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We investigate the capability of the DUNE near detector (ND) to constrain nonstandard interaction
parameters (NSIs) describing the production of neutrinos ðεsαβÞ and their detection ðεdαβÞ. We show that the
DUNE ND is able to reject a large portion of the parameter space allowed by DUNE far detector analyses

and to set the most stringent bounds from accelerator neutrino experiments on jεs;dμe j for wide intervals of the
related phases. We also provide simple analytic understanding of our results as well as a numerical study of
their dependence on the systematic errors, showing that the DUNE ND offers a clean environment to study
source and detector NSIs.
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I. INTRODUCTION

Thanks to the increasing evidence of nonvanishing CP
violation in the lepton sector [1], the standard three-
neutrino oscillation framework seems to be rather estab-
lished; however, the precision on the mixing parameters is
above the percentage level [2,3], and this leaves room for
effects not described by the standard physics. To catch the
relevant impacts of possible new physics signatures in a
model-independent way, a useful approach relies on the
employment of effective four-fermion operators, the so-
called nonstandard interaction operators (NSIs), that arise
from the presence of heavy mediators [4–7]. If not diagonal
in the flavor basis, they can affect the interactions between
neutrinos and charged leptons and, in particular, influence
neutrino oscillations; thus, we can distinguish among three
different scenarios.

(i) The decaying particles that produce a neutrino of
flavor α associated to a charged lepton are also able to
produce other neutrino flavors γ. Thus, at the source s,

jνsαi ¼ jναi þ
X
flavors

εsαγjνγi; ð1Þ

where εsαγ is a 3 × 3 matrix of unknown coefficients
describing the amplitude of the contamination of
flavors other than α.

(ii) During their propagation, neutrinos oscillate and can
interact with matter, developing an effective potential

that modifies the vacuum oscillation probabilities.
NSI effects add new contributions to the matter
potential parametrized in terms of coefficients εmαβ.

(iii) Once in the detector d, a neutrino of flavor γ can give
rise to charged current (CC) interactions with nuclei
or electrons which, in the presence of NSIs, can
produce a charged lepton of a different flavor β.
Thus,

hνdβj ¼ hνβj þ
X
flavors

εdγβhνγj; ð2Þ

where, as above, the coefficients εdαγ are describing
the amplitude of the contamination of flavors other
than β.

It is worth mentioning that the εd;sαβ previously introduced
are effective couplings that receive contributions from four-
fermion operators with different Lorentz structure:

LNSI ¼ LV�A þ LS�P þ LT; ð3Þ
where the operators interesting for this paper (that is, the
ones related to source and detector NSIs) are

LV�A ∋
GFffiffiffi
2

p
X
f;f0

εf;f
0;V�A

αβ ½ν̄βγρð1 − γ5Þlα�½f̄0γρð1� γ5Þf�;

LS�P ¼ GFffiffiffi
2

p
X
f;f0

εf;f
0;S�P

αβ ½ν̄βð1þ γ5Þlα�½f̄0ð1� γ5Þf�;

LT ¼ GFffiffiffi
2

p
X
f;f0

εf;f
0;T

αβ ½ν̄βσρτlα�½f̄0σρτf�: ð4Þ

Here,GF is the Fermi constant, ν and l are the neutrino and
charged lepton fields, respectively, and the f’s are the
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fermions participating to the neutrino interactions. The
strength of the NSIs is encoded into the arbitrary complex
matrices ε, which we will distinguish with the superscript s
or d when the interaction takes place at the neutrino source
or detector, respectively. Since in the rest of the paper we
will focus on the DUNE experiment, the indices f and f0
are fixed to f ¼ u and f0 ¼ d, respectively; thus, the
source NSIs (for which lα ¼ e; μ) receive contributions
from V � A and S� P operators (no P-odd part is present
in the tensor operator, so LT does not contribute), while the
detector NSIs (for which again lα ¼ e; μ) receive the
largest contributions only from the V − A structure of
the weak current [8].
With NSIs taken into account, the parameter space

