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ABSTRACT: The full physics potential of the next-generation Deep Underground Neutrino
Experiment (DUNE) is still being explored. In particular, there have been some recent
studies on the possibility of improving DUNE’s neutrino energy reconstruction. The main
motivation is that a better determination of the neutrino energy in an event-by-event basis
will translate into an improved measurement of the Dirac C'P phase and other neutrino
oscillation parameters. To further motivate studies and improvements on the neutrino
energy reconstruction, we evaluate the impact of energy resolution at DUNE on an illus-
trative new physics scenario, viz. non-standard interactions (NSI) of neutrinos with matter.
We show that a better energy resolution in comparison to the ones given in the DUNE
conceptual and technical design reports may significantly enhance the experimental sensi-
tivity to NSI, particularly when degeneracies are present. While a better reconstruction of
the first oscillation peak helps disentangling standard C'P effects from those coming from
NSIs, we find that the second oscillation peak also plays a nontrivial role in improving
DUNE’s sensitivity.
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1 Introduction

Decades of solar, atmospheric, accelerator and reactor neutrino experiments have firmly
established the phenomenon of neutrino oscillations among the three flavors [1]. After the
recent discovery of the relatively large reactor mixing angle 613, the three-neutrino oscilla-
tion paradigm has entered a new precision era, where the known oscillation parameters are
being measured with an ever-increasing accuracy. At the same time, several short, medium
and long-baseline neutrino oscillation experiments, either running or in the pipeline, are
poised to resolve the sub-dominant effects in oscillation data sensitive to the currently
unknown oscillation parameters, namely the Dirac C'P phase dcp, the sign of the atmo-
spheric neutrino mass-squared difference Am3,, and the octant of the atmospheric mixing
angle fo3.

Unraveling the neutrino properties within the three-neutrino framework has been a
great success so far, when analyzing either a single experiment or the entirety of current
neutrino oscillation data in terms of global fits [2-4]. Nevertheless, the quest for new
physics beyond the Standard Model (SM) in the neutrino sector remains remarkably vi-
brant. Indeed, the phenomenon of neutrino oscillations itself suggests nonzero neutrino
masses, which requires some beyond the SM (BSM) physics. Therefore, exploiting the full
potential of the current and next-generation neutrino experiments to probe BSM physics
is an important ongoing research topic.

One interesting model-independent framework for parameterizing BSM physics in the
neutrino sector is the so-called non-standard interactions (NSI) [5]; for reviews on various
aspects of NSI, see refs. [6-9]. The NSI framework is an effective field theory below the



electroweak scale that may encode the oscillation phenomenology of an entire class of new
physics scenarios; see e.g. refs. [10-16] for specific ultraviolet (UV)-complete models of
NSI. The presence of NSI in either neutrino production, detection or propagation through
matter can crucially affect the interpretation of the experimental data [17, 18]. At the very
least, it could serve as a foil for the three-neutrino oscillation scheme [19-34]. Therefore, a
better understanding of the NSI effects is essential for the success of the future precision
neutrino experiments in answering the open questions in neutrino physics.

Since neutral-current interactions affect neutrino propagation coherently, long-baseline
neutrino experiments with a well-understood beam and trajectory are an ideal place to
probe matter NSI effects. Numerous studies have been performed to this effect exploring
the NSI prospects in the long-baseline experiments; see e.g. refs. [35-59] and references
therein. In fact, a mismatch in the determination of the dcp extracted from the latest data
of the two running long-baseline neutrino experiments, NOvA [60] and T2K [61], might
already be hinting towards some possible indications of nonzero NSI [56, 57].

The next-generation long-baseline experiment DUNE [62, 63|, with its high-intensity
neutrino beam, huge statistics, wide-band spectrum and improved systematic uncertain-
ties, is in an excellent position to probe matter NSI [44, 45, 50, 53] and BSM physics
involving neutrinos in general [64]. At present, the full physics potential of liquid argon
time projection chamber (LArTPC) detectors is still being explored. Several developments
and novel proposals have been put forward recently to bolster the capabilities of these de-
tectors, such as sub-MeV ionization energy detection in ArgoNeuT [65] and other LArTPC
detectors [66], sub-GeV study of atmospheric neutrinos [67], and novel v, detection strate-
gies [68-70] at DUNE. These studies are aimed at further enhancing the DUNE sensitivity
to BSM physics.

Of particular interest for the present paper is the possibility of having an improved
reconstruction of the neutrino energy by collecting all ionization energy and/or identifying
each particle in an event-by-event basis [71, 72]. These studies show that the current energy
resolution as reported in the original DUNE Conceptual Design Report (CDR) [62] and
the DUNE Technical Design Report (TDR) [73] can be considerably improved by up to a
factor of 2 to 3. It has also been shown that the better energy resolution will contribute
to a more precise determination of the Dirac C'P phase [71].

