Available online at www.sciencedirect.com

ScienceDirect NUCLEAR[Z]
PHYSICS

CrossMark

ELSEVIER Nuclear Physics B 908 (2016) 318335
www.elsevier.com/locate/nuclphysb

Non-standard neutrino interactions at DUNE

André de Gouvéa *, Kevin J. Kelly

Northwestern University, Department of Physics & Astronomy, 2145 Sheridan Road, Evanston, IL 60208, USA
Received 26 January 2016; received in revised form 2 March 2016; accepted 7 March 2016
Available online 15 March 2016
Editor: Tommy Ohlsson

Abstract

We explore the effects of non-standard neutrino interactions (NSI) and how they modify neutrino propa-
gation in the Deep Underground Neutrino Experiment (DUNE). We find that NSI can significantly modify
the data to be collected by the DUNE experiment as long as the new physics parameters are large enough.
For example, if the DUNE data are consistent with the standard three-massive-neutrinos paradigm, order
0.1 (in units of the Fermi constant) NSI effects will be ruled out. On the other hand, if large NSI effects are
present, DUNE will be able to not only rule out the standard paradigm but also measure the new physics
parameters, sometimes with good precision. We find that, in some cases, DUNE is sensitive to new sources
of C P-invariance violation. We also explored whether DUNE data can be used to distinguish different types
of new physics beyond nonzero neutrino masses. In more detail, we asked whether NSI can be mimicked,
as far as the DUNE setup is concerned, by the hypothesis that there is a new light neutrino state.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The main goals of next-generation long-baseline neutrino experiments like the Deep Un-
derground Neutrino Experiment (DUNE) (see, for example, Ref. [1]) and Hyper-Kamiokande
(HyperK) [2] are to search for leptonic C P-invariance violation and to test the three-massive-
neutrinos paradigm (standard paradigm).
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The standard paradigm consists of postulating that the three active neutrinos v, ; . are linear
combination of three neutrino states with well-defined mass v 2 3 (masses m 2 3, respectively),
and that the mechanism behind the nonzero neutrino masses is such that no accessible inter-
actions or states beyond those prescribed in the standard model of particle physics (SM) are
present. In summary, neutrino production, detection, and propagation (including matter effects)
are described by the weak interactions, and there are no new light degrees of freedom. While all
neutrino data collected so far — with the exception of the short-baseline anomalies [3—7], which
we will not consider here — are consistent with the standard paradigm, large deviations are al-
lowed. Candidates for the new physics beyond the standard paradigm include more than three
light neutrino mass-eigenstates, new “weaker-than-weak” neutrino—matter interactions, small vi-
olations of fundamental physics principles, and couplings between neutrinos and new very light
states.

One way to test the standard paradigm is to measure, as precisely as possible, what is in-
terpreted to be the neutrino oscillation probabilities (v, — vy, vy, —> Ve, Yy —> Dy, €lC.) as a
function of the baseline L or the neutrino energy E,, and compare the results with the expecta-
tions of the standard paradigm. If the observed pattern is not consistent with expectations, one
can conclude that there is new physics beyond nonzero neutrino masses.

Here we investigate how well precision measurements of oscillation probabilities at DUNE
can be used to probe the existence of non-standard neutrino neutral-current-like interactions
(NSI). In more detail, we discuss how much DUNE data, assuming it is consistent with the
standard paradigm, can constrain NSI, and discuss, assuming NSI are present, how well DUNE
can measure the new physics parameters, including new sources of C P-invariance violation. We
also investigate whether DUNE has the ability to differentiate between different types of new
phenomena by comparing NSI effects with those expected from the existence of a new neutrino-
like state (sterile neutrino).

Studies of the effects of new neutrino—matter interactions on neutrino propagation are not new.
Indeed, they were first proposed in Wolfenstein’s seminal paper that introduced matter effects [8].
NSI were explored as a solution to the solar neutrino problem [9], and their impact on the os-
cillations of solar neutrinos [10-15], atmospheric neutrinos [16-28], and accelerator neutrinos
[29-38] has been thoroughly explored in the literature in the last twenty years. Some conse-
quences of NSI to DUNE were also explored very recently in Ref. [39]. We add to the discussion
in several ways. We consider all relevant NSI parameters when estimating the reach of DUNE,
and investigate the capabilities of the experiment to see the new sources of C P-invariance vi-
olation. We also perform a detailed simulation of the experiment and deal with the concurrent
measurements of the NSI parameters and the standard oscillation parameters. In addition, we
address whether and how next-generation long-baseline experiments can distinguish different
manifestations of new physics (other than nonzero neutrino masses) in the lepton sector.

This manuscript is organized as follows. In Sec. 2, we discuss NSI and their effects on neutrino
oscillations via nonstandard matter effects. We also review, briefly, what is currently known about
NSI and discuss some of the assumptions we make implicitly and explicitly. In Sec. 3, we briefly
discuss some of the details of our simulations of the DUNE experiment and compute how well
DUNE can exclude the various NSI new physics parameters. In Sec. 4, we choose three different
NSI scenarios and compute how well DUNE can measure the new physics parameters. Here we
also address whether DUNE can distinguish between the existence of NSI and sterile neutrinos.
In Sec. 5, we qualitatively discuss potential diagnostic tools beyond DUNE, including future
data from HyperK and next-generation measurements of the atmospheric neutrino flux, and offer
some concluding remarks.
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