describing neutrino oscillations is enlarged to incorporate,
in themost general case, ninemore complex parameters from
the εs matrix, nine more complex parameters from εd, and
eight real parameters from the Hermitian matrix εm.1 In an
accelerator experiment, εsτα can be neglected, since usually
the τ production is absent or very small. For this reason, in
these experiments the number of involved source NSI
parameters is reduced to six. It is clear that a simultaneous
determination of all mixing parameters requires special care
in thatmany correlations anddegeneracies appear that cannot
be completely broken by simplified analyses. However, it
turns out that selected classes of neutrino experiments are
sensitive to subsets of NSI parameters and can be used to
constrain some of the entries of the εs;m;d matrices. This is the
case of solar neutrino experiments,2 where 90% confidence
level (C.L.) bounds on jεmeμ;eτ;ττj ∼Oð0.1Þ [9–11] and on
jεdee;ττj ∼Oð10−1 − 10−2Þ [12,13] are extracted, and for
atmospheric neutrino experiments which constrain jεmμτj ∼
Oð10−2 − 10−3Þ [14,15]. Also, reactor as well as long-
baseline experiments have been probed to be useful, in
particular, to restrict the various jεs;deα j ∼Oð10−2Þ [16,17] and
jεmμτj ∼Oð0.1Þ [18], respectively. Although the bounds
achieved fromnonoscillation experiments [19–24] are strong
and robust at the level of (generally speaking) percentage,
running and planned long-baseline experiments aspire to
collect large statistics samples which will make it possible to
reveal feeble effects generated byNSI parameters [25–33]; in
this panorama, theDUNEexperiment [34–37] places itself in
a relevant position thanks to the capability of improving the
bounds on εmee;eμ;eτ by∼10% to roughly a factor of 3 [38–44].
However, as discussed in Ref. [45], the DUNE far detector
(FD) is expected to be less performing in constraining source
and detector NSIs. Indeed, the bounds obtained in their
analysis with εm ¼ 0 and summarized in Table I are just a

10%–40% improvement with respect to the existing liter-
ature pertinent to long-baseline experiments. The bounds
refer only to the moduli of the five parameters εsμe, εsμμ, εsμτ,
εdμe, and εdτe, since the dependence on the other source and
detectorNSI couplings is only subdominant.Moreover, these
constraints are further relaxed when propagation NSIs are
taken into account in the fit.
In this paper we want to (partially) fill the gap, trying to

constrain a subset of the εs;d matrix elements by means of
data that will be collected at the DUNE near detector (ND)
only. Since the ND is not affected by NSIs in the same way
as the FD [46], we expect, on the one hand, to scrutinize
more in detail those parameters also accessible at the FD
and, on the other hand, to access a complete new set of
parameters on which the DUNE FD is not particularly
sensitive. In this context, the role of the ND is promoted as
a complementary tool to FD studies [47–55], more than a
mere (although important) indicator of fluxes and detection
cross sections [56]. Differently from previous works which
use the DUNE ND data to probe source and detector NSI
parameters [43,45], we provide an analytical discussion of
our results. Moreover, we did not consider any assumption
on the NSI matrices, and we took into account more
realistic hypotheses on the systematic uncertainties, includ-
ing in the analysis also the νμ → ντ oscillation channel,
never considered before.
The paper is organized as follows: In Sec. II, we derive

the approximate transition probabilities relevant for the
DUNEND up to second order in the small entries of the εs;d

matrices; in Sec. III, we discuss in detail the performance of
the DUNE ND in constraining some of the entries of the
above-mentioned matrices, while in Sec. IV we draw our
conclusions. In the Appendix, we report our analytical as
well as numerical studies of the precision achievable in the
measurement of (possible) nonvanishing NSIs.

II. TRANSITION PROBABILITIES AT DUNE ND

Oscillation probabilities can be obtained from the squared
amplitudes jhνdβjνsαij2, which, considering Eqs. (1) and (2),
assume the form

Pαβ ¼ jhνdβjνsαij2 ¼ jð1þ εdÞγβðe−iHLÞγδð1þ εsÞαδj2; ð5Þ

where L is the source-to-detector distance and the
Hamiltonian H is given by

H ¼ 1

2E

2
64U

0
B@

0 0 0

0 Δm2
21 0

0 0 Δm2
31

1
CAU†

þ A

0
B@

1þ εmee − εmμμ εmeμ εmeτ

εm�
eμ 0 εmμτ

εm�
eτ εm�

μτ εmττ − εmμμ

1
CA
3
75: ð6Þ

1One parameter can be subtracted from the diagonal, bringing
from nine to eight the number of independent matrix elements.