In this work, we will show for the first time that not only the determination of the
standard oscillation parameters will benefit from an improved energy resolution, but also
DUNE’s sensitivity to new physics. We will take NSI as a general example of new physics
and will analyze how the experimental sensitivity changes when going from the CDR and
TDR resolutions to an improved neutrino energy resolution scenario. For the improved
case, we will take the best energy reconstruction results of ref. [72], which leverages parti-
cle identification and the detection of all ionization energy, including de-excitation gammas
from argon nuclei. Our findings show that the better neutrino energy resolution signifi-
cantly boosts the DUNE sensitivity to NSI, improving its constraints by up to 25-30% for
several NSI parameters. The improved energy resolution leads to a better reconstruction of
both first and second oscillation peaks. While the first peak comprises most of the statis-
tical power in DUNE, we find that the second peak provides a non-negligible contribution



to the sensitivity, helping better disentangle standard C'P effects from those coming from
NSIs.! These findings hold true for single NSI, with or without associated C'P phases, and
also when multiple NSI parameters are considered at the same time.

The rest of the paper is organized as follows: in section 2, we briefly review the
theoretical framework of NSIs. In section 3, we review the DUNE experimental setup. In
section 4, we give our simulation details. In section 5, we discuss the improved energy
resolution. Our main numerical results are presented in section 6. In section 7, we present
a qualitative discussion of our results. Our conclusions are given in section 8.

2 Theoretical framework

Non-standard interactions, or NSIs, first recognized in ref. [5], is an effective field theory
below the weak scale, without explicit SU(2);, invariance, that encompasses four-fermion
operators involving at least one neutrino field. Logically, we can divide NSIs into two
categories: charged-current (CC) operators, in which the leptonic current has a neutrino
and a charged lepton; and neutral-current (NC) NSI where the leptonic current has two
neutrino fields. While CC-NSIs may affect neutrino production and detection [76], NC-
NSIs induce non-trivial matter effects and modify the dynamics of flavor conversion in
matter [5]. Long-baseline experiments like DUNE are strongly affected by matter effects,
and thus are expected to have exceptional sensitivity to NC-NSIs.

While the ultraviolet completion of NC-NSIs can arise either via heavy mediators (see
e.g. refs. [13, 16, 77]) or light mediators [10, 11, 14, 78], we adopt an agnostic approach here
and analyze the low energy phenomenology irrespective of model building considerations.
To be more precise, NC-NSI can be described by dimension-six operators as,

LNnc-NST = —2\/§GF6£2(%’Y”PLVB)(?’Yupcf) : (2.1)

where a, 5 = e, u, 7 denote the neutrino flavors, f = e, u,d indicate the matter fermions,
C' = L, R corresponds to the chirality of the fermionic f-f current, and Eég are the strengths
of the NSI. The hermiticity of the Lagrangian requires

egg = (eig)* . (2.2)

It is worth mentioning that the diagonal (« = [3) NSIs are always real whereas the non-
diagonal (o # () NSIs are in general complex as they always appear along with their
associated C P-phases.

For neutrino propagation in the Earth, the potential induced by matter is the sum of
the potentials induced by electrons, protons and neutrons. Since only the vector part of
the current is relevant for coherent forward scattering, it is convenient to define

€af = Z giﬁifz = Z (esig + eig) ]]\\Z , (2.3)

f=eu,d f=eud

'For discussions related to the relevance of DUNE’s second oscillation peak, see e.g. refs. [71, 74] in the
context of standard oscillation physics and ref. [75] in the context of NSI.



where N is the number density of fermion f. For the crust of the Earth, which is what long
baseline neutrinos travel through, we can assume neutral and isoscalar matter, implying
N, = N, = N, in which case N, = Ngq = 3N,. Therefore,

€ap = Eop t+3cns + 35% . (2.4)

The presence of NSI modifies the effective Hamiltonian of neutrino propagation in
matter, which in the flavor basis becomes

00 O 1+ €ee €ep Eer
H=U|0ky 0|U + Ve Eep Epp Epr| o (2.5)
0 0 ks Eer  Eur Err

where U is the PMNS matrix, which, in its standard parameterization, depends on three
mixing angles (612, 613, and, f23) and one C P-phase (§cp). The quantities ko1 = Am3, /2F

and k31 = Am3,/2F represent the solar and atmospheric wavenumbers, where Amgj =
2

m; — m? and F is the neutrino energy. Ve is the CC matter potential,
Voe = V2GpN, ~ 7.6Y, x 10—14[ P 3] eV, (2.6)
g/cm

where Yo = N./(Np, + N,) ~ 0.5 is the relative electron number density in Earth’s crust
and p is the Earth matter density, which for DUNE we take as p = 2.848 g/cm?.

For convenience we introduce the dimensionless quantity © = Vioc/ks1, which gauges
the sensitivity to matter effects. Its absolute value

Voo
k31

|A|

_9 E
~ 8.8 x 10 {Gcﬂ/} , (2.7)
appears in the analytical expressions of the v, — v, appearance probability and v, — v,
survival probability, as we will see below.

Let us now discuss the appearance and survival probabilities relevant for the long-
baseline experiment DUNE. In the presence of NSI, one can realize that the mixing angle
613, the parameter v at DUNE and non-diagonal NSIs |e,g| are small. While the first two
have similar size n ~ 0.1, where 7 is simply a small expansion parameter, for neutrino
energies of a couple of GeV or so, the latter cannot be much larger than that. Therefore
we can perform an expansion on those parameters considering them to be roughly of the
same magnitude O(n). We can also define a = Am3,/Am3, = £0.03, which would then
be O(n?). Note that at DUNE ¢ can be relatively large, particularly for the high energy
tail of the spectrum, and thus the expansions that we will perform on small ¥ may break
down if |e44] is not much smaller than 1. Nevertheless it is still useful to do the expansion
in order to understand the role of energy resolution in the search for NSIs. Our numerical
analysis is, however, exact and does not rely on any such expansions.

