins-det]].

[51 K. Abe et al. [Hyper-Kamiokande Proto-], PTEP 2015 (2015), 053C02
doi:10.1093/ptep/ptv061 [arXiv:1502.05199 [hep-ex]].

[6] P. Huber, M. Lindner and W. Winter, Comput. Phys. Commun. 167 (2005), 195
doi:10.1016/j.cpc.2005.01.003 [arXiv:hep-ph/0407333 [hep-ph]].

[7] A. Medhi, D. Dutta and M. M. Devi, [arXiv:2111.12943 [hep-ph]].



	Introduction
	Scalar NSI
	Methodology
	Result and Discussion
	Concluding Remarks