2Notice that the NSI parameters that affect neutrino oscilla-
tions are combinations of those entering the Lagrangian describ-
ing the interaction processes. We assume here that the quoted
bounds directly apply to εs;m;d.
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Here, U is the Pontecorvo-Maki-Nakagawa-Sakata matrix
for three active neutrinos, and A is the standard matter
potential. Since near detectors are generally placed at
distances ofOð102–103Þ m from the source, the propagation
term can be safely neglected for neutrino energies of
OðGeVÞ. Thus, the transition probabilities can be simpli-
fied to

Pαβ ¼ j½ð1þ εdÞTð1þ εsÞT �βαj2: ð7Þ

Considering that the oscillation phase ðΔm2
31L=4EÞ ∼

Oð10−3Þ and the current bounds on εs;d are of the order of
10−1 − 10−2 [16–24],we expect the approximation inEq. (7)
to be reliable up to the second order in ε. Parameterizing the

new physics complex parameters as εs=dαβ ¼ jεs=dαβ jeiΦ
s=d
αβ , the

disappearance probabilities ðα ¼ βÞ read

Pαα ¼ 1þ 2jεsααj cosΦs
αα þ 2jεdααj cosΦd

αα þ jεsααj2 þ jεdααj2
þ 4jεsααjjεdααj cosΦs

αα cosΦd
αα

þ 2
X
β≠α

jεsαβjjεdβαj cos ðΦs
αβ þΦd

βαÞ; ð8Þ

while the appearance probabilities ðα ≠ βÞ are given by

Pαβ ¼ jεsαβj2 þ jεdαβj2 þ 2jεsαβjjεdαβj cos ðΦs
αβ −Φd

αβÞ: ð9Þ

In the disappearance case, the dependence on the diagonal
NSI parameters appears already at the first order, and the
whole probabilities (including second-order corrections
driven by the off-diagonal matrix elements) depend on 12
independent real parameters; in addition, the leading-order
and the diagonal next-to-leading terms display a complete
symmetry under the interchange s ↔ d, so that we expect
similar sensitivities to εs;dαα . The off-diagonal second-order
corrections are no longer symmetric, since two flavor
changes are needed to have the same flavor at the source
and at the detector.
In the appearance case, the new parameters appear at the

second order, and only four independent of them are
involved. The relevant Pμe and Pμτ are completely sym-
metric under s ↔ d, because, at short distances, the flavor
changing can happen at both source or detector with no
fundamental distinction.
The drastic reduction of independent NSI parameters the

ND is sensitive to allows one to derive simple rules on how
their admitted ranges can be strongly limited compared to
the existing literature. Indeed, let us work in the simplified
scenario where the experiment counts a certain number N
of events when searching for να → νβ oscillations; since the
probabilities in Eq. (7) show no dependence on neutrino
energy, baseline, matter potential, and standard mixing
parameters, N assumes the form

N ¼ N0Pαβðεs; εdÞ; ð10Þ

where the normalization factor N0 includes all the detector
properties and, given an observation mode να → νβ, is
defined by

Nαβ
0 ¼

Z
Eν

dEνσβðEνÞ
dϕα

dEν
ðEνÞεβðEνÞ; ð11Þ

in which σβ is the the cross section for producing the lepton
β, εβ the detector efficiency, and ϕα the initial neutrino flux
of flavor α. Suppose now that we want to exclude a region
of the parameter space using a simple χ2 function defined as

χ2 ¼ ðNobs − NfitÞ2
σ2

; ð12Þ

where σ represents the statistical uncertainty on the number
of events. Assuming vanishing true values of all NSI
parameters, the χ2 function becomes