Let us discuss the appearance and disappearance oscillation probabilities up to the
third order in 7 given in refs. [21, 53, 79]. We will write the NSI parameters in general
as €45 = |eaple’®>® for non-diagonal NSIs (a # ) while for the diagonal NSI couplings



we simply have e,, as a real parameter (its sign is physical). First, we start with the
appearance probability,

P(v, = ve) ~ sin? 29138§3f2 + 2813 sin 26019 sin 2023 f g cos(A + dcp)

+ 873513823{ |€en] {Sgng co8(Gep + 0cp) + ¢33 g cos(A + Scp + ¢eu)}

+ [eer|s23003 | 12 cOS(er + dcp) — Fgcos(A + dcp + er)| } (2.8)
where A = Am3, L/4FE is the atmospheric oscillating frequency, L being the baseline. For
compactness, we have used the notation s;; = sin 0,5, ¢;; = cos 8;;, and,

sin {[(1 — 9(1 + €ee)]A} _ sin[d(1 + ee) A
1= 0(l+ee) 777 (1 +ee)

f= (2.9)
The first line of eq. (2.8) is the standard approximated formula if .. — 0, see e.g.
refs. [80-82], while the second and third lines are the modifications induced by NSIs. No-
tice that for small oscillation phase A, both f and g are linear in A. The leading term in
leer| tends to cancel for small A and thus we expect this NSI parameter to not strongly
affect the high energy part of DUNE’s far-detector spectrum. Therefore, the impact of |e¢;|
may be relatively more pronounced in the second oscillation maximum. The observability
of the second oscillation maximum is directly related to the precision of DUNE’s energy
reconstruction. We will see later that an improved energy resolution will significantly en-
hance the sensitivity to |e.-|, and that both first and second oscillation peaks contribute
appreciably for this improvement. This effect is not present for |e,|, and we will confirm
that with our numerical analysis.

The v, — v, disappearance oscillation probability is affected by a different set of NSI
parameters:

sin?[(1 — 0)A]

1—
P(v,—v,) ~1- sin? 2093 sin® A 4 acty sin? 203 A sin 2A — 43333%3w

Sin2 29238%3

o {@A sin 2A + sin [(1 — 8)A] sin [(1 + 6)A]}

— 20|eur| cOS Ppur <sin3 2093 A sin 2A + 2 sin 203 cos? 2643 sin® A)

_|_

~2
0
D sin? 2023 cos 2023 (€4 — E7r) — 5 sin 2023 (£, — 577)2]

x (Asin2A — 2sin? A) . (2.10)

The first two lines describe standard oscillations, while the effect of NSIs is encoded
in the last 2 lines. The leading term on e,, is also multiplied by cos¢,,, see the third
line in the equation above. Thus, if one marginalizes over the phase when presenting the
sensitivity to this NSI parameter, the result will typically be weak for DUNE as the leading



term can always be put to zero. In experiments where matter effects are more relevant
like IceCube, © = 1, the expansion performed here breaks down and the impact of the
¢ur phase becomes less pronounced, see e.g. ref. [83]. It is also worth mentioning that the
second term in the parenthesis is proportional to cos? 2623, which may be fairly suppressed
as O3 approaches maximality.

The leading €,,, — €7+ term is suppressed by cos? 20,3, and thus sensitivity to this
parameter should present a strong dependence on f23. Moreover, both leading and next-
to-leading terms cancel out for small A, and so we anticipate an important role in the
experimental sensitivity to this parameter to be played by the second oscillation and the
energy resolution as a consequence. Our numerical simulations will confirm this expectation
as well. Also, note that the first term in parenthesis in the last line of eq. (2.10) is linear
in €, — €77, whereas the second term is quadratic. This is the reason for the difference
in the DUNE sensitivities to €,,, and e,, when each NSI is considered at a time, as we
will see later.

In the expressions above, for normal mass ordering, the sign of A, a and ¢ are all
positive, while for inverted ordering they are all negative. Analogous expressions to those
in egs. (2.8) and (2.10) for P (v, — v.) and P (v, — v,) can be obtained for antineutrinos
by flipping the sign of all CP phases and ©¢. For concreteness, we will present all our
numerical results for normal ordering (NO) only.

3 Experimental setup

DUNE is a future long-baseline accelerator neutrino experiment, where neutrinos are ex-
pected to travel a distance of 1300 km from the source at Fermilab to the far-detector
placed deep underground at the Sanford Lab in South Dakota. In order to estimate the
sensitivity of the experiment to NSIs, we adopt three benchmark experimental configura-
tions for DUNE: the Conceptual Design Report configuration (CDR) [62, 84]; the more
recent Technical Design Report configuration (TDR) [73, 85]; and a third which is the
TDR configuration with improved energy resolution based on the findings of ref. [72], as
we will discuss later, which we refer to as the Best Reconstruction (Best Rec.).

To perform the experimental simulations we have used the GLoBES package [86, 87|
together with the NSI tool from ref. [88]. In all configurations we have assumed a 40 kton
LArTPC detector. The CDR beam configuration assumes an 80 GeV proton beam with
1.07 MW beam power resulting in 1.47 x 102" POT /year, while the TDR uses a 120 GeV
proton beam with 1.2 MW beam power resulting in 1.1 x 102! POT /year. We have also
assumed equal time of 3.5 years running in each forward and reverse horn configurations
(that is, equal neutrino and antineutrino runtime), which results in 300 and 336 kton-
MW-year exposures for the CDR and TDR setups, respectively. Incidentally, the TDR
staged 7-year running gives the same 336 kton-MW-year exposure [73]. For the CDR and
TDR simulations, specific details on systematic errors and efficiencies can be found in
refs. [84, 85].



4 Simulation details

In order to quantify the statistical sensitivity of all the numerical simulations performed
in this work, we use the built-in x? function in GLoBES, which incorporates systematic
uncertainties via pull parameters and penalty terms (see ref. [87] for details). The total y? is
the sum of all four channels that can be studied at DUNE: muon disappearance and electron
appearance, in both forward and reverse horn polarity (i.e. neutrino and antineutrino
modes). We marginalize over SM and new physics parameters whenever specified to obtain
the minimum Ax?2.

In all our numerical simulations we have used a line-averaged constant Earth matter
density p = 2.848 gm/cm? for DUNE following the PREM [89, 90] profile. Unless other-
wise stated, we have used the following benchmark values of the standard three-neutrino
oscillation parameters: Am3, = 7.5 x 107°eV2, Am3; = 2.51 x 1073 eV?, sin? 615 = 0.310,
sin?#;3 = 0.022, and sin? @3 = 0.56. Moreover, throughout this paper for simplicity we
have assumed normal mass ordering (NO). Note that our benchmark parameters closely
agree with the current global fit results [2-4]. As the solar mixing parameters have very
small impact on DUNE, we have fixed 612 and Am3; to their above mentioned values.
Atmospheric parameters Am3,, 623 and dcp are always allowed to vary freely as their mea-
surements are among the main goals of DUNE. We adopt a 3.7% uncertainty on the reactor
angle, which is better constrained at experiments like Daya Bay [91] and RENO [92]. Fi-
nally, we assume a 5% uncertainty on the average matter density, slightly larger than the
2% uncertainty assumed in the TDR. Whenever appropriate, we also marginalize over
some new physics parameters.

5 Improved energy resolution

Charged particles traversing LArTPC ionize the liquid argon, leading to free electrons
which drift against the electric field and are collected by wires. The charge deposit is used
to reconstruct objects, such as tracks or showers, which are then used for particle identifi-
cation. As the amount of energy deposited depends on the particle momentum and mass,
the identification, together with the overall energy deposited in the detector via ionization
is used to reconstruct the energy of each individual particle. With those energies and mo-
menta, the incoming neutrino energy is inferred. This is to say that the reconstruction of
the incoming neutrino energy, a crucial step to understand neutrino oscillations, is not a
simple business.

Recently, there has been some re-evaluation of the best resolution that could be
achieved by the DUNE experiment [71, 72]. In particular, ref. [72] studies the best case
scenario, regarding incoming neutrino energy reconstruction, if the detector is able to iden-
tify all particles in an event and if the small but frequent energy deposits from recoiled
neutrons are also accounted for. The authors find that a significant enhancement, up to a
factor of 4, in the reconstruction with respect to the CDR values could be achieved.?

*Note that in ref. [72], besides the “best reconstruction,” another possibility is also studied for recon-
structing the neutrino energy, that is, adding all calorimetric energy of the hadronic system without relying
on individual particle identification. It is observed that this method leads to a neutrino energy resolution
comparable to the one in DUNE’s TDR, as so we do not present this “Charge” case separately here.
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Figure 1. Energy resolution as a function of true neutrino energy. Left (right) panel corresponds
to neutrinos (antineutrinos). The red and green curves depict the energy resolutions from DUNE’s
CDR and TDR, respectively, while the best reconstruction scenario from ref. [72] is shown in black.
Our fit to the best reconstruction scenario is given by the blue curve. The numbers «, 3, and v in
each panel correspond to the best fit values used in eq. (5.1).

In this paper, we are interested in understanding how much an improved energy res-
olution would enhance DUNE’s sensitivity to new physics, particularly NSIs. In figure 1
we present the energy resolution for neutrinos (left panel) and antineutrinos (right panel)
as a function of the true neutrino energy for the CDR (red line, worst resolution), and
for the TDR (green line). We also show the best case scenario for the energy resolution
obtained in ref. [72] (black line, labeled “Best Rec.”) as well as a simple parameterization
we perform to reproduce the best case results (blue line, labeled “Our fit”). Note that
from figure 2 onwards we use our parameterization of the energy resolution in the Best
Reconstruction case.