χ2 ¼ N2
0

σ2
½δαβ − Pαβðεsfit; εdfitÞ�2: ð13Þ

For appearance analysis, Eq. (9) allows us to write

χ2 ¼ N2
0

σ2
½jεsαβj2 þ jεdαβj2 þ 2jεsαβjjεdαβj cos ðΦs

αβ −Φd
αβÞ�2;

ð14Þ

whose minimum can always be found when cosΔΦ ¼ −1.
Thus, for every pair of ðjεsαβj; jεdαβjÞ,

χ2min ¼
N2

0

σ2
ðjεsαβj − jεdαβjÞ4: ð15Þ

Indicating with χ20;αβ the value corresponding to the cut
of the χ2 at a given C.L., we can exclude the region
delimited by

jjεsαβj − jεdαβjj >
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ20;αβσ

2

N2
0

4

s
; ð16Þ

which is external to a band in the ðjεsαβj; jεdαβjÞ plane of
width

Δαβ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4χ20;αβσ

2

N2
0

4

s
ð17Þ

centered on the line jεsαβj ¼ jεdαβj. Thus, Δαβ provide a
measure of the allowed parameter space. Clearly, the
excluded region is larger when the uncertainty on the
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number of events σ is smaller and the normalization factor
N0 is bigger.
Consider now the disappearance case; neglecting

second-order terms, the χ2 function is now

χ2 ¼ 4N2
0

σ2
ðjεsααj cosΦs

αα þ jεdααj cosΦd
ααÞ2

¼ 4N2
0

σ2
½ReðεsααÞ þ ReðεdααÞ�2: ð18Þ

Following the same procedure as for the appearance case,
the excluded region in the ½ReðεsααÞ;ReðεdααÞ� plane is
delimited by

jReðεsααÞ þ ReðεdααÞj >
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ20;αασ

2

4N2
0

s
; ð19Þ

where, in this case, the bandwidth is

Δαα ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ20;αασ

2

2N2
0

s
ð20Þ

with χ20;αα being the desired cut of the χ2. Notice that, for
the same σ and N0, we expect the disappearance channels
alone to be more performing than the appearance ones. This
is essentially motivated by the absence of first-order terms
in ε in the appearance probabilities. Notice also that
Eqs. (16) and (19) show a perfect symmetry under the
interchange of source and detector parameters which,
however, could be (partially) disentangled if a multichannel
analysis is performed. For example, the parameter jεsμej
appears in the νμ → νe oscillation but also as a correction to
the νμ → νμ probability, differently from the case of jεdμej
which is present in the μ → e transition only. Nevertheless,
given the relatively small contributions of the second-order
terms compared to the first order, we expect such correc-
tions to have a negligible impact.

III. PERFORMANCE OF THE DUNE
NEAR DETECTOR

In this section, we will provide the details of our
numerical simulation and present the sensitivity of the
DUNE ND to the NSI parameters discussed above.

A. The DUNE near detector

The Deep Underground Neutrino Experiment (DUNE) is
one of the most promising future neutrino oscillation
experiments. It will be situated in the United States, where
a νμ beam from Fermi National Accelerator Laboratory will
be focused to Sanford Underground Research Facility,
1300 km away, where the far detector complex is under
construction [34–37]. Recent studies have contemplated
the possibility of three modules for the DUNE ND [57–61]:

(i) A liquid argon time projection chamber (TPC)
situated at 574 m from the neutrino source (Argon-
Cube).—The main purposes of this detector are flux
and cross section measurements. Its performances in
terms of detection efficiencies and systematics can
be considered the same as the far detector ones.
The total volume of the TPC is 105 m3, while the
argon fiducial mass can be considered 50 tons.
The PRISM system will be able to move this
detector to different off-axis positions in order to
have a better determination of the neutrino flux at
different angles.

(ii) A so-calledmultipurpose detector (MPD).—Namely,
a magnetic spectrometer with a 1 ton high-pressure
gaseous argon TPC arranged in the middle of the
three-module system, whose major field of applica-
tion will be the study of possible new physics signals.

(iii) The system for on-axis neutrino detection (SAND),
which will measure the on-axis neutrino flux when
ArgonCube is moved to different positions.—It will
consist of the former KLOE magnet and calorimeter
supplemented by a tracker for the escaping particles.