Our parameterization of the Best Reconstruction case is obtained by using an energy
resolution function R(E, E,) = e~ (F=E1)?/29% /5. /27 where E is the true neutrino energy,
FE,. is the reconstructed energy, and the energy resolution o is given by

o(E)/GeV = a.(E/GeV) + ./ E/GeV + v, (5.1)

where, (a, 3, ) are the parameters for the fit: (0.045, 0.001, 0.048) for neutrinos and
(0.026, 0.001, 0.085) for antineutrinos (cf. figure 1). We assume the same energy resolution
for the appearance and disappearance modes. To simulate the neutral current, v, con-
tamination, misidentified muon, and v, — v, backgrounds we have used the same energy
resolution migration matrices as provided in refs. [84] (CDR) and [85] (TDR and Best
Reconstruction).

As we can see from figure 1, the energy resolution is the worst for the CDR configura-
tion, somewhat better for the TDR and improves considerably in the Best Reconstruction
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Figure 2. Left panel: CP violation discovery (dcp(test) # 0, £7) potential of DUNE with different
assumptions on the DUNE energy resolution. Right Panel: 1o (Ax? = 1) uncertainties on the true
value of dcp determined by DUNE. Red, green and blue curves represent the CDR, TDR and
Best Reconstruction setup respectively. We have assumed normal ordering (NO) in the analysis for
both plots.

case. Quantitatively, for neutrinos at 1 GeV we have about 25%, 19% and 9% energy reso-
lution, respectively. For reference, near 0.9 GeV, an energy resolution of about 20% would
completely wash out the second oscillation maximum.

A concrete example illustrating the importance of the energy resolution for DUNE is
presented in figure, 2, where we show, as a function of the true dcp phase, the C'P violation
sensitivity (left panel)® and the precision on §cp achievable at DUNE at 1o (Ax? = 1, right
panel) for 3.5 years in each neutrino and antineutrino mode. For both panels, the red, the
green, and the blue lines correspond to the CDR, TDR, and the Best Reconstruction
benchmarks. As discussed above we marginalize over all relevant oscillation parameters
except the solar ones, as well as over the matter density. As we can see, the effect of
a better energy resolution is non-negligible, substantially enhancing the C'P precision,
in particular for maximal C'P violation. Quantitatively, for dcp(true) = —90°, the CP
precision is ~ 24° for the CDR, ~ 21° for the TDR, and ~ 17° for the Best Reconstruction
case. Similar findings have been reported previously in ref. [71].

It is important to mention that the C'P precision obtained here with DUNE’s GLoBES
simulation files [85] does not match the official DUNE version of the plot given in ref. [73].
The main reason seems to be the treatment of systematics related to the flux and/or
cross section shape uncertainties. Compared to a full-fledged Monte Carlo simulation, the
GLoBES treatment of spectral uncertainties in ref. [85] is somewhat simplified.

3The CP violation sensitivity is defined as the statistical significance at which one can reject the test
hypothesis of no C'P violation i.e., dcp(test) = 0, or £ .
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Figure 3. One-dimensional projections of the DUNE sensitivity to the diagonal NSI parameters
€eesEuu,Err in the upper panel and non-diagonal €.y, €cr,€,r in the lower panel. The red line
represents the result with “CDR” configuration, black line is for the “TDR” configuration, and the
blue line corresponds to the “Best Reconstruction” configuration. Normal mass ordering is assumed
in the data as well as in the theory. We have considered dcp(true) = —90° and the non-diagonal
NSI parameters as real.

6 Numerical results

In this section we discuss the main results we have obtained from our numerical simulations
regarding the impact of the energy resolution on the sensitivity to NSIs.

Let us start with figure 3, where we have adopted a simplified framework in which
all NSI parameters €,5 are taken to be real parameters and we take one at a time when
analyzing DUNE’s sensitivity. Here, and throughout this paper, we will always assume
standard three neutrino oscillations as the true hypothesis and test nonzero NSI against
it, that is our Ax? = x%g; — X8y For concreteness we have assumed dcp(true) = —90°,
which is close to the current preferred value from global fits [2-4]. We marginalize on the
two mixing angles 013 and fs3, the standard C'P phase dcp, the mass-squared splitting
Am%l, and the matter density, as discussed in the previous section. The CDR, TDR and
Best Reconstruction scenarios are shown in red, green and blue, respectively. The upper
panels show the sensitivity for the diagonal NSI parameters whereas the lower panel shows
the sensitivity for the non-diagonal NSI parameters, which are assumed real here.

We can clearly see that, while the CDR and TDR cases yield comparable results,
an improved energy reconstruction significantly enhances DUNE’s sensitivity to NSIs, in

~10 -



NSI Parameter CDR TDR Best Rec.
Eee [—0.249, +0.552] | [-0.256, +0.399] | [—0.246, +0.360]
[—0.415, —0.240], [—0.416, —0.335],
Epp [—0.214, 0.232], [—0.445, +0.549] | [-0.117, 0.128],
[0.289, 0.522] [0.393, 0.520]
[—0.550, —0.357],

r —0.214, +0.164 —0.126, +0.112
© -0.200, +0.154] | | +0.164) | | +0.112]
Eep [—0.046, +0.043] | [—0.047, 4+0.045] | [—0.045, +0.043]
Eer [—0.038, +0.041] | [-0.039, +0.041] | [—0.033, +0.033]
Epr [—0.018, +0.018] | [-0.021, +0.021] | [—0.015, 40.015]

Table 1. DUNE sensitivities on the NSI parameters at 20 confidence level (C.L.) with 1 degree
of freedom (d.o.f.) (i.e. Ax? = 4), assuming normal mass ordering and Jcp(true) = —90° (cf.
figure 3). Left, middle, and right columns correspond to CDR, TDR, and Best Reconstruction
cases respectively. Here the non-diagonal NSI parameters have been assumed real.

particular for €,,,, €7+, and e.r, as well as €, to a certain extent. There is some impact in
Ece, though somewhat small, and almost no effect on e.,. Numbers comparing the allowed
regions at 20 (Ax? = 4) for all NSI parameters and for the three cases can be found
in table 1. Note that there are existing constraints from several experiments on all NSI
parameters, see e.g. ref. [8].

Until now we have treated the non-diagonal NSI parameters as real parameters. How-
ever it might be interesting to see how the bound changes when we treat these parameters
as complex. As we discussed before, the NSI C' P phases may significantly impact the sensi-
tivity to €., as the first order contribution of this NSI parameter to the v, disappearance
probability goes like |e,7|cos ¢, see eq. (2.10).

We show DUNE’s sensitivity to complex non-diagonal NSI parameters in figure 4.
While the procedure adopted here is the same as in the previous figure, we have additionally
marginalized over the corresponding NSI C'P phases. As discussed, the sensitivity to ||
greatly diminishes (right panel), while a smaller but still significant effect can be seen
for |eer| (middle panel). |ec,| is largely unaffected by the presence of a nonzero phase.
Even accounting for the C'P phases, the improvement due to a better energy resolution
remains for ., as we can see in the middle panel of figure 4. Quantitatively, we found the
upper bounds on |e.,| at 20 (Ax? = 4) to be 0.12, 0.10 and 0.08 for the CDR, TDR and
Best Reconstruction cases, respectively, revealing a possible 20% improvement between
the last two. In table 2, we quote the 20 sensitivity on the non-diagonal, complex NSI
parameters for all three scenarios. We highlight that DUNE will significantly improve
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Figure 4. Same as in figure 3 for the non-diagonal NSI parameters €¢,, €¢r, and €,,, but now

assuming them to be complex and marginalizing over their phases.

NSI Parameter CDR TDR Best Rec.
el <0.048 | <0.052 | <0.047
leer] <0.123 | <€0.096 | < 0.085
€| <0.191 | <0.196 | <0.189

Table 2. Same as in table 1, but for the magnitude of the non-diagonal NSI parameters which are
taken to be complex here (cf. figure 4).

current sensitivities to e, and €., (for both real and complex NSI cases). For the ¢,
DUNE could compete with the IceCube constraint if the NSI is real. The presence of a
nonzero ¢,,, considerably worsens DUNE sensitivity, but not IceCube’s [83].

To show how an improved energy resolution can affect the sensitivity to NSIs for
different true values of the C'P violation phase dcp, we present figures 5 and 6. The
simulation details are the same as used before. The contours in each panel is shown for
20 C.L. with 1 d.o.f. (i.e. Ax? = 4). The CDR, TDR and Best Reconstruction cases
are represented by red, green and blue contours respectively. Figure 5 shows the allowed
regions for each NSI parameter (ece,€epu; Eers Eprs Epp, and e77), taking one NSI at a time
and assuming all NSI parameters to be real. The null hypothesis corresponds to no NSI
and a given value of dcp(true) as indicated on the y-axis. Therefore, this figure should
be understood as the allowed region of each NSI parameter for a given input value of
d0cp. The variation among CDR, TDR and Best Reconstruction shows the role of the
energy resolution. If we take €. as an example, we can see that the energy resolution can
significantly improve DUNE’s sensitivity to this NSI, except for dcp (true)~ 80°, —110°. It
is evident from this figure that the better energy resolution in DUNE plays a significant
role in improving the constraints on most of the NSI parameters. Also note that some
spurious degeneracies in the ¢, case are only present for the CDR and TDR resolutions,
while completely disappear for the Best Reconstruction scenario.
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Figure 7. 20 C.L. (2 d.o.f.) sensitivity regions spanned by the different sets of NSI parameters
for three different cases CDR, TDR, and Best Reconstruction respectively. We have assumed
dcp (true) = —90° and normal ordering is assumed in both true and test hypotheses of the analysis.
The benchmark point marked in the upper left panel will be used later in section 7.

In the previous discussion we focused on real NSI parameters. Now, we present in fig-
ure 6 the allowed region for the absolute value of non-diagonal NSI parameters, marginal-
izing over their corresponding C'P phase, as a function of the true value of dgp. All
analysis details are the same as before. As expected, the allowed regions are larger when
one consider complex NSI parameters, particularly for €, due to the cos ¢, factor in the
leading-order contribution of this NSI to the v, survival probability, see eq. (2.10). We also
observe that the energy resolution plays an important role in the sensitivity to €., even in
the presence of the NSI C'P phase.