For the following study, we can neglect the contribution of
the MPD and the SAND in our numerical simulations,
because, due to their limited mass, they would not be able
to collect a significant statistics. For the simulation of the
liquid argon TPC near detector, we follow the suggestion of
the DUNE Collaboration and consider the same configu-
ration as the far detector. In particular, in order to perform a
χ2 statistical analysis (based on the pull method [62]), we
used the GLoBES software [63,64] supplemented by the NSI
package developed in Refs. [8,65], for which DUNE
simulation files have been provided [66,67].
The detection channels considered in the simulations are
(i) νμ CC channel, which is composed by events from

νμ → νμ oscillations.—Background to this channel
are misidentified ντ charged current (CC) and neutral
current (NC) events.

(ii) νe CC channel, which is composed by the νμ → νe
events (driven by NSI) and by νe → νe events from
the νe beam contamination.—Backgrounds for this
channel are misidentified νμ CC, ντ CC, and NC
events.

(iii) ντ CC channel, which is composed by νμ → ντ
events driven by NSI.—As in Refs. [42,44], we
have considered events coming from electronic and
hadronic τ decays. Background to this channel are
misidentified νe CC and NC events.

The systematics considered in our study will be domi-
nated by cross sections and flux normalization uncertain-
ties. While the former could be, in principle, improved by
future data and calculations, the latter will anyway remain
as the dominant source of error because of the hadropro-
duction processes and uncertainties in the focusing system
at the Long-Baseline Neutrino Facility beam. Differently

A. GIARNETTI and D. MELONI PHYS. REV. D 104, 015027 (2021)

015027-4



from similar studies involving the DUNE ND [50,55],3

where the same systematic uncertainties reported in the
DUNE far detector GLoBES configuration file have been
used, we decided to consider worst systematics, since the
ND cannot benefit from a (partial) systematic cancellation
provided by a detector closer to the neutrino production
region. In particular, we took into account an overall
systematic normalization uncertainty of 10% for the νμ
disappearance, νe disappearance, and νe appearance chan-
nel signals and of 25% for the ντ appearance signal. For the
NC background, we considered a 15% uncertainty. Other
scenarios with more aggressive and more conservative
choices will be studied in Sec. III C. For all channels,
smearing matrices and efficiencies have been taken from
Ref. [67]; for all of them, we considered an energy bin
width of 125 MeV. Notice that, since the NSI couplings
change only the total number of events in every channel, the
energy binning we adopted in our numerical simulations is
not strictly necessary. However, we prefer to take them into
account in order to adhere to the experimental setup
proposed by the DUNE Collaboration itself.

B. Simulation results

In our numerical simulations, we use exact transition
probabilities and we set all NSI true values to zero; we
marginalize over all absolute values of the parameters
appearing in the probabilities up to the second order (with
no priors) and over all relevant phases, which are allowed to
vary in the ½0; 2πÞ range.4 Since, as showed in the previous
section, the strongest constraints on εs;dαβ can be obtained
from the corresponding oscillation probability Pαβ, we
simulated one transition channel at a time. To make a
comparison with the bounds obtainable at the FD (see
Table I), we consider 5þ 5 yr of data taking.
In the disappearance sector, the interesting pairs of

NSI parameters for the ND are ½ReðεsμμÞ;ReðεdμμÞ� and
½ReðεseeÞ;ReðεdeeÞ�, which are mainly constrained by the
νμ → νμ and νe → νe transitions, respectively. The regions
that could be excluded by the DUNE ND are displayed in
Fig. 1, where we also superimposed the limits set by the FD
analysis only5 [45] (no limits can be put on εs;dee ). As is clear
from the left panel, the numerical results completely reflect
the analytic anticorrelations discussed in Eq. (19): Even
though for every value of ReðεdμμÞ there is an interval of
ReðεsμμÞ for which the χ2 is small, it is nonetheless possible
to exclude a sizable portion of the parameter space allowed

by FD analysis. Similar considerations can be done on the
parameters Reðεs;dee Þ shown in the right panel, for which the
ND is able to rule out a relevant fraction of them, a goal
otherwise not possible with the DUNE FD alone.
Given the bandwidth in Eq. (20), the above consider-

ations can be summarized as follows:

Δμμ ¼ 0.12; Δee ¼ 0.11: ð21Þ

Notice that for 90% C.L. χ20 ¼ 4.6 (2 degrees of freedom)
and N0 is roughly 107 events per year for the νμ → νμ
channel and 105 events per year in the νe → νe channel.
The obtained values of the band are of the same order of the
systematics discussed in the previous section, namely, 10%
for the signal and 15% for the background, and are almost
the same for the two channels even though the number of νμ
events is 2 orders of magnitude larger than the number of νe
events. This reflects the fact that, for the disappearance
channels, we cannot be sensitive to NSI parameters which
cause changes to standard oscillation probabilities smaller
than the adopted systematic uncertainties (for further
discussions about systematics, see Sec. III C). However,
even with our realistic assumptions, the result on Δμμ

permits us to exclude parts of the parameter space
allowed by the general analysis performed in Ref. [16]
(jεsμμj < 0.068 and jεsμμj < 0.078). On the other hand, the
result on Δee is worse than the one set by reactor experi-
ments like Daya Bay [17] ðjεeej < 2 × 10−3Þ obtained, we
have to outline, under the restrictive assumption εs ¼ εd�.
In the case of the appearance channels, Eq. (9) highlights
that the interesting pairs of parameters are ðjεsμej; jεdμejÞ and
ðjεsμτj; jεdμτjÞ. We show the 90% C.L. excluded regions in
Fig. 2, where we also displayed the bounds that would be
set by the FD. Also in this case, the correlations outlined in
Eq. (16) are recovered and large portions of the parameter
spaces can be ruled out, in particular, for the νe appearance
channel. On the other hand, the small signal to background
ratio in the ντ appearance channel results in a larger
bandwidth; thus, the region excluded by the ND but
allowed by the FD is delimited by jεdμτj > 0.024. The
appearance results are summarized by the following
widths:

TABLE I. The 90% C.L. limits on the source and detector NSI
parameters obtained in Ref. [45] using the DUNE far detector
analysis for a total of 10 yr of data taking. New phases are
unconstrained.

Parameter DUNE FD 90% C.L. bounds

jεsμej 0.017
jεsμμj 0.070
jεsμτj 0.009
jεdμej 0.021
jεdτej 0.028

3In these papers, different physics models than NSI are
analyzed, less sensitive to systematics.

4The standard oscillation parameters are fixed to the central
values reported in Ref. [2], because they have no effects in our fit.

5Horizontal and and vertical lines shown in our plots do not
represent the results of a correlation analysis at the far detector but
only the sensitivity limits obtained after a full marginalization on
the parameter space.
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Δμe ¼ 0.0065; Δμτ ¼ 0.026: ð22Þ

A better background rejection in the ντ channel could
reduce the bandwidth by up to one order of magnitude. An
important role in defining the allowed ranges for the
appearance parameters jεs=dμe j and jεs=dμτ j is played by the
CP-violating phases Φs

αβ and Φd
αβ. Recalling Eq. (15), it is

clear that the degeneracy that lets the χ2 vanish when the
absolute values of detector and source parameters are the
same occurs only when ΔΦαβ ¼ Φs

αβ −Φd
αβ is very close to

π. For all other values of the phase difference, the ND
could be able to set very stringent 90% C.L. limits (with a
5þ 5 yr of data taking), namely,

jεs=dμe j < 0.0046; jεs=dμτ j < 0.019; ð23Þ

which are very competitive to the ones set so far by other
neutrino oscillation experiments [for instance, jεs=dμe;μτj <
Oð10−2Þ obtained in Refs. [16,29]]. This is clearly shown
in Fig. 3, where we present the contours at 90% C.L. in the
ðjεs=dμe j; cosΔΦμeÞ and ðjεs=dμτ j; cosΔΦμτÞ planes, obtained
after marginalizing the χ2 function over all undisplayed
parameters.

C. Changing systematic errors

As discussed in the previous sections, the choice of
the systematic uncertainties is a crucial point in the

FIG. 2. The same as Fig. 1 but in the ðjεsμej; jεdμejÞ (left panel) and ðjεsμτj; jεdμτjÞ planes (right panel).

FIG. 1. The 90% C.L. excluded regions (in red) in the ½ReðεsμμÞ;ReðεdμμÞ� plane (left panel) and ½ReðεseeÞ;ReðεdeeÞ� plane (right panel) by
the DUNE ND. The FD excluded zones are shown with horizontal gray bands.
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determination of the limits that the near detector could be
able to set. In order to understand how much the band-
widthsΔαβ would change in the case of a different choice of
systematics, we performed the same simulations for a data-
taking time of 5þ 5 yr considering three different cases.

(i) Case A.—The standard (optimistic) case, namely, the
one implemented in the DUNE far detector GLoBES

configuration file. In this case, the systematics are 5%
for the νμ disappearance channel, 2% for the νe
appearance and disappearance channels, and 20%
for the ντ appearance channel. The uncertainty on the
NC background has been considered to be 10%.

(ii) Case B.—The more realistic choice used in the
previous section, where we fixed 10% for the νe
appearance, νe disappearance, and νμ disappearance,
25% for the ντ appearance, and 15% for the NC
background.

(iii) Case C.—A more pessimistic case in which the
systematics are 15% for νe appearance, νe disap-
pearance, and νμ disappearance, 30% for the ντ
appearance, and 20% for the NC background.

The results of our simulations are reported in Fig. 4. We
clearly see that Δee and Δμμ are the parameters which are
affected the most by the systematics, as previously dis-
cussed. Indeed, the survival probability at L ¼ 0 in the
standard model being equal to 1, the number of observed
events will be, even in the presence of the small effect of the
NSI, of the same order of magnitude as N0. Thus, when
statistical errors are negligible, the definition for the
bandwidth [Eq. (20)] can be simplified to

Δαα ∼

ffiffiffiffiffiffiffiffiffi
χ20;αα
2

s
σsys; ð24Þ

where we used σ ∼ N0σsys.

For the appearance parameters, we register a less evident
increasing of the bandwidths passing from case ðAÞ to ðCÞ,
since in this case statistic uncertainties are always domi-
nating over systematics. Indeed, for the two appearance
channels, N0 is ∼107 per year in the νμ → νe channel and
∼106 per year in the νμ → ντ channel, but the observed
number of events is small due to the very short baseline. For
a given small number of observed events Nobs, we have
σ2 ¼ N2

obsσ
2
sys þ Nobs ∼ Nobs. Thus, the width can be sim-

plified as follows:

Δαβ ∼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4χ20;αβNobs

N2
0

4

s
: ð25Þ

FIG. 3. Contours at 90% C.L. in the ðjεs=dμe j; cosΔΦμeÞ (left panel) and ðjεs=dμτ j; cosΔΦμτÞ (right panel) planes obtained by our DUNE
ND simulations.

FIG. 4. Variation of the allowed bandwidths Δαβ for a data-
taking time of 5þ 5 yr and four different choice of systematics:
optimistic ðAÞ, standard ðBÞ, and pessimistic ðCÞ.
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This quantity is roughly independent on the systematics
and for Nobs ¼ Oð10Þ is of the order of 10−3. This number
is in agreement with our numerical results forΔμe, while for
Δμτ the agreement is confined to the case where the NC
background (which, in addition, suffers by the increase of
the systematics) is turned off.
We want to outline that we recomputed the various Δαβ

also for several positionings of the DUNE ND at different
off-axis angles with respect to the beam direction [66] and
found a general worsening of the ND performances due to
the decreased number of collected events. In fact, spectra
distortions of signal and backgrounds cannot improve
source and detector NSI analysis, since probabilities in
this regime do not depend on neutrino energies.