Now that we have established the important role of the energy resolution in constrain-
ing certain NSI parameters, it is important to assess how robust these conclusions are if
we do not assume one NSI parameter at a time. In general, UV complete models will
predict a combination of NSI parameters, with possible correlations stemming from the
new particles and interactions that generate the NSI at a higher scale [10-16]. Although
a comprehensive study of specific models is beyond the scope of this paper, we can redo
our analysis taking into account two NSI parameters at a time, instead of individual ..
Note that further redoing the analysis with more than two NSI parameters will not be very
illuminating for our purposes.

In figure 7 we show the allowed regions at 20 C.L. with 2 d.o.f. (Ax? = 6.18) for
different pairs of NSI parameters. We consider ecc, €, €77, and eer, as those are the
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Figure 8. Allowed regions in the €., versus Am3; (left) and e., versus dcp (right) planes for the
DUNE CDR, TDR and Best Reconstruction cases (red, green, and blue contours, respectively) at
20 C.L. (Ax? = 6.18). The assumed true value is indicated as a magenta star while the black
triangle on the right panel is a NSI benchmark, see text.

parameters that profit the most from an improved energy resolution (cf. figures 3 and 4).
As before, we indicate the CDR, TDR and Best Reconstruction configurations by the
red, green and blue shaded regions, respectively. In order to draw the two-dimensional
contours we have marginalized away the two mixing angles 613 and o3, the mass splitting
Am3,, the CP phase dcp, and the matter density p, within the uncertainties discussed
in section 4. Moreover the nonstandard C'P phases for non-diagonal NSIs have also been
marginalized away. We have fixed dcp(true) at —90° as well as normal ordering for the
mass spectrum. We have considered a few combinations of two NSI parameters at a time
keeping others fixed to zero. As expected (see e.g. refs. [21, 93]), we observe significant
degeneracies between NSI parameters, particularly for the pairs containing (gee, |ger|). We
also see here a substantial impact of the improved energy resolution in several of these
NSI combinations. In the upper left panel of figure 7 we can see that the allowed region
in the Best Reconstruction scenario in the (gec, |€er|) plane for positive ee. is reduced to
about half of the allowed region in the CDR case. Moreover, the allowed regions in both
€up and €-, versus other parameters are connected for the CDR and TDR cases, whereas
three disconnected islands appear for the Best Reconstruction case.

7 Discussion

In this section we discuss the results obtained previously and the role of the energy reso-
lution in a qualitative manner. First, we present figure 8, in which we show an illustrative
example of DUNE’s sensitivity to NSI for CDR, TDR and Best Reconstruction (red, green
and blue, resp.) in the planes of (g¢;, Am3;) (left panel) and (e.,,dcp) (right panel) at 20
C.L. for 2 d.o.f. (Ax? = 6.18). The magenta star in each panel represents the choice of
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true parameters where we have assumed no NSI. Note that we have marginalized away the
NSI CP phase ¢, in both panels.

The improvement on the measurement of Am%; due to a better energy resolution is
obvious: a more precise determination of the minimum of oscillation allows for a better
measurement of the oscillation frequency and therefore of the mass splitting. In fact, the
better energy resolution makes the first oscillation minimum in the disappearance chan-
nel more prominent and helps resolving the second oscillation minimum, around 0.8 GeV.
Nevertheless, the right panel is more interesting for us, as we see a degeneracy between dcp
and e.r. To understand the role of the energy resolution, let us take the NSI benchmark
point denoted by the black triangle in the right panel, which is allowed by the CDR but
excluded by the TDR or Best Reconstruction simulations. The relevant parameters for
this benchmark point are dcp = —35°, |gr| = 0.16, and ¢, = 10° for the CDR, and
¢er = 15° for the TDR and Best Reconstruction cases. The other standard oscillation
parameters were chosen to be the best fit values in the analysis.

In figure 9 we show the appearance spectra for the neutrino mode (upper left panel) and
antineutrino mode (upper right panel) for the CDR, TDR and Best Reconstruction (red,
green and blue, respectively), for the assumed true parameters (magenta star in figure 8
right panel, solid lines in figure 9) and NSI benchmark point (black triangle in figure 8 right
panel, dashed lines in figure 9). First we can understand why it is hard to disentangle this
NSI effect: the spectra themselves look very similar between the standard model assumed
true values and the NSI benchmark. This is particularly true for the first maximum. The
second maximum shows a larger deviation, but with lower statistics. To better see the
differences between the standard and NSI cases, we show in the lower panels the absolute
difference on the number of events divided by the statistical uncertainty in each bin, i.e.
A = |Nsy — Nnsi|/v/Nsy- This statistical figure of merit should be viewed only as a crude
approximation for the statistical relevance of each bin, but it serves to demonstrate the
relevance of the first and second oscillation maxima in a qualitative level. As we can see, a
better energy resolution not only leads to a slight increase in the statistical power around
the first oscillation maximum, but also on the second maximum. This draws us to the
conclusion that the improved energy resolution enhances the sensitivity not only due to a
better reconstruction of the first maximum: the role of the second maximum is indeed very
much significant. These considerations apply to both neutrino and antineutrino modes.

To be more explicit, we compare in figure 10 the appearance spectra between the stan-
dard case (solid lines) and the NSI case (dashed lines) corresponding to a point in parameter
space which is ruled out by the Best Reconstruction but not by the TDR configuration (see
the black star in figure 7 upper left panel). Upper left (right) panel in figure 10 presents the
Vy = Ve (Du — Ue) appearance event spectra as a function of reconstructed energy. Green
and blue lines correspond to the TDR and Best Reconstruction configurations respectively.
Solid lines represent the standard three-neutrino spectra with dgp = —90° and dashed
lines represent the spectra with NSI in the e — e and e — 7 sector simultaneously. In case
of NSI, we have taken the best fit parameters corresponding to the black star in the upper
left panel of figure 7, i.e., dcp = —22° €. = 2.70, |ec;| = 0.65, and ¢, = —177° for
the TDR, and dcp = —23°, cee = 2.70, |eer| = 0.65, and ¢or = —170° for the Best

~16 —



100 T T T T T T T T T T T T T T T T 15

1

1

1

1

1
o
)
&
)
19)
e
1

1

1

1

1
o
4]
4
)
19)
o

App. Events / 0.1 GeV
LI B B |

1 2 3 4 1 2 3 4 5
Reconstructed Energy [GeV] Reconstructed Energy [GeV]

Figure 9. Upper left (right) panel presents the v, — v. (v, — V) appearance event spectra as
a function of reconstructed energy. Red, green and blue lines correspond to the CDR, TDR, and
Best Reconstruction configurations, respectively. Solid lines represent the standard three-neutrino

spectra with dcp = —90° and dashed lines represent the spectra with NSI in the e — 7 sector. In
case of NSI, we have taken the best fit parameters corresponding to the black triangle in figure 8,
ie., dcp = —35° leer| = 0.16, and ¢, = 10° for the CDR, and ¢., = 15° for the TDR and

Best Reconstruction cases. The best fit values of 63, 623, and Am3; have also been chosen from
the simulation. Lower left (right) panel represents the absolute difference in the upper left (right)
appearance events between the standard and the NSI scenarios divided by the statistical uncertainty
in each bin. The color coding is the same as in the upper panels.

Reconstruction case respectively. The best fit values of 613, 623, and Am%l have also been
chosen from the simulation for both the standard and the NSI scenarios respectively. In
the lower panels we represent the absolute difference A in the appearance events between
the standard and the NSI scenarios divided by the statistical uncertainty in each bin. The
color coding is the same as in the upper panels. Here, the effect of the improved energy
resolution is very clear: both first and second maxima become statistically more powerful
in rejecting this NSI hypothesis. Although the second maximum has less events and less
bins, the relative change in the number of events is significantly larger than in the first
maximum. This evidences that both oscillation maxima can contribute comparably to a
better sensitivity, if they are resolved more precisely.
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Figure 10. Upper left (right) panel presents the v, — v. (v, — .) appearance event spectra
as a function of reconstructed energy. Green and blue lines correspond to the TDR and Best
Reconstruction configurations respectively. Solid lines represent the standard three-neutrino spectra
with dop = —90° and dashed lines represent the spectra with NSIs in the e — e and e — 7 sectors
simultaneously. In case of NSI, we have taken the best fit parameters corresponding to the black star
in the upper left panel of figure 7, i.e., dcp = —22°, €. = 2.70, |ee-| = 0.65, and ¢, = —177° for
the TDR, and dcp = —23°, €. = 2.70, |€er| = 0.65, and ¢, = —170° for the Best Reconstruction
case. The best fit values of 613, f23, and Am3, have also been chosen from the simulation for both
the standard and the NSI scenarios. Lower left (right) panel represents the absolute difference in
the upper left (right) appearance events between the standard and the NSI scenarios divided by
the statistical uncertainty in each bin. The color coding is the same as in the upper panels.

8 Conclusions

In this work we have investigated the impact of improved energy resolution on DUNE
sensitivity to new physics. As an illustrative example, we have shown how a better energy
resolution could lead to improved constraints on neutrino non-standard interactions with
matter. We have found that a better energy resolution would help to disentangle degen-
eracies among effects arising from standard three-neutrino oscillations, such as the usual
C'P violation, and those stemming from NSIs. In fact, by studying in more detail certain
benchmark points, we have identified that the improved sensitivity to NSIs comes not only
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from the first oscillation peak, but the second maximum also contributes significantly to
the experimental sensitivity as long as it can be appropriately resolved. Therefore, a bet-
ter neutrino energy determination allows the experiment to further leverage its broad-band
beam in BSM physics searches.

More specifically, we have found that potentially significant sensitivity improvements
could be achieved for ece, €4y, €77, and e, particularly when the NSI C'P violating phase
is considered for ... We have also found that certain degeneracies could be better resolved
with an improved energy resolution. For any combination of two of the aforementioned NSI
parameters, we find a significant reduction in the allowed regions, when going from the CDR
case to the TDR and especially to the Best Reconstruction scenario (see figure 7). Finally,
as a by-product of our analysis, we have also shown how the C'P violation sensitivity and
the C'P phase precision would improve with the neutrino energy resolution (see figure 2).
We hope our analysis will further motivate the pursuit of an enhanced neutrino energy
reconstruction in liquid argon time projection chambers.
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