IV. CONCLUSIONS

In this paper, we have discussed in detail the role of the
DUNE near detector in constraining some of the source and
detector NSI parameters. We have derived useful analytic
expressions for the appearance and disappearance transi-
tion probabilities at zero baseline, up to the second
order in the small εs;dαβ . We have shown that the allowed
regions in the planes ½ReðεsμμÞ;ReðεdμμÞ�, ½ReðεseeÞ;ReðεdeeÞ�,
ðjεsμej; jεdμejÞ, and ðjεsμτj; jεdμτjÞ follow the shapes identified
by our analytic considerations and result strongly con-
strained if compared to the DUNE far detector studies,
when available. Furthermore, restrictive bounds can be set
with a total of 10 yr on νþ ν̄ data taking: jεs=dμe j < 0.0045
and jεs=dμτ j < 0.019, for a wide range of the values of the
related phases. Finally, we showed that if we increase the
systematic uncertainties (which are a crucial ingredient at
the near detector, because flux and cross section uncer-
tainties cannot be easily reduced), the two bandwidths
which show a significant worsening are Δμμ and Δee. The
other two bandwidths suffer by only a small increase in
amplitude, and the related parameter spaces remain dras-
tically reduced with respect to the current ranges allowed
by oscillation experiments.

APPENDIX: ON THE ACHIEVABLE
PRECISION ON NONVANISHING NSIS

The relatively simple strategy we used to find analytic
bounds on NSI parameters can also be applied to compute
the precision on the measurement of nonvanishing param-
eters, that is, in the case where the true values of the source
and detector parameters are nonzero. In this case, Eq. (13)
becomes

χ2 ¼ N2
0

σ2
½δαβ þ Kαβ − Pαβðεsfit; εdfitÞ�2; ðA1Þ

where Kαβ is defined as the true Pαβ for the appearance
channels and Pαα − 1 for the disappearance channels.
Let us start from the disappearance. Given the structure

of the χ2 function,

χ2 ¼ 4N2
0

σ2
½Kαα=2 − ReðεsααÞ − ReðεdααÞ�2; ðA2Þ

the allowed regions in the ½ReðεsααÞ;ReðεdααÞ� plane are
identified by

jReðεdααÞ þ ReðεsααÞ − Kαα=2j <
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ20;αασ

2

4N2
0

s
: ðA3Þ

This means that the allowed regions around the values of
ReðεdααÞ and ReðεsααÞ chosen by nature have essentially
similar shapes as those presented in Fig. 1 but with a band
centered on the line ReðεdααÞ ¼ −ReðεsααÞ þ Kαα=2.
In the case of the appearance channel, the χ2 function

reads

χ2¼N2
0

σ2
½Kαβ− jεsαβj2− jεdαβj2−2jεsαβjjεdαβjcosðΦs

αβ−Φd
αβÞ�2:
ðA4Þ

The minima of the χ2 are always in ðcosΔΦminÞ ¼
ðKαβ−jεsαβ j2−jεdαβ j2

2jεsαβjjεdαβ j
Þ; however, when jðcosΔΦminÞj>1, ΔΦmin

is forced to be either 0 or π. Fixing the cut of the χ2 ðχ0;αβÞ
at a given C.L., the allowed regions are delimited by

Max

"
0; Kαβ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ20;αβσ

2

N2
0

s #
< ðjεsαβj þ jεdαβjÞ2 < Kαβ;

Kαβ < ðjεsαβj − jεdαβjÞ2 < Kαβ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ20;αβσ

2

N2
0

s
: ðA5Þ

As an example, we report in Fig. 5 the results of our
numerical simulations of the precision achievable in the
measurement of the NSI parameters whose true values are
fixed to ½ReðεdμμÞ;ReðεsμμÞ� ¼ ð0.01; 0.01Þ (left panel) and
ðjεdμτj; jεsμτjÞ ¼ ð0.02; 0.03Þ (right panel).
As we can see, the allowed regions strictly follow the

analytic results reported in Eqs. (A3) and (A5). In these two
examples, data permit one to exclude the point (0,0)
corresponding to the absence of NSIs, but this is not the

general case as, for different input values, if Kαβ <

ffiffiffiffiffiffiffiffiffiffi
χ2
0;αβσ

2

N2
0

r

or Kαα <

ffiffiffiffiffiffiffiffiffiffi
χ2
0;αασ

2

N2
0

r
, the standard oscillation framework

cannot be excluded at the desired confidence level.